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ABSTRACT 

The detection and identification of trace vapors of hidden high explosives 
is an excellent example of a targeted analysis problem. It is desirable to push to 
ever lower levels the quantity or concentration of explosives material that provides 
an analytical signal, while at the same time discriminating against all other 
uninteresting material. The detection system must therefore combine high 
sensitivity with high specificity. Work in the Analytical Chemistry Division of Oak 
Ridge National Laboratory, including effort supported under this interagency 
agreement, has focussed on the development of instrumentation to address this 
problem. This report describes the philosophy behind the use of atmospheric 
sampling glow discharge ionization, which is a sensitive, rugged, and convenient: 
means for forming anions from explosives molecules, with tandem mass 
spectrometry, which provides unparalleled specificity in the identification of 
explosives-related ions. Atmospheric sampling glow discharge ionization and 
tandem mass spectrometry are described in turn with particular emphasis on 
research results obtained under this agreement. Forms of tandem mass 
spectrometry are compared and contrasted to provide a summary of the 
characteristics to be expected from an explosives detector employing mass 
spectrometry/mass spectrometry. The instrument developed far the FAA, an 
atmospheric sampling glow dischargehriple quadrupole mass spectrometer, is 
described in detail with particular emphasis on the ion source/spectrometer 
interface and on the capabilities of the spectrorneter Performance characteristics 
of the system are also described as they pertain to explosives of interest including 
a description of an automated procedure for the detection and identification of 
specific explosives. A comparison of various tandem mass spectrometers mated 
with atmospheric sampling glow discharge is then described to illustrate the points 
made in the background sections and preliminary studies with a vapor 
preconcentration system provided by the FAA will be described. Finally a short 
synopsis of the current capabilities of the FAA glow dischargdtandem mass 
spectrometer is given along with a prognosis of the most promising research and 
development directions both for atmospheric sampling glow discharge and tandem 
mass spectrometry as they pertain to explosives detection. 

IX 





I. INTRODUCTION 

The detection and identification of trace vapors of hidden high explosives 

is a textbook example of a targeted analysis problem analogous to finding the 

proverbial needle in a haystack. Inherent to the approach of explosives detection 

via the trace vapor analysis is the indirect connection between the quantity of 

airborne material that might be available for analysis and the size and location of 

a bomb. It is therefore desirable to push to ever lower levels the quantity or 

concentration of explosives material that provides an analytical signal to maximize 

the "true positive" and "true negative" rates of the detection system. At the same 

time, the detection system must be capable of discriminating against all other 

uninteresting material to minimize the "false positive" and "false negative'' rates. 

The system must therefore combine high sensitivity with high specificity. Other 

highly important criteria include analysis time, the size and weight of the system, 

and the associated equipment, manpower, and training costs. Work in the 

Analytical Chemistry Division of Oak Ridge National Laboratory, including effort 

supported under this interagency agreement, has focussed on the combination of 

atmospheric sampling glow discharge ionization with tandem mass spectrometry. 

Atmospheric sampling glow discharge provides a simple, rugged, and convenient 

means for forming anions from explosives molecules while tandem mass 
spectrometry provides unparalleled specificity in the identification of explosives- 

related ions. 

This report describes the philosophy behind the use of atmospheric 

sampling glow discharge with tandem mass spectrometry for explosives detection 

along with the relative merits of various possible incarnations of the combination. 

Atmospheric sampling glow discharge and tandem mass spectrometry are 

described in turn with particular emphasis on research results obtained under this 

agreement. Forms of tandem mass spectrometry are compared and contrasted 

to provide a summary of the characteristics to be expected from an explosives 

detector employing mass spectrometry/mass spectrometry. The instrument 

1 



2 

developed for the FAA, an atmospheric sampling glow discharge/tripie quadrupole 

mass spectrometer, is described in detail with particular emphasis on the ion 

source/spectsorneter interface and on the capabilities of the spectrometer. 

Peri~irrnarice characteristics of the system are also described as t h q  pertain to 

explosives of interest including a description of an automated procedure for the 

detection and identification of specific explosives. A comparison of various tandem 

mass spectrometers mated with atmospheric sampling glow discharge is then 

described to illustrate the points r-nade in the backyraimd sections and prelimitiary 

studies with a vapor preconccntration system provided by the FA4 will be 

described. Finally a shorl synopsis of the current capabilities of the FAA glow 

discharge/tandem mass spectrometer is given along with a prognosis of the rriost 

promising research and development directions both for atmospheric sampling 

glow discharge and tandem mass spectrometry as they pertain to explosives 

detection. 



II.U(ECUTIVE SUMMARY 

Atmospheric sampling glow discharge ionization (ASGD1) coupled with 

tandem mass spectrometry is a highly specific and sensitive approach to the 

detection of trace quantities of high explosives in ambient air. Under this 

agreement, research in ASGDI and development of an ASGDl/triple quadrupole 

mass spectrometer was performed. 

ASGQl is particularly useful for explosives detection in that high number 

densities of slow electrons are present in the discharge to provide for extensive 

electron capture. Organic high explosives tend to have unusually large cross- 

sections for electron capture whereas most atoms and molecules do not. 

Furthermore, the pumping rate in the ionization region can be controlled to 

discriminate for or against products formed from ion/molecule reactions. In the 

explosives detection application, it is usually desirable to discriminate against 

ion/molecule reactions. Under this situation, ionization is under kinetic control 

rather than thermodynamic control. That is, ionic products observed in the mass 

spectrum are those species which are formed fastest. Electron capture tends to 

be one hundred to one thousand times faster than the fastest ion/molecule 

reactions. Operating the glow discharge source at pumping speeds of several 

liters/second minimizes the possibility for ion/molecule reactions while allowing for 

electron/molecule reactions. An important result is that the ASGQl source 

operated in this manner is relatively free of matrix effects upon ionization. That is, 

the presence of traces of uninteresting species, such as solvents, perfumes, etc., 

tend to have very little effect on the ions derived from explosives. 

Research results derived in part from support under this agreement have 

also indicated that gas dynamics has an important effect on negative ion formation 

in ASGDI. The free jet expansion associated with air drawn into the ASGDI source 

through the inlet aperture creates regions with high probabilities for anion 

formation and regions with low probabilities for anion formation. The results 

indicate that, in particular, the reflected shock region is amenable for electron 

3 
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capture whereas the zone of silence produces no negative ions. In fact, the 

discharge is not expected to be able to penetrate into this region of high pressure. 

These results indicate, therefore, that there are preferred locations far sampling 

ions from the discharge for mass spectrometric analysis. Specifically, several 

millimeters downstream from the Mach disk and within one or two millimeters of 

the central axis defined by the inlet and exit apertures of the ion source is thc 

optimal region foi sampling ions formed primarily by electron capture. 

Tandem mass spectrometry is a particularly specific means for analyzing 

ions formed from targeted compounds There is a wide variety of instrurnentai 

approach es to tan d em ti7 ass s p ect r o m et ry or m ass s p e ct r o M etry/n-i ass 

spectrometry (MS/MS) that can be divided conveniently as either beam-type or 

trapping technologies, Both beam-type and ion trapping technologies have been 

couplcd with ASGCal for explosives detection. Until very recently, the more mature 

beam-type technologies were most suitable for real-world targeted cotmpound 

detection. Recent advances in ion trapping technologies involving the quadrupole 

ion trap, however, indicate significant advantages in sensitivity, size, and cast. 

Furthermore, serious I i m i t at i o n s f o c rea I - w o r I d target e d co a77 po u n d analysis 

imposed by finite ion storage capacity have been significantly mitigated. The triple 

quadrupole approach to tandem mass spectrornetry, as employed in the system 

developed far the FAA, and the quadrupole ion trap approach are compared and 
contrasted at more length within the report. Benchmark studies were also 

performed with the triple quadrupole system, an ion trap system, and a 

quadrupole/time-of-flight system built at QRNL The triple quadrupole system 

proved to be more sensitive and more specific than the quadrupsle/time-of-flight 

system under every operational mode. However, the ion trap proved to be one 

to two orders of magnitude more sensitive than either beam-type technology with 

equal or superior specificity. tiowever, at some sacrifice in specificity and scan 

range, the triple quadrupole system could yield sensitivities comparable to those 

observed with the ion trap. 
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The basis for the FAA ASGDl/triple quadrupole tandem mass spectrometer 

is the Triple Stage Quadrupole 700 (TSQ700) manufactured by Finnigan 

Corporation of San Jose, CA. The instrument actually consists of two quadrupole 

mass filters separated by an octapole collision cell. The instrument is referred to 

as a "triple quadrupole" because the first commercially available tandem 

quadrupole instruments employed a non-mass-analyzing quadrupole as the 

collision cell. The major modification made to this system for air sampling 

explosives detection was the removal of the conventional chemical 

ionization/electron ionization ion source and replacement with an atmospheric 

sampling glow discharge source along with the associated power supply and 

pumping. The system now constitutes a very powerful analytical instrument for 

detection and identification of trace quantities of targeted compounds in ambient 

air. The instrument is capable of a variety of scanning modes each of which 

enjoys advantages for particular screening situations. These include, for example, 

the usual product ion scan, the parent ion scan, the neutral loss scan, and the 

targeted product scan. The latter is a high sensitivity screening mode developed 

at ORNL for explosives detection and allows the ASGDI/TSQ700 to compete with 

the ion trap, albeit at some cost in specificity and scan range. All of the scan 

modes of potential interest for explosives detection including, of course, acquiring 

the conventional mass spectrum have been evaluated with explosives of interest, 

such as 2,4,6 trinitrotoluene. Performance levels achieved are those to be 

expected with a good interface between ion source and analyzer. Depending 

upon scan mode, detection limits can range from sub-picogram to several 

picograms for high explosives. 

As part of this contract, the TSQ700 was programmed for automatic 

explosives detection. The program was designed for an extremely simple user 

interaction comprised of three icon "buttons". The three buttons are labelled 

TUNE, START, and RESET and each is activated via a mouse. The TUNE button 

initiates a series of procedures that tune the spectrometer and calibrate the mass 

scale and requires the admission of a calibration compound. This procedure also 
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perfurms the procedures called by the RESET button. ‘This buttan characterizes 

the intensities of the background ions at the mass/charge values of interest so that 

signal/backgrounb measurements can be made in near real time. The START 

button initiates a set of procediures that continually monitors the signal levels for 

whatever parent ion rnass/charge values have been selected. When a pafticulas 

parent ion exceecls a pre-defined intensily, inass spectrometry/mass spectrometry 

is performed on the ion. During this procedure a warning is indicated on the 

screen that a possible explosive has been identified. If the expected product ions 

are observed at a signal/backgruund ratio in excess of five, the screcn indicates 

that an explosive is detected. The MS/MS spectrum is displayed on part of the 

screen and a flashing red light is activated. The data are stored so that the 

particular explosive can be identified and the event can be documented and a 

hard copy of the screen showing the MS/M% spectrum is sent to a copier. 

Preliminary system integration studies were performed ta combine a vapor 

preconcentrator with the ASGQI/TSQ700 instrument. These studies involved a 

rotary trap preconcentrator developed by Jan Track Instrusnents of Wilriiingtarr, MA. 

This preconcentrator was developed for electron capture detection. The goal of 

this work was to determine what benefit might accrue with such a preconcentrator 

mated with the mass spectrometer system. A major difference between the 

electron capture and mass spectrometer detectors lies in the iniet flow rates of the 

respective devices. The mass spectrometer inlet flow rate exceeds that of the 

electron capture detector by one to two orders of magnitude. The potential 

concentration effect is limited by the ratio of the inlet flow rates of the 

preconcentrator and detector. In the case of the ASGDIflSQ700, this ratio was 

about twenty. Experimentally, the preconcentrator appeared to provide neither a 
positive nor deleterious effect on analyte signal levels other than a somewhat 

increased time required for response. This result seems to indicate that more 
extensive analyte losses are occurring with the present set-up than was previously 

observed with the rotary preconcentrator coupled with an electron capture 

detector. 



111. ATMOSPHERIC SAMPLING GLOW DISCHARGE IONIZATION 

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, gas, and 

ranges from atoms to small polyatomic molecules to large biomolecules, a wide 

variety of ionization methods has been developed for mass Spectrometry. For the 

detection of explosives vapors, therefore, gas-phase ionization methods are 

employed. A variety of such methods has been applied to the analysis and 

detection of explosives vapors including electron ionization [ 1-41 , chemical 

ionization [l -31, field ionization [1,2], atmospheric pressure ionization [l -2,4-61, low 

pressure electron capture [7,8], and glow discharge ionization [9]. Each method 

has its own set of characteristics relative 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 merits 

of atmospheric sampling glow discharge ionization (ASGDI) are discussed here 

with occasional reference to how these characteristics compare with those of other 

methods. In general, ASGDI is a simple and rugged means for ionizing organic 

species in air in either the positive or negative ion modes. The response is 

essentially instantaneous with essentially no memory effects arising from analyte 

species that enter the ionization region. Work at ORNL has shown it 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. 

A. 

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 sampled directly into the detector or a mixture resulting from 

a preconcentration step and subsequently introduced into the detector. The 

relative concentrations of mixture components, particularly at the parts per million 

ASGDI for High Explosives Detection 
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level and below, can vary widely with both location and lime. Since it is desirable 

to detect explosives vapors present at parts per trillion levels and below, an 

extremely selective ionization method is mandated. The analysis of negative ions 

in the explosives detection application is employed because, unlike most 

cornpounds in nature, high explosives such as the nitroarsmatics, 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 spectronietry (IMS) [ I  81, atmospheric pressare 

ionization mass spectrometry (APBMS) [4-6, 11 -1 51, arid gams 

ci-rromatography/electrori capture detection (GCIECD) [ 1 61 ~ There are, however, 

differences between the conditions used in the ASGDI source and those used in 

the other devices that have important ramifications for the ions that are observed 

and the susceptibiiity for interferences. These points are discussed following a 

brief description of the ASGDI source and its operating conditions as it has been 

most commonly employed. 

A side-view schematic of the ASGDl source attachcd to a quadrupole niass 

filter is shown in Figure 1 .  The ionization region in this case is contained within a 

6" Conflat flange. A 1 3/4" diameter hole is cut through the center of the flange. 

Four 1/2" pumpout ports are drilled through the side of the flange. TWQ apeflure 

plates A I  and A 2  are attached to either side of the Conflat flange and are 

electrically isolated from the flange by Viton O-rings. The O-rings also serve as 

vacuum seals. A1 typically contains a 200 ptn aperture in its center and is 

attached to the atmosphere side of the flange. A2 contains a 400-888 pm aperture 

in its center and is attached to the vacuum side of the flange. The flange is 

typically pumped at a rate of d3 L/s which gives a pressure in the ionization region 

of ~0.7-8 .9  Torr. Under these conditions, ambient air is drawn into the flange at 

a rate of ~ 3 - 5  mus. A potential of Z-408 V is applied to A1 while A2 is typically 

grounded. Under these conditions a glow discharge spontaneously begins 

between A4 (cathode) and A 2  (anode). Note that the ASGDI developed for the 

FAA tandem mass spectrometer differs somewhat with respect to vacuum 
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Figure 1. A side-view schematic of the ASGDI source attached to 
quadrupole mass filter. 

a 



10 

hardwaie but the working conditions at e essentially identical to those described 

above. 

As indicatcd above, the conditions uscd in the ASGD! souice are 

significantly different f t  om those used in ionization at atrnospheric pressure, These 

differences and their effects can be appreciated by corisidesing simple pseudo-first 

order kinetics. Consider the ian/molec~le reaction 

X + Fill ---> X i M 

where ana6yte species M is present at a constant concentration throughout the 

pcriod the reaction can proceed. The number of X reagent ions obsewed after 

some reaction time t is given by 

[X ] = [X ],e k[M1t 

and the nimbes of M ions that arc formed is given by 

[M]-[Xj,(l-ek["l') 

where [XI, is the number of X ions present at t=O, k is the rate constant for the 

ion/rnolecuie reaction, and [MI is the number density of M. Under AW conditions, 

flow rates are typically on the order of 1 mUs giving reaction (residence) tim, " s  on 

the order of 1 s. Rate constants for fast isn/rnolecule reactions are on the order 

af 1 o cm3/moIec-s. Rate constants for electron capture reactions, i.e., 

+ M ---> M 

can be as high as 10 cm3/mo1ec-s (1 00 times greater). Electrons are therefore 

quickly captured in the presence of an electronegative reagent gas farming anions. 

(The number density of electronegative gases (primarily 0,) in air at atmospheric 

pressure and room temperature is =4 x 10'' ~ m ' ~ . )  The number defisities of the 

reactants and the long reaction time result in a distribution of ionimolecule reaction 

product ions that tend to reflect thermodynariric equilibrium. Provided the rate 

constants are not too low, both the forward arid reverse reactions for an 

ion/molecule reaction can occur a sufficient number of times to give an equilibrium 

distribution of reactants and products. Furttiermore, number densities are high 
enough for third-body collisions to occur resulting in the observation of stable 

adduct ions as indicated below: 
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X + M + N ---> MX- + N. 
The likelihood for observation of cluster ions in APIMS is further enhanced by the 

expansion of the plasma from atmosphere into the high vacuum. Far this reason, 

ion declustering methods are typically employed. 

In the ASGDI source, number densities are roughly three orders of 
magnitude lower than in APl devices. Furthermore, the residence time of the 

molecules in the ionization region is typically less than 1 ms (as determined by the 

ventilation rate). Given such short residence times, ionlmolecule reactions can 

only proceed to an appreciable extent if, assuming a rate constant of 10.' 

cm3/molec-s, the neutral number density is greater than about 20 parts per billion. 

Product ions begin to rival the intensities of the background "reagent ions" in the 

source ( ~ 1 0 %  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 vast majority of negative ions come from electron capture and na 
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-tX)' 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 

gives a signal that is indistinguishable from that of the analyte (tandem mass 

spectrometry is used to minimize this interference as discussed below). 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. 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 leading to a change in the identity of the analyte- 

related ions. This may involve a change, for example, from (M-tX)-to (M+Y)-. 



