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ABSTRACT 

 The selectivity and sensitivity of ion mobility spectrometry (IMS) to explosives 

was first demonstrated by Karasek in 1974.1 Airport security has always been a concern 

in the United States, especially since September 11th, 2001, and as a result IMS is 

commonly used to screen airline passengers and their luggage at all major airports. 

Portable IMS systems are now widely available for a variety of applications, but as the 

overall size of the IMS instrumentation decreases, the sensitivity typically decreases as 

well. A new ion detector read out technology, a capacitive trans-impedance amplifier 

(CTIA), coupled to a traditional Faraday plate has shown increased sensitivity over a 

Faraday plate read by a conventional current to voltage converter when used in mass 

spectrometry. Sandia National Laboratories sponsored a project to determine whether the 

CTIA technology could be coupled to an IMS, and to determine the potential increase in 

sensitivity that could be provided to a miniature IMS equipped with the new read out 

technology.  

 Sandia first provided a full size IMS, a Phemto-Chem PCP-110, which was 

modified to support the first generation of CTIA (CTIA1). The CTIA1 was coupled to the 

IMS and was successfully used to detect explosives. Next, Sandia provided miniature 

IMS drift tubes, but incompatibilities necessitated the design of new miniature systems. 

At first, only the drift tube itself was redesigned, but eventually a complete miniature 

IMS, including the ionizer, circuitry, and read out, was designed and built. During the 

design phase a new ion-beam shutter capable of increased resolution was also 

implemented. The second generation of CTIA was coupled to a custom drift tube and the 
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system demonstrated increased resolution and drastically increased sensitivity to the 

common explosives TNT and RDX when compared to the sensitivity of the system 

provided by Sandia. A custom miniature drift tube coupled to a CTIA will be placed into 

the peripheral equipment for Sandia’s MicroHound™ II instrumentation to provide a 

portable IMS with sensitivity equal to or better than bench top IMS systems. 
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1 INTRODUCTION 

 
The first reported use of ion mobility spectrometry (originally called plasma 

chromatography) was in 1965 by Franklin GNO Corporation. Plasma chromatography 

was originally developed to separate negative ions generated in air at atmospheric 

pressure. One of the first descriptions of a plasma chromatograph appeared in U.S. Patent 

3,699,333, filed in 1968 by Cohen, Carroll, Wernlund, and Kilpatrick.2 The name plasma 

chromatography was originally used to draw an analogy to other chromatographic 

methods, especially gas chromatography. Eventually, the name of plasma 

chromatography gave way to the more generic term of ion mobility spectrometry (IMS).3

Ion mobility refers to the separation of ions during their travel down a drift tube 

commonly held at atmospheric pressure. A constantly decreasing (or increasing) electric 

field is applied to the drift tube, which results in an even potential field gradient. 

Normally, a flow of an inert drift gas is run through the drift tube in the opposite direction 

to the ion flow. The ions are not only separated based on their mass to charge ratios 

(similar to the separation of ions in a time of flight mass spectrometer), but separation 

also depends on the number and nature of interactions between the ions and the gas 

molecules in the drift tube. As a result, ions are separated based on the size and shape in 

addition to mass to charge ratio. 

 IMS is used in a wide array of applications today. Initial studies to detect 

degradation products from chemical warfare agents4,5 have spurred research to create 

field portable systems that can be carried by to personnel in hazardous environments. 
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IMS has been applied to environmental monitoring applications as well.6-8 The 

application for which IMS is currently best known for is the detection of explosives9 and 

other hazardous compounds, particularly at security checkpoints in airports. The 

sensitivity of negative mode IMS to explosives was first demonstrated by Karasek in 

1974 when TNT was identified and detected at the ppb level.1 Negative mode IMS has an 

innate sensitivity to explosives because of the high electron affinity of the nitro functional 

group found on nearly every explosive (TATP is one example of an explosive without 

nitro groups10) and because most other compounds fail to form anions.  

 Shortly after the terrorist attacks on the United States on September 11th, 2001 

and the attempted attack by the “shoe bomber,” Richard Reid, the Transportation Security 

Administration (TSA) was founded. According to their mission statement, the TSA 

“protects the Nation's transportation systems to ensure freedom of movement for people 

and commerce.” 11 Ion mobility had been well documented as an effective tool for the 

detection of explosives and had seen limited use in airports as a tool for explosive 

screenings prior to the September 11th attacks.12 Currently (June 2005), IMS systems 

exist in every major airport in the United States to screen luggage and passengers for 

trace levels of explosives or explosive residues.  

 Several of the explosives used in terrorist activities are fairly simple to synthesize 

and the reagents are common enough such that it is impossible to effectively police the 

sale of the basic components.13 Taggant molecules can be used to make explosives easier 

to detect, but because the explosives can be routinely synthesized there are no means to 
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ensure that all explosives will be properly tagged. IMS is one of few techniques that 

provides a sensitive method for the early detection of explosives. 

 IMS has several advantages over other techniques used for the detection of 

explosives, beyond the inherent selectivity and sensitivity to nitro containing compounds. 

An IMS can provide a single spectrum in less than 50 ms. Normally, many spectra are 

averaged to reduce the overall noise, but the total analysis time is at most several seconds 

and can be less than one second. Most IMS instrumentation and data interpretation can 

also be automated, which removes the need for highly trained, and paid, personnel at 

security checkpoints. In fact, the normal methods used to collect the samples analyzed by 

an IMS are often more complex than the operation of the instrument itself.  

 Only one other “sensor” is available that offers the same advantages as IMS in 

terms of screening throughput and sensitivity and that is the bomb-sniffing dog. 

Unfortunately, a bomb-sniffing dog requires months of training and once in place the dog 

requires strict supervision, rest periods, and may need time off for illness. IMS 

instrumentation, on the other hand, is fairly simple and inexpensive and can be operated 

non-stop.  

 Recently airports such as San Diego, Los Angeles, Baltimore, and twelve other 

airports have begun a pilot program using IMS portal systems.14 The person being 

screened stands still inside of a portal while a stream of air is blown upward through the 

portal to gather any microscopic particles and vapors on the person in question. Once 

collected, the particles and vapors are analyzed by an IMS. Because the portals deal with 
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analyses at trace levels, any improvements in the sensitivity would benefit the 

responsiveness of the systems. 

 Because an IMS can be operated at atmospheric pressure, no vacuum pumps are 

required for operation. Without a dedicated vacuum pump, the complexity of the system 

design, overall cost, and power requirements of an IMS are all reduced compared to a 

mass spectrometer. These advantages have provided the stimulus for research into 

miniaturized ion mobility systems. Several companies and government labs now have 

fully contained, battery operated, portable IMS units available,15-18 but they have 

limitations. The diameter of the drift tube inside of a miniature IMS is smaller than the 

bench top counterparts. A drift tube with a smaller diameter causes a reduction in the 

number of ions that enter the drift tube, which results in a lower sensitivity than larger 

diameter drift tubes. 

 It is possible to adjust the operational parameters of an IMS to increase the 

sensitivity of the instrument. For example, the ion-beam shutter in the drift tube (Section 

2.2.4) can be opened for a longer period of time to increase the number of ions that flow 

through the drift region and reach the detector. Increases in the shutter time will increase 

the sensitivity to a point, but the gain in sensitivity comes with a corresponding loss in 

resolution. Depending on the application, it may be possible to increase the sensitivity by 

changing the gas flow rates, by adding reagent additives, or by changing the temperature, 

but changing the system parameters may result in unwanted changes in the ion chemistry. 

Other enhancements that can result in enhanced sensitivity require modifications to the 

IMS hardware.  
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 Most commercial ion mobility spectrometers, and nearly all portable ion mobility 

spectrometers, use radioactive foils as ionization sources. The radioactive foil 

demonstrates a clear advantage in terms of operational simplicity and ruggedness, but is 

not the most sensitive ionization source available. Ionization sources such as 

photoionization,19,20 corona discharge,21,22 and an electrospray source23 can provide 

greater sensitivity than a radioactive foil. Unfortunately, sources other than radioactive 

foils may require large power supplies, proper alignment, pumps, etc., and as such, these 

sources are mainly found in research instruments. The simplicity of the radioactive foil 

versus the other available ionization sources is the main reason that radioactive foils are 

the most commonly used sources in commercial IMS systems. 

 Another method for increasing the sensitivity of an IMS is to run a higher voltage 

on the drift tube. If the voltage gradient of a drift tube increases while all of the other 

parameters remain constant, the peak resolution increases. The gain in resolution can then 

be sacrificed for an increase in sensitivity with an increase in the open time of the ion-

beam shutter. The high voltage can be increased until the voltage gradient in any part of 

the drift tube reaches 1500 V/cm or higher at which point electrons enter a “high voltage 

regime” (a higher voltage gradient is required for heavier ions to enter the “high voltage 

regime) in which chemical reactions begin to occur in the drift region of the IMS.24 The 

drift time of ions generated in the drift region can not be accurately measured because 

there is no reference for their creation, which results in an overly complicated mobility 

spectrum. Most commercial and portable ion mobility spectrometers use voltage sources 

that result in voltage gradients well below the “high voltage regime” limit. It is unclear 
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why newer ion mobility spectrometers do not take advantage of the potential gains in 

sensitivity and resolution through an increase in the magnitude of the voltage applied to 

IMS drift tubes. 

 Recent advances have made possible another hardware change that can increase 

the sensitivity of an IMS: replacement of the current to voltage converter used to read out 

the Faraday plate detector with a capacitive trans-impedance amplifier (CTIA), which is 

the central theme of this dissertation. When used to read out a Faraday plate, a CTIA can 

produce a detectable signal from tens of ions rather than the thousands of ions per second 

required to produce a detectable signal on the state-of-the-art current to voltage converter 

attached to a Faraday plate (Section 2.4.2). The CTIA technology examined here was first 

developed by Erick Young at Steward Observatory (University of Arizona, Tucson, AZ) 

to read out an infrared array in a space telescope. Professor M. Bonner Denton 

(University of Arizona, Tucson, AZ), Professor Gary Hieftje (Indiana University, 

Bloomington, IN), and Dr. Dave Koppenaal (Pacific Northwest National Laboratory, 

Richmond, WA) led research to adapt the CTIA technology to read out an array of 

Faraday plates placed at the focal plane of a mass spectrometer (Section 2.4.2.1).25,26 

Sandia National Laboratories (Albuquerque, NM) has several ongoing projects 

that explore the use of IMS to detect explosives. Not only has Sandia been working on a 

portal for explosives screening, but they have also developed their own portable IMS 

called the MicroHound™ II.17,18 All ion mobility spectrometers use a Faraday plate for 

ion detection and Sandia was interested in the increase in sensitivity that might result 
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from the addition of the CTIA technology to an IMS. Sandia proposed a joint, three phase 

project with the Denton Research Group (University of Arizona, Tucson, AZ).  

 The first generation of CTIA technology had only been used in conjunction with 

an array detector for mass spectrometry. All of the initial experiments had been 

performed in vacuum chambers where the CTIA could be continuously cooled. These 

same experiments showed that at higher temperatures the CTIA no longer functioned 

properly. IMS instruments are generally run above 100 ºC and the heat transferred from 

an IMS to the CTIA could have made the merger of the two technologies unsuccessful. 

The first phase of the research project was simply to prove that the first generation of 

CTIA technology could be successfully used to read out the signal from a pre-existing 

IMS. To that end Sandia provided a “full-size,” commercial IMS that was extensively 

modified in the Denton Research Group (University of Arizona, Tucson, AZ) to support 

the CTIA (Chapter 3). 

 Initially the second phase of the project was designed to verify that the CTIA 

could be coupled to miniature IMS systems and to demonstrate the increased sensitivity 

from the CTIA. Once the proof-of-concept experiments with the modified, commercial 

IMS coupled to a CTIA had been completed, Sandia provided several miniature drift cells 

for adaptation to the CTIA technology (Chapter 4). There was no doubt that the CTIA 

would detect the ions from the miniature drift cell, but the effectiveness of the combined 

system was questionable because some of the performance characteristics of the CTIA, 

such as read out rate, were not well suited to IMS.  
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 The first time the CTIA was used to read out the signal from a Sandia National 

Laboratories Micro-IMS Revision 2.1 (SNL-MIMS), it was the performance of the SNL-

MIMS that reduced the effectiveness of the combined system. The original power supply 

on the SNL-MIMS produced too much noise to be used with the CTIA and the shutter 

operations on the SNL-MIMS were incompatible with the read out of the CTIA. The goal 

for the second phase of the research project had to be broadened to include the design and 

construction of new miniature IMS systems to circumvent irreconcilable problems with 

the SNL-MIMS drift tube (Chapters 4 & 5).  

 Once the complete miniature IMS with CTIA read out had been designed and 

characterized, the system needed to be assembled into the housing originally designed for 

the MicroHound™ II; this was the third, and final, phase of the IMS project. Originally, 

several systems were to be delivered to Sandia so their engineering teams could continue 

to miniaturize the IMS drift cells and integrate them the MicroHound™ II system. 

Eventually, responsibility for the continued miniaturization of the drift cells was given to 

the Denton Research Group (University of Arizona, Tucson, AZ) while Sandia was still 

responsible for the system integration (Chapter 6). As of June 2005, the third phase is still 

underway. 
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2 BACKGROUND ON ION MOBILITY, ATMOSPHERIC PRESSURE 
IONIZATION REACTIONS OF EXPLOSIVES, AND CAPACITIVE TRANS-

IMPEDANCE AMPLIFIER TECHNOLOGY 

2.1 Principles of ion mobility 

 Ion mobility is a measure of the mean velocity of an ion in the gas phase and can 

be thought of as electrophoresis in the gas phase. The velocity of an ion as it travels 

through a drift tube, vd (cm/s), is dependent on the mobility of the ion, K (cm2/V.s), and 

the magnitude of the potential gradient applied to a drift tube, Ed (V/cm): 

dd EKv ⋅= (Equation 2.1) 

Ions quickly reach a constant velocity after formation so vd can be calculated by dividing 

the length of the drift tube from the shutter to the detector, d (cm), by the drift time of the 

ion, t (s).  

 The theoretical mobility of an ion can be calculated by: 
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where q is the charge of the ion, N is the number density of the neutral drift gas 

molecules, µ is the reduced mass of the ion and a drift gas molecule, k is the Boltzmann 

constant, T is the temperature, α is a correction term, r is the collision radius, and Ωd(T) 

is the average cross-section of the ion and the neutral molecule. The complete derivation 

of the formula for mobility is presented by McDaniel and Mason.27 From Equation 2.2 it 

is evident that the mobility of an ion is dependent on the mass, charge, and size of the ion 
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in question; whereas most mass spectrometers separate ions based only on their mass to 

charge ratios. 

 Consider two ions with the same mass to charge ratios, but with different 

structural configurations, i.e., one ion is larger than the other. Mass spectrometers run 

under vacuum might not distinguish between the two ions, but an IMS might differentiate 

the two ions on the basis of the size difference. The larger of the two ions has a higher 

probability of collisions with drift gas molecules and would have a longer drift time than 

the smaller ion. This highly simplified view of ion mobility emphasizes the fact that the 

separation in an IMS is dependent on the size and shape of ions as well as mass and 

charge.  

 The reduced mobility of an ion, K0 (cm2/V.s), can be calculated as follows: 
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where p is the total pressure (kPa). The reduced mobility provides a means for 

comparison of results from different systems operating under different conditions. Tables 

of reduced mobilities exist in the literature for many different classes of compounds, 

including explosives.9 The reduced mobility provides a means for preliminary 

identification of the ions detected by an IMS. The reduced mobility equation accounts for 

system variations and for differences in temperature and pressure between different 

systems, but does not account for changes in other parameters, such as the identity of the 

drift gas. As a result, the reduced mobility of the same ion can vary when measured on 

different systems and may have a range listed in the literature. In order to determine the 
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exact identity of the ions detected by an IMS, the drift tube must be coupled to a mass 

spectrometer. Even then there is the chance that ions will form different clusters in a 

vacuum than in the gas in the drift cell. 

2.2 Ion mobility instrumentation 

 The core of every ion mobility spectrometer (IMS) is the drift tube. While there 

are differences between different drift tubes used in IMS, nearly every drift tube consists 

of the same basic design. A potential gradient is applied to the entire drift tube to move 

ions from an ionization source to a Faraday plate ion detector. A flow of an inert drift gas 

runs in the opposite direction as the ion flow. The mobility of an ion is determined by the 

length of time required for an ion to travel through the drift gas under the influence of the 

electric field. 

 An IMS drift tube is made up of several distinct sections, the first of which is an 

ionization source. The ionization source is responsible for the ionization of gases in the 

drift tube, reactant species, and analyte molecules by way of atmospheric pressure 

ionization. Beyond the ionization source is a reaction region in which ion-molecule 

reactions can occur between the ionized and unionized species present into the drift tube. 

In the archetypical Phemto-Chem PCP-110  (now Ion Applications, Lake Worth, FL), 

this region also allows for total decay of beta particles. The flow of ions is gated by an 

ion-beam shutter so the drift times of the various ions in the drift region of the tube can 

be accurately monitored. The shutter is pulsed opened and closed to create packets of 

ions, which separate as they travel through a drift region against the flow of the drift gas. 
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Finally, the ions hit a Faraday plate and the charge from the ions is transferred to the 

Faraday plate. The charge creates a small current, which is, conventionally, read by a 

current to voltage converter. Figure 2.1 shows a block diagram of a typical ion mobility 

spectrometer. 

 

2.2.1 Sample introduction methods 

 An IMS can directly analyze vapors or can analyze liquid or solid samples, such 

as particulate matter, after volatilization. IMS units used to analyze vapors commonly use 

preconcentration systems to enhance sensitivity. Vapors are pulled through a membrane 

where particulate matter is deposited over time. After an appropriate collection period, 

which is dependent on the concentration of the analyte in the vapors, the membrane is 

rapidly heated and the particulate matter is desorbed from the membrane and swept into 

the drift tube by a flow of gas called the carrier gas. 

 Liquid and solid samples can be introduced to an IMS by several different 

methods. There are some ionization methods, such as laser desorption and electrospray 

ionization (ESI), that can analyze solid or liquid samples directly. The simplest sample 

introduction method is to apply a sample to a surface, then rapidly heat the surface to 

cause the sample to desorb from the surface. Although this method of desorption is 

effective, samples with low volatility may be desorbed over a long period of time, which 

lowers sensitivity compared to more volatile samples. Samples can be applied to a wire 

filament or mesh to increase the volatilization rate; when a current is applied to the  
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Figure 2.1: Block diagram of an ion mobility spectrometer. 
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filament, the sample is rapidly heated and quickly desorbed. Wire desorption was used as 

the primary means of desorption for most of the samples analyzed in this research 

project.  

2.2.2 Ionization sources   

 There are many ionization sources available for IMS. The most commonly used 

ionization source is a radioactive foil, usually 63Ni, a beta particle emitter, or 241Am, an 

alpha particle emitter. Radioactive sources are a popular choice because they are rugged, 

simple, and have no power requirements. In portable IMS units the advantages provided 

by a radioactive source outweigh the fact that other ionization sources may result in more 

efficient sample ionization. The commercial IMS provided for this project and the 

custom-made, miniature systems described here all used radioactive foils. The types of 

reactions and products that form from atmospheric pressure ionization created by a 

radioactive source at atmospheric pressure will be presented in Section 2.3. 

 Other ionization sources for IMS include photoionization,19,20 corona 

discharge,21,22 and electrospray ionization.23 Due to the simplicity of the radioactive foil, 

these other ionization sources are found primarily in research instruments whereas 

commercial IMS systems generally use radioactive foils.  

2.2.3 Reaction region 

 The reaction region serves several important functions in a drift tube. Normally, a 

reactant species is intentionally introduced into the carrier gas to simplify the mobility 
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spectrum, but the reactant species can also promote the ionization efficiency of analytes. 

For the explosives studied in this project the reactant species was methylene chloride, 

introduced via a permeation tube (Section 3.4.2). When the methylene chloride is ionized 

chloride ions become available as reactant ions. There must be sufficient time –

determined by the length of the reaction region – for ion-molecule reactions to occur 

between the reactant ions and analyte molecules before these species enter the drift 

region of the tube. Ideally no reactions should occur in the drift region or the IMS spectra 

may become too complex to properly interpret.  

 A potential gradient is applied to the reaction region to move ions of the desired 

polarity through the reaction region and into the rest of the drift tube. The highest 

potential (in absolute value) is applied to a “pusher” electrode behind the ionization 

source. Ions of the opposite polarity are attracted to the “pusher” electrode where they are 

neutralized. The reaction region, like the drift region (Section 2.2.5), is normally made 

with a stack of ring electrodes, each insulated from neighboring electrodes. The potential 

on each subsequent electrode is decreased (in absolute value) to create a constant 

potential gradient across the drift tube.  

 When a radioactive foil is used as the ionization source, the reaction region also 

serves to prevent any of the radioactive particles from reaching the ion-beam shutter. 

Even with the drift tube at atmospheric pressure and with the shutter is closed, 

radioactive particles are energetic enough to cross the potential barrier created by the 

shutter. The radioactive particles can ionize the drift gas, which would result in a constant 
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signal at the detector even when the shutter is closed. The radioactive particles could also 

interact with the analyte ions, which would result in needlessly complex mobility spectra.  

 Alpha particles are massive enough that when they collide with other species their 

trajectories are not greatly altered. As a result, the reaction region for alpha particles only 

requires a collimator to ensure that there is no direct path available from the radioactive 

foil to the shutter, and that all ionizing radiation is blocked . Alternatively, the length of 

the reaction region can be increased beyond the penetration depth of the alpha particles in 

air. For 241Am alpha particles the penetration depth is approximately 4 cm;28 a reaction 

region longer than 4 cm would prevent the alpha particles from getting to the shutter.  

 Beta particles are less massive than alpha particles; after a collision with gas 

molecules, beta particles can be scattered in virtually every direction. Because of the 

scattering effect, beta particles can not be stopped simply by blocking direct paths from 

the radioactive foil to the ion-beam shutter. The only way to ensure that beta particles do 

not cross the shutter is to build the reaction region longer than the maximum penetration 

depth of the beta particles in air. 63Ni beta particles have a maximum energy of 67 keV 

and can penetrate a maximum distance of 5 cm in air.29 The PCP-110, described in this 

project used a 10 mCi 63Ni foil and had a 6 cm long reaction region to ensure that beta 

particles did not reach the shutter.  

2.2.4 Ion-beam shutter 

 The ion-beam shutter in an IMS is used to gate a pulse of ions and provide a 

reference for the measurement of the drift time. The drift time of an ion is measured as 
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the time it takes the ion to travel from the shutter to the Faraday plate. There are two 

main types of ion-beam shutters used in IMS: the Bradbury-Nielsen shutter and the 

Tyndall-Powell shutter.  

2.2.4.1 Bradbury-Nielsen ion-beam shutter 

 A Bradbury-Nielsen shutter consists of a single component with a single plane of 

parallel wires woven into a ring made of an insulating material. For the shutter to operate, 

the potential on every other wire must be adjustable independent of the potential on the 

surrounding wires. The shutter is open when the potential on all of the wires across the 

shutter are held at the same potential – this potential must also conform to the potential 

gradient along the drift tube. When the two sets of wires in the grid are held at 

sufficiently different potentials, ions are no longer conducted through the shutter. The 

potential difference between pairs of wires needed to effectively close the shutter is 

dependent on the thickness, spacing, and uniformity of the wires.3,30,31 Generally, only a 

small potential difference is needed because the wires are less than a millimeter apart. For 

example, if the wires are 0.1 mm apart, then a potential difference of 10 V results in a 

transverse potential gradient of 1000 V/cm, which is sufficient to stop the flow of ions.  

 A Bradbury-Nielsen shutter offers better resolution than a Tyndall-Powell shutter. 

Ions only have to travel across the width of the shutter wires to enter the drift region of 

the drift tube. Once the potential difference between the wires is re-established to close 

the shutter, any ions that have passed through the wires are unaffected. If the detector in 

the IMS is sensitive enough to detect a small packet of ions, then the shutter can be 
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opened for a minimal amount of time to maximize the resolution. Although the Bradbury-

Nielsen ion-beam shutter easily provides better resolution than a Tyndall-Powell shutter, 

construction of the Bradbury-Nielsen shutter can be very difficult. The PCP-110 IMS 

used a Bradbury-Nielsen shutter, but the miniature systems described in this project all 

used multi-component ion-beam shutters because a miniature Bradbury-Nielsen shutter 

was too difficult to build.  

2.2.4.2 Tyndall-Powell ion-beam shutter 

 A Tyndall-Powell shutter is vastly simpler to construct than a Bradbury-Nielsen 

shutter, but the resolution possible with a Tyndall-Powell shutter is limited compared to 

that of a Bradbury-Nielsen shutter. The Tyndall-Powell shutter uses two planes of screens 

or grids separated by an insulating material. The potential across each stage or plane in 

the Tyndall-Powell shutter is constant, which vastly simplifies construction. The shutter 

stages can be as simple as a wire screen spot-welded to a metal support.  

 The shutter stage closest to the drift region, S2, is held at a constant potential, set 

by the gradient applied to the drift tube, and the potential on the stage closest to the 

reaction region, S1, is varied to open and close the shutter (Figure 2.2). The shutter is 

opened when the potential on S1 is set so there is a monotonic potential gradient along 

the length of the drift tube. The shutter is closed when the potential on S1 is dropped 

below that S2. As ions travel through the drift tube they collide with the drift gas 

molecules and as a result they do not have enough momentum to successfully pass 

through the potential well created when the shutter is closed.32 
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Figure 2.2: Graphs of potential (V) vs. distance for an IMS with a Tyndall-Powell ion-
beam shutter. The shutter stages are S1 and S2 and the electrodes are G1 through G9. (a) 
Open state. The potential on S1 is set to create a constant potential gradient across the full 
drift tube. (b) Closed state. The potential on S1 is lowered below that of G2 and S2 to 
create a potential well that ions can not cross. 
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 Unfortunately, the shutter must be opened for longer periods of time than a 

Bradbury-Nielsen shutter because the ions must traverse the distance between the shutter 

stages before the shutter is closed. Any ions caught between the two shutter stages will be 

pulled into the potential well when the shutter is closed.  

 If only a single species is analyzed, the shutter timing can be optimized so only a 

small packet of ions passes through the shutter to maximize the resolution. When 

multiple analytes are present or unknowns are present, the shutter must be open for a 

sufficient amount of time to allow the largest, least mobile ions to pass through the 

shutter. The resolution of the smaller, more mobile ions will drop significantly as a result 

of the longer shutter time. More details on the operation of a Tyndall-Powell shutter can 

be found in Section 4.4.1. 

 As previously stated all of the miniature systems used in this project used multi-

component ion-beam shutters – either Tyndall-Powell shutters or a new three component 

shutter design (Section 4.4).  A Bradbury-Nielsen shutter would have provided better 

resolution in the miniature systems because the discrimination to smaller ions in a 

Bradbury-Nielsen shutter is almost negligible compared to a Tyndall-Powell shutter. It 

was, however, simply too difficult to construct an effective Bradbury-Nielsen shutter on a 

miniature scale.  

2.2.5 Drift region 

 The drift region of an IMS is nearly identical to the reaction region (Section 2.2.3) 

in that the drift region is made up of a stack of electrodes separated by insulators. The 
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absolute potential applied to the electrodes is decreased on each subsequent electrode by 

a stack of resistors in series, which results in a potential gradient across the length of the 

drift tube.  

 The diameter of the drift region is normally larger than the diameter of the 

reaction region to accommodate transverse diffusion of ions and prevent ion-surface 

interactions. As the ions travel down the drift tube the ions will spread in all directions 

via diffusion and will spread radially due to space-charge repulsion. If the ions reach the 

inner surface of the drift tube then they will interact with the surface and add an 

undesired level of complexity to the mobility spectrum. 

2.2.6 Faraday plate 

 Of the two most common ion detectors, the electron multiplier and the Faraday 

plate (Section 2.4.1), only the Faraday plate is capable of ion detection at atmospheric 

pressure. An electron multiplier can only be used under vacuum because the electrons 

emitted from the surface of the electron multiplier lose too much energy through 

collisions with gas phase molecules to create the necessary cascade effect. The only 

requirement of a Faraday plate is that the plate be made of a conductive material. The 

Faraday plate should also cover as much of the ion beam as possible. When a current to 

voltage converter is used to read out a Faraday plate, there is almost no limit to the 

physical size of the Faraday plate. The capacitance of the Faraday plate, which is related 

to size, does, however, become a concern when the Faraday plate is coupled to a CTIA 

(Section 2.4.2).  
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2.3 Atmospheric pressure ionization 

 In IMS, samples are ionized through atmospheric pressure ionization processes. 

Whether the ionization source is a radioactive foil or a corona discharge, the ionization 

process is essentially the same. Only the ionization from radioactive sources will be 

considered, however, because radioactive foils, 63Ni (β particles) and 241Am (α particles), 

were used exclusively during this research project.  

 As a high energy particle travels through a gas at or near atmospheric pressure, 

the energy of the particle is primarily dissipated through inelastic collisions with the gas 

molecules. In some of these collisions an electron will be knocked loose from a gas 

molecule. As the particle decelerates, a trail of positive ions and electrons will form in the 

path of the particle. In these studies the ions created by the particle were primarily 

nitrogen ions because nitrogen, which was used as the drift gas, was present in the drift 

tube at a much higher concentration than any other species. The best analysis of 

atmospheric pressure ionization comes from Siegel,33 but this analysis assumes that ions 

flow as a sole result of entrainment in flowing gas. The analysis performed by Siegel 

requires that a plasma state exists in the bulk of the ionization volume, but this condition 

is not satisfied in most of the volume of the ionizer in an IMS because the positive and 

negative ions are quickly separated by the electric field applied to the drift tube. As a 

result, Siegel’s analysis provides only suggestions on atmospheric pressure ionization in 

an IMS.  

 In negative mode IMS, the N2+ ions are pulled toward the “pusher” electrode by 

the electric field and are neutralized. Electrons generated by the high energy particles will 
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initially attach themselves to nitrogen molecules to form a negative nitrogen ion, N2-. As 

the negative nitrogen ions travel down the drift tube, they undergo charge transfer 

reactions primarily with N2 and O2, but also with other molecules with higher electron 

affinities than the nitrogen ions.3 Compounds with nitrate and nitro functional groups as 

well as halogenated compounds are commonly studied by negative mode IMS because 

the high electron affinities of the NO2 and NO3 groups and halogens lead to good 

ionization yields.  

 A reactant species is frequently added to the carrier gas flow to simplify the 

mobility spectrum. A permeation tube filled with methylene chloride was put in-line with 

the carrier gas flow in all ion mobility experiments performed in this research project 

(Section 3.4.2). Many different negative ions form in the ionization region of an IMS; the 

more common ions are N2-, O2-, and other hydrated ions; the presence of hydrated ions 

can be minimized by using dry gas. Chloride is present at a high concentration and has a 

higher electron affinity than the other ions in the reaction region, except compounds with 

NO2 and NO3 groups.34 When CH2Cl2 receives an electron, it dissociates to create 

chloride ions. With chloride present in the drift tube the mobility spectrum should show 

only one reactant ion peak rather than multiple peaks from a variety of ions.  

 Although chloride is primarily added to the carrier gas to simplify mobility 

spectra, the chloride ions can also participate in charge transfer reactions to ionize sample 

molecules. For example, if there is an acidic proton available on the sample molecule 

then a chloride ion can abstract the proton to form HCl and create an analyte ion (Section 

2.3.1). 
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2.3.1 Explosives 

 The selectivity of IMS to explosives results from the high electron affinities of the 

nitro and nitrate groups found on the majority of explosives; very few other molecules 

have electron affinities that are higher than those of nitro and nitrate groups. The electron 

affinities of the explosive functional groups are higher than chlorine,34 which is why 

methylene chloride can be used to supply reactant ions without interfering with the 

detection of explosives. 

 The two explosives primarily studied in this work were 2,4,6-trinitrotoluene 

(TNT) and cylcotrimethylenetrinitramine (RDX) (Figure 2.3). Both of these explosives 

represent major security concerns because neither one can be effectively controlled. 

Instructions for the synthesis of each explosive can be found in books13 and on the 

Internet. Equally important is the fact that reagents for the synthesis of each explosive are 

readily and commercially available. 

 TNT has been studied by IMS extensively since 19741 because IMS is more 

sensitive to TNT than to other explosives. Studies in which an IMS has been coupled to a 

mass spectrometer have shown that there are several different ions formed when TNT is 

analyzed by IMS. The most commonly observed ions are (TNT) - and TNT minus a 

proton (TNT-H) -, although TNT minus a nitro group (TNT-NO2) - has also been 

observed.1,35 The (TNT)- ion forms in nitrogen, but only in the absence of a proton 

abstracting reagent ion:  

TNT + e- → TNT- (Reaction 2.1)20 
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Figure 2.3: Structures of the explosives TNT and RDX. 
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The addition of air, or more specifically O2- ions, or the addition of a proton abstracting 

reagent ion, such as Cl-, allows for the formation of the proton abstracted species 

(TNT-H)- :

TNT + X- → (TNT-H)- + HX             (Reaction 2.2)20 
where X- is O2

- or Cl-

RDX has not been studied by IMS as thoroughly as TNT, partly because RDX is 

more difficult to analyze. Ion mobility is generally at least one order of magnitude less 

sensitive to RDX than to TNT owing, in part, to the lower vapor pressure of RDX.36-40 

The primary ion that forms when RDX is analyzed by IMS is an RDX molecule with an 

NO2- adduct (RDX.NO2)- ion.20 The NO2- ion is produced by the dissociation of some 

RDX molecules, but the NO2- ions are consumed by other RDX molecules to form 

(RDX.NO2)- . The fact that some of the RDX must dissociate to produce the NO2- ion also 

helps to explain why IMS is less sensitive to RDX than to TNT. 

2.4 Development of the capacitive trans-impedance amplifier (CTIA) used for 
mass spectrometry 

 The CTIA technology has been employed by Erick Young (Steward Observatory, 

University of Arizona, Tucson, AZ) as a means of reading charge from exotic materials 

used in hybrid infrared arrays. The amplifier was originally destined for an outer space 

telescope. The performance of the CTIA was first evaluated at 4 K – the data is presented 

in Table 2.141 –and was later evaluated at 77 K. 

 Professor M. Bonner Denton (University of Arizona, Tucson, AZ) realized that 

the CTIA technology could also be used to read an ion detector. The first CTIA coupled  
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Parameter Performance 

Noise 27 e-

Transimpedance 4.4 µV/e-

Detector offset (no input charge) 2 µV
Power dissipation 32 µW
Parts per wafer 82 

Table 2.1: Characterization data for the CTIA1 at 4 K provided by Erick Young (Steward 
Observatory, University of Arizona, Tucson, AZ). 
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to a Faraday plate was designed as an alternative to other common mass spectrometry ion 

detectors, i.e., the electron multiplier and the Faraday plate read out by an electrometer. 

Before the IMS project had been conceived, the CTIA had been characterized and had 

been used in isotope ratio mass spectrometry studies.  

2.4.1 Faraday plate read by a current to voltage converter 

 A current to voltage converter is normally used to read a Faraday plate (Figure 

2.4). An incident ion transfers its charge to the Faraday plate upon impact. A current to 

voltage converter then measures the charge per unit time, which is analogous to current. 

The current to voltage converter provides a stable gain that does not vary when ions of 

different velocities strike the Faraday plate. The precise gain makes a Faraday plate 

coupled to a current to voltage converter an ideal ion detector for isotope ratio mass 

spectrometry studies. Unfortunately, there is no internal gain associated with a Faraday 

plate; all of the gain is provided by the read out electronics.  

 As the gain in the read out circuitry increases, the noise of the system also 

increases and as a result the Faraday plate is not as sensitive to incident ions as the 

electron multiplier. A state-of-the-art current to voltage converter can produce a 

detectable signal from an ion flux of 6000 ions/s, or 1 fA. In the simple current to voltage 

converter shown in Figure 2.4 the gain of the circuit is set by the resistance in the 

feedback loop. As the resistance increases, the gain on the circuit increases. The noise, 

however, also increases as larger resistors are used in the feedback loop of the amplifier. 

Thermal noise, for example, is proportional to the square root of resistance.42 For an input  
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Figure 2.4: Circuit diagram for a current to voltage converter. 
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resistance of 1012 Ω, the thermal noise alone amounts approximately ±1 fA at room 

temperature. 

2.4.2 Capacitive trans-impedance amplifier (CTIA) technology 

 The schematic for the first generation of CTIA (CTIA1) coupled to a Faraday 

plate is shown in Figure 2.5. The major change between the CTIA and the current to 

voltage converter is that a capacitor replaces the resistor in the feedback loop of the 

amplifier. A reset switch has also been added to clear the charge on the CTIA at the end 

of an acquisition. When an ion is incident on the Faraday plate the charge from the ion is 

transferred from the Faraday plate to the capacitor and is stored on the capacitor. The 

charge on the capacitor is converted to a voltage by the multiplexer. Initial tests 

demonstrated the CTIA1 produces 4.4 µV per incident ion – either positive or negative. 

 A CTIA can be read either destructively or non-destructively. In destructive read 

out mode, once the charge has been sampled, the reset switch is closed to clear the charge 

on the capacitor. In non-destructive read out (NDRO) mode the charge is repeatedly 

sampled without being cleared. Repeated measurements of the same signal can be 

averaged to reduce the read noise. Section 3.5.2 has more details on the various read out 

modes and how they were used in IMS. 

 In a current to voltage converter, as the resistance of the resistor in the feedback 

loop increases, the gain of the circuit also increases. The gain of the CTIA is inversely 

proportional to the capacitance of the circuit. From a standpoint of gain alone, the  
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Figure 2.5: Circuit diagram of the CTIA1. 
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capacitance in the feedback loop should be reduced as much as possible so more voltage 

is produced per ion. Unfortunately, as the capacitance decreases the saturation limit of the 

device also decreases.  

 Smaller capacitors hold less charge and when the capacitor in the feedback loop 

of the CTIA is saturated, the amplifier will be limited at its maximum output voltage and 

will no longer respond to ions. The size of the ideal capacitor in the feedback loop of the 

CTIA depends on the nature of the application for which it will be used. If the CTIA is 

used in an application that produces a large ion flux, then a large capacitor will help to 

avoid detector saturation. In this case the gain, and sensitivity, of the amplifier would be 

reduced, but with a large ion flux sensitivity is not the primary concern. If, on the other 

hand, only a small influx of ions was available, the size of the capacitor could be 

decreased, within reason. Detector saturation would be unlikely with fewer ions incident 

on the Faraday plate and a smaller capacitance would provide an increase in sensitivity.  

 The capacitance of the detector element can influence the noise of the CTIA. 

Every amplifier has some voltage noise. In the CTIA, the voltage noise from the 

amplifier results in current noise, which is received by the amplifier and amplified. The 

magnitude of the current noise is proportional to the input capacitance.43 The potential 

effects of the input capacitance were measured on the CTIA1 (Section 2.4.2.2)  

 The CTIA1 consisted of 32 total amplifiers, 26 of which were wire bonded to the 

micro-Faraday plate array. The remaining 6 pixels were used to measure the read noise of 

the amplifier. The Faraday plates came in three different sizes so that the effect of the 

detector element capacitance on read noise could be evaluated (Sections 2.4.2.1 & 
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2.4.2.2). Although the capacitance of the detector element is the most significant concern, 

the capacitance of the connection wires must also be taken into consideration. For this 

reason, and others, the distance between the Faraday plate and the CTIA should be 

minimized.  

2.4.2.1 Micro-Faraday plate array coupled to the CTIA1 

 
As previously stated, the micro-Faraday plate array coupled to the CTIA1 was 

developed as a detector for isotope ratio mass spectrometry studies. Professor Gary 

Hieftje’s research group (Indiana University, Bloomington, IN) had developed a small 

sector mass spectrometer in a Mattauch-Herzog configuration to be coupled to an ICP. 

The Mattauch-Herzog mass spectrometer (MHMS) separates ions onto a focal plane by 

their respective mass to charge ratios. With the CTIA1 at the focal plane of the MHMS, 

multiple mass to charge ratios were simultaneously monitored.25,26 With only 32 detector 

elements, the CTIA1 could not cover the entire mass range and the mass spectrometer 

had to be scanned to sequentially focus all regions of interest on the CTIA1. The goal of 

the original CTIA project was to use a micro-Faraday plate array detector with CTIA read 

out to cover the entire mass range of an ICP coupled to an MHMS; this might require as 

many as 1024 detector elements. 

 Each of the micro-Faraday plates – or pixels – on the CTIA1 were 145 µm wide 

with a 10 µm gap, a 10 µm guard electrode, and another 10 µm gap in between pairs of 

plates. There were originally three different lengths of Faraday plates. Every other pixel 
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on the array was the longest size at 5 mm long. In between each of the full size pixels, the 

length of the pixels was alternated between “2.5 mm” and “1.66 mm”. Each “2.5 mm” 

pixel was actually two 2.5 mm sections (50% of full size) laid end to end, but with an 

insulating gap between the two sections. Only one of the two sections was wire bonded to 

the CTIA1. The “1.66 mm” pixels were three 1.66 mm sections (33% of full size) laid 

end to end (Figure 2.6); only one section was connected to the CTIA1. The different sizes 

of micro-Faraday plates in the array allowed the effect of a variable input capacitance on 

read out performance to be evaluated (Section 2.4.2.2). The original array had nearly 300 

total pixels, but the CTIA1 consisted of only 32 amplifiers on 175 µm centers. Only 26 

pixels of the micro-Faraday plate array were connected to the CTIA while the other 6 

amplifiers were used to characterize the read noise. 

 Each pixel was a 7 µm thick layer of gold over a 1 µm thick layer of titanium 

deposited on a silica-glass substrate. Gold will not bond to glass; the titanium was used to 

create a buffer layer between the gold and the glass substrate. The micro-Faraday plate 

array was provided by Pacific Northwest National Laboratory (Richland, WA). The 

Faraday plates were wire bonded to the CTIA1 by Spectral Instruments (Tucson, AZ) and 

the completed multiplexer was then mounted in a Spectral Instruments camera (Section 

3.2.1).  
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Figure 2.6: Picture of the micro-Faraday array. The Faraday plates were made in three 
different sizes to evaluate how the size of the detector element affected the read noise of 
the CTIA.  
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2.4.2.2 Characterization of the CTIA1 

 The CTIA1 was first characterized in a vacuum chamber by Roger Sperline and 

Andrew Knight (University of Arizona, Tucson, AZ). Ar+ ions from an argon ion gun 

were directed through a removable 100 µm pinhole, which allowed the ion beam to be 

focused onto a single detector element. The ion gun also provided a source of electrons so 

the response of the CTIA1 to positive ions and electrons could be measured. The CTIA1 

was held at 233 K by the Peltier cooler during characterization. An electron multiplier 

was inserted between the CTIA1 and the pinhole to measure the ion flux and provide a 

reference signal.41 

The effect of input capacitance on read noise was evaluated with the different 

pixel sizes. The dark current (signal generated without any ion flux) was measured at 

various intervals after the reset pulse. A mean-variance plot44 was constructed to 

determine the read noise of each pixel; the differences in the read noise among the 

different sizes of Faraday plates was negligible.41 

The detection limit of the CTIA1 was determined from a mean-variance plot44 of 

measurements of the background signal and ion signal. In destructive read out mode, the 

read noise of the CTIA1 was 56 electrons, which results in a detection limit, at a 2σ
confidence interval, of 110 ions41 versus 6000 ions per second from the best current to 

voltage converter. When the CTIA1 was operated non-destructively, the same signal 

could be repeatedly sampled and averaged to reduce the effective read noise. Initial 
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studies demonstrated that the CTIA1 detection limit could be reduced to 16 ions in 

NDRO mode.41 

The temperature of the CTIA1 was slowly raised to determine what effect a 

heightened temperature would have on the operation of the CTIA1. Up to 0 ºC the CTIA1 

was functional, but with increased noise compared to -40 ºC. When the temperature was 

raised to 10 ºC the CTIA1 camera no longer responded when ions were incident on the 

micro-Faraday plate array. Because the materials used to construct the CTIA1 were 

originally designed to promote electron mobility at liquid helium temperature, the CTIA1 

camera had an upper temperature limit above which the device no longer responded 

properly.  

2.5 CTIA1 operation in an IMS 

 Sandia National Laboratories (Albuquerque, NM) had been working to develop a 

miniature IMS with as much sensitivity as possible. The resolution in the miniature 

system was lower than that of “full-size” IMS because the shorter drift tube did not 

provide ions with as much time to separate. The loss of resolution could be 

accommodated with a decrease in shutter timing, but this resulted in a loss of sensitivity. 

Implementation of the CTIA technology to the Faraday plate ion detector in an IMS was 

theorized to provide an increase in sensitivity that would not come at the cost of 

resolution. Eventually, a CTIA was coupled to the miniature system (Chapter 4), but first 

the CTIA1 had to be proven to be compatible with any IMS system.  
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 The CTIA1 coupled to the micro-Faraday plate array was originally designed for 

use in mass spectrometers, specifically an MHMS. The CTIA1 was not designed for high 

speed data acquisition or operation above 5 ºC, both of which were highly desirable for 

IMS. The limitations of the CTIA1 were known, but until the technology was proven to 

be compatible with IMS, no resources would be devoted to further iterations that would 

address these issues. Sandia provided a “full-size,” commercial IMS so that the CTIA 

technology could be tested (Chapter 3) before they dedicated resources to pursue the 

improvement of the sensitivity of miniature IMS systems. 
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3 THE FIRST GENERATION CAPACITIVE TRANS-IMPENDANCE 
AMPLIFIER COUPLED TO A COMMERCIAL ION MOBILITY 

SPECTROMETER 

3.1 Overview 

 Before Sandia National Laboratories (Albuquerque, NM) would commit 

significant resources to the development of a miniature IMS coupled to a capacitive 

trans-impedance amplifier (CTIA), the CTIA technology first had to be shown to 

effectively read out a commercial IMS. The first generation CTIA (CTIA1) camera had 

only been tested in a vacuum system41 (Section 2.4.2.2) and on an ICP-MS25,26 when the 

Denton Research Group (University of Arizona, Tucson, AZ) first proposed the IMS 

project to Sandia. Roger Sperline (University of Arizona, Tucson, AZ) had characterized 

the CTIA1 camera in a vacuum chamber with the CTIA1 cooled to -40 ºC, but had also 

experimented with temperatures up to 10 ºC. Above 10 ºC the CTIA1 camera no longer 

responded to ions incident on the Faraday plate connected to the CTIA1 (Section 2.2.4.2).  

 A typical IMS is heated to avoid condensation of unionized analytes. The heat 

transferred from the IMS could raise the temperature of the CTIA1 to the point where the 

CTIA1 no longer responded to ions. Sandia provided a “full-size,” commercial IMS, 

which had to be heavily modified to support the CTIA1 camera system. The first studies 

were designed as proof-of-concept experiments to determine whether or not the CTIA1 

could be sufficiently cooled to detect ions while coupled to an IMS. After the two 

technologies had been successfully merged, the CTIA1 was optimized to enhance the 
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overall instrument sensitivity and resolution. Once optimized, the sensitivity of the PCP-

110 / CTIA1 system was compared to another PCP-110 IMS that remained unmodified. 

3.2 The CTIA1 camera 

 The details and characterization of the first generation CTIA circuitry coupled to a 

micro-Faraday plate array can be found in Section 2.4.2.1. The ion detector and CTIA 

multiplexer were built into a custom camera from Spectral Instruments (Tucson, AZ) that 

was cooled by a Peltier cooler to keep the temperature as low as possible.  

3.2.1 Spectral Instruments camera 

 The custom camera that Spectral Instruments used to house the CTIA1 

multiplexer was modeled after their 500 series CCD camera. Normally the Spectral 

Instruments cameras incorporate a window to protect CCDs mounted in the cameras. 

Ions, however, need a direct path to the Faraday plate(s) and so no window was placed 

over the detector. The camera had to be constantly purged prior to and during cooling, or 

when the operating temperature was set below 0 ºC the surface of micro-Faraday plate 

array would frost over. A mixture of antifreeze and water was circulated through the 

main camera body up to a Peltier cooler. The cooler generally maintained the CTIA1 at 

-40 ºC during normal operations unless there was an external heat source present.  

 Two of the main circuit boards for the CTIA were mounted outside of the camera 

housing above the main flange (~5” in diameter) of the camera with no protection from 

the atmosphere. The first board was the analog to digital converter board (3.5” diameter), 
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which was mounted 0.50” above the main flange. The rectangular CTIA multiplexer 

board (2.0” x 1.5”) was mounted 0.75” above the center of the analog to digital circuit 

board (Figure 3.1).  

 The camera housing measured 5” x 5” x 6.5”, not including the extra height from 

the circuit boards mounted above the main housing. Inside of the housing were the circuit 

boards and the power supplies needed to operate the camera. The plumbing used to 

circulate the antifreeze / water mixture to and from the Peltier cooler was also located on 

the inside of the camera. The cooling equipment in the CTIA1 camera was designed by 

the Denton Research Group and was implemented by Spectral Instruments. The camera 

was connected to a standard Spectral Instruments 500 series camera power supply that 

contained the primary power source, interface boards for communication, a pump and 

reservoir for the antifreeze / water mixture, and a radiator to dissipate heat. 

3.2.2 PCP-110 IMS prior to modifications 

 At the onset of the IMS project, Sandia National Laboratories provided a single 

commercial IMS unit to be modified to accommodate the CTIA1 camera. The system 

was a Phemto-Chem (now Ion Applications, Lake Worth, FL) model number 110 (PCP-

110) and according to the personnel at Sandia, the PCP-110 was one of the most sensitive 

commercially available ion mobility spectrometers.45 After initial experiments 

demonstrated that the CTIA1 could be used to detect the ions from the PCP-110, Sandia 

provided a second PCP-110 that remained unmodified so that the performance of the 

modified system could be compared to a reference instrument. 
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Figure 3.1: The CTIA1 mounted in a Spectral Instruments camera. The micro-Faraday 
plate array and the CTIA1 multiplexer were mounted on the rectangular board above the 
round analog to digital converter board. 



62 

 The PCP-110 contained a switchable high voltage power supply that could output 

either a positive or a negative voltage. A separate power supply provided power to the 

high voltage power supply and to several other components, but otherwise the IMS was 

integrated into a case that was 10 ½” x 7” x 12”. The case included external controls for 

the power and polarity of the high voltage power supply, the gain on the read out, and the 

temperature of the drift tube. Carrier and drift gas inlets and an exhaust port were located 

on the case along with two BNC connectors one to input a shutter trigger and the other to 

output the data from the system. Inside of the housing three circuit boards, for general 

electronics, power supplies and temperature, and high voltage, controlled the operations 

of the IMS. The drift tube was housed inside of a sealed metal box that was 4 ¼” x 4 ¼” 

x 7 ¼” and was surrounded by insulation. The high voltage board was mounted on the 

outside of the drift tube enclosure. The various stages of the drift tube were connected to 

the high voltage board through the housing via wires in sealed glass tubes. The drift tube 

was heated by four resistive heaters mounted on the drift tube housing. 

 The PCP-110 drift tube used a 10 mCi 63Ni radioactive source, a beta particle 

emitter (maximum energy of 65 keV). The shutter in the PCP-110 was a Bradbury-

Nielsen design, which is a single plane ion-beam shutter (see Section 2.2.4.1). The 

exhaust port for the gas as it exited the drift tube was located between the shutter and the 

drift region. The drift region consisted of seven metal ring electrodes followed by a 

divider plate. The divider plate was a square, metal plate as big as the internal dimensions 

of the drift tube housing with a circular hole in the center. Following the divider plate 

was an aperture grid and finally the Faraday plate. Each individual stage was electrically 
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insulated from the surrounding stages by three spherical sapphire spacers placed around 

the periphery of each stage. A circular compression plate on each end of the drift tube 

was connected to the other compression plate by three spring-loaded metal rods that ran 

parallel to the drift tube. When the two compression plates were screwed to the rods, the 

stages of the drift tube were compressed between the plates and the resultant pressure 

maintained the structural integrity of the drift tube. Figure 3.2 is a picture of the drift tube 

inside of the housing.  

3.2.3 Unmodified PCP-110 data acquisition program 

 Before the PCP-110 was modified for use with the CTIA1 camera, the first task 

was to verify that the system had survived shipment. Sandia did not send a data 

acquisition program with the PCP-110 and a custom program was written in LabVIEW 6 

(National Instruments, Austin, TX). The PCP-110 was interfaced to a computer using an 

analog I/O board and an analog DAQ card (SCB-68 & PCI-6052E, respectively, National 

Instruments, Austin, TX). The program sent an analog signal to the IMS trigger to open 

and close the ion-beam shutter. The shutter signal was also fed back into the I/O board so 

the start of the data acquisition could be triggered when the shutter was opened; this 

feedback allowed successive scans to be synchronized. The algorithms used to run the 

PCP-110 shutter were later copied into the program that controlled the CTIA1 camera. 

The number of scans collected by the program was controllable by the user. After the 

acquisition was complete, all of the scans could be averaged together or the program  
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Figure 3.2: The PCP-110 drift tube inside of its housing. 
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could display each individual scan on a 3d plot so the evolution of the mobility spectrum 

could be monitored.  

3.2.4 PCP-110 Modifications 

 The original Faraday plate in the PCP-110 had to be replaced with the array of 

micro-Faraday plates on the CTIA1 camera. Additionally, all of the components in the 

drift tube from the Faraday plate to, and including, the housing had to be modified so that 

the micro-Faraday plate array could be inserted into the drift tube.  

 First, the drift tube was removed from the housing. Each wire that connected the 

individual drift tube stages to the high voltage board was cut on the inside of the housing. 

All of the stages from the aperture grid through the compression plate needed to be 

replaced or modified to allow the micro-Faraday plate array to be placed as close to the 

aperture grid as possible. Unfortunately, none of the stages could be removed without 

first removing one of the compression plates, which would compromise the structural 

integrity of the entire drift tube. Fortunately, the divider plate was used as a backup 

compression plate while the detector-side compression plate was removed. The metal 

rods along the axis of the drift tube had holes drilled straight through even with the 

divider plate. Small metal pins were placed through these holes and as the compression 

plate was loosened, the divider plate was pressed into the metal pieces. The pressure on 

the divider plate allowed the aperture grid, a spacer ring, the Faraday plate, and the 

compression plate to be separated from the assembly, while the ionizer and drift regions 

remained intact. 
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 Nearly all of the pieces removed from the PCP-110 drift tube had to be modified 

or replaced, but none of the pieces could be eliminated. The tension on the drift tube 

could not be maintained unless the length of the drift tube remained constant. The only 

component that did not need to be modified was the aperture grid. In order to 

accommodate the micro-Faraday plate array, a 1.9” x 2.2” hole (the size of the CTIA1 

printed circuit board) was added to the center of the housing, the compression plate, and 

the new piece that would replace the Faraday plate. Unfortunately, the holes for the 

sapphire spacers were located approximately 0.9” away from the center of the drift tube 

and this pattern overlapped with the hole required for the array. When the spacer ring 

(located between the aperture grid and Faraday plate) was replaced, the new piece 

widened the pattern of holes for the sapphire spacers from 0.9” from the center to 1.35” 

(Figure 3.3). 

 The spacer ring that replaced the Faraday plate was a 3.6” diameter, 0.060” thick 

brass ring. The center of the spacer had a 1.9” x 2.2” hole cut for the Faraday array and 

three small holes for the sapphire spacers that followed the wider pattern (Figure 3.4). 

The compression plate also needed a central hole for the micro-Faraday plate array and 

new holes for the wider spacer pattern.   

 All of the new and modified pieces were reassembled onto the drift tube. Once the 

modified compression plate was screwed into place, the pressure on the divider plate was 

relieved and the pieces of metal that helped hold the remaining sections of the tube 

together were removed. After the drift tube was reinserted into the housing, the wires  
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Figure 3.3: Schematic for the replacement spacer ring for the modified PCP-110. The 
ring moved the set of holes for the sapphire spacers out to a larger diameter and 
maintained the overall length of the drift tube. The ring was made out 0.060” thick brass 
by the machine shop in the chemistry department at the University of Arizona (Tucson, 
AZ). 
 

original spacer holes 
wider spacer hole pattern 
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Figure 3.4: Schematic for the ring that replaced the Faraday plate in the PCP-110. The 
ring had a large central hole for the CTIA1 multiplexer board and maintained the overall 
length of the drift tube. The ring was made out 0.060” thick brass by the machine shop in 
the chemistry department at the University of Arizona (Tucson, AZ). 
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from each of the stages that had been cut were spot welded back to the wires from the 

high voltage board. 

 The IMS housing was also modified with a 2” x 2.2” hole aligned with the same 

hole in each of the modified drift tube components. Before the drift tube was modified, 

the drift gas flowed through the housing via a port in center of the housing at the detector 

end. That port had been eradicated by the hole cut for the multiplexer board. Once the 

CTIA1 camera was connected to the PCP-110 the drift gas flowed into the system 

through a hole in a flange between the camera and the drift tube housing (Section 3.2.5). 

The nitrogen used as drift gas flowed past the CTIA1 array and into the drift tube; the 

nitrogen also served to purge the atmosphere around the array and prevented frost 

formation. Figure 3.5 shows the modified PCP-110 drift tube after it was reinserted into 

the modified housing. All of the modifications and the new pieces were made by the 

Chemistry Department Machine Shop at the University of Arizona (Tucson, AZ). 

3.2.5 Interface between the CTIA1 and PCP-110 

 An adapter was needed to interface the CTIA1 camera and the PCP-110 drift tube 

housing. The adapter had to be more than ½” thick so the PCP-110 would rest on the 

adapter and not on the analog to digital converter board. The drift tube housing was 

approximately 4.5” long, so the inner diameter of the adapter could not have been greater 

than 4.5” or the drift gas might have escaped through openings. The adapter used was an 

11/16” tall aluminum ring with an inner diameter of 4.5” and an outer diameter of 5.0”. A  
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(a) 
 

(b) 
 

Figure 3.5: PCP-110 modifications. (a) End-on picture of the modified PCP-110 drift 
tube. (b) Top-down picture of the modified PCP-110 drift tube. 
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threaded hole for a 1/8” pipe fitting was drilled through the side of the flange and a pipe 

to Swagelok adapter was screwed into this hole and used as an inlet for the drift gas.  

 Unfortunately, the only existing photos of the system used a different style of 

interface that accomplished the same overall connectivity between the CTIA1 camera and 

the PCP-110 (Figure 3.6). In Figure 3.6 the CTIA1 camera had been modified for use 

inside a mass spectrometer in Professor Gary Hieftje’s research group (Indiana 

University, Bloomington, IN). The CTIA1 multiplexer and the analog to digital converter 

board had been raised approximately 4”. The interface flange described in this section is, 

unfortunately, not pictured in Figure 3.6. Instead a 4” nipple was used to seal the volume 

between the CTIA1 camera and the PCP-110. 

3.2.6 Filament probe 

 The original sample probe for the PCP-110 consisted of a small glass tube fit into 

a Teflon plug with a standard taper. A liquid sample was applied to the inside of the glass 

tube and the probe was inserted into a metal bushing that served as an injector port. The 

PCP-110, including the bushing, was heated and the sample was desorbed from the 

surface of the glass probe and swept into the ionizer by the carrier gas. The desorption 

rate was dependent on the system temperature and the volatility of the sample. Samples 

with low volatilities slowly desorbed from the wall of the glass tube and were detected 

over a greater period of time than samples with high volatilities. This slow desorption 

rate resulted in a reduced sensitivity to samples with low volatilities because the 

delivered mass was spread over a longer period of time. Ideally the entire sample would  
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Figure 3.6: The modified PCP-110 mounted on top of the CTIA1 camera. 
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have fully desorbed from the probe as soon as the probe was inserted into the PCP-110. 

The probe was modified to include a tungsten filament; when current was applied to the 

filament, the filament heated rapidly, which resulted in faster desorption and an improved 

sensitivity to low volatility samples. 

 The original glass tube fit snugly into the inner diameter of a Teflon plug. Two 

holes were drilled through the Teflon adapter and nickel wires fit snugly into these holes 

to prevent gas leaks. A small tungsten filament (HC8, Scientific Instrument Services, 

Inc., Ringoes, NJ) was spot welded across the nickel wires inside of the glass tube. When 

the probe was inserted into the PCP-110, the nickel wires were connected to a current 

source that delivered enough current to bring the filament to just under red heat within 

one second.  

3.3 Limitations of the original CTIA1 data acquisition program 

 When the CTIA1 camera was supplied by Spectral Instruments, they also 

provided a custom data acquisition program written in LabVIEW 6 (National 

Instruments, Austin, TX). Since the CTIA1 camera was originally designed for 

application in a mass spectrometer,25,26 so too was the program. The array detector 

functionality of the CTIA1 camera was of paramount importance when it was used in a 

Mattauch-Herzog sector mass spectrometer because ions with different mass to charge 

ratios were separated spatially. Because the resolution of the instrument resulted from the 

spatial separation of ions, high speed data acquisition was not a primary concern. In IMS, 

separations occur temporally and, like a time of flight mass spectrometer, the resolution 
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can be limited by a slow data acquisition rate. This section will detail the capabilities and 

limitations of the original data acquisition program. 

3.3.1 Read out speed 

 The data acquisition program was set to read the charge on the CTIA1 as quickly 

as possible. The integration time was always set to 0 ms, but because there was no shutter 

on the camera, any ions incident on the Faraday plates produced a detectable charge 

unless the amplifier was in the middle of a reset. All twenty six of the pixels on the 

CTIA1 that were connected to the micro-Faraday plate array were sampled and the signal 

from each was averaged.  

 The CTIA read out timing was measured with an oscilloscope. Each pixel 

required 8.84 µs to read, or approximately 440 µs to read out the full array, 230 µs for the 

twenty six pixels plus another 210 µs of unknown processing time. Each acquisition 

required the collection of both a bias spectrum and a sample spectrum so the total 

acquisition time for a single data point should have been approximately 880 µs plus the 

time to reset the amplifiers. Unfortunately, the maximum read out rate of the CTIA1 was 

approximately 2.5 ms because the amplifier required more than 1.5 ms to transfer data 

and reset. As a result, the maximum read out rate of the CTIA1 camera was 400 Hz. An 

additional flaw was that during the reset period, which was twice as long as the sum of 

the acquisition and read out periods, any charge generated by ions went undetected. 

 Mobility spectra in the literature normally display maximum drift times between 

15 to 30 ms.20,46 With a read out speed of 2.5 ms per data point, the resolution of the 
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spectra was insufficient. In order to increase the number of data points collected per 

spectrum, the drift tube conditions were set to slow the flow of ions through the tube. The 

voltage applied to the drift tube was lowered from the normal -2100 V to only -1300 V 

and the temperature of the drift tube was reduced as well. Recommendations from 

personnel at Sandia indicated that the PCP-110 performed best at a drift tube temperature 

of 160 ºC,45 but the temperature was held at 80 ºC to reduce the ion flow rate and to keep 

the CTIA1 camera from overheating. As a result of the deviations, from the normal 

operating conditions, the time per spectrum was increased to just over 25 ms, which 

allowed for collection of 10 data points per spectrum.  

 The reduction in drift tube temperature would have been necessary even without 

the read out rate restrictions of the CTIA1 camera. As previously stated the CTIA1 

multiplexer had a greatly increased noise when it was operated at 0 ºC, as opposed to -40 

ºC, but the camera remained functional until 10 ºC when the camera no longer produced a 

detectable signal from incident ions (Section 2.4.2.2). The aluminum drift tube housing 

transferred heat to the CTIA1 camera when heated. Below a drift tube temperature of 100 

ºC, the Peltier cooler could keep the camera cooled to 0 ºC, but as the drift tube 

temperature increased, the temperature on the multiplexer also increased. In order to 

prevent any chance of overheating the CTIA1, the drift tube temperature was maintained 

at 80 ºC. 

 There was another significant time delay in the data acquisition program 

associated with the processing and display of the collected data. At the end of every 

acquisition the program required at least half of a second to display the data that had been 
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collected. In order to minimize the effect from this delay, several spectra were acquired in 

a single acquisition cycle. The IMS shutter trigger was sent to the PCP-110 six times 

during a single acquisition cycle. After data collection had been completed, the six 

collected spectra could be averaged in a spreadsheet off-line.  

3.3.2 IMS trigger and data acquisition synchronization 

 The last major issue of the original data acquisition program was that there was no 

way to completely synchronize the start of the CTIA1 data acquisition with the PCP-110 

shutter. The algorithms for the shutter trigger from the data acquisition program for the 

operation of the unmodified PCP-110 (Section 3.2.3) were inserted into the CTIA1 

program code at various stages before the start of the data acquisition. Unfortunately, no 

matter where the shutter trigger code was inserted into the CTIA1 program, the start of 

the IMS shutter and CTIA1 data acquisition remained unsynchronized. The effect could 

clearly be seen in the position of the electron peak, which varied by as much as 1 ms on 

successive IMS spectra. The uncertainty in the peak positions caused the resolution of the 

peaks in the average of multiple spectra to decrease below the already low resolution, due 

to the limited data acquisition rate.  

 An alignment routine was written and inserted into the CTIA1 program code to 

attempt to align all of the spectra before they were averaged. The alignment routine took 

advantage of the fact that the electron peak was normally intense and was normally the 

only peak detected in the first five milliseconds of each spectrum. In negative mode IMS 

electrons are the most highly mobile species detected and are detected almost instantly 
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after the shutter opens. The alignment program found the most intense peak within the 

first five milliseconds and adjusted the drift time of that peak to zero milliseconds. If the 

program did not find a peak with intensity greater than ten times the mean of the baseline 

within the first five milliseconds, the acquired spectrum was discarded so the average was 

not ruined by a misaligned spectrum. Unfortunately, this was a common occurrence 

because during the CTIA1 reset period, electrons were not detected. The shutter time of 

the PCP-110 had to be increased to 3000 µs to ensure that electrons were detected on all 

spectra.  

3.4 Initial data from the PCP-110 / CTIA1 camera combination 

3.4.1 Reagents 

 A standard solution of TNT was obtained at a concentration of 1000 µg/mL in 

acetonitrile (47244, Supelco, St. Louis, MO). All dilutions used HPLC grade acetonitrile 

(AX0145, EMD Chemicals, Inc., Gibbstown, NJ). Micro-capillaries were used to deliver 

volumes of 0.5 µL and 1.0 µL (3808 & 3809, respectively, Alltech Associates, Inc., 

Deerfield, IL) and adjustable volume Eppendorf auto-pipettes (Hamburg, Germany) were 

used to deliver all other volumes. 
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3.4.2 PCP-110 system parameters 

 As previously stated the drift tube temperature and high voltage were lowered to 

80 ºC and -1300 V, respectively, from the recommended settings, to reduce ion flow rates 

(Section 3.3.1). Nitrogen was used as both the carrier and drift gas. Before the nitrogen 

was divided into two separate flows, it was first purified with a moisture trap (8121, 

Alltech Associates, Inc., Deerfield, IL). The drift and carrier gas flow rates were set with 

calibrated flow meters with integral needle valves (C-32121-16 & C-32121-14, 

respectively, Cole Parmer Instrument Company, Vernon Hills, IL). The rates used were 

those recommended by Sandia45: a drift gas rate of 500 mL/min and a carrier gas rate of 

100 mL/min. Methylene chloride was added to the carrier gas via a permeation tube to 

provide a constant supply of chloride ions to simplify the mobility spectrum and promote 

the ionization of some analytes (Section 2.3). 

 A permeation tube was filled with methylene chloride and was placed into a small 

metal tube. On each end of the metal tube was a cap with a 1/8” Swagelok adapter 

welded in place. One of the caps was welded onto the metal tube and the other cap was 

clamped in place with an o-ring between the cap and the tube to ensure a gas tight seal. 

The carrier gas was fed into the tube and past the permeation tube to introduce methylene 

chloride into the carrier gas. The metal tube and the caps were designed by Roger 

Sperline (University of Arizona, Tucson AZ) and were built by the Machine Shop in the 

Chemistry Department at the University of Arizona (Tucson, AZ). The metal tube was 

wrapped with heating tape so the concentration of chloride ions in the carrier gas could 
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be increased if necessary (Figure 3.7). For the experiments with the PCP-110 / CTIA1 

camera combination, the permeation tube was heated to 35 ºC.  

3.4.3 TNT injected into the PCP-110 / CTIA1 camera system 

 500 pg of TNT were injected into the modified system via application of 0.5 µL

of a 1 µg/mL TNT solution to the filament probe. The IMS shutter was opened for 3000 

µs for this study to ensure that all species were detected and to increase the chances of 

detecting the electron peak on each spectrum (Section 3.3.2). A single acquisition of six 

spectra was taken and, rather than manually average each of the six average spectra, the 

spectra were displayed sequentially so the reproducibility of the system could be 

evaluated (Figure 3.8). 

 The first detail of note from the six spectra was the variability of the intensity of 

the electron peak (the position varied as well but this can not be seen in Figure 3.8). 

Because electrons have a higher mobility than any other species, they travel much faster 

than all other species and subsequently do not have as much time to diffuse in the drift 

tube. If the electron peak had gone through a maximum while the detector was in the 

reset state, the electron peak intensity would have appeared to be lower than it was on 

other spectra. When the TNT spectra in Figure 3.8 were analyzed, the electron peak 

intensity varied by as much as 80%. Because the IMS length of the shutter trigger was set 

longer than the reset period of the CTIA1 camera, the electron peak was always detected, 

but the intensity varied from acquisition to acquisition. As the shutter time was  
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Figure 3.7: The holder for the methylene chloride permeation tube hooked up in line with 
the carrier gas. 
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Figure 3.8: Six TNT spectra from the initial combination of the PCP-110 and the CTIA1 
camera displayed sequentially. The intensity of the electron peak varied substantially 
from spectrum to spectrum. Also the reactant ion peak and TNT peak could not be 
reproducibly resolved. 
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decreased, the detection of the electron peak became problematic. The alignment routine 

depended on the detection of the electron peak and as the shutter time was decreased, the 

alignment routine became less effective. 

 The second and third peaks in each spectrum were due to the reactant chloride 

ions and TNT ions, respectively. The intensity of the peaks did not vary by nearly as 

much as the electron peak, but the two peaks were frequently not resolved from each 

other. The second, third, and fifth spectra in Figure 3.8 show two unresolved peaks. On 

the remaining spectra, especially the first spectra, the reactant ion peak (RIP) and TNT 

blended together to the point where only one peak was detected. Normally, the length of 

time during which the ion-beam shutter was open could be decreased to improve 

resolution, but with the modified system a decreased shutter time would increase the 

chances that the ions would elute during the CTIA1 camera reset period and that the 

alignment routine would fail. 

3.5 Modifications to the CTIA1 camera 

 The modified PCP-110 and CTIA1 camera system had been successfully used to 

detect TNT ions. Although this demonstrated that the CTIA technology could be used to 

detect ions from an IMS, the resolution of the system needed to be improved before 

Sandia was satisfied with the performance of the CTIA1. Fortunately, several 

modifications to the micro-Faraday plate array, the data acquisition methods, and the 

cooling equipment allowed for higher operating temperatures and for a major 



83 

improvement in the read out rate of the CTIA1 camera. This section describes these 

modifications. 

3.5.1 Micro-Faraday plate array modifications 

 As stated in Section 2.4.2.1, the micro-Faraday plates in the array were made up 

in three different lengths. During initial experiments Roger Sperline (University of 

Arizona, Tucson, AZ) discovered that the variable length of the micro-Faraday plates had 

a negligible effect on the read noise of the amplifier (Section 2.4.2.2). Every other pixel 

on the array had been cut into either two or three pieces for this evaluation and any ion 

incident on the unconnected halves or thirds went undetected. The camera was taken back 

to Spectral Instruments (Tucson, AZ) where Gary Sims wire bonded all of the 

unconnected portions of the divided pixels to the active sections. Aside from the small 

gaps present between the sections of the formerly divided pixels, all twenty-six pixels 

were roughly equivalent at 5 mm in length (Figure 3.9).  

 Because the input capacitance of the largest size of Faraday plate present on the 

micro-Faraday array did not noticeably affect the read noise of the amplifier, the size of 

the Faraday plates could be increased41 (Section 2.4.2.2). If the ions had been dispersed 

spatially, as in a Mattauch-Herzog sector mass spectrometer for example, then the size of 

the individual detector elements would have affected the resolution of the instrument. In 

an IMS, however, an array of small Faraday plates presented no advantages over a single, 

large Faraday plate. Rather than replace the micro-Faraday plate array with an entirely 

new detector, ten of the previously inactive Faraday plates were wire bonded to pixel  
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number twenty six (Figure 3.9). The active area of pixel number twenty six was increased 

by a factor of eleven, to 5.0 mm x 1.6 mm. The primary advantage gained by a single, 

larger Faraday plate was that one pixel could now be read to get the same sensitivity as  

many, which would decrease the overall read out time. More than eleven pixels could 

have been wire bonded together, but first it was necessary to ensure that the increased 

capacitance of eleven connected pixels would not have a detrimental effect on the read 

noise. Once the CTIA1 was tested after modification , it was determined that the read 

noise was unaffected; more of the Faraday plates could have been wire bonded together 

to further increase the active area of a single pixel, but time did not allow for this 

modification.  

3.5.2 Data acquisition program modifications for non-destructive read out 

 The time required to read out a single pixel with the CTIA1 camera was 

approximately 2.0 ms, reduced from 2.5 ms when twenty six were read. Only 220 µs

were needed to read a single pixel, but the original program acquired a bias signal with 

every acquisition and so the total time per read was 440 µs. The other 1.6 ms was used to 

cache the data and reset the amplifier. The program was revised to remove the bias read 

associated with each acquisition, which reduced the overall acquisition time to 1.8 ms, 

but the reset time was still the limiting factor to the read out speed. 

 The CTIA has one amplifier for every pixel and, like a charge injection device 

(CID), can be operated in a non-destructive read out (NDRO) mode. In spectroscopic 

applications NDRO mode is normally used to repeatedly sample the same signal to  
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Figure 3.9: The modified micro-Faraday plate array. Each of the partial pixels was wire 
bonded with its inactive segment(s) so that each pixel was the same length. Ten pixels on 
the end of the array were then wire bonded to the last pixel in the array to create a single 
pixel with eleven times the active area of a single pixel. 
 

eleven connected pixels 
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reduce the read noise by the square root of the number of reads.47 Because there was no 

shutter on the CTIA1 camera, it would have been impossible to repeatedly sample the 

same charge on the amplifier because ions were constantly arriving at the Faraday plate. 

Even if there had been a shutter present on the CTIA1 camera, ions are separated 

temporally in IMS and repeated reads of the same charge would have sacrificed 

resolution. Instead of repeated reads, NDRO mode was used to sample the charge on the 

CTIA1 as often as possible even as more ions were incident on the Faraday plate; NDRO 

mode eliminated the delay of the camera reset in between each read.  

 In both destructive mode and NDRO mode, the charge on the capacitor in the 

CTIA is cleared prior to the start of an acquisition. During an integration period ions 

incident on the Faraday plate array generated charge that was stored on the capacitor. 

Once the integration period had elapsed, the charge on the capacitor was sampled by the 

amplifier. When the CTIA1 was read destructively, the charge on the capacitor was 

cleared and the entire process was repeated. In NDRO mode, after the charge was 

sampled by the amplifier, the capacitor was not cleared and the charge remained on the 

capacitor. After another integration period the amplifier once again sampled the charge 

on the capacitor. At this point the detected signal resulted from the sum of the charge 

from all of the previous periods, which had not been cleared, and the new charge from 

ions during the latest integration period. The overall effect of NDRO mode was that the 

CTIA1 integrated the signal over the acquisition of a full spectrum instead of integrating 

the signal from each individual data point.  
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 In NDRO mode, the difference between a given data point and the previous data 

point represented the new charge added to the capacitor during the integration period 

associated with the given data point. After the acquisition had been completed, the 

derivative of the raw signal from the CTIA1 camera was taken to convert the signal into a 

traditional IMS spectrum (Figure 3.10). Because the amplifier was not reset after each 

data point, the sample read out time dropped from 1.8 ms per data point (approximately 

 500 Hz) to 220 µs per data point, or 4.55 kHz. The 1.5 ms reset delay was still present, 

but occurred only once, at the end of each spectrum. The time required to acquire each 

spectrum was normally 50 ms (220 µs for each data point collected per spectrum plus the 

1.5 ms reset delay). 

 Unfortunately, NDRO mode has a major disadvantage not present when the 

camera is read destructively. Because the charge is no longer cleared between data points, 

the full well capacity of the detector becomes a significant concern. Once an integrating 

detector reaches full well capacity, no more charge can be stored on the capacitor and as 

a result no more ions can be detected (Figure 3.11). The best way to counteract detector 

saturation on the CTIA1 camera was to reduce the total number of ions that reached the 

detector. Without the dead time associated with the reset pulse, ions no longer went 

undetected and the IMS shutter could be opened for shorter intervals to reduce the overall 

ion throughput. The faster read out rate also facilitated consistent detection of the electron 

pulse used for synchronization of sequential acquisitions. 
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Figure 3.10: A sample spectrum from an IMS with an integrating detector. In NDRO 
mode the CTIA1 camera is not reset after each data point is collected. The camera reports 
the total number of ions that have impacted the Faraday plates from the start of the 
spectrum. Once the acquisition is complete a standard IMS spectra is obtained by taking 
the derivative of the raw signal. 
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Figure 3.11: Sample integrating detector data. (a) Sample data from an integrating 
detector unaffected by the full well capacity of the detector. (b) Sample data from an 
integrating detector in which the full well capacity has been exceeded. Analyte peaks can 
be truncated or can go undetected.  
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3.5.3 Improved CTIA1 cooling system 

 As previously stated, the CTIA1 camera could not be kept at operational 

temperatures when the drift tube was heated to 100 ºC or higher. Inside of the CTIA1 

camera power supply was a reservoir of antifreeze / water mixture that was cooled 

radiatively and circulated through the Peltier cooler. A refrigerated cooler with a larger 

reservoir was borrowed from Professor Donald Huffman’s laboratory (Physics  

Department, University of Arizona, Tucson, AZ) and was connected to the CTIA1 

camera in series with the Spectral Instruments power supply.  

 There was not enough of the antifreeze / water mixture available to fill the larger 

reservoir of the new cooler, so the mixture in the camera power supply was removed and 

stored. A 3:1 mixture of water and isopropanol was used to fill both of the reservoirs. The 

reservoirs could not be filled with exclusively water because the new cooler had a 

refrigerator and the water might have frozen. The refrigerator and larger pump on the 

replacement cooler allowed the drift tube temperature to be significantly raised without 

overheating the CTIA1. The small pump in the Spectral Instruments camera power 

supply was still powered and connected to a battery backup so the camera would be 

protected from overheating in the event of a power loss. 

3.5.4 Noise from the PCP-110 high voltage power supply 

 The high voltage power supply on the PCP-110 was discovered to be a significant 

source of noise. The original read out of the PCP-110 went through several stages of RC 
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filters to remove the noise from the power supply. Several brief attempts were made to 

reduce the noise from the high voltage power supply with new filters added to the output 

of the power supply. The improvement from the filters, however, was almost negligible. 

Later, the original power supply was replaced with a “low noise,” shielded power supply. 

Unfortunately, the replacement power supply produced more noise than the original 

power supply and the original supply had to be reinstalled.  

3.6 Resultant data from the CTIA1 camera modifications 

 The new modifications to the micro-Faraday plate array and the CTIA1 camera 

yielded an improved read out speed and allowed for shorter IMS shutter intervals and 

allowed both the drift tube temperature and the voltage to be raised. After initial tests 

with both TNT and RDX, the sensitivity of the modified PCP-110 / CTIA1 system was 

compared to that of the unmodified PCP-110. 

3.6.1 Improved PCP-110 operating conditions 

 The PCP-110 parameters had been adjusted to accommodate the original 400 Hz 

read out speed, but with the CTIA1 improvements described in Section 3.5 there was an 

eight-fold increase in read out rate and the drift tube voltage was reset to the default 

setting of -2100 V. The faster read out rate and the use of the refrigerated cooler allowed 

the drift tube temperature to be increased as well. Sandia had recommended a drift tube 

temperature of 160 ºC and with the new cooler the CTIA1 camera no longer overheated 

at this drift tube temperature.45 The camera was always set to 0 ºC, but the heat 
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transferred from the drift tube raised the temperature of the CTIA1 to 2.5 ºC. Because the 

drift tube was sufficiently hot to raise the temperature of the CTIA1 above the set point, 

the drift tube temperature was reduced whenever the system was not in use, as a 

precautionary measure.  

 In previous experiments, with the CTIA set to read out destructively, the IMS 

shutter had to remain open for 3000 µs to ensure that all of the eluted species were 

detected. When the CTIA1 was operated in NDRO mode there was no longer a dead time 

associated with the amplifier reset and the shutter interval was reduced to the 

recommended setting: 200 µs.45 

The use of NDRO mode also improved the effectiveness of the alignment routine 

added to the data acquisition program. The electron peak was easily detectable in all 

spectra, but there was still some variability in the position of the electron peak from 

spectrum to spectrum because the start of the data acquisition and the IMS shutter were 

still unsynchronized. As a result of the inconsistency of the position of the electron peak, 

the peak resolution – after the spectra were aligned and averaged – was lower than that of 

the peaks in a single spectrum.  

3.6.2 Reagents 

 The reagents and compounds used after the improvements were the same as those 

used for the initial tests of the PCP-110 / CTIA1 system (Section 3.4.1) except for the 

addition of a second explosive, RDX. 1 mL aliquots of an RDX standard were obtained 

from Supelco at a concentration of 1000 mg/mL in acetonitrile (47237, St. Louis, MO). 
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3.6.3 TNT analysis 

 500 pg of TNT were injected into the modified PCP through application of 0.5 µL

of a 1 µg/mL solution to the filament probe. The TNT was spread out over subsequent 

acquisitions, which allowed twenty scans to be collected, aligned and averaged (Figure 

3.12). Because the start of the CTIA1 camera and PCP-110 were unsynchronized, the 

drift times of the peaks indicated by the data did not have a valid reference point and  

were only accurate relative to each other. Electrons appeared at the detector almost 

instantly after the shutter was opened so the drift time of the electron peak was set to 0.0 

ms  

 Figure 3.12 shows the average of twenty spectra taken after an injection of TNT 

overlaid on the average of twenty background spectra. The reactant ions appear on both 

spectra at drift times of 11.2 and 12.4 ms. A single peak was expected because of the 

chloride ions from the methylene chloride introduced into the carrier gas. The identity of 

the second reactant ion peak (RIP) was never determined. Either there was not enough 

chloride in the carrier gas to transfer all of the charge from the unknown ions or this 

unknown ion must have had a higher electron affinity than chloride otherwise or the 

charge would have been transferred to the chloride ions. In the latter case, the identity of 

the second peak was most likely NO2-. Some of the TNT injected may have fragmented 

during analysis to produce NO2- ions, which have a higher electron affinity than chloride 

ions.  

 The final peak at 19.9 ms was present only on the sample spectra and because a 

single compound standard was injected into the IMS, this peak must have resulted from  
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Figure 3.12: Overlaid background and TNT IMS spectra from the PCP-110 / CTIA1 
system after the modifications to the CTIA1 camera. The TNT peak appeared at a drift 
time of 20.0 ms. 
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TNT ions. In order to confirm the identity of the supposed TNT peak, the reduced 

mobility of the peak was calculated.  

 The reduced mobility, Ko, can be calculated using Equation 2.3. The drift length, 

from the shutter to the detector, in the PCP-1103 was 8 cm while the overall length of the 

drift tube was 14 cm. The power supply was set to -2100 V, which resulted in an electric 

field gradient of 150 V/cm. The exact atmospheric pressure was not recorded on the day 

the TNT was injected and an average value for Tucson of 101.591 kPa was used instead. 

Finally, the temperature of the PCP-110 drift tube was set at 160 ºC. The TNT peak at a 

drift time of 19.9 ms had a reduced mobility of 1.68 cm2/(V.s). The literature indicates 

that TNT has a reduced mobility that ranges from 1.49 to 1.60 cm2/(V s) depending on 

identity of the species detected and the IMS conditions.9,35,46 The error in the reduced 

mobility was somewhere between 5.0 – 12.8% depending on the identity of the ion 

detected by the PCP-110 / CTIA1.  

3.6.4 RDX analysis 

 The vapor pressure of RDX is between 1000-100,000 times less than that of 

TNT.36-40 As a result of the lower volatility, RDX eluted off of the sample probe over a 

longer period of time than TNT. When 500 pg of TNT was analyzed only twenty spectra 

could be acquired before the TNT peak began to abate. The longevity of the peak that 

resulted from a 500 pg injection of RDX allowed one hundred scans to be collected, 

aligned, and averaged (Figure 3.13).  
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Figure 3.13: Overlaid background and RDX IMS spectra from the PCP-110 / CTIA1 
system after the modifications to the CTIA1 camera. The RDX peak appeared at a drift 
time of 21.0 ms. 
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 The reactant ion peaks in the RDX analysis were almost identical to those in the 

TNT study (Section 3.6.3). The RDX peak eluted with a drift time of 21.0 ms. Aside 

from the drift time, all of the parameters used to calculate the reduced mobility for the 

TNT peak were identical and the reduced mobility of the RDX peak was calculated to be 

1.61 cm2/(V s). Reduced mobilities for RDX in the literature range from 1.40 to 1.47 

cm2/(V s)9. The most commonly seen RDX species in IMS is the RDX molecule with a 

nitro group adduct (RDX.NO2) -, which has a reduced mobility of 1.45 cm2/(V s) at 

conditions closest to those of the PCP-110 / CTIA1 system.20,48 Assuming that the RDX 

species was correctly identified, the error in the reduced mobility was 11.0%.  

3.6.5 Sensitivity of the modified system compared to an unmodified PCP-110 

 After the capability of the CTIA1 camera to detect ions from an IMS had been 

sufficiently demonstrated, Sandia National Laboratories provided a second PCP-110 

IMS. The second system was sent so a reference would be available while modifications 

were made to the first system and so the sensitivity of the PCP-110 modified with the 

CTIA1 camera could be compared to a PCP-110 that used the original Faraday plate and 

current to voltage converter. The data acquisition program for the unmodified PCP-110 

had already been written (Section 3.2.3). The unmodified system was set to the same 

system parameters as the PCP-110 / CTIA1 system: -2100 V across the full length of the 

drift tube, a drift tube temperature of 160 ºC, and the same current was applied to the 

same filament probe. 
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 There was not enough time to do a detailed limit of detection study on each 

system because there was a major push to begin work on the adaptation of the CTIA1 

camera to miniature IMS systems. Due to the limited amount of time, the limits of 

detection for TNT and RDX were only estimated to the nearest order of magnitude for 

each system. 1:10 serial dilutions of the 1000 µg/mL standard solution were performed 

down to a concentration of 10 ng/mL. 0.5 µL of each subsequent dilution was analyzed 

until the system no longer produced a detectable signal from the injection. The lowest 

detectable concentration gave an estimate for the limit of detection to the nearest order of 

magnitude.  

 When the TNT solutions were analyzed the 100 ng/mL solution was the last 

detectable concentration on both systems. The 50 pg TNT injection on both systems 

produced peaks that were just detectable above the noise, which indicated that the 

detection limit of TNT was approximately 50 pg.  

 The lowest detectable mass of RDX on both systems was 500 pg, from 0.5 µL of 

a 1000 ng/mL solution. The peak from 500 pg of RDX on the PCP-110 / CTIA1 system 

had a signal to noise (S/N) ratio of approximately 6, which gave a detection limit of 

approximately 250 pg. On the PCP-110 the same 500 pg injection of RDX produced a 

peak with a S/N ratio of approximately 9, which suggested a detection limit of 

approximately 133 pg. The analysis of RDX confirmed the results from the TNT 

analysis: the sensitivities of the modified and unmodified systems were comparable.  



99 

3.7 Conclusions 

 Initially there were concerns that the CTIA technology could not be successfully 

integrated into an IMS due to the elevated operating temperature required for IMS 

experiments. The first commercial IMS provided by Sandia was heavily modified so the 

system could be adapted to the first generation CTIA and the supporting camera systems. 

Although the initial performance of the combined system was far from optimal, the CTIA 

camera clearly demonstrated the ability to detect ions from the commercial IMS. 

 Several modifications to the CTIA1 camera vastly improved the read out rate and 

allowed the IMS conditions to be returned to the standard settings. The modifications 

improved the peak resolution such that TNT and the reactant ions could be clearly and 

reproducibly resolved. At this point, Sandia was sufficiently impressed with the results 

from the PCP-110 / CTIA1 camera that the project was pushed forward to adapt the 

CTIA technology to a miniaturized IMS. Before the CTIA1 camera was uncoupled from 

the PCP-110, a cursory comparison of the sensitivity of the PCP-110 / CTIA1 to an 

unmodified PCP-110 was performed. 

 TNT and RDX were analyzed on the modified and unmodified systems and the 

sensitivity of the two systems was found to be nearly equivalent. At first this result was 

alarming because the CTIA technology should have afforded at least a two order of 

magnitude improvement in sensitivity over a system that used a current to voltage 

converter. Most of the loss of sensitivity in the CTIA1 was attributed to the fact that the 

CTIA1 was operated at a temperature far above the optimal temperature. The original 

characterization of the CTIA1 by Erick Young (Steward Observatory, University of 
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Arizona, Tucson, AZ) was performed at 4 K (Table 2.1). The CTIA1 had been designed 

as a detector for an infrared, space telescope where a temperature of 4 K could be easily 

maintained. At best, the Peltier cooler in the CTIA1 camera reached a low temperature of 

-40 ºC, but this was achieved in a vacuum chamber. When the camera was coupled to the 

PCP-110 a temperature of 0 ºC on the camera was difficult to maintain due to the heat 

that was transferred from the IMS. As the temperature deviated from the optimal setting, 

both the read noise and the dark current of the CTIA increased. At 2.5 ºC the CTIA1 

camera was nearly at its upper temperature limit; the elevated temperature drastically 

increased the noise, which decreased the overall sensitivity. 

 The active area of the micro-Faraday plate array was substantially less than the 

calculated area of the ion beam at the detector plane. The eleven pixels wire bonded to 

each other covered an area of 7.98 mm2 whereas the ion beam was estimated to cover an 

area of at least 1 cm2; at least twelve times the area of the eleven pixels. With a Faraday 

plate that had covered the full area of the ion beam, the sensitivity would have shown a 

significant increase. 

 The fixes required to improve the sensitivity of the PCP-110 / CTIA1 camera 

system would have been attempted if time had permitted further modifications. A new 

generation CTIA had been designed to run at or above room temperature, but the second 

generation device was not available when the project was still focused on the PCP-110. 

The reduction in noise in the second generation CTIA would have resulted in a 

corresponding increase in the sensitivity of the system. There were inactive Faraday 

plates on the micro-Faraday plate array beyond the eleven that had been wire bonded to 
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one another. The input capacitance of the eleven pixels had not adversely affected the 

performance of the CTIA1. More of the pixels could have been easily wire bonded to the 

existing set of eleven to increase the active area of the detector. Spectral Instruments also 

suggested modifications that would have allowed the IMS trigger and the start of the 

CTIA data acquisition to be synchronized. 

 The focus of the first phase of the research project was to demonstrate that the 

CTIA technology could be successfully coupled to a “full-size” IMS. While Sandia was 

interested in the potential improvement in the overall sensitivity of IMS, they were 

mainly focused on miniature systems. As a result, time did not permit the implementation 

of the aforementioned modifications. Sandia provided several of their custom miniature 

IMS systems and the CTIA1 was uncoupled from the modified PCP-110 and was applied 

to the miniature ion mobility spectrometers. 
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4 CONSTRUCTION OF A MINIATURE ION MOBILITY DRIFT TUBE AND 
INTERFACE WITH THE SECOND GENERATION OF CTIA READ OUT 

TECHNOLOGY 

4.1 Overview 

 The primary objective of interfacing the first generation CTIA technology to a 

commercial ion mobility spectrometer was to prove that the CTIA technology could 

effectively read a Faraday plate in an ion mobility spectrometer. Although the CTIA1 

camera successfully worked as an IMS detector, significant deficiencies, particularly in 

the system timing and in the interface between the camera and the IMS, limited the 

sensitivity of the system. Amelioration of several of these issues would have required a 

completely new design of detector or significant modifications to the PCP-110 from Ion 

Applications. Given the time constraints of the projects no new system architectures were 

pursued. Instead, the focus of the research was shifted to miniature ion mobility 

spectrometers, and although the CTIA1 camera was by no means an ideal detector for 

IMS, the CTIA1 camera was more than adequate for a demonstration that CTIA 

technology could be effectively combined with miniature ion mobility spectrometers.  

 The first efforts to interface the CTIA1 camera system to a miniature IMS were 

performed on existing miniature ion mobility systems provided by Sandia National 

Laboratories. Seemingly unimportant design issues in these miniature systems became 

major concerns when one of the devices was coupled to the CTIA1 camera. These design 

issues led to the design and construction of several new miniaturized ion mobility 
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spectrometers. The development of the early systems will be described along with the 

limitations of each design that prompted improvements implemented in each successive 

system. 

4.2 The MicroHound™ II and Sandia National Laboratories Micro-IMS Revision 
2.1 drift cell 

 Sandia National Laboratories manufactures a self-contained, portable ion mobility 

system called the MicroHound™ II. The MicroHound™ II combines sample collection, 

preconcentration, detection, and analysis in a single twelve pound unit. The unit can 

analyze vapors and particles that are pulled into the MicroHound™ II by a fan. 

Particulate matter is preconcentrated by adsorption onto a fine wire mesh until the user 

heats the mesh through application of a large current. The adsorbed particles are 

volatilized (so they become gaseous) from the wire mesh and swept into the ion mobility 

drift tube by the carrier gas. The MicroHound™ II can also operate in “swipe” mode in 

which the user wipes down a suspicious surface and transfers the collected particles to a 

wire felt. The felt is placed into a holder where a large current is applied and adsorbed 

particles are desorbed and carried into the drift tube by the carrier gas.18 

Once the CTIA technology had been proven to successfully detect ions from an 

IMS, Sandia provided several miniature drift cells. Each of the Sandia National 

Laboratories Micro-IMS Revision 2.1 (SNL-MIMS) drift cells included a 50 stage drift 

tube, power supply, support electronics, and the original detector (Figure 4.1). The only  
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Figure 4.1: A picture of an SNL-MIMS provided by Sandia. The SNL-MIMS includes a 
50 stage drift tube, a high voltage supply, and all circuitry required to operate the 
spectrometer.  
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major components of a full IMS not included were the sample introduction system and 

the preconcentration system. The ionizer was an 11 µCi 241americium source, which 

emits alpha particles. The drift tube used a two grid, Tyndall-Powell shutter design32 and 

was approximately 2¼” in length. At the time the systems were provided, Sandia listed a 

detection limit of 10 ng of TNT and a maximum peak resolution of 12 for the 

MicroHound II.49 Because Sandia owns the proprietary rights to the SNL-MIMS, no 

further details regarding the design can be revealed. 

 The first goal was to make whatever modifications were necessary to adapt the 

miniature IMS to the CTIA1 camera and to determine whether the CTIA1 camera could 

detect ions generated from the miniature IMS. Even without a sample inlet on the system, 

electrons and reactant ions would be present and their detection would prove that the two 

technologies could be successfully combined. 

4.2.1 Modifications to adapt the SNL-MIMS to the CTIA1 camera 

 Both the CTIA1 camera interface flange and the miniature IMS needed to be 

modified in order to connect the two systems. The camera flange had an inner diameter of 

4” and the outer diameter of the miniature drift tube was only 0.230”. Without a more 

secure connection the camera head would have been exposed to the atmosphere and at the 

normal operating temperature of 0 ºC, the Faraday plates would have frosted over.  

 Initially a new fitting was designed from materials found in the laboratory. The 

bottom of a plastic bowl was removed and covered with Saran wrap secured by tape. The 

bowl was then placed over the camera head and a ¼” diameter hole was put into the 
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Saran wrap for the drift tube (Figure 4.2). This arrangement was by no means airtight and 

did not set up an ideal drift gas flow for the IMS; at the time, however, the only concern 

was to keep the area around the camera free of water to prevent frost formation. This 

coupler was later replaced by a more sophisticated design (Section 4.3.1), but the 

makeshift fitting was sufficient to couple the CTIA1 camera to the SNL-MIMS. 

 Initially, only two major modifications to the SNL-MIMS were necessary to 

complete the interface with the CTIA1 camera. The first modification was to remove the 

original detector from the spectrometer. The other modification was to move the entire 

drift tube assembly laterally so that the end of the drift tube would hang out over the edge 

of the circuit board on which the drift tube was mounted (Figure 4.1). There was no 

potential gradient from the end of the drift tube to the Faraday plates on the CTIA1 

camera. It was imperative that the space between the CTIA1 camera and the drift tube 

was minimized because ions did not have sufficient kinetic energy to continue to travel 

through the drift gases without a potential field and still reach the detector.  

 Unfortunately, the wires connecting each stage of the drift tube were too short and 

the wires did not reach the circuit once the drift tube was moved. Each of the 50 wires 

connecting the stages was unsoldered from the circuit board, and then lengthened by spot 

welding a small piece of nickel wire to the original wire. Small strips of 30 gauge 

fiberglass sleeving (FBGS-N-30, Omega Engineering, Inc., Stamford, CT) were put over 

every other wire because when the drift tube was moved the chance one of wire shorting 

out to another wire was too significant to ignore. Finally, the wires were soldered back 

onto the circuit board such that the drift tube could be extended beyond the edge of  
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Figure 4.2: Picture of the first successful coupling of the SNL-MIMS to the CTIA1 
camera. 
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the circuit board. The drift tube was secured to the circuit board with Nylon cable ties and 

the circuit board was clamped in place on a translation stage, which moved the drift tube 

next to the CTIA1 camera (Figure 4.2).  

 A 9 pin serial connector attached to the circuit board provided the power and the 

signals required to run the device. The SNL-MIMS required a +12 V supply (pin 3), a 

-12V supply (pin 8), and common ground (pins 2, 4, 5, 6, and 7) for operation, which 

were all provided by a standard personal computer power supply. The same connector 

was also used to send a trigger pulse to run the IMS shutter (pin 9) and to receive the 

signal from the detector of an unmodified device (pin 1). Because the miniature IMS used 

a shutter trigger similar to that of the PCP-110, the same program and National 

Instruments hardware interface used to run the CTIA1 camera and PCP-110 could be 

used without modifications.  

4.2.2 Problems with the standard SNL-MIMS power supply 

 During the first operation large levels of 115 kHz noise were present in the 

mobility spectrum. The only clearly detectable signal was the electron peak. The reactant 

ion peak (RIP) was intermittently detected, but the maximum amplitude of the RIP was 

only two to three times that of the noise. As a result the RIP was frequently obscured by 

the noise and could not be consistently detected. Tests revealed that the source of the 

noise was the -1000V power supply (Q10N-12, EMCO High Voltage Corp., Sutter 

Creek, CA) utilized on the SNL-MIMS circuit board.  
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 The Q10N-12 power supply was designed with only size in mind and had no 

shielding to block the high frequency oscillator noise found in DC to DC power 

converters. As a result, this oscillator noise was present in the high voltage output of the 

power supply. The oscillator noise also radiated beyond the case of the Q10N-12 and was 

easily picked up by the CTIA1 camera.  

 The original SNL-MIMS detection system is heavily filtered to prevent reception 

of the oscillator noise. The high voltage used to operate the drift tube is filtered with an 

inductor and both the detector and read out circuitry are protected by nine stages of RC 

filtering, with each stage tuned to a different frequency. If the CTIA1 camera had used 

similar filters as the SNL-MIMS, the overall sensitivity might have been reduced because 

every stage of filtering has the potential to reduce bandwidth and sensitivity. An attempt 

was made to shield the EMCO power supply with a grounded brass box, but the oscillator 

noise was still detectable by the CTIA1 camera. 

 The EMCO power supply for the miniature IMS was removed and replaced by a 

considerably less noisy, but more massive, lab power supply (HV-1565, Power Designs, 

Inc., Westbury, NY, out of business). Fortunately, the portability of the overall system 

was not an issue at the time because the replacement power supply ran off of 120 VAC, 

was 19” x 16” x 5”, and weighed approximately 33 pounds. The new power supply made 

an immediate difference; the noise in the spectrum dropped significantly. The EMCO 

power supply was later verified as the source of the noise when it was powered on 

(without being connected to the IMS) and literally waved in front of the CTIA1 camera. 
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As the power supply was brought closer to the camera the noise would increase until the 

spectra were once again dominated by noise. 

4.2.3 SNL-MIMS shutter operation  

 The operation of the Tyndall-Powell shutter used in the SNL-MIMS is the 

opposite of the standard mode of shutter operation found in most ion mobility systems. In 

a typical IMS the shutter is normally in the closed state and is opened for a brief time to 

allow a packet of ions through the gate; subsequently the ions are separated by their 

respective mobilities in the drift tube (Figure 4.3). The shutter on the SNL-MIMS is 

normally in the open state, which allows ions to flow continuously. When the gate is 

pulsed the shutter closes for a brief time to stop the constant flow and a break in the ion 

stream is formed. If only a single species is present in the drift tube, all of the ions move 

at approximately the same rate. The ions already present in the drift tube before the 

shutter is closed continue to move toward the detector and the break appears to propagate 

through the drift tube. When the shutter is reopened ions begin to flow again, but because 

the ions ahead of and behind the break are moving at approximately the same velocity 

none of the ions should ever fill the break (except by diffusion). As a result, the break 

appears to move through the drift tube according the mobility of the single species in the 

drift tube (Figure 4.4). The signal that results from an ideal inverted shutter with only a 

single species present would be a constant level of signal until the drift time of the 

analyte. At the appropriate drift time the break appears at the detector and the signal  
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Figure 4.3: Standard IMS shutter operation. (a) Prior to injection ions are stopped at the 
shutter. (b) The shutter is opened and ions are admitted to the drift tube where they begin 
to separate. (c) As the ions travel through the drift tube different species are separated 
based on their respective mobilities.  

shutter 

drift tube 

detector 

(a) 

(b) 

(c) 
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Figure 4.4: Inverted IMS shutter operation with a single species present in the drift tube. 
(a) The shutter is normally open and the entire tube is filled with ions. (b) The shutter is 
closed briefly and an area devoid of ions is formed. (c) The gap in the ion stream appears 
to migrate through the drift tube as the ions in front of and behind the gap all continue to 
move at the same rate. At the appropriate drift time the ion current drops to zero, which 
signifies detection of the species.  
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shutter detector 
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(b) 
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drops to zero until the ions behind the break reach the detector and the constant signal 

level returns. 

 In reality, there are always multiple components present in an ion mobility drift 

tube. The inverted shutter creates a single break in the ion stream, but eventually a break 

develops for each component. Consider first electrons, the most mobile species detected 

in negative mode IMS. When the break is initially formed it is clear of all species, but 

once the shutter reopens electrons move much faster than other species. The break for 

electrons propagates through the drift tube at the same velocity as the electrons and as a 

result the electron break will begin to overtake the slower species still present in the drift 

tube before the shutter was closed. The electron break will be free of electrons, but will 

contain all other species present in the drift tube. At the appropriate drift time the detector 

sees a reduction in the ion current due to the absence of the electrons, but the current does 

not drop to zero because lower mobility species will be found in the electron break. 

Likewise, the break for the slowest species in the drift tube will end up containing all of 

the faster ions as they “catch up” to the break once the shutter is reopened (Figure 4.5). 

Figure 4.6 shows a sample spectrum obtained from an IMS using an inverted shutter and 

an integrating detector.  

 Sandia uses an inverted shutter in the SNL-MIMS partially because less power is 

consumed by the electronics with their inverted shutter than with the standard shutter 

designs. The inverted shutter was the original shutter design for the SNL-MIMS and this 

design has not been re-evaluated since its inception. Unfortunately, the inverted shutter  
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Figure 4.5: Operational model of an IMS using an inverted shutter. (a) The shutter is 
normally open and the entire tube is filled with ions. (b) The shutter is closed briefly and 
an area devoid of ions is formed. (c) Eventually an area forms for each species that is 
filled with ions of all of the other species present in the drift tube. When a gap for a given 
species arrives at the detector, the ion current drops, but does not reach zero because all 
of the other species are still contained in the gap.  
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shutter detector 

(a) 

no large ions no small ions

(b) 
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drift time (ms)

raw signal derivative plot  

Figure 4.6: A sample spectrum from an IMS with an inverted shutter and an integrating 
detector. The inverted shutter is normally open, which generates a constant level of signal 
at the detector. The shutter is pulsed closed and breaks are formed in the ion stream for 
each species in the drift tube. The detector registers drops in the normally constant level 
of signal at the appropriate drift time of each species. A standard IMS spectrum is 
obtained by taking the derivative of the raw signal. 
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design was virtually incompatible with the CTIA1 camera running in NDRO mode 

(Section 3.5.2). The “off” state of an inverted shutter allows ions to freely flow at all 

times, shutting off only briefly to start an acquisition. The SNL-MIMS saturated the 

CTIA1 camera within milliseconds of the start of an acquisition. Even with an increased 

ion flow, accomplished by raising the temperature and voltage of the drift tube, the 

detector frequently saturated before the RIP could be detected. Additionally, shot noise is 

proportional to the square root of the total signal. An IMS using an inverted shutter 

reports a small drop in a large background signal, which results in a greater shot noise 

figure than a standard shutter that reports a small increase from a small background 

signal. 

 The fluctuation in the timing between the IMS shutter pulse and the CTIA1 

camera trigger pulse made it essential to use the electron peak to properly align spectra 

for signal averaging.  While it was possible to scan a small range of drift times to avoid 

problems with detector saturation, the drift time could not be accurately determined 

without a proper reference. Scanning the full mobility spectrum to get the electron peak, 

however, would almost certainly result in saturation of the CTIA1. 

4.2.4 Inverting the inverted shutter 

 The simplest solution to the problem of detector saturation in the presence of an 

inverting shutter was not to use an inverted shutter. The shutter trigger signal fed into the 

IMS is normally set at 0 V for “off” and was raised to 5 V for a given time to start an 

acquisition. The trigger voltages were inverted such that the normal “off” state was 5 V 
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and “on” was 0 V and the shutter operation was be inverted. In the case of the SNL-

MIMS the normally inverted shutter behaved as a standard shutter. This shutter inversion 

was a necessary modification to avoid detector saturation when the CTIA1 camera was 

merged with the SNL-MIMS IMS.  

 Once the shutter was closed during nearly all of the acquisition, the constant level 

of signal generated at the camera was significantly reduced, but unfortunately not 

eliminated. As a result of the shutter re-inversion the electrons and reactant ions could be 

detected on the same spectrum before CTIA1 camera reached full well capacity, with 

standard conditions. Even with the re-inverted shutter, the CTIA1 camera still reached 

full well capacity within milliseconds of the detection of the reactant ions; as a result 

analyte ions went undetected.  

 At this point the only other explanation for the constant ion current arriving at the 

detector was that even in the closed state, ions leaked through the shutter. All evidence 

supported the theory that there was a distortion in the electric field at the shutter through 

which ions could flow when the shutter was closed. The only available option was to take 

the drift tube apart to examine and either repair or replace the shutter stages. The drift 

tube was cut open to get at the shutter stages, but the sapphire plates that ran along the 

drift tube for support were also cut in half in the process. The SNL-MIMS uses a two 

grid, Tyndall-Powell shutter design and the shutters themselves consisted of metal rings 

with small wires spot welded across the ring in one direction. In theory, the shutter 

should be a planar structure in order to provide a smooth potential field across the 

opening of the shutter. The grids pulled out of the SNL-MIMS were warped and distorted 
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and it was instantly clear that the potential field across those shutters would also be 

distorted.  

 An attempt was made to replace the shutters in the SNL-MIMS with new, custom 

made shutters to prove that the warped shutters were indeed the cause of the constant ion 

current present in the drift tube. The wires on the old shutters were removed and new 

wires were spot welded tightly in place. The reassembled drift tube was held together 

with a rubber band while the new shutters were tested. The drift tube was powered on and 

pushed up against the CTIA1 camera and the signal dropped to near zero when the 

shutter was closed. Unfortunately, without the sapphire support plates the reassembled 

drift tube was no longer a viable instrument beyond basic tests and the plates were 

unsalvageable. 

4.2.5 Conclusions 

 The CTIA1 camera was successfully used as an effective detector for an SNL-

MIMS drift cell, but rather than attempt to restore the original structural integrity of the 

reassembled SNL-MIMS drift tube new designs were pursued. This decision was based 

first on the fact that the SNL-MIMS circuit board would eventually need to be replaced 

because the circuit board was designed to use the unshielded EMCO power supply. The 

size allotted for the power supply on the circuit board would not support commercially 

available power supplies with the same voltage and sufficient shielding. Next, initial 

attempts at modeling drift tubes using Simion 7.0 (Scientific Instrument Services, Inc., 

Ringoes, NJ) clearly showed that 50 stages in a drift tube just over 2¼” in length was 
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overkill. A drift tube with half as many stages and thicker insulators in between each 

stage would function just as efficiently and would be easier to assemble and repair. The 

shutter grids on the remaining SNL-MIMS drift tubes were suspect and would have 

needed to be inspected repairs prior to use. Perhaps the shutters could have been removed 

and replaced from the drift tubes without compromising the integrity of the drift tube, but 

the risk was too great that none of the systems would be salvageable. The above factors 

and a number of smaller issues made it clear that eventually new miniature drift tubes 

would need to be designed and built.  

4.3 Miniature drift tube with 25 stages separated by Teflon spacers 

 The first miniature drift tube, designed and built by Roger Sperline, used the 

ionizer from an SNL-MIMS drift tube, consisted of 25 stages separated by alumina 

washers, used a Tyndall-Powell two grid shutter design, was wrapped in a Teflon tube for 

support, and was mounted onto the SNL-MIMS circuit board. Even though the SNL-

MIMS circuit board was designed for a power supply that could not be used in 

conjunction with the CTIA technology, the rest of the board was still viable for testing a 

new drift tube. Clearly, the IMS would eventually need a new a power supply and new 

circuitry. The purpose behind the construction of this particular drift tube was to 

determine the feasibility of building new miniature drift tubes in-house. Rather than 

design a new circuit board, only the SNL-MIMS drift tube was replaced.   
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4.3.1 Materials 

 The Teflon support tube was custom made to the following dimensions: ½” inner 

diameter, ¾” outer diameter, and 2.76” in length, just over ½” longer than the original 

SNL-MIMS drift tube. A slot was milled in the top of the drift tube to provide access to 

connect the electrodes to the circuit board.  

 The stages in the drift tube were made from solder lugs that were 0.35” inner 

diameter, 0.50” outer diameter, 0.02” thick, and had a tab 0.37” in length (5416-1, 

SEASTROM Manufacturing Co., Inc., Twin Falls, ID). The stages were separated by a 

total of 26 alumina rings custom made by Borges Technical Ceramics (Pennsburg, PA, 

out of business) with the following dimensions: 0.35” inner diameter, 0.50” outer 

diameter, and 0.065” thick (Figure 4.7).  

 The shutter grids were made with a nickel wire screen tightly spot welded onto a 

solder lug. The screen had 30 wires per inch and gave a maximum transmission of ions of 

90.0% (BM0030-02, InterNet, Inc., Anoka, MN). A square piece of the grid was cut from 

a sheet and held flat during welding. Excess grid extending beyond the outer diameter of 

the solder lugs was removed (Figure 4.7). 

 A new flange for the CTIA1 camera was also built to replace the makeshift cover 

that was used with the original SNL-MIMS drift tube. A 1.10” length of acrylic tube was 

cut from a tube with an inner diameter of 3.97” and an outer diameter of 4.47”. A piece 

of acrylic sheet was glued to one side of the flange and a small hole was cut into the sheet 

through which ions could flow. Finally, a threaded hole for a 1/8” pipe fitting was drilled 

into the side of the flange. The 1/8” pipe fitting was hooked up to the nitrogen, which  
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Figure 4.7: Picture of the main components of the 25 stage, Teflon-encased drift tube. 
Solder lugs (left) were used as electrodes for the high voltage stages. The upper solder 
lug was a shutter stage and has a nickel, wire screen spot welded to the solder lug. 
Ceramic washers (right) were used as insulators and were placed in between each stage of 
the drift tube. 
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provided the drift gas for ion mobility and was used to purge the atmosphere around the 

camera.  

4.3.2 Construction 

 The SNL-MIMS ionizer was cubic in shape and the dimensions were such that the 

edges of the ionizer had to be ground down to fit tightly inside of the Teflon tube. By 

putting a cubic ionizer into a round drift tube a significant gap was present around the 

ionizer. This gap served as an exit port for the gas flow from the drift tube, which carried 

unionized species out of the drift tube. In order to ensure that only the nitrogen and 

reactive species were present in the drift tube, the flow rates were set so that atmospheric 

gases could not enter the ionizer region through the gap between the ionizer  

and the support tube. 

 Alumina rings in between the solder lugs to provided electrical isolation. A small 

rod was used to press each stage and alumina washer down in the Teflon tube to ensure 

that each stage was set evenly into the drift tube. If the stages had been badly misaligned 

in the drift tube, the electric field in the drift tube would have been similarly misaligned. 

The Teflon tube was specifically selected to form a tight fit around the alumina washers 

and to hold all components in place without the need for glue or epoxy. 

 Despite the fact that the original SNL-MIMS consisted of 50 stages and the new 

drift tube had only 25, the SNL-MIMS circuit board only required simple modifications 

to support the new drift tube. The new, Teflon-encased drift tube was connected to every 

other resistor on the SNL-MIMS circuit board. When compared to the SNL-MIMS drift 
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tube, the new 25 stage drift tube ended up with double the resistance between each 

successive stage. While the new drift tube had only half the stages as the original SNL-

MIMS drift tube, the potential gradient was approximately the same because the drift 

tubes used the same total resistance and high voltage source and were approximately the 

same length.  

 The drift tube was mounted on the bottom of the SNL-MIMS circuit board such 

that it extended over the side of the circuit board to minimize the distance between the 

CTIA1 camera and the drift tube. Thick wires were wrapped around the ends of the 

Teflon tube and these wires were soldered into unused holes in the circuit board to secure 

the drift tube in place on the circuit board. Once the drift tube was in place, wires were 

soldered onto each of the tabs on the solder lugs and the wires were connected to every 

other resistor on the SNL-MIMS circuit board (Figure 4.8). The entire assembly was then 

clamped down to a translation stage and the drift tube was moved adjacent to the flange 

covering the CTIA1 camera. 

4.3.3 Results and Conclusions 

 The initial system tests were performed without heating the IMS and without a 

carrier gas inlet and without samples. Even without any gas flow or heating, every IMS 

operating in negative ion mode at atmospheric pressure should detect electrons and 

reactant ions generated from the gases in the atmosphere of the drift tube.  
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Figure 4.8: Picture of the Teflon-encased drift tube mounted on the bottom of a 
SNL-MIMS circuit board. 
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 Once the 25 stage drift tube was successfully integrated with the SNL-MIMS 

circuit board and CTIA1 camera, two peaks were detected. The first peak detected was 

due to electrons and the second peak was the reactant ion peak (RIP). Although the 

identity of the reactant ions present in the system could not be confirmed, the reactant 

ions were most likely nitrogen ions because N2 was used as the drift and carrier gas.  

 Several problems inherent to the other components used to operate the Teflon 

drift tube limited the effectiveness of the overall system. For example, the SNL-MIMS 

circuit board was built to accommodate a high voltage power supply that was 

incompatible with the CTIA technology. Also, a new method of connecting the miniature 

drift tube and the CTIA1 camera was needed. Instead of trying to redesign the entire 

system to fix these problems, the decision was made to pursue a new design of ion 

mobility spectrometer. The next design of ion mobility spectrometer would prove to be a 

major improvement over either system used on the SNL-MIMS circuit board. The new 

IMS would also use new circuitry and a new shutter system, capable of increasing peak 

resolution, which had been modeled and was ready for implementation.  

4.4 The development of a three component, compressing ion-beam shutter 

 This section uses the same nomenclature as Section 2.2.4.2 for describing the 

shutter and drift region of an IMS drift tube. The guard ring electrodes are labeled as G1, 

G2, … Gn and the shutter screens, between G2 and G3, are referred to as S1 and S2 (and 

S3 in the three component ion-beam shutter). 
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4.4.1 Disadvantages of a Tyndall-Powell ion-beam shutter 

 Section 2.2.4.2 covers the standard operation of a Tyndall-Powell ion-beam 

shutter. At atmospheric pressure ions have essentially no momentum and can not cross 

potential barriers or wells. Thus, when |Vs1| is lowered, to close the shutter, any ions 

present in the space between S1 and S2 are pulled back into S1 where they are 

neutralized. If a 500 µs pulse of ions is desired, the shutter must be opened for 500 µs

plus the time it takes for the ions to travel the distance between S1 and S2.  Species with 

lower mobility will require more time to cross from S1 to S2, which necessitates a longer 

pulse time to get equivalent sensitivity. The result is a net, and progressive, loss in 

sensitivity for larger ions and a reduced resolution for smaller ions. IMS instruments 

using a Tyndall-Powell ion-beam shutter are frequently designed with the distance 

between S1 and S2 minimized so that the pulse time does not have to be greatly increased 

to observe low mobility ions. Roger Sperline (University of Arizona, Tucson, AZ) 

discovered a shutter scheme for ion mobility that overcomes the loss of low mobility ions 

and simultaneously provides an increase in both sensitivity and resolution.  

4.4.2 Two component, compressing ion-beam shutter 

 In a Tyndall-Powell ion-beam shutter |Vs1| is lowered below |Vs2| to close the 

shutter, but the shutter can also be closed by raising |Vs1| instead.  If |Vs1| is raised so that 

the potential gradient between S1 and S2 is three times the gradient found in the rest of 

the drift tube, such that |Vg2| < |Vs1| > |Vs2|, then any ions between G2 and S1 flow back 

towards G2 and the shutter is closed. At the same time, ions between S1 and S2 
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accelerate towards S2 at three times the speed of ions of the same mobility that have 

moved past S2. Unlike the Tyndall-Powell shutter ions where ions between the two 

screens are lost when the shutter is closed, the ions between the two screens survive to be 

detected.  

 When the absolute potential on S1 is raised a “compression” effect, or “ion 

bunching,” is observed that increases both the sensitivity and resolution of the IMS. 

When the potential gradient between S1 and S2 is increased to three times the normal 

gradient, the ions between S1 and S2 move three times as fast. As the front edge of the 

ion packet between S1 and S2 passes S2 the ions begin to slow down, but ions still 

between the shutter stages catch up to the leading ions until the entire packet has crossed 

S2. While ions are between S1 and S2 their velocity is high and the density of the packet 

remains constant, but as the ion packet passes S2 the velocity slows and the ion density 

must increase. As a result, the ion packet is compressed.  

 The compression effect can be increased by raising |Vs1| higher, but there is an 

upper limit. Under ambient conditions if the potential gradient between S1 and S2 is 

raised to 1500 V/cm the ions enter a “high voltage regime.” Ions in the “high voltage 

regime” are heated by collisions with gas molecules which can result in unusual and/or 

unexpected chemical reactions after the shutter;24 the drift time of ions generated beyond 

the shutter can not be accurately measured because the shutter is the reference point. 

 The primary disadvantage of the two component ion-beam shutter is that by 

raising |Vs1| above |Vg2| the ions in the area in between G1 and S1 are lost when the 

shutter in closed. When the shutter is open and |Vg2| > |Vs1|, the potential field across G2 
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is even (Figure 4.9). When |Vs1| is raised above |Vg2| the potential field across G2 is no 

longer even; instead the potential in the center of G2 is higher than it is at the periphery 

of G2 and ions are forced into the electrode where they are neutralized (Figure 4.10). The 

loss of ions results in a lower concentration of ions in the space between G1 and S1. Ions 

approaching G2 are pulled toward the periphery of the drift tube and as a result the space 

before G2 has a lower ion concentration. As a result the shutter must pulse must be 

lengthened because ions must fill not only the space between G2 to S1, but must also 

refill the area leading up to G2. The loss of ions at G2 can be compensated for by adding 

a third screen to the drift tube. 

4.4.3 A three component, compressing ion-beam shutter50 

The three component ion-beam shutter is operated in the same manner as the two 

component compression shutter, except it uses either a third screen or another component 

capable of providing an even potential gradient across the radius of the drift tube. The 

voltages on the first and third screens (S1 and S3) are held constant while the voltage on 

the second screen (S2) is varied to control the shutter. The shutter is closed when the 

absolute potential on S2 is raised above that of either S1 or S3 (|Vs1| < |Vs2| > |Vs3|). When 

|Vs2| is lowered to create an even potential gradient across the space between S1 and S3 

the shutter is opened (Figure 4.11). 

 The compression effect on the three component ion-beam shutter is exactly the 

same as the two component shutter. Ions between S2 and S3 move at an increased 

velocity, dependent on the gradient between S2 and S3, and will catch up with other ions  
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Figure 4.9: A Simion 7.0 model showing the flow of ions through an open Tyndall-
Powell shutter. The shutter stages are labeled as S1 & S2 and the electrodes of the drift 
tube are labeled G1 through G4. An even potential gradient is applied along the axis of 
the drift tube as shown by the potential field contours. 
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Figure 4.10: A Simion 7.0 model showing the ion flow in an IMS with a closed Tyndall-
Powell shutter. The shutter stages are labeled as S1 & S2 and the electrodes of the drift 
tube are labeled G1 through G4. The absolute potential on S1 is raised above that of G2 
and S2. As a result the potential field around G2 is heavily distorted and ions approaching 
G2 are drawn into the periphery of the drift tube and neutralized. 
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Figure 4.11: Graphs of potential (V) vs. distance for an IMS with a three component ion-
beam shutter. The shutter stages are S1 through S3 and the electrodes are G1 through G8. 
(a) Closed/compression state in which the absolute potential of S2 is raised above either 
of the neighboring stages. (b) Open state where an even potential gradient is applied 
across the length of the drift tube. 
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already past S3. In the closed state, the absolute potential of S2 is raised above that of S1 

and the shutter is closed, but the additional screen, S1, serves to keep an even potential  

field across the radius of the drift tube (Figure 4.12). Unlike the two component ion-beam 

shutter, the ion concentration does not drop off in the area prior to S1 when the shutter is 

closed. As with a Tyndall-Powell shutter, the three component shutter must be open long 

enough for ions to travel across two shutter stages or the ions will be lost when the 

shutter closes. The compression effect, however, improves the resolution and sensitivity 

over a Tyndall-Powell, shutter. 

4.5 Miniature drift tube with conductive, silver paste electrodes (RIMS-15) 

 The first miniature drift tube that used the three component shutter and was read 

out by the CTIA1, had a total of 17 stages, including the shutters, and was 2 ¾” long. The 

14 electrodes in the drift region were made through the application of an even coating of 

a conductive, silver paste on the junction between each successive insulator stage. At 

each stage the silver paste acted as both an electrode and as an adhesive to hold the drift 

tube together.  

4.5.1 Materials 

 The same 241Am ionizer from an SNL-MIMS was used in the RIMS-15.  The 

edges of the cubic ionizer had already been rounded so that the ionizer snugly fit into a 

0.64” length of alumina-ceramic tube with a 5/8” outer diameter and ½” inner diameter.  

A small notch was bored into the ceramic tube so that a short length of 0.094” outer  
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Figure 4.12: A Simion 7.0 model showing the flow of ions with a closed three component 
ion-beam shutter. The shutter stages are labeled as S1, S2, & S3 and the electrodes of the 
drift tube are labeled G1 through G4. The absolute potential on S2 is raised above that of 
either S1 or S3. The addition of the third component prevents perturbation of the 
potential field seen in a Tyndall-Powell shutter when the ion gate is closed. 
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diameter ceramic tubing (R1201, Scientific Instrument Services, Inc., Ringoes, NJ) could 

deliver carrier gas to the ionizer. 

 The two shutter grids in the RIMS-15 were made from a 30 wire per inch, nickel 

screen (BM0030-02, InterNet, Inc., Anoka, MN) and were held in place between the 

insulator rings by the silver paste. The third component in the three component shutter 

was a metal ring with an inner diameter of 0.115” built into the SNL-MIMS ionizer. The 

narrow opening on this ring produced a flat electric field similar to a grid and so a third 

grid was not required.  

 The insulator rings were cut from the same ceramic tube that surrounded the 

ionizer. Each of the 18 rings, 15 for the drift region, 2 for the shutter, and 1 spacer, was 

0.120” long and was lapped on a diamond lapping stone to ensure flatness. The 

conductive silver paste was used to metallize the face of each insulator ring, which 

created the electrodes (590-G, Electro-Science Laboratories, Inc., King of Prussia, PA). 

4.5.2 RIMS-15 drift tube construction 

 The most difficult issue of the assembly of the RIMS-15 drift tube was to verify 

that an even coating of the silver paste was applied to each of the insulator rings and that 

drift tube rings were aligned evenly. Any gaps in the silver paste or misalignment in the 

drift tube would have resulted in a perturbed electric field. The paste was spread out into 

a thick layer on a piece of cardboard and then each insulator ring was dipped into the 

paste. The rings were visually examined for a uniform coating before the drift tube was 

assembled.  
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 While the silver paste acted as the adhesive to hold the drift tube together, the 

paste provided only a weak seal before it was fully processed. The different sections of 

the drift tube (drift region and shutter section) were made separately, processed, and then 

combined because it was too difficult to work with the full drift tube and maintain 

alignment. The drift region was assembled and then placed in an alumina cradle on a 

metal rack. Scrap pieces of ¾” alumina tubing were used to fill the empty space on the 

metal rack so that the pieces were held tightly together while the silver paste was 

processed.  

 An even coating of the silver paste was not critical for the shutters because the 

screens would serve to even out the electric field. The main concerns were the overall 

alignment of the shutter rings to the rest of the drift tube and to ensure that the screens 

were properly registered.  

 The silver paste was processed by first placing the assembled drift tube into an 

oven for 15 minutes at 125 ºC to dry the paste. Next, the drift tube was fired in a furnace 

set at 600 ºC for one hour. The structural stability of the drift tube increased after the 

processing had been completed, but the drift tube was still relatively fragile. If too much 

force was applied to the drift tube the silver paste could not hold the drift tube together. 

While it was not difficult to recoat the rings with the silver paste, reassemble the drift 

tube, and repeat the processing steps whenever the drift tube came apart, it was a time 

consuming process. 

 Once the drift tube was fully assembled the next step was to provide a means to 

connect each stage of the drift tube to the circuit board. Each stage of the drift tube had 
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an additional bit of silver paste painted on at the seam of two insulator rings. The extra 

paste connected to the electrode and gave a point to which a wire could be soldered using 

high temperature lead solder.  

 The silver paste was also used to hold the ceramic tube that surrounded the ionizer 

in place, but in this case the paste acted as an adhesive only. Figure 4.13 shows the 

assembled RIMS-15 drift tube, but with the SNL-MIMS ionizer removed. On the inside 

face of the ionizer there was a preexisting, metal ring with a small inner diameter, which 

was used as the third component in the new shutter system. A small wire was spot welded 

onto the metal ring to connect the ring to the circuitry; the wire was run back through the 

gap between the ionizer and the ceramic tube. The outer diameter of the transfer tube was 

ground down to ensure a tight fit in the preexisting carrier inlet hole in the ionizer.  

 The ionizer was held in place inside of the ceramic tube using Sauereisen ceramic 

cement (SCC8, Scientific Instrument Services, Inc., Ringoes, NJ). Sauereisen is an 

inorganic ceramic cement available as a powder. After the powder was mixed with water 

it became a paste, which was easily applied to the ionizer. The Sauereisen dried later and 

formed a strong seal, but the Sauereisen could be chipped away if the ionizer had to be 

removed.  

4.5.3 IMS circuitry 

 The three component ion-beam shutter described in Section 4.4.3 required new 

IMS operating circuitry. Roger Sperline redesigned the original SNL-MIMS circuitry and 

devised the circuit shown in Figure 4.14. The new circuit operated the three component  
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Figure 4.13: Picture of the RIMS-15 drift tube (left) and the MicroHound™ ionizer 
(right). 
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Figure 4.14: Schematic of the shutter circuitry used to operate the RIMS-15 IMS. 
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shutter and provided power for the all of the stages of the drift tube. The circuit was built 

on a standard breadboard using full size components and metal-film resistors.  

4.5.3.1 Circuit operation 

 The drift tube was supplied -1200 V by a CA12N, shielded, high voltage power 

supply (EMCO High Voltage Corp., Sutter Creek, CA).  The resistors R5 through R22 on 

Figure 4.14 comprised a voltage divider to reduce the absolute voltage on each successive 

drift tube stage, which created a voltage gradient across the drift tube. The variable 

resistor R5 allowed the high voltage on the first stage of the drift tube to be adjusted to 

maximize the IMS signal. The first four stages on the drift tube (P3 through P6) were 

metal rings present on the SNL-MIMS ionizer. P6 through P8 represent the three 

component ion-beam shutter. P6 was the small metal ring on the SNL-MIMS ionizer and 

nickel wire screens were used for P7 and P8. Only the voltage on P7 was varied during 

normal shutter operations. The electrodes P9 through P23 were made with the silver paste 

between each of the insulator rings.  

 The shutter was turned on and off using an H11D3 optocoupler (component U2 in 

Figure 4.14). An optocoupler consists of an LED and a phototransistor. When sufficient 

current was applied to the optocoupler, the LED turned on and the phototransistor 

switched on, which allowed current to flow from the collector to the emitter of the 

transistor. When the shutter was “closed” the voltage on the variable shutter stage was 

determined by the voltage divider created by resistors R24 through R28. Whenever the 
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shutter was opened, the optocoupler would bypass resistors R24 through R26 and the 

voltage divider would only consist of resistors R27 and R28.  

 The phototransistor in the optocoupler always retained enough charge to allow 

current to continue to flow from the collector to the emitter of the transistor for a short 

time after the LED was turned off.  In order to prevent the IMS shutter from remaining 

open beyond the intended time, a resistor (R29) was attached to the base of the transistor 

to pull the charge away from the base, which quickly closed the shutter. Even with R29 in 

place, Roger Sperline (University of Arizona, Tucson, AZ) measured the close of the 

shutter at 280 µs, but this was approximately two times faster than the shutter in the 

original SNL-MIMS.  

 The shutter trigger signal was introduced to the circuit via an LF353 operational 

amplifier configured as a comparator. Ideally, the shutter trigger would run at transistor-

transistor logic (TTL) levels of either 0 or +5 V. The trigger signal may run at a voltage 

less than +5 V and the comparator was used to raise the trigger pulse to the appropriate 

voltage. The comparator also ensured that the trigger signal going to the optocoupler had 

sufficient current to turn on the LED.  

4.5.3.2 Mounting the RIMS-15 drift tube on the circuit board 

 The RIMS-15 drift tube was wrapped in a 2” x 2”, 20 W max heater blanket (KH-

202/5-P, Omega Engineering, Inc, Stamford, CT) and then in a layer of insulation. The 

drift tube was placed in between two rows of header pins that had been soldered to the 

breadboard. One of the rows of header pins was used to connect the stages of the drift 
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tube to the appropriate points in the resistor stack while the other was used solely to help 

hold the drift tube in place on the circuit board (Figure 4.15). 

4.5.4 Sample injector 

 Initially, carrier gas was introduced directly to the drift tube via a length of inert 

polyetheretherketone (PEEK) tubing (51085K38, McMaster-Carr, Los Angeles, CA) and 

a piece of ceramic tubing inserted into the ionizer. This setup allowed initial tests to be 

performed, but did not allow for sample introduction. A new sample injector was built for 

the miniature drift tube that consisted of several pieces: a sample probe, a sample 

desorber, and a “nose” piece to cover the transfer line that ran from the desorber to the 

ionizer in the drift tube.  

 The probe used a tungsten filament similar to the one used in the PCP-110 

(Section 3.2.6). The new sample probe consisted of two nickel wires running parallel 

through a 3” length of 6 mm diameter glass tubing. The glass tube was then sealed on one 

end so that gases could not escape through the probe. The nickel wires extended beyond 

the sealed end of the tube and the tungsten filament was spot welded in between the 

wires. The current was applied to the filament by attaching alligator clips to the nickel 

wires that extended beyond the open end of the glass tube. 1.5 A of current was provided 

at 0.8 V by a DC power supply (6306D-10, Topward Electric Instruments Co., Ltd., 

Taipei Hsien, Taiwan). Finally, the glass tube was placed into a 10/18 thermometer 

adapter (Z268771-1, Sigma-Aldrich Co., St. Louis, MO) with a tapered plug to hold the 

probe in place in the sample desorber (Figure 4.16a, left). 
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Figure 4.15: Picture of the RIMS-15 drift tube and the control circuitry tube on a 
breadboard. The drift tube was mounted next to the Faraday plate array of the CTIA1 
camera. 

CTIA1 camera
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Figure 4.16: Miniature IMS sample injector. (a) The separate pieces of the injector: 
sample probe (left), sample desorber (center), and “nose” piece (right). (b) The fully 
assembled sample injector.  

(a) 

(b) 
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 The design of the sample desorber was an extensive modification of the design 

used by Sandia National Laboratories in the SNL-MIMS system45. The modifications 

were made by Andrew Knight (University of Arizona, Tucson, AZ) and the desorber was 

machined in the Chemistry Department Machine Shop at the University of Arizona 

(Figure 4.17). The thermometer adapter on the sample probe fit snugly into the hole on 

the top of the desorber to prevent gas leaks. A hole in the side of the desorber served as 

the inlet for the carrier gas. The carrier gas flowed past the filament and out through 

another hole in the bottom of the desorber. Both the holes on the side and on the bottom 

of the desorber were threaded for a 1/8” pipe fitting. A 1/8” pipe to 1/16” Swagelok®

adapter was screwed into each hole and then a length of 1/16” stainless steel tubing was 

used to carry the carrier gas into and out of the desorber. 

 The holes on the bottom of the desorber, marked for a #13 drill on Figure 4.17, 

were for cartridge heaters. The cartridge heaters measured 3/16” in diameter, are 1.0” 

long, and can provide a maximum of 8 W of power at 24 volts (SC1812, Scientific 

Instrument Services, Inc., Ringoes, NJ). A small groove was cut into the side of the 

desorber for the cartridge heater wires. Finally, the 4-40 holes arranged in a triangular 

pattern on the bottom of the desorber allowed a “nose” piece to be secured to the bottom 

of the desorber.  

 The desorber “nose” was designed to help warm the transfer tubing between the 

desorber and the ionizer (Figure 4.18). At the interface between the desorber and the 

“nose,” the larger inner diameter on the “nose” fit over the pipe to Swagelok® adapter on  



145 

Figure 4.17: Schematic of the sample desorber used with the miniature IMS systems. 
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Figure 4.18: Schematic of the “nose” piece for the sample desorber for the miniature IMS 
systems. 
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the bottom of the desorber. Once clear of the adapter, the inner diameter of the “nose” 

was reduced to fit only the 0.092” ceramic transfer tube. The “nose” helped conduct some 

of the heat from the desorber to the transfer tube, which elevated the temperature of the 

transfer tube. Without the “nose” in place the transfer tube temperature might have been 

low enough such that samples with low volatility would condense before they reached the 

ionizer. Figure 4.16a shows the injector pieces and Figure 4.16b shows the fully 

assembled sample injection system. 

4.5.5 RIMS-15 results 

4.5.5.1 Typical settings 

 As with the PCP-110, the nitrogen used as the carrier gas was first run through a 

chamber containing a permeation tube filled with methylene chloride before it reached 

the sample desorber (Section 3.4.2). At the time, Sandia had recommended flow rates of 

5 mL/min and 50 mL/min for the carrier and drift gases, respectively. Calibrated 

flowmeters (EW-32114-02, Cole Parmer Instrument Company, Vernon Hills, IL) were 

used to set the flow rates to the recommended settings. The exact flow rate of the drift gas 

through the drift tube may have been less the indicated rate on the flowmeter because 

there was no seal at the interface between the drift tube and the camera flange.  

 When the maximum allowed power was applied to the cartridge heaters in the 

sample desorber, the desorber reached a temperature of 160 ºC. -1100 V was applied to 

the first stage of the drift tube; the potential gradient on the drift tube was approximately 
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180 V/cm (the distance from the first stage to the detector was approximately 6.0 cm). 

The effective length of the drift tube, the distance from the shutter to the detector, was 

approximately 4.8 cm. The shutter time and drift tube temperature were varied from run 

to run and will be specified with each experiment described later. When multiple spectra 

were acquired, the alignment program described in Section 3.3.2 was used to line up the 

electron peak on subsequent spectra prior to averaging. 

 When the miniature IMS was first heated to 120 ºC the largest peak present on the 

spectrum was the electron peak at a drift time of approximately 7 ms. The electron peak 

should appear at a drift time of almost 0.0 ms, but because the camera start pulse and 

IMS shutter trigger pulse were not synchronized the electron peak appeared to have a 

significantly longer drift time. The drift times for all other species were adjusted by 

subtracting the reported drift time of the electron peak from the reported drift time of the 

species in question (Figure 4.19).  

 The RIP appeared at an adjusted drift time of 6.4 ms and was due to the chloride 

ions introduced via the permeation tube (Figure 4.19). The peaks seen immediately 

following the RIP were probably due to oxygen and water that leaked in through the gap 

between the detector and the camera (Section 3.6.3).  

 The optimum shutter time with the best trade off between sensitivity and 

resolution was determined by varying the shutter time while the peak height, peak width, 

and resolution of the chloride peak were monitored. The drift tube was set at 160 ºC, the 

highest temperature recommended by Sandia (higher temperatures generally reduce drift 

times and decrease peak widths). The shutter time was varied from 400 µs, the  
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minimum time at which the RIP appears, to 2000 µs at 100 µs intervals. The results of 

the resolution study are shown in Figure 4.20. The maximum resolution occurred at a 

shutter time of 600 µs, but the peak height was unfavorable. The height of the chloride 

peak continued to rise even when the shutter was held open for longer than 2000 µs, but 

the resolution began to drop off sharply at shutter times longer than 900 µs. Therefore, 

the best tradeoff was a shutter time of 900 µs. At this shutter time the resolution was 

clearly not maximized, but the resolution had dropped by only 25% of the maximum 

value, while the peak height had nearly doubled over the height at a shutter time of 600 

µs.  

4.5.5.2 TNT 

 Once the best shutter time had been determined, the next step was to detect an 

explosive. Previous work with the commercial IMS had demonstrated that TNT was the 

easiest explosive to detect and was a logical first sample for analysis. A 1000 µg/mL 

standard of TNT in acetonitrile was obtained from Supelco (47244, St. Louis, MO) and 

was stored in a freezer set at -15ºC. Samples were diluted in reagent grade acetonitrile 

using adjustable-volume Eppendorf auto pipettes (Hamburg, Germany). All samples were 

prepared and stored in glass vials in the -15ºC freezer when not in use.  

 16 scans were of an injection of 500 pg of TNT (0.5 µL of a 1.0 µg/mL solution 

applied to the filament) were averaged to yield the spectrum shown in Figure 4.21.  
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An average of 16 background scans is also shown for comparison to the TNT spectrum. 

In the spectra shown in Figure 4.21, the electron peak emerged at a drift time 

 of 7.2 ms and the TNT peak had a drift time of 16.8 ms so the adjusted drift time of TNT 

was 9.6 ms.  

 The reduced mobility was calculated from Equation 2.3. The effective length of 

the RIMS-15 drift tube, from the shutter to the detector, was 4.8 cm, the field gradient 

was 183.3 V/cm, and the drift tube temperature was 433 K. The atmospheric pressure 

was not noted on the day the sample was run, but the average barometric pressure in 

Tucson is approximately 30 inches of mercury, or 101.592 kPa. Using a drift time of 9.6 

ms the reduced mobility works out to be 1.72 cm2/(V s). TNT ions have reduced mobility 

values between 1.49 and 1.60 cm2/(V s) depending on the exact identity of the ions 

detected.9,46 The error in the reduced mobility ranged from 7.5% to 15.4%. Given the fact 

that the drift times can vary by ±0.5 ms due to the fluctuations between timing on the 

CTIA1 camera and the IMS, a 15% error on the reduced mobility is not a surprising 

figure.  

 The resolution of the TNT was calculated to be 18.6; obtained by dividing the 

drift time of the TNT peak, 9.6 ms, by 0.52 ms, the width of the peak (determined by the 

full width at half maximum). The resolution of an unmodified MicroHound™ II IMS 

system was approximately 12.45 The increase in resolution was mainly due to the 

compression effect from the three component ion-beam shutter, but the optimization of 

the shutter circuitry also resulted in increased resolution. 
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 When 500 pg of TNT was analyzed the signal to noise (S/N) ratio of the peak was 

calculated to be approximately 16.9. Assuming that the S/N can be linearly related to the 

concentration the detection limit of TNT would be approximately 100 pg, which is 100 

times better than the MicroHound™ II.49 Four TNT samples were made at concentrations 

of 1.0, 2.0, 3.0, and 4.0 µg/mL and 0.5 µL of each was analyzed, which equated to 

injections of 500, 1000, 1500, and 2000 pg of TNT, respectively. Each sample was run at 

least three times and the height of the TNT peak was recorded along with the standard 

deviation of the baseline. Data was acquired for drift times up to 100 ms despite the fact 

that the last peak, due to TNT, had an unadjusted drift time of 17 ms. The region beyond 

the last peak, from an unadjusted drift time of approximately 35 ms to the end of the 

spectrum, was used to obtain a standard deviation of the baseline for each spectrum. The 

standard deviation of the baseline varied by as much as 19% from spectrum to spectrum, 

which suggested that the baseline in a single spectrum was not representative of the noise 

of the instrument. The easiest way to compensate for this was to calculate the pooled 

standard deviation, spooled, from the standard deviations of each spectrum: 
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Equation 4.1 

where si is the standard deviation of the ith spectrum, ni is the number of points used to 

calculate the standard deviation of the ith spectrum, and N is the number of spectra. 

 A S/N ratio was determined by dividing the peak height by the pooled standard 

deviation and the results are tabulated in Table 4.1. The definition and derivation of the  
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concentration (pg) run #1 run #2 run #3 run #4 average
500 319.34 247.93 291.8 286.36

1000 415.34 459.04 472.89 380.64 449.09
1500 477.89 739.93 630.41 616.08
2000 903.78 1004.39 620.63 842.93

concentration (pg) run #1 run #2 run #3 run #4 average
500 9.11 7.07 8.33 8.17

1000 11.85 13.10 13.49 10.86 12.81
1500 13.63 21.11 17.99 17.58
2000 25.79 28.66 17.71 24.05

spooled = 35.05

peak height

S/N = (peak height / spooled)

Table 4.1: Data used to determine the detection limit of TNT on the RIMS-15 coupled 
with the CTIA1 camera. 
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limit of detection and the calculations to determine the error in the limit of detection are 

discussed in detail in appendix A. The raw data and average S/N ratio of each TNT 

sample was plotted versus the concentration (Figure 4.22) and a linear fit was applied to 

the data. The limit of detection can be determined by extrapolating the line fit to the data 

to determine the concentration that would result in a S/N ratio of three. In this case, the 

RIMS-15 adapted with a CTIA1 camera had a limit of detection for TNT of 73 ± 45 pg. 

Compared to the original MicroHound™ II system the sensitivity to TNT had been 

increased by three orders of magnitude.49 

The sensitivity of the miniaturized system was on the same order of magnitude as 

the unmodified PCP-110 system. The 63Ni ionization source (10 mCi) in the PCP-110 

produces far more ions than the 241Am (20 µCi) source in the miniature system. The fact 

that the miniature drift tube was approximately as sensitive to TNT as the unmodified 

PCP-110 clearly shows the increase in sensitivity gained through the use of the CTIA 

technology.  

4.5.6 Conclusions 

 The system described in this section represented the first successful effort to 

design and build nearly every component of a complete IMS, except for the ionizer. Not 

only did each of the new components work properly, but the sensitivity of the miniature 

system rivaled that of the PCP-110 IMS. The enhanced sensitivity of the system mainly 

resulted from the CTIA technology, but was also due to the three component ion-beam 

shutter designed by Roger Sperline. The new shutter was successfully implemented for  
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Figure 4.22: Plot of TNT concentration versus signal to noise ratio from data acquired on 
the RIMS-15 / CTIA1 camera. A linear fit was applied to the raw data and extrapolation 
to a signal to noise ratio of 3 gave a limit of detection of 73 pg of TNT. 
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the first time and would continue to be used on subsequent drift tube designs. With the 

new shutter also came new circuitry to operate the shutter and to provide power to the 

drift tube. The components used to build the new circuit resulted in sharper rise and fall 

times when the shutter was turned on and off, respectively. The resolution of the 

RIMS-15 was 1.5 times better than the resolution of the MicroHound™ II because of the 

compression effect from the three component shutter. 

 The design of the RIMS-15 drift region, made from alumina rings held together 

by the conductive, silver paste, worked without any major issues once the device was 

assembled. Unfortunately, the drift tube was difficult to hold together during the initial 

assembly and the drift tube remained fragile even after the silver paste had been fully 

processed. After the drift tube was heated, the solder connections between the silver ink 

and the wires connecting to the IMS circuitry became tenuous, at best. The drift tube 

itself also came apart several times during repairs and while the reassembly procedure 

was not overly difficult it was time consuming. The likelihood of the drift tube surviving 

the stress of being used in a portable instrument was low and a new design was pursued.  

 The only components not custom made for the RIMS-15 were the detector and the 

ionizer. Fortunately, the second generation of CTIA detectors and new, custom-made 

ionizers were ready for implementation. Knowing the limitations of the CTIA1 camera as 

applied to IMS, the decision was made to attempt to adapt both the new detector 

technology and new ionizer to the RIMS-15 drift tube rather than to continue experiments 

on the existing system.  
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4.6 The second generation of CTIA devices 

 The first generation CTIA device evaluated was originally designed as a low 

noise, infrared detector for astronomy that operated at 4 K. The transistor architecture, 

gate structure and size, and doping levels were specifically designed to promote electron 

mobility at 4 K. Because the device was optimized for low temperature operation it was 

unreliable at warmer temperatures, especially above 253 K. While working with ion 

mobility spectrometers, the bias voltages on the CTIA camera were adjusted to allow the 

camera to continue to operate at and above 273 K. When the CTIA1 camera was used to 

detect ions from the PCP-110 IMS, the temperature on the IMS was carefully regulated to 

avoid overheating the CTIA1 camera with heat transferred from the IMS. The miniature 

drift tube could not transfer enough heat to the CTIA1 camera to overheat the camera, but 

a Peltier cooler is impractical for a portable system.  

 The second generation of CTIA (CTIA2) was designed for room temperature 

operations. The CTIA2 would eventually be a 128 channel array detector designed for 

mass spectrometry with a reasonable noise figure for room temperature operation. Before 

the 128 channel device was fabricated a simple 4 channel design was made for testing. 

The 4 channel device was constructed first because the cost of fabrication for the 4 

channel devices was less than one quarter of the cost for the 128 channel devices. The 4 

channel devices were initially used to test and verify the validity of the overall chip 

architecture. Once the 4 channel devices were validated, 128 channel devices were 

fabricated for mass spectrometry experiments and the 4 channel devices were relegated to 

the IMS project.  
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4.6.1 Construction of the CTIA2 device for ion mobility 

 The original CTIA1 concept, by Erick Young of Steward Observatory, was 

modified to a new device designed to run at room temperature. An 10 fF capacitor was 

used in the feedback loop of the amplifier in the CTIA2 circuitry (Figure 4.23) as 

opposed to the 36 fF capacitor on the CTIA1. The smaller capacitor provided an increase 

in the sensitivity, but also lowered the saturation limit of the amplifier. The CTIA2 chips 

were designed by Kim Johnson and Gene Atlus at Imager Labs (Monrovia, CA) and were 

fabricated by The MOSIS Service (Marina del Rey, CA). The chip was epoxied into a 44-

pin, ceramic, Z-style, quad flat package chip carrier (CQ04428501Z, Global Chip 

Materials, LLC, Scottsdale, AZ). The pads on the chip were then wire bonded – a method 

for ultrasonic cold welding – to the leads on the chip carrier by David Hessel of Spectral 

Instruments (Tucson, AZ) (Figure 4.24). 

 The circuit board for the CTIA2 was a 4 layer board measuring 4.81” x 3.38” 

designed by John Yamasaki (University of Arizona, Tucson, AZ). The CTIA2 circuit 

boards were fabricated at Prototron Circuits (Tucson, AZ) and were populated in-house 

by John Yamasaki (Figure 4.25). The circuit board was designed to achieve maximum 

read out speed with the minimum amount of noise. The read out speed of the CTIA2 

device was over 500 kHz, a marked improvement over the 2.5 kHz speed of the CTIA1 

camera. The maximum read out speed was no longer limited by the detector electronics, 

but by the National Instruments analog to digital converter (PCI-6052E, National 

Instruments, Austin, TX), which had a maximum speed of 333 kHz.  
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Figure 4.23: Schematic of the CTIA2 circuit. A 10 fF capacitor replaces the 36 fF 
capacitor used in the CTIA1. 
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Figure 4.24: Picture of the CTIA2 chip wire bonded to a quad package chip carrier. 
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Figure 4.25: Picture of the complete CTIA2 circuit board. The CTIA2 itself is located in 
the top center of the picture. 

CTIA2
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 Unlike the CTIA1 camera, the CTIA2 did not include a detector. A small Faraday 

plate was put into each new drift tube and the Faraday plate was connected to one of the 

four channels of the CTIA2, preferably the channel with the lowest noise. Fortunately, 

the Faraday plate could be as simple as a small metal disc with an attached wire to 

connect to the CTIA2. The distance between the amplifier and the Faraday plate had to be 

minimized to reduce the noise picked up by the connector wire. 

4.7 Custom made ionizers with americium sources 

 The inside of the new ionizer was modeled after the ionizer from the SNL-MIMS, 

but was round in shape, as opposed to the cubic SNL-MIMS ionizer. The custom drift 

tubes all had a round shape and when the SNL-MIMS ionizer was inserted into the drift 

tube a large gap was present between the drift tube and the ionizer. Using a round design, 

the ionizer would fit snugly into the drift tube and the gas flow into and out of the drift 

would be tube was easier to regulate.  

4.7.1 Ionizer shape and design 

 The ionizer was designed in two pieces: the source region and the sample inlet / 

collimator section. The source region was designed to accommodate the same type of 

241-americium foil used in the SNL-MIMS ionizer. The 241Am foil was manufactured 

and inserted into the ionizer by NRD LLC (Grand Island, NY). The foil was available in 

a 2 mm x 20 mm rectangular design at an activity of 20 µCi. From the left side of the 

schematic of the source region (Figure 4.26) the first area is a 0.256” diameter hole that  
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Figure 4.26: Schematic of the source region of the custom ionizers. 
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served as an exit port for the gases in the drift tube. A small 2 mm, groove with a 

diameter of 0.276” was provided to hold the radioactive foil in place. The next region, 

with a diameter of 0.188”, was the start of the collimator, the geometry of which will be 

described in detail later. When the ionizer was first designed, several electrodes along the 

length of the ionizer were thought to be necessary to push ions out of the ionizer. One 

silver ink electrode was painted in place on the wall of the ionizer between the foil and 

the collimator and holes were drilled through the collimator region to provide a 

connection for this electrode. Later experimentation revealed that only a “pusher” 

electrode, placed at the exit port of the drift tube, and the first shutter screen were 

necessary to generate a potential field that would draw ions out of the ionizer. Both the 

source piece and the sample inlet section were made out of Macor, an ultra-high 

temperature, glass-mica ceramic, and were machined by the University Research 

Instrumentation Center at the University of Arizona (Tucson, AZ).  

 When the source region was first designed it was assumed that the foil would 

spring open once it was rolled and placed into the ionizer. Unfortunately, the 241Am was 

coated onto a silver foil and the silver foil maintained its shape once it was rolled. The 

inside of the groove cut for the ionizer was coated with low outgassing epoxy 

(EP21TCHT-1, Master Bond, Inc., Hackensack, NJ) to hold the foil in place. The groove 

cut for the foil was not designed to accommodate the extra space needed by the epoxy 

and the foil had to be trimmed to avoid overlap.  

 The primary concern in the design of the sample inlet section (Figure 4.27) was to 

adjust the length and the diameter of the collimator so that alpha particles generated by  
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Figure 4.27: Schematic of the collimator region of the custom ionizers. 
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the 241Am foil could not reach the first screen in the drift tube. The design was made to 

guarantee that no part of the foil had a clear “line of sight” to the shutter. The radius, 

0.138”, and the length, 2 mm, of the groove cut for the foil was fixed by the size of the 

foil itself. A radius of 0.094” was used in the collimator which left only the length of the 

collimator to be determined. The radius of the collimator was chosen mainly because 

0.094” was the same size as the collimator in the SNL-MIMS ionizer. A larger radius 

would result in a larger ion beam exiting the ionizer which would require a larger 

detector to cover the full area of the ion beam. If the radius of the collimator was 

decreased, the volume of the reaction region would decrease and fewer ions would enter 

the collimator.  

 Once the radius of the collimator had been set, the only variable left was the 

length of the collimator. Consider an alpha particle generated at the end of the foil 

furthest from the collimator that entered the collimator at the steepest angle possible.  The 

minimum length of the collimator was determined by calculating how far the alpha 

particle could travel along the axis of the collimator and still hit the collimator wall 

(Figure 4.28). Once determined, the length of the collimator was increased slightly 

beyond the minimum length to provide an appropriate margin of error. Because the epoxy 

used to hold the 241Am foil in place effectively decreased the radius of the groove for the 

foil, alpha particles might have been able to escape from the collimator had the length not 

been increased above the minimum. 241Am alpha particles have enough kinetic energy 

(5.5 MeV) to go through the shutter regardless of the shutter state. If the collimator was  
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Figure 4.28: Model of the collimator geometry. The collimator must be at least as long as 
the minimum collimator length shown to prevent alpha particles from entering the drift 
tube.  
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too, short alpha particles could have passed through the shutter and into the drift region 

where they might have ionized other species. If the length of the collimator is too great, 

then ions may be lost as they diffuse and hit the collimator walls. Given the size of the 

radioactive foil and the radius of the collimator, the length of the collimator was set at 

0.361”.  

 A hole was drilled into the side of the collimator for a sample inlet. A small 

length of ceramic tubing was inserted into the hole to adapt the sample injector to the 

inlet. Once the vaporized samples entered the collimator, the carrier and drift gases 

carried the samples back towards the ionizer. The potential gradient directed ions towards 

the collimator and the rest of the drift tube. Figure 4.29 is a picture of the two pieces of 

the ionizer. The source region shown in Figure 4.29 had not yet had the 241Am foil 

inserted. 

4.8   First drift tubes incorporating the new ionizer and CTIA2 

 The new ionizer and CTIA2 were incorporated into three miniature IMS systems 

each of which used a different drift tube design, but similar system architectures. The first 

system was the RIMS-15 drift tube described in Section 4.6. The second drift tube used 

metal washers for the stages, ceramic washers for insulators, and the low out gassing 

epoxy (used in the ionizer) to hold the drift tube together. Finally, the ionizer and CTIA2 

were integrated into a drift tube that used custom made metal rings for electrodes and 

ceramic washers for insulators. This drift tube was held together by tension from metal 

plates on both ends of the drift tube pressed together by rods, springs, and clips (Chapter  
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Figure 4.29: Picture of the pieces of the custom ionizers: the source region, without the 
241Am foil, (left) and the collimator (right).  
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5). This section will only describe the results obtained from the RIMS-15 using the 

CTIA2 and the new ionizer and the design, construction, and results from the drift tube 

held together with epoxy. The third design is the focus of Chapter 5. 

4.8.1 Modifications to the RIMS-15 drift tube to accommodate the new ionizer and 
CTIA2 

 The same ceramic tube that held the SNL-MIMS ionizer could be used for the 

new ionizer because the total length of the ionizer package was designed to fit in the 

same space as the SNL-MIMS ionizer. When the ionizer was first used there were a total 

of three electrodes present in the ionizer that needed to be wired to the IMS circuitry. The 

first electrode was a small metal washer held in place with Sauereisen cement at the gas 

outlet, or the “back” of the ionizer. The second electrode was painted on the inside of the 

ionizer with the silver ink between the foil and the collimator. The third electrode was 

another small washer placed between the two ionizer pieces. Small grooves were etched 

into sides of the ionizer to create channels for the wires that connected the second and 

third electrodes to the circuitry. Once all the stages were in place the ceramic sample inlet 

tubing was placed into the ionizer and the ionizer was sealed in place with Sauereisen. 

 A new concern appeared when the CTIA2 was adapted to the RIMS-15 drift tube: 

there was no Faraday plate in the drift tube for the CTIA2 to read out. The CTIA1 camera 

included the array of micro Faraday plates, but the CTIA2 was designed for read out 

only. In the RIMS-15 drift tube the Faraday plate was a small disc of the conductive 

silver paste painted onto a Macor disc. The Macor disc (3/4” diameter and 1/16” thick) 
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also served as a cap for the drift tube where the drift tube had been previously open to 

allow ions from the drift tube to reach the CTIA1 camera. Two holes were drilled into the 

disc, one, at the center, was used as a feedthrough for a wire to connect the Faraday plate 

to the CTIA2 camera and the other hole was an inlet for the drift gas, provided through 

PEEK tubing. The Macor detector disc was secured in place with the silver paste used 

only as an adhesive. 

4.8.2 Results from the RIMS-15 with the CTIA2 and custom ionizer 

 The data acquisition program used with the CTIA1 camera was heavily modified 

to support the new CTIA2; the details of the new instrument interface will be given in 

Chapter 5. The most important facets of the new program were increased data acquisition 

rate, capable of up to 100 kHz, and improved timing between the start of the data read out 

and the shutter of the IMS. The variable delay between the trigger of the IMS shutter and 

the start of the data acquisition was eliminated. As a result, the drift times of analytes no 

longer varied and spectra no longer required “alignment.” 

 The first explosive analyzed on the new instrument was TNT because of the high 

sensitivity of IMS to TNT relative to other explosives. The TNT detection limit of the 

RIMS-15 coupled to the CTIA1 camera was calculated to be 73 ± 45 pg at a S/N ratio of 

3. Although the calculated detection limit was 73 pg, the peaks resulting from an 

injection of 100 pg of TNT were frequently obscured by the noise and were not detected. 

Using the CTIA2 a 50 pg sample of TNT was detected with a S/N ratio of approximately 

7.2 (Figure 4.30) with the following IMS conditions: compressed air was used for both 
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Figure 4.30: IMS spectrum of 50 pg of TNT analyzed on the RIMS-15 using the CTIA2 
camera.  

TNT 



175 

the carrier and drift gases with flow rates of 75 mL/min and 125 mL/min, respectively, a 

methylene chloride permeation tube was placed inline with the carrier gas, the drift tube 

temperature was 120 ºC, and the sample was injected using the filament sample probe 

(Section 4.5.4). If the S/N ratio and the amount of TNT injected were proportional, then 

the detection limit of the new system was between 20 and 25 pg of TNT. Several 20 pg 

TNT injections were attempted, but the peak could not be reliably detected. 

 Unfortunately, the preliminary tests on the RIMS-15 with the CTIA2 were the 

only experiments that could be performed on the instrument. Not more than one week 

after the successful integration of all of the components, the entire system was shipped to 

Sandia National Laboratories in accordance with the timeline of the project. The only 

other RIMS-15 drift tube available had been contaminated with a large influx of 

fluorinated compounds and was deemed unusable. The CTIA2 used for the preliminary 

tests was also the only CTIA2 device available at the time. Although more CTIA2 

devices were being assembled elsewhere in the lab, attempts were made to further 

improve the design of the drift tube. The solder joints between the silver electrodes and 

the high voltage wires frequently came loose and occasionally the drift tube literally 

came apart because the adhesion of the silver paste was poor. The next drift tube, using 

metal washer as stages and low outgassing epoxy, was designed to remedy both of those 

problems. 
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4.8.3 The assembly of the epoxied drift tube 

 One of the major problems with the RIMS-15 was that the solder connections 

between the electrodes and the high voltage wires were tenuous. The epoxied drift tube 

was specifically designed so that no solder would be used in the construction of the drift 

tube. Each of the stages in the drift region of the drift tube was a 0.616” outer diameter, 

0.473” inner diameter, 0.016” thick stainless steel washer (90135A431, McMaster-Carr, 

Los Angeles, CA). The high voltage was connected to the stages through nickel wires 

spot-welded to the steel washers as far from the inner diameter of the washers as possible. 

The stages were separated by alumina washers each 0.100” thick cut from a tube with a 

0.750” outer diameter and 0.500” inner diameter. A notch was etched into each of the 

alumina spacers so that the spacers would sit flush with the stages except at the notch.  

 The shutters themselves were made from the same 30 wires per inch, nickel wire 

screen that was used in all of the other drift tubes thus far. A screen was spot welded to 

one of the 0.616” outer diameter, steel washers. Two more steel washers, with an outer 

diameter of  0.496”, an inner diameter of 0.352” and a thickness of 0.005” (9140A237 

McMaster-Carr, Los Angeles, CA), were spot welded to the larger washer, one on each 

side. The outer diameter of the smaller washers was just smaller than the inner diameter 

of the ceramic washers, which helped to help keep the shutter stages aligned inside the 

drift tube. The smaller washer also held the screen in place and any screen extending 

beyond the outer diameter of the smaller metal washers was removed. The high voltage 

was applied to the shutters through nickel wires spot welded to the outside edge of the 

large washer. 
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 The Faraday plate in the drift tube was a small 3/8” stainless steel button punched 

out of a steel sheet 0.35 mm thick. The Faraday plate was mounted in the center of a 

Macor disc, nearly identical to the disc used as a detector plate in the RIMS-15, 0.625” in 

diameter and 1/16” thick, with two holes drilled through the disc. A nickel wire was spot 

welded to the center of the back of the Faraday plate and was run through the hole in the 

center of the Macor disc to transmit the signal to the CTIA2. The Faraday plate was then 

secured in place on the disc using the low outgassing epoxy used on the rest of the drift 

tube.  

 The low outgassing epoxy (EP21TCHT-1, Master Bond, Inc., Hackensack, NJ) 

was applied to each stage and ceramic washer in the drift tube. Given the fact that the 

same epoxy was being used to hold the radioactive foil in place the ionizer there was no 

apparent reason why the epoxy could not be used for the entire drift tube. The drift tube 

was assembled on a small cradle and pressed together by scrap pieces of alumina tubing 

while the epoxy cured. Per the processing instructions, the drift tube was left to sit for one 

hour, then placed in an oven set at 200 ºF overnight. Once the epoxy had set the drift tube 

was structurally more stable than any of the drift tubes made with the conductive, silver 

paste. Whereas the RIMS-15 could be broken by applying too much pressure to the drift 

tube, either accidentally or intentionally, the epoxied drift tube could not be disassembled 

without disassembling the entire drift tube, and possibly breaking several sections. If a 

mistake was made during the assembly or if new modifications were ever desired, the 

only way to remedy the situation was to disassemble the entire drift tube by placing it 

inside a furnace set at 600 ºC. The epoxy was only rated for 400 ºF and the epoxy failed 
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when overheated. Unfortunately, the nickel wire screens did not survive the extreme 

temperatures and each shutter stage had to be rebuilt from scratch each time the drift tube 

was reassembled.  

4.8.4 Results from the epoxied drift tube 

 From the first time the high voltage was applied to the drift tube the output signal 

was abnormal. During each acquisition the only signal was a constant level of current 

across the entire spectrum, not unlike the signal seen from the inverted shutter on the 

SNL-MIMS (Section 4.2.3), but not as severe. The first hypothesis was that abnormal 

signal was due to a malfunction in the shutters that always put the shutters in the “open” 

state. When the shutter pulse time was set to zero no signal was detected so the shutters 

were assumed to be working properly. All efforts to troubleshoot the other components of 

the system, such as the CTIA2, power supplies, etc., yielded no probable causes for the 

odd behavior of the system. Eventually, the conclusion was reached that there was a 

contaminant present in the drift tube that resulted in a constant signal. 

 A contaminant in the drift tube could be ionized by either the electrons or by a 

charge transfer reaction with the reactant or analyte ions. If a contaminant was present 

throughout the drift tube, once it was ionized it would proceed to the detector, but 

without a fixed starting position. Contaminants ionized near the shutter would appear to 

have a longer drift time than those ionized close to the detector. When the effect of all of 

the ionizable contaminants in the drift tube was averaged, the result appeared as a 

constant influx of ions at the detector after the shutter was opened.  
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 Attempts were made to remove the source of the contamination by maximizing 

the temperature of the drift tube (180 ºC) and by greatly increasing the flow rates of the 

carrier and drift gases. Unfortunately, this only served to increase the level of the current 

at the detector. The ionizer was removed at one point so the drift tube temperature could 

be raised further, but this did not remove the source of the contamination. The RIMS-15 

drift tube had no apparent problems with contamination and the biggest change on the 

new drift tube was the presence of the low outgassing epoxy throughout the drift tube.  

 At first glance the epoxy seemed unlikely to be the cause of the contamination 

because the epoxy was present in the ionizer of previous drift tube designs. Perhaps there 

was not sufficient epoxy present in the ionizer of the RIMS-15 to be detected. Even if the 

epoxy from the ionizer was a source of contamination, the ions would be created before 

the shutter and as a result the ions from the epoxy would have been detected as a peak or 

peaks. While no peak was observed with the RIMS-15, the total concentration of the 

epoxy in the ionizer may have been too low to produce a detectable signal or the peaks 

may have appeared at drift times beyond the scanning range. Another possibility was that 

the components of the two part epoxy were not mixed in the proper proportions for the 

assembly of the new drift tube. If the ingredients had not been proportioned correctly, the 

epoxy might not have been fully processed, which could have resulted in gross 

contamination of the system.   

 The epoxied drift tube failed because of the contamination present in the drift tube 

believed to be a result of epoxy. Regardless of the failure, the next step in drift tube 

design was to construct a drift tube that did not use solder to connect the voltage to the 
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drift tube, which ruled out the conductive, silver paste. In fact, the results from the 

epoxied drift tube prompted a minor redesign of the ionizers to a new version that used a 

spring clip to hold the radioactive foil in place instead of epoxy. Rather than attempt to 

find a more suitable epoxy, the next drift tube was constructed without any adhesives. 

The design for the next miniature drift tube was derived from the design of the PCP-110 

IMS. The PCP-110 has a large metal plate on each end of the drift tube, connected by 

spring-loaded tubes that run along the axis of the drift tube. When the metal plates are 

screwed into the ends of the rods, the metal plates are pressed together and all of the 

stages in the drift tube are compressed and held together by tension. The idea of a drift 

tube held together by tension was the inspiration for the design of the next drift tube, 

which is presented in Chapter 5. 

4.9 Conclusions 

 The overall goal of the IMS project was to improve the sensitivity of miniature 

IMS systems. The project was conceived by the Denton Research Group (University of 

Arizona, Tucson, AZ) because of the development of the CTIA, which featured enhanced 

sensitivity compared to standard current to voltage converters. The SNL-MIMS was the 

first miniature IMS successfully coupled to the CTIA1 camera. Unfortunately, the CTIA1 

camera was never designed for high speed, room temperature operation. Small 

developments in the data acquisition program and minor modifications to both the SNL-

MIMS and CTIA1 camera led to minor improvements in sensitivity. Initially the focus of 

the project was simply to remove the original read out technology from an existing 
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miniature IMS and apply a CTIA. Rather than wait for new generations of read out 

technology that would alleviate many issues with the CTIA1 and SNL-MIMS 

combination, the focus of the project was expanded to include a new avenue of research 

still aimed at the overall goal of improving the sensitivity of miniature IMS: the design 

and construction of more efficient drift tubes.  

 The first drift tube constructed was simply a test to determine the feasibility, in 

terms of time and cost, of building new drift tubes. The three component ion beam shutter 

designed by Roger Sperline was the most significant advance in terms of designing new 

drift tubes. The first drift tube constructed that incorporated the three component ion 

beam shutter, the RIMS-15, used the CTIA1 camera and the sensitivity of the system was 

three orders of magnitude better than the MicroHound™ II48 and rivaled the sensitivity of 

the PCP-110. The PCP-110 uses a 63Ni beta particle source with an activity of 10 mCi 

whereas the RIMS-15 used a 241Am source that delivered only 20 µCi of radiation. The 

sensitivity of the miniature device is on the same order as the commercial unit and this 

can be mainly attributed to the superior sensitivity of the CTIA technology, but also to 

the compression effect from the three component shutter. The sensitivity of the RIMS-15 

increased further when the CTIA1 camera was replaced with a CTIA2, a device designed 

for high speed data acquisition at or above room temperature.   

 The last component of the IMS that was redesigned was the ionizer. The new 

ionizer did not improve the sensitivity of the miniature IMS, but the purpose behind the 

development of the ionizer was geared towards better control of the environment inside 

the drift tube. The new ionizers used radioactive foils with the same activity as the SNL-
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MIMS ionizers, but the ionizers were round and provided a better fit inside the drift 

tubes. After the RIMS-15 was delivered to Sandia National Laboratories, a new design of 

drift tube was constructed with epoxy. Unfortunately, the low outgassing epoxy used 

contaminated the entire drift tube, but the premise of building a drift tube without any 

solder joints was still valid. Additionally, the failure of the epoxied drift tube also led to 

attempts to design drift tubes without any adhesive. Each drift tube discussed in this 

chapter led to the design of more efficient drift tubes. Eventually the advantages from the 

old designs led to the design of the drift tube described in Chapter 5.  
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5 CONSTRUCTION AND UTILIZATION OF A MINIATURE ION MOBILITY 
SPECTROMETER WITH A SECCOND GENERATION CAPACITIVE 

TRANS-IMPEDANCE AMPLIFIER 

5.1 Overview 

Although the original project goals included only the adaptation of the capacitive 

trans-impedance amplifier (CTIA) technology to a miniature ion mobility spectrometer, 

several issues necessitated the construction of custom instruments.  At first, only the drift 

tube and corresponding circuitry were redesigned, but eventually all of the components in 

the miniature IMS were custom-made. This chapter will describe an interlocking drift 

tube design coupled to a second generation CTIA, the design of which benefited from the 

multiple designs described in Chapter 4. A detailed description of the design and 

construction of the miniature system, hereto referred to as the µ-IMS, will be provided in 

this chapter. Once characterized and optimized, the limit of detection of the µ-IMS was 

determined for two common explosives, TNT and RDX. The results of these detection 

limit experiments will be compared to those obtained with other ion mobility 

spectrometers: the MicroHound™ II from Sandia National Laboratories and the PCP-110 

from Ion Applications. The resolution of the µ-IMS will also be compared to that of the 

MicroHound™ II IMS. 
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5.2 µµµµ-IMS drift tube design and construction 

 The concept for the design of the interlocking pieces in the drift region of the 

µ-IMS resulted from numerous difficulties encountered during the construction and use 

of the miniature drift tubes built with adhesives. The drift tube assembled with the 

conductive, silver paste was one of the most successful drift tube designs once

assembled. Unfortunately, the construction process was-time consuming and, even after 

the silver paste had been processed, the drift tube was still relatively fragile (Section 4.5). 

The drift tube built with the low outgassing epoxy was structurally stable, but the epoxy 

was just as difficult to work with as the silver paste and the epoxy contaminated the 

system beyond repair (Sections 4.8.3 & 4.8.4). Another major problem with drift tubes 

built with adhesives was that it was nearly impossible to conduct repairs without 

disassembly of the entire drift tube, either accidentally or intentionally. 

 Without adhesives, the best method to hold the drift tube together mimicked the 

design from the PCP-110 drift tube; there was a large metal plate on each end of the PCP-

110 drift tube. The two plates were screwed together via metal rods and springs, which 

effectively compressed the drift tube between the plates. The µ-IMS drift tube was 

assembled between two square metal plates. Ceramic rods were run through the corners 

of the square plates and springs and clips were used to press these plates together.  

 The electrodes in the drift region (“guard rings”) were redesigned to simplify 

assembly of the drift tube. Metal rings were custom-made with an outer diameter that 

matched that of the ceramic washers previously used in other drift tubes. The metal rings 

also had a small lip that fit inside the inner diameter of the ceramic washers. High voltage 
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was applied to the electrodes by wires wrapped around small screws put in tapped holes 

in the outer diameter of the guard rings. The end result was an interlocking drift region, 

which could be built and connected to the circuitry without the use of adhesives or solder. 

5.2.1 Materials 

 The ionizer used in the µ-IMS was one of the custom ionizers described in 

Section 4.7. The 0.500” outer diameter ionizer pieces were placed into a 0.750” length of 

ceramic tubing, the “outer tube” (with 0.500” inner diameter and a 0.625” outer 

diameter). The ionizer was originally designed as two pieces so an electrode could be 

placed between the ionizer and collimator sections to push ions through the ionizer. 

When the ionizer was hooked up to the RIMS-15, experimentation revealed that only two 

electrodes were required to move ions out of the ionizer: one was the “pusher” electrode 

at the exit port of the ionizer (Section 4.7.1) and the other electrode was the first screen in 

the shutter. The “pusher” electrode was a metal washer with both inner and outer 

diameters that matched those of the ionizer. High voltage was applied to the “pusher” 

electrode via a wire spot-welded onto the washer. The “pusher” electrode and ionizer 

were then sealed in place in the ceramic tube with Sauereisen (SCC8, Scientific 

Instrument Services, Inc., Ringoes, NJ). A notch was made in the outer tube above the 

sample inlet hole in the collimator section of the ionizer for a ceramic tube that delivered 

samples and carrier gas from the desorber into the ionizer (R1201, Scientific Instrument 

Services, Inc., Ringoes, NJ). Full details of the ionizer can be found in Section 4.7. 
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 The screens for the three component ion-beam shutter were identical to those used 

in the epoxied drift tube (see Section 4.8.3). Briefly, the shutter stages were nickel 

screens spot welded between two of three stainless steel washers, two smaller washers 

and one larger washer. Spot-welded wires connected the screens to the high voltage and 

the shutter stages were set in between notched, ceramic washers.  

 The drift region of the drift tube was built with alternating ceramic washers and 

the custom-made metal rings. The aluminum oxide ceramic washers were each 0.100” 

long with a 0.625” outer diameter and a 0.500” inner diameter. The washers were cut 

from a ceramic tube by Professor M. Bonner Denton (University of Arizona, Tucson, 

AZ).  

 The metal rings were solid pieces, but are easier to describe when discussed as 

two separate pieces: the body and a lip. The body of the metal rings was essentially a 

washer 0.100” thick with an outer diameter of 0.625” and an inner diameter of 0.460”. 

The lip extended the thickness of the ring at the inner diameter by 0.020” on each side, 

which made the total length of the ring 0.140” when measured from lip to lip. The lip 

also extended radially by another 0.020” making the outer diameter of the lip 0.500”; the 

inner diameter was still 0.460” (Figure 5.1). The lip on the metal ring fit snugly inside the 

ceramic washers, which improved the structural stability of the drift region because the 

pieces interlocked. The rings were machined by Professor M. Bonner Denton. 

 One of the major problems with the RIMS-15 drift tube was that the high voltage 

wires soldered to the silver paste could not withstand the temperatures of the drift tube.  
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Figure 5.1: The interlocking pieces used to construct the drift region of the µ-IMS. The 
ceramic washers (left) were the insulators and the metal rings (center) were the 
electrodes. The ceramic tubes on the right were pieces of the custom ionizer for the 
miniature IMS drift tubes. 
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Each metal ring in the µ-IMS had a 0-80 threaded hole drilled into the body. Once the 

drift tube was assembled, wires were wound around 0-80 screws that were attached to the 

metal rings. The µ-IMS represents the first miniature drift tube built at the University of 

Arizona that was assembled and connected to the circuitry without any adhesives or 

solder joints.  

 The Faraday plate used in the µ-IMS was a 3/8” stainless steel disc punched out 

of a sheet 0.35 mm thick. The plate was mounted on a Macor disc 0.625” in diameter and 

1/16” thick with two holes drilled through the disc. The first hole was bored in the center 

for a connection from the Faraday plate to the CTIA2. In order to mount the Faraday 

plate, a second steel disc with the same dimensions as the Faraday plate was also made. A 

1/16” long piece of wire was spot welded to one of the steel discs. The two steel discs 

were placed on either side of the Macor disc and were spot welded together via the 1/16” 

wire. Finally, another wire was spot welded onto the outer steel disc to connect to the 

CTIA2. The second hole in the Macor disc was drilled off-center and was used as an inlet 

for the drift gas. 

5.2.2 µ-IMS drift tube assembly 

 The drift tube was assembled in between two square steel plates that were 1.4” by 

1.4” with 0.126” holes around the perimeter every 0.300” and one 0.500” diameter hole 

in the center (Kimball Physics, Inc., Wilton, NJ). The Macor disc with the Faraday plate 

was placed into a brass washer that was 0.750” in diameter with a 0.625” counter bore on 

one side and a 0.500” bore on the opposite side. The brass washer provided extra support 
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both during and after assembly. The drift region was assembled separately and comprised 

a total of ten ceramic washers alternating with nine metal rings. The 0-80 threaded holes 

were aligned along the long axis of the drift tube.  

 Once the drift region had been stacked on top of the Macor disc, the shutter was 

added. As with the RIMS-15, the nickel screens were aligned with respect to each other 

to minimize transmission losses as ions traveled through the shutter. The shutter 

assembly process was especially tricky because the screens had to be constantly held in 

place. When the shutter was fully assembled a total three screens and two ceramic 

washers were used. 

 The ionizer section was assembled separately inside of a Macor support tube 

before the ionizer was mounted on top of the shutter. Finally, the second square plate was 

placed on top of the ionizer. Once assembled, the drift region was 50.8 mm long and the 

overall length of the drift tube was approximately 75 mm. Pressure was applied evenly to 

the square plates and the resultant tension was sufficient to hold the drift tube together.  

 The pressure on the square plates was maintained using four ceramic rods, 0.125” 

in diameter and 3” long, four springs and eight spring clips. The four rods were fed 

through the 0.126” holes in the corners of the plates. A spring clip was put onto one end 

of the rods; on the other end of the rod, a spring was put over the rod and the spring was 

compressed by another clip. The springs constantly pressed the square plates together and 

kept constant tension on the drift tube. Any excess length of ceramic rod beyond the 

spring clips was sawed off so the drift tube would take up less space inside the instrument 

housing. Figure 5.2 is a picture of the fully assembled µ-IMS drift tube.  
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Figure 5.2: Picture of the assembled µ-IMS drift tube. A 2.5’ heater wire was wrapped 
around the drift tube and the thermocouple shown in the picture monitored the 
temperature of the drift tube. 
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 The drift tube was heated by a 30” long piece of 28 gauge, nickel-chromium alloy 

wire wrapped around the length drift tube (NI-60-12-50, Omega Engineering, Inc., 

Stamford, CT). The wire had a resistance of 4.252 Ω/ft and 30” provided 10 W of power 

when 10 V was applied by a DC power supply (6306D-10, SpenceTek Inc., Santa Clara, 

CA). The temperature of the drift tube was monitored with a K-type thermocouple. A 

block of insulation, which had dimensions matching the space between the two square 

plates (1.4” by 1.4” by 2.5”), was drilled along the long axis for a 0.625” hole. The block 

of insulation was cut in half along the long axis and the pieces were put around the drift 

tube to equilibrate and maintain the temperature of the drift tube. Later, when the drift 

tube was mounted on the circuit board a wire was run over the drift tube to fasten the drift 

tube to the circuit board and to hold the insulation tightly in place. 

5.2.3 Updated µ-IMS circuitry 

 The µ-IMS used a three component compression shutter with the same 

operational principles as the RIMS-15 (Section 4.4.3), but the circuitry had been updated 

to make further improvements to the resolution (Figure 5.3). The major differences 

between the RIMS-15 and µ-IMS circuits were the removal of the comparator at the input 

of the IMS trigger pulse and the addition of an MPSA42 transistor for faster shutter 

operation. 
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Figure 5.3: Schematic of the shutter circuitry used to operate the µ-IMS. 
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 The National Instruments I/O connector board (SCB-68, National Instruments, 

Austin, TX) used to output the IMS trigger signal was capable of producing TTL level 

signals (0 and +5 V) and provided enough current to turn the H11D3 optocoupler on. 

Once this was discovered, the comparator in the RIMS-15 circuit was removed. 

 The other major change to the circuit was the addition of an MPSA42 transistor 

used to switch the voltage on the second screen. When only the H11D3 optocoupler was 

used to switch the shutter voltage, there was a potential difference of hundreds of volts 

between the outputs of the optocoupler. When the shutter state changed, the potential 

difference on the optocoupler had to change from hundreds of volts to zero volts, or vice-

versa. Charge was still present on the optocoupler and until the charge drained, 

approximately 280 µs after the shutter state change, the shutter remained open. With the 

MPSA42 transistor in place, the potential difference on the outputs of the optocoupler 

alternated between zero and only 5 – 10 V, and the rise and fall times of the shutter were 

reduced to approximately 100 µs. The potential difference of hundreds of volts was 

present at the transistor, but the transistor was capable of switching at a faster rate than 

the optocoupler 

 When the shutter trigger pulse was set to 0 V the optocoupler was off, but current 

could flow through the transistor from the collector to the base. As a result, the same 

voltage that appeared at the emitter of the transistor also appeared at the collector and on 

the second screen in the shutter. The emitter voltage was connected to the highest 

absolute voltage in the circuit, in this case -1200 V, so the screen was also at -1200 V. 

This closed the shutter to the ion flow and provided the compression effect. A +5 V 
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shutter trigger pulse turned the optocoupler on, which resulted in identical potentials at 

the base and emitter of the MPSA42 transistor. Without a potential difference to bias the 

transistor, no current flowed through the transistor and the voltage on the second screen 

was set by the voltage divider made up of resistors R5 through R12. Adjustment of the 

variable resistor, R12, allowed the voltage on the second screen to be set between the 

voltages on the neighboring screens, which opened the shutter and allowed ions to flow.  

 The circuit was built on a 3 1/8” by 3” perfboard with solder pads from Vector 

Electronics & Technology, Inc. (North Hollywood, CA) using conventional components 

and metal film resistors. Although the high voltage power supply is shown on the circuit 

diagram, it was not mounted on the circuit board. Because of the problems encountered 

with the electrical noise from the original high voltage power supply on the SNL-MIMS, 

the power supply for the µ-IMS was mounted outside of the instrument housing. The drift 

tube was mounted with the sample inlet facing the circuit board; a small hole was drilled 

through the circuit board so a sample transfer tube could be pushed through the circuit 

board and into the drift tube. 

5.3 µµµµ-IMS system construction 

 The µ-IMS was enclosed in an 8 ¼” by 5 ¾” by 2” aluminum box. This section 

will describe the mounting of the µ-IMS drift tube, the CTIA2 circuit board, and all of 

the other components of the µ-IMS.  
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5.3.1 Internal components and connections 

 The major components inside the µ-IMS system housing were the drift tube 

circuit board and the CTIA2 board. Both components were mounted on the lid of the 

aluminum box. The circuit board with the drift tube was mounted on ¼” standoffs so the 

connections on the bottom of the circuit board would not short out to the box lid. The 

CTIA2 board was mounted on ¾” standoffs to raise the amplifier to approximately the 

same height as the Faraday plate in the drift tube.  

 The drift tube required five separate connections from the outside of the 

instrument housing: carrier and drift gases, high voltage for the drift tube, power for the 

nickel-chromium alloy heater wire, and a shutter trigger pulse. A hole was drilled into the 

box lid directly beneath the sample inlet in the drift tube. Later in the assembly, the 

sample desorber – the same design as was used with the RIMS-15 (Section 4.5.4) – was 

mounted above this hole and a ceramic transfer tube was inserted through the box, 

through the circuit board, and into the drift tube; the carrier gas flowed through the 

desorber and into the µ-IMS. The drift gas was brought through the instrument housing 

by a 1/16” Swagelok bulkhead union connector. On the inside of the housing a short 

length of inert polyetheretherketone (PEEK) tubing delivered the drift gas from the 

connector to the Macor disc on the detector end of the drift tube. As previously stated, the 

high voltage power supply was put outside of the instrument housing to minimize noise. 

A coaxial cable capable of withstanding 1200 V was used to bring the high voltage into 

the µ-IMS housing through a hole drilled into the box lid. Both the drift tube heater 

power and the IMS trigger pulse were connected through a DB25 connector that also 
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provided all of the input signals for the CTIA2. Externally, the heater wire was connected 

to a Topward DC power supply (6306D-10, SpenceTek, Inc., Santa Clara, CA) and the 

shutter pulse originated from one of two National Instruments SCB-68 I/O boards 

(Austin, TX) (Section 5.3.3). 

 The original CTIA2 board was 3 3/8” by 4”, but there was approximately ½” of 

unnecessary length from the edge of the circuit board to the amplifier and the excess was 

removed. The CTIA2 board shown in Figure 4.25 has already been cut down to remove 

this unnecessary length, which brought the Faraday plate and the amplifier closer 

together and reduced noise reception. The CTIA2 circuit board was mounted once the 

drift tube board had been secured to the housing. 

 A hole was drilled through the circuit board underneath the CTIA2 chip so a 

thermal transfer block could be put under the amplifier to pull heat away the CTIA2 and 

reduce the noise. The thermal transfer block was an aluminum cylinder with two 

telescoping sections; the smaller diameter section (0.375” in diameter and 0.250” long) 

was put under the CTIA2 and the larger diameter section (0.750” in diameter and 0.625” 

long) was put in contact with the box lid. The thermal transfer block was made by the 

Machine Shop in the Chemistry Department at the University of Arizona. Heat from the 

CTIA2 was conducted through the block to the box lid and further cooling accessories, a 

second heat sink and a fan, were added to the outside of the box to keep the amplifier as 

cool as possible using only air-cooling. 

 The wire connected to the Faraday plate was soldered to the CTIA2 chip carrier at 

pixel number 2. Each pixel was tested; pixel number 2 had the lowest noise at 32 
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electrons. A brass shield was built over the CTIA2 to further reduce the noise. The brass 

shield was custom designed and built in-house to fit securely over the critical portions of 

the CTIA2 circuit board, especially the amplifier (Figure 5.4). Half of the CTIA2 board 

was left uncovered so the 9-pin and 25-pin connectors, which provided the power and 

signals necessary to operate the CTIA2, could be accessed. Two holes were drilled 

through the shield: one to allow a connection to the output data via an SMA (Sub 

Miniature version A) socket and the other to allow adjustment of a variable resistor used 

to optimize the read out circuitry. The brass shield was held at ground by fastening the 

shield to the aluminum lid through small wings soldered onto the shield.  

 The CTIA2 circuit board required a total of three external connections. Although 

only one of the pixels was being used at any given time, the circuitry connections were in 

place for all four pixels. Four digital signals – one for control of each pixel – and a reset 

pulse were brought in through the same DB25 used for the IMS shutter and the drift tube 

heater. The CTIA2 board required ground and +6 V supplies provided through a DB9 

connector from a 6 V battery. The output from the CTIA2 went from the SMA socket on 

the CTIA2 board, through an SMA bulkhead union, and into a National Instruments 

SCB-68 I/O board (Austin, TX) (Section 5.3.3). 

5.3.2 External components and connections 

 Beyond the connectors for the internal components described in the previous 

section, there were only three major components mounted on the outside of the µ-IMS 

housing: the high voltage power supply, the sample desorber and its mount, and the  
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Figure 5.4: Picture of the inside of the µ-IMS housing. The drift tube and the shutter 
circuit board appear on the left and the CTIA2 circuit board, mostly covered by a brass 
shield, is on the right. 
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cooling equipment for the CTIA2. The high voltage power supply was housed in a 

separate 2 ¾” by 2” by 1 ¾” aluminum box to reduce the noise detected by the CTIA2 

and to safeguard against accidental electrocution. The -1200 V power supply (CA12N, 

EMCO High Voltage Corp., Sutter Creek, CA) was powered by a 12 V battery contained 

in yet another separate aluminum box (Section 5.3.3). Although the CTIA2 had been 

designed for operation at or above room temperature, the device, like other charge 

transfer devices, produced less dark current when cooled. Inside the instrument housing a 

thermal transfer block was placed under the CTIA2 to conduct heat away from the 

amplifier. Externally a large aluminum block was attached to the housing directly above 

the internal block. Mounted on top of the aluminum block were a finned heat sink and a 

fan. The fan was powered by the same 12 V battery as the high voltage power supply, but 

a switch was added to turn off the fan during analyses to reduce noise caused by 

microphonic sensitivity. The sample desorber was mounted in a custom designed Teflon 

bracket machined at the Chemistry Department Machine Shop (University of Arizona, 

Tucson, AZ). The desorber mount was attached to the µ-IMS housing using 1 7/8” 

standoffs. Once in place, the sample desorber was wrapped in insulating tape to prevent 

heat loss throughout the desorber and especially in the transfer tube. The outside of the µ-

IMS with all of the components connected is shown in Figure 5.5. 

5.3.3 Interface 

 The µ-IMS instrument housing required several other components for operation: 

batteries to power the CTIA2 circuit board, the high voltage power supply and the fan, a  
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Figure 5.5: Picture of the outside of the µ-IMS housing. A fan, the sample desorber, and 
the high voltage power supply were all mounted on the outside of the housing.  

power 
supply 
box 
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DC power supply for the drift tube heaters and the filament on the sample probe, power 

for the sample desorber cartridge heaters, and I/O boards and cables to interface the µ-

IMS to the data acquisition program.  

 As previously stated, both the -1200 V EMCO high voltage supply and the 

instrument fan were powered by a 12 V battery and the CTIA2 circuit board was powered 

by a 6 V battery. The 12 V battery (BP2.3-12) and the 6 V battery (BP3-6) were both 

from BB Battery (Commerce, CA) and were mounted into a separate 8 ¼” by 5 ¾” by 2” 

aluminum box. Batteries were used because they produced less noise than other DC 

power supplies that plug in to line voltage. Each battery was charged with generic 

chargers that were unplugged during analysis to reduce noise.  

 The Topward DC power supply (6306D-10, SpenceTek, Inc., Santa Clara, CA) 

had dual outputs: one output was used for the drift tube heater and the other output 

applied the current to the filament on the sample probe. Unfortunately, it was not possible 

to only power up one of the outputs at a time and a push button had to be installed for the 

filament.  

 The sample desorber was originally designed to use cartridge heaters that were 

3/16” in diameter, 1.0” long and provided a maximum of 8 W at 24 V (SC1812, 

Scientific Instrument Services, Inc., Ringoes, NJ). These heaters were powered by 

another Topward DC power supply; at maximum power the heaters could raise the 

temperature of the desorber to 160 ºC. The full details of the design and construction of 

the sample desorber can be found in Section 4.5.4.  
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 The µ-IMS was interfaced to a PC through two National Instruments I/O boards 

(SCB-68, Austin, TX): one for analog signals and the other for digital signals. The only 

analog signal received was the output from the CTIA2 board, but the CTIA2 reset pulse 

was also sent to the analog I/O board so the start of the read out of the analog board was 

synchronized with the CTIA2 reset pulse. The digital I/O board had seven total channels 

hooked up, only four of which were needed at any time for IMS operations. Each of the 

four pixels on the CTIA2 (one channel per pixel) was hooked up so the Faraday plate 

could be quickly reconnected to other pixels if necessary, but only one pixel was used at 

a time. The other three channels ran the CTIA2 reset pulse, the gain control of the 

CTIA2, and the IMS shutter trigger.  

 The start of the IMS shutter trigger and the reset pulse were synchronized, but the 

end of the two pulses came at different times. The IMS trigger was held at +5 V to hold 

the shutter open (normally for 1500 µs), but the CTIA2 reset pulse was typically held at 

+5 V for longer. With only a 13 fF capacitor in the CTIA2, as measured by Roger 

Sperline and John Yamasaki (University of Arizona, Tucson, AZ), the saturation limit of 

the amplifier was lower than that of the CTIA1. In order to avoid detector saturation, the 

CTIA2 was continuously reset until just before the species of interest reached the 

detector. As a result, spectra from the µ-IMS did not show either the electron peak or the 

reactant ion peak, unless these species were intentionally analyzed. If the spectra included 

the earlier peaks, the detector normally saturated before the species of interest eluted 

from the drift tube. While the reset pulse was held at +5 V any data collected would be 

meaningless, which is why the start of the read out was synchronized with the end of the 
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reset pulse and not with the IMS shutter trigger. The reset pulse was normally delayed by 

8 – 9 ms from the time at which the shutter was opened; as a result, electrons and reactant 

ions were not detected.  

 The final connection controlled the gain on the CTIA2, but only high gain was 

used as this increased the sensitivity. A full listing of all of the connections to the analog 

and digital I/O boards can be found in Table 5.1. The I/O boards were connected to a PC 

using shielded cables. The analog board plugged into an NI PCI-6052E multifunction 

data acquisition card and the I/O board for digital signals was plugged into an NI PCI-

6534 digital output board (National Instruments, Austin, TX). Both cards were managed 

by a custom data acquisition program written in LabVIEW 7.1 (National Instruments, 

Austin, TX). 

5.3.4 µ-IMS data acquisition program key features 

 The original CTIA2 program was written by John Yamasaki (University of 

Arizona, Tucson, AZ), was heavily modified by Roger Sperline (University of Arizona, 

Tucson, AZ) and was then modified further. A screen capture of the front panel of the 

data acquisition program is shown in Figure 5.6. Rather than explain the data acquisition 

program in full detail only the key operations and features will be presented. 

 The program was designed to sequentially collect a set number of separate IMS 

spectra, normally 200, as quickly as possible. The sequential, uninterrupted observation 

of multiple spectra allowed changes in the IMS spectra to be monitored over time as 

different species evolved from the drift tube. When single component standards were  
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Analog I/O board connections 
signal type pin # Label 
CTIA2 output 65 ACH2 
CTIA2 reset pulse in 11 TRIG1 

Digital I/O board connections 
signal type pin # Label 
CTIA2 channel 1  12 DIOA3 
CTIA2 channel 2  45 DIOA2 
CTIA2 channel 3  44 DIOA1 
CTIA2 channel 4  10 DIOA0 
CTIA2 reset pulse 13 DIOA4 
CTIA2 gain 47 DIOA5 
IMS trigger 48 DIOA6 

Table 5.1: List of the connections to the National Instruments I/O boards. Each 
connection was paired with a wire connected to ground. 
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Figure 5.6: Screenshot of the data acquisition program for the µ-IMS written in 
LabVIEW 7.1. 
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analyzed the current was usually not applied to the filament at the start of data 

acquisition. As a result of the delay between the start of the acquisition and the 

application of the filament current, which was approximately two seconds, the first scans 

collected were background spectra that could be used for baseline corrections.  

 The program controlled several key parameters on the CTIA2; the most important 

were the start and rate of data acquisition. As previously stated, the CTIA2 used a smaller 

capacitor than the CTIA1 camera and acquisitions were started after the reactant ions had 

eluted to avoid detector saturation. The window of drift times acquired was set as short as 

possible to maximize the number of mobility spectra that could be collected while a 

species eluted from the desorber. The temperature of the desorber and the drift tube, the 

current applied to the filament, and the voltage applied to the drift tube were optimized to 

move injected samples through the desorber and drift tube as quickly as possible, but 

even at the optimal settings the resultant peaks spread out over many spectra. The shutter 

timing was set in the program, while all other parameters – temperature, gas flow rates, 

etc. – had to be set manually.  

 Before the data was displayed, several data processing steps – including median 

filters, a finite impulse response window (FIRW) filter, and background subtraction – 

were applied. The 3D contour plot on the upper left of the program window (Figure 5.6) 

displayed all of the data collected after the filters had been applied to the raw data. In the 

screen shot of the program, the intensity was plotted on the z axis, the drift time on the 

vertical (y) axis (from 9 to 17 ms), and the spectrum number on the horizontal (x) axis 
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(from spectrum 0 to 200). The plot on the bottom of the program window displayed 

averaged data.  

 The controls directly above the bottom plot selected which of the IMS spectra 

were averaged. Because of the delay between the acquisition start and the application of 

the filament current, the first 50-100 spectra usually contained no sample peaks and were 

used to collect background spectra. A window of spectra centered on the sample peak 

was averaged to obtain a sample spectrum. The averages of the background spectra and 

sample spectra were plotted on the bottom graph along with a third plot, which was a 

subtraction of the average background from the average sample. The majority of the other 

controls and indicators on the program window were used for instrument diagnostics and 

were not used in routine analyses. 

5.4 µµµµ-IMS optimization 

 Once the µ-IMS was operational several key parameters were adjusted to 

maximize the signal from the instrument. These parameters included drift and carrier gas 

flow rates, drift tube temperature, shutter timing, and the temperature of the sample 

desorber. Initially these parameters were set based on suggestions from personnel at 

Sandia National Laboratories45 and from the work on the previous miniature ion mobility 

systems. The previous settings were, however, not optimal for the µ-IMS and 

experimentation was required to determine the best conditions to maximize sensitivity.  
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5.4.1 Drift and carrier gases 

 All experiments outlined in this chapter used nitrogen for both the carrier and drift 

gases. The nitrogen was purified with a moisture trap (8121, Alltech Associates, Inc., 

Deerfield, IL). After the moisture trap, the nitrogen flow was divided into separate flows 

for the carrier gas and drift gas. The carrier gas was directed past a permeation tube filled 

with methylene chloride, which provided a constant source of chloride ions in the drift 

cell to simplify the mobility spectra (Section 3.4.2). Both gases were directed into 

calibrated gas flow meters equipped with needle valves (C-32121-66, Cole-Parmer 

Instrument Company, Vernon Hills, IL) to moderate and monitor the flow rates into the 

µ-IMS. All of the tubing used for the carrier and drift gases prior to the flow meters was 

made of either copper or stainless steel that was flamed out with a propane torch to 

remove impurities. Inert PEEK tubing was used to carry the drift and carrier gases from 

the flow meters to the instrument housing (51085K38, McMaster-Carr, Los Angeles, 

CA). 

 Initially, perfluoroalkoxy (PFA) tubing was used for much of the gas transport, 

but a constant level of unidentified contaminants was found in every negative mode 

mobility spectrum. The exact identity of the contaminants was never determined, but the 

work of Cram and Chesler51 showed that negative mode IMS is sensitive to Freons and 

PFA produces small polymers similar to Freons when heated. When the PFA tubing was 

removed, the impurities were no longer detected. 

 The drift and carrier gas flow rates were initially set at 50 mL/min and 90 

mL/min, respectively, following advice from Sandia National Laboratories personnel.45 
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The drift gas rate was optimized with a 500 pg of injection of TNT analyzed at various 

flow rates from 50 mL/min to 150 mL/min. The peak height and resolution of both the 

reactant ion peak (RIP) and the TNT peak were monitored at each flow rate to determine 

the optimal setting.  

 The drift rate had only a small effect on the height of the TNT peak, but as the 

drift rate increased above 75 mL/min a steady background signal appeared at the detector. 

The exact cause of this background signal was never determined, but to reduce the 

probability of detector saturation the drift rate was set at 50 mL/min for all experiments 

described in this chapter. 

 The effect of changing the carrier flow rate was also optimized between flow rates 

of 50 mL/min and 150 mL/min. The optimum carrier flow rate was determined to be 

approximately 100 mL/min where the RIP and TNT peak heights reached maxima with 

no noticeable detrimental effects. 

5.4.2 Drift tube temperature 

 The optimal drift tube temperature was set based on past performance of other ion 

mobility spectrometers and limitations in the µ-IMS. The peak width increased as the 

drift tube temperature was reduced. The sensitivity of the instrument is directly related to 

the resolution of the peaks so higher temperatures were preferred to maximize sensitivity 

and resolution. The maximum drift tube temperature was determined by the materials 

used in the ionizer in the µ-IMS: the Master Bond epoxy used to hold the radioactive 

americium foil in place began to breakdown around 400 ºF (204 ºC). Even without the 
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epoxy holding the 241Am foil in place, the manufacturers of the foil (NRD LLC, Grand 

Island, NY) recommended temperatures below 180 ºC to avoid a potential radioactive 

contamination. At elevated drift tube temperatures, the americium could migrate through 

the gold foil and oxidize. From there the oxidized americium could be carried out of the 

source region of the µ-IMS and into the atmosphere.52 The drift tube temperature that 

maximized sensitivity without any possibility of radioactive contamination was 160 ºC.  

5.4.3 Shutter timing  

 The length of time for which the shutter in the µ-IMS was open affected the 

intensity and the resolution of all analyte peaks. For limit of detection studies only one 

explosive was injected at a time and the peak resolution was of only minor concern 

compared to the peak height. A 500 pg injection of TNT was repeated at shutter times 

from 1000 µs, just over the minimum shutter time at which TNT was detectable, to 1800 

µs. Figure 5.7 shows the effect of shutter time on the height of the TNT peak. The TNT 

peak reaches a clear maximum at 1500 µs, which was used as the optimal shutter time for 

limit of detection studies. The effect of shutter time on resolution will be covered in detail 

in Section 5.6.  

5.4.4 Injector temperature 

 There was no one ideal temperature for the injector throughout the analyses of the 

explosives studied. Each explosive had an optimal temperature that will be discussed  
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Figure 5.7: Plot of TNT peak height versus IMS shutter time. The maximum peak height 
was obtained at a shutter time of 1500 µs. 
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individually with each explosive. Despite the fact that the optimum injector temperature 

was dependent on the explosive being analyzed, there were some general guidelines used 

to find the optimum injector temperature.  

 Ideally, the injector temperature would have been set such that each explosive 

yielded a single, sharp peak to maximize the sensitivity. If the injector temperature was 

set too high the explosives could degrade in the injector. In this case the explosive would 

be divided into multiple peaks, which would have resulted in a reduced sensitivity. If, on 

the other hand, the injector temperature was too low, the explosives might have 

condensed on the walls of the system after they were vaporized by the filament. After 

condensation the explosives would slowly desorb from the walls and this slow desorption 

would have resulted in the detection of samples over an extended period of time, and 

hence, in reduced sensitivity. Beyond these general effects, the ideal injector temperature 

was dependent on the properties of each explosive.  

5.5 Limits of detection  

 Sandia National Laboratories was particularly interested in potential increases in 

the sensitivity of a miniature ion mobility spectrometers coupled with a CTIA read out to 

explosives. One of the best methods for comparison of the sensitivities of different 

instruments is to determine the limit of detection for several species. The following 

section discusses the experiments performed to determine the limits of detection of two 

common explosives, TNT and RDX, on the µ-IMS. These results were then compared to 

those from the MicroHound™ II and the PCP-110 systems. 
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5.5.1 General methodology 

 Despite the fact that only single component standards were analyzed for the limit 

of detection studies, the identity of each peak in the IMS spectrum was first confirmed to 

ensure that the µ-IMS responded to the explosives in a manner similar to other ion 

mobility spectrometers. Because the µ-IMS did not have a mass spectrometer coupled to 

the output of the drift tube, the only method available to determine the identity of the 

peaks in the spectra was calculation of the reduced mobility of each peak and comparison 

of the calculated values to those found in the literature.  

 Once the identity of explosives had been confirmed, a rough estimate of the 

detection limit was determined. 10:1 serial dilutions of the 1000 µg/mL standards were 

used to make samples that ranged in concentration from 10 µg/mL to 1 ng/mL. Each 

sample was analyzed and an estimate for the detection limit was determined at lowest 

concentration at which the analyte could be detected. New samples were then made at 

various concentrations that were all within one order of magnitude of the estimated limit 

of detection. Sandia warned that the linear dynamic range of IMS is limited45 and only a 

small range of concentrations was expected to produce a linear response. 

 Each sample was repeatedly analyzed and 20 spectra were averaged and the peak 

height of the analyte peak was determined. The peak height was then divided by the 

standard deviation of the noise of all of the analyses to calculate a signal to noise (S/N) 

ratio at each concentration. A calibration curve of S/N ratio versus concentration was 

created and used to find the concentration that would produce a S/N ratio of 3, a 

commonly excepted measure of detection limit.53 Further details of the calculations used 
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to determine both the limit of detection and the error in the determination of the limit of 

detection are presented in Appendix A. 

 1 µL injections of samples were applied to the filament on the sample probe. The 

data acquisition was started immediately after the probe was inserted into the sample 

desorber. The current on the filament was not turned on for approximately 2 seconds after 

the start of data acquisition. This delay allowed multiple background spectra (from 50-

100 spectra depending on timing) to be collected prior to the appearance of peak(s) from 

the sample. Once each data acquisition was completed, 20 separate IMS spectra, centered 

on the maximum amplitude of the sample peak, were averaged to reduce the noise. The 

exact timing of the maximum of the sample peak was not consistent in each analysis due 

to the differing vapor pressures of the various explosives36-40 and because the delay 

between the start of data acquisition and the application of current to the filament was not 

computer controlled. At the end of each analysis the window of 20 spectra was selected 

such that the sample peak in final average had the maximum peak height. Even though 

the µ-IMS had been adjusted for each explosive to get the samples to elute from the 

desorber in the shortest amount of time, the samples were typically spread out over more 

than 20 spectra (from anywhere to seconds to tens of seconds depending on the properties 

of the explosive and quantity injected). The peak height from the average of 20 IMS 

spectra was not a wholly accurate representation of the total amount of sample injected, 

but the total area under the peak could not be accurately determined when the sample 

continued to elute past the end of the run. The use of more than 20 spectra, or in some 

rare cases fewer, might have shown an increase in the apparent sensitivity of the µ-IMS, 



215 

but to remain consistent from sample to sample the number of spectra averaged for the 

background and the sample was set at 20 for all analyses. 

5.5.2 Reagents 

 The explosive standards used in the studies described in this chapter were 

prepared from commercial stock solutions. Standard solutions of TNT and RDX were 

obtained in a concentration of 1000 µg/mL in acetonitrile (47244 & 47237, respectively, 

Supelco, St. Louis, MO).  The standards were diluted with HPLC grade acetonitrile 

(EMD Chemicals, Inc., Gibbstown, NJ) through use of adjustable-volume Eppendorf 

pipettes (Hamburg, Germany) and calibrated 1 µL microcapillaries (3809, Alltech 

Associates, Inc., Deerfield, IL).  

5.5.2.1 Sample storage issues 

 The stock solutions arrived in ampules that were stored in a freezer set at -15 ºC 

until they were opened. Once the ampules were opened, the solutions were transferred to 

conical glass vials, which were also stored in the freezer. All diluted solutions were 

stored in ordinary glass vials with a foil lined cap, but based on suggestions that the 

explosive solutions might adsorb to the glass and that the explosives might have been 

susceptible to photo degradation, other storage alternatives were investigated.  

 Deactivated, amber, borosilicate vials with polytetrafluoroethylene/silicone 

(PTFE/Sil) septa were obtained for sample storage (186001134DV, Waters Corp., 

Milford, MA). A 100 pg TNT solution was made and stored for over a week in both an 
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amber vial with PTFE/Sil cap and in a plain glass vial with a foil lined cap. The study 

was initially designed to determine whether the TNT concentration of the solution stored 

in the plain glass vial would drop more quickly than that of the solution stored in an 

amber vial. When the TNT solution stored in the amber vial was analyzed, two analyte 

peaks (at drift times of 9.9 ms and 10.4 ms) appeared in the spectra, whereas the solution 

stored in the glass vial, run under the same µ-IMS conditions, showed only a single 

analyte peak (at a drift time of 10.4 ms) (Figure 5.8). Note that the conditions on the µ-

IMS were not identical to those used for the detection limit studies (Section 5.5.3) and the 

drift time of the TNT peaks changed accordingly. 

 In order to confirm that the source of the contamination was either an amber vial 

or one of the caps with PTFE/Sil septum, clean acetonitrile was stored in one of the 

amber vials, which was sealed with a solid cap without a septum, and one of the caps 

with a PTFE/Sil septum was completely immersed in acetonitrile. After several days the 

two batches of acetonitrile were analyzed along with a clean sample of acetonitrile. The 

IMS spectra from the acetonitrile surrounding the PTFE/Sil septa had the greatest level of 

the 9.9 ms peak. The acetonitrile stored in the amber vials also showed the peak at 9.9 

ms, but an injection of clean acetonitrile showed only the RIP (Figure 5.9). The exact 

identity of the contaminants could not be determined without a mass spectrometer 

coupled to the IMS. When Karasek and Keller first used an IMS in conjunction with gas 

chromatography they noticed peaks due to column bleed from the methyl silicone, 

packed column.54 The silicone in the PTFE/Sil septa may be responsible for the observed 

contamination.  
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Figure 5.8: IMS spectrum of a 100 pg injection of TNT that had been stored in an amber, 
borosilicate vial with a PTFE/Sil septum. The TNT peak appeared at 10.4 ms, but a 
second, unidentified peak appeared at a drift time of 9.9 ms. 

contaminant 
TNT 
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Figure 5.9: Spectra showing contaminations present in vials used for sample storage. (a) 
IMS spectrum of clean acetonitrile. (b) IMS spectrum of acetonitrile stored in an amber, 
borosilicate vial. An extra, contaminant peak appeared in spectrum at 9.9 ms. (c) IMS 
spectrum of acetonitrile that enveloped a PTFE/Sil septum. The peak at 9.9 ms was more 
pronounced in the spectra from the PTFE/Sil septum than it was when acetonitrile was 
stored in the amber vials with a plain cap; clean acetonitrile showed no peak at 9.9 ms. 
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 The exact source of the contamination remains unidentified and attempts to 

identify the contaminant on a Finnigan LCQ mass spectrometer (Thermo Electron 

Corporation, Waltham, MA) yielded no fruitful results. The PTFE/Sil septa were 

probably the primary source of the contamination, but the results of this analysis showed 

that the contaminant was also present in the vials as well. The vials may have originally 

contained a low level of the contaminant or the contaminant may have been transferred 

from the septa to the vials during the manufacturing process. Regardless of the identity 

and source of the contaminant, both the PTFE/Sil septa and the amber vials were deemed 

unusable for sample storage. Samples were subsequently stored in plain glass vials with 

foil lined caps where no adverse contamination effects were observed. 

5.5.3 TNT 

 Sandia quoted a detection limit of 10 ng of TNT for their MicroHound™ II 

systems.49 Because TNT can be synthesized with commercially available materials, the 

importance of early, low level detection of TNT or explosives partially composed of TNT 

can not be stressed enough. The temperature of the sample desorber was optimized to 

maximize the sensitivity of the µ-IMS to TNT. Once the µ-IMS was fully optimized the 

TNT standard was diluted. Multiple samples were made and repeatedly analyzed to 

determine a detection limit. The sensitivity of the µ-IMS to TNT was then compared to 

that of the MicroHound™ II and the PCP-110. 
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5.5.3.1 Injector temperature 

 Compared to other explosives, TNT proved the least sensitive to changes in 

injector temperature. At 120 ºC TNT was readily detectable, but did not have the 

optimum, plug-like profile. The TNT peak appeared shortly after current was applied to 

the filament, but continued to bleed out of the desorber for nearly a minute. This behavior 

suggested that the TNT was vaporized by the rapid heating of the filament, but then 

condensed on the walls of the desorber before all of the TNT could be carried into the 

drift tube. The TNT resident on the walls was slowly released off of the desorber and 

transfer tube walls, into the carrier gas, and into the drift tube. As the temperature of the 

desorber was raised the TNT no longer condensed in the desorber.  

 The primary concern with raising the injector temperature was that the studied 

explosive(s) might degrade at higher injector temperatures. Although the explosive was 

less likely to condense on the walls at higher temperatures, the degraded explosives might 

have eluted as multiple components with different mobilities. Fortunately, TNT showed 

no signs of decomposition when the desorber temperature was raised to the maximum of 

180 ºC, which was the upper limit of the cartridge heaters. 

5.5.3.2 Qualitative identification 

 When a 500 pg injection of TNT was run on the µ-IMS under the operating 

conditions listed in Section 5.4 and with the sample desorber set at 180 ºC, only a single 

peak was detected at a drift time of 11.35 ms (Figure 5.10). The reduced mobility of this  
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Figure 5.10: IMS spectrum from the µ-IMS of an injection of 500 pg of TNT. The drift 
time of the peak was 11.35 and had a reduced mobility of 1.55 cm2/(V.s). 
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peak was determined using the effective length of the µ-IMS drift tube, d, from the  

shutter to the detector, 50.8 mm, the voltage gradient across the drift region of the tube, 

E, 181.9 V/cm, the drift tube temperature,160 ºC, and the ambient pressure, 101.59 kPa. 

When the µ-IMS parameters were inserted in Equation 2.3, the reduced mobility for TNT 

the peak was 1.55 cm2/(V.s).  

 A review of ion mobility spectrometer by R. G. Ewing tabulated reduced mobility 

values for the various negative TNT ions that form in IMS by atmospheric pressure 

ionization reactions.9 The TNT species with the reduced mobility closest to the observed 

value of 1.55 cm2/(V.s) was TNT minus a proton (TNT-H) - with a reduced mobility of 

1.54 cm2/(V.s).35 The literature value was observed in a drift tube that used nitrogen as 

both a carrier and drift gas and was run at a temperature of 166 ºC, very similar 

conditions to those in the µ-IMS. No mention was made of the sample introduction 

method for this species. The other two negative ions primarily observed from TNT are 

(TNT-NO2) - and (TNT) -, but the reduced mobilities at similar conditions to the µ-IMS 

were 1.57 and 1.49, respectively.1,35 All of the data suggested that the ion detected by the 

µ-IMS was (TNT-H)-, but without a mass spectrometer coupled to the µ-IMS the exact 

identity of the ion could not be confirmed. 

5.5.3.3 Determination of the limit of detection for TNT 

 When the methods to estimate a detection limit, described in Section 5.5.1, were 

used for TNT, the solution with the lowest concentration that produced a detectable peak 

was the 10 ng/mL solution. With the limit of detection bracketed, eight new TNT 
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solutions were made with concentrations between 10 ng/mL and 45 ng/mL at 5 ng/mL 

intervals. 10 mL of a 100 ng/mL TNT solution were made from a single dilution of the 

1000 µg/mL stock solution and then all of the other samples were made through one 

further dilution of the 100 ng/mL solution. Injections of 1 µL were analyzed at least four 

times for each sample concentration and the height of the TNT peak was recorded for 

each sample. All 200 of the IMS spectra acquired during each analysis were saved and 

used to calculate the noise of the instrument. 

 As with the RIMS-15, the instrument noise of the µ-IMS could not be accurately 

determined from a single IMS spectrum. Instead the pooled standard deviation was used 

to measure the overall instrument noise. All of the data saved was briefly examined and 

none of the IMS spectra from 10 to 59, out of the 200 collected, showed any sample 

related activity beyond 12 ms. A LabVIEW (National Instruments, Austin, TX) program 

was written to first calculate the standard deviation of the data in this region for each 

analysis and then combine all of the standard deviations to get a pooled standard 

deviation using Equation 4.1.  

 Each peak height was divided by the pooled standard deviation of 0.117 ADU to 

obtain a S/N ratio for each concentration (Table 5.2). The S/N readings for the eight 

samples were plotted versus the TNT concentration (Figure 5.11). The average of the S/N 

ratio at each concentration was calculated and plotted along with the standard deviation at 

each concentration, but the linear regression analysis (detailed in appendix A) was 

performed using all of the data points and not the averages. The equation of the line that  
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Peak height (ADU)  
mass of TNT (pg) run 1 run 2 run 3 Run4 run 5    

10 0.049 0.069 0.07 0.052 0.066
15 0.084 0.076 0.076 0.075 0.073
20 0.106 0.117 0.123 0.106 0.086
25 0.133 0.136 0.123 0.121 0.159
30 0.171 0.158 0.162 0.171 0.147
35 0.161 0.169 0.221 0.147 0.174
40 0.245 0.221 0.223 0.192 0.166
45 0.256 0.216 0.216 0.203 0.230

.
spooled (ADU) =  0.0117 

Signal to noise ratio 
mass of TNT (pg) run 1 run 2 run 3 run4 run 5  average std. dev 

10 4.19 5.90 5.98 4.44 5.64 5.23 0.85
15 7.18 6.50 6.50 6.41 6.24 6.56 0.36
20 9.06 10.00 10.51 9.06 7.35 9.20 1.21
25 11.37 11.62 10.51 10.34 13.59 11.49 1.30
30 14.62 13.50 13.85 14.62 12.56 13.83 0.86
35 13.76 14.44 18.89 12.56 14.87 14.91 2.39
40 20.94 18.89 19.06 16.41 14.19 17.90 2.63
45 21.88 18.46 18.46 17.35 19.66 19.16 1.72

Table 5.2: Data from the TNT limit of detection analysis on the µ-IMS. The top table 
shows the peak heights at each mass of TNT injected. The bottom table shows the signal 
to noise ratio of the TNT peak obtained by dividing the peak height by the pooled 
standard deviation. 
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Figure 5.11: Calibration curve used to determine the detection limit of TNT on the µ-
IMS. The signal to noise ratio was plotted versus the mass of TNT injected. After a linear 
fit was applied to the data the detection limit was calculated to be 5.05 ± 0.41 pg. 



226 

best fit the data was then extrapolated to determine that the detection limit at a S/N ratio 

of 3 was 5.05 ± 0.41 pg of TNT.  

5.5.3.4 Comparison to other ion mobility spectrometers 

 Sandia had estimated the detection limit of the MicroHound™ II systems for TNT 

at 10 ng.49 The µ-IMS system demonstrated nearly 2000 times the sensitivity to TNT as 

the MicroHound™ II. The compression effect of the three component ion-beam shutter 

was partially responsible for the increased sensitivity of the µ-IMS, but the CTIA 

technology was the primary cause of the heightened sensitivity. 

 Although the exact detection limit of the PCP-110 was never calculated, an 

estimate for the detection limit of TNT was determined (Section 3.6.5). The estimate was 

determined with the same methodology used with the µ-IMS, analysis of solutions each 

one order of magnitude lower in TNT concentration. A 50 pg injection provided a 

detectable signal whereas nothing was detected with a 5 pg injection. The 63Ni 

radioactive foil in the PCP-110 is 30 times stronger than the 241Am source in the µ-IMS. 

Despite the fact that the activity of the 241Am in the µ-IMS (20 µCi) was 500 times less 

than that of the 63Ni source in the PCP-110 (10 mCi), the 63Ni source is only 30 times 

stronger than the 241Am because of the increased energy of the alpha particles coming 

from 241Am compared to the energy of the beta particles coming from 63Ni. The fact that 

the µ-IMS was still as sensitive to TNT as the PCP-110, which used a significantly 

stronger ionization source, was a testament to the increased sensitivity provided by the 
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CTIA technology. The CTIA technology brought to the µ-IMS the same, or better, level 

of sensitivity as a “full-size” IMS. 

5.5.4 RDX 

 The estimated detection limit for RDX (cyclotrimethylenetrinitramine) on the 

PCP-110 (250 pg) was five times greater than it was for TNT (50 pg). Sandia estimated 

that the MicroHound™ II is at least 10 times less sensitive to RDX that it is to TNT.55 

Several physical properties of RDX, such as surface adsorption and vapor pressure, 

simply render RDX more difficult to detect than TNT.9,36-40 In addition, the primary 

species detected from atmospheric pressure ionization of RDX is (RDX.NO2) -. The NO2-

necessary to form the adduct is generated from some of the RDX injected and is 

consumed in the ionization source by other RDX molecules.48 Because some of the RDX 

must fragment to provide the NO2- ion needed to form the (RDX.NO2) - ion, not all of the 

RDX injected into an IMS can be detected. 

 Initial attempts to determine a limit of detection on the µ-IMS with the same 

conditions used for TNT yielded no fruitful results. Even with the maximum amount of 

power applied to the cartridge heaters in the sample desorber, RDX adsorbed to the walls 

of the sample desorber and did not elute from the desorber with the plug-like profile 

needed for accurate measurement of the detection limit. Minor modifications to the 

sample desorber were necessary in order to install more powerful heaters. 
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5.5.4.1 Desorber modifications 

 New cartridge heaters that could deliver up to 30 W of power at 120 VAC (CSS-

03130/120V, Omega Engineering, Inc., Stamford, CT) were obtained. The old heaters 

could only provide a maximum of 8 W at 24 VDC. The new cartridge heaters were the 

most powerful heaters available commercially with the same diameter as the old cartridge 

heaters. The only difference in the dimensionality between the old and new heaters was 

that the new heaters were 1.5” long, 0.5” longer than the old heaters. The holes for the 

cartridge heaters in the sample desorber were drilled deeper to accommodate the extra 

length of the new heaters.   

 The new cartridge heaters were controlled by a variable transformer that was 

plugged into line voltage. When 90% of full power was supplied to the new cartridge 

heaters, the sample desorber reached a temperature of approximately 215 ºC. At this 

temperature, the heat from the sample desorber influenced the temperature of the drift 

tube. When the DC power supply was set to bring the of the drift tube temperature to 160 

ºC, the heat transferred from the sample desorber raised the drift tube temperature to 170 

ºC; an effect that was not noticed until all analyses had been completed. At the elevated 

sample desorber temperature, RDX eluted with a strong peak and significantly reduced 

tailing compared to what was seen at a sample desorber temperature of 160 ºC.  

5.5.4.2 Qualitative identification 

 Aside from the desorber temperature, all of the other IMS conditions were the 

identical to those used when TNT was analyzed (Section 5.5.3.2). The RDX injection 
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provided only a single peak at a drift time of 11.80 ms. The parameters used to calculate 

the reduced mobility were identical to those used for TNT, except for the drift tube 

temperature (170 ºC). The reduced mobility of the peak detected after an injection of 

RDX, as calculated by Equation 2.3, was 1.46 cm2/(V.s). The literature shows a range of 

reduced mobility values for RDX from 1.40 – 1.47 cm2/(V.s) depending on the exact 

identity of the RDX ion.9 As previously stated, the most common ion formed is 

(RDX.NO2) – (Section 3.6.4) and the literature shows that (RDX.NO2) - has a reduced 

mobility of 1.45 cm2/(V.s). The value of 1.45 cm2/(V.s) corresponds to a sample of  RDX 

injected by wire desorption into an ion mobility spectrometer using air as the carrier and 

drift gas at a temperature of 154 ºC, but these conditions match the those used in the µ-

IMS better than any others from the literature.9,48 

5.5.4.3 µ-IMS limit of detection for RDX  

 A 1 µL injection of a 1 µg/mL RDX solution (1 ng) produced a strong signal, but 

a 1 µL injection of a 100 ng/mL (100 pg) could not be detected on the µ-IMS. 10 mL of 

10 µg/mL of RDX was made by a single dilution of the original standard solution and 

this 10 µg/mL was diluted into nine solutions that ranged in concentration from 1 to 5 

µg/mL at intervals of 0.5 µg/mL. 

 Each sample was analyzed five times each, and once again all 200 spectra 

acquired with each analysis were saved so the instrument noise could be calculated. The 

standard deviation of the noise on each analysis was calculated on IMS spectra 10 

through 49 (which were acquired prior to application of current to the filament) from a 
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drift time of 12 ms to the end of the data collection at 15.1 ms. When the standard 

deviations from each analysis were combined (Equation 4.1), the pooled standard 

deviation was 0.0123 ADU.  

 As with the analysis of TNT, two different windows of 20 spectra were used to 

obtain an average background spectrum and an average sample spectrum. The peak 

height data from each analysis and resultant S/N ratios can be found in Table 5.3. A 

calibration curve was plotted with the S/N ratio versus the mass of RDX injected (Figure 

5.12). A linear fit was applied to the data and was extrapolated to a S/N ratio of 3 to 

determine the detection limit. Subsequent error analysis gave a calculated detection limit 

of RDX on the µ-IMS of 147.0 ± 24.9 pg. 

5.5.4.4 Comparison to other ion mobility spectrometers 

 Sandia National Labs did not quote an exact limit of detection for RDX on the 

MicroHound™ II IMS. Their best estimate was that the MicroHound™ II was at least 10 

times less sensitive to RDX than it is to TNT, which would have resulted in a detection 

limit of approximately 100 ng.55 In this case, the µ-IMS was approximately 680 times 

more sensitive to RDX than the MicroHound™ II. The PCP-110 was also approximately 

5 times less sensitive to RDX than to TNT (Section 3.6.5). A detectable signal was 

produced from 250 pg of RDX, but the peak height was at least 4.5 times greater than the 

noise on the spectrum, which would have resulted in a detection limit of approximately 

133 pg. Once again, the sensitivity of the µ-IMS was nearly equivalent to that of the 

“full-size” PCP-110 IMS. 
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Peak height (ADU)  
mass of RDX (ng) run 1 run 2 run 3 run4 run 5    

0.5 0.236 0.250 0.187 0.170 0.169
1 0.541 0.444 0.458 0.487 0.380

1.5 0.548 0.531 0.699 0.808 0.564
2 0.793 0.805 0.761 0.906 0.821

2.5 1.320 0.998 1.323 1.376 1.135
3 0.952 1.318 0.932 1.142 1.461

3.5 1.715 1.823 1.784 1.510 1.377
4 2.430 2.274 2.044 1.735 1.726

4.5 2.161 2.006 1.680 2.018 1.938
5 2.489 2.152 2.015 2.217 2.147

.
spooled (ADU) =  0.0123

Signal to noise ratio 
mass of RDX (ng) run 1 run 2 run 3 run4 run 5  average std. dev 

0.5 19.19 20.33 15.20 13.82 13.74 16.46 3.10
1 43.98 36.10 37.24 39.59 30.89 37.56 4.80

1.5 44.55 43.17 56.83 65.69 45.85 51.22 9.73
2 64.47 65.45 61.87 73.66 66.75 66.44 4.41

2.5 107.32 81.14 107.56 111.87 92.28 100.03 12.91
3 77.40 107.15 75.77 92.85 118.78 94.39 18.68

3.5 139.43 148.21 145.04 122.76 111.95 133.48 15.53
4 197.56 184.88 166.18 141.06 140.33 166.00 25.66

4.5 175.69 163.09 136.59 164.07 157.56 159.40 14.36
5 202.36 174.96 163.82 180.24 174.55 179.19 14.26

Table 5.3: Data from the RDX limit of detection analysis on the µ-IMS. The top table 
shows the peak heights at each mass of RDX injected. The bottom table shows the signal 
to noise ratio of the RDX peak obtained by dividing the peak height by the pooled 
standard deviation. 
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Figure 5.12: Calibration curve used to determine the detection limit of RDX on the µ-
IMS. The signal to noise ratio was plotted versus the mass of RDX injected. After a linear 
fit was applied to the data the detection limit was calculated to be 147.0 ± 24.9 pg. 
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5.6 µµµµ-IMS resolution  

 The resolution of an ion mobility spectrometer is an important parameter to 

optimize where possible. The explosives analyzed on the µ-IMS were all purchased as 

single component standards, but in the real world there are potential interferences46 that 

can result in false positives if the resolution is too low. The peak resolution (drift time 

divided by the peak width at half maximum) of the RIP was 9 and the resolution of the 

TNT peak was 12 on the MicroHound™ II systems (Figure 5.13).18 The peak resolution 

of the µ-IMS at various shutter times was measured on several different species: reactant 

ions, 2,6-dinitrotoluene (DNT), TNT, and RDX. 

5.6.1 RIP resolution 

 No sample had to be injected to analyze the reactant ion peak because the chloride 

ions were constantly introduced to the carrier gas flow by way of the permeation tube 

filled with methylene chloride. The height, width, and position of the reactant ion peak 

were monitored at various shutter times ranging from the lowest time at which the RIP 

was detectable (400 µs) to the shutter time at which the RIP caused the detector to 

saturate (950 µs) at 50 µs intervals. The reset pulse of the CTIA2 was shortened to 4.5 ms 

so that reactant ions could be observed. 

 Because the chloride ions were always present in the system it was impossible to 

collect a clean, chloride-free background spectrum. A window of 20 spectra was  
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Figure 5.13: Data from the MicroHound™ II from Sandia National Laboratories.18 RIP 
had a best resolution of 9 and the TNT peak had a best resolution of 12. 
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collected and averaged and the height of the RIP was measured and then subtracted from 

the average of the baseline of the spectrum.  

 The peak width was measured as two times the difference of the drift time at the 

maximum of the peak and the drift time at half of the maximum on the right side (longer 

drift time) of the peak. Only the right side of the peak was used for the peak width 

measurement because the µ-IMS did not have an aperture grid at the detector. The 

aperture grid in an IMS serves to capacitively decouple the detector from any incoming 

ion packets.3 The electric field from the incoming ions can be detected by the detector 

before the ions actually reach the detector, which results in the detection of “image 

charge.” An aperture grid was used in the early generation of miniature IMS drift tubes 

built in-house, but because the grid had almost no effect on sensitivity (based on peak 

height) it was left out of later designs, including the µ-IMS. At the time the µ-IMS was 

built, the effect of the aperture grid on peak symmetry was still unknown; the effect was 

only noticeable on the early side of the peaks on the mobility spectra. Rather than 

disassemble the µ-IMS to add an aperture grid, the width was measured only from the 

center of the peak to the right side of the peak and this measurement was doubled to 

obtain the peak width.  

 The drift time was divided by the peak width to determine the peak resolution. 

Both the peak height and resolution were plotted versus the shutter time to determine the 

best shutter time for optimum sensitivity, for optimum resolution and for the best tradeoff 

between sensitivity and resolution (Figure 5.14). The resolution of the RIP increased only 

slightly as the shutter was opened for longer times while the peak height increased  
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Figure 5.14: Plot of the resolution and peak height of the RIP monitored at various µ-IMS 
shutter times. 
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drastically. The resolution of the RIP continued to increase beyond the shutter times that 

were monitored, but at longer times the detector saturated while the RIP continued to 

elute and the truncation of the peak led to erroneous resolution measurements; this was 

the case with the data point at a shutter time of 950 µs. At 750µs the resolution of the RIP 

was maximized at 13.59, 1.5 times that of the resolution of the RIP on the MicroHound™ 

II.  

5.6.2 Peak resolution of samples 

 Three compounds analyzed for resolution determination, DNT, TNT, and RDX, 

were analyzed with nearly identical methods. Injections of 1 µL injections of each 

species were made at 10-100 times the detection limit to ensure that if the sample peaks 

were not detected, it was a result of insufficient gate time and not a result of a lack of 

sensitivity. The same quantity of DNT was injected into the µ-IMS as TNT because the 

sensitivity of the µ-IMS to DNT was approximately the same as it was to TNT. Each 

sample was analyzed at shutter times that ranged from the lowest time that produced a 

detectable signal (approximately 900 µs) to 1800 µs. The resolution was monitored well 

beyond the shutter time that gave the optimum sensitivity (1500 µs) to see how longer 

shutter times affected the sensitivity and resolution. Each injection was repeated at least 

twice at a each injector time to protect against irreproducibility in sampling methods and 

any other unforeseen errors.  
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5.6.2.1 DNT resolution 

 1 ng of DNT (approximately 100 times the detection limit) was analyzed twice at 

each shutter time from 900 – 1800 µs at 50 µs intervals with the sample desorber set at 

180 ºC. Both resolution and peak height were plotted against the shutter time (Figure 

5.15). Unlike the RIP, DNT showed a clear decrease in resolution as well as an increase 

in peak height as the shutter was opened for longer periods of time. The DNT behaved 

unpredictably at low shutter times, which made the determination of a maximum 

resolution unreliable. The best resolution for DNT on the µ-IMS was between 22 and 24 

at a shutter time from 1050 – 1250 µs.  

5.6.2.2 TNT resolution 

 Fortunately, the resolution data collected for TNT was better behaved than that of 

DNT. Injections of 1 ng of TNT were analyzed twice at each shutter time from 850 – 

1800 µs at 50 µs intervals at a desorber temperature of 180 ºC (Figure 5.16). At 850 µs

the TNT peak was barely detectable above the instrument noise. The peak at 850 µs

appeared to have a much greater resolution than the peak at 900 µs, but this may have 

been caused by the median filter applied to all data collected on the µ-IMS. A median 

filter considers a given number of data points surrounding a data point of interest and 

returns the median of all of the points to smooth the data. Peaks with intensities only 

slightly greater than the magnitude of the noise can be truncated or lost through 

application of a median filter. Because of the possibility that the median filter altered 
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Figure 5.15: Plot of the resolution and peak height of the peak from an injection of DNT 
monitored at various µ-IMS shutter times. 
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Figure 5.16: Plot of the resolution and peak height of the peak from an injection of TNT 
monitored at various µ-IMS shutter times. 
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the resolution of the peak when the shutter time was set to 850 µs, the data from the 850 

µs shutter time was discounted.  

 The resolution between shutter times of 900 µs and 1350 µs never differed by 

more than 8.3% with a maximum of 21.74 at 1200 µs. The resolution began to steadily 

decrease from 1350 µs to 1500 µs and then dropped rapidly at longer shutter times. Like 

the RIP, the best peak resolution for TNT on the µ-IMS was over 1.5 times that of the 

MicroHound™ II48.

The TNT peak height was only 0.16% less than the maximum at a shutter time of 

1500 µs, which confirmed the use of 1500 µs to achieve the highest sensitivity on the µ-

IMS. 1500 µs was also the best tradeoff between sensitivity and resolution. The 

sensitivity of the µ-IMS was nearly at a maximum while the resolution had only dropped 

by 12.9%. The shutter time could always be set to a shorter time if a particular analysis 

could benefit from increased resolution.  

5.6.2.3 RDX 

 RDX was analyzed at 10 ng, which was only 10 times the detection limit as 

opposed to TNT which was analyzed at 100 times the detection limit. Past experiences 

had shown that if 100 ng of RDX was injected into the µ-IMS that the RDX signal would 

persist for tens of minutes even with the sample desorber set to 215 Cº. RDX was 

analyzed from shutter times of 825 to 1000 µs at 75 µs intervals and then from 1000 to 

1800 µs at 100 µs intervals (Figure 5.17). The RDX peak resolution behaved almost  
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Figure 5.17: Plot of the resolution and peak height of the peak from an injection of RDX 
monitored at various µ-IMS shutter times. 
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identically to that of TNT. The first data point was again ignored because of aberrations 

due to the median filter. The resolution of the RDX peak varied by only 9.77% from 

shutter times of 925 to 1500 µs with a maximum of 21.01 at 1000 µs. The maximum 

peak height was observed at 1500 µs, which confirmed the observation from the TNT 

data: 1500 µs was the best shutter time to get maximum sensitivity with only a small 

decrease in resolution. 

5.6.2.4 TNT & RDX mixture analysis 

 Because TNT and RDX are two of the most common explosives, there was a 

special interest in the ability to resolve the two explosives from one another when 

analyzed together. A solution was made that contained both RDX and TNT. Because the 

µ-IMS was an order of magnitude less sensitive to RDX than it was to TNT, the RDX 

concentration in the mixed solution was ten times greater than the TNT concentration. 

The sample desorber was run at approximately 200 ºC to enhance the elution rate of 

RDX, which also enhanced the elution rate of TNT as well. The drift tube was 

maintained at ~160 ºC and 200 spectra were acquired (Figure 5.18).  

 The data showed an unexpected result when TNT eluted prior to the application 

of current to the filament at a drift time of 11.28 ms. The sample desorber temperature of 

200 ºC was sufficient to vaporize the TNT as soon as the sample probe was introduced 

into the desorber. When the current was applied to the filament, RDX began to elute 

(drift time of 11.69 ms) and the TNT signal dropped to almost nothing. Either all of the  
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Figure 5.18: Full data from the µ-IMS after a simultaneous injection of TNT and RDX. 
TNT eluted before the filament current was applied. RDX was the primary species to 
once the current was applied to the filament. 
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TNT had been consumed before the filament was turned on or the µ-IMS was more 

selective for RDX than it was for TNT, which suggests that RDX has a higher electron 

affinity than TNT. In either case, by raising the temperature of the sample desorber the 

two species could be clearly resolved and detected because they did not co-elute. 

 If TNT and RDX had co-eluted then the question becomes: was the resolution of 

the µ-IMS sufficient to resolve the two explosives? Figure 5.19 shows a simulated IMS 

spectrum in which TNT and RDX co-eluted. The spectrum was generated with an 

average of 40 total spectra from the data shown in Figure 5.18; 20 of the 40 spectra were 

centered on the TNT peak and the other 20 were centered on RDX. There are clearly two 

separate ions responsible for the two peaks on the IMS spectrum. According to the 

Rayleigh criterion for optical spectroscopy, two peaks are resolved if the maximum of 

one peak falls on the minimum of the other.53 Another way of stating the Rayleigh 

criterion is that two symmetrical peaks, with approximately the same width, are just 

resolved if their half maximums overlap. In order for the TNT and RDX peaks to be 

resolved, the resolution of the µ-IMS would have to be approximately 28. The best 

resolution from the µ-IMS was 21.7 and by definition the µ-IMS does not have sufficient 

resolution to resolve TNT and RDX, but clearly the peaks shown in Figure 5.19 were a 

result of two different compounds. Fortunately, several changes to the design of the 

shutter circuitry and the use of a higher voltage power supply have shown significant 

increases in resolution, well above what is necessary to resolve TNT and RDX. 
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5.7 Conclusions 

 The design of the µ-IMS originally stemmed from the desire for a drift tube that 

could be constructed without adhesives or solder. The new design avoided the 

contamination issues seen with the epoxied drift tube, facilitated drift tube construction, 

and simplified repairs. The primary innovation in the µ-IMS design was the interlocking 

pieces used in the drift region. Once assembled, metal plates on either end of the drift 

tube were compressed with springs to hold the drift tube together. The drift tube design 

with the interlocking pieces and the compression scheme has persisted through 

subsequent generations of miniature IMS drift tubes. The µ-IMS was also the first system 

in which the second generation CTIA was used and fully characterized. The rest of the 

major components in the µ-IMS, the three component ion-beam shutter, the shutter 

circuitry, and the sample desorber, had all been used in previous designs. The µ-IMS was 

the first custom built system built into an aluminum box, which demonstrated that the 

system could be built in a portable form.  

 Studies were conducted to determine the system parameters that provided the 

optimum sensitivity to two common explosives: TNT and RDX. The drift tube and 

desorber temperatures were set so each explosive eluted as a single species in a minimum 

amount of time. The identity of each explosive was tentatively confirmed with a 

comparison of the reduced mobility values, determined from Equation 2.3, with values 

found in the literature. TNT and RDX standards were made and a calibration curve was 

generated to extrapolate a detection limit for both TNT and RDX. The detection limit of 
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TNT on the µ-IMS was 5.05 pg while Sandia reported a detection limit of 10 ng on the 

MicroHound™ II IMS. The 2000 fold improvement in the limit of detection resulted 

mainly from the superior sensitivity of the CTIA2 compared to the current to voltage 

converter used on the MicroHound™ II. The heightened sensitivity of the µ-IMS was 

confirmed with RDX which had a calculated limit of detection of 147.0 pg, 680 times 

better than the detection limit of RDX on the MicroHound™ II. The sensitivity of the µ-

IMS was also shown to be comparable to that of the PCP-110. Considering that the PCP-

110 used a 63Ni ionization source 30 times more effective than the 241Am in the µ-IMS 

and that the total volume of the µ-IMS drift tube was less than 1% of that of the PCP-110, 

the fact that the µ-IMS can detect explosives as well as the PCP-110 is quite remarkable.  

 The resolution of the µ-IMS was also compared to the resolution of the 

MicroHound™ II system. The resolution of the peaks from DNT, TNT, and RDX 

showed that the resolution of the µ-IMS was over 1.5 times that of the MicroHound™ II. 

Analysis of the resolution of the RIP confirmed the increase in resolution. The improved 

resolution resulted from both the use of the three component ion beam shutter and the 

enhanced shutter circuitry present on the µ-IMS. When TNT and RDX were analyzed 

simultaneously, the sample desorber temperature was sufficiently high to cause TNT to 

elute without the need to apply current to the filament. Once current was applied to the 

filament, RDX eluted and was the primary species detected. If TNT and RDX had co-

eluted, then according to the Rayleigh criterion, the µ-IMS was just under the necessary 

resolution to resolve the two explosives. Fortunately, subsequent generations of miniature 
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systems use shutter circuitry that is improved over the circuit in the µ-IMS in addition to 

higher voltage power supplies to create the voltage gradient. These improvements have 

resulted in a significant increase in resolution allowing TNT and RDX to be resolved.  

 In fact, Roger Sperline and Jeff Babis (University of Arizona, Tucson, AZ) have 

made several other improvements to miniaturized ion mobility systems that have resulted 

in increased sensitivity along with increased resolution. The construction of the three 

component ion-beam shutter has been simplified with the fabrication of electroformed 

screens with built-in alignment guides. A new generation of read out technology has also 

been implemented, which resulted in reduced noise and hence increased sensitivity. At 

the same time these innovations have been added to the miniature systems, the 

miniaturization process has also continued. The current miniature IMS design is not only 

more sensitive and capable of better resolution than the µ-IMS, but the overall size of the 

system has also been reduced by a factor of six. 
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6 CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Summary 

 The original ion mobility project from Sandia National Laboratories 

(Albuquerque, NM) had three major phases. First, a capacitive trans-impedance amplifier 

(CTIA) was coupled to a commercial ion mobility spectrometer (IMS) to demonstrate 

that a CTIA could be used to read out a Faraday plate in an IMS. Only when the data 

acquisition program and the first generation CTIA (CTIA1) were heavily modified did 

the combined system show enough promise to warrant further research (Chapter 3).  

 Although the success with the CTIA1 and the commercial IMS was limited, 

Sandia was content with the results and they provided several miniature drift cells for the 

second phase: to demonstrate that a CTIA could be coupled to a Sandia National 

Laboratories Micro-IMS Revision 2.1 (SNL-MIMS) drift cell. Initially, the CTIA1 

camera was directly substituted for the original Faraday plate and current to voltage 

converter. Electromagnetic radiation from the miniature power supply on the SNL-MIMS 

circuit board rendered the CTIA1 camera unable to detect ions above the electromagnetic 

noise. In addition to the noisy power supply, the ion-beam shutter in the SNL-MIMS was 

an inverted Tyndall-Powell design that was incompatible with the non-destructive read 

out mode used by the CTIA1 camera. These problems made the original SNL-MIMS drift 

cell unusable with the CTIA technology. As a result, the goals of the second phase of the 

project were broadened to include the design and construction of new miniature IMS 

systems (Chapter 4). 
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 The first iterations of custom miniature drift tubes were primarily used to 

determine the feasibility of building IMS drift tubes in-house. In the first design, the 

SNL-MIMS design was basically copied – many pieces of the new drift tube were taken 

out of an SNL-MIMS drift tube. At the same time, Roger Sperline (University of 

Arizona, Tucson, AZ) developed a new shutter scheme with three stages, as opposed to 

the two stages found in a typical Tyndall-Powell shutter used in most miniature drift 

tubes. The three component shutter compressed the width of the ion packet, which 

resulted in increased resolution over a Tyndall-Powell design. With the new shutter came 

new and improved circuitry for shutter control that also resulted in an increase in 

resolution beyond the SNL-MIMS circuit (Section 4.4). 

 Shortly after the three component shutter was implemented, the second generation 

of CTIA (CTIA2) became available for use in a miniature IMS. The CTIA2 was designed 

for mass spectrometry, but the limitations of the CTIA1– slow read out speed and a 

limited maximum temperature – had been addressed. The CTIA2 was coupled to a new 

drift tube with a three component shutter. The response of the miniature system, termed 

the µ-IMS, was characterized using the common explosives TNT and RDX and was 

compared with other ion mobility systems (Chapter 5).  

 The final phase of the project –miniaturization and integration of a miniature drift 

tube with a CTIA into the MicroHound ™ II system – is currently (June 2005) underway 

in the Denton Research Group (University of Arizona, Tucson, AZ). Other advances that 

can yield increases in the sensitivity and/or the resolution are also being investigated. 

Sandia had originally limited many of the operational parameters of the custom miniature 
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systems to ensure compatibility with the existing MicroHound™ II hardware. After the 

current generation of miniature IMS was delivered to Sandia, several of these restrictions 

were lifted so the system hardware and conditions could be reconfigured to deliver the 

maximum sensitivity and resolution.  

6.2 Miniature system design improvements 

 The miniature IMS described in the following sections was constructed and used 

by Roger Sperline and Jeff Babis (University of Arizona, Tucson, AZ). The description 

of the instrumentation is indicative of the future of miniature IMS systems. 

6.2.1 Drift tube 

 The new designs of miniature drift tubes were still built without adhesives, but 

there were several potential enhancements available in the design. Although many of the 

restrictions in the system design were rescinded, a constant constraint on drift tube 

designs remained: the overall size of the drift tube (length and diameter) could not exceed 

the size of the drift tube in the MicroHound™ II. The drift region of the new design used 

the same interlocking metal rings and ceramic washers as the µ-IMS. New electroformed 

shutter screens were designed with alignment pins to simplify construction and to ensure 

that the shutters were properly aligned to maximize ion flow. The metal plates on the 

ends of the drift tube were replaced with Macor plates. The geometry of the ionizer and 

collimator regions did not change from that of the µ-IMS design, but the 10 µCi 241Am 

radioactive foil was replaced with a 40 µCi 241Am foil.  
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 Figure 6.1 shows the electroformed shutter stages and one of the early designs for 

the Macor plates used to compress the drift tube (the plate pictured is made of 

machinable alumina silicate, but the Macor plates follow the same design). The 

electroformed screens were designed by Roger Sperline (University of Arizona, Tucson, 

AZ) and were fabricated by Stork-Veco International, Inc. (Montpellier, France). The 

diameter of the open portion of screen was 3/16” and the diameter of the complete piece 

was ½”. The two 0.035” diameter holes located 0.190” from the center of the screen were 

used as alignment guides to ensure proper registration of successive shutter stages. The 

same pattern of alignment guides holes was used on the 0.100” thick Macor spacers 

between the shutter stages and on the newest ionizers. 

 Macor was used for the spacer plates because the metal plate at the ionizer end of 

the drift tube occasionally came in contact with the “pusher” electrode and the entire 

plate presented an shock hazard. The 1/8” thick Macor plate provided insulation against 

shock. Thermal relief holes were drilled through the Macor plate (the ring of ¼” diameter 

holes at a radius of 0.460”) to prevent excess heat loss from the drift tube. A third Macor 

plate was added to the drift tube between the shutter stages and the drift region of the 

IMS. This intermediate plate allowed the drift tube to be easily assembled and 

disassembled in sections. The plate shown in Figure 6.1 was an intermediate plate; on the 

side shown in the figure ions would flow through the central 3/16” diameter hole and the 

lip from the metal rings would fit snugly into the ½” diameter recess. The 3/16” hole was 

widened to 0.267” on later plates because the 3/16” diameter hole allowed ion-surface 

interactions on the plate; these interactions caused the background level to increase and  
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Figure 6.1: Electroformed screens with alignment guides (left) and insulating 
compression plates for the drift tube (right). Note: the plate shown here is made of 
aluminum silicate, but the Macor plates used have the same design. 
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the peak intensity to decrease over time after the high voltage was first applied to the drift 

tube. The alignment holes for the shutter stages were located on the reverse side of the 

intermediate plate. The four holes in the corners of the plate were use for ceramic rods 

that were as long as the length of the drift tube. As with the µ-IMS, springs and clips 

were used to maintain constant tension on the drift tube through compression of the 

Macor plates. A fully assembled drift tube with the modifications described above is 

shown in Figure 6.2. 

 The activity of the 241Am radioactive foil was increased from 10 µCi to 40 µCi, 

which increased the amount of sample that was ionized as the sample passed through the 

ionizer. Briefly, the concept of a 63Ni foil was entertained because 63Ni sources have 

activities in the mCi range. Unfortunately, 63Ni produces beta particles and beta particles 

can reach the shutter even if there are no direct paths from the foil to the shutter available 

(Section 2.2.3). The reaction region would have to be at least 5 cm long (the penetration 

depth of 63Ni beta particles in air) or the radioactive particles could penetrate the shutter. 

The overall length of the drift tube was approximately 7.5 cm and there was not enough 

room for a 5 cm reaction region and a drift region long enough to provide sufficient 

resolution.  

6.2.2 Improved shutter circuitry 

 The original SNL-MIMS shutter transitioned in a period of approximately 280 µs. 

With an MPSA42 transistor added to the circuit, the µ-IMS reduced the rise and fall 

times to approximately 100 µs (Section 5.2.3). Roger Sperline (University of  
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Figure 6.2: Current (June 2005) design of miniature IMS systems built in the Denton 
Research Group (University of Arizona, Tucson, AZ). The drift tube uses electroformed 
screens for the shutter and interlocking rings for the drift region. The printed circuit board 
under the drift tube controls the drift tube voltage and shutter operations. The other 
circuit board is the CTIA board and is normally mounted under the brass shield on the 
right side of the drift tube. 



257 

Arizona, Tucson, AZ) replaced the MPSA42 transistor with a ZVN0545A field effect 

transistor (FET). The FET accomplished the same purpose as the MPSA42 transistor, to 

switch the voltage on the shutter, but did so more quickly. With the FET in place, the rise 

and fall times dropped to 25 µs and 9.5 µs, respectively; the resolution increased and the 

shapes of the peaks became more uniform. 

6.2.3 New printed circuit boards for miniature IMS systems 

 The circuit board for the µ-IMS was built on perfboard with leaded components. 

Once the design of the FET based shutter circuit had been finalized, printed circuit boards 

were designed and populated by Jeff Babis (University of Arizona, Tucson, AZ) and 

were fabricated at Prototron Circuits, Inc. (Tucson, AZ). The printed circuit board used 

1206 size, surface mount components and was 2” x 3 ¾” in contrast to the µ-IMS board, 

which was 3” x 3 1/8”. The circuit board can be seen under the drift tube in Figure 6.2. 

 New CTIA technology was also available for the new miniature systems (Section 

6.2.5). A printed circuit board was made for the detector and the size was reduced to 1 ½” 

x 2” from the 4.81” x 3.38” – the size of the CTIA2 board in the µ-IMS (Figure 6.2). 

With the printed circuit boards in place, the size of the miniature systems was reduced by 

a factor of approximately four compared to the µ-IMS. 
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6.2.4 Increased drift tube voltage 

 The maximum voltage applied to the drift tube of the µ-IMS was limited to -1200 

V so the power supplies from the MicroHound™ II could be used. With the restrictions 

on instrument design lifted, new high voltage sources of -2000 V and -3000 V were 

installed (C20N & C30N, respectively, EMCO High Voltage Corporation, Sutter Creek 

CA). The -2000V power supply was smaller than the -1200 V supply from the µ-IMS 

(CA12N, EMCO High Voltage Corporation, Sutter Creek CA) while the -3000V power 

supply had the same dimensions as the -1200 V supply.  

 The specifications for the C series power supplies56 (-2000V and -3000 V) 

claimed that the ripple voltage was greater than that of the CA series power supplies57 

(-1200 V). When the C series power supplies were connected to the same filters used 

with the CA series, however, the overall system noise did not increase indicating that the 

filters and the built-in shield on the C series combined to give adequate performance. The 

CA power supply included a 5 V reference signal that could be used to change the output 

voltage of the power supply. The C series power supplies did not have an internal 5 V 

reference for output voltage control and an LM317 was added to the IMS circuit to 

supply an adjustable control voltage. 

 When the -2000 V power supply was installed and run at the full -2000 V, the 

resolution of the system increased without any significant repercussions. The -3000 V 

power supply, however, could not be run at -3000 V; the voltage had to be lowered to 

-2400 V. At -3000 V arcing occurred either between the connections on the circuit board 

or between the metal rings in the drift region and the heater wire – even through the 
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fiberglass cladding around the heater wire. The arcing shorted out the FET in the shutter 

circuit until the voltage on the power supply was lowered to -2400 V. 

6.2.5 New generation of CTIA technology 

 Currently (June 2005) a new generation of CTIA has been implemented on a 

miniature IMS. The device is intellectual property and can not be discussed in detail. 

Suffice it to say, the new amplifier runs with lower noise than the CTIA2, which results 

in an increased sensitivity.  

6.2.6 Results from miniature system improvements 

 The new shutter stages with alignment guides and the redesigned Macor end 

plates facilitated assembly and repair of the miniature IMS system. The designs of the 

IMS shutter circuitry and CTIA read out circuitry have been solidified to the point where 

printed circuit boards have been fabricated. With the new circuit boards in place the 

overall size of the system decreased by a factor of four. The FET controlled shutter and 

the application of higher voltage to the drift tube resulted in an increase in the resolution 

up to approximately 80, whereas the maximum from the µ-IMS was around 21. The 

upgraded miniature system was used by David Jones of Sandia (Albuquerque, NM) to 

analyze a mixture of TNT, RDX, pentaerythritol tetranitrate (PETN), and octogen (HMX) 

and each component was baseline resolved55 in the resultant mobility spectrum.  

 A new generation of CTIA (Section 6.2.5) has also resulted in an increase in the 

overall sensitivity. The limit of detection for TNT on the µ-IMS was 5.0 pg, but the 
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current system design has improved the limit of detection to approximately 1.1 pg. Not 

only has the system been further miniaturized and assembly simplified, but the sensitivity 

and resolution have been simultaneously increased. 

6.3 Future IMS research 

6.3.1 Resistive glass tubing 

 Currently (June 2005) a resistive glass tube has been used to substitute for the 

discrete electrodes in a miniature IMS drift tube. The tubing is made from reduced lead 

silicate glass and can have a resistance from 105 Ω to 1011 Ω.58 When a potential is 

applied to a resistive glass tube, a uniform potential gradient is created along the length of 

the tube. The construction of a drift tube with a resistive glass tube was simpler than the 

constructions of drift tubes made from discrete electrodes and the circuitry was simpler as 

well because a stack of resistors in series was no longer necessary to create the potential 

gradient. The uniformity of the resistance of the glass tubes must be thoroughly evaluated 

because disturbances in the resistance could cause perturbations in the potential gradient 

across the width of the tube, which could disturb the ion flight path. Sandia has provided 

a miniature resistive glass tube for use as a drift region in a miniature IMS for evaluation.  
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6.3.2 “Real world” samples and sample introduction methods 

 Although the potential increases in resