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High-Throughput Miniature Cylindrical lon Trap

Array Mass Spectrometer
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A fully multiplexed cylindrical ion trap (CIT) array mass
spectrometer with four parallel ion source/mass analyzer/
detector channels has been built to allow simultaneous
high-throughput analysis of multiple samples. A multi-
element external chemical ionization/electron ionization
source was coupled to a parallel array of CITs each of
equal size (internal radius 2.5 mm), and the signal was
recorded using an array of four miniature (2-mm inner
diameter) electron multipliers. Using external electron
ionization, the spectra of four separate samples were
recorded simultaneously in real time using a four-channel
preamplifier system and a data acquisition program
written using LabVIEW software. These experiments mark
the first demonstration of externally generated ions being
successfully trapped in a miniature CIT mass analyzer.
The instrument currently provides mass/charge range of
approximately m/z 50—500. Average peak width is m/z
0.3, corresponding to a resolution of 2000 at m/z 300.
The four-channel mass spectrometer is housed in a single
vacuum manifold and operated with a single set of control
electronics. The modular design of this instrument allows
scale-up to many more channels of analysis for future
applications in the areas of industrial process monitoring
and combinatorial analysis and in the fields of proteomics
and metabolomics.

Interest in high-throughput mass spectrometric analysis is
driven in part by the need to screen large numbers of compounds
generated by combinatorial synthesis! and to monitor protein or
peptide mixtures in studies of proteomics.? Other potential areas
of application include industrial process monitoring® and the
emerging field of metabolomics.* To date, multiplexed mass
spectrometry to improve high-throughput analysis has been
limited to multiplexed ion sources or, in cases where chromatog-
raphy is implemented, to the use of parallel separation columns.5-12
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Previous experiments have been based on time-sharing of a single
mass analyzer, typically a time-of-flight, linear quadrupole, or
quadrupole ion trap mass analyzer. Recent advances in the area
of ion trap mass spectrometry instrumentation have produced two-
dimensional quadrupole ion traps (linear ion traps),31* exhibiting
increased trapping efficiency of externally generated ions and
increased ion storage capacity compared to conventional three-
dimensional quadrupole ion traps. While distributing time of the
mass analyzer to service multiple sample streams is often feasible
and attractive, to fully realize the speed achievable with multi-
plexed sample inlet and ionization approaches, a multiplexed mass
analyzer is needed with the same number of parallel sample
channels. In this paper, we suggest a solution to this problem
through the use of an array of ion trap mass spectrometers by
constructing an entirely multiplexed mass spectrometer with
parallel source/analyzer/detector channels.!® This paper reports
on initial tests of this concept. Note that preliminary reports have
appeared in conference proceedings.617

Quadrupole ion traps, particularly those of cylindrical geo-
metry,'8-22 are well suited to meet the requirements of a
multiplexed instrument. Our efforts at developing a miniature
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fieldable mass spectrometer based on the cylindrical ion trap (CIT)
mass analyzer,22* including prior efforts at simulating the behavior
of a large number of ions using the program ITSIM,'*% provide
a basis for addressing the challenge of building a high-throughput
mass spectrometer. Previous work has shown that a CIT mass
analyzer gives comparable performance to a traditional hyperbolic
ion trap of similar dimensions, at least when considering the lower
m/z range of interest in this work.18222 We have reported on the
performance of single cylindrical ion traps of both standard?®
(inner radius 1.0 cm) and miniature® size, as well as arrays of
CITs arranged both in parallel?’? and in series.?® Almost all these
prior experiments involved operation with internal electron ioniza-
tion and a single electron multiplier detector. As first demonstrated
for conventional linear quadrupole mass filters®*=32 and subse-
quently for CITs,? multiplexing of arrays of identical mass
analyzers to a single ionization source can be used to regain the
ion trapping capacity otherwise lost in the miniaturization. An array
of identical miniature CITs has already been characterized as a
single-channel mass spectrometer.?’