12 

Since ion/r-nolecule reaction chemistry plays essentially no role for low 

concentration analytes in the ASGQI source, the ions associated with the 

explosives do not change position on the mass scale despite the presence of 

relatively large doses of compounds that alter ion/nwlecule reaction chemistry. 

I he ASGDl source is vulnerable to this type of interference only insofar as it affects 

the number of electrons and 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 diseharge 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. 

- 

Clustering is much less likely in ASGDB than in API for some of the ru aasons 

just mcntioncd. Clustering of analyte ions with analyte molecbiles is unlikely due 

both to the short residence time and the low concentration ievels of anaiyte. 

Clustering with background species, such as water, is also rarely observed due 

to the fact that the initial expansion from atmosphere into vacu~irn occurs prlor to 

ionization rather than after ionization as in APB. Therefore, the ion-dipole and ion- 

induced dipole attraction that promotes cluster formation around an ion under 

expansion conditions is not operative in the ASGDI. The second expansion from 

the ASGOl source into the mass spectrometer region is too dilute for significant 

clustering. 

The characteristics of ASGB31 just discussed and others that make this 

approach to ionization attractive for real-time explosives detection are summarized 

briefly as follows: 

Ruggedness - 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 QRNL have been 



13 

operated over the course of several years without cleaning and show 

no loss in performance. 
0 High throughput - The air sampling rate is 2-5 mVs which is 

relatively high for a vapor detector. This makes for a rapid response 

and a rapid clear-out of analyte. Memory effects are solely due to 

adhesion on surfaces leading into the ion source. 
. Kinetic vs. thermodynamic control - Ionization is under kinetic control 

which makes it less prone to matrix effects than ion sources primarily 

under thermodynamic control, e.g. API. 
0 Sensitive - For species with positive electron affinities, the ASGDl 

source coupled with several different mass spectrometers has been 

shown to give detection limits in the low part per trillion, femtogram 

range for high explosives. 
. Selective - Inherent in negative ion analysis is the selectivity arising 

from the limited number of species that form stable anions. This 

selectivity is enhanced further by selecting for species that tend to 

be formed directly by electron capture rather than by ion/molecule 

reactions. 

B. 
The ASGDl sources used at ORNL for explosives detection share the 

common characteristic of in-line apertures A1 and A2 that serve as the orifices that 

interface atmosphere with the discharge region (AI)  and the discharge region with 

the vacuum system of the mass spectrometer (A2). We have noted in our  studies 

that the appearance of the mass spectrum can be significantly affected by the size 

of A1 , the distance between A1 and A2, the pressure in the discharge region, and 

pumping speed. The mass spectra can vary both in the total number of ions and 

in the relative contributions to total anion current due to species formed from 

ion/molecule reactions and those formed from electron capture. Many of these 

observations can be rationalized based on changes in neutral number densities 

The Role of Gas Dynamics in Anion Formation in ASGDl 
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and on residence timcs. However, we have also noted that the exparision of gas 

from atmosphere into the glow discharge can affect mass spectra. For example, 

when humid room temperature air is drawn into an ASGDl source constructed Bike 

that shown in Figure 1 , significant intensities of ions arising f U 3 f T l  S,jH,S)- arid 

Q,(H,0)2- are observed in the mass spectrum. When the same air is heated to 

about 40 "C, the oxygen-hydrates disappear. Furthermore, when A1 is increased 

to a diarlrieter of 3 mm and air is admitted to it via a leak valve to rriainfain the 

same presstire in the glow discharge region, no cluster ions are observed. Aside 

from thc appearance of these ions in the mass spectrum, the presence of a free 

jet expansion extending into the discharge might also have a significant effect on 

electron energies and number densities in the plast-na. Due to the higher number- 

density in the expansion region, it is unlikely that the plasma can extend into t h ~  

expansion itself. Thcrcfore, it seemed highly probable that anions are most likely 

to be fort-ried in specific regions os' the ASGDl source and that ttwe might be 

preferred regions in which to piace the ion sampling aperture (,421,. For these 

reasons, we constructed a specialized ASGDI source to study the role of gas 

dynamics on the formatiori of explosives related anions [17]. 

1. Experimental Conditions 

The ASGDl source shown in Figure 2 is based on the version shown in 

Figure 1 with several new features added to increase the operational fiexibility and 

to allow for the study of hydrodynamic processes. The sampling plate, the plate 

that contains A1 , has a 200 pm diameter orifice and serves as the cathode. The 

back apeflure was replaced by a skimtrier cone with a 0.8 rnm diameter orifice. 

Each of these parts is electrically isolated from the source chamber by bolting 

them down with nylon screws on top of a Viton O-ring. Provisions are made so 

the spacing between the sampling plate and skimmer cone can be varied from 0 

to 20 mm. The sampling plate mount is threaded and can be screwed into the 

source chamber, which is 3.75 in. in diameter. Charged species are restricted to 

a region near the ion optical axis by an interface coil that is also electrically 
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isolated. Bast negative ion signals are obtained when the coil is held at ground 

potential. 

For these experiments, a 15 L/s mechanical pump was connected to the 

ASGDl source through two of the four 1 -in. diameter vacuum flanges. The source 

pressure csclld be adjusted by throttling the flaw at the entrance sf the pump with 

a butterfly valve. Under these conditions, the lowest obtainable source pressure 

with no throttle was approximately 0.50 Torr as measured with a Baratron 

capacitance manometer that was connected into one of the other vacuum iianges. 

This pressure closely corresponds to a calculated value of 0.48 Torr when no 

conductance litnit is assumed for the system. 

The quadrupole mass filter (Extrel @-50 system) used for these studies was 

modified by removing all the ion optic lenses except for the ELFS aperture. The 

mass analyzer vacuum chamber was evacuated by a I000 L/s turbomolecular 

pump. Under normal operating conditions the backing pressure fell within the 1 O 4  

to 10 Torr range. Throughout these studies 2,4-dinitrotoluene (DNT) served as 

the test compound and was sampled by placing approximately 1 rng of the solid 

into a 20 mL vial and setting it near the sample inlet of the source. Analyte signal 

could be attenuated by moving the vial farther from the sample inlet or loosely 

screwing a lid on the vial. 

2. Negative lon Formation in ASGDI 

ionization mechanisms that are expected to occur in ASGDl arise from glow- 

discharge sustaining processes, which include ion bombardment of the cathode, 

elastic or inelastic collisions among charge species and neutrals, and photon- or 

collision-induced excitation [18]. Each of these processes varies according to 

source pressure, type of bath gas, and electrode potentials to produce several 

distinct regions that have been found to promote either positive or negative ion 

formation. According to the classical description of the glow discharge, positive 

ion formation occurs mainly in the negative-glow region near the cathode where 

both high- and low-energy electrons excite and ionize the discharge species. 
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Closer to the anode in the positive column, electrons that have become slowed 

from inelastic collisions are able to form negative ions through electron capture. 

The general mechanisms that are accessible to the ASGDi technique for negative 

ion production are summarized below: 

A + e + A -  electron capture (EC) 
R- + A -+ R + A 
R' + AH --f RH + A 

f?- + A -+ RA- 

charge transfer 

proton abstraction 

ion-molecule association 

where A is the sample molecule and R- is a reactant anion. The electron capture 

channels that are available include dissociative attachment and radiative or 

collisional stabilization. In ASGDI our aim is to optimize operating parameters to 

promote anion formation, yet minimize dissociative processes as well as ion- 

molecule association (clustering). 

Glow discharge processes in the ASGDI geometries currently employed for 

anion formation are more complex due to the hydrodynamics of the free-jet 

expansion associated with the gas inlet via A l .  The expansion is comprised of 

several zones as shown in Figure 3 where local density and flow velocity differ as 

well as conditions that might promote a specific reaction pathway [19,20]. As 

species proceed downstream from the sampling plate, flow velocity increases in 

the axial direction and both number density and collisional rate rapidly drop off. 

Eventually, the density of expanding gas becomes low enough to permit the 

penetration of thermalized background gas, thus, forming a high collisional zone 

that surrounds the expansion core. In this region, referred to as the shockwave 

structure, gas density abruptly rises and the expanding species are decelerated. 

For either the continuum flow region or expansion core to be included as part of 

the glow-discharge sustaining region, ion and electron penetration has to occur. 

Although electron migration into the expansion likely takes place, the penetration 

of ions is confined to the shockwave structure as are other background species. 

The glow discharge can be sustained in the shockwave structure, which is 

comprised of two regions that have different gas dynamic properties. In the 
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re 3. Diagram depicting the different flow region of the free-jet expansion 
that forms in the ASGDI source chamber, 
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region that forms perpendicular to the mean molecular flow (referred to as the 

Mach disk) exists a higher gas density and collisional frequency than the one that 

forms parallel (called the barrel shock) [2l]. Those species that enter the barrel 

shock are able to maintain a larger part of their on-axis velocity component and 

travel beyond the Mach disk, forming the reflected shock. In the experiments 

described below, where skimming occurs many millimeters behind the Mach disk, 

the majority of those species sampled are believed to be derived from the barrel 

shock rather than the Mach disk. 

The dimensions of the free-jet expansion can be varied by adjusting the 

source pressure. For example, increasing the source pressure reduces the 

expansion volume and compresses the shockwave structure. These dimensions 

can be approximated from experimentally determined values [223 I Calculated 

values that are compiled in Table 1 correspond to a nitrogen expansion through 

a 0.2-mm orifice from a 760 Torr reservoir to a 0.48 Torr chamber. At a source 

pressure of 0.48 Torr, which is the theoretical limit for the system, the free-jet 

boundary, Y,, is expected to be 3.0 rnrn in diameter. Dimensions have also been 

determined at other pressures and will be cited as they pertain to this study. 

Table 1. Dimensions of Free-Jet Expansions I/ 
dimension source pressure (Torr) 

parameter 0.48 0.75 0.90 

y * 2.6 2.1 1.9 

Yb.4 2.1 1.7 1.6 

YR 3.0 2.4 2.3 

xtvi 5.3 4.3 3.9 

The above description reveals two possibilities as to the effect of 

hydrodynamic flow on glow discharge processes. The shockwave structure might 

serve as an ion-molecule reaction zone that can be manipulated to promote a 
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particular ion-formation mechanism or the expansion only exists as a source of 

hydrodynamic perturbation that interferes with normal glow-discharge operation. 

Different regions of the expansion can be skimmed axially either by 

mechanically adjusting the skimming position or by altering the source backing 

pressure thereby changing the expansion dimensions. 50th these approaches 

were implernented to determine the effect of hydrodynamic flow on negative ioii 

formation as weif as to reveal mechanistic pathways and optimal operating 

parameters for negative ion formation 

3. Contribution of the Expansion to Anion Formation 

Plotted in Figure 4 are spectra taken at selected skimming distances with 

the cathode voltage at -370 V and the source pressure at 0.75 Tarr. These 

particular conditions were chosen for illustration because the optimal combination 

of skimming distance and S S L J T C ~  pressure for DNT (Me) anion signal was found 

to be 12 mrn and 0.75 Tarr, respectively. When the skimming distance was 8 mm 

or less essentially na ion signals were observed. At greater skimming distances 

the DNT (M-) anion signal maximized, followed by a rise in air-matrix related 

species fi.e , 0, 8, , NO, , and CO, ), and then declined. Among the conclusions 

to be drawn from these results is that anion formation is restricted some distance 

behind the Mach disk, which is calculated to be only 4.3 rnrn downstream from the 

expansion orifice (0.75 Torr source pressure). As skimming is moved farther 

downstream, DNT anions are lost, perhaps, as a result of ion-molecule reactions 

that give rise to more thermodynamically favored products. 

The next group of tneasurernents was performed to determine the minimum 

distance behind the Mach disk where the formation of DNT anion begins. The 

Mach disk, which is characterized by an abrupt rise in gas density and collisional 

rate, was initially suspected of being a region of high electron-ion-molecule 

reactivity. Because varying the source pressure also changes the expansion 

dimensions, the skimmer-Mach disk separation was determined at several 

skinirning distances as a function of source pressure. Results presented in 
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Figure 5 show both the minimum source pressure and skimming distance behind 

the Mach disk needed to observe the QNT anion signal. These latter values were 

obtained by subtracting the calculated Mach disk location from ttie skimming 

distance. The Mach disk location was calculated from the ax3WXp3nding S Q U S C ~  

pressure; for example, at a source pressure of approximately 0.75 Torr, the Mach 

disk is expected to form 4.3 riirn downstream from the sampling inlet (TabEe I). At 

this source pressure a sample,-skimmer separation of at least 10 mm had to be 

maintained to observe DNT anions. The skimming distance behind ttie Mach disk 

is then 5.7 t i m .  Skimmer separation from the Mach disk required to maintain a 

minimal level of detection was found to increase linearly, despite the fact that lower 

source pressures cause the Mach disk itself to form farther downstream. These 

findings confirm the previous results that: anion formation is not occurring in the 

Mach disk and identify the need for a specific pressure requirement on the basis 

of anode-cathode separation. If skimming were required to occur from this 

particular zone to observe anions, then skimming distance behind the Mach disk 

should have remained relatively constant. Even though these findings suggest that 

anion forrrlalion might be independent of gas dynamics, experiments on lateral 

skimming across the expansion indicate that ion detection is dependent on mean 

molecular flow derived from the expansion. 

. 

Results derived in these studies also provide insight into ionization 

mechanisms for various species observed in the mass spectra. Electron/molecule 

and ion/molecule reactions as monitored by shifts in relative abundance5 of DNT 

and air-matrix ions were found to be influenced by changes in skimming distance 

and soure9 pressure. Similar trends as those seen in Figure 4, where the 

skimming distance was varied at a fixed source pressure, were seen as the source 

pressure was varied and the skimming distance was fixed. The data plotted in 

Figure 6 were csliected at a constant skirrming distance of 12 mm; however, 

because ionization increases with pressure [23] the cathode voltage was adjusted 

to maintain a constant cathode current of -10 mA. Results plotted in Figirre 6 
include itin intensities for DNT- (m/z 182) 0- (m/m 16), 8; (mlm 32), NO,- 
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(m/z 46), and CO,' (m/z 60) as the source pressure was increased from 0.65 to 

1.50 Torr. A gradual increase in the source pressure first raised and maximized 

the DNT anion signal at which point signals for O,, NO,, and COS- rose together 

but at different rates. At a higher pressure, 0.75 Torr, the 0- signal begins to rise 

in intensity. 

As indicated in the results presented in both Figures 4 and 6, DNT was 

primarily observed as the molecular anion. The absence of an (M-H) ion, a result 

of proton extraction, and only minor contributions from dissociative processes and 

cluster formation, limited the possible ionization processes to electron capture and 

charge transfer. Because source conditions that favor optimal DNT anion signals 

could be achieved without the presence of background species, electron capture 

is believed to be the primary means of ionization. Charge transfer is not believed 

to contribute significantly under such conditions as deduced from the absence of 

any reactant anions in the mass spectral background. Other evidence that 

supports the electron capture mechanism is that the DNT anion was formed in 

preference to more thermodynamically preferred products such as CO,, NO,, and 

O', which have higher electron affinities (see Table 11) 1241. Under such conditions 

the DNT anion is believed to be kinetically favored undergoing relatively few ion- 

molecule collisions before entering into the mass analyzer chamber. As the 
skimming distance (Figure 4) or source pressure (Figure 6) was increased the 

more thermodynamically favored products became prominent as residence time 

or total number of collisions increase. One possible explanation for this 

phenomenon is that the gas density that exists near the jet boundary is sufficient 

to promote EC and subsequent stabilization through a third body collision. 

However, because there is an absence of 02*, NO;, and CO,, which also require 

multiple [25] or third body collisions [26] for efficient formation, DNT anion 

production might be assisted further by inelastic collisions among the bath gas 

and electrons that can moderate their kinetic energy. An electron capture 

mechanism would account for the ultra-low detection limits reported for the ASGDI 
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because the rate constants for electron capture can be up to two orders of 

magnitude greater than those of fast ion-molecule reactions [27]. 

Table !I. ElectZro 
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Experiments were also performed to study the effect of cathode voltage on 

the anion signal. The plot shown in Figure 7 was obtained at various cathode 

voltages while both skimming distance and source backing pressure were left 

unchanged at 12 rnm and 7.49 Torr, respectively. 'This typc of experiment 

provided a means to vary glow discharge processes while gas dynamic properties 

remained relatively unaffected. For example, as the cathode voltage was varied 

from -348 to -365 V, the cathode current increased from -10 to -28 mA at a 

constant source pressure. Phis abrupt rise in cathode current is the result of 

greater cathode sputter rates that accompany higher energy and density of 

charged species. Measurements shown in Figure 7 were taken at a high source 

pressure so any effects on background and DNT anion signals could be 

monitored simultaneously, Nevertheless, relative signals among these species 

exhibited little change. 

At lower source pressures and shorter skimming distances that precluded 
the farmation of background ions, higher cathode voltages increased only the DNT 

anion signal. Shown in Figure 8 is a spectrum under such conditions with a 12-rnm 

skimming distance and 0.67 Torr source pressure. The cathode voltage was 

maximized to -436 V to achieve the -20 mA current limit for the power supply. 
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The role of the free-jet expansion in anion formation in ASGDI can be further 

studied by moving the two apertures off-line. This was effected by positioning the 

sampling orifice off-axis. This approach allowed us to maintain the separation and 

geometry of the ASGDl electrodes (i.e., sampling plate, coil and skimmer) while 

probing the various expansion regions. In the results presented in Figures 9 and 

10, ion signals for DNT (M-) anion at two skimming positions, on-axis and 1 mm 

off-axis, are compared at two skimming distances, 7 and 12 mm, respectively. At 

the 7-mm skimming distance (Figure 9) ion signals extended down to lower 

pressures as skimming was moved 1 mm off-axis. This response is significant 

because under similar conditions of source pressure and skimming distance, ion 

signals, which could not be observed while on-axis, became detectable when 

skimming was moved off-axis toward the reflected shock. The fact that anion 

formation is restricted directly behind the Mach disk might be related to the 

hydrodynamic flow of the expansion. For glow discharge sustaining species to 

penetrate on-axis toward the Mach disk they must either cross the reflected shock 

or originate upstream and travel parallel to the expansion. The reflected shock 

should more readily sustain glow discharge processes as sputtered ions and 

electrons from the cathode extend along the barrel shock boundary toward the 

skimmer cone. Those species that constitute the reflected shock maintain a 

portion of their directed flow and proceed toward the skimmer. As the source 

pressure is raised the distinguishable regions of the expansion become 

compressed upstream and cannot be discerned as a function of lateral skimming 

distance. This explanation accounts for the coinciding drop in ion signal with 

higher source pressures as pressure exceeds 1 .O Torr in Figure 9 and a similarity 

in the responses observed at the two axial positions, 12-mm downstream (Figure 

10). 

