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ABSTRACT

The combination of atmospheric sampling glow discharge ionization with tandem mass
spectrometry for the detection of traces of high explosives is described. Particular emphasis is
placed on use of the quadrupole ion trap as the type of tandem mass spectrometer.
Atmospheric sampling glow discharge provides a simple, rugged, and efficient means for anion
formation while the quadrupole ion trap provides for efficient tandem mass spectrometry. Mass
selective ion accumulation and non-specific ion activation methods can be used to overcome
deleterious effects arising from ion/ion interactions. Such interactions constitute the major
potential technical barrier to the use of the ion trap for real-time monitoring of targeted
compounds in uncontrolled and highly variable matrices. Tailored waveforms can be used to
effect both mass selective ion accumulation and ion activation. Concatenated tailored
waveforms allow for both functions in a single experiment thereby providing the capability for
monitoring several targeted species simultaneously.

The combination of atmospheric sampling glow discharge ionization with a state-of-the-
art analytical quadrupole ion trap is a highly sensitive and specific detector for traces of high
explosives. The combination is also small and inexpensive relative to virtually any other form of
tandem mass spectrometry. The science and technology underlying the glow dischargefion
trap combination is sufficiently mature to form the basis for an engineering effort to make the
detector portable.

vii







1. INTRODUCTION

The detection of trace quantities of targeted analyte species is a common analytical
scenario often discussed in analogy with "finding a needle in a haystack”. A particularly high
profile application in the security arena is the detection of trace quantities of explosives as a
means for indicating the possible presence of an explosive device. A major drawback to this
approach is the lack of a direct relationship between the presence and quantity of an explosive
material found in the air or on a surface, and the size or even presence of an explosive device
nearby. The detection of a trace quantity of explosive simply indicates that an explosive device
may be nearby. Likewise, the failure to detect traces of explosive does not necessarily lead to
the conclusion that no explosive device is nearby. Nevertheless, there is a long history of use
of trace detectors, most commonly in the form of trained dogs, for a wide range of applications
in the security arena, including explosives detection.? While there are a number of advantages
to animal olfaction in security applications, there has been a longstanding interest in an
instrumental approach for trace explosives detection both as a complement to animal olfaction
and as a means for explosives detection in scenarios in which animal olfaction is either
impractical or inappropriate.®

A trace detector must be sensitive, specific, and fast before it can be considered as a
viable candidate in most explosives detection scenarios. It is also highly desirable that it be as
small as possible, affordable, and easy to operate for use in the field. As a result of the many
diverse constraints placed upon a trace chemical detector for field applications, a variety of
instrumental approaches has been developed for trace detection of explosives, each with its
own set of relative merits, including several based on mass spectrometry.!? We have
approached this problem with tandem mass spectrometry,*® a technique widely recognized for
its suitability to solve "needle in a haystack” problems. It is sensitive, extremely specific, and
fast. In particular, we have based our approach on quadrupole ion trap tandem mass
spectrometry®'® coupled with atmospheric sampling glow discharge ionization'' (ASGDI).
Relative to most forms of mass spectrometry and tandem mass spectrometry, the ion trap has
clear advantages in size and affordability. In addition, the ion trap is a remarkably powerful ion
manipulation and mass analysis device. The capabilities of the glow discharge/ion trap
combination have evolved over the past decade as the quadrupole ion trap has developed as
an analytical fandem mass spectrometer. This report provides an overview of the current
capabilities of the glow dischargefion trap as a tool for the detection of trace quantities of
explosives. A discussion of instrumental developments, anion formation (as it relates to
ASGDI), tandem mass spectrometry, ion trap mass spectrometry of ions derived from ASGDI,
and ion trap tandem mass spectrometry of explosives-derived anions is presented.







2. INSTRUMENTATION FOR ATMOSPHERIC SAMPLING
GLOW DISCHARGE IONIZATION/ION
TRAP MASS SPECTROMETRY

Most of the glow discharge/ion trap development work has been performed using the
electronics, software, and ion trap analyzer of the Finnigan MAT lon Trap Mass Spectrometer
(ITMS®) (Finnigan MAT Corp., San Jose, CA). The ITMS vacuum housing was replaced with a
6 inch cube designed to accommodate 6 inch Conflat flanges. A feed-through flange was
designed to support the ion trap electrodes, conversion dynode electron multiplier detector, and
lenses used to focus ions into the ion trap. All electrical connections within the vacuum system,
except for the radio-frequency (rf) drive voltage applied to the ring-electrode, are made via this
flange. The rf connection is made via a separate feed-through flange mounted 90° with respect
to the ion trap mounting flange. When the injection lensfion trap/detector assembly is mounted
in the 6 inch cube, the front of the first tubular element of the ion injection lens is situated
several millimeters beyond the front face of the opposite side of the 6 inch cube. This allows
the lens to extend into a recessed region of the atmospheric sampling glow discharge ionization
source mounted on the opposite side of the 6 inch cube. The 6 inch cube is evacuated with a
350 L/s turbomolecular pump.

The ASGDI source mated with the ITMS system is housed within a 6 inch Conflat flange
that has been milled out to allow for a discharge volume. Four % inch holes spaced 90° apart
extend from the outer edge of the flange to allow for evacuation of the discharge volume. A
Cajon adaptor is welded onto each of these holes to facilitate connection to a roughing pump.
Two aperture plates complete the source. The inner aperture plate separates the discharge
volume from the vacuum system of the ion trap and contains a 400 um hole. The outer
aperture plate separates atmosphere from the discharge region and contains a 200 pm hole. A
cross-section schematic of the ASGDI source and the electrical elements of the ion trap
assembly is shown in Figure 1. Note that the detector, a Galileo Model 4773, is modified by
altering the angle of the conversion dynode from roughly 45°, relative to the incoming ion beam,
to nearly 180°. This was done to reduce significant photon background arising from the
discharge.

Table 1 lists the typical DC voltages applied to the relevant electrical elements along
with typical operating pressures. These potentials are used to inject anions into the ion trap
and to detect anions ejected during mass analysis. Lens 2 is composed of fwo half-plates.
During the ion accumulation period, both half plates are held at +180 V while at all other times,
one of the half plates is held at -180 V. This half plate is connected to the electron gate voltage
supplied by the ITMS electronics thereby providing a convenient means for software control of
the ion accumulation period. Note that a small positive DC voltage is sometimes applied to the
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Figure 1. A side-view schematic of an ASGDI source interfaced with a Finnigan ITMS®. Operating
characteristics of this instrument are listed in Table 1.




Table 1. Operating characteristics for anion analysis using the glow dischargefion
trap based on the Finnigan ITMS.
ASGDI source pressure 0.7-1.0 torr
Vacuum system pressure 1 x 10 torr (no helium)

1-1.5 x 10 (helium added)

Source sampling rate 3-6 mL/s
A1 "350-400 V
A2 ov
discharge current 2.5-10 mA
L1 *10-30 V
L2 80V

L3 *150-300 V
Entrance end-cap 02V
Guard ring 1500V
Dynode *3500 V

Electron multiplier *15600-2200 V




6

entrance end-cap. This has sometimes been found to enhance ion injection efficiency'>' from
glow discharge sources. There is evidence that this effect is related to the degree of surface
oxidation surrounding the entrance end-cap aperture. It is important to point out that a small
permanent magnet located near the ASGDI source is often necessary for the observation of
‘strong anion signals from the ion trap. The role of the magnet is believed to be prevention of
fast electrons (> 10 eV) from being injected into the ion trap. Cations, formed within the
trapping volume by electron bombardment, can neutralize the stored anions. Small permanent
magnets have been observed to have no effect on negative ion mass spectra derived from
ASGDI acquired with a quadrupole mass filter.

Recently, a Teledyne-Hitachi 3DQ quadrupole ion trap system (Teledyne Electronic
Technologies, Mountain View, CA) has been modified for trace explosives detection. In this
case, the 3DQ vacuum system was retained and an ASGDI source was designed to mate with
the front flange of the 3DQ hardware. The ion injection lens stack is supported off of the ion
source flange. The existing feed-throughs on the 3DQ vacuum system are used to apply the
necessary voltages to the lens elements. The detector supplied with the system was replaced
with a Galileo 4773 detector modified as described above to allow for anion detection. The
major difference between the ITMS and 3DQ glow discharge systems lies in the pumping
capacity of the vacuum hardware. The 3DQ vacuum system is evacuated with a 60 L/s
turbomolecular pump and the ASGDI source attached to the 3DQ is pumped with a 5.2 L/s (free
air displacement) roughing pump (Alcatel, Model 2012A). The ITMS system is evacuated with
350 L/s turbomolecular pump and the ASGDI source is evacuated with a 27 L/s roughing pump
(Leybold, TRIVAC A, Model D60A). The ventilation rate of the ASGDI source on the ITMS,
however, is limited by the conductance of the tubing and pump-out ports such that the sampling
rates of the two ASGDI sources do not differ dramatically. The air sampling rate of the
ASGDI/3DQ system is 1.5 mL/s (110 yM aperture) as opposed to 5 mL/s for the ASGDI/ITMS
system (200 uM aperture). As discussed below, the performance characteristics of the two
systems differ very little despite the significantly lower investment in vacuum pumps for the
ASGDI/3DQ system. Machine drawings of many of the custom designed pieces of vacuum
hardware for both the Finnigan and Teledyne systems are included in Appendices IV and V.

The central element of the ion injection lens of the modified 3DQ system, like that of the
modified ITMS, is split into fwo half plates. This allows the electron gate potential to inject ions
into the ion trap or to deflect them, as desired. However, an alternative approach to ion gating
has also been used with the 3DQ system. The discharge itself has been pulsed such that the
duration of the discharge defines the ion accumulation period. A pulse supplied by the 3DQ
electronics, which is under software control, is used to trigger a variable length pulse generator
(Berkeley Nucleonics Corp., Berkeley, CA, Model 8010) which, in turn, is used to gate a high
voltage solid state pulser (Directed Energy Inc., Fort Collins, CO, Model GRX-1.5K-E). The
output of the pulser is connected to aperture plate A1 (see Figure 1). The pulser acts as a fast
switch which alternates between a voltage sufficient to strike a discharge (="400V) between the
aperture plate (as normally provided by an ORTEC Oak Ridge, TN, Model 556 power supply)
and ground. The pulsed discharge approach allows the potential applied to the central element
of the ion injection lens to become a variable for optimizing the focus of the ion beam
emanating from the glow discharge onto the ion trap entrance aperture. (The central element
of the ion injection lens is fixed at 200 V when the ion trap electron gate of the ion trap
electronics is used to gate ions.) Furthermore, the pulsed discharge reduces noise by
eliminating background photons arising from the discharge, which are present during mass
analysis when using a constant discharge source.



3. ATMOSPHERIC SAMPLING GLOW DISCHARGE
FOR ANION FORMATION

In any application of mass spectrometry the choice of ionization method is of critical
importance. Since matter comes in all forms (i.e., solid, liquid, and gas), and ranges from
atoms to large biomolecules, a wide variety of ionization methods has been developed for mass
spectrometry. For the detection of explosives vapors, gas-phase ionization techniques are the
methods of choice. A variety of such methods has been applied to the analysis and detection
of explosives vapors including electron ionization, ™' chemical ionization,'*'®*® field ionization,
atmospheric pressure ionization,?>? low pressure electron capture,?% and glow discharge
ionization."??7 Each method has its own set of characteristics relevant to the detection of
explosives vapors. It is beyond the scope of this report to discuss the relative merits of each of
the possible approaches to ionizing trace explosives vapors in air. Rather, the characteristics of
atmospheric sampling glow discharge ionization are discussed, with occasional reference to
how they compare with those of other ionization methods. In general, ASGDI is a simple and
rugged means for ionizing organic species in air for either the positive or negative ionization
modes. The response is essentially instantaneous, with very little memory effect arising from
analyte species that enter the ionization region. That is, chemical noise arising from analyte
deposited within the ionization volume, which ordinarily requires source cleaning, poses few
problems even after many months of nearly continuous operation. However, surfaces leading
up to the sampling aperture can easily become contaminated giving rise to the major source of
any memory effects. Work at Oak Ridge National Laboratory (ORNL) has shown the ASGDI
source to be useful for a variety of applications in trace vapors analysis.'® It is particularly
useful for applications in which negative ion analysis is appropriate, as it is with high explosives.