This paper reports the construction and evaluation of a parallel
mass spectrometer with simultaneous, four-channel sample analy-
sis capability using an array of miniature CITs, but only a single
vacuum and electronics system. Simulations were performed using
the ion trajectory program SIMION (D. A. Dahl, version 7.00,
Idaho National Engineering and Environmental Laboratory) to
model the trajectories of ions transferred from the ionization
volumes to the respective CIT mass analyzers. Simulations of ion
trajectories within the CITs were performed using ITSIM.192 The
instrument was characterized, and mass range and resolution were
determined. High-throughput experiments were performed in
which multiple samples were subjected to external electron impact
ionization, the separate ion populations being simultaneously
injected into an array of identical CITs (inner radius 2.5 mm),
and the spectra recorded using a four-channel data acquisition
program written for the purpose. lon and neutral cross-talk
between adjacent channels of mass analysis was investigated.

EXPERIMENTAL SECTION
Instrument Description. The high-throughput miniature
cylindrical ion trap array mass spectrometer was based on
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components from an extensively modified prototype Finnigan ITD
700 (San Jose, CA) that was customized to include a large vacuum
manifold, as reported previously.®® The background pressure in
the vacuum manifold was maintained at ~1 x 1076 Torr by a
turbopump (Pfeiffer Vacuum, Inc., Nashua, NH) with a nominal
pumping speed of 330 L/s backed by a rotary vane pump (Alcatel
Vacuum Products, Inc., Hingham, MA) and measured by a Bayard-
Alpert-type ion gauge and controller (series 270, Granville-Phillips,
Boulder, CO). Pressure measurements are uncorrected.

The trapping rf signal was generated using an arbitrary
waveform generator (model 195, Wavetek, San Diego, CA) and
then applied, via a home-built board, to the rf amplifier of the ITD
control electronics as a 10-V,, square wave with 5-V offset. The rf
trapping frequency was chosen to be 2.0 MHz to match the value
previously used in the characterization of parallel CIT arrays.?’
At the outset, this operating frequency was chosen due to
limitations of the ITD control electronics. The minimum drive
voltage of the ITD rf amplifier did not permit trapping of ions
below approximately m/z 80 using the internally generated 1.1-
MHz rf signal.3* According to the mass analysis equation (see eq
1 below) governing quadrupole ion traps, for a fixed operating
point (q;) and fixed rf frequency and voltage, a decrease in the
dimensions of the ion trap (r, and z,) actually causes ions of higher
m/z to be ejected.® To regain a portion of the low-m/z range
accessible to the miniature CIT, the frequency of the rf signal
was increased to 2.0 MHz and the LC circuit retuned.3

The resonance ejection ac signal was generated using the same
four-channel arbitrary waveform generator described above and
passed through a home-built balun (balanced to unbalanced
matching transformer) to allow application of the signal to the
end-cap electrodes in a dipolar fashion during the scan of the main
trapping rf voltage. A digital delay/pulse generator (model DG535,
Stanford Research Systems, Inc., Sunnyvale, CA) was used to take
the primary trigger from the control electronics and create the
proper timing pulse to gate the waveform generator. In experi-
ments that sought to maximize the attainable mass range of the
instrument, the resonance ejection ac waveform was ramped
concurrently with the rf voltage. This was achieved by modulating
the resonance ejection sine wave with a positive linear ramp
waveform with the appropriate slope as well as initial and final
voltage levels generated by the same arbitrary waveform generator
described above.

A nine-channel, bipolar (500 VDC) power supply (Spectrum
Solutions, Inc., Russellton, PA) was used to supply voltages to
electrodes in the instrument. The quoted stability is better than
0.1% over 8 h of operation.

The multiplexed instrument is pictured in Figure 1. (The
detector array is not shown as it is mounted separately.) The four
parallel channels are in the form of a 2 x 2 matrix and defined as
follows: channel 1 is upper left, channel 2 is upper right, channel
3 is lower left, and channel 4 is lower right. In Figure 2, two of
the four parallel channels are shown schematically (not to scale).

Parallel Array of Miniature Cylindrical lon Traps. Because
of their simple design, CITs can easily be machined in any desired
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Figure 1. High-throughput miniature CIT array mass spectrometer.
(The detector array is mounted separately and not pictured).
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Figure 2. Two of the four parallel channels in the 2 x 2 array shown
schematically (not to scale).