At skimming positions farther off-axis, from 3 to 12 mm, both DNT and 

background ions were not detectable regardless of skimming distance, source 

pressure or cathode voltage. This response is believed to a result of skimming 
outside the jet boundary as deduced from the dimensions of the classical free-jet 
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expansion (see Table 1). At the lowest obtainable source pressure of 0.48 Torr 

the jet boundary is predicted to form approximately 1.5 mm off-axis. 

4. Conclusions Regarding the Role of Gas Dynamics in ASGDl 

The unique combination of hydrodynamic flaw and glow discharge 

processes that exists in ASGDl produces an environment for efficient anion 

formation by EC. When ASGDS instrumental parameters are optimized, for 

example, either by mechanically adjusting the skimming position or by varying the 

source pressure, a specific ionization mechanism appears to dominate. In the 

case of DNT (M 1 anion formation the primary ionization mechanism is believed to 

be electron capture. The fact that we observe predominantly a molecular anion 

with very little fragmentation suggests that collisional stabilization is occurring 

based on a report in which the analog TNT shows extensive fragmentation upon 

0 eV electron capture [8 ] .  Regardless of why the molecular anion remains intact 

upon EC, the experimental data are indicative af relatively few collisions among 

gas species after ionization. This phenomenon was demonstrated for DNT where 

the M anion abundance was maximized without the forrnation of air-matrix species 

((I2-, NO,, and GO,) that require multiple or third-body collisions for formation. 

Under such conditions where the number of collisions is not suitable to promote 

ion-molecule reactions among background species, collisional frequency might be 

sufficient to moderate electron energies. Understandably, the flow dynamics of the 

expansion also contribute to this ionization process. It was shown that skimming 

is limited to the region behind the jet boundary whereby moving the skimmer a few 

millimeters off-axis resulted in a complete loss of ion signal. This dependency is 

believed to be an effect of mean molecular flow that influences residence times 
and thus can be manipulated to favor observation of kinetically fast reactions over 

more thermadynamically preferred processes. 



1V.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. 

(Recently, 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 

[28,29]. 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 11 assuming an ionization method that produces 

positive ions. 

A chemical reaction resulting 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: 

where m,-* represents an excited molecular anion and m; and m i  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 

m,-.* ---> m; + m3 

33 
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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) [3Q]. Therefore, 

the identification of a targeted cornpound 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 detection is shown schematically in Figure 12 as proceeding from left 

to right. Air is drawn into the glow discharge source where explosives are 

converted to negative ions. The anions that issue from the ASGDl 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 ASGDl 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 [31]. 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 ~ 2 0  ms 
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wide and a typical peak width at half height is 1 ms. There are, therefore, ~ 2 0  

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). ?he explosives ions generally fall 

below m/z 300 so that, realistically, there are about 300 useful resolution 

elernents/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 

[8]. 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 [8] 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 MSlMS 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 have 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 
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discussion of the various approaches to MS/MS is given in the following sections 

with particular emphasis on the desirable qualities for a tandern mass spectrometer 

in the explosives detection scenario. These approaches can be conveniently 

classified as either beam-type technologies or ion trapping 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 

rnass/charge dependent fashion. The mass/charge discrimination, therefore, 

occurs b-.-.?.xaxg. 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 mornentum/charge ratios of the ions. A slit or aperture at the 

focal point of the magnetic sector allows a limited range of rnomentum/charge 

ratios to pass to a coIIision 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 massicharge 

ratios can pass through the device. In the case of the time-of-flight mass 

spectrometer, a monoenergetic "packetI1 of ions is separated according to transit 

times. The term "beam-type" tandem mass spectrometer is intended to imply 

further that the stages of rnass spectrometry and collision-induced dissociation 

occur in discrete regions of the spectrometer [28,29]. 

Some of the more commonly employed beam-type tandem mass 
spectrometers are shown schematically in Figure 13 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. In the former, CID is effected between the ion source 
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Figure 13. Some common MS/MS instrumental configurations. 
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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, @ID 

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 2re 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 

prirnarily for ai-mlytical applications [32,33]. 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 

resoleation/transtii?issisn is variable via software over a range, and they lend 

themselves tnuch 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 cornmercial 

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. 

Figure 13 also shows several instrument geometries that combine sectors 

and quadrupoles. These instruments are referred ta collectively as "hybrid" mass 

spectrometers [3436] These combinations are not inherently compatible as are 

the ES and BE geometries because quadrupoles operate hest on ions with kinetic 

energies of tens of electrsnvolts at most, whereas sectars typically operate on ions 

with kiloelectronvolt kinetic energies. Therefore, ane or more 

acceleration/deceleration steps must be effected in hybrids. Nevertheless, the 
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combinec., strengths of these analyzers in a single instrument provide 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, and in some cases illustrated with 

direct experimental comparisons, beam-type and trapping technologies each enjoy 

advantages as the tandem mass spectrometer for explosives detection. However, 

since the beginning of this agreement, 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: 
b Sensitivlty - While sub-picogram detection limits for explosives can 

be readily achieved in the WIS 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 resoiution 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.) 
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. Specificity - As mentioned above, specificity is determined by the 

number of non-redundant resolution elements in the analysis. The 

inass 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 - Ion flight times are an the order of tens of microseconds. 

For healthy signals, therefore, the response is essentially 

instantaneous. Even in cases where signal averaging can irtiprove 

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 1 0-5 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 

$3QOk. A system designed specifically far 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 pu ping is extensive. 
These factors make the prospects for a low cost (<$loOK) 
explosives detector seem remote considering the market size. 
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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 IO8. We have 

observed the dynamic range of a quadrupole system coupled with 

an ASGDI source to be at least 1 05-I 06. 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 control 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 [37]. The latter is discussed further in a later 

section. 

B. Ion 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 [38] and the ion trap mass spectrometer [39]. 

The former is based on a static magnetic field and a perpendicular 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) [40-441. The FTMS technology has provided the highest mass resolving 

powers of any form of mass spectrometry. It is finding increasingly wide 
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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 in rnaking fieldable FTMS instrurnentation 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 [45-511, has primarily focussed on analytical 

applications requiring moderate resolving powers and those in which relatively high 

backyround pressures exist. Work has proceeded at ORNL for several years in 

developing the combination af ASGDl 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 14. Two end-cap electrodes sandwich a ring electrode. The 

position coordinates in 'Ihe 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' t- 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. 7he 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 field within the ion 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 15. 

Note that for any non-zero voltage applied to the ring electrodc, 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 
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Figure 15. 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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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 15 back and forth to hold ions in the 

middle of the saddle. Ion 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 a mass-dependent fashion. The so-called mass- 

selective instability scan introduced by Stafford et al. [52,53], 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 ejectiontf scan [50]. 

For a given ring electrode r f  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 16. As the 

ions come into resonance they may absorb sufficient power to be ejected from the 

ion trap and into an external detector. 

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 rf 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 [54]. The amplitude of the ring electrode rf signal is raised to 
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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 M S / M ~  
experiment, just as it is with beam-type tandem mass spectrometers, However, 

the process is quite different [55]. 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 1 00% 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 rnillitorr 

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. An example is shown in Figure 17 which 

shows the isolated parent ion used for the detection of PETN, (M-CH,ONO,)-, at 

m/z 240 before resonance excitation and the spectrum acquired after resonance 

excitation. The product ion at m/z 62 is formed yielding an MS/MS efficiency of 

100%. RDX also shows a very high MS/MS efficiency. The parent ions used for 
the nitroaromatics, which are more kinetically stable than those for RDX and PETN, 

tend to show efficiencies of 40-60% [56]. These efficiencies are one to two orders 

of magnitude greater than those obtained with beam-type tandem mass 

spectrometers. 
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e 17. MS/MS spectra of m/z 240, (M-CH,ONOJ, from PETN (tog) 
spectrum of isolated parent ion (bottom) spectrum after resonance 
excitation. 
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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 [57]. 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/collisionaI 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 [58]. The factors that determine the maximum value of n have 

been discussed [59]. 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 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. 

Conventional ion trap mass spectrometry ionizes vapors present in the ion 

trapping volume by electron ionization using a filament mounted on an end-cap. 

This 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 for efficient ion 

storage. Therefore, electron capture is a very inefficient process due to the fact 

that high number densities of low energy electrons cannot be maintained in the ion 
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trap. For this reason, we interfaced an ASGDl source with an ion trap to peaform 

the anion formation externally [60,61]. Ions are continuously formed in the ASGDl 
source and are gated into the ion trap during the ion accumulation period that 

begins every ion trap experiment. The "duty cycle" of the ion trap experiment 

employing a continuous ion source, 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 ions formed during the 

ion manipulation and mass analysis steps are not permitted to accumulate in the 

ion trap and are therefore lost. 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 mlz range sf the analyte ion divided by the 

total scan time. For a mass/charge range of 50-350, for example, the duty cycle 

for any particular ion is 1/250 or 0.4%. Duty cycle can be increased to 180% in the 

single ion rnanitoring mode, but thereby results in a duty cycle of 0% for any other 

ion of interest. There is, therefore, an important compromise between duty cycle 

and mass range in a bearn-type instrument that is largely absent with the ion trap. 

The ion trap can accumulate ions over a wide mass range sirnultaneausly while a 

wide mass range can be analyzed in a relatively short period of time (about 50 

milliseconds whereas ion accumulation can range from 1 -2000 milliseconds). The 

ion trap therefore enjoys something of a Felyett's advantage over the scanning 

bearn-type instruments. 

. 

The parallels and perpendiculars of ion trap vs. bearn-type instrumentation 

is a big subject, certainly too big for this report. However, the purpose here is to 
mention enough of the major points ta appreciate the merits of these technologies 
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for explosives detection. Therefore, the figures of merit discussed in the previaus 

section for beam-type tandem mass spectrometers, with emphasis on the triple 

quadrupole instrument, are discussed here for the quadrupole ion trap operated 

mated with ASGDl 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. The detection limits in 

the MS/MS mode are clearly superior with the ion trap relative to the 

beam-time 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 andyte 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 is desirable to determine if single ion monitoring with a 

beam instrument (1 00% duty cycle) is significantly superior to long 

ion accumulation time ion trap analysis. 
. Specificily - 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, 
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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. 
. eed - 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. 
. 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 lo4 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, for example) should be 

straightforward . 
. Cost - Ion 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 
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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 lo5 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 hardware to generate the necessary signals is 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 (see Section VII), 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. 

. 





V. THE FAA GLOW DISCHARGEflRIPLE QUADRUPOLE 
TANDEM MASS SPECTFlOMETER 

In the spring of 1989, FAA officials visited ORNL and expressed interest in 

the ASGDl/tandem mass spectrometry work in explosives vapor detection with the 

goal of evaluating system integration approaches. At that time, our laboratory had 

been working with home-built tandem quadrupole/time-of-flight technology and 

had been developing ion trap technology for explosives detection. Also at that 

time, important criteria for an explosives vapor detector were high reliability and 

ready access to equipment service. The ion trap technology was deemed too 

immature at that point, and the quadrupole/time-of-flight instrumentation was 

unique to ORNL. For these reasons, we proposed to interface ASGDl with a 

commercially available triple quadrupole system. First, beam-type technology was 

mature and well-understood and second, the vendor could provide service 

engineering support for the triple quadrupole system. The ASGDl source is both 

rugged and reliable and it was not anticipated that there would be any reliability 

problems with ionization. A "triple stage quadrupole", madel number TSQ700 

manufactured by Finnigan Corporation of San Jose, CA, was therefore procured 

and modified for operation with ASGDI. The standard TSQ700 instrument, 

modifications for ASGDl operation, and performance characteristics of the system 

are described in the following sections. 

A. 
A block diagram of the mass analyzer assembly for the TSQ700 instrument, 

unmodified for use with the ASGDl source, is shown in Figure 18. The unit is 

comprised of an electron ionization (El) / chemical ionization (CI) ion source, two 

quadrupole rod assemblies, one octapole rod assembly, ten ion lenses, and a 

detector assembly. Beginning from the ion source end of the instrument, the rod 

assemblies are designated as Q1, Q2, and Q3. As noted earlier, although 

instruments of this type are generally referred to as "triple quadrupole mass 

Finnigan Triple Stage Quadrupole (TSQSOO) mass spectrometer 
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spectrometers", only Q1 and Q3 are configured to function either as mass 

analyzers or ion transmission devices. The Q2 assembly, which serves as the 

collision region when a collision gas is introduced] is operated only in the ion 

transmission (non-analyzing) mode thereby allowing ions over a broad 

mass/charge range to pass. 

1. El / CI ion source 

Although the ASGDI source is used in the TSQ700 as modified for 

explosives detection applications, the standard El I CI ion source will be described 

briefly for completeness. The El / CI source produces an energetic electron beam, 

provides an interaction region for electrons and sample molecules to generate 

ions, and focuses the ions into the mass analyzer assembly. Electrons are 

produced via thermionic emission from a heated rhenium filament. In the El 
operational mode, the filament is normally maintained at -70 V with respect to the 

interaction volume (ground) resulting in a 70 eV electron beam for positive ion 
production. Ionization of sample molecules is a two-step process in the CI 

operational mode. A reagent gas, introduced along with the sample vapors, is 

initially ionized via El. These reagent ions then form a variety of other stable ions 

via reaction with other reagent gas molecules. Sample ions of either polarity are 

then formed in the second step of the process; the sample ions can be generated 

by reactions such as proton transfer, proton abstraction, charge transfer, ion- 

molecule association, or electron capture of thermal electrons which are a 
byproduct of reagent gas ionization. During CI, the reagent gas is normally 

maintained at a pressure (- 0.5 Torr) several orders of magnitude greater than that 

for the sample. Thus, the electron entrance and ion exit holes for the CI interaction 

volume are smaller than for the El interaction volume. A three-element ion source 

lens assembly, located just outside the interaction volume, aids transfer of sample 

ions to the mass analyzer assembly. The first element of the lens assembly (L11) 

extracts ions from the interaction volume. In positive ion mode, L11 is typically 

held at -10 V; the polarity is reversed in negative ion mode. The complete lens 
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assembly (L11, L12, L13) functions as an aperture lens that focuses and injects the 

extracted ions into the mass analyzer. The central element, L12, is set to 

approximately -50 V in positive ion mode and 50 V in negative ion mode. L13 is 

normally held at the same potential as L11. 

2. Q1 and Q3 mass analyzers 

Each of the two quadrupole mass analyzer assemblies ((21, Q3) consists 

of a square array of four hyperbolic rods. The individual rods are 16 cm long, 

and the spacing between opposing rods is 8 mm. In each array, rods opposite 

each other are connected electrically with the voltages applied to each rod pair 

equal in amplitude but opposite in polarity. At any given instant, rf and dc voltages 

in a variable ratio are applied to the rods, the possible (constant frequency, 1 

MHm) rf potential varying between 0 and 6000 V (p-p) and the dc potential from 0 

to t500 V. IXring ion transit along the long axis of the quadrupole assembly, the 

electrodynamic fields produced by the applied voltages induce oscillatory ion 

motion normal to that axis. The range of mass/charge values which maintain 

stable trajectories through the entire length of the quadrupole array is determined 

by the rf//dc ratio. A niass spectrum can be acquired by increasing the rf and dc 

voltages while maintaining a fixed rf/dc ratio so that ions are transmitted 

sequentially from low to high mass/charge. The potentials on each array can be 

varied rapidly and independently, so that the full mass range (IO - 2000 u) of Q1 

or Q3 can be scanned in as little as 200 ms. 

3. Q2 assembly 

The Q2 assembly is a non-linear array of eight cylindrical rods. Alternate 

rods are connected electrically with the r-f (constant frequency, 2 MHz) voltage 

applied to one set of four rods equal in amplitude but opposite in polarity to the 

other set. The resultant electrodynamic field allows ions over a wide range of 

rnass/charge values to be passed. The curvature of the octapole rods in the 

direction of ion transmission has negligible effect on ion transmission, the typical 
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efficiency being 90 - 100 %, However, because neutral particles and photons do 

not follow a curved trajectory, the net effect is to lower significantly the noise 

originating from those sources. 

Q2 is housed in a shroud enabling the assembly to serve as a collision cell 

when pressurized (- 0.1 - 10 mTorr) with a buffer gas. Ion losses in Q2 are 

reduced by the presence of the rf  field so that product ions produced via CID are 

efficiently collected and transmitted to mass analyzer Q3. The collision energy in 

MS/MS experiments is determined by the magnitude of the potential difference 

between the ion source (ground) and the dc offset voltage applied to Q2. The 

collision energy, which is normally fixed during any MS/MS scan, can be varied 

from 0 to +ZOO V. 

4. Analyzer assembly lenses 

The analyzer assembly of the TSQ7OO contains seven ion lenses which are 

arranged in three sets. Lenses L21, L22, and L23 are positioned between Q1 and 

Q2; L31, L32, and L33 are located between Q2 and Q3; and L41 is situated 

between Q3 and the detector. Each lens has a circular aperture at its center 

through which the ion beam passes. The L2x (and L3x) lenses together form a 

three-element lens as in the ion source. Just as in the ion source, the first and 

third elements are normally held at the same voltage with the central lens set to 

some different voltage. The voltages applied to any of the seven ion lenses can 

be varied from -200 to 200 V. 

One of the functions of the L2x and L3x lens sets is to focus the ion beam 

emerging from the preceding rod assembly into the following. Another function 

of L2x and L3x is to shield adjacent rod assemblies from the voltages applied to 

each. The most important function of L2x and L3x is to minimize the buffer gas 

flow from Q2 into the mass analyzers Q1 and Q3. To aid in this regard, L23 and 

L31 form the two ends of the collision cell QZ and L21, L22, L32, and L33 act as 

additional baffles to help prevent buffer gas that escapes the collision cell from 

entering the mass analyzers. 
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5. Detector 

The TSQ708 is equipped with a continuous dynode electron multiplier ion 

detection system having an off-axis conversion dynode that reduces noise from 

neutral particles and photons. The conversion dynode, located at a right angle to 

the entering ion beam, is a concave metal surface. The voltage applied to the 

conversion dynode is typically in the range +5 to k15 kV. Raising the dynode 

voltage (magnitude) tends to improve ion detection by increasing the primary ion 

to secondary particle conversion efficiency, enhancing the number of secondary 

particles generated per conversion, and increasing both factors for ions of 

relatively high mass/charge. The time required to switch the dynode polarity is 

approximately equal to the interscan time (80 rns), thus the detector can rapidly 

be switched between positive-ion and negative-ion detection modes. The 

continuous dynode electron multiplier is also positioned normal to the entering ion 

beam and directly opposite the conversion dynode. The entrance end of the 

cathode is normally operated between -1 to -3 kV, and the exit end of the cathode 

(and the anode) is at ground. 

6. Vacuum system 

The TSQ788 vacuum manifold, which houses the ion source, analyzer 

assembly, and detector, divided into two regions by a baffle allowing efficient 

differential pumping: the front region contains the ion source, and the rear region 

contains the analyzer assembly and the detector. The baffle is sealed to ion 

source lens L13, so that the small aperture in that lens is the only means by which 

gas can flow between the two regions of the vacuum manifold. Each of the 

regions is eviaciiated by a 300 liter-s-' (N,) turbomolecular vacuum puinp that in 

turn is backed by a 300 liter-min-' (N,) rotary-vane pump. Gas inlet lines are 

evacuated by a separate 165 liter-min-' rotary-vane pump. Depending on the 

introduction rate of gases into the ion source and collision cell, the operating 

pressure of the analyzer region is to 1 0 7  T"orr. 
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B. Scan capabilities 

As previously noted, quadrupole assemblies Q1 and Q3 can be operated 

independently in ion transmission (rf only) or mass analysis (rf and de) modes; Q2 

operates with rf voltage only and thus always functions as an ion transmission 

device. Given the flexibility of applying voltages to the quadrupole assemblies, the 

TSQ700 can be operated in a variety of scan modes. For situations in which Ql 

or Q3 is used as an ion transmission device, the other is used in mass analysis 

mode, and Q2 is operated in ion transmission mode, the scan mode is single MS. 
When Q1 or Q3 is operated in ion transmission mode and the other functions as 

a mass analyzer or when both operate in mass analysis made, and Q2 also 

functions as a collision cell, the scan mode is designated as MS/MS. Table Ill 

summarizes the scan modes and the functions of the rod assemblies for each. A 
brief description of each scan mode is also presented below. 

Table 111. Function of rod assemblies during TSQ7W Scan modes. 

Scan Mode Q1 Q2 Q3 

Q1 MS Scan Pass all ions Pass all ions 

Q3MS Pass all ions Pass all ions Scan 

Parent MS/MS Scan parent ions CID Select product ion 

Product MS/MS Select parent ion CID Scan product 
ions 

Scan product I c'D I ions Neutral Loss MS/MS Scan parent ions 

Select product 
ion(s) Pass all ions CID Targeted Product 

MSIMS 

1. QIMS and Q3MS 

In QIMS and Q3MS modes, only a single stage of mass analysis is 

performed by Q1 or Q3, respectively, on ions formed in the ion source. Q2 acts 
as an ion transmission device. 
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2. Parent MS/MS 

Two stages of mass analysis are executed in the parent ion MS/MS mode 

of operation. First, ions generate in the ion source are transmitted to the collision 

cell (Q2) following sequential mass analysis in 81. Following CID (or metastable 

decomposition) of parent ions in Q2, the pradud ions enter Q3 which is set to 

pass a specific product ian. Thus, the spectrum produced in a parent ion scan 

shows all parent ions which dissociate to give a specific product ion. The 

abscissa in the parent MS/MS speetrurn represents the rnass/charge values 

passed by Q I ,  and the ordinate indicates intensity values for the product ion 

monitored by Q3. 

3. Product MS/MS 

The roles of Q1 and Q3 in product MS/MS mode are reversed from those 

performed in parent MS/MS mode. Q1 selects a specific rnass/charge ratio for 

ions prodt~ced in the ion source and transmits those parent ions to the collision 

cell. As in parent MS/MS, product ions can be produced in Q2 via CID or 

metastable decomposition. Product ions farmed in the collision cell tlnen enter Q3 

where they are mass analyzed to obtain a spectrum which shows all product ions 

formed by fragmentation of the selected parent ion. 

4. Neutral Loss MS/MS 

In the neutral loss MS/MS scan, Q1 and Q3 are both operated in mass 

analysis mode. They are scanned simultaneously with a fixed difference between 

mass/charge values transmitted; the mass/charge value passed by Q1 is always 

greater than that passed by 03. Loss of a neutral species occurs in the collision 

cell via CID or metastable decomposition. Therefore, a neutral loss MS/MS 

spectrum represents ail parent ions formed in the ion source that lose a neutral 

moiety of specified mass. As in the parent MS/MS spectrum, the transmitted 

parent ion masdcharge is shown on the abscissa and intensity data for the 

product ion monitored by Q3 are indicated on the ordinate. 
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5. Targeted Product MS/MS 

In targeted product MS/MS mode, Q1 is operated in the ion transmission 

mode enabling virtually all ions formed in the ion source to enter the collision cell. 

As in the other MS/MS scan modes, fragment ions produced in Q2 via CID and 

metastable decomposition are then transmitted to Q3. Only a single stage of 

mass analysis occurs in targeted product 5; mode, that being performed by 

Q3 to select product ions of a particular rnass/charge. Thus, the targeted product 

MS/MS spectrum indicates the presence of any parent ions which fragment io give 

a specific product ion. 

C. ASGDI-TSQ700 interface 

In order to adapt the ASGDI to the TSQ700, the front flange, filament 

assembly, and electron interaction region were removed from the standard El / CI 
ion source assembly. They were replaced with a custom-designed, one-piece 

front flange/ASGDl source assembly as diagrammed in Figure 19 and pictured in 

Figure 20. More detailed schematic drawings of the new ion source assembly are 

shown in Appendix I .  The front and rear aperture plates, which have aperture 

diameters of 175 and 250 pm, respectively, are separated by 2.5 cm. A 10 L-s-’ 

rotary vane pump evacuates the discharge region via three 5/8 in. diameter 

channels machined in the source block. This pumping speed coupled with the air 

sampling aperture in the front aperture plate results in an inlet flow rate of 2.5 

m u s .  A thermal conductivity gauge inserted in a fourth channel enables the 

source pressure (- 0.8 Torr) to be monitored via a thermal conductivity gauge. 

The glow discharge is powered by an additional dc power supply (+500 V, 10 mA) 

connected to the front aperture plate; the rear aperture plate is grounded. The 

new ion source extends into the vacuum manifold so that its exit aperture plate is 
1.5 cm from L11 of the Llx three-element El / CI lens assembly. L11 was replaced 

with a tubular (1 cm) extraction lens (designated L IT  in Figure 19). LIT is 

powered by the same voltage supply previously used to control L1 1. Llx lens 

elements L12 and L13, which also functions as a baffle between the ion source 
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19. Side-view schematic of the ASGDI coupled to the TSQ 700 
instrument. 



Figure 20. Front view of the ASGDI source assembly attached to the TSQ 
700. 
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and analyzer regions of the vacuum manifold, were retaine . Figure 21 is an 

overall view of the TSQ700 instrument with the ASGDl source assembly installed. 

This photo does not show the associated work station and the gas chromatograph 

that was also delivered with the TSQ700 system. 
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re 2%. FUtR view of the 'T it11 the ASGDI source assembly 
installed, 





VI. PERFORMANCE CHARACTERISTICS OF THE FAA ASGDIRSQ 700 

The performance of the ASGDl source on the TSQ 700 was characterized 

by a number of experiments using the anions derived primarily from several 

explosives; 2,4,6-trinitrotoluene (TNT), a nitroaromatic; 1,3,5-trinitroazocyclohexane 

(RDX), a heterocyclic nitramine; and pentaerythritol tetranitrate (PETN), a nitrate 

ester. All data were acquired in the negative ion mode by placing 350--400 V on 

the cathode (front aperture plate) which results in a discharge current of 4-8 mA. 
The mass spectra were acquired by scanning the second mass analysis 

quadrupole, Q3. Various approaches for acquiring MS/MS data were utilized. 

Samples were introduced into the ASGDI source either as room temperature head 

space vapors or by placing a few crystals in a capillary tube and placing the 

capillary in a heated quartz tube leading to the inlet aperture of the ASGDI source. 

A. Mass Spectrometry 
The mass spectra obtained on the ASGQl/TSQ 700 for 2,4,6,-trinitrotoluene 

(TNT) , pentaerythritol tetranitrate (PETN), and cyclo-1,3,5-trimethylene-2,4,6- 

trinitramine, commonly referred to as RDX, are shown in Figure 22. The 

background mass spectrum obtained from normal laboratory air in the absence 

of explosives is shown in Figure 23. These mass spectra are virtually identical to 

those obtained on other instruments using the ASGDI source at similar pumping 

speeds and at similar pressures. Note that the background mass spectrum is 

dominated by the peak at m/z 46, which is attributed to NO,. This species is 

formed predominantly in the ASGDI source by discharge in air, and does not 

indicate large concentrations of neutral NO, in the atmosphere. A variety of other 

peaks is also consistently observed under these conditions. For example, signals 

appear at m/z 16 and 17 and are attributed to O-. and OH-, respectively. The 

molecular anion of oxygen, 0,. is also consistently observed. The small signals 

at m/z 35 and 37 are due to the isotopes of chlorine, Cl-. These ions do not 

appear consistently in the mass spectrum but do so when there is a f rem leak in 
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Figure 23. ASGDI/TSQ700 background mass spectrum from laboratory air. 
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the building or when some chlorine-containing solvent is in use, as must have 

been the case when the spectrum of Figure 23 was acquired. An ion arising from 

ozone at rn/z 48, 03-, is almost always obserded. Ozone is expected to be formed 

in an air-sustained electrical discharge. Mono- and di-hydrates of 0, , viz. 02(H,0)- 

and O,(H,O)-, are often observed and appear at m/m 50 and m/z 6 , respectively. 

The appearance of these ions is highly dependent upon the temperature and 

humidity of the air drawn into the ASGDI and upon the degree of moisture present 

on the cathode. Peaks at m/z 60, 61, and 62 are always observed arid 

correspond to CO,, HCQ,, and NO3-, respectively. All such species are 

presumably formed via ion/rnolecule reactions initiated by discharge in air. There 

are typically a variety of peaks from m/z 100 to m/z 146 that appear consistently. 

The identities of all of the species that give rise to these peaks have not been 

firmly established. However, pulsed discharge experiments with time-resolved 

mass spectrometry have demonstrated that the ions that give rise to these peaks 

have significantly longer formation times than the lower mass species just 

identified. The different tirne-dependent behavior of the background anions is 

interpreted as a reflection sf differences in the ion formation mechanisms. Fast 

mechanisms are those that rely on electron capture and ion/molecule reactions 

involving high concentrations of reactants, such as oxygen and nitrogen. The Sow 

mass anions are probably formed by fast mechanisms. The higher mass anions 

are probably farmed from multi-step reaction sequences which may well involve 

highly reactive neutrals generated within the discharge. While the identities of 

these species have not been clearly established, MS/MS results indicate that they 

are oxides of nitrogen. For example, the anion at m/m 100 is tentatively proposed 

to be N,O. 

All of the mass spectra of Figure 22 show a prominent signal at m/z 46 

which arises primarily from the background NO, formed in the source, although 

the formation of N02-frorn some analyte species cannot be precluded. The 
nitroaromatics, far example, show formation of NO, in the MS/MS spectra (see 

below). TNT, which is illustrative for nitroaromatics, gives primarily the molecular 
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anion under the conditions used here (see also the results for 2,4-dinitrotoluene 

discussed in Section Ill). Smaller signals are also observed that arise from the loss 

of OH. (m/z 210) and NO (m/z 197). The loss of a hydroxyl radical from 

nitroaromatic ions is commonly observed when a hydrogen-containing substituent 

is ortho to a nitro group. This is a so-called "ortho effect" [63] and it has been 

studied in depth for explosives-related nitroaromatic anions [64]. The loss of NO, 

is observed regardless of any other substituents on the ring and proceeds with an 

unusually large release of kinetic energy. This reaction has also been studied in 

some detail from the mechanistic standpoint [65]. The relative abundances of the 

fragment ions depend upon discharge voltage and pressure. The fragment ion 

peaks that appear in Figure 22 are relatively large. It is quite common to observer 

essentially no fragmentation in the mass spectrum for nitroaromatics. 

PETN has a molecular weight of 316. Essentially no molecular anion of 

PETN is observed in the mass spectrum under normal conditions. We have 

observed molecular anions of PETN under conditions of high PETN concentration. 

The mechanisms for its formation under these conditions is unclear in light of the 

apparent lack of radical anion formation under low PETN concentration conditions. 

Perhaps a cluster ion is formed first under high concentration conditions and 

subsequently fragments to the molecular anion. Such a mechanism might account 

for the ability to observe intact molecular anions of PETN. Under low 

concentration electron capture conditions, which are most likely to prevail in an 

explosives detection scenario, the most intense high mass ion formed from PETN 

is observed at m/z 240 and corresponds to the molecular anion less a CH,ONO, 

group. The major ion observed in the mass spectrum of PETN appears at m/z 62 

and corresponds to NO,. We have already demonstrated that the nitrate ion 

formed from nitrate esters is the expected nitrogen-centered species whereas a 

significant fraction of the NO; formed in the ASGDl source is the more weakly- 

bound peroxy structure [25]. In any case, a high mass ion is preferred for MS/MS. 

Therefore, the (M-CH,ONO,)- ion is typically chosen as the parent ion for 

explosives detection. 
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Like PETN, an intense molecular anion cannot be observed consistently for 

RDX. Several fragment ions are typically observed in the mass spectrum of RDX 

corresponding to the molecular anion less a nitro group (m/z 176), the ion 

corresponding to (M-NO,, HNO,). (m/z 129), and an ion Corresponding to 

CH,NCH,NNO, (m/z 102). As a rule, the highest mass species can provide the 

most structural information and is less likely to fall at the same m/z as some 

uninteresting species. Therefore, the ion at m/r  176 is typically chosen as the 

parent ion for MS/MS. Although not shown here, HMX, the eight-membered ring 

analog to RDX (m.w.=296) also shows an intense (M-NO,). and behaves similarly 

under MS/MS conditions. These ions, as well as the m/z 240 ion from PETN, are 

quite satisfactory parent ions for MS/MS explosives detection. 

B. Mass Spectrometry/ 

There are several methods for acquiring MS/MS data on the T§Q 700. The 

conventional method involves selecting the parent ion with the first mass analyzer 

(Ql) ,  fragmenting the parent ion via collisional activation with a neutral target gas 

such as argon in the octapole region (Q2), and mass analyzing with the second 

mass analyzer (Q3). The resulting MS/MS spectra for TNT, PETN, and RDX are 

shown in Figures 24, 25, and 26, respectively. In the PNT MS/MS spectrum, 

fragments due to loss of OH (m/z 210) and NO (m/z 197) are the most dominant 

ions observed along with the NO; ion (m/z 46). The fragments arising from loss 

of OH and loss of NO were discussed above. The fact that they appear as the 

major fragment ions in the MS/MS spectrum confirms that they arise frorn the 

fnolecular anion. ‘They are therefore formed in a step-wise fashion involving 

electron capture as the first step. 

The only product ion observed in the MS/MS spectrum of the (M-CH,ONO,)- 

(Figure 25) ion frorn PETN is NO,. As a rule, such a simple MS/ S spectrum is 

a mixed blessing in targeted compound analysis. On one hand, all of the product 

ion signal concentrated in a single peak is an advantage from the point of view of 

sensitivity. On the other hand, specificity may suffer since the identification is 
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based on a single product ion. In this case, the 240-62 transition appears to 

provide quite adequate specificity as we have yet to observe any other compound 

behave in this manner. 

The MS/MS spectrum of the (M-NO,). ion from RDX (m/z 176) yields a 

product ion from the loss of a CH,NNO, group (m/z 102) and the characteristic 

NO, ion (m/z 46) (see Figure 26). The loss of CH,NNQ, from heterocyclic 

nitramine anions appears to be quite characteristic Anions derived from HMX also 

behave in this way. Like the 240-62 transition with PETN, the 176-1 02 transition 

appears to be highly specific for PETN. If higher specificity is required, the 

coincident detection of the 176-46 transition could be used. To date, however, we 

have not found it to be necessary to use both trarisitions for explosives detection. 

As mentioned in previous sections, the ability to petform M%/MS on a 

selected ion from the mass spectrum of an explosive provides dramatically 

enhanced specificity in the analysis which helps minimize the potential for false 

alarms. For example, there is occasionally a background ion at rm/z 176 which, of 

course, is the same mass/charge used to identify WBX. t1owever, when MS/MS 

on this background ion is performed, the characteristic product ions for RDX (m/z 

102 and m/2 46) arc not found; in fact the ion undergoes very little fragmentation. 

(This ion apparently tends to undergo electron detachment yielding no information 

as to its structure.) Thus, in cases in which this ion appears in the mass spectrum, 

a single stage of mass analysis might lead to the conclusion that RDX was 

present. However, the second stage of mass analysis can clearly establish that 

this ion is not derived from RDX. Our experience has indicated that this 

background species is most important when we sample packayes and therefore 

rnay somehow be related to commonly used packing materials. 

A second method for acquiring MS/MS data resembles the conventional 

method with the exception that the first quadrupole ((21) operates as a high-pass 

filter (allowing only certain ions above a specified mass/charge value to pass). 

This is the "targeted product ion" mode [37] discussed in Section V. It is a 

"reduced specificity" form of MS/MS in which the parent-product ion relationship 
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is not defined by the experiment resulting in loss in specificity relative to 

conventional MS/MS scan. However, one advantage of this method is increased 

transmission of parent ions. This mode of operation is useful for compound 

classes that yield a common product ion upon collisional activation. For example, 

NO, is a characteristic product ion of nitroaromatics and NO, is a characteristic 

product of nitrate esters. In the case of TNT, the NO, ion would be the targeted 

product ion. To take full advantage of this application, the NO, signal in the 

MS/MS spectrum of M- of TNT was maximized. This was done by experimentally 

determining the optimum collision energy for NO,' production. Figure 27 shows 

this energy resolved (ERMS) plot acquired with 20% parent ion beam attenuation. 

Under these conditions, laboratory collision energies (Elab) around 40 eV provide 

the best compromise between transmission and NO2- production. A variation of 

the "targeted product ion" mode is to scan over a narrow m/z range (to improve 

duty cycle). Examples of the targeted product ion spectra are given in Figure 28. 

Note that the energy-resolved plot of Figure 27 can provide enhanced 

informing power, or specificity, if needed. This point was discussed briefly in 

Section IV. Even in cases in which the same mass/charge values are observed 

for both parent ions and product ions of two different species, these species may 

be distinguishable based on their energy-resolved MS/MS spectra. The variation 

in product ion relative abundances as a function of collision energy or pressure 

may provide the necessary distinguishing behavior. This approach adds the 

internal energy-dependent behavior of an ion to the criteria for identification. This 

approach is most often required in distinguishing isomeric species and is not 

expected to be necessary in the explosives detection scenario. However, if 
desirable, it is likely that various substituted nitroaromatics could be distinguished 

on this basis. 

C. 

On the triple quadrupole system, the relative sensitivities for explosives in 

the various operating modes are substantially different. On a relative scale, the 

Sensitivities in Various Operating Modes 
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Figure 28. Targeted product ion mass spectra for TNT. 
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sensitivity of the various modes of operation are in order of decreasing (best to 

worst) sensitivity: 

MS > TARGETED twomm- > MS/MS 

In the standard fu.ll.-~~I MS mode, when the second qua rupole (Q3) is scanned, 

we can inject ten picograms of an explosive (TNT or RDX) and detect a signal 

associated with the explosive (m/z 227 or m/z 176). At these injection levels with 

fu l l  scan, it is difficult to see the ion in the total ion chromatogram due to the large 

contributions of the normal background ions, but when the chromatogram is 

reconstructed to plot only the ion of interest, the signal/background is good. The 

levels injected correspond to explosives at the sub-ppb level in air. Of course, 

single ion monitoring provides much lower detection limits due to the 100% duty 

cycle (see Section IV). Detection limits for RDX of 400 fg in air, for example, were 

measured with our original quadrupole/tii~e-of-Tiighi instrument operated in single 

ion monitoring mode [66] .  Sub-picogram detection iirnits are also expected with 

the TSQ 700 operated in this manner. 

However, when going to the MS/MS experiment in a beam-type instrument, 

various parameters corne into play which affect the sensitivity, such as 

transmission losses, fragmeritation efficiency, and collection efficiency (see also 

Section IV). First, the transmission of ions through the first quadrupole is reduced 

when going from an rf-only mode to an rf/dc mode. Second, scattering losses in 

the collision region where the analyte ions undergo collisions with the neutral target 

reduces transmission of ions into the second quadrupole. '1-hus, greater levels sf 

analyte would be required in order to obtain meaningful data. Typically, detection 

limits on the TSQ '700 in MSlMS mode are about ten times worse than MS. 

In the targeted product ion mode the first quadrupole operates in rf-only 

mode, which increases ion transmission, giving better sensitivities than standard 

MS/MS conditions. However, the sensitivity does not approach MS sensitivities 

because there is still inefficient collection of product ions and small transmission 

losses from the collision region to the second quadrupole. In the ion trap, 

however, the sensitivities between MS and MS/MS do not differ appreciably 
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because there are essentially no transmission losses and the collision process is 

very efficient (see Section IV). 

D. Automated Explosives Detection 

Automated monitoring systems for identifying the presence of toxic or 

controlled substances are of great importance in many government and industrial 

applications. Minimal user interaction and technical skill are required in many 

cases for complete automated analysis of gaseous or liquid samples. This section 

addresses the development of an instrument control application with a simple user 

interface to run the TSQ 700. 

The Finnigan TSQ 700 is a highly computerized mass spectrometer with 

very few manual dials for control of instrumental parameters. There are only three 

manual dials, two buttons and four display panels on the unmodified instrument. 

A picture of the TSQ 700 with the ASGDI modification and the associated work 

station is provided in Figure 29. The three dials control needle valves that regulate 

flows of the calibration, chemical ionization, and CID gases into the instrument. 

The pressure measured in the source and collision cell regions of the instrument 

are sent to the two displays on the right side of the front panel of the instrument. 

The other two display panels on the left side of the instrument are used to monitor 

the detector. Finally, one of the buttons provided on the front of the instrument 

is an emergency shutoff switch that was included mainly for safety while the other 

controls the "ball valve" inlet system on the unmodified instrument (the ball valve 

assembly was replaced with the ASGDI source inlet). Thus, there is no way of 
controlling the instrument from the front panel. Instrument control is accomplished 

entirely via software on the data system. While this arrangement may seem to be 

a disadvantage to those who prefer to manipulate knobs manually, it has many 

advantages for a triple quadrupole mass spectrometer (e.g. the ability to scan 

voltages applied to lens elements during a mass spectrum scan to optimize 

transmission across the entire scan) and is absolutely essential for developing an 
automated explosives detector based on this instrument. 
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There are two kinds of software on the TSQ-700. Instrument control 

software is loaded into “read-only memory’’ (ROMs) on three Finnigan Single 

Board Controllers (FSBCs) that are located at the left lower rear area of the 

instrument. The FSBC’s are the Instrument Control (IC) FSBC, Display Control 

(DC) FSBC and Real-Time Interface Control (RC) FSBC. The software is executed 

by CPU’s located on these boards. This software, referred to as “firmware”, is 

loaded from the hard drive of the data system (shown on the right in Figure 29) 

when the instrumental control window is invoked. Data analysis and manipulation 

software applications are stored on the hard drive of the data system and are 

executed by the DEC workstation. This software is referred to as ICISW (Interactive 

Chemical Information System). The physical link between the on-board CPU’s 
and the data system is an ethernet connection. 

The instrument control window is invoked by selecting the TSQ 700 menu 

selection from the lClS Executive Application list. A series of instrument control 

programs (Le. firmware programs) are run within this window. For example, the 

most often used instrument control windows are: TUNE (provides a means of 

automatically optimizing voltages applied to various components of the mass 

spectrometer and viewing the results), QUADS (shows the current scan mode and 

instrument status), VALVE (shows instrument pressures’ and valve and pump 

status), PROF (displays profile mass spectra for each scan of the instrument) and 

ANALYSIS (allows spectra to be stored to disk and the integration of GC and 

instrument control procedures). A screen snapshot of these windows is provided 

in Figure 30. The status of the instrument is continually updated in these windows. 

The use of these windows is the subject of several chapters in the TSC 700 

documentation. These views can be displayed simultaneously within the 

instrument control window or expanded to full size for better viewing. The TSQ- 

700 documentation cites 33 different views and can be grouped according to the 

following categories: Display Control, Inlet Control, Mass Spectrometer Control, 

Mass Spectrometer Status, Data Acquisition, Data System Display, ICL Utility, 

General Utility and Diagnostic. 
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There are different classes of commands that are used to control the TSQ- 

700 and the display windows but the class that is most relevant to this discussion 

are ICL commands. These commands are often referred to as “dot-commands” 

because they are preceded by a period (e.g. “.qlms”). These commands can 

set a value (e.g. “.emult 1500” sets the electron multiplier to 1500 V) or perform 

a task (as. ‘[.cgon” opens the solenoid valve controlling the calibration gas). The 

ICL language contains key words similar to those found in BASIC or C that can be 

used to create conditional statements and loops. Most important to the 

development of an automated explosives detector, these key words can be 

combined to create instrument control procedures, hereon referred to as “ICL 

procedures”. 

1. ICL Procedures 

An ICL procedure is a set of ICL commands that have been entered into an 

editor and saved to the disk under a specific filename (*.ICL). The EDlC 

instrument control view is used to create these files. Once an ICL procedure has 

been created and saved to the hard drive, it can be invoked as an ICL command 

(Le. a dot command). There is a large directory of ICL procedures supplied by 

Finnigan to control the instrument and these may be called within user defined ICL 

procedures. The only difference is that the dot is not used within an ICL 

procedure. 

As noted in the ICL help display on the data system, ICL keywords are 

divided into seven classes. These classes are Parameters, Tables of Parameters, 

Commands, Feedback words, Command / Feedback words, Procedures and 

Structure words. Parameters are used to set instrument variables (e.g. FM = 150 

means set the first scan mass to 150). Tables of parameters deal with collections 

of data such as user lists (e.g. X = ULlST(32,2) where ULiST refers ta the user list 

that resembles a spreadsheet) and tune tables (e.g. L1 l(69) + = 1). User lists are 

useful for storing, listing and manipulating sets of numbers. The designation 
L1 l(69) in the example above refers to the voltage stored in the tune table for lens 
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1-1 at rn/r 69 (lens voltages can be scanned during the acquisition of a mass 

spectrum). Coi~~mands initiate an action of some kind or perbrm a task and may 

have a set of arguments (e.y. GO 100,150,.1). In this example, one scan is 

performed from m/z 160 to m/z 150 in 0.1 second. Feedback words can receive 

input from sensors or calculations (e.g. IF lSPR > 10008 : .# Pressure ~QCI high!). 

The sensor monitoring source pressure is accessed by the keyword iSPR as 

shown in the example above and a decision can then be made. Command / 
Feedback words return a value if used in an expression or perlotin a task if used 

by .themselves (e.g. “CENTf makes the data system display centroid spectra while 

CENT in the expression “IF CENT: PPOT(RT’,AREA) : ELSE: F9k.0T(RT,WElGHT)” 

returns either true or false. The category labelled Procedures is somewhat 

confusing since procedures can function as cotiiniands or feedback words. The 

distinction appears to be that a top level procedure is considered a “Procedure” 

while any procedure called within that procedure becomes a “Command” or 

“Fsedback” word. Firsaily, structure keywords (e.9. if, else, do, repeat, etc.) am 

used to bind together cormiands and feedback words into prucedrrres. 

Two examples of ICL procedures that were provided with the TSQ 760 are 

ShoWi? in Figures 31 and 32. The “ON” procedure shown it7 Figure 31 is useful 

when operating the instrument in ekctron ionization (El) mode. This procedure? 

turns on the filament in the El source, the electroii multiplier atid the conversion 

dynode of the unmodified insirument. This example illustrates using feedback to 

make decisions. The second procedure shown in Figure 32 simply illustrates the  

me of other procedixes as con-rrnands within a IIW procedure (Le. the csmmand 

SETUP Is a procedure stored on t k  hard disk as “SETUP.ICL” and similarly for 

TLJNEQi and ‘TUNEQ3). [ h e  ability to create these procedures with a high 

degree of computer control over instrumental parzrneters was critical to the 

successful development of an automated explosives detector using a triple 

q u ad r u p o I e R? as s s p e cl r o m e t e I .  

- 
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dt! TURN ON FILAMENT,MULTIPLIER AND DYNODE 

# DEFAULT PARAMETER ONE FOR ECURR 
if (isource !=  5) 
if %l; else; %1 = recurriend 
if %I != ecurr; ecurr = %l;recurr = %l 

..#FILAMENT;..ecurr;..#uA;end 
end 
# DEFAULT PARAMETER THREE FOR DYNODE 
if %3; else; %3 = rcdyn;end 
cdyn ( % 3 )  ; rcdyn= %3 

# DEFAULT PARAMETER TWO FOR ELECTRON MULTIPLIER 
if %2; else; %2 = remultiend 
if %Z ! =  emult; emult = %Z;remult = %2 

. . #  

. . #  DYNODE;..cdyn/lOOO;.#KV;end 
MULTIPLIER; . . emult; . . #V 

PF4 :EDIT/CMD ------- PAGE --_---- -------- LINE _-__-_-- 
PF6: SAVE PF8:RUN SPF6:SAVE SPF8 :RUN PF14:ABORT 
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EDIC: - 

I 
Wed Jul 7 11:32:53 1993 tmq-toa TSQ 70  

Figure 31. Example of an ICL procedure. 
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2. Automated Explosives Detection Procedures 

Simple user interaction and display of results were the principal software 

design considerations for the development of an automated explosives detector. 

Instrumental and sampling considerations have been discussed elsewhere. The 

ICL procedures discussed in the previous section and a “GUIDE” window added 

in the last TSQ-700 software update allowed for a very simple push-button sensor 

application to be developed. A listing of each of the ICL procedures that: comprise 

the automated explosives detector software is provided in Appendix It. 
The guide window was added by Finnigan to allow commands to be 

associated with icon “buttons” displayed on the screen of the data system as 

shown in Figure 33. Users can then select actions listed on each button rather 

than trying to operate the instrument through the more complicated windows 

shown previously in Figure 30. An option is selected by clicking on the button with 

a mouse. Once a button has been selected an associated ICL procedure is 

executed. There can be nine buttons displayed in the guide window at one time. 

The button command consists of a series of digits followed by “.#<button 

labe!>” where the button label is a short text description displayed inside the 

square button. A longer text description can be included and is displayed above 

the button. The last item in the button command is the name of the ICL procedure 

to be executed if the button is selected. 

commands can be found in the “BUTOP” ICL procedure in Appendix 11. 
An example of using the button 

A screen dump of the main menu of the ORNL Explosives Detector 

application is shown in Figure 33. This menu was initiated by executing the 

BUTOP ICL procedure and was displayed in the GUIDE window. This window can 

be expanded to fill the entire screen as shown in Figure 34. There are three 

options in this first screen: 1) TUNE, 2) START and 3) RESET. The new button 

ICL commands also support color so each button can be assigned a different 

color. The first option calls ICL procedures to tune the instrument for optimal 

performance and calibrates the mass scale. Most of these procedures were 



94 

re 33. Guide window showing icon 'sZ~uttons" allowing simple push-button 
opera tion. 



Main Menu 

ORNL EXPLOSIVES DETECTOR VER 1 AUGUST 3, 1992 

TUNE AND 
CALIBRATE SYSTEM 

START 
MONITORING 

RESET 
BACKGROUND 

Figure 34. Screen display of the main menu of the ORNL Explosives Detector 
application. 
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provided with the instrument and only minor changes were required to support the 

use of trifluoromethylcyclohsxane as a tuning and calibration compound instead 

af Cserflerorotrib~tylarnir7e. 7rifluoromethg/lcy@lshexane was used because it 

provided bctter spectra under the PaSGDl conditions used for exploskcs detection. 

The secaad opliori eaik a set of procedures which continually acquires mass 

spectra and monitors for a significant ion abundance at selected miz’s Tne third 
,a <- AI option ci-iaracteriees background ion intensity at the selected m/z’s 2nd res ” 1 3 L172 

values uscd when the second option is selected. ?his option is automatically 

exccirted when ihe tune and calibrate optiorl is selected 
- 

I h c  m~n i i~ r i r rg  option repi esents the Sulk r?f the automated cxplos1~es 

deteclzrr software. I hti ICP cornrrrands provide a means of accessing spectra 

irnrnediately after acquisition so on-line analysis of thc spectra is possible. A 

methud to cofitin~oudy acquire M S  spectra using the ASGBl ion source arid 

r noniioring thc spectra far ions with rri/r’s corresponditig to psleni~al parent ions 

of sciected ~xplosives has  be:":^ implerncfiied. P. tiow chart of the algorithm used 

is provicled in Pigire 35. l h c  scrccn displayed to thc user is split m h m  the  

mcmtaring nmde is sdccted as shown in Figure 36. The GUII9E window is 

reduced in sire and resides  ti the Icf side of the screen. ,4n “PILL CXEA9’’ 

message is displayed at the top of this sctecn if no sekcted ions have been 

detectcd above bxkgtnund A stop option IS included at the bottom of this 

windnw. the profile MS spectrum obtainrd is displayed on the right side of the 

sLrec,i. If 017:i of the parent iW7S of the selected explosives is det3ctEd. the user 

is alerted b y  3 messagc in the GIIIDE window (i.2. “!! WARNING ‘ I  POSSIBLE 

FXPLOSlVE !! WARNING ! ! ’ I )  as shown in Figure 37 A reset option is also 

pr nvided. I iic corresponding profile mass spectrum is displa\t;>d in the PROF 

window on the rig171 of the screen. 

- 

- 

- 

Confirmation of the presence of one of the targeted explosivcs is obtained 

by  autornaticdliy switching the  instrument into MS/MS mode and acyuiiing a CIU 

product spectrum. The MS and MS/MS spectra obtained for INB, PEIN and RDX 

were discussed in sections V I A  and V1.B Sf the presence of one of these 
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Monitor MS for m/z 240, 
m/z 227 and m/z 176 

Call TNT, PETN or RDX 
MS/MS Procedure 

ALERT USER 

Figure 35. Flow chart of algorithm used for automated explosives detection 
on the ASGDI/TSQ700. 





Possible Explosive Parent Ion Detected 

V 

Figure 37. Split screen display when possible explosive found. 
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explosives is confirmed by the presence of diagnostic product ions in the MS/MS 

spectrum, the user is alerted in the GUIDE window (i.e. “!! AI..EF?T !! EXPL.OSIVE 

[SETECTED !! ALERT !!”) and a signal is sent to a user output located on one 

of the TSQ 700 electronics boards. This signal drives a flashing red light located 

on the top of the instrument. Ihe alert screen is shown in Figure 38. The MS/MS 
spectrum acquired is displayed in the PROF window on the right of the sc,reen. -- 
A snapshot of the screen is also sent to the printer for a hard copy record. 

Chemical background signals are measured at the selected m/z’s in the 

MS and MS/MS spectra by using the reset background option. 7-he backgroimd 

abundances measured using the “BOC9MBACK” proceduces included in Appendix 

II are stored in a user list. The background abundance stored in the user list is 

five times the actml background averaged aver 10 scai-~s. I I-IIJS, a sianai-to- 

hackground ratio (S/i3) of 5 is used as a decisior-I threshold for delerr:iining the  

presence of selected parent axi  product ions in the spectra being rnoriitorsd. The 

largest zontribuior to cheniicai noisc in the MS spectra is the normal backgrour-id 

associated with the ASGDI source. Field testing of the  instrument or a specific 

effort to simiilate background chemicals encoimiered in the field / s  required to 

address thc ePfeci of these ct-wmicals on the automated explosives detector. 

However, chemical background is rnii7imal in MS/MS spectra unless there is an 

isobaric pai-eilt ion that produces the product ions being monitored, a situation not 

yet encountered. Electronic background or noise is zeroed during tuning. 

- 
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Figure 38. Split screen display when explosive confirmed by MSNS.  





V11. COMPARISON OF ASGDI ON VARIOUS TANDEM MASS 
SPECTROMETERS 

Section IV emphasized generic differences and similarities in various 

approaches to tandem mass spectrometry. At ORNL, we have three instruments 

capable of MS/MS coupled with ASGDI. We have therefore performed bench-mark 

experiments to provide for quantitative comparison of the different MS/MS 

geometry instruments. The comparison involved the ASGDIflSQ 700, as 

described in the previous section, an ASGDl/ion trap system, and an 

ASGDl/quadrupole/time-of-flight system. The latter instruments are described 

briefly below. 

Quadrupole ion trap technology for tandem mass spectrometry was 

described in Section 1V.B under the category of ion trapping instruments. As 

mentioned in that section, the ion trap is not well suited to forming anions by 

conventional in-situ ionization. We therefore coupled an ASGDI source with an ion 

trap [60] as shown schematically in Figure 39. The rationale behind the use of 

ASGD1 with the ion trap is to form the anions in an environment with a large 

number density of slow electrons rather than in the ion trap itself where there is a 

low number density of slow electrons. The anions that issue from the ASGDl 
source are focussed onto the aperture of the entrance end-cap during the ion 

accumulation step by the three-element lens system indicated in the figure. At all 

other times, ions are deflected from the entrance end-cap by the central lens 

element, which is comprised of two semi-circular half-plates to allow for ion 

deflection. A key to the successful mating of external ion sources with an ion trap 

is the efficiency of ion injection. Ion injection is facilitated by the presence of 

helium in the vacuum system at a pressure of about one millitorr. Collisions with 

helium constitute a damping factor that enhances the probability that an ion 

injected from an external ion source is trapped. In our system, we estimate an ion 

injection efficiency of 1-5%. 

1 03 
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Pigeire 39. Side-view schematic of the ASG"D1 source coupled with the 
quadrLple ion trap. 
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The quadrupole/time-of-flight (QT) instrument was the first tandem mass 

spectrometer coupled with the ASGDI source for explosives detection 166,671. A 
schematic diagram of this instrument is shown in Figure 40. The QT instrument 

is , of course, a beam-type instrument which is essentially identical to the TSQ 700 

up to the collision region. The collision region in the QT is a small gas-filled 

chamber with entrance and exit apertures for the beam and ports for admitting 

collision gas and for measuring pressure. Unlike the octapole collision cell of the 

TSQ 700, there are no external fields present to minimize scattering losses. The 

other major difference between the two beam-type instruments lies in the second 

mass analyzer, viz. a quadrupole mass filter versus time-of-flight. The time-of-flight 

portion of the instrument consists of a linear drift region of 1 meter. The ions are 

gated into the drift tube by a set of deflection plates mounted on the last plate of 

the acceleration lens assembly (see Figure 40). After transit though the time-of- 

flight region, the ions are detected with a conversion dynode/electron multiplier 

detector identical to that used with the ion trap system. Because the ion energy 

is in the tens of electron-volts range for analysis by the quadrupole, and in the 

kiloelectronvolt range for time-of-flight analysis, one section of the instrument must 

be floated at high voltage by enclosing the drift region with a screen, electrically 

isolated from the vacuum hardware. Thus, the source and the quadrupole are 

operated at near ground potential. The quadrupole, collision cell, and lens system 

are housed in a six-way cross with ten inch Conflat flanges. This region is 

pumped by a 1000 L/s turbomolecular pump. 

. 

For comparison, the MS/MS spectra of the TNT molecular anion, the m/z 
240 parent ion from PETN, and the m/z 176 parent ion from RDX obtained on the 
TSQ 700 and those acquired on the ASGDI/QT and ASGDI/ITMS instruments are 

shown in Figures 41, 42, and 43, respectively. Overall, the spectra are similar to 

each other but there are qualitative differences due to differences in the mass 

analyzers and in the collisional activation conditions. For the TSQ 700 and QT, the 

collisional activation conditions are similar but the analyzers are different (Q vs. T). 

Of particular note is the inferior resolution provided by the QT. The collisional 
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. Schematic diagram of the ASGDX source and quaclrupok/time-of- 
flight. 
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MSMS of TNT ( d z  227) vs Instrument 

anal- 

Figure 41. MS/MS of TNT vs. Instrument 
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MSMS of PETN ( d z  240) vs Instrument 

TSQ 700" 

re 42. MS/MS of PETN vs. Instrument 
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MSMS of RDX ( d z  176) vs Instrument 

'Oal TSQ 700" I 

"1 7334s" 

Figure 43. MSIMS of RDX vs. Instrument 
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activation conditions in the ion trap differ from those of the T§Q 700 and the QT 

in that it is a slow heating process which leads to complete dissociation of the 

parent ion (note the lack af significant parent ion intensity in the MS/MS spectrum). 

The overall efficiency of the MS/MS process (dissociation and collection) on the 

ion trap often approaches 100%. The data show similar high mass product ions, 

but NO, is not observed in the MS/MS spectrum of TNT on the ion trap because 

a low mass cut-off of 50 was used to acquire the spectrum. 

Since a standard quantifiable vapor generator was not available to us, we 

sampled the head space vapor of a few hundred milligrams of TNT in a scintillation 

vial for the direct comparison studies. This provided a reproducible, constant flux 

of TNT into the various instruments. The data were collected for two seconds to 

normalize the analyte quantity sampled by each instrument. A quantitative 

measure of "signal/noise" for each experiment was taken as the analyte signal (less 

background signal) divided by three times the standard deviation of the 

background signal. For the beam-type instruments (TSQ and QP), the NO,- 
product ion was used as the analyte signal whereas the product ion at m/z 210 

was used for the ITMS data. Table IV summarizes the "signal/noise" results 

acquired under the various MS/MS operating modes. The various operating 

modes establish compromises between signal/noise and specificity via the normal 

trade-offs between resolution and transmission, duty cycle, and scan length, etc. 

These modes were described in Section 1V.C relative to the TSQ 700. All of the 

scan modes are possible with the TSQ 700 while some are either not possible or 

are difficult to perform with the other geometries The most direct comparison to 

evaluate signal/noise at equal specificity comes from the data acquired with Q1 

resolution > 400 and Q3 resolution maximized. For the TSQ 700 and the ITMS, 

product ion resolving powers are comparable. However, the product ion 

resolution for the QT is at least an order of magnitude lower. The TSQ 700 

provides slightly better signal/background than does the QT with superior 

specificity. The ITMS, however, provides roughly an order of magnitude greater 

signal/background with specificity at least as good as that of the TSQ 700. 
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However, if specificity is sacrificed, the beam-type instruments can come closer to 

the performance of the ITMS. This is apparent in the numbers obtained using 

various forms of parent ion resolution degradation, including targeted product ion 

mode. The TSQ 700 can approach the performance of the ITMS in the targeted 

product ion mode with a narrow scan (to improve duty cycle) over the m/z 46 

product ion. An analogous procedure is not available for the QT. 

TSQ700 OPERATIONAL MODES 

Q1 Q3 

m/Am > 400 m/Am > 400, Full Scan 

m/Am > 400 m/Am 50, Full Scan 

RF only, m/z > 180 m/Am > 400, Full Scan 

RF only, m/z > 180 m/Am 50, Full Scan 

m/Am > 400, Narrow 
Scan RF only, m/z > 180 

MS/MS SignaVNoise 

TSQ700 QT ITMS 

30 - 200 

- 20 

75 - - 

- 75 

1 50 

It is clear from this comparison that, as anticipated, the ion trap provides 

superior sensitivity in MS/MS relative to the beam-type technologies. This follows 

from the high collection efficiency for product ions and the high fragmentation 

efficiency afforded by the ion trap collisional activation process. Nevertheless, the 

TSQ 700, at some sacrifice in specificity, can approach the sensitivity of the ion 

trap for a single targeted compound. 





VIII. INTEGRATION OF THE FAA GLOW DISCHARGEflRlPLE QUADRUPOE 
TANDEM MASS SPECTROMETER WITH THE ION TRACK INSTRUMENTS 

ROTARY TRAP VAPOR PRECONCENTFMTOR 

A. Ion Track Instruments Rotary Trap Vapor Preconcentrator 

Concentration in the rotary trap vapor preconcentrator developed by Ion 

Track Instruments is based on high flow rate air sampling, followed by sample 

adsorption on a chromatographic stationary phase, and subsequent thermal 

desorption into a low flow rate effluent stream. A schematic drawing (top view) of 

the backing plate for the sampling head of the rotary trap is shown in Figure 44. 

The surface of the backing plate, fabricated from machineable ceramic, is sealed 

by silica vapor deposition to ensure that no porous adsorption sites for explosives 

vapor are present. A thin channel encompassing the sample air inlet, the detector 

exhaust, and the main purge inlet is machined between the two concentric '0'-ring 

grooves in the top of the backing plate; a deeper channel is cut between the 

grooves around the other half of the backing plate. A thin metallic sampling disk 

(not shown), coated with the chromatographic support, is positioned atop two 

graphite '0'-rings seated in the grooves. During operation, the sampling disk 

rotates in a counterclockwise direction at 5 rpm. Two small contact heaters are 

positioned on top of the sampling disk above the sample air inlet and detector 

exhaust ports. The heaters are maintained at different temperatures (80 'C 

sample inlet, 170 "C detector exhaust) so that a positive temperature gradient 

exists between the sample inlet and detector exhaust points. 

The sampling disk, channels, and '0'-rings define the gas path for sample, 

purge, and carrier flows in the trap. Moving counterclockwise, the section located 

between the sample inlet and the first carrier gas inlet is designated as the pre- 

strip region and the section between the two carrier gas inlets as the stripping 

region. Ambient air is pulled into the system with a multi-stage turbine pump (1 

liter-sec") which pumps the gas path through the vacuum exhaust port. Sample 

air entering the system (-50 cm3-s-') through the sample air inlet impinges upon 

1 1 3  
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ure 44. A schematic drawing (top view) of the backing plate for the 
sampling head of the rotary trap. 
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the sampling disk where vapors are trapped by the chromatographic phase. As 

the sampling disk rotates through the pre-strip region, contaminants are desorbed, 

entrained in the carrier gas, and carried toward the vacuum exhaust port while 

explosives compounds remain trapped. As the explosives fraction of the sample 

enters the stripping region, the temperature is rapidly increased to 170 "C so that 

all explosives are desorbed and swept out the detector exhaust by the carrier gas. 

As the sampling disk continues to rotate past the detector exhaust, it enters the 

purge region where it is cooled to within a few degrees of ambient temperature by  

a flow of clean air entering through the main purge port. 

B. Performance Characteristics of the Rotary Trap/ASGDI/TSQ700 
System 

Before experiments characterizing the rotary trap/ASGDl/TSQ700 system 

were initiated, a series of experiments were performed with the ASGDI/TSQ700 

instrument to determine the effect of the rotary trap on the standard flow rate (- 

2.7 cm3-s-') into the ASGDI source. With only the transfer line attached to the 

source, the flow rate into the source remained unchanged. When the transfer line 

was connected between the rotary trap and the ASGDi source, the flow rate at the 

detector exhaust of the sampling head also was 2.7 cm3-s-'. Thus, it was 

concluded that the rotary trap had a negligible effect on the ASGDl sampling rate. 

Additional measurements were made to ascertain linearity of the 

ASGDI/TSQ700 response for explosive vapors. Multiple injections of 1, 2, 3, and 

4 cm3 of sample vapor from a heated syringe (supplied by ITI) loaded with RDX 
were made into the source via the transfer line. A conversion table (also provided 

by 1TI) relating syringe temperature to sample vapor concentration was used to 

determine the amount of RDX injected. The syringe was heated to 60 "C 

corresponding to 11.6 pg-cm" of RDX. Data for the characteristic RDX signal at 

m/z 176 were acquired in single MS mode; the peak area is plotted versus injected 

volume in Figure 45. The plot confirms the linearity of the ASGDl/TSQ780 

response for RDX over a range of about 10 pg to 40 pg. The linear dynamic 

. 
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Figure 45. Plot of peak area for m/z 176 from RDX versus injected volume. 
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range of the instrument is expected to extended several orders of magnitude 

beyond this range. 

The last step prior to explosives vapor sampling with the rotary 

trap/ASGDI/TSQ700 system involved optimization of the pre-strip and post-strip 

carrier gas (zero air) flow rates for the rotary trap. The adjustment was performed 

by establishing a constant level of TNT vapor and then observing the signal 

intensity of the TNT molecular anion (m/z 227) while varying the flow rates. The 

optimum response was obtained at pre- and post-strip flow rates of -1 6 cm3-min-' 

as shown in Table V. The flowmeter calibration data (cm3-min-' vs mm> were 

supplied by ITI. All subsequent experiments were performed using these flow rate 

settings. 

The experiments designed to determine the degree of ASGDI/TSQ700 

performance enhancement provided by the rotary trap entailed comparison of TNT 

signal response "without" and "with" the preconcentration unit. The transfer line 

was always attached to the ASGDI source (although the rotary trap was obviously 

not connected in the "without" experiments) to eliminate possible ambiguities 

associated with that parameter. In the first set of experiments, a small quantity (- 

10 mg) of crystalline TNT was placed in a closed 20 mL vial and allowed to 

equilibrate at ambient temperature. The headspace vapor was then sampled via 

a short length of Teflon tubing connected to the transfer line only in the "without" 

experiment, and via the heated sampling probe and rotary trap in the "with" 

experiment. The mass spectral data (Figure 46), acquired at a rate of one 

complete mass scan per second, showed similar maximum intensities at m/z 227 

(TNT-) for both situations. However, the "without" signal maximum was gradually 

reached over a period of some 10 minutes, while the "with" signal exhibited a 

prompt maximum followed by an exponential-type decay to a plateau over roughly 

the same period. The delayed "without" response was attributed to the time 

required for TNT molecules to cover the available adsorption sites in the Teflon 

tubing, while the declining "with" response was presumably due to sample vapor 

depletion during sampling. 



100 

50 

sampling tnt from vial-without rotary trap 

m/z:227 

sampling tnt from vial-with rotary trap 

100 

50 

600 

- E+07 
1.674 

- E+07 
1.558 

re 46. Headspace vapor analysis of TNT in a vial. 
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Table V. Carrier Gas Flow Optimization for the IT1 Rotary Trap 

Scan Pre-Strip Flaw Post-Strip Flow Avg. Int. x 10" 
Numbers (cm3-min-') (cm3-min-') @ m/z 227 

1 54-251 16 16 2.38 

298-387 25 25 1.80 

430-530 37 37 1.32 

582-674 52 52 1.01 

855-934 7 7 1.84 

989- 1 080 16 16 1.76 

11 37-1 220 16 <6 1.78 

1266-1 354 16 7 1.68 

1 399-1 486 16 25 1.36 

151 7-1 61 1 16 37 1.12 

1645-1 737 <6 16 2.04 

1774-1 867 7 16 1.64 /I 1920-1962 
1 966- 1 996 25 16 1.56 

2048-21 28 37 16 

21 71 -2253 7 <6 

1.34 

1.59 

2298-2386 7 25 1.30 

2431 -2520 7 37 1.23 

2565-2654 <6 7 1.56 

2694-2785 25 7 1.47 

281 3-291 2 37 7 1.35 

The experiments were then modified to avoid the sampling problems noted 

above. The open sample vial was placed in a large (6 x 6 x 6 inches), heated (- 

40 'C) box, and a heated stainless steel tube was inserted through the box wall 
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so that the vapors could be sampled with either the transfer line (sans Teflon 

tubing) or the sampling probe. Experimental data (Figure 47) obtained using this 

apparatus now showed no variation in signal over the sampling period (- 10 min.), 

but there was still no discernible signal enhancement with the rotary trap. 

Triplicate 1 min. "without" and "with" sampling experiments were also performed 

with the same apparatus. The data, shown in Figure 48, also indicate no evidence 

of signal enhancement with the rotary trap. 