The explosives vapor detection problem requires the formation of ions characteristic of
explosives when they are present in a complex mixture. The mixture could be air that is
sampled directly into the detector, or a mixture resulting from a preconcentration step. The
relative concentrations of mixture components, particularly at the parts per million level and
below, can vary widely with both location and time. Since it is desirable to detect explosives
vapors present at parts per trillion levels and below, an extremely selective ionization method is
desirable. The analysis of negative ions in the explosives detection application is employed
because, unlike most compounds in nature, high explosives such as the nitroaromatics, the
nitrate esters, and the heterocyclic nitramines, readily form anions. Indeed, several other
approaches to explosives vapor detection take advantage of this characteristic. These include
ion mobility spectrometry (IMS),2** atmospheric pressure ionization mass spectrometry
(APIMS),2%-222031 and gas chromatography/electron capture detection (GC/ECD).** There are,
however, differences between the conditions used in the ASGDI source and those used in the
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other devices that have important ramifications for the ions that are observed and the
susceptibility for interferences.

The conditions used in the ASGDI source operated near 1 Torr are significantly different
from those used for ionization techniques at atmospheric pressure. These differences and their
effects can be appreciated by considering simple pseudo-first order kinetics. Consider the
ion/molecule reaction

X+ M —>X + M 1)

where analyte species M is present at a constant concentration throughout the period that the
reaction can proceed. The number of X* reagent ions observed after some reaction time t is
given by

X=X e 2
and the number of M-ions that are formed is given by
[IM=[X],(1-e) 3)

where [X], is the number of X ions present at t=0, k is the rate constant for the ion/molecule
reaction, and [M] is the number density of M. Under API conditions, flow rates are typically on
the order of 1 mL/s giving reaction (residence) times on the order of 1 ms. Rate constants for
fast ion/molecule reactions are on the order of 10° cm*molec-s. Rate constants for electron
capture reactions, i.e.,

e+ M—> M @)

can be as high as 107 cm®molec-s* (100 times greater). Electrons are therefore quickly
captured in the presence of an electronegative reagent gas thereby forming anions. [The
number density of electronegative gases (primarily O,) in air at atmospheric pressure and room
temperature is =4 x 10" cm®.] Provided the rate constants are not too low, both the forward
and reverse reactions for an ion/molecule reaction can occur a sufficient number of times to
give an equilibrium distribution of reactants and products. The number densities of the
reactants and the long reaction time result in a distribution of ion/molecule reaction product ions
that tend to reflect thermodynamic equilibrium. Furthermore, number densities are high enough
for third-body collisions to occur resulting in the observation of stable adduct ions as indicated
below:

X+ M+ N —>MX+N. (5)

The likelihood for observation of cluster ions in APIMS is further enhanced by cooling
associated with the expansion of the plasma from atmosphere into the high vacuum. For this
reason, ion declustering methods are typically employed.

In the ASGDI source, number densities are roughly three orders of magnitude lower
than in AP! devices. Furthermore, the residence time of the molecules in the ionization region
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is typically less than 1 ms (as determined by the ventilation rate). Given the shorter residence
times and lower number densities than those relevant to API, ion/molecule reactions can only
proceed to an appreciable extent if, assuming a rate constant of 10° cm®molec-s, the neutral
number density is greater than about 20 parts per billion. Product ions formed via ion/molecule
reactions begin to rival the intensities of the background "reagent ions" in the source (=10% of
the total ion current) only when the concentration of the analyte is at least 20 parts per million.
Therefore, for species present at levels less than 1 ppm, the majority of negative ions come
from electron capture rather than from ion/molecule reactions.

‘These differences in operating conditions have several significant effects on the data
acquired with ASGDI and API ion sources. The first is that the ions characteristic of the
explosive may be different. For API sources it is common to observe (M-H) and (M+X)" ions
whereas with the ASGDI source it is common to observe M-and/or fragment ions. The second
effect manifests itself in the susceptibility for interferences. There are typically two types of
interferences with most analytical techniques. One occurs when some species other than the
analyte produces a signal that is indistinguishable from that of the analyte. We use tandem
mass spectrometry to minimize this type of interference. The second type occurs when some
species alters the signal from the analyte either by suppressing its intensity or by moving it to
another part of the spectrum where it is not recognized. This is often referred to as a "matrix
effect". An example of the latter would occur when some background species enters the API
ionization region in sufficient quantity to change the ion/molecule reaction chemistry, thus
leading to a change in the identity of the analyte-related ions. This may involve a change in the
identity of the explosive related ion from, for example, (M+X) to (M+Y). In fact, this effect has
been used to advantage in at least one approach to ionization of explosives by AP1.3° Since
ion/molecule reaction chemistry plays a very small role for low concentration analytes in the
ASGDI source, the anions associated with the explosives do not change position on the mass
scale despite the presence of relatively large doses of compounds that alter ion/molecule
reaction chemistry. The ASGDI source is vulnerable to this type of interference only insofar as
it affects the number of electrons and the distribution of their kinetic energies. An extreme
example occurs when a heavy dose (> 10 parts per thousand) of a halocarbon is used to
extinguish the discharge. Our experience with halocarbons at levels insufficient to extinguish
the discharge but sufficient to completely alter the distribution of background ions in the ion
source is a diminution in signal due to explosives of a factor of 2-3 but no change in the identity
of the ions. The ASGDI source, therefore, is relatively immune to interferences of the second

type.

A relatively high number density of electrons present in the glow discharge (=10'° cm™)
apparently gives rise to good linearity of response for ions derived from electron capture over a
concentration range of 10"2-10%. Such a response was observed for 2,4,6-trinitrotoluene using
an ASGDI source coupled with a quadrupole mass filter.'! A much more restricted dynamic
range (=10?) is typically observed in most API systems due to the limited numbers of reagent
anions present.

Clustering is much less likely in ASGDI than in API for some of the reasons just
mentioned. Clustering of analyte ions with analyte molecules is unlikely due both to the short
residence time and the low concentration levels of analyte. Clustering with background
species, such as water, is also rarely observed due to the fact that the initial expansion from
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atmosphere into vacuum occurs prior to ionization rather than after ionization as in API.
Therefore, the ion-dipole and ion-induced dipole attraction that promotes clustering under
expansion conditions is not operative in ASGDI. The second expansion from the ASGDI source
into the mass spectrometer region is too dilute for significant clustering.

lonization methods in which low neutral number densities are present, such as low
energy electron capture at <10~ torr,2? lie at the opposite extreme. The spectra derived from
electron capture at low pressures often differ significantly from those observed using ASGDI.
As a rule, much more extensive fragmentation is observed using low pressure electron capture
methods than is observed using ASGDI. The collision frequency in the ASGDI source is on the
order of 107 s™ which, depending upon the inherent anion lifetime following electron capture,
can allow for collisional cooling of excited anions.

The characteristics of ASGDI that make this ionization technique attractive for real-time
explosives detection include: (1) A simple and rugged design which provides a direct interface
between atmosphere and the vacuum system of the mass spectrometer. The ASGDI has no
filaments or discharge needles to replace and can be operated continuously for months without
maintenance. Despite rather extensive ion burning, source cleaning is not important. Some of
the ion sources at ORNL have been operated over the course of several years without cleaning
and show no loss in performance. (2) The source has a relatively high throughput. The air
sampling rate is 1-5 mL/s, which is relatively high for a vapor detector. This makes for rapid
response and rapid pump-out of analyte. Memory effects arise almost exclusively from
adhesion on surfaces leading into the ion source, as opposed to adhesion on surfaces within
the ionization volume. (3) lonization conditions are such that there are significant differences
between API and low pressure electron capture in terms of the types of ions observed and the
susceptibility to matrix effects.

Table 2 summarizes the negative ion ASGDI mass spectra of a variety of species of
potential interest in an explosives detection scenario. These species include many of the
commonly encountered organic high explosives with examples from compound classes such as
nitroaromatics, heterocyclic nitramines, and nitrate esters. Several inorganic species, such as
ammonium nitrate and sulfur (a major constituent of black powder), are also included.
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Table 2. Major ions in the negative ion ASGDI mass spectra of

explosives and related compounds

Compound

2,4 6-trinitrophenol

(picric acid)
dinitrophenols (DNPs)
mononitrophenols (MNPs)
2,4 6-trinitrotoluene (TNT)
dinitrotoluenes (DNTs)
mononitrotoluenes (MNTSs)
mononitroanilines (MNAs)
2,4-dinitroaniline
dinitrobenzenes (DNBs)
nitrobenzene
2,4-dinitrophenylhydrazine
hexanitrostilbene
2,4,6-trinitrophenylmethyinitramine

(tetryl)

ethylene glycol dinitrate
(EGDN)
nitroglycerine
(NG)
pentaerythritol tetranitrate
(PETN)

cyclotrimethylene trinitramine
(RDX)

cyclotetramethylene tetranitramine
(HMX)

Black powder (sulfur)
Ammonium nitrate
2,3-dimethyl-2,3-
dinitrobutane

Maijor ion(s)

SESSSE55588 =
p
o

(M-NO,)

NO,
N 03-

(M-CH,ONO,)
NOy

(M-NO,)
(M-NO,,HNO,)
(M-NO,,CH,NNO,)

(M-NO,y
(M-NO,,HNO,)"
(M-NO,,CH,NNO,)

S5, S5, S
NO,
NO,

229

184
139
227
182
137
138
183
168
123
168
450
241

62
62

240
62

176
129
102

250
203
176

64, 96, 128
46
46







4. TANDEM MASS SPECTROMETRY

Single stage mass spectrometry is one of the most sensitive and specific instrumental
methods available to identify organic compounds. However, it cannot perform trace analysis of
complex mixtures without an extremely selective ionization method and/or some prior
separation step. The most common technique involving mass spectrometry for the analysis of
mixtures of volatile compounds is the combination of gas chromatography with mass
spectrometry (GC/MS). Historically, gas chromatography has not played an important role in
real-time mixture analysis due to the relatively long times required for separation. (Recent
developments in fast GC have made its use in explosives vapor detection a viable part of the
analysis.) An alternative to GC/MS in targeted compound analysis is to replace the GC with a
mass spectrometer to perform mass spectrometry/mass spectrometry (MS/MS), or tandem
mass spectrometry.*® Since the mass spectrometer selects according to mass/charge, mixture
components can be analyzed in any sequence, which is an advantage when only a few
components are of interest. Furthermore, the first stage mass-selection step can take place on
the time-frame of microseconds to milliseconds, depending on the mass spectrometry
technology (see below). This time-frame obviously compares favorably with chromatography.
A schematic comparison of GC/MS with MS/MS is shown in Figure 2 assuming an ionization
method that produces positive ions.

