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PROJECT SUMMARY

Southwest Sciences, Inc., along with subcontractor, Mass Sensors, Inc., have constructed,
tested, and delivered a miniature, double-focusing mass spectrometer intended for measurements of
contaminants in spacecraft air and water.  The spectrometer operates from ~12 to ~110 amu and is
equipped with an electron impact ionizer and a newly-developed, rugged, ion multiplier detector.
The instrument is fully self-contained and can be operated using an Ethernet-based microcontroller
or a laptop computer equipped with a commercial, multifunction I/O card.  Both analog ion current
measurements and ion counting are supported.  

All Phase II objectives were met.  The delivered instrument shows significant improvements
over the Phase I device in sensitivity, mass resolution, mass range, ionizer design, detector design,
sample inlet, pumping requirements, electronics, and software.  

Detection sensitivity for nitrogen is 1.6 mA torr-1.  This is between a three and ten times better
than the sensitivity for other, commercially available, small-scale mass spectrometers.  Mass
resolution is m/)m = 105 over the full mass tuning range of the instrument.  This resolution is within
a factor of two of the theoretical best.  Individual peaks have Gaussian line shapes and deconvolution
of overlapping peaks is possible.  Spectra obtained with the miniature instrument agree well with
reference spectra in the NIST mass spectral database implying that readily available mass spectral
identification software can be used without modification.  

The delivered Phase II prototype is fully self-contained and is housed in a small vacuum
enclosure that is evacuated by a 10 liter s-1 turbomolecular pump backed by a compact membrane
mechanical pump.  A cold-cathode gauge measures pressure.  Three sample introduction methods
are possible.  Gases can be brought in through a leak valve and a 1/8" diameter inlet tube directly to
the ion source region, or ambient air can be sampled through a stainless steel frit, or samples can be
concentrated using a silicon rubber membrane separator.  Concentration enhancements for gaseous
samples range from 7 to 21 with the higher molecular weight organic compounds showing the larger
enhancements.  The separator also allows introduction of aqueous samples. Performance is best for
detecting hydrophobic compounds.  For example, detection limits for benzene in water are 200 parts
per billion while sensitivities for n-propanol and acetone in water are 10 and 4 ppm, respectively.

The instrument can operate at relatively high pressures (10-5 to 10-4 torr range).  This pressure
range is possible because the ion multiplier developed for the subcontractor (DeTech) can tolerate
the higher pressures and because the short ion flight paths through the instrument reduce the chance
of peak broadening due to ion-molecule collisions.  Direct introduction of sample into the ion source
region allows a 40-fold pressure differential between the ion formation region and the vacuum
enclosure.  

During normal operation, the wall-plug power draw is 200 W that is divided into 120 W for the
vacuum pumps and 25 W each for the cold cathode gauge, the filament power supply, and the other
electronics.
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Figure 2.1- Photograph of the deliverable miniature mass
spectrometer mounted on vacuum flange.  The ion source is
to the left and the ion multiplier housing is visible as the
rectangular box in the center of the magnet yoke.

Figure 2 - Photograph of the other side of the instrument
showing the ion source at left and the magnet yoke
including the two magnet pole pieces.

1.  INTRODUCTION

Southwest Sciences, Inc., along with subcontractor, Mass Sensors, Inc., have constructed, tested,
and delivered a miniature, double-focusing mass spectrometer intended for measurements of
contaminants in spacecraft air and water.  The spectrometer operates from ~12 to ~110 amu and is
equipped with an electron impact ionizer and a newly-developed, rugged, ion multiplier detector.
The instrument is fully self-contained and can be operated using an Ethernet-based microcontroller
or a laptop computer equipped with a commercial, multifunction I/O card.  Both analog ion current
measurements and ion counting are supported.  

The photographs in Figs. 1 and 2
show side views of the mass
spectrometer mounted on a 4"
diameter flange.  It is fully self-
contained and is housed in a small
vacuum enclosure that is evacuated
by a 10 liter s-1 turbomolecular pump
backed by a compact membrane
mechanical pump.  A cold-cathode
gauge measures pressure.  Three
sample introduction methods are
possible.  Gases can be brought in
through a leak valve and a 1/8"
diameter inlet tube directly to the ion
source region, or ambient air can be
sampled through a stainless steel frit,
or samples can be concentrated using
a silicon rubber membrane separator.
The separator  also al lows
introduction of aqueous samples.
One set of measurements showed
detection limits for benzene in water
of 200 parts per billion.

All Phase II objectives were met.
The delivered instrument shows
significant improvements over the
Phase I device in sensitivity, mass
resolution, mass range, ionizer
design, detector design, sample inlet,
pumping requirements, electronics,
and software.  
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The mass spectrometer is a true, double-focusing instrument that uses crossed electric and
magnetic fields for mass analysis.  The theory of operation for this type of instrument is well known,
and is presented in the Phase II proposal.  The key innovation that allows miniaturization of the
instrument is the inclusion of arc shaped electrodes inside the mass analyzer that guarantee a
homogeneous electric field free of edge effects within a small volume.  This invention is assigned
to the University of Minnesota and licensed by the subcontractor, Mass Sensors.  The delivered
instrument implements Southwest Sciences’ patented ionization energy modulation (IEMMS)
method for direct mixture analysis.  During Phase II we showed the technique to be particularly
effective for analyzing mixtures of carbon monoxide in nitrogen (this is usually beyond the capability
of most mass spectrometers) and somewhat less useful for the other compounds described in the
Phase II proposal.  

Mass Sensors is commercializing these miniature mass spectrometers and has developed an even
smaller device (8 mm analyzer radius instead of 20 mm for the Phase II instrument) that is useful for
hydrogen and helium leak detection.  Southwest Sciences with Mass Sensors again participating as
subcontractor have secured Phase III SBIR funding from the Defense Threat Reduction Agency
(DTRA) of DoD for the development and delivery of a higher mass instrument (~150 amu range).
That contract, for $287,000 with an 18 month period of performance, is administered by NASA JSC.
The Phase III instrument was originally targeted for deployment as a portable mass spectrometer --
possibly connected to a miniature gas chromatograph -- for verification of chemical warfare treaty
compliance.  Recent events have led DTRA to change the intended use to chemical agent
monitoring.  

Section 2 of this Final Report describes the operating characteristics of the delivered instrument
while Section 3 is a detailed, task-by-task account of the Phase II R&D effort.  Commercialization
efforts are described in Section 4.  The operating manual for Mass Sensors’ internet-enabled,
Cyberspec controller is included as Appendix A.  The LabVIEW “source code” for the Cyberspot
control and acquisition program forms Appendix B.  
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2.   MASS SPECTROMETER PERFORMANCE

The Phase II deliverable mass spectrometer performs well: mass spectra match NIST reference
spectra over the full mass tuning range of the instrument, sensitivity is good, and resolution is within
a factor of two of the theoretical best.  The following sub-sections describe each of these criteria in
detail.

2.1  Mass Spectra

Spectra acquired with the Phase II instrument show excellent agreement with NIST reference
spectra.  Commonly available, commercial software can be used to identify mass spectra of pure
compounds without requiring any specialized filtering or transformations of the data.  The figures
on pages 2.2 through 2.15 compare mass spectra of the compounds identified in the Phase II proposal
with the corresponding NIST database spectra, and are presented in order of increasing molecular
weight.  The compounds are ethane, methanol, n-propane, ethanol, n-butane, acetone, 1-propanol,
2-butanone, 1-butanol, benzene, toluene, p-xylene, and ethylbenzene.  The molecular weights of
these compounds, from 28 to 106 amu, nearly spans the full mass operating range of the instrument,
and gives a good indication of performance.  
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2.2 Sensitivity

The measured instrument sensitivity toward nitrogen is 1.6 mA per torr at 70 eV ionization and
18 :A filament emission current.  The detector bias voltage was 1600 V which is far below the
maximum of 2200 V.  The detector gain increases by a factor of two for each 100 V of bias.  For
comparison, two other miniature mass spectrometers that use Faraday cup detectors specify
sensitivities of 10 :A per torr for Ferran Scientific’s nine quadrupole array and 660 :A per torr for
Monitor Instruments’ toroidal mass spectrometer.  

Three features of the Phase II instrument combine to achieve the observed sensitivity.  First, the
ion source region maintains a significant pressure differential between the ion formation region and
the surrounding vacuum chamber.  A forty-fold enhancement is routine, although the actual value
depends on the sample throughput.  Second, the small size of the mass spectrometer makes it
compatible with relatively high background pressures.  Ion-molecule collisions in the mass analyzer
can degrade resolution and constrain standard size mass spectrometers to background pressures of
10-6 torr, or lower.  The shorter path ion flight paths inherent in the miniature design allow
background pressures an order of magnitude higher.  Finally, the ion multiplier developed for the
Mass Sensors instruments can tolerate the higher pressures (the microchannel plates used in Phase
I were limited to no more than 10-6 torr) while providing high gain (107) and low noise.  
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Figure 2.2 - Deconvolution of the parent ion region
of a xylene mass spectrum and comparison with
NIST database spectrum.  Peak centers were
constrained to integer masses and peak widths were
constrained to the instrument resolution.  

Figure 2.1 - Peak data acquired from all mass
spectra obtained during a one-month period.  The
linear fit shows that the instrument resolution is
m/)m = 105 over the entire mass range.

2.3  Mass Resolution

The most commonly used specification for mass spectrometer resolution is, m/)m, where )m
is the full width at half maximum of a mass peak.  For the Phase II deliverable, the theoretical best
resolution is m/)m = 200 and is defined by the ratio of the analyzer radius (20 mm) to the width of
the entrance and exit slits (100 :m).  The observed resolution is 105, and that value holds true across
the full tuning range of the instrument.  In
contrast, the best resolution obtained during
Phase I was only 40; Phase II improvements
include using laser-machined precision slits,
lower noise electronics, and better shielding
of fringe magnetic fields.  

The graph in Fig. 2.1 shows the data
used to define resolution.  Peak widths were
measured for all 468 peaks in all of the mass
spectra acquired during one month.  Widths
were determined by fitting each peak to a
Gaussian profile.  There are no apparent
non-linearities; the resolution is constant
over the full instrument tuning range, m/)m
= 104.8 ± 1.5.  Much of the scatter is due to
weak peaks.  They are relatively noisy and
have large uncertainties in their widths.
Eliminating the weakest 50% of the points,
however, does not change the best fit
resolution; it just reduces the uncertainty.  

Individual mass peaks exhibit Gaussian
line shapes.  We have, therefore, been able
to deconvolute spectra in the high mass
region where baseline peak separation is
beyond the resolution limits of the
instrument.  Figure 2.2 shows the parent ion
region of a xylene mass spectrum and
includes the raw data, the best fit set of
Gaussian peaks, and the corresponding
region from the NIST database spectrum.
Arbitrary peak fitting can produce
misleading results as is well known in
optical spectroscopy; fortunately, the
constraints used here keep us honest.  All
peaks are centered on integer masses and
the Gaussian widths are determined by the
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Figure 2.3 - Time history of the instrument pressure
(top panel) and current draw at 120 VAC (bottom)
following a cold start.  

measured instrument mass resolution of 105.  Thus, the only variables are the relative amplitudes
of the individual peaks.  Fits were performed using a non-linear routine that is part of WaveMetrics
IGOR Pro plotting and analysis software package (version 4.0).  

2.3 Power Consumption

Power requirements are a critical operating parameter for instrumentation that may be used on
spacecraft.  Not surprisingly, vacuum pumps draw most of the power consumed by the Phase II
instrument particularly during start up.  Figure 2.3 shows plots of the vacuum chamber pressure and
the pumps current draw (at 120 VAC) during 80 minutes beginning with a cold start.  The peak
power consumption, about 220 W, lasts for two minutes, after which there is a rapid drop to a steady
state 120 W demand.  

The cold cathode gauge draws an
additional 0.25 A while the electronics
require 0.5 A.  The majority of the
electronics power is drawn by the filament
heater current.  

Both the pumps and the electronics use
direct current that, for the Phase II
deliverable, are derived from commercial
switching power supplies (24 and 12 V,
respectively) that are about 50% efficient.
Space station deployment would instead use
available DC and would, therefore, require
significantly less power.  
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Figure 3.4 - Electronic schematic diagram of the filament regulator, electron energy (eV) power
supply and electron multiplier bias.

3.5.2  eV Control and Measurement

The electron energy is controlled by an EMCO G-series, programmable DC/DC converter, Fig.
3.4.  These converters provide good linearity and excellent isolation, but stability varies with load.
It is difficult, however, to include feedback in the eV control circuit because the filament bias supply
floats on the anode.  Although the anode is always positive with respect to ground, there are
operating conditions (e.g., masses ��  60 and 70 eV electron energy) where the filament is negative
with respect to ground.  A more sophisticated eV control circuit would need to generate bipolar, high
voltage output and be compatible with the filament emission control circuit.  This second criterion
requires current isolation of 1 :A or better.  In fact, we found it difficult to monitor the electron
energy without affecting filament emission.  
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Figure 3.6 - Schematic diagram of charge-to-
pulse converter circuit used for ion counting.
The A101 is an Amp-Tek device.