size, depending on the requirements of the experiment. A set of
four equal-sized cylindrical ion traps was designed based on
simulations described below and fabricated for use as the mass
analyzer array in the multiplexed instrument. Each element of
the 2 x 2 parallel array has an inner ring electrode radius (r,) of
2.5 mm with the distance between the end-cap electrodes (2z,)
being 5.4 mm. The gap between the ring electrode and each of
the end-cap electrodes is 0.031 in. (0.79 mm), and it is defined by
a spacer made from Delrin (The Dupont Co., Wilmington, DE).
The orifices in each of the end-cap electrodes are 1.0 mm in radius.
The chosen geometry was a result of extensive prior experiments
and ITSIM computer simulations.’®?> The multiparticle simulation
program ITSIM is valuable in optimizing the higher-order field
content of the CIT and in predicting its analytical performance,
including resolution. These predictions are for a population of ions,
and they account for ion/neutral collisions as well as ion/ion
interactions. For the CIT geometry used in the high-throughput
mass spectrometer, the quadrupole coefficient is 0.6089. According
to the field calculations, the relative multipole contribution
(reported as % A./A,, where A, corresponds to the quadrupole
and n = 4 or 6 correspond to the octapole and dodecapole field
coefficients in the expansion of the trapping potential), is +12.5%
for Ay/A; and —19.7% for Ag/A,. All four CITs were precision
machined in the same 304 stainless steel plate and are thus
operated with a common rf trapping voltage for simultaneous mass
analysis. The two end-cap electrodes are fabricated from stainless
steel sheet 0.5 mm in thickness and cover all four CITs for
simultaneous application of resonance ejection waveforms and
other supplementary signals. Teflon screws are used to attach the
end-cap electrodes to the common ring electrode plate.
Multiplexed EI/CI Source and Sample Introduction. To
permit separate introduction and ionization of four different
samples, a multielement external chemical ionization/electron
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ionization (CI/EI) source was designed and fabricated. For the
experiments detailed herein, the source array was utilized solely
for external electron ionization and, thus, operated without the
introduction of reagent gases. The four ionization volumes of the
source assembly align center-to-center with the four CIT mass
analyzers, allowing the best ion-transfer efficiency. The cylindrical
ionization volumes have an internal diameter of 5.0 mm and a
length of 9.5 mm. The end plates are electrically isolated from
the ion source array with a thin sheet of Teflon, and both have
four holes, each 1.0 mm in diameter. The holes need to be large
enough for efficient electron entrance and ion egress but small
enough to minimize gas mixing between ionization volumes and
maximize ionization efficiency. Unlike the end plate holes of the
exit plate, those of the entrance plate are not centered with respect
to the ionization volumes. Instead, they are located on a circle of
smaller radius. In this way, there is no line of sight for the electron
beam to traverse the source array.

The sample introduction system was designed and assembled
to permit the delivery of four separate analytes and up to four
reagent gases directly into corresponding ionization volumes
through eight separate 0.0625-in. (1.59 mm)-diameter Teflon tubes
press fit onto lengths of 19-gauge stainless steel tubing that are
silver soldered into the source assembly. Four metering valves
and four leak valves (series 203, Granville-Phillips) control the
partial pressure of all eight gases in the manifold, viz. the four
reagent gas lines and four sample lines.

In the experiments described here, analytes were introduced
as neat headspace vapors after multiple freeze—pump—thaw cycles
to an indicated total pressure between 4 x 10~ and 6 x 1078 Torr.
They included perflurotributylamine (PFTBA) (Scientific Instru-
ment Services, Inc., Ringoes, NJ), 1,3-dichlorobenzene (Aldrich
Chemical Co., Inc., Milwaukee, WI), acetophenone (Aldrich
Chemical Co., Inc.), and bromobenzene (Fisher Scientific Co., Fair
Lawn, NJ). Helium was used as a buffer gas and introduced into
the vacuum manifold through a leak valve (series 203, Granville-
Phillips) to at total pressure of ~1 x 107 Torr.