Given the inlet flow rates of about 50 cm3-s-' for the preconcentratar and 2.7 

cm3-s-' for the ASGDI/TSQ 700, the maximum possible concentration 

enhancement, as determined by the ratio of the inlet flow rates, is slightly less than 

twenty. This assumes that there are no losses along the way in material transport 

from the preconcentrator inlet to the mass spectrometer inlet. The fact that no 

apparent enhancement was observed might suggest a transport efficiency of 

roughly 5%. There are two obvioiis ways, therefore, to observe a concentration 

effect. One is to improve transport efficiency by identifying the major loss points 

and addressing them, if possible. Arwther is to simply reduce the inlet flow rate 

of the TSQ 700 to improve the inlet ratio In our preliminary studies, we could not 

clearly identify any easily correctable problems in material transport. Nevertheless, 

there is obviously room for improvement here and it might be reasonable to expect 

to achieve an enhancement of a factor of five or SO, based on the efficiency of the 

preconcentratsr coupled with an electron capture detector. The flow rate into the 

TSQ 700 is not easily adjustable without changing the source pressure. We 

therefore could not vary the inlet flow rate ratio by adjusting the mass 

spectrometer sampling rate. However, our preliminary work with smaller sampling 

rate ASGDl with the ion trap system show excellent prospects for reducing the inlet 

flow rate of the mass Spectrometer without adversely affecting sensitivity. For the 

reasons just given, despite the preliminary studies indicating little concentration 

effect, the rotary trap concept for explosives vapor concentration remains af 

interest for explosives detection with tandem mass spectrometry. 
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Figure 47. Headspace vapor analysis of TNT vial in a heated box. 
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IX. SUMMARY AND PROGNOSIS 

The atmospheric sampling glow discharge ionization/triple quadrupole 

tandem mass spectrometer is a powerful analytical tool for the development of 
explosives vapor detection equipment. In particular, its strengths are low to sub- 

picogram detection limits with unusually high specificity. Although not emphasized 

in this report, the system can also be used to identify unknown species and can 

be readily adapted for the identification of a wide variety of targeted compounds. 

In other words, the system can adapt to new threats as they evolve. This might 

entail the identification of diagnostic parent ions and product ions in the 

ASGDI/MS/MS procedure and straightforward software changes to modify the 

automated detection system. If the targeted species are much different chemically 

from high explosives, significant modification to the ionization method might be 

required. Nevertheless, there are very few species of moderate size that cannot 

be converted to gaseous ions with at least one of the wide variety of ionization 

methods developed for organic mass spectrometry. 

Given the specificity and sensitivity of the system, it can serve as a 

reference analytical device for evaluating the performance of less specific systems 

and can be used to evaluate the performance of various approaches to sampling 

and preconcentration. It can also be used to evaluate the purity of explosives 

when operated with the gas chromatograph supplied with the system. However, 

despite the fact that the system has been automated for explosives detection, the 

full potential of the system as an analytical tool for explosives detector 

development requires a well-trained and highly skilled operator. A field-deployable 

explosives detector based on beam-type tandem mass spectrometry technology 

need not be as powerful as the TSQ700. The ASGDl/TSQ700 is capable of a wide 

variety of experiments, many of which would certainly be of use in support of 

explosives detection research and development. The operator should therefore 

be aware of these experiments and what information they can provide and must 

. 

1 23 
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be able to implement them on a system that is almost totally under software 

control. 

In terms of field-deployed explosives vapor detection with tandem mass 

spectrometry, the triple quadrupole geometry would appear to be the most 

appropriate beam-type tandem mass spectrometer. Indeed, a triple quadrupole 

system for this purpose is already commercially available, although it employs 

atmospheric pressure ionization rather than ASGDI. The cast and size of this 

equipment has been a barrier to its more widespread use. The rapid development 

of the quadrupole ion trap as an analytical tandem mass spectrometer over the 

past decade has seen this technology come to rival and now surpass the more 

mature beam-type technologies for many targeted compound applications. In 

terms of size, cost, arid sensitivity, the ion trap is clearly more attractive as a field 

device. Until very recently, the finite storage capacity of the device was its greatest 

limitation in real-world applications. However, these limitations have been largely 

overcome with mass-selective ion accumulation and universal collisional activation 

techniques. For this reason, it is recommended that the ASGDI/TSQ700 system 

be regarded as a laboratory-based tool which can be of significant value in 

support of an explosives detection research and development program. Far 

explosives vapor detection technology for the field, the quadrupole ion trap 

coupled with an atmospheric sampling ionization method appears to be the most 

promising route to making a cost-effective system with the specificity of tandem 

mass spectrometry available for protection against terrorism. At BRNb, 

atmospheric sampling glow discharge ionization has proved to be a fast, rugged, 

sensitive, and inexpensive means for ionizing explosives vapors present in air with 

minimal matrix effects. 
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ICL procedures for automated explosives detection. 
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N A M E : F b u t o p  [ 1 
# Main menu f o r  ORNL Explosives Detector  I C L  Procedures 
# O a k  Ridge Natlkonal Laboratory, Analytical Chemistry D i v ,  
# P O  Box Z O O S ,  O a k  Ridge, T N  37831-6365 

PAGE 
1 

ssave(9);.#butop 
bclr  2; . # o r n l  explosives d e t e c t o r  ver  

Ak main menu c o n s i s t s  of t h r e e  buttons 
button 4 IL 0 6 7 ; . # T U N E ;  
.#tune andAcalibrate system;.#boomtune 

button 5 13 0 6 7 ; .#START; 
. #start”monitoring; . #boomsetup 
b u t t o n  6 4 0 6 7 ; . #RESET;  
.#reset^backgrou~d;.#bo~~ack 

1 August 3, 1 9 9 2  

# button no 1 
# c a l l  BGOMTUNE 

# button no 2 
# call BOOMSETUP 

# button no 3 
# call BOOMBACK 

viewnew; . #gu 
abort 

i I 

>ti ~ u g  10 10:23:49 1992 taq700 



f Mods by Oak Ridge National Laboratory, PO Box 
# Oak R i d g e ,  TN 37831-6365 
# This procedure is essentially the same as the 
% procedure provided w i t h  the TSQ-700. 

PAGE 
1 

setup 

t u n e q l  

tuneq3 

repea t  

# setup instrument for neg i ons  

cition; doze 10 
boomback # call 

boomstop # call 

procedure to t u n e  ql 

procedure t o  tune q3 

end 

2 0 0 8 ,  

Sxper'lune 

proc to characterize background 

proc to tGrn stuff off - g o t o  main m e n u  

------- PAGE ------- -------- LINE -------- PF4 :EDIT/CMD 
PF6 : SAVE 
PF7 :REST 

PF8 :RUN SPF 6 : SAVE SPF8 :RUN PF14 : ABORT 
PF9 : K I L L  SPF7 :REST SPF9:KILL PFll: CANCEL 

zaq7 0 G TSE 70 
on Aug 10 10:24:12 1992 



?AGE 
1 

Ak Oak Ridge National Laboratoryr k'u BOX L W U ~ ,  uah 
_ _  _ _  # TN, 37831-636: 

# T h i s  procedure sets t h e  i n s t r u m e n t  up f o r  explos ives  
# detec t ion  

pneg 
dneg 

emult 1300 
r e tu rn  

cdyn 2 0  

# 
# 
# 
# 

sets 
sets 
sets 
sets  

ql for negative ion m o d e  
93 for negat ive  i o n  mode 
conversion dynode t o  2 0  kV 
i n i t i a l  multiplier voltage t o  11300 V 

PAGE __--__A -------- L I N E  _-_----- PF4 :EDIT/CMD ------- 
SPF 6 : SAVE SPF8:RUN PF14:ABORT PF6:SAVE PF8:RUN 

PF7 :REST PF9 :MILL SPF7 :REST SPF9:KILL P F l l : C m C E L  

i 1 
I I J 

taq700 on Aug 10 10:24:30 1992 



N A M E : V l [  1 

PAGE 
1 

& M o d ' s  by - Oak R i d g e  N a t i o n a l  Laboratory, P O  Box 2008 ,  
# Oak R i d g e ,  TN 37831-6365 
# Essentailly the s a m e  as Finnigan ' s  ExperTune procedure 
# t u n e  Q1 
# PFMCH - perfluorornethylcyclohexane 

P FMCHNEG 

qlrns 
TUNE 
CALQ 

s 50 650 

# 

# 
# 
# 

1 #  
# 

EMULTCHEK # 

r e t u r n  

Load PFMCH t u n e  m/z's i n t o  u s e r  l i s t  

M a k e  s u r e  i n s t r u m e n t  i s  i n  QlMS m o d e  
Tune on t h e  selected l i s t  of m a s s e s  
Ca l ibra te  u s i n g  t h e  selected l i s t  of masses 

Choose a mass range for o v e r v i e w  of t u n i n g  
results 

 choose^ a reasonable m u l t i p l i e r  vo l tage  

to 

------- PAGE ------- -------- LINE -------- PF4 :EDIT/CMD 
PF6:SAVE PF 8 : RUN SPF6 : SAVE S P F 8 : R U N  P F 1 4 : A B O R T  
PF7:REST PF9 : K I L L  SPF7 :REST SPF9 : KILL PFll :CANCEL 

1 

an Aug 10 10:24:44 1992 tsq700 TSQ 7 0  



~ A M E :  

PAGE 
1 

tuneq3  1 

# Oak R i d g e ,  TN 37831-6365 
$: Essentially t h e  s a m e  as Finnigam's ExperTune procedure 
#t t u n e  0 3  
# PFMCH - perfHuoromethylcyclohexane  

PFMCHNEG 

q3ms 
TUNE 
CALQ 

s 5 0  6 5 0  

i: 

1 #  
# 

EMUETCHEK # 

r e t u r n  

Load PFMCH t u n e  m/z's i n t o  user l i s t  

Make sure instrurner, t  i s  in Q3MS node 
Tune on t h e  selected l i s t  of masses 
C a l i b r a t e  using t h e  

Choose a mass range 
r e s u l t s  

Choose a reasonable 

selected l i s t  of masses 

for overview of t u n i n g  

m u l t i p l i e r  v o l t a g e  

to 

------- PAGE ------- -------- L I N E  -------- P F 4  :EDIT/CMD 
PF6 : SAV3 
PF7 :REST P F 9  : K I L L  

PF8 :RUN SPF6 : SAVE SPF8 :RUN PF14 :ABORT 
S P F 7  :REST SPF9 : KILL PF11:CANCEL 

TSQ 7 req700 3n Aug 10 10:24:55 1952 

-.L 

P 
0 



NAME:I p f m c h n e g  I 1 
L I I  I 

PAGE 
1 

& Oak Ridge National  Laboratory, P.O. Box 2 0 0 8 ,  O a k  R i d g e ,  
# TN, 37831-6365 
# T h i s  procedure places t h e  t u n e  masses f o r  PFMCH i n t o  
# t h e  user l i s t  i n  column 1 

UCLR 

- - - - - - - PAGE ------- -------- LINE -------- PFS :EDIT/CMD 
PF6 : SAVE PF8:RUN SPF 6 : SAW3 SPF8 :RUN PF14:ABORT 
PF7 :REST PF9:KILL SPF7 :REST SPF9:KILL PF1l:CANCEL 

1 

Pn Aug 10 10:25:12 1992 taq700 TSQ 7.0 



I 
& Mod's by - Oak R i d g e  National Laboratory, PO Box 2008, 
# Oak R i d g e ,  TN 37831-6365 
# Essentially the same a s  Flnnigan's E x p e r T u n e  procedure 
X t o  t u n e  quads  for masses found i n  t h e  u s e r  l i s t  

PROF;AVG=O;ST=.OZ;SW{ULIST,10) ;TMAN UL1ST;GO;STOP 
SIGFIND (ULIST (1) ) 
IF !IS20KVDYN ; OPTL(42);OPTL(41); En79 

PAGE 
1 

OFTL ( % 5 )  ; OPTL ( 6 )  ; 
SIGFiND f U L I S T ( 1 )  ) ; O P T L A L L ; L E N S S E T ( l )  ;TMAN(S) ;LENSSET; 
CRFP=O ; LTA3 ( % 5 ) =O ; TAUTO 
SIGFIND (VLIST (2) ) ; OPTLALL; LENSMAX 
%3=3 
WHILE ( ' J L I S T  ( % 3 )  > 0 >  
SW(ULIST(%3) ! 8 )  ;CRFP=CRFP/1.2 
LTAB (%5) =LTA3 (%5) /1.2; SIGFIN3;OPTL ( % 5 )  ;OPTL ( 6 )  ; %3+=1 

E N 3  
RFPMIN; SW ULIST ( (USIZEi3) / 2 )  ;OPTZALL 
r e t u r n  

------- PAGE -------- -------- LINE ___-_--- PF4 :EDIT/CMD 
PF6 : SAT;E PF8:RUN SPF6 : SAVE SPF8:RUN PF14:ABORT 
PF7 :REST PF9:KILL SPF7 :REST SPF9 :KILL PF11:CANCEL 

TSQ 7 tsq700 3~ Xug io 10:25:2.2 15.92 



- 
# CALIBRATES Q1 OR Q3 FOR MASSES IN THE USER LIST 
CENT; TM=ULIST (1) 
IF QIMS;INITG(O,-.O1OULIST(USIZE,l) .O1) ;%4=1;%5=2;%3=0 
ELSE; %3=1; %4=3; %5=4;END 
GTITLE;.# Mass error  v s .  mass 
CLR(%S,l);LTAB(%3)=0 # clear and set point i n  c a l  table 
CALI (ULIST(1) 5) ;UDEL(l) # rough calibration for l o w  end 
CALI(ULIST(l),,5);UDEL(l) # rough calibration f o r  high end 
%3=1 
REPEAT (WSIZE) 
CALI (ULIST (%3) ) # c a l i b r a t e  each m a s s  i n  t h e  list 
ULIST(%3,2)=MASS # s t o r e  actual m a s s  r e s u l t  
ULIST ( %3,3) =ULIST ( %3,1) -ULI ST ( %3,2 
PLOT(ULIST{%3,1) ,ULIST(%3,3) ,%4) 
PLOT (WLIST (%3,1) , USTD (3), %5) 
%3+=1 

END 
ST-0 .5; SW 69; EMULTCHEK; PROF; SN-1 
r e t u r n  

~ ------- PAGE ----I-- -------- LINE -------- PF4 :EDIT/CMD 
PF6 : SAVE PF8:RUN 
PF7 :REST 

SPF6 : SAVE SPF8 :RUN PF14 :ABORT 
PF9:KILL SPF7 :REST SPF9 :KILL PFl1:CANCEL 

I 
I t8q700 TSQ 7c 
Mon Aug 10 10:25:41 1992 



& Mod's by - Oak Ridge National Laboratory,  PO Box 2008, 
# Oak Ridge, TN 37831-6365 
# s e t s  an appropriate multiplier voltage - 
# t h e  s a m e  as Finnligan's procedure 

PAGE 
1 

%1 = 1 8 O O ; s . c n  
IF (PROF)  
WHILE HEIGHT>200000000 

emultsub -2OO;END 
WHILE HEIGHT<2000000 

emultsub 100;END 
ELSE 
WHILE AFGCA>lOO00000 

emultsub -200;END 
WHILE AFX€ZA<150000 & 

emultsub 1UO;END 
END 

& ernul t<%l 

emult < % 1 

Essentially 

30 AUg 10 10:26 :49  1992 t r q l Q 0  TSQ 7C 



r I I 1  I 

TSQ 700  

NAME:[ boomback-1 I 
# Mod’s by - Oak Ridge National Laboratory,  
# Oak Ridge, TN 37831-636s 
# s e t s  an appropriate multiplier voltage - Essentially 
# the same as Finnigan’s procedure 

PO Box 2 0 0 8 ,  

PAGE 
1 

%1 = 1800;scn 
IF (PROF) 
WHILE HEIGHT>200000000 

emultsub -200;END 

emultsub 100;END 
WHILE HEIGHT<2000000 & emult<%l 

ELSE 
WHILE AREA>10000000 

emult sub -2 0 0 ; END 
WHILE AREA<150000 & emult<%l 

emultsub 1OO;END 
END 



PAGE 
1 

& P r ~ c e d u r e  t o  monitor f o r  P E T N ,  TNT, D N T ,  RDX 
# Developed at O a k  R i d g e  N a t i o n a l  Labosatory,  Analytical 
# C h e m i s t r y  Division, PO Box 2 0 0 8 ,  Oak Ridge, TN, 

# This procedure measures t h e  background intensity 
# observed in q l m s  mode for the  m/z’ s being m o n i t o r e d  
# and s tores  the resu l t s  i n  a user list 
BACKMXN = 5 0 0  
q 3 m s ;  s t=Q.  25; %I = 0 ; % 2  = 0 ; % 3  = 0;%4 = 0 
s w  176; repeat 10; 90; s top ;  %I=%;l+area (176) ;end 
s w  182;sepeat lQ;go;stop;%2=%2+area(182r ;end  
s w  227; repeat 1O;go; s top ;  %3=%3+area ( 2 2 7 )  ; end  
s w  240;repeat 10;go;stop;%4=%4+area(240) ;end 
%1=%1/2;if % a < B A e K M I N ; % a = B A C K M S N ; e n d  
%2=%2/2;kf BZ<E3ACKZYIIN;%Z=BACKMIN;end 
%3=%3/2; if %3<BACKMIN; % 3 = B A G K M I N ;  end 
%4=%4/2;if % 4 < B A C K M I N ; % 4 = B A C K M I N ; e n d  
WCLW 4;UAPP %P,4;WAPP %2,4;UAPP %3,4;UAPP %4,4 
boomback2 # call next background procedure 

# 37831-6365 

PAGE ------- -------- LINE ___-_--- P F ~  :EDPT/CMD e - - - - - - 
PP6 : SAVE PF8 :RUN SPF Q : SAVE SPF8 :RUN PF94 : M O R T  
PF7 :REST PF9:KILL SPF7 :REST SPF9:KILL PFll :CANCEL 

tsq700 T3Q 7 0  Mon Aug 10 10:27:13 1992 



1 I 

PAGE 
1 

& Procedure t o  monitor for PEIL 'N,  'LN'L, ULU'L, JSLJA 

# Developed a t  O a k  Ridge Nat ional  Laboratory, 
# Chemistry Divis ion,  P O  Box 2 0 0 8 ,  Oak Ridge, TN,  

# T h i s  procedure measures the background i n t e n s i t y  
# observed i n  daughter m o d e  for t he  m/z's being monitored 
# and stores t h e  results i n  a user l i s t  

Ana ly t i ca l  

# 37831-6365 

%1 = 0 ; % 2  = 0;%3 = 0;%4 = 0 
r f d  170 4 0  180 1 30;emult 1 8 0 0  
repea t  1O;go; s top;  % l = % l + a r e a  ( 4 6 )  ; %2=%2+area ( 1 0 2 )  ;end 
r f d  175  4 0  1 6 0  1 30 
repeat  1O;go; stop; %3=%3+area ( 4 6 )  ;%4=%4+area ( 1 5 2 )  ;end 
uapp %1/2,4;uapp 82/2,4;uapp %3/2,4;uapp % 4 / 2 t  4 
r f d  220 4 0  230 1 30;%1=0;%2=0;%3=0 
repeat  1O;go; s top;  %l=%l+area ( 4 6 )  ; %2=%2+area ( 1 9 7 )  ; 
%3=%3+area(210)  ;end 
r f d  230 4 0  2 3 0  1 3 0  



I I 

PAGE 
1 

Procedure  t o  setup for explosives d e t e c t i o n  
## Developed at O a k  Ridge N a t i o n a l  Laboratory, Analytical 
# C h e m i s t r y  Division, PO Box 2008, Oak R i d g e ,  T N ,  
# 37831-6365 

CiC3QI-l 

cdyn + 2 0  
ernulht = 1500 

doze 10 

boomt st 

prof 

q 3 m s  150 2 5 0  

# 
# 
# 
# 
# 

. 5  # 
# 
# 

turn on collision gas 
set dynode to + 2 8  kV 
set multiplier to %300V 
p r o f i l e  m o d e  ( g i v e s  peak shapes) 
w a i t  1 0  sec's for c id  gas to equilibrate 
set qlms scan m o d e  m / z 1 5 0 - 2 5 0  in 1/2 sec 
call procedure to look for PETN,TNT 
DNT and RDX molecular ions 

1 i 

m Aug 10 1 0 : 2 1 : 3 7  1492 taq700 TSQ 7 0  



f Procedure t o  m o n i t o r  f o r  P E T N ,  TNT,  D N T ,  RDX 
# D e v e l o p e d  a t  O a k  R i d g e  N a t i o n a l  Laboratory,  A n a l y t i c a l  
# C h e m i s t r y  D i v i s i o n ,  P O  Box 2 0 0 8 ,  O a k  R i d g e ,  T N ,  
# 37831-6365 

PAGE 
1 

P F ~  :EDIT/CMD ------- P A G E  ------- -------- L I N E  -------- 
PF6 : SAVE P F 8 : R U N  SPF6:SAVE SPF8 : R U N  P F 1 4 : A B O R T  
PF7 :REST PF9:KILL SPF7 :REST SPFS : K I L L  P F l l  : C A N C E L  

v i e w a d d ;  . #pr  
B A C K 1 7 6 = u l i s t  ( 1 , 4 )  ; B A C K 1 8 2 = u l i s t  (2,4) 
B A C K 2 2 7 = u l i s t  (3,4) ; B A C K 2 4 0 = u l i s t  (4,4) 
STOPRUM = 0 
u n t i l  S T O P R U N  = 1 

go; s t o p  
i f  a rea(176)  > B A C K 1 7 6  
i f  a r e a ( 1 8 2 )  > B A C K 1 8 2  
i f  a r e a ( 2 2 7 )  > B A C K 2 2 7  
i f  a r e a ( 2 4 0 )  > B A C K 2 4 0  
b oornme s 3 

end 

RDXCHK ; end 
DNTCKK ; end 
TNTCHK ; end 
P E T N C H K  ; end 

# 
# 

# 
# 
# 
# 
# 
# 

rest backgnd 
i n t e n s i t i e s  

take a q l m s  scan 
rdx parent?  
dnt  parent?  
t n t  parent? 
pe tn  parent?  
m u s t  be a l l  clear 

E D I C :  - 

i Jul 9 13:47:58 1993 tag700 TSQ 7 0  



NAME : T I  I 1 
! 

& P r o c e d u r e  t o  monitor f o r  RDX - IMS/MS of m / z  176 
# Developed a t  Oak Ridge National  Laboratory,  Analytical 
W Chemistry Division, P O  B o x  2 0 0 8 ,  Oak R i d g e ,  TX,  
C: 37631-6365 

1300MMES2 # issue a warning 
emu1 t 
BACK46=ulist ( 5 , 4 )  ;3ACK102=ulist ( 6 , 4 )  
rfd 170 4 0  1 8 0  1 . 0  + 3 0  

go; stop 
if area  ( 1 0 2 )  >BACKl02; BOOMMESIA; 
else; .#ALL CLEAR; 
end 

1 8 0 8 ?: r a i s e  m u l t  voltage f o r  MS/MS 

# set MS/MS m o d e  - C X  = 30V 
#+ take a scan 

# rest backgnd int's 

q 3 m s  158 2 5 0  0 . 5  ; emult 1 5 0 0  # reset  scan m o d e  & M V  

r e tu rn  r e t u r n  t o  BOOMTST routine 

t I 

tsq700 TSQ 7 
Man Aug 10 1 0 : 2 1 : 5 9  1992 



, 
& Procedure to monitor for DNT - MS/MS of m/z 182 
# Developed at Oak Ridge National Laboratory, Analytical 
# Chemistry Division, PO Box 2008, Oak Ridge, TN, 
# 37831-6365 

PAGE 
1 

BOOMMES2 # issue a warning 
emult 1800 # raise mult voltage for MS/MS 
BACK46=ulist (7,4) ;BACK152=ulist ( 8 , 4 )  # rest backgnd int's 
rfd 175 40 190 1.0 +30 # set MS/MS m o d e  - CE = 30V 
go; stop # take a scan 
if area (46) >BACK46&area (152) >BACKl52;BOOMMESlB; 
else;.#ALL CLEAR; 
end 

emult 1500 # restore multiplier voltage 
q 3 m s  150 250 0 . 5  # restore scan m o d e  
return # return to BOOMTST 

------- PAGE ------- -------- LINE -------- P F ~  :EDIT/CMD 
PF6 : SAVE PF8 :RUN SPFG : SAVE SPF8:RUN PF14 :ABORT 
PF7 :REST PF9 :KILL SPF7 :REST SPF9:KILL PF1l:CANCEL 

I 1 



# Procedure to monitor for TNT - MS/MS of m/z 227  
# Developed at O a k  R i d g e  National Laboratory, Paa ly t l ica1  
$: Chemistry Division, PO Box 2008, Oak R i d g e ,  TN, 
# 37831-6365 

PAGE 
1 

BOOMMES 2 % issue a w a r n i n g  
emult 1800 - # ra ise  rnult vo l tage  for M S / M  

B A C K 4 6 = u l l i s t  ( 9 , l a )  ;BACK197=ulist (IO, 4 )  ;BACK210=ulist (11,4) 
r f d  220 4 0  230 1 t30 # set MS/MS m o d e  - CE = 30V 
go; s t o p  # take a scan 
if area (197) >BACKP97&area (210) >BACK21o;BOOMMESlC; 
else; .#ALL CLEAR; 
end 

ernult 15QO 
q 3 m s  150 250 0.5 
r e t u r n  

# reset mult voltage 
# reset scan m o d e  
# r e t u r a  to BOOMTST r o u t i n e  



PAGE 
1 

& Procedure t o  monitor for P E T N  - MS/MS of m / z  240 
# Developed at Oak Ridge 
# Chemistry Division, PO 
# 37831-6365 

BOOMM€3S2 
emult 1800 
BACK62=ulist (12,4) 
rfd 230 40 250 1.5 +30 
go; stop 
if area(62)>BACK62;BOOMMESlD; 
else; .#ALL CLEAR; 
end 

National Laboratory, Analytical 
Box 2008, Oak Ridge, TN, 

emult 1500 
q 3 m s  150 250 
return 

issue a warning 
raise rnult voltage for MS/MS 
restore backgnd intensity 
set MS/MS mode - CE = 30V 
take a scan 
if PETN products then alert 

# reset multiplier voltage 
# reset scan m o d e  
# r e t u r n  to BOQMTST routine 

L I N E  -------- PF4 :EDIT/CMD ------- PAGE ------- -------- 
PF6 : SAVE PF8:RUN SPF6 : SAVE SPF8 :RUN PF14 :ABORT 
PF7 :REST PF 9 : KILL SPF7 :REST SPF9:KILL PFll :CANCEL 

I I 
I I 

on Aug 10 10:28:49 1992 tsq700 TSQ 70 



PAGE 
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& Oak R i d g e  National Laboratory,  PO Box 2 0 0 8 ,  Oak R i d g e ,  
# TM, 37831-6365 

# Procedure to issue an ALERT to secur i t y  m o r n i t a s s  
# An explosive has been positively identified 
# This is a n  inf inbi te  loop t h a t  
# by c l i c k i n g  t h e  reset button 

must be interupted 

viewprint j . #all 
v i e w r e r n ;  . #pr;  
numl = 1 
while n u m l  = 1 

bclr  4 ; . # ! !  A L E R T X !  EXPLOSIVE DETECTED I !  A L E R T ! !  
b u t t o n  8 4 0 6 7 ; . # R E S E T ; . # r e s e t * d e t e c t o r ; . # b o o m r e s e t  
beep 

I I 

t8q700 TSP 7C an hug 10 f0:29:07 1992 



PAGE 
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& Oak R i d g e  N a t i o n a l  Laboratory, P O  Box 2008, O a k  R i d g e ,  
# TN, 37831-6365 

# Procedure t o  issue a WARNING to s e c u r i t y  m o n i t o r s  
# Paren t  i o n  of an explosive m a y  have been detected 
# A MS/MS scan w i l l  be p e r f o r m e d  t o  c o n f i r m  

repeat 5; beep; end # beep a w a r n i n g ,  p r i n t  w a r n i n g  
# t h e  screen 
# and change b u t t o n  t o  y e l l o w  

t o  

bcbr 6;  . # !  ! WARNING ! ! POSSIBLE EXPLOSIVE ! ! WARNING 
b u t t o n  8 6 0 6 7 ; . #RESET; . #reset"detector; . #boomstop 
. #  ! !  WARNING ! !  POSSIBLE EXPLOSIVE ! !  WARNING ! !  

! !  

r e t u r n  # r e t u r n  t o  chk procedure 

-------- LINE -------- PF4 :EDIT/CMD 

SPF7 :REST SPF9 :KILL PF1l:CANCEL 

------- PAGE ------- 
PF6:SAVE PF8:RUN SPF 6 : SAVE SPF8 :RUN PF14:ABORT 
PF7 :REST PF9 :KILL 

t~q700 TSQ 7 0  on Aug 10 10:29:1C 1992 



PAGE 
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P Oak R i d g e  National Laboratory,  PO Box 2 0 0 8 ,  O a k  R i d g e ,  
# TEJ 37831-6365 

# Displays all clear message 

bclr 7 ; . #  A L L 
button 8 7 0 6 7 

r e t u r n  

C L E A R  
; . # S T O P ; . # s t o p ^ m o n i t Q r i n g ; . # b o o m s t o p  

on Aug 10 10:29:30 1992 t.q-700 

, 



PAGE 
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& Oak Ridge N a t i o n a l  Laboratory,  P O  Box 2008 ,  Oak R i d g e ,  
# TN 37831-6365 

# T h i s  procedure 

# c idof f  
q 3 m s  
emult 0 
cdyn 0 
bu t  op 

t u r n s  stuff off and goes t o  

t u r n  o f f  collision 
# restore scan m o d e  
# t u r n  o f f  m u l t i p l i e r  
# t u r n  o f f  dynode 

# go to  main m e n u  

main m e n u  

- - - - - - - - LINE -_-_---- PF4 :EDIT/CMD 
SPF6 : SAVE SPF8 :RUN PF14 :ABORT 
SPF7 :REST SPF9:KILL PF1l:CANCEL 

3 n  Aug 10 10:29:39 1932 tsq700 TSQ 7 0  



I I 

PAGE 
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f key to u s e r  l i s t ,  column 4 
# 1: q l m s  background @ m / z  4 7 6  
# 2: qlms background @ m / z  182 
# 3: q1ms background @ m / z  227 
# 4: qlms background @ m / z  2 4 0  
# 5: dau 176 background @ m / z  46 
# 6 :  dau 276 background @ rn/z 102 
# 7: dau 1 8 2  background E! m / z  46 
# 8 :  dau I82 background @ m / z  152 
# 9: dau 227 background @ m / z  46 
# 18: dau 227 background @ m /z  197 
# 11: dau 227 background @ m / z  210 
# 12: dau 240 background @! m / z  6 2  

I I 

, 



I I 

PAGE 
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2 O a k  Ridge N a t i o n a l  
# TN, 37831-6365 

# Procedure t o  reset 

uol-0 
q 3 m s  1 5 0  2 5 0  
ernult  1 5 0 0  
but op 

0 . 5  

Laboratory,  P . O .  Box 2008, Oak R i d g e ,  

a f t e r  an a l e r t  i s  cleared. 

# t u r n  o f f  red l i g h t  
# reset scan m o d e  
# reset m u l t i p l i e r  voltage 
# g o t o  m a i n  m e n u  

LINE -------- PF4 :EDIT/CMD -------- 
SPF6:SAVE SPF8:RUN PF14 :ABORT 
SPF7 :REST SPF9 :KILL PFl1:CANCEL 

EDIC: - 

5 Y u l  9 13:48:27 1993 tsq700 TSQ 7 0  
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~~ ~~ ~ 

f O a k  Ridge National Laboratory, PC, Sox 2008, O a k  R i d g e ,  

# Procedure to issue an  ALERT to security monitors 
# An explosive has been p o s i t i v e l y  identified 
# This is an i n f i n i t e  loop  thzt must be interapted 
# by c l i c k i n g  the reset button 

# TN, 37831-6365 

bclr 4; 
. # ! a  A L E R T ! !  EXPLOSIVE DETECTED ! !  A L E R T ! ! * R D X  
button 5 4 0 6 7 ;.#i?ESET;.#reset"detector;.#boornreset 
viewprint;.fali 
v i e w r e r n ;  . #gr; st=. 2 5  
nllrnl = 1 
whi le  n u m l  = 1 
U O l  5 ; g o ;  Stop # turn on red l i g h t  
.#ID -> RDX ; uol 0;go;stop # turn off red l i g h t  
beep 
end 

LINE -__----_ P F ~  :EDIT/CMD -------- 
SPFG : SAVE SPF8 :RUN PF14 :ABORT 
SPF7 :REST SPF9 : KILL PF11:CANCEL 

I 
B r i  Jul 9 13:49:02 1933 tsq700 TSQ 7 0  
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PF4 :EDIT/CMD ------- PAGE ___---- -------- LINE -------- 
PF 6 : S.AV'E PF8:RUN SPF6 : S-3.n SPF8:RUN PF14 :ABORT 
PF7:REST PF9 :KILL SPF7 :REST SPF9:KILL PF1l:CANCEL 

1 

~~ ~~ ~ ~ ~~~~~~ ~~~~~ 

Oak X L d g e  N a t i o n a l  Laboratory,  P O  30,: 2 0 0 8 ,  Oak Ridge, 
# T N ,  37831-6365 
$: Procedxre t o  issue an ALERT t o  s e c u r l t y  monitors 
# An explosive has been positively identified 
# T h i s  i s  an i n f i n i t e  loop  that must be i n t e r u p t e d  
# by clicking the reset b u t t o n  

bclr 4; 
. # !  ! A L E: 2 T ! ! EXPLOSIVE D E T E C T E D  ! ! -9 I; E R T ! !"DMT 
b u t t o n  5 4 0 6 7 ;.#RESET;.#reset*detector;.#boomreset 
viet\Tpri;?,t; . # a l l  
viewrsm; . #pr; sc=. 2 5  
nEml = 1 
while numl = 1 
UOl 5;go;stOp # turn on red light 
.#ID -> DNT ; uol 0;go;stop # turn off red light 
beep 
end 

EDIC: - 

:i Jul 9 13:49:17 1993 taq700 TSQ 7 0  
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2 O a k  R i d g e  National Laboratory, PO Box 2008, Oak X i d g e ,  
# T N ,  37831-5355 
# Procedure to issue an ALERT to security monitors 
# An explosive has Seen positively identified 
# This is an infinite loop t h a t  must be interupted 
# by clicking the reset button 

bclr 4; 
. # ! !  A L E R T ! !  EXPLOSIVE DETECTED ! !  A L E R T I !"TNT 
button 5 4 0 6 7 ;.~~ESET;.#reset^detector;.#boomreset 
viewprint; . #all 
viewrem; . f2r; st=. 25 
n u m l  = 1 
while n u m l  = 1 
uof 5;go; s t o p  # turn on red light 
.#ID -> TKT ; U O ~  O;go;stop ++ turn o f f  red lighk 
beep 
end 

------- PAGE --__--_ -------- LINE -------- PF4 :EDIT/CMD 
PF 6 : SAVE PF8:RUN SPF5:SAVE SPF8 : R U N  PF14:ABORT 
PF7:REST PF9:KILL SPF7 :REST SPF9:KILL PF1I:CANCEL 

EDIC: - 
ri Jul 9 ;3:49:32 1993 rsq700 TSQ 7 0  



PAGE 
1 

I Oak Ridge National Laboratory, PO Box 2008, Oak Ridge, 
# TN, 37831-6365 
# Procedure t o  issue an ALERT to security monitors 
# An explosive has been positively identified 
# This is an infinite loop that must be i n t e r u p t e d  
# by clicking the reset button 

bc l r  4; 
. # ! !  A L E R T ! !  EXPLOSIVE DETECTED ! !  A L E R T ! "PETN 
b u t t o n  5 4 0 6 7 ;.#RESET;.#reset^detector;.#boomreset 
viewprint; . # a l l  
viewrem; . #pr; 
numl = 1 
while numl = 1 
u o l  5;go; stop 
.#ID -> PETN ; uOl O;go;stop 
beep 
end 

# t u r n  on red light 
# turn off red light 

PF4 :EDIT/CMD ------- PAGE ------- - - - - - - - - LINE -------- 
PF6 : SAVE P F 8 : R U N  SPF 6 : SAVE SPF8 :RUN PF14:ABORT 
PF7 :REST PF9 :KILL SPF7 : IREST S P F 9 : K I L L  PFl1:CANCEL 

I 
I 1 

EDIC: - 

:i Jul 9 13:49:50 1993 tiaq700 TSQ 7 0  
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