Figure 3.7 - Ion appearance potential data
acquired using the ion counting circuit based on
the Amp-Tek  A101.

Figure 3.5 - Comparison of optically isolated eV
monitoring circuit with direct measurements using
a digital voltmeter.

Near the end of the Phase II effort, we
developed a monitoring circuit based on an
isolation op-amp (Burr-Brown OPA170)
that allowed us to log the actual electron
energy during ionization energy modulation
experiments.  Figure 3.5 is a calibration
curve for the monitoring circuit (solid purple
line) plus measurements made with a digital
volt meter (DVM, open circles).  The
isolation amplifier does fall off a bit at high
bias voltages; but, the gain error is
repeatable.  

3.5.3  Ion Counting

We include an ion counting circuit with
the Phase II deliverable.  Ion counting can
give better signal-to-noise ratios for small
ion signals than does conventional analog
preamplification.  Counting works well because a discriminator distinguishes the short, sharp pulses
due to ions from the low level, nearly continuous signals caused by the ion multiplier dark current.
Our ion counting system is based on a commercial, charge-to-pulse converter from Amp-Tek, Inc.,
that was purchased with a small breadboard that simplifies connection to the other components, Fig.
3.6.

The counting circuit was effective for some of the early ionization energy modulation
measurements.  Figure 3.7 shows appearance potential measurements recorded with ion counting.

Baseline count rates are below 10 Hz, making it easy to pinpoint the onset of ionization.  Ion
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Figure 3.8 - Main window for Cyberspot.

counting also makes the data amenable to plotting on a logarithmic scale because the values are
never negative.  The rare zero events are easily corrected by adding one count.  Note that a 10 Hz
dark count rate corresponds to an analog output from the ion multiplier of 16 pA.  

Although the ion counting circuitry worked well during much of the development effort, it
showed excessively high background count rates after final assembly prior to delivery.  Initial
troubleshooting gave the impression that rf noise from the miniature turbomolecular pump was
responsible.  Later, we realized that the background was caused by high frequency electronic noise
from the DC/DC converter driving the filament heater current.  

3.5.3  Cyberspot Software

Southwest Sciences has developed a combination of hardware and software for instrument
control that is better-suited than is Cyberspec to the low signal levels found during ionization energy
modulation measurements (see Section 3.7).  The Southwest Sciences’ approach, called Cyberspot,

provides a better combination of measurement bandwidth and signal averaging times for low level
signals.  The front panel is shown in Fig. 3.8.
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Figure 3.16 - Photograph of membrane separator
including US 25 cent piece for scale.  The body of
the separator is polypropylene. The edge of the
membrane sheet is just visible at the upper right
hand portion of the block.   Figure 3.17 - Mechanical drawing of membrane

separator copied from the GlobalFIA web site.  

3.6 Membrane Separator

Task 6 is an examination of selective membrane separators that can be used for air or water
sampling.  Membranes provide a low-cost, straightforward method for excluding unwanted majority
species (air and/or water) while transmitting target vapors.  This increases sensitivity by effectively
concentrating the important compounds and reduces instrument pumping requirements by
minimizing gas loading.  

A commercial membrane separator (GlobalFIA) was added to the mass spectrometer to
concentrate organic species in air and water samples.  The separator, shown in Figs. 3.16 and 3.17,
consists of a sheet of 0.050" thick, vulcanized, silicone rubber sandwiched in a polypropylene block.
Serpentine channels in the top and bottom parts of the block increase the interaction length within
the 11-cm-long structure.  A peristaltic pump (Cole Parmer) drives the sample through the separator.

The separator comes with a .020" thick
membrane; but, that is not strong enough to withstand a full, 1 atm. pressure differential.  (The
vendor recommends maintaining the sample side at ~300 torr.)  Instead, we substituted the 0.050"
thick sheet (Specialty Manufacturing, Inc.) that can withstand atmospheric pressure gases and liquid
water samples.  

A tutorial on membrane separation is available at the GlobalFIA web site (see
http://www.globalfia.com/index2.html).  Silicone rubber is a general purpose, non-porous membrane
material and our results shows it effective for hydrophobic, organic compounds.  

The efficiency of the membrane in concentrating gas phase species was determined for a
number of representative compounds.  Specifically, a series of increasing weight alkanes (ethane,
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n-propane, n-butane), two ketones (acetone and 2-butanone), and an aromatic hydrocarbon (benzene)
were examined in mixtures of nitrogen.  By comparing the compound’s peaks relative to nitrogen
for experiments with and without the membrane, an estimate of signal enhancement by the
membrane was obtained.  Experimentally, an evacuated ~ 1 L stainless steel bulb was filled to ~ 5-40
Torr with a gas of interest.  Pure gases of the alkanes were delivered directly from a lecture bottle
to the bulb.  For the ketones and benzene, the vapor of the pure solvent (ACS, reagent grade) was
allowed to equilibrate at room temperature into the evacuated bulb. Nitrogen was added to the bulb
until the total pressure reached ~ 1810 Torr. 

For the membrane experiments, the nitrogen mixture was regulated to 1-2 psig as it flowed past
the membrane at ~ 2 sccm.  Greater pressure differentials across the membrane could cause the
silicone membrane to deform and fill the channel for the gas flow.  Selected peaks were monitored
to determine when the species had permeated through the membrane sufficiently enough to reach
a stable partial pressure inside the vacuum chamber.  Typical total chamber pressures at this time
were in the lower to middle 10-5 Torr range.  Upon reaching equilibrium, a mass spectrum of the
mixture was taken.

Next, the membrane was removed from the mass spectrometer, and the mixture was added
directly to the mass spectrometer through a sapphire leak valve.  Although no attempt was made to
run at identical pressures for the non-membrane cases, total pressures were comparable to those used
in the membrane experiments.  Mass spectra were then obtained of the direct introduction of the
mixture.

Gaussian fits to the m/z 28 peak and largest peaks of a compound were made for the membrane
and non-membrane cases.  Because several of these species have significant peaks at m/z 28, it was
necessary to resolve the m/z 28 peak into the contributions from the nitrogen and the fragment
species of interest.  To this end, the fragment contribution to m/z 28 was determined by scaling the
area of the largest peak of the compound by the corresponding NIST relative intensity for m/z 28.
Because the concentrations of N2 in the mixtures were > 97%, the relative sizes of these corrections
at m/z 28 were generally very small (< 5%).  However, the alkane/N2 mixtures did show corrections
of ~ 20% when used with the membrane due to their relatively strong m/z 28 intensities.  Each of
the peaks with areas > 0.01 in both the membrane and direct spectra were ratioed relative to the
corresponding nitrogen contribution.

The quotient of the membrane and non-membrane ratios resulted in enhancement factors for
each peak of a compound.  The analyzed peaks of each compound were averaged to yield the
enhancement factors shown in Table 3-1.  For the alkanes, the longer chain species showed more
enhancement, consistent with longer-chain species being more hydrophobic, and therefore, more
permeable in the membrane.  A similar trend was noted for the ketones, with 2-butanone (21) being
more enhanced than acetone (12).  No significant differences were noted between ketones and
alkanes of the same chain length.  Benzene also showed good enhancement (14), suggesting the
feasibility of using the membrane for monitoring other aromatic species.  Overall, the use of the
membrane increased gas phase signals by over an order of magnitude relative to direct mixture, and
hydrophobic species showed the greatest degree of enhancement.
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Figure 3.18 - Mass spectra of 200 ppb
aqueous benzene and of pure water obtained
using the membrane separator.  The mass
scales have not been corrected, and the
background peak at m/z 73 has not been
identified.

Figure 3.19- Calibration curves for benzene in
water obtained by measuring the summed
intensities at m/z 50 through 52 (red) and for the
parent ion (blue).

Table 3-1.  Membrane Enhancement Factors.

compound membrane separator enhancement

ethane 7 ± 1

n-propane 13 ± 1

n-butane 20 ± 2

acetone 12 ± 4

2-butanone 21 ± 10

benzene 15 ± 6

The best results with the membrane
separator were obtained for hydrocarbons in
water: benzene detection limits are 200 ppb (1F)
for benzene in water, Figs. 3.18 and 3.19.  The
mass spectra of the benzene parent ion region
show a clearly resolve parent ion from a 200 ppb
mixture, although subsequent measurements
showed that about half of the intensity was due

to benzene residue on the membrane from higher
concentration samples.  Nevertheless, the
calibration data have a linear concentration
response and comparable noise (200 vs. 300 ppb)
for data analysis using the parent ion at m/z 78 or
the cluster of C4 fragment ions at m/z 50 through
52.  

Baseline noise, indicated by the “filament off” spectrum in Fig. 3.18, is due to the preamplifier.
Better sensitivity would be possible by working at higher filament emission currents or larger
detector voltages, or both; but, we chose for these experiments to maintain the same operating
parameters used for the gas phase measurements.  Note that the preamplifier output range is 0 to 20
V and that the ~0.4 V baselines are due to a preamplifier DC offset.



†The appearance potential of an ion is the minimum (threshold) energy required to produce the
ion which may be a fragment ion from its parent neutral molecule and the ionization potential is the
minimum energy required to produce the parent ion from the neutral molecule.
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Not surprisingly, hydrophillic compounds are more difficult to separate from water than is
benzene.    Detection limits for n-propanol and acetone in water are 10 and 4 ppm, respectively.  As
with the benzene results, these sensitivities probably could be improved by increasing the electron
emission current and/or the detector bias voltage.  We chose to maintain a uniform set of
measurement conditions, however, to allow effective comparisons among analytes.

3.7 Ionization Energy Modulated Mass Spectrometry (IEMMS)

Task 7 is implementation of ionization energy modulated mass spectrometry (IEMMS) for
direct mixture analysis.  Southwest Sciences’ patented method extracts more chemically useful
information from mass spectra by including ion appearance potential data.†  This added information
helps distinguish among the different species that may contribute to the signal at each mass peak.
For example, ethylene, carbon monoxide, and nitrogen all show nominal parent ions at m/z 28 which
makes mixtures of these compounds difficult to analyze mass spectrometrically except with
expensive, high-resolution instruments.  (For these compounds, the cracking patterns are also often
masked by peaks due to other common gases.)  The ionization potentials of the three species differ
significantly:  10.51, 14.01, and 15.58 eV for ethylene, carbon monoxide, and nitrogen, respectively.
It is, therefore, possible to distinguish among the gases using the mass spectrometer signal at m/z 28
by varying the electron impact ionization energy.  Ionization energy modulation invention provides
a straightforward method for characterizing appearance potential curves that makes possible the use
of simple, linear algebraic calculations for fully automated mixture analysis. 

The electron energy is modulated repetitively over a range spanning the ionization thresholds
for all of the mixture components to be analyzed.  This energy range is chosen because the ionization
cross sections, hence the mass spectral signals, 1) show the greatest degree of variation here, 2) show
strong non-linear changes with electron energy, and 3) show the greatest compound-to-compound
variation.  The resulting ion signals appear as a waveform that can be Fourier transformed to produce
a histogram of "frequencies" characteristic of the mixture at that mass.  Each mass signal is similarly
measured and the spectra deconvolved (by comparison with a library of spectra of pure compounds)
to provide analysis of the mixture.   The Fourier transform is a simple, computationally rapid method
for characterizing the shapes of ion appearance curves.  The most important shape data appear at low
frequencies while noise tends to appear at high frequencies.  

Ionization energy modulation mass spectroscopy generates two-dimensional spectra.  That is,
the spectrum of each compound is a function of both mass and ionization energy response, and each
spectrum contains significantly more chemically useful information than does a conventional mass
spectrum alone.  Standard linear algebra techniques deconvolve the two-dimensional spectra of
mixtures given the added number of independent measurements generated by ionization energy
modulation. 



3.18

Figure 3.20 - Appearance potential
measurement of the carbon monoxide parent ion
(m/z 28) including deconvolution.  The energy
scale has not been corrected.  

Figure 3.21 - Appearance potential curves for CO parent
for pressures between 0.2 and 1.8 × 10-5 torr.  The inset
shows that the raw data generate a linear response.

Figure 3.20 shows the carbon monoxide
parent ion signal intensity at 28 amu as a function
of the filament to anode potential difference of
the closed source with a chamber pressure of 7.0
x 10-6 torr, an ionization energy modulation
spectrum (IEMMS).  The appearance potential of
carbon monoxide is 14.01 eV; the observed
threshold is higher, almost 17 eV, due to voltage
offsets introduced by the ion optics.  More
important is the shape of the experimental curve.
The data lack a sharp threshold due to the
distribution of electron energies of the ionization
source.  In order to correct for this blurring, the
data are fit to a Gaussian convolution of two
linear regions – the first is a baseline region taken
as the average of the amplifier output without
signal and the second region for electron energies
above the appearance potentials is a linear ramp
with a slope that is proportional to the partial
pressure of CO.  The width of the Gaussian function of represents the spread of electron energies of
the source. The Igor Pro version 4.0.6 software package was used to perform a non-linear least
squares optimization of the width of
the Gaussian, the appearance potential
of CO, and the slope of the line
segment after the appearance
potential.  

IEMMS of eight samples with
various partial pressures of CO
ranging from 0.2 to 1.8 ×10-5 torr were
collected and fit using this procedure,
Fig 3.21.  The average appearance
potential for CO of 16.9 ± 0.1 eV thus
determined for the eight samples is of
good precision especially considering
that the average width of the of the
Gaussian is 1.26 ± 0.05 eV (1F).  The
slopes of the CO IEMMS fits are
linear with respect to the CO partial
pressure.  This calibration allows us to
estimate the CO partial pressure of
unknown samples from the slope of
the signal onset after 16.9 eV.
Notably, the fit of the slope of the
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Figure 3.22 - Deconvolution of appearance
potential curve for a mixture of 66% CO in N2.

Figure 3.23 - Analysis of mixtures of CO and N2 using
IEMMS.  Results are presented as mole fractions while the
inset compares the absolute partial pressure value for
Mixture 2 with the calibration curve. 

plots vs. the pressure is constrained to include
the origin to avoid nonsensical negative
pressures at low CO partial pressures.  

Ideally, we want to measure the partial
pressures of analytes having equal mass to
charge ratios by analysis of the shapes of the
onset of signal just above the appearance
potentials of the individual components.  As a
test of this method the measured slopes of the
appearance potentials for pure N2 samples were
also pressure calibrated as was done for CO
above and IEMMS of mixtures of CO and N2
were measured.  Molecular nitrogen has a
reported ionization potential of 15.58 eV and our
fits again resulted in a slightly higher but fairly
precise value of 18.7 ± 0.1 eV.  The nitrogen
data also indicated a 1.12 ± 0.07 eV Gaussian width (1F) lower than that of CO.  It is not known if
this indicates a change in the electron energy distribution at higher potentials.  A fixed average value
1.19 eV was used for the analysis of the mixtures.  

Figure 3.22 illustrates the fitting procedure for mixtures.  The IEMM data are modeled by three
linear regions the boundaries of which are defined by the appearance potentials measured for CO and
N2.  These line segments estimate (1) the baseline region of zero slope,  (2) a region where the slope
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Figure 3.24 - Sinusoidal convolution and
Fourier fit for one CO appearance potential
curve.  Increasing the number of Fourier
components improves the fit in the threshold
region.

is determined solely by the amount of CO, and lastly, (3) a region with the slope determined by the
combined amount of CO and N2.  The slopes of regions 2 and 3 are determined by a non-linear least
squares fit of the convolution of the linear segments with the experimental IEMMS.  Five mixtures
of known mole fraction of CO in N2 were analyzed using this line-segment analysis and the results
from the fits are shown in Figure3.24.  The CO mole fractions derived from the fits follow the trend
but are slightly lower than expected but for all but the pure mixtures of CO or N2. 

An alternate method of analyzing the IEMMS of mixtures involves a ‘shape’ analysis using
Fourier transforms as discussed above and in the Phase II proosal.  In this method a portion of the
x-axis (13 to 25 eV, as above) is transformed to a recurrent sinusoidal modulation of the ionization
energy.  The Fourier transform will provide n independent variables corresponding to amplitudes
(An) of the n multiples of the fundamental frequency with which one may construct a basis set for
the components at any given mass to charge ratio.  An example of such a fit for a CO sample is
shown in Figure 3.24.  The residuals of the fit with retention of 6, 8, and 10 frequency terms prior
to performing the inverse Fourier transform are stacked above the experimental data and the 10-
frequency fit.  Including frequencies higher than the 8th harmonic resulted in a small reduction of the
mean square error and no significant improvement is obtained by including terms above the 10th

harmonic. 

 The same IEMMS data for CO and N2 at
various pressures evaluated by the Gaussian
convolution of line segments were modeled by 10
frequency Fourier transforms.  The amplitudes of
the frequencies were found to be linear with
respect to pressure; the plot illustrating this is
shown in Figure 3.25 for the fundamental FFT
frequency.  The amplitudes for the Fourier
transform of the eight pressures were normalized
to a pressure of 10 microns according to the linear
fit of the amplitude of the fundamental frequency.
The resulting normalized amplitudes were
averaged to form the basis function for CO at 10
micron pressure.  An identical procedure was
followed for N2.  The resulting basis set used to
evaluate mixtures of CO and N2 is shown in Table
3-2.  Matrix singular value decomposition was
used to determine the projections of unknown
samples onto the individual basis functions.  The
calculations were performed in Igor Pro, version
4.0.   As before, for the line-segment analysis, five mixtures of varying CO and N2 partial pressures
were analyzed, Fig 3.26.  The Fourier transform method produced results similar to those of the line-
segment method, however, again the amount of CO present in mixtures is consistently
underestimated.  
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n CO N2

1 1329 1024

2 -678 -617

3 -45.0 42.6

4 21.2 51.2

5 18.0 20.9

6 10.9 1.73

7 8.45 -6.24

8 3.54 -6.75

9 0.064 -2.22

Table 3-2 - Fourier coefficients

Figure 3.25 - CO response curve obtained using
the Fourier analysis method.

Figure 3.26 - CO and N2 mixture analysis using the
Fourier transform method.

There is one notable advantage to the Fourier shape analysis method and that is the ease of
generating the basis functions.  The line segment analysis requires the determination of the
appearance potentials of each mixture component and the characterization of the ionization source

 electron energy distribution that are held constant for the fitting of mixtures.  These values are
determined from non-linear least squares fits of IEMMS data of the pure components where no
variables other than the baseline value are held constant and the convergence of the fits are
dependent upon the initial guesses, the fits are
somewhat subjective.  Whereas the shape
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Figure 3.27- Overlay of IEMMS data of the
parent ion (44 amu) for pure CO2 samples.  Inset
plot depicts the amplitude of fundamental
frequency of the Fourier transform of the 10 eV
to 22 eV portion of the data.  

Figure 3.28  Overlay of IEMS data of the parent
ion (44 amu) for pure C3H8 samples.  Inset plot
depicts the amplitude of fundamental frequency
of the Fourier transform of the 10 eV to 22 eV
portion of the data.  

analysis is less ambiguous in that it involves simply taking the Fourier transform of IEMMS data of
the pure components at a series of pressures and averaging the amplitudes of the frequencies.  One
can imagine that the automation of the Fourier shape basis function generation to provide occasional
calibrations to account for changes in factors such as detector gain, ionization current, etc.  In fact,
the real limitation to extraction of absolute concentrations of components of mixtures are these very
factors.  

Our IEMMS approach was also applied to
analysis of mixtures of propane and carbon
dioxide.  Both compounds have nominal mass 44
parent ions with ionization potentials of 10.95
and 13.75 ev, for C3H8 and CO2, respectively. 
Although the difference in ionization thresholds
is larger for this pair than for CO and N2, the
IEMMS results were not as good for two reasons.
First, electron throughput – that is the efficiency
of injecting electrons into the ionization volume
– decreases with decreasing energy.
Modifications to the ion source in Phase II
provide a significant improvement over the Phase
I results (when no difference in ionization
potentials was observed for propane and carbon
dioxide).   But, it will always be difficult to form
a tight beam of low energy electrons.  The second
problem is that the electron energy control circuit
showed enough drift during the week-long period
of the experiments to introduce scatter in the
data.  These measurements were made before we
had designed an effective circuit for continuous
monitoring of the electron energy.  

Figures 3.27 through 3.30, analogous to the
data for nitrogen and carbon dioxide, contain the
raw data and mixture analyses for propane and
carbon dioxide.  
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Figure 3.29 CO2 mole fractions obtained from
Fourier transform analysis of IEMMS for
CO2:C3H8 mixtures. Inset shows the pressures
derived from  IEMMS of pure CO2.   

Figure 3.30 - CO2 mole fractions obtained from
Fourier transform analysis of IEMMS for CO2:C3H8
mixtures. Inset shows the pressures derived from
IEMMS of pure CO2.  