Filament Array. An array of four home-built filaments was
designed and constructed to achieve exactly the same spatial
arrangement as that of the CIT array. The filaments are made of
rhenium ribbon of dimensions 0.003 in. x 0.008 in. (0.07 mm x
0.20 mm) (Scientific Instrument Services, Inc.) spot-welded to
0.032-in. (0.81 mm)-diameter stainless steel pins and located in a
Macor (Corning, Inc., Corning, NY) sheet with a thickness of 0.200
in. (5.08 mm). The filament housing is a solid piece of stainless
steel, 0.50 in. (12.70 mm) in thickness, with four cylindrical holes
corresponding to the position of the four filaments. The exit end
of this housing is ~3 mm from the entrance holes of the source
array to minimize entrance of stray electrons into the manifold.
The filaments are connected in series by way of MHV electrical
vacuum feed-throughs. The filament bias voltage was supplied by
one channel of the nine-channel, bipolar power supply (Spectrum
Solutions, Inc., Russellton, PA). A dc power supply (6427B,
Hewlett-Packard Co., Palo Alto, CA) operated as a constant current
source, provided current to the filament circuit. The total emission
current is measured as the voltage across a 1-KQ resistor and
displayed on a digital multimeter, such that 1 mV corresponds to
an emission current of 1 4A. The filament array is typically
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Figure 3. (a) lon optics of the multiplexed CIT array mass
spectrometer modeled as a three-dimensional potential array in
SIMION for the purpose of maximizing ion transfer between the source
array of ionization volumes and the CIT mass analyzers. The yz view
of the electrodes and the ion trajectories resulting from one such
simulation. (b) Potential energy surface used in SIMION to visualize
the ion trajectory along the z axis of motion. Two channels of mass
analysis are seen in this simulation; ion cross-talk is not observed.

operated with 3 A applied to the circuit, resulting in a total
emission current of 20 ¢A with an electron energy of 30 eV. It
should be noted that the filament housing is biased with a potential
equal to that applied to the filament array. The stainless steel
housing serves the purpose of directing the electrons toward the
ionization volumes in the source array.

lon-Transfer Optics. A three-element einzel lens was de-
signed, fabricated, and mounted between the source array and
CIT array in the multiplexed mass spectrometer to maximize ion-
transfer efficiency and minimize ion cross-talk between parallel
channels. The first and last elements of the einzel lens are 6.25
mm thick, and the middle element is 1.5 mm thick. All three
electrodes are made of stainless steel and separated from each
other by 2.0 mm. Each has four 4.75-mm-diameter holes in a
spatial arrangement corresponding exactly to that of the four
parallel CITs. lons are gated using the middle element of the einzel
lens, which is held at —10 V during ionization and at +30 V during
ion cooling and mass analysis. A digital delay/pulse generator
(model DG535, Stanford Research Systems, Inc.) was used to take
the primary trigger from the control electronics and create the
proper timing pulse that functions as input for the programmable
bipolar operational power supply/amplifer (model BOP 100-1D-
4882, Kepco, Inc., Flushing, NY).

The ion optics of the multiplexed CIT array mass spectrometer
was modeled as a three-dimensional potential array in SIMION
(D. A. Dahl, version 7.00, Idaho National Engineering and
Environmental Laboratory) for the purpose of maximizing ion
transfer between the source ionization volume array and the CIT
mass analyzers. A three-dimensional geometry file was written
and ion trajectories were simulated for various sets of applied
voltages. The rf applied to the CIT array ring electrode was not
included in the SIMION model. Figure 3a illustrates the view of
the electrodes in the yz plane and the results of one such
simulation with the potential on each electrode indicated. Along

with the simulations, the optimal voltages were determined
empirically by monitoring positive ion current on electrodes
including the three elements of the einzel lens and the end caps
of the CIT array using a picoammeter (485, Keithley Instruments,
Inc., Cleveland, OH). Visualizing the ion trajectory along the z
axis as a potential array surface in SIMION provides insight into
the successful transfer of ions created external to the cylindrical
ion trap. With the same electrode potentials indicated in Figure
3a, the trajectories were determined for ion populations consisting
of m/z 100 ions originating in the ionization volumes. lon
trajectories for two channels of mass analysis are shown on the
potential energy surface in Figure 3b, and no ion cross-talk is
observed. The volumes in the source array where the ions are
created are biased 9.5 V more positive than the CIT array, which
is effectively at ground potential. The accelerate—decelerate—
accelerate strategy associated with einzel lens operation maintains
the separation of the four different ion populations while still
permitting successful trapping. If the ions are too energetic, they
will not experience enough cooling collisions with the helium
buffer gas to be trapped but will instead pass directly through
the CIT or collide with an electrode.