A chemical reaction resuiting in a change in mass/charge must occur between stages of
mass spectrometry in an MS/MS experiment for the second stage of mass analysis to provide
new information. The most common reaction is fragmentation shown generically below for a
molecular anion:

my" —>m, +my ®)

where m,~" represents an excited molecular anion and m, and m, represent the charged and
neutral products of a dissociation reaction, respectively. The dissociation of a so-called
"parent” ion into product ions and neutrals is ordinarily induced via one or more energetic
collisions of the parent ions with neutral species admitted into the instrument to serve as
collision partners. This process involving the production of excited parent ions which
subsequently dissociate into products is commonly referred to as collision-induced dissociation
(CID).?*** Therefore, the identification of a targeted compound in a typical MS/MS experiment
is based on the mass/charge ratios of the parent and product ions.

Tandem mass spectrometry has a variety of important applications. Among the most

widely recognized is direct targeted compound analysis. Explosives vapor detection is, of
course, a targeted compound analysis problem. The MS/MS experiment for explosives

13
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detection is shown schematically in Figure 3 as proceeding from left to right. Air is drawn into
the glow discharge source where explosives vapors are converted to negative ions. The anions
that issue from the ASGDI source are subjected to a stage of mass analysis. If ions of
mass/charge corresponding to those expected for a targeted explosive are present, they are
subjected to collisional activation. The product ions formed from CID are then subjected to a
second stage of mass analysis. A molecule to be identified as an explosive must pass three
tests. First, it must form a negative ion. That is, it must be ionized by the ASGDI in the
selective negative ionization mode. Second, it must form an ion of mass/charge expected for a
targeted explosive. And third, it must form the product ion(s) expected for the explosive ion of
the selected parent ion mass/charge. These three tests constitute an extremely specific
identification procedure designed to minimize false alarms.

It is difficult to predict a priori the false alarm rate for any of the current explosives
detectors in a real-world scenario since the complexity of the mixtures to be confronted is poorly
characterized at best. However, it is possible to compare the techniques on the basis of the
number of resolution elements in the analysis.*® The number of resolution elements
determines, in part, the informing power of an analytical technique. Informing power correlates
with specificity. As a rule, as a mixture becomes more complex, greater informing power is
required to distinguish between mixture components. A typical IMS spectrum is =20 ms wide
and a typical peak width at half height is 1 ms. There are, therefore, =20 resolution elements
for the ion mobility spectrometer. The overall specificity of the analysis relies heavily on the
selectivity afforded by negative ion API. Similarly, for GC/ECD, the resolving power of the GC
analysis is determined by the chromatographic resolution. For most gas chromatographs used
in explosives detection there are, at best, a few hundred resolution elements in the typical
chromatogram. The overall specificity of the analysis is enhanced by ECD. In MS/MS, the
number of resolution elements is the product of the resolution elements of each stage of MS.
For most tandem mass spectrometers based on quadrupole technology, the resolution of each
stage of MS is typically 1000 (unit mass resolution throughout the mass range). The explosives
ions generally fall below m/z 300 so that, realistically, there are about 300 useful resolution
elements/stage of MS. The number of resolution elements for MS/MS is therefore ~90,000.
This number may be increased if additional resolution elements are added by varying the
parameters that affect the reaction between stages of MS.*° The specificity of the overall
analysis is, of course, enhanced by analyzing negative ions. Informing power is also
determined by the dynamic range of the analysis* which further increases the informing power
of MS/MS over the IMS and ECD. The informing power of MS/MS is therefore several orders of
magnitude greater than any of the other commonly employed vapor detectors.

The sensitivity of an explosives detector employing MS/MS is determined in part by the
throughput of the MS/MS instrument. This involves the efficiency of the first stage of MS, the
efficiency with which fragment ions are produced from the parent ions, the efficiency of the
second stage of MS, and the detection efficiency. These numbers are determined by the mass
analyzers, ion optics, and the way in which CID is effected. There has been a wide variety of
instrumental approaches to MS/MS. Each has its own set of performance characteristics and
many have unique advantages for particular applications. There is no "best" instrumental
approach for all MS/MS experiments. However, the number of approaches suitable for fieldable
explosives detection is relatively limited. A short discussion of the various approaches to
MS/MS is given in the following sections with particular emphasis on the desirable qualities for a
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tandem mass spectrometer in the explosives detection scenario. These approaches can be
conveniently classified as either beam-type technologies or ion trapping technologies.

4.1. BEAM-TYPE TECHNOLOGIES

The term "beam-type" instrument refers to a mass spectrometer in which ions formed in
an ion source are extracted and accelerated, usually continuously thereby forming an ion beam,
through static magnetic and electric fields or through electrodynamic fields wherein the
trajectories of the ions are altered in a mass/charge dependent fashion. The mass/charge
discrimination, therefore, occurs in space. In the case of a magnetic sector mass spectrometer,
for example, the radii of deflection of ions in a monoenergetic ion beam are determined by the
momentum/charge ratios of the ions. A slit or aperture at the focal point of the magnetic sector
allows a limited range of momentum/charge ratios to pass to a coliision region, for example. In
the case of a quadrupole mass filter, the radio-frequency and fixed voltages applied to the four
rods comprising the device can be established to provide for high pass filtering in one
dimension and low pass filtering in the other such that only a limited range of mass/charge
ratios can pass through the device. In the case of the time-of-flight mass spectrometer, a
monoenergetic "packet” of ions is separated according to transit times. The term "beam-type"
tandem mass spectrometer is intended to imply further that the stages of mass spectrometry
and collision-induced dissociation occur is discrete regions of the spectrometer.*$

Some of the more commonly employed beam-type tandem mass spectrometers are
shown schematically in Figure 4 where S is the ion source, C is a collision cell, D is a detector,
B is a magnetic sector, E is an electrostatic analyzer, and Q is a quadrupole mass filter. The
first analytical tandem mass spectrometers were two sector instruments of either "forward"
geometry (EB) or "reversed" (BE) geometry. [n the former, CID is effected between the ion
source and the electrostatic analyzer and product ions are analyzed by scanning the electric
and magnetic fields simultaneously and at a fixed ratio. In the latter, CID can also be effected
between the ion source and the first sector but more usually is effected between sectors. In the
latter case, product ions are analyzed by scanning the electric sector. More elaborate multi-
sector instruments have since been constructed primarily for research purposes, as opposed to
routine analytical research.

The multiple quadrupole tandem mass spectrometers were introduced primarily for
analytical applications.*'#? There are many important distinctions between the multi-sector and
multi-quadrupole systems. A full discussion of these is beyond the scope of this overview.
However, a few important distinctions are that quadrupole mass filters are readily
programmable, mass resolution/transmission is variable via software over a range, and they
lend themselves much more readily to field transportability. Therefore, for the reasons of size,
weight, and cost alone, multiple quadrupole instruments are the most appropriate of the
commercially available beam-type tandem mass spectrometers to consider for explosives
detection. It is important to note that while commercial instruments are often referred to as
"triple quadrupole mass spectrometers”, only the first and third quadrupoles are used as mass
analyzers. The central quadrupole is operated in the high pass filter (non-analyzing) mode. In
fact, in many of the modern "triple quadrupole"” instruments, the collision cell is actually an
octapole. This is the case in the Finnigan TSQ700, the instrument modified for explosives
detection as part of this interagency agreement.
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Figure 4 also shows several instrument geometries that combine sectors and
quadrupoles. These instruments are referred to collectively as "hybrid" mass
spectrometers.”** These combinations are not inherently compatible as are the EB and BE
geometries because quadrupoles operate best on ions with kinetic energies of tens of
electronvolts at most, whereas sectors typically operate on ions with kiloelectronvolt kinetic
energies. Therefore, one or more acceleration/deceleration steps must be effected in hybrids.
Nevertheless, the combined strengths of these analyzers in a single instrument provides for
unique research capabilities. However, from the point of view of explosives detection, hybrids
have not been pursued for the same reasons that multi-sector instruments have not.

For the purpose of comparing and contrasting beam-type tandem mass spectrometers
with trapping instruments described in the next section, a number of characteristics are listed
here which apply primarily to the multiple quadrupole instruments. As discussed further in this
report, beam-type and trapping technologies each enjoy advantages as the tandem mass
spectrometer for explosives detection. However, since the beginning of this project, the rapid
development of the quadrupole ion trap has shifted the balance strongly in favor of the trapping
technology for explosives detection in the field. Important characteristics of beam-type
technologies relevant to this discussion include:

° Sensitivity - While sub-picogram detection limits for explosives can be readily
achieved in the MS mode in the absence of an isobaric interference, such low
detection limits are challenging in the MS/MS mode due to transmission losses.
Beam-type instruments usually provide many opportunities for ion losses during
the passage of ions from the ion source to the detector. Fringing fields at the
entrance and exit of each multipole can lead to ion loss, for example. There is
also the usual compromise between resolution and transmission with the mass
analyzers. Scattering of parent ions and product ions in the collision region can
lead to significant losses as well. Indeed, the MS/MS efficiency, defined as the
number of product ions measured in the MS/MS experiment divided by the
number of parent ions measured prior to admitting the collision gas, is typically a
few percent at best. Therefore, there is a significant cost in analytical signal in
going from MS to MS/MS. (However, this is sometimes more than offset by the
reduction in chemical noise arising from isobaric interferences.)

® Specificity - As mentioned above, specificity is determined by the number of
non-redundant resolution elements in the analysis. The mass resolving power of
each mass analyzer can easily be 1000 with good transmission. Furthermore,
the MS/MS spectrum of a polyatomic ion is often highly dependent upon collision
energy and target gas pressure. This dependence can be used to provide more
informing power if needed. From our experience, the specificity of the triple
quadrupole instrument is sufficiently high without recourse to collision energy-
resolved analysis. We have yet to find any interferences that might lead to false
alarms that cannot be avoided with the standard MS/MS procedure.

] Speed - lon flight times are on the order of tens of microseconds. For healthy
signals, therefore, the response is essentially instantaneous. Even in cases
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where signal averaging can improve detectability, the mass spectrometer
analysis time will be short relative to sampling and preconcentration steps.

° Size - Triple quadrupole instruments have not generally been engineered for
field use although there is substantial room for miniaturization. However, the
extensive pumping required for maintaining the analyzer quadrupoles at less
than 107 Torr while the collision region is held at 1-5 mTorr remains a limiting
factor in size and weight considerations.

° Cost - Commercial triple quadrupole systems typically cost over $300K. A
system designed specifically for explosives detection might be made for less but
probably not without a large market. Power supplies for three multipoles are
required, machining for high performance quadrupoles is demanding, and
pumping is extensive. These factors make the prospects for a low cost (<$100K)
explosives detector seem remote considering the market size.

° Dynamic range - Dynamic range refers to the range of analyte quantity or
concentration over which the analytical signal is linear. The dynamic range of a
mass filter is roughly 108. We have observed the dynamic range of a quadrupole
system coupled with an ASGDI source to be at least 10°-10°. Dynamic range is
a strength of beam-type technologies because ion-ion interactions that can affect
linearity are not important at the beam currents typically created by the ASGDI
source or most other ion sources used in analytical chemistry.

° Scan Flexibility - The ready software contro! of the multiple quadrupole
instrument and the nature of the beam-type experiment allow for a variety of
different scanning modes for screening. The conventional MS/MS experiment,
the product ion scan, is but one. Others include the parent ion scan, the neutral
loss scan, and the targeted product scan.®® The latter is discussed further in a
later section.

4.2. TRAPPING TECHNOLOGIES

Several instrumental approaches to trapping charged particles and ions have been
developed for research in physics and chemistry. Instruments used for analytical chemistry and
which have been demonstrated to be capable of performing multiple stages of mass
spectrometry include the ion cyclotron resonance (ICR) mass spectrometer®’ and the ion trap
mass spectrometer.”® The former is based on a static magnetic field and a parallel static
electric field. The detection technique typically employed with commercial versions of the ICR
involves image current measurement of all ions simultaneously and Fourier transformation of
the time domain image current signal into the frequency domain. These instruments are usually
referred to as Fourier transform mass spectrometers (FTMS).**** The FTMS technology has
provided the highest mass resolving powers of any form of mass spectrometry. It is finding
increasingly wide application in high performance mass spectrometry research and
development. However, commercial systems employ relatively large superconducting magnets
and must operate at low pressures for high resolution. Little effort has thus far been expended
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in making fieldable FTMS instrumentation although such a development is not precluded at
some sacrifice in performance.

In contrast to the development of FTMS, the analytical development of the quadrupole
ion trap, or Paul trap,*'° has primarily focussed on analytical applications requiring moderate
resolving powers and those in which relatively high background pressures exist. Work has
proceeded at ORNL for several years in developing the combination of ASGDI with a
quadrupole ion trap for explosives vapor detection. Advances in this area now lead us to
believe that this form of ion trapping technology should be given serious consideration for real-
world security applications. For this reason, this form of ion trapping mass spectrometer is
discussed at more length below and elsewhere in this report.

The quadrupole ion trap employs three electrodes as shown in the photograph of
Figure 5. Two end-cap electrodes sandwich a ring electrode. The position coordinates in the
ion trap can be described by the cartesian coordinates x, y, and z. However, due to the
symmetry around the ring electrode, it is convenient to indicate the x and y coordinates by r, the
radial coordinate, where r = (x* + y?)%. By convention, z is referred to as the axial coordinate.
Note that the holes in the end-caps allow for ions to enter or exit the ion trap. The end-caps are
ordinarily held at ground potential while a radio-frequency (rf) signal is applied to the ring
electrode. The hyperbolic shapes of the electrodes result in a quadrupole potential within the
fon trap cavity. A positive voltage on the ring electrode attracts negative ions and repels
positive ions whereas a negative voltage on the ring electrode does just the opposite. The
electric fields experienced by an ion for a large positive voltage and for a large negative voltage
are illustrated in Figure 6. Note that for any non-zero voltage applied to the ring electrode, an
ion finds itself in a potential well in one dimension and on a potential hill in the other. The key to
trapping the ion is to vary the potential on the ring electrode at a frequency sufficient to prevent
the ion from experiencing a repulsive field long enough to exit the ion trap. The application of a
sine wave to the ring electrode creates the effect of flipping the saddle-shaped fields of Figure 6
back and forth to hold ions in the middle of the saddle. lon storage as well as capture of
injected ions is facilitated by adding a light background gas, such as helium, to remove kinetic
energy from the ions without scattering them away from the center of the ion trap.

Trapped ions can be mass-analyzed in a variety of ways. The most commonly
employed methods involve ejecting ions from the ion trap and into an externally-mounted
detector in 2 mass-dependent fashion. The so-called mass-selective instability scan introduced
by Stafford et al.,5**° for example, involves scanning the amplitude of the rf signal applied to the
ring electrode causing ions to achieve unstable trajectories in the axial dimension sequentially
from low mass to high mass. A variation on this approach is the "resonance ejection" scan.’®
For a given ring electrode rf amplitude and frequency, ions of each mass/charge have
characteristic frequencies in the axial and radial dimensions. By scanning the ring electrode
amplitude (or frequency) ions can be brought into resonance in the axial dimension with an
alternating voltage applied to the end-caps. The application of a sinusoidal signal to the end-
caps while the normal trapping rf signal is applied to the ring electrode is shown schematically
in Figure 7. As the ions come into resonance they may absorb sufficient power to be ejected
from the ion trap and into an external detector.
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Figure 5. Photograph of the quadrupole ion trap assembly; two endcap electrodes and a ring electrode.
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Figure 6. Schematic representation of the electric fields experienced by an ion
for a large positive voltage and for a large negative voltage.
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Figure 7. Side-view schematic of the ion trap with a sinusoidal signal applied
to the end-caps to effect resonance ejection.
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Just as there are a variety of ways to mass-analyze ions with an ion trap, there are a
variety of means for mass selecting parent ions for an MS/MS experiment. A commonly
employed method is to add a dc voltage to the i signal applied to the ring electrode for mass
selection. This is analogous to the method used for mass analysis and mass selection with the
quadrupole mass filter. It effectively combines high pass filtering with low pass filtering to
create a notch filter. Low mass ions are ejected in the axial dimension while high mass ions are
destabilized in the radial dimension. Resonance ejection is also often used for parent ion
isolation.®® The amplitude of the ring electrode rf signal is raised to reject low mass ions while
frequency of the signal applied to the end-caps is chosen to sweep out ions of higher mass than
that of the parent ions. Newer techniques involve the application of a range of frequencies to
the end-caps to allow for the accumulation of selected ions during ion injection. For the
purpose of explosives detection, these mass selection methods are quite satisfactory.

Collisional activation is used to dissociate ions in the typical ion trap MS/MS experiment,
just as it is with beam-type tandem mass spectrometers. However, the process is quite
different.’” It is beyond the scope of this report to describe all of the differences and their
ramifications for studying gas-phase ions. However, to understand why ion trap collisional
activation can lead to high sensitivity MS/MS it is important to recognize that collisional
activation in the ion trap is a relatively slow heating process which allows for complete
dissociation of a parent ion population. Furthermore, since there are no transmission losses
associated with ion transport in an ion trapping instrument, the product ions can often be
collected with 100% efficiency. Collisional activation is typically effected using "resonance
excitation" as opposed to "resonance ejection”. The only difference is that the amplitude of the
excitation signal applied to the end-caps is insufficient for ion ejection. The presence of helium
in the ion trap at a pressure of about one millitorr provides a damping force and a means for
dissipation of the energy ions absorb from the field. The ions are heated internally during the
course of resonance excitation and may be heated sufficiently to fragment. MS/MS efficiencies
can be as high as 100% in favorable cases (see below).

The typical ion trap MS/MS experiment consists of a set of sequential steps beginning
with ion formation and accumulation. After the ionization step is completed, further ion
accumulation is prevented during the ion manipulation steps. The first ion manipulation step is
mass selection effected by one of the methods described above. Collisional activation is then
effected either using a single frequency applied to the end-caps or a range of frequencies. The
latter approach is newer and overcomes problems associated with tuning and ion-ion
interactions (see below). The final step involves mass analysis of the product ions using one of
the several mass analysis approaches. A particular advantage of ion trapping instruments is
that the mass selection/collisional activation sequence can be repeated using a product ion
formed in a previous CID reaction as the parent ion for a subsequent CID experiment. This
procedure is commonly referred to as an MS® experiment where n represents the number of
stages of mass spectrometry. As many as 13 stages of MS have been demonstrated in a
quadrupole ion trap.® The factors that determine the maximum value of n have been
discussed.®® The capability for MS" where n>2 is a distinct advantage for ion trapping
instruments relative to beam-type instruments which require a separate mass analyzer for each
stage of MS. The specificity of an analysis may be enhanced dramatically by additional stages
of mass spectrometry provided unique information is obtained with each step. For the
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explosives detection application, we have yet to encounter a situation in which a third stage of
MS is desirable but the ion trap can provide this capability if necessary with a very minor
change in software.

The parallels and perpendiculars of ion trap vs. beam-type instrumentation is a big
subject, certainly too big for this report. However, the purpose here is to mention enough of the
major points to appreciate the merits of these technologies for explosives detection. Therefore,
the figures of merit discussed in the previous section for beam-type tandem mass
spectrometers, with emphasis on the triple quadrupole instrument, are discussed here for the
quadrupole ion trap mated with ASGDI and using the techniques described above. Important
characteristics of the quadrupole ion trap relevant to this discussion include:

Sensitivity - Sub-picogram detection limits for explosives can be achieved for
explosives-related ions both in the MS and in the MS/MS modes under favorable
conditions (see below). The detection limits in the MS/MS mode are clearly
superior for the ion trap relative to the beam-type instruments. As discussed
below in the comments about dynamic range, the ion trap suffers from ion-ion
interactions much more so than beam-type instruments. This problem has been
overcome to a large extent with mass-selective ion accumulation methods.
However, there remains the possibility for a very intense ion to appear at the
same mass/charge as a targeted analyte ion that might affect the accumulation
of the ion of interest. We have not encountered such a situation for the species
of general interest to the explosives detection community but the potential exists.
Fortunately, there are possible approaches to overcome even this problem if it
arises. As mentioned above, the favorable duty cycle of the ion trap and the
ability to accumulate ions over a wide range of masses simultaneously is an
advantage for the ion trap. However, experiments with a reliable vapor
generator with both types of technologies are desirable to determine if single ion
monitoring with a beam instrument (100% duty cycle) is significantly superior to
long ion accumulation time ion trap analysis.

Specificity - The mass resolving power of the ion trap is typically on the order of
1000 in both stages. Mass resolution can be higher by slow scanning but at the
expense of duty cycle. As mentioned above, MS" is readily performed in the ion
trap as well. Therefore, the capability for high resolution and MS" provided by
the ion trap can give extremely high specificity, if needed. This level of potential
specificity is not afforded with the triple quadrupole instrumentation. From the
practical point of view, however, the specificities of the ion trap and triple
quadrupole instruments as they are currently used for explosives detection are
comparable and appear to be quite satisfactory for the application.

Speed - The sequence of steps for an ion trap MS/MS experiment can range in
duration from 50 milliseconds to over one second. This time range is determined
primarily by the ion accumulation time. The analysis time difference between the
ion trap and triple quadrupole instruments is not significant in the context of the
entire time needed for sampling, preconcentration, and analysis.
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[ Size - The ion trap enjoys a distinct advantage in terms of size and weight. A
single analyzer and set of electronics provides MS/MS capabilities, and the
ability to tolerate high background pressures (at least 10 Torr of air has been
used routinely) minimizes pumping requirements. The engineering involved in
designing a relatively small footprint system (e.g., the size of a PC) should be
straightforward.

° Cost - lon traps are the least expensive tandem mass spectrometers. Costs
associated with electronics, pumping, and machining are lower than for the triple
quadrupole mass spectrometer, for example. It is not difficult to imagine that an
ion trap explosives detector can be marketed for less than $100K given the fact
that ion trap GC/MS systems are marketed for less than $50K.

® Dynamic range - As mentioned above, ion traps encounter ion-ion interaction
problems much sooner than do beam-type instruments. These problems have
been addressed to a large extent by mass-selective ion accumulation methods
and by universal collisional activation methods. Nevertheless, dynamic range is
expected to be superior with the beam-type instruments. Quantitative
measurements of dynamic range with the newer techniques have not yet been
made but preliminary measurements suggest ion trap dynamic ranges of 10° can
be achieved in mixture analysis applications.

° Scan Flexibility - Parent ion, neutral loss, and targeted product ion scans are
much less conveniently performed with the ion trap than with the triple
quadrupole instrument. However, these experiments can be performed if need
be. The fact that all experiments are performed with one analyzer simply by
changing voltages applied to the electrodes makes the ion trap extremely flexible
in the number and types of experiments that might be performed. In principle,
provided the electronics to generate the necessary signals are under computer
control, simple changes in software can make a wide variety of experiments
possible including MS" studies.

From the point of view of developing a fieldable explosives vapor detector based on
tandem mass spectrometry, the advantages enjoyed by the ion trap in terms of MS/MS
sensitivity, size, and weight would seem to make it the technology of choice. However, the
beam-type instrument remains a powerful tool for explosives analysis but would appear to be
most appropriate in a laboratory-based setting.







5. QUADRUPOLE ION TRAP TANDEM MASS SPECTROMETRY
FOR ANION ANALYSIS

Conventional ion trap mass spectrometry employs electron ionization using a filament
mounted on an end-cap to convert vapors present in the ion trapping volume to ions. This in
situ ionization approach has been shown to be able to detect volatile organics in air down to the
low parts per billion by volume level in the positive ion mode. However, electrons are not stored
within the ion trap under conditions used for efficient ion storage. Therefore, electron capture
within the trapping volume is an inefficient process due to the fact that high number densities of
low energy electrons cannot be maintained in the ion trap under conditions optimal for storing
ions. 48%% For this reason, we interfaced an externa] ASGDI source with an ion trap®2 to
evaluate the strategy of forming anions in a region of high electron number density (roughly 10"
cm) and subsequently injecting the anions into the ion trap.

An interesting and useful characteristic of the ion trap, particularly for trace detection of
targeted compounds, is that its "duty cycle" is highly variable. The duty cycle of the ion trap
experiment employing continuous analyte consumption, defined as the fraction of time that ions
formed by the ionization method can be measured, is the ion accumulation time divided by the
entire time of the experiment. Any analyte consumed during the ion manipulation and mass
analysis steps cannot lead to a measurable signal. The duty cycle in a typical experiment can
range from a few percent to over 90%. This is an advantage of the ion trapping instruments in
that ion accumulation is variable and can be as long as necessary, within trapping efficiency
limitations, to accumulate a sufficient number of ions for analysis. Therefore, long ion
accumulation times can be used to integrate ions from a weak beam issuing from the ion
source whereas short accumulation times are sufficient to accumulate ions from a strong beam.
The duty cycle of a beam-type mass spectrometer, on the other hand, is determined by the
fraction of time that the spectrometer scans over the m/z range of the analyte ion divided by the
total scan range. For a mass/charge range of 50-350, for example, the duty cycle for any
particular ion is 1/300 or 0.33%, assuming unit mass resolution. Duty cycle can be increased to
100% in the single ion monitoring mode, of course, but the advantage of single ion monitoring
decreases directly with the number of different mass parent ions of interest. There is, therefore,
an important compromise between duty cycle and mass range in a beam-type instrument that is
largely absent with the ion trap.# The ion injection efficiency, defined as the fraction of ions
that enter the ion trap during the ion accumulation period that are captured, is estimated to be
5% under optimum conditions using ion injection through an end-cap in the ASGDI/ion trap.

A particularly attractive characteristic of the ion trap as a tandem mass spectrometer is

the high efficiency with which parent ions can be converted to product ions.>®* In favorable
cases, this efficiency can reach 100%. An early study relevant to this project subjected anions
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derived from explosives to ion trap collisional activation to determine if electron detachment
would compete effectively with fragmentation, thereby yielding no structural information.®® It
was found for a variety of nitroaromatic anions, and for virtually all other explosives-derived
parent anions, that electron detachment is not an important process under ion trap collisional
activation conditions and that, in general, high MS/MS efficiencies are obtained. The mono-
nitrotoluene molecular anions are exceptions in this regard. Apparently, the electron affinities of
the mono-nitrotoluenes are sufficiently low that electron detachment can compete effectively
with dissociation under ion trap collisional activation conditions. Figure 8 iliustrates a favorable
case in which the major high mass parent ion derived from ASGDI of the explosive
pentaerythritol tetranitrate (PETN), which appears at m/z 240 (M-CH,ONO,), is subjected to ion
trap collisional activation. Figure 8a shows the isolated parent ion and Figure 8b shows the
spectrum after the parent ion was subjected to resonance excitation (100 mV, g, =0.136) for 20
ms. The MS/MS efficiency is essentially 100% for this readily dissociated parent ion. In fact,
this parent ion shows a slow but measurable rate of dissociation in the absence of resonance
excitation. This slow dissociation under normal ion storage conditions gives rise to the small
signal at m/z 62 in the spectrum of Figure 8a.

High MS/MS efficiency (roughly 60%) is also observed for the major parent ion derived
from the explosive RDX, as illustrated in the data of Figure 9. The kinetic stability of this parent
ion is greater than that of the m/z 240 ion derived from PETN and does not show measurable
dissociation in the absence of resonance excitation. lon trap MS/MS efficiency is, as a rule,
inversely related with the kinetic stability of the parent ion as a result of the well-known
competition between dissociation and resonance ejection.®*%#" |n general, the nitroaromatic
parent anions show greater kinetic stabilities than those of the nitrate esters and heterocyclic
nitramines. Nevertheless, in virtually all cases involving explosives-related parent ions
containing more than one NO, or NO, group, collisional activation conditions can be obtained
that yield MS/MS efficiencies in excess of 40%.

The variable duty cycle of the ion trap combined with high MS/MS efficiency can yield
good analytical signals on low levels of analyte even in the MS/MS mode. This is illustrated in
Figure 10, which shows the MS/MS spectrum derived from a 500 fg sample of RDX admitted
into a heated region leading fo the inlet of the ASGDI source. Throughout the course of this
experiment, the ion trap was executing a tandem mass spectrometry experiment in which ions
were accumulated into the ion trap, parent ions within a mass/charge window of 170-178 were
isolated, a resonance excitation signal was applied to the end-cap electrodes at the
fundamental secular frequency of m/z 176 ions [corresponding to the (M-NO,)” species from
RDX], and the product ions were mass analyzed by mass-selective instability.*** The insert to
Figure 4 shows the total ion chromatogram recorded as the 500 fg sample of RDX was
vaporized in the heated inlet. The major product ion at m/z 102, resulting from loss of
CH,NNO, from the (M-NO,)" parent, is observed with good signal-to-noise ratio indicating that
the identification of RDX at this level can be made with confidence.

As is often the case with ion trap collisional activation, most of the product ion signal is
frequently concentrated in one or two dissociation channels, as a result of the slow heating
nature of the process.®%®"" This is clearly the case with the parent ions of PETN and RDX. On
the other hand, nitroaromatic anions frequently yield a relatively rich array of product ions, as
illustrated by the MS/MS spectrum of the molecular anion of TNT, as shown in Figure 11.
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Nevertheless, only one or two product ions are typically needed for identification and either the
(M-OHY)" or (M-NO)" product from the nitrotoluene anions generally serves this purpose. The
(M-OH) ion is observed from species with a nitro group in both the ortho and para positions of
toluene and in the ortho position of aniline and phenol.” Table 3 lists some of the parent ions
formed by ASGDI and major corresponding products ions of a selected group of species of
potential interest for explosives detection.

Despite the attractive features of the ion trap in terms of size, cost, sensitivity, MS/MS
capabilities, etc., its finite ion storage capacity has posed serious obstacles to its use as a trace
detector in the field under highly variable and ill-defined mixture analysis conditions. The major
deleterious effects arising from ion-ion interactions in trace detection are matrix ion effects on
the accumulation of targeted ions and ion frequency shifts arising from space charge. The
latter phenomenon can adversely affect mass accuracy but a more important consequence in
the explosives detection application is the detuning of the resonance excitation condition that
can arise when using single frequency resonance excitation for collisional activation. Measures
have been developed to address both of these problems and are described below.

The ASGDI source is a relatively "bright" ion source in that it produces up to 10 nano-
amperes of anion current under normal operating conditions. Most of this current arises from
the major gas components in air and corresponds to species such as O,~, NO,, O,(H,0)", CO;",
HCO., NO,, O,(H,0),*, and higher oxides of nitrogen.” These species are usually much more
abundant than the ions derived from targeted analyte species, particularly when the analyte is
present at parts per billion levels and below. As a result of the finite ion storage capacity of the
ion trap, simultaneous accumulation of matrix ions and analyte ions can impose a serious
limitation on the maximum number of analyte ions that can be stored. In the absence of any
measures to allow for the enrichment of particular ions, the relative concentration of the analyte
ions becomes independent of ion accumulation time once the storage capacity of the ion trap is
reached. This effect was demonstrated using ASGDV/ion trap mass spectrometry of 2,4,6-
trinitrotoluene at the low parts per billion level.*® It was also demonstrated that a relatively high
amplitude resonance ejection signal applied to the end-caps to eject low mass matrix ions
during ion accumulation could increase the linearity of TNT molecular anion signal with ion
accumulation times from less than 100 ms to 1 s. These results indicated that it might be
possible to concentrate the trapped ion population such that the entire ion storage capacity is
filled with the analyte ions of interest. Such a capability is necessary for the ion trap to realize
its potential for amplifying weak ion currents of species of interest issuing from an ion source in
the presence of much higher ion currents of uninteresting species.

The matrix ion problem has been addressed in Fourier transform ion cyclotron
resonance by the application of the stored waveform inverse Fourier transform (SWIFT)
technique.”™ Several approaches to mass selective ion accumulation in the ion trap have also
been evaluated recently for the ion injection scenario'*" including the use of tailored
waveforms. For example, both SWIFT? and filtered-noise fields™"” (FNFs) have been
demonstrated to be useful for mass-selective ion accumulation. The Teledyne 3DQ system is
supplied with the capability for FNF generation and we have therefore used this approach in the
explosives detection area. Figure 12 illustrates the utility of an FNF during ion accumulation in
cases where the analyte ion is not the most abundant species injected into the ion trap that can
be stored. Two plots are shown, each of which represents the molecular anion signal of 2,4-
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Table 3. Parent ions and major product ions from selected species of interest in explosives
detection resuiting from ion trap collisional activation.

Compound

2,4,6-TNT
2,4-DNT
2,6-DNT
2,3-DNT
3,4-DNT

DNBs (o,m,p)
nitrobenzene
picric acid
2,6-DNP
2,4-DNP
2,3-DNP
2,5-DNP
3,4-DNP

o-MNP

m-MNP

p-MNP
2,4-dinitroaniline
2,4-dinitrophenylhydrazine
tetryl

PETN
NG
EGDN
RDX

HMX

sulfur

Parent ion(s)

- (227)
- (182)
- (182)
- (182)
- (182)
~ (168)
- (123)
- (229)
- (184)
- (184)
- (184)
~ (184)
- (184)
- (139)
~ (139)
- (139)
- (183)
(M-NOY (168)
(M-NO,) (241)

SEESEss=ESEEsgsESEEEsE

(M-CH,ONO,)" (240)
NO; (62)

NO, (62)

(M-NO,) (176)
(M-NO,,HNO,)" (129)
CH,N(NO,)CH,N" (102)
(M-NO,) (250)

(M-NO,,CH,NNO,) (176)
S, (128)

Maijor product ion(s)"

(M-OH)" (210);(M-NOY (197)
(M-OH) (165);(M-NOY (152
(M-NOY (152) :
(M-NOY (152)

(M-NOY (152)

(M-NOY (138)

(M-NOY (93)

(M-OH)" (212)

(M-OH)" (167)

(M-OH)" (167);(M-NOY (154)
(M-OH) (167);(M-NO) (154)
(M-OH)" (167);(M-NOY (154)
(M-NOY (154);(M-OH)" (167)
(M-OH) (122)

(M-NOY (109)

(M-NOY (109)

(M-OH) (166);(M-NOY (153)
(M-NOY (138);NO,’ (46)
(P-CH,NY (213)
(P-CH,NO,) (180)
(P-HNO,) (194)

NO; (62)

NO, (46)

NO, (46)

(P-CH,NNO,) (102)
(P-HNO,) (82)

NO, (46)

(P-CH,NNO,) (176)
(P-HNO,) (203)
(P-CH,NNO,) (102)

S5 (96)

"M denotes the molecule and P denotes the parent ion. In cases where the molecular anion is
the parent ion, M is used rather than P. See Table 2 for abbreviations and common names.
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dinitrotoluene (DNT). The plot acquired under conditions in which all ions above a low m/z cut-
off of 20 were allowed to accumulate shows the DNT signal to plateau within 30 ms of ion
accumulation time. This plateau arises from the fact that the ion storage capacity of the ion trap
is quickly reached when all ions are accumulated. The second plot was derived using an FNF
waveform in which only anions within a mass/charge window of m/z 181-183 were allowed to
accumulate. Note that the DNT signal increased more or less linearly up to about 80 ms.
Beyond an ion injection period of 80 ms, the growth of the DNT signal did not keep pace with
injection time. Beyond an injection time of 500 ms (data not shown in the figure) no further
increases in DNT signal were observed. This is due to the fact that the DNT ions had reached
the full ion storage capacity of the ion trap. The significance of data such as these is that the
full inherent dynamic range of the ion trap can be accessed even for ions of low abundance in
the mass spectrum provided "matrix" ions are excluded.

A particularly attractive aspect of using tailored waveforms for mass selection is that
they can be customized to allow for an arbitrary number of ions of various mass/charge ratios to
be selected simultaneously. Figure 13 illustrates a situation in which a tailored waveform
designed to mass-selectively accumulate several anions simultaneously can be highly useful in
an explosives detection scenario. Figure 13a shows a portion of the ASGDIl/ion trap mass
spectrum of the head space vapors of black powder in air following an ion accumulation period
of 1 s with a low mass/charge cutoff of 25. Note that there is extensive peak broadening due to
ionfion interactions (the vertical scale is expanded to coincide with that of Figure 13b). Figure
13b shows the results of the same experiment in which a filtered-noise field was applied during
ion accumulation with frequency notches corresponding to ions of m/z 64, 96, and 128. The
masses correspond to those of S, S5, and S,. These ions arise from the sulfur component of
black powder. In the absence of the FNF, it is very difficult to identify the presence of these
ions due to the degradation of resolution arising from space charge and the deleterious matrix
ion effects on accumulation of the sulfur anions. Clearly, mass-selective ion accumulation is
useful in detecting sulfur anions and the capability for accumulating all three of the major anions
from sulfur during a single ion accumulation period enhances specificity because identification
can be based on the criterion that all three ions be present.

The matrix ion effect problem in ion accumulation arises most often from the presence
of ions at mass/charge ratios different from those of the targeted species. The tactics just
described would not be useful, however, for matrix ions isobaric with the analyte ions. Tandem
mass spectrometry has the potential to solve this problem. Unfortunately, the analyte ions
themselves can affect one another and, in fact, they are the most likely to do so since they
experience the same well-depth. Of greatest concern in a trace detection scenario is the
potential for ionfion interactions leading to a sufficient change in the analyte ion frequency
distribution to cause the ions to shift from the applied resonance excitation frequency in an
MS/MS experiment. The original demonstration of collisional activation in the ion trap,® and still
a commonly used approach, employed a single frequency resonance excitation voltage tuned
to maximize dissociation of the analyte ion of interest. Tuning is sensitive to ion number which,
of course, poses a problem when the number of analyte ions is not carefully controlled. Such a
situation prevails in trace detection scenarios and frequently in on-line separation coupled with
mass spectrometry applications. For this reason, several approaches have been developed for
non-mass-selective collisional activation to reduce tuning requirements and to overcome the
ion/ion interaction problem. These approaches include, for example, the use of random noise
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applied to the end-caps during the ion activation period,” swept frequencies applied to the end-
caps,” the use of narrow frequency bands applied to the end-caps,” and the application of a
low frequency signal applied to the end-caps.?® All of these approaches have proved to be
effective in mitigating the space charge problem associated with collisional activation using
single frequency resonance excitation. Broad-band activation methods, for example, have
proved to be insensitive to space charge but, at least for relatively stable ions, the MS/MS
efficiency can be up to four times poorer than single frequency resonance excitation. This may
be due to the fact that frequency shifting as a function of ion oscillatory amplitude®' (arising from
the presence of higher order fields®?), tends to reduce parent ion losses in the single frequency
experiment. However, acceleration of parent ions can continue if the band of frequencies
applied to the end-caps encompasses the frequency shift associated with the higher order
fields. In any event, many of the parent anions derived from explosives are readily fragmented
and show efficiencies under broad-band collisional activation conditions comparable to those
obtained under single frequency collisional activation conditions.

The development of mass-selective ion accumulation techniques and non-mass-
selective ion activation methods have largely overcome the major problems associated with the
use of the ion trap for trace high explosives detection in the field. The ability to use specific
tailored waveforms in series provides extreme flexibility in defining MS" experiments. In the
explosives detection scenario, it is desirable to monitor for as many different explosives as
possible, as opposed to using a separate ion trap experiment for each targeted compound in
series. The ability to concatenate tailored waveforms for ion accumulation, ion isolation, ion
activation, etc. can make parallel monitoring possible. We have recently illustrated parallel
monitoring for the three nitroaromatic explosives 2,4-DNT, 2,4,6-TNT, and tetryl.®* An example
is given here for TNT, RDX, and PETN. This example illustrates a possible parallel monitoring
application and also constitutes a case that highlights many of the points already discussed in
this overview.

Figure 14a shows the ASGDIl/ion trap mass spectrum of air containing sub-parts per
billion levels of the three high explosives TNT, RDX, and PETN following a 400 ms ion
accumulation period at a low m/z cutoff of 35. The most abundant high mass ions for these
compounds formed by ASGDI appear at m/z 227, m/z 176, and m/z 240, respectively (see
Table 2). These ions constitute very small fractions of the total anion signal in the spectrum. In
fact, the anion at m/z 176, if present, cannot be clearly identified due the presence of ions at
nearby masses and to peak broadening resulting from space charge. Essentially no signal is
seen at m/z 240. Figure 14b shows the mass spectrum of the same sample mixture using a
filtered-noise field to allow for accumulation of ions within mass/charge windows of m/z 172-
180, m/z 223-232, and m/z 235-245 under otherwise identical conditions. In this case, all three
parent ions are clearly apparent suggesting that the accumulation of the matrix ions in the
experiment leading to the spectrum of Figure 14a adversely affected the accumulation of the
targeted ions. The peak arising from PETN is clearly apparent in Figure 14b and the signal
level due to the molecular anion of TNT is roughly a factor of four greater in Figure 14b than it is
in Figure 14a. Likewise, the signal due to RDX is at least four times greater in Figure 14b than
it is in Figure 14a. The experiment leading to Figure 14b is analogous to the experiment
leading to the spectrum of Figure 13b, in that multiple ions of significantly different masses are
selectively accumulated simultaneously. In this example, however, three different targeted
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analytes are reflected in the spectrum whereas three ions from a single targeted analyte,
molecular sulfur, are detected in the experiments leading to Figure 13b.

The detection of several ions associated with a single analyte provides greater
specificity than the detection of a single ion alone. As an example, there is greater specificity
for the detection of sulfur in the experiment associated with Figure 13 than for any of the three
analytes targeted in the experiment associated with Figure 14. Further stages of mass
spectrometry, however, can enhance specificity by providing more diagnostic ions. Figure 15
shows the resulfs of an experiment in which a second filtered-noise field was used after the
mass selective ion accumulation period associated with the spectrum of Figure 14b to
collisionally activate ions of m/z 176, 227, and 240 for 20 ms (low m/z cutoff = 50). The
resulting spectrum, which should be compared with that of Figure 14b, shows a variety of
product ions associated with the targeted ions. For example, intense peaks appear at m/z 62,
corresponding to the major decomposition product from the PETN parent ion, m/z 102,
corresponding to the major decomposition product from RDX, and m/z 210 and 197,
corresponding to the major decomposition products from TNT. Most of the other intense
product ions are known decomposition products of TNT.

It is important to recognize that the specificity for each of the targeted analyte ions
associated with the experiment leading to Figure 15 is less than that associated with separate
MS/MS experiments conducted in series. The experiment leading to Figure 15 is not a true
MS/MS experiment in that the parent-product genealogy is not strictly defined. However, the
point of this example is to illustrate that concatenated tailored waveforms can be used to devise
a scheme that allows for the monitoring of several different targeted compounds in parallel,
thereby trading specificity for speed. In this case, the ion accumulation waveform serves dual
purposes. [t serves as a mass selection step while at the same time minimizing deleterious
matrix ion effects. That is, parent ion selection occurs during the ion accumulation period as
opposed to afterwards. The second waveform provides ion activation, the mass/charge
specificity of which can be tailored to suit the analysis. The ion activation waveform can consist
of a single frequency for each targeted ion, a narrow band of frequencies for each targeted ion,
or a broad band of frequencies encompassing the entire mass/charge range of interest.
Specificity can be enhanced further, in favorable cases, by adding additional mass selection
and ion isolation steps, as was demonstrated for the three nitroaromatic compounds DNT, TNT,
and tetryl.®

The preceding discussion is intended to summarize the characteristics of the quadrupole
ion trap as a mass analyzer for use in trace detection of high explosives and other species of
interest. The analytical merits of the ion trap for explosives detection, when used in
combination with atmospheric sampling glow discharge ionization can be summarized as
follows: (1) Sub-picogram detection limits for explosives can be achieved, under favorable
conditions, for explosives-related ions both in the MS and in the MS/MS modes. The generally
high MS/MS efficiencies obtained with the ion trap allow it to provide enhanced specificity
without a major loss in signal. (2) In terms of specificity, the mass resolving power of the ion
trap is typically on the order of 1000 in both stages. Mass resolution can be higher by slow
scanning®® but at the expense of duty cycle. As mentioned above, multiple stages of mass
spectrometry can also be performed. Therefore, the capability for high resolution and MS"
provided by the ion trap can give extremely high specificity, if needed. The remarkable
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experimental flexibility of the ion trap with its capability for concatenated tailored waveforms is
particularly advantageous in that trade-offs in speed, sensitivity, and specificity can be made to
suit the needs of the detection scenario. (3) In terms of speed, the sequence of steps for an
ion trap MS/MS experiment can range in duration from 50 milliseconds to over one second,
depending primarily upon the ion accumulation time. Relative to the time required for sample
accumulation and transport, analysis times on the order of one second are sufficient for most
trace detection scenarios. (4) With respect to size, the ion trap enjoys a distinct advantage in
terms of size and weight over most any other form of tandem mass spectrometer. A single
analyzer and set of electronics provides MS/MS capabilities and the ability to tolerate high
background pressures (at least 10 Torr of air has been used routinely), thus minimizing
pumping requirements. (5) Interms of cost, ion traps are the least expensive tandem mass
spectrometers currently being marketed. The price for an ion trap-based explosives detector
would be driven by many factors, of course. However, it would appear that the reductions in
cost of commercially available ion traps and the increases in capabilities currently taking place
for laboratory-based systems are positive signs for the evolution of a trace vapor detection
system. (6) As mentioned above, ion traps encounter ion-ion interaction problems much
sooner than do beam-type instruments. These problems have been addressed to a large
extent by mass-selective ion accumulation methods and by universal collisional activation
methods. Quantitative measurements of dynamic range with the newer techniques have not
yet been made but preliminary measurements suggest an ion trap dynamic range of 10° can be
achieved in mixture analysis applications using glow discharge ionization.



6. SUMMARY

Advances in analytical instrumentation are making powerful analytical tools increasingly
available for use outside of the laboratory setting. The detection of trace quantities of targeted
compounds, such as high explosives, is a problem requiring extremely powerful technology.
Tandem mass spectrometry is clearly attractive from the point of view of specificity, sensitivity,
and speed. The quadrupole ion trap is a tandem mass spectrometer that is very attractive due
to its small size and relatively low cost. At its current state of maturity, there are no major
technical barriers to its use in the field for trace detection scenarios provided effective sampling
and introduction procedures for the specific application are employed. The analysis of negative
ions is particularly well-suited for trace detection of explosives in complex and uncontrolled
matrices due to the high selectivity it affords. Atmospheric sampling glow discharge ionization
is a simple, rugged, and sensitive means for creating negative ions. Due to the gas dynamics
and the selectivity of the ionization process, ASGDI is relatively insensitive to matrix effects in
the negative ionization mode. The combination of an external negative ionization source, such
as a glow discharge source, with the quadrupole ion trap, therefore, constitutes an unusually
powerful candidate approach for both detecting and identifying trace quantities of explosives in
the field.
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1

UNIVERSAL COLLISIONAL ACTIVATION ION
TRAP MASS SPECTROMETRY

The U.S. Government has rights in this invention 5

pursuant to contract no. DE-AC05-840R21400 be-
tween the U.S. Department of Energy and Martin Mari-
etta Energy Systems, Inc., and funded by the Office of
Safeguards and Security.

FIELD OF THE INVENTION

The present invention relates to collisional activation
ion trapping instruments and methods of using same,
and more particularly to universal collisional activation
ion trap mass spectrometers and methods of using same.

BACKGROUND OF THE INVENTION

Deliberate dissociation of ions via collision-induced
dissociation (CID) is a useful technique for verification
of molecular entities in mass spectrometers including
those based on ion trapping. Collisional activation
(CA), which constitutes the first step of CID (dissocia-
tion being the second step), can be effected in ion trap-
ping instruments by resonantly exciting ions at one or
more of their characteristic frequencies of motion
within the trapping field.

Because the frequencies of ion motion are mass-to-
charge dependent, the use of a single excitation fre-
quency makes collisional activation in ion trapping in-
struments mass-to-charge specific. Consequently, a pri-
ori knowledge of the mass-to-charge ratio for a selected
ion has been required in order that the excitation fre-
quency can be correctly adjusted. Furthermore, the
frequencies of ion motion are affected by the presence
of other ions of like charge (i.e., space charge) which
limits the usefulness of the single frequency excitation
methods commonly used in conventional ion trapping
instruments. :

Single frequency excitation methods as used in ion
traps employ a discrete, precisely-tuned frequency to
excite a limited number of ions possessing a particular
mass-to-charge ratio. Also, in many conventional ion
trapping applications, the number of ions is difficult to
control which necessitates frequency adjustments that
are generally tedious and time-consuming. Further-
more, the extent of fragmentation, which provides
structural information, is often limited because once the
parent ion becomes fragmented, the first generation
product ions fall out of resonance and typically do not
undergo further fragmentation. Further background
information can be found in the following references, all
of which are incorporated herein by reference: J. E.
Fulford, et al., *“Radio-frequency mass-selective excita-
tion and resonant ejection of ions in a three-dimensional
quadrupole ion trap”, Journal of Vacuum Science and
Technology, 17(4), 829 (1980); R. B. Cody, et al., “Colli-
sion-Induced Dissociation with Fourier Transform
Mass Spectrometry”™, Analytical Chemistry, 54,
96(1982); J. N. Louris, et al., “Instrumentation, Applica-

tions and Energy Deposition in Quadrupole Ion Trap 60

Tandem Mass Spectrometry”, Analytical Chemistry, 59,
1677 (1987); and Syka, et al. “Method of Operating Ion
Trap Detector in MS/MS Mode”, U.S. Pat. No.
4,736,101.

Yates et al. have described the use of rapid frequency
pre-scans over a narrow mass range (1.7 amu) to deter-
mine empirically the parent ion resonant frequency in
an automated fashion. These workers have also de-

2
scribed the use of a supplementary signal with a rangein
frequency of 10 kHz, equivalent to a mass/charge range
of 1.7 at a g; vaiue of 0.3. Both approaches were found
to deal effectively with the space charge problem but
neither deals with the problems of limited fragmenta-
tion and inability to fragment ions simultaneously over
a range of mass/charge values. Further information can
be found in N. A. Yates et al., “Resonant Excitation for
GC/MS/MS in the Quadrupole Ion Trap via Fre-

10 quency Assignment Pre-Scans and Broadband Excita-

tion,” Proceedings of the 39th ASMS Conference on Mass
Spectrometry and Applied Topics, May 1991, Nashville,
Tenn., p. 132.

Random-noise excitation has been used in Fourier

15 transform ion cyclotron resonance mass spectrometry

as part of the final detection/mass analysis step, but not
as a means for inducing fragmentation of ions. Random
noise was used to kinetically excite all jons in the ion
cyclotron resonance mass spectrometer to higher orbits

20 in order to allow their detection by the image currents

they induce in receiver plates. In such an application,
vacuum conditions are necessary; collisions with back-
ground or bath gases have a pernicious effect upon the
detection method. Further information can be found in

25 C. F. Ijames, et al., “Fourier Transform Mass Spec-

trometry Using Random-Noise Excitation”, Chemical
Physics Letters, 108, 58 (1984).

Non-selective collisional activation was used in the
rapid screening technique described in S. A.

30 McLuckey, et al., “Simultaneous Monitoring for Parent

Ions of Targeted Product Ions: A Method for Rapid
Screening Using Mass Spectrometry/Mass Spectrome-
try”, Analytical Chemistry, 62, 56 (1990), which is incor-
porated herein by reference. The experiments reported

35 therein were carried out with a non-trapping instrument

and illustrate the usefulness of non-selective, universal
collisional activation.

There is a need for apparatus and a method for colli-
sional activation ion trapping which overcomes the

40 problem of frequency shifts due to space charge and

enables simultaneous kinetic excitation of trapped ions
having a wide range of mass-to-charge ratios. There is
~also a need for apparatus and a method for collisional
activation jon trap mass spectrometry wherein CID can

45 be performed in a universal manner without time-con-

suming frequency adjustments.
OBJECTS OF THE INVENTION
Accordingly, it is an object of the present invention

50 to provide a new and improved apparatus and method

for collisional activation ion trap mass spectrometry
which overcomes the problem of frequency shifts due
to space charge and enables simultaneous kinetic excita-
tion of trapped ions having a wide range of mass-to-

55 charge ratios.

It is another object of the present invention to pro-
vide 2 new and improved apparatus and method for
collisional activation ion trap mass spectrometry
wherein CID can be performed in a universal manner
without time-consuming frequency adjustments.

Further and other objects of the present invention
will become apparent from the description contained
herein.

65 SUMMARY OF THE INVENTION

In accordance with one aspect of the present inven-
tion, the foregoing and other objects are achieved by a
universal collisional activation ion trap which com-
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prises an ion trapping means having connected thereto a
noise signal generator, the ion trapping means contain-
ing a bath gas.

In accordance with another aspect of the present
invention, a universal collisional activation ion trap
comprises a quadrupole ion trap containing a bath gas,
a noise signal generator connected to the quadrupole
ion trap for generating a noise signal within the the
quadrupole ion trap.

In accordance with a further aspect of the present
invention, 2 method of operating a universal collisional
activation ion trap comprises the steps of:

(a) providing an ion trapping means;

(b) introducing into the ion trapping means a bath
gas; and, :

(c) generating a noise signal within the ion trapping
means to effect collisional activation of ions trapped
therein.

BRIEF DESCRIPTION OF THE DRAWING

In the drawing:

FIG. 1 is a schematic representation of the subject
apparatus wherein the noise signal is applied to one
end-cap electrode of a quadrupole ion trap.

FIG. 2 is a schematic representation of the subject
apparatus wherein the noise signal is applied to both
end-cap electrodes of a quadrupole ion trap.

FIG. 3 is a schematic representation of the subject
apparatus wherein the noise signal is applied to the ring
electrode of a quadrupole jon trap.

FIG. 4 is a schematic representation of the subject
apparatus wherein the noise signal is applied to oppos-
ing plates of an ion cyclotron resonance cell.

FIG. 53 shows the mass spectrum of the isolated
radical cation of N,N-dimethylaniline, with no activa-
tion applied.

FIG. 5b shows the mass spectrum of the same com-
pound resulting from the use of a conventional single
frequency activation method.

FIG. 5c shows the spectrum of the same compound
acquired according to the present invention.

FIG. 6a shows the mass spectrum of cocaine acquired
using the conventional approach to collisional activa-
tion.

FIG. 6b shows the mass spectrum of cocaine acquired
according to the present invention.

FIG. 7a shows the mass spectrum of the isolated
molecular anion of 2,4,6-trinitrotoluene, with no activa-
tion applied.

FIG. 7b shows the mass spectrum of the same com-
pound acquired according to the present invention.

FIG. 8 shows the mass spectrum of the doubly pro-
tonated peptide neuromedin U-8 acquired according to
the present invention.

For a better understanding of the present invention,
together with other and further objects, advantages and
capabilities thereof, reference is made to the following
disclosure and appended claims in connection with the
above-described drawings.

DETAILED DESCRIPTION OF THE
INVENTION

The invention described herein is effective for any
ion trapping type of instrument in which ions execute
periodic motion. This includes, but is not limited to,
known devices such as multi-pole electrodynamic ion
traps, e.g. quadrupole ion traps, and combined magnetic
and electrostatic ion traps, e.g. ion cyclotron resonance
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4
spectrometer. Other and var'y\ing embodiments of the
apparatus and method are possible for other types of ion
traps, all of which fall within the scope of the present
invention.

Quadrupole ion traps are well known. Referring to
FIG. 1, an ion trap is generally comprised of a center
ring electrode 1 and two end-cap electrodes 2,3. To
effect universal CID in a monopolar excitation mode, a
noise signal generator 4 is connected to one end-cap
electrode 2, the other end-cap electrode 3 being
grounded. A radio-frequency (rf) generator § is con-
nected to the ring electrode to supply the ion trap radio-
frequency drive voltage which provides the alternating
quadrupole field necessary for ion trapping. Referring
now to FIG. 2, the noise signal generator can also be
connected to both end-cap electrodes 2, 3, allowing the
noise signal to be generated in-phase for quadrupolar
excitation, or 180" out-of-phase for dipolar excitation.
The configurations shown in FIGS. 1 and 2 will result
in axial modulation.

In another embodiment of the invention, not illus-
trated, the noise signal can be applied to the ring elec-
trode, along with the main ion trapping voltage. In this
configuration, radial modulation and excitation will be
achieved.

In another embodiment of the invention, shown in
FIG. 3, The main trapping voltage can also be applied
to the end-cap electrodes 2, 3 while the noise signal is
connected to the ring electrode 1. In this configuration,
monopolar excitation and radial modulation will be
achieved.

A further embodiment of the invention is shown in
FIG. 4. An ion cyclotron resonance cell 10 is typically
comprised of six plates 11-16 defining a box shape
which is located within a magnetic field, B,- The mag-
netic field, B,, confines ions in the x-y plane and electro-
static trapping plates confine ions in the z-direction.
Universal collisional activation can be effected by ap-
plying noise 180° out-of-phase to either set of opposing
plates which define the x-y plane. Kinetic excitation by
noise can also be effected by application to the z-direc-
tion trapping plates.

Having described the preferred embodiments of the
apparatus, a preferred method for universal collisional
activation of ions in an jon trapping instrument will now
be set forth.

Ions are accumulated in the ion trap either by injec-
tion or by direct formation within the ion trapping vol-
ume. Ions of a single mass-to-charge or a wide range of
mass-to-charge independent of ion number are kineti-
cally excited by a random-noise modulation signal ap-
plied to one or more electrodes comprising the ion trap.
Because such a modulation signal has a continuous,
wide-band frequency spectrum, the entire mass-to-
charge range of the trapped ions undergoes simuita-
neous, nonspecific kinetic excitation. The amplitude of
the noise signal is sufficient to cause ions to experience
energetic collisions with the bath, or background gas in
the ion trap while remaining in the trapping field.

The trapped ions absorb power and undergo ener-
getic collisions with the bath gas. Collisions with the
bath gas serve as a mechanism for power dissipation.
Some of the absorbed power goes into increasing the
kinetic energy of the bath gas atoms or or molecules
that undergo collision and some energy goes into inter-
nal modes of the ion, if it is polyatomic. The ions are
thereby internally heated until they undergo dissocia-
tion and produce fragments, or product ions. The prod-
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uct ions become resonantand undergo kinetic excitation
and heating and may then also undergo further, or sec-
ondary dissociation. Successive generations of dissocia-
tion may continue.

Important experimental variables that will determine
the appropriate power and duration of the noise signal
are the strength of the trapping field, the pressure of the
bath gas, and the propensity of the analyte ion for frag-
mentation. The optimum values for these variables for a
particular analyte can be determined by routine experi-
mentation.

Following the dissociation process, the noise signal is
terminated and a mass spectrum is acquired by one of a
variety of conventional means. The final spectrum then
may show ions that survived the collisional activation
process, first generation product ions, and successive
generations of product ions.

The invention enables simultaneous kinetic excitation
of stored ions having multiple, unidentified mass-to-
charge ratios and a wide range of number densities
(space charge). Thus, collisional activation can be ef-
fected in a non-selective manner without regard to ion
number density and without prior knowledge of the
parent ion mass-to-charge ratio. Parent and product
ions are always “in resonance” so that more extensive
fragmentation is typically observed without recourse to
multiple single frequency excitation steps and the con-
comitant tuning.

The invention is especially beneficial when imple-
mented with a quadrupole ion trap in monopolar, dipo-
lar, quadrupolar, and radial modulation modes. The
invention is useful as a means for inclucing fragmenta-
tion of a wide variety of ions, independent of mass and
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ion number, particularly for analytical applications of 35

ion trap mass spectrometers. This is a rapidly growing
field which has already extended to environmental and
biological analyses. The invention facilitates rapid anal-
ysis of samples with comporents not previously identi-
fied. Potential applications of interest include explosives
detection, drug detection, and rapid environmental
analysis of organic and other polyatomic species. The
following examples are intended to illustrate the wide
applicability of the method.

EXAMPLE 1

N,N-dimethylaniline, a compound typical of many of
environmental interest, was analyzed according to the
present invention. FIG. 5a shows the spectrum of the
isolated radical cation of N,N-dimethylaniline. FIG. 5
shows the spectrum resulting from the conventional
single frequency method for collisional activation in ion
traps. Note that the parent ion shows only one product
ion corresponding to the loss of a hydrogen atom. The
rationale behind using collisional activation is usually to
produce a spectrum that allows unambiguous identifica-
tion of the compound. The loss of a hydrogen atom is
not particularly informative in this regard. FIG. Sc
shows the spectrum after a 20 V p-p random noise signal
was applied to the ion trap for 40 milliseconds prior to
spectrum acquisition. Note that a variety of product
ions are formed that would allow for identification from
a library search. The latter spectrum is more informa-
tive than the former due to the fact that the first genera-
tion product ion also falls into resonance with the uni-
versal method whereas it falis out of resonance with the
conventional method.
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EXAMPLE II

Cocaine, a well known drug, was analyzed according
to the present invention. FIG. 6 illustrates the behavior
of a protonated molecule, cocaine, formed by chemical
ionization. This compound is obviously of interest for
drug detection and identification. FIG. 6a shows the
spectrum acquired using the conventional approach to
collisional activation (viz., single frequency excitation
to match the frequency of roughly 10%ions of mass-to-
charge 304). Note that the only product ion observed is
that due to loss of benzoic acid. This is a structurally
significant fragment but identifications are rarely based
on a single product ion. Identification could be made
with greater confidence if several structurally useful
product ions are formed. FIG. 6b shows the spectrum
acquired with the new method. This spectrum shows, in
addition to benzoic acid loss, further losses of methanol
and methyl acetate. Similar information would require
at least three stages of mass spectrometry with the con-
ventional method.

EXAMPLE 1II

FIG. 7 illustrates the use of the invention with nega-
tively charged ions. The example shown here is that of
the molecular anion of 2,4,6-trinitrotoluene (TNT), a
compound of interest for the detection and identifica-
tion of explosives. FIG. 7a shows the spectrum of the
isolated molecular anion while 75 shows the spectrum
after application of the universal collisional activation
method. Note the rich fragmentation observed, unique
to TNT, that allows for a highly specific identification.
The conventional approach (spectrum not shown) pro-
vides many fewer product ions.

EXAMPLE IV

FIG. 8 illustrates the use of the invention for a doubly
protonated peptide, neuromedin U-8 (tyr-phe-leu-arg-
pro-arg-asn-NHy), formed by electrospray ionization.
This type of ion is typical of those formed, for example,
from a protein tryptic digest. The spectrum shows a
variety of structurally informative product ions. The
most likely situation in which an ion of this type would
be encountered in an analytical setting is from the chro-
matographic separation of a tryptic digest. In chroma-
tography, of course, the analyte concentration varies as
it elutes from the column. The number of ions formed
from the analyte would therefore also be expected to
vary, unless measure were taken to avoid it. The reso-
nant frequency of the parent ion population would also
change during the peak elution. This, however, poses
no problem for the universal collisional activation ap-
proach although it would for the conventional ap-
proach.

While the random noise method provides an ex-
tremely wide bandwidth of excitation frequencies, in
some cases it may be desirable to use a reduced range of
excitation frequencies: this can be effected by using a
suitable filter between the random noise generator and
the ion trap. A high pass filter could be used to ensure
that no ions above a specific mass-to-charge ratio are
collisionally activated. This may be desirable in certain
MS/MS experiments in which multiply charged ions
are the species of interest. A notch filter could also be
used to provide a reduced bandwidth of excitation fre-
quencies for collisional activation. The bandwidth of
this filter could be adjusted to compensate for the slight
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shift in the frequencies of ions at a single mass-to-charge
ratio due to changes in space charge.

The invention enables the targeted product technique
described in S. A. McLuckey, et al,, supra, employing
collisional activation to be performed with ion trapping
instruments. Conventional methods are not applicable
because the targeted product ion technique requires
simultaneous, non-selective collisional activation of
parent jons at multiple mass-to-charge ratios. Kinetic
excitation of the product ions, however, may not be
desirable. This can be avoided by using an appropriate
low-pass filter in conjunction with the random noise
excitation. An alternative method is to use a notch re-
jection filter to exclude excitation frequencies corre-
sponding to the target product ion.

In the quadrupole ion trap, the invention can include
concurrent downward ramping of the ion trap radio-
frequency drive voltage. This allows low mass ions
formed via consecutive dissociation steps to be trapped.
The drive voltage (or frequency is an) important vari-
able in determining collision energetics in the ion trap.
Frequently, the optimum drive voltage for dissociating
a high mass parent jon is too high for trapping ions of
lower mass. Random noise fragments formed via con-
secutive dissociation steps.

A typical mass spectrometry system in accordance
with the invention may include support subsystems
such as physical support, power supplies, control elec-
tronics, vacuum hardware, and ion source; and data
acquisition subsystems such as ion detector, electrome-
ter, analog-to-digital converter, computer and data out-
put hardware.

While there has been shown and described what are
at present considered the preferred embodiments of the
invention, it will be obvious to those skilled in the art
that various changes and modifications can be made
therein without departing from the scope of the inven-
tions defined by the appended claims.

What is claimed is:

1. A universal collisional activation ion trap compris-
ing an ion trapping means having connected thereto a
noise signal generator for effecting universal collisional
activation of ions trapped within said ion trapping
means, said ion trapping means containing a bath gas for
serving as a collision partner for collisional activation
and for providing a a mechanism for power dissipation.

2. A universal collisional activation ion trap accord-
ing to claim 1 wherein said ion trapping means com-
prises a quadrupole ion trap.

3. A universal collisional activation ion trap accord-
ing to claim 2 wherein said quadrupole ion trap com-
prises a ring electrode and two end-cap electrodes.

4. A universal collisional activation ion trap accord-
ing to claim 3 wherein said noise signal generator is
connected to at least one of said two end-cap electrodes
of said quadrupole ion trap.

5. A universal collisional activation ion trap accord-
ing to claim 3 wherein said noise signal generator is

10

15

20

25

8
connected to said ring electrode of said quadrupole ion
trap.

6. A universal collisional activation ion trap accord-
ing to claim 1 wherein said jon trapping means com-
prises an ion cyclotron resonance cell.

7. A universal collisional activation ion trap accord-
ing to claim 6 wherein said ion cyclotron resonance cell
comprises at least two opposing electrodes, and
wherein said noise signal generator is connected to at
least one of said opposing electrodes.

8. A universal collisional activation ion trap accord-
ing to claim 1 wherein said ion trapping means uses
combined magnetic and electrodynamic forces to trap
ions.

9. A method of operating a universal collisional acti-
vation ion trap comprising the steps of:

a. providing an jon trapping means;

b. introducing into said ion trapping means a bath gas

- for serving as a collision partner for collisional

activation and for providing a mechanism for
power dissipation; and

c. generating a noise signal within -said ion trapping

means to effect universal collisional activation of
ions trapped therein. )

10. The method according to claim 9 further compris-
ing the subsequent step of introducing into said ion
trapping means a substance that, when acted upon by

" said noise signal, undergoes collisional activation to
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form product ions.

11. A method according to claim 9 wherein said ion
trapping means comprises 2 quadrupole ion trap.

12. A method according to claim 11 wherein said
quadrupole ion trap comprises a ring electrode and two
end-cap electrodes.

13. A method according to claim 12 wherein said
noise signal generator is connected to at least one of said
two end-cap electrodes of said quadrupole ion trap.

14. A method according to claim 12 wherein said
noise signal generator is connected to said ring elec-
trode of a quadrupole ion trap.

15. A method according to claim 9 wherein said ion
trapping means comprises an ion cyclotron resonance
cell.

16. A method according to claim 15 wherein said ion
cyclotron resonance cell comprises at least two oppos-
ing electrodes. and wherein said noise signal generator
is connected to at least one of said opposing electrodes.

17. The method according to claim 9 further compris-
ing the subsequent step of acquiring a mass spectrum
which contains data useful for identifying said sub-
stance. .

18. A mass spectrometry system comprising an ion
trapping means having connected thereto a noise signal
generator for effecting universal collisional activation
of ions trapped within said ion trapping means, said
trapping means containing a bath gas for serving as a
collision parter for collisional activation and for pro-
viding a mechanism for power dissipation, support sub-

systems, and data acquistion subsystems.
® * E * E 3
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Appendix Ili

Other ORNL papers of direct relevance to high explosives detection
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Appendix IV

Machine drawings for glow discharge ion trap housed in 6" cube
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Appendix V

Machine drawings for adapting a Teledyne 3DQ ion trap for
atmospheric sampling glow discharge
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