Miniature Electron Multiplier Array. Four miniature elec-
tron multipliers (Detector Technology, Inc., Palmer, MA) were
mounted in a single Kel-F (chlorotrifluoroethylene polymer)
structure to detect ions ejected from each of the CITs separately
and simultaneously. Each detector has an outer diameter of 3.0
mm and an inner diameter of 2.0 mm and has a length of ~25
mm. For the experiments described herein, the bias voltage
(typically between —1600 and —1700 V) was provided by the
control electronics and passed through a home-built four-way “T”
to bias all detectors at the same time, with the same voltage. The
average gain at —1700 V was determined to be 8.5 x 107 by the
manufacturer prior to delivery although a rapid decrease in gain
in initial usage is common. For preliminary experiments, spectra
were acquired consecutively using the preamplifier and signal
processing electronics of the ITD 700.

Simultaneous Four-Channel Data Acquisition. For four-
channel data acquisition, a home-built preamplifier array was
constructed and coupled to a PCl-based DAQ (data acquisition)
card (NI PCI-6071E, National Instruments Corp., Austin, TX)
connected to a desktop computer (Gateway, Inc., North Sioux City,
SD), which has a Pentium Il 500-MHz processor and 384 MB
RAM. The sampling frequency was 200 kHz, corresponding to
50 kHz for each channel of mass analysis. The data were acquired
in the differential mode using analog input channels of the DAQ
card. A digital delay/pulse generator (model DG535, Stanford
Research Systems, Inc.) was used to take the primary trigger from
the control electronics and create the proper timing pulse to
trigger acquisition. The four spectra were viewed simultaneously
and in real time on a single computer screen using a specialized
four-channel data acquisition program written using LabVIEW
software (version 6.0.2i, National Instruments Corp.). This pro-
gram allowed spectra to be saved as text files or files in Xcalibur
format (ThermoFinnigan, San Jose, CA) to be displayed later in
the program of the same name. Features of the four-channel data
acquisition program include averaging (continuous or a fixed
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Figure 4. Experiment and simulation. (a) Mass spectrum of 1,3-dichlorobenzene obtained from the lower left channel (channel 3) of the
multiplexed CIT array mass spectrometer and (b) spectrum of 1,3-dichlorobenzene (ions between m/z 146 and 150) obtained from an ITSIM

simulation.

number of scans), calibration of the displayed mass scale, and
multiple ion monitoring of as many as nine m/z values.

RESULTS AND DISCUSSION
Experiment and Simulation. The CIT geometry used in the

mass analyzer array of the multiplexed instrument was optimized
with field calculations and simulated spectra using the ion trap
simulation program, ITSIM. Using the potential array generated
from field calculations described above and parameters equal to
those of the corresponding experiment (rf frequency, ac fre-
quency, etc.), a mass spectrum of the m/z 146—150 ions of 1,3-
dichlorobenzene was simulated. Figure 4a is a spectrum of 1,3-
dichlorobenzene obtained from experiment, while Figure 4b is
the simulated result. Note that the isotopic peaks can be easily
discerned with the resolution of this CIT geometry in both
experiment and simulation.

Mass Range and Resolution. For an ion trap operated in
the mass-selective instability mode, the upper limit to the mass
range, (M/z)may, is given by the following mass analysis equation:

(M/2) oy = 8V o /0, (1, + 22,°) Q7 1)

The mass range can be extended by increasing the maximum
applied rf voltage (Vmax), decreasing the rf trapping frequency (),
decreasing the trap size (r, and z,), or operating the trap at a lower
g, value (Mathieu parameter) for ion ejection.®® Therefore, with
all other parameters constant, the mass range of a miniature CIT
(ro = 25 mm and z, = 2.7 mm) is larger than that of a
conventional, hyperbolic Paul trap with r, = 1.0 cm and z, = 0.707
cm. The mass range of an ion trap is directly proportional to the
maximum achievable amplitude of the rf voltage (Vmax) at a given
rf frequency ().
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The pseudopotential well depth, D, of an ion trap is given by
the equation,

D =Vq,/8 )

where V is the applied rf voltage and g, is the Mathieu stability
parameter. The depth of the pseudopotential well is independent
of the size of the ion trap (although there is a practical connection
between maximum applied voltage and size.) The efficiency with
which ions are trapped in the CIT is proportional to the amplitude
of the rf voltage applied to the ring electrode during ion formation,
in the case of internal ionization, or during ion injection, in the
case of external ionization. Other factors that have been examined
in detailed simulations®37 and experiments are also known to be
involved and can be used to increase trapping efficiency; these
include phase locking injection to the rf phase,® using retarding
potentials, 3940 electronically tunable higher order fields,?* and
other means.

For nonlinear resonance ejection, an ac signal that corresponds
to the frequency of a major nonlinear field is applied to both end
caps in a dipolar fashion. lons are ejected earlier and with greater
resolution in comparison to ejection at the boundary of the
Mathieu stability diagram (g, = 0.908). Use of resonance ejection
at a nonlinear resonance point takes advantage of the nonlinear
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Figure 5. Mass spectrum of PFTBA obtained in the lower left channel of mass analysis by ramping the amplitude of the resonance ejection

frequency concurrently with the voltage ramp of the rf.

fields present in a trap of cylindrical geometry. The magnitude of
the ac waveform applied to the end-cap electrodes for resonance
ejection can be optimized to improve resolution in a specific region
of the mass spectrum. For the multichannel experiments, a
resonance ejection frequency of 700 kHz was used and corre-
sponds to g, = 0.81 (8, = 0.70). The amplitude was typically 5 Vy,
for the mass range of interest (m/z 70—160).

The achievable mass range of the high-throughput miniature
CIT array mass spectrometer was determined using internal
electron ionization. A modified Finnigan ITD ion source was used
during this experiment as opposed to the four-filament array. The
electron gate and tube lens were mounted in a separate assembly
from the CIT array. During the ionization period, electrons are
emitted from the filament, pass through the electron gate, and
then pass through a hole ~1 cm in diameter before traveling to
the CIT array. PFTBA, molecular weight 671, is a useful calibration
compound because it produces abundant peaks in the region
between m/z 69 and 614. The sample was allowed to leak into
the vacuum manifold to an indicated pressure of ~4 x 107 Torr,
and helium buffer gas was added to ~1 x 10~* Torr. The ionization
time was 20 ms, and the multiplier bias was —1500 V. Peaks of
PFTBA in the range from m/z 93 to 502 were observed on the
multiplexed CIT instrument in a single scan of the rf, as illustrated
in Figure 5, which displays the output of the lower left channel of
mass analysis. This performance was achieved by concurrently
ramping the amplitude (4—11 V,,) of the ac signal (700 kHz),
which is applied to the end-cap electrodes in a dipolar fashion for
the purpose of resonance ejection. Without ramping the resonance
ejection voltage, the mass range of this instrument was m/z ~250
as opposed to a value of m/z ~500 achieved using the ramp. Mass
calibration data were linear (R? = 0.999 99). The rf drive frequency
was 2.0 MHz, and the scan rate was 5555 Da charge s~%. The
mass range achieved in this experiment (up to m/z 502) was the
largest demonstrated for a CIT of r, = 2.5 mm using a single
mass analysis scan, and it was observed in three of the four
channels of mass analysis. (Electron flux into the lower right CIT

of the array was insufficient.) Average peak width (full width, half-
maximum, fwhm) was m/z 0.3, corresponding to a resolution (m/
Am, 50% valley) of ~1000 at m/z 300.

High-Throughput Experiment. Preliminary experiments
provided evidence that electrons from a single filament were not
able to efficiently cause ionization in all four external ionization
volumes in the source array of the CIT array mass spectrometer.
An electron steering device was therefore fabricated and installed
in an attempt to direct the electron beam consecutively into each
of the four channels of mass analysis, but this approach conflicts
with the desired mode of operation of this four-channel, high-
throughput mass spectrometer. In addition, it was not possible
to direct the electron beam into the upper and lower right channels
using the steering device as designed. To ensure that electrons
are entering all four ionization volumes simultaneously with
approximately equal flux, an array of four home-built filaments
was designed and constructed, as described in detail above, with
exactly the same spatial arrangement as that of the CIT array.

The original parallel CIT effort used internal El to analyze a
single sample with increased sensitivity compared to a single CIT.
When four miniature detectors were placed behind each CIT, the
spectra obtained when 1,3-dichlorobenzene was introduced into
all the channels were identical. The normalized spectra shown in
Figure 6 were collected during independent experiments using
the preamplifier array and LabVIEW data acquisition program.

To characterize the CIT array mass spectrometer in its
multiplexed operation, experiments were performed in which
multiple analytes were analyzed at the same time. Analytes were
introduced directly into their respective ionization volumes using
the introduction system described above. Electrons from each of
the four filaments in the array entered the ionization volumes
through small holes in the entrance end plate of the source array.
lons created by external electron ionization were successfully
trapped in the CIT and analyzed using the mass-selective instability
scan with resonance ejection. These experiments mark the first
demonstration of externally generated ions being successfully
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Figure 6. Response for 1,3-dichlorobenzene in each of the four channels during independent experiments. The normalized spectra were
collected using the preamplifier array and LabVIEW data acquisition program.
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Figure 7. Results of a high-throughput experiment during which three channels of the instrument were used to analyze three different analytes
simultaneously. Acetophenone was introduced into channel 1, bromobenzene into channel 2, and 1,3-dichlorobenzene into channel 3.

trapped in a miniature CIT mass analyzer and, thus, provide proof
of principle for future experiments with external chemical ioniza-
tion. Previous work in this laboratory had demonstrated that ions
created by internal electron ionization in one miniature CIT (r, =
2.5 mm) could be then transferred to a second serial CIT with
appropriately timed dc pulses.? In the research described here,
it was not necessary to use dc pulses for effective trapping and
the ions were created external to the cylindrical ion trap.
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Figure 7 displays the results of the high-throughput experiment
in which three of the four channels were operated simultaneously.
The background pressure was 1.7 x 107% Torr. 1,3 Dichloroben-
zene was introduced into channel 3, bromobenzene was intro-
duced into channel 2, and acetophenone was introduced into
channel 1. Helium was leaked into the vacuum manifold to a total
pressure of ~1 x 107 Torr. Resonance ejection was used at a
frequency of 700 kHz with a magnitude of 5 Vy, The ionization
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and 2.83 x 1071 for channels 1—4, respectively.

time was 100 ms, and the total emission current from the four-
filament array was ~20 uA. A cooling time of 20 ms was allowed
before the mass analysis rf voltage scan. The detector of channel
4 was inoperative at the time of this experiment. The multiplier
biases of the other three channels were chosen to equalize the
sensitivities of these channels of mass analysis. The values are
as follows: channel 1, —1600 V; channel 2, —1750 V; channel 3,
—1500 V. Spectra had to be acquired by exchanging the signal
cable into the ITD 700 control electronics and saving screen
captures (average of 20 scans) of the resulting spectra. This is
due to the fact that the prototype control electronics contains only
one built-in preamplifier. A home-built four-channel preamplifier
system was used in subsequent experiments, as discussed below.
Some neutral cross-talk was evident, but the proof of principle is
established. An m/z 120 peak from acetophenone was observed
in the 1,3-dichlorobenzene spectrum. This small amount of cross-
talk is believed to be the result of neutral acetophenone molecules
passing into the adjacent ionization volume. The molecular radical
cation (m/z 120) of acetophenone (IE 8.9—9.6 eV) is generated
due to a charge exchange reaction with the 1,3-dichlorobenzene
(IE 9.10—9.28 eV). Resonance (zero enthalpy change) maximizes
the charge exchange rate.*! The absence of the fragment ion m/z
105 (EA 9.6—10.5 eV) supports this interpretation. (Values for IE
and EA were obtained from the NIST Chemistry WebBook.)
Neutral cross-talk can only be entirely avoided by physical division

(41) Futrell, J. H. Gaseous lon Chemistry and Mass Spectrometry; Wiley: New
York, 1986.

of the four channels in a redesigned vacuum manifold. Addition-
ally, differential pumping of the source and analyzer regions of
the instrument would prevent undesired ion/molecule reactions
from happening during trapping.

Four-Channel Data Acquisition in Real Time. Live, simul-
taneous data acquisition of four parallel channels of mass analysis
has been achieved using the four-channel miniature CIT mass
spectrometer, a home-built preamplifier array, National Instru-
ments hardware (PCI-6071E DAQ card), and a four-channel data
acquisition program written using LabVIEW software. Previously,
only a single signal was amplified using the prototype Finnigan
ITD electronics and displayed on a 286 personal computer running
Finnigan ITD control software. The mass spectrum could only
be saved as a screen capture, with no possibility of further data
manipulation including calibration. For high-throughput perfor-
mance, it is imperative that the four resulting mass spectra be
acquired simultaneously and advantageous if the data can be
displayed in real time during acquisition on a single computer
screen. Also, since various chemometric methods of analytical
informatics are to be used to improve the data in the future, it is
necessary that the spectra be saved as data files for later
manipulation.

Four mass spectra were collected and viewed simultaneously.
The signals pass through the four-channel preamplifier array and
into four analog input channels of the DAQ card. The four-channel
LabVIEW data acquisition program acquires and displays the data.
This program also permits the user to save individual channels
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of data as text files or in Finnigan Xcalibur format. Text files can
be opened and calibrated using the CalConv program written in
this laboratory and then saved in Xcalibur format for ease of
presentation. This is a significantly improved method of collecting
data from the multiplexed CIT array instrument.

To demonstrate the multichannel data acquisition program,
an experiment was performed in which 1,3-dichlorobenzene was
introduced into channel 3 and acetophenone was introduced into
channel 1. The initial pressure in the vacuum manifold prior to
sample introduction was 1.5 x 1078 Torr, and helium was added
to a final pressure of 1 x 107* Torr. The ionization time was 400
ms to compensate for the decreased gain of the home-built
preamplifer array in comparison to the preamplifier that is part
of the ITD control electronics. A partial screen capture of the four-
channel data acquisition program during this experiment is shown
in Figure 8. No samples were introduced into channels 2 and 4.
The intensity scale is automatically normalized in each channel,
and the normalization coefficient appears in the upper right corner
for each channel. A significant noise frequency contributes to the
baseline and was later discovered to be a result of rf pickup on
the shielding of the coaxial cables delivering signal from the output
of the preamplifier array to the data acquisition card. Data are
acquired in the differential mode where the signal is referenced
to the shielding of the coaxial cable, which is assumed to be
ground. It was removed by adding a 0.5-pF ceramic capacitor
between the analog input of the DAQ and ground. However, this
very evidently reduces signal intensity. A long-term solution would
be to drastically reduce the length of the coaxial cables and to
add an additional stage of filtering to the preamplifier array.

The mass spectra from channels 1 and 3 were saved as text
files, opened and calibrated in CalConv, and then saved and
displayed in Xcalibur format. The resulting mass spectra acquired
from channel 1 (acetophenone) and channel 3 (1,3-dichloroben-
zene) during the two-channel experiment are shown in Figure 8.
The m/z 120 and 121 peaks present in the channel 3 spectrum
are cross-talk from the species present in the adjacent channel 1.
As explained above, the signal at m/z 120 is believed to be the
result of a charge exchange reaction between neutral acetophe-
none molecules and 1,3-dichlorobenzene molecular radical cations.
The m/z 121 peak (also observed in the channel 1 spectrum) is
likely to be the result of self-chemical ionization of acetophenone.
If this is indeed the case, the results are promising for the future
use of the source array for external chemical ionization.

CONCLUSIONS
A multiplexed cylindrical ion trap array mass spectrometer with

four parallel channels has been constructed and successfully
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demonstrated. Four different compounds were introduced and
their mass spectra acquired simultaneously. Electron ionization
was used in preliminary experiments aimed at characterization
of this novel instrument. Low-level neutral cross-talk was observed
between adjacent ionization volumes, but the proof of principle is
established. To address this issue, one could partition the vacuum
manifold into distinct quadrants, one for each channel of mass
analysis, producing four separate regions with common entrance
and egress points for vacuum pumps. Equalizing the sensitivity
of the channels of mass analysis will prove essential in application
of this instrumentation and can be achieved by independent
biasing of the four detectors and regulation of individual filament
emission current.

By sharing some components (vacuum system, lens elements,
rf circuitry, dc power supplies) and replicating others (sources,
mass analyzers, detectors) the efficiency of the multiplexed
instrument is maximized. Future work will employ chemical
ionization, and modifications are underway to enable this, taking
into account pumping requirements. On a separate instrumental
platform, a parallel channel, high-throughput mass spectrometer
is being constructed that utilizes electrospray ionization and will
provide a larger mass range.

In an alternative mode of operation of a multianalyzer instru-
ment, a single sample will be subjected to four parallel channels
of analysis, each employing a unique and highly selective
combination of sample introduction, ionization, and mass selection
steps in series. The use of parallel analyses rather than a single
analysis made up of serial operations serves to minimize losses
in sensitivity and maximize chemical discrimination. For example,
this multiplexed mass spectrometer could simultaneously perform
El as well as both positive and negative Cl on one sample. This
contrasts with the current instrument configuration that performs
identical high-throughput analysis on four separate samples.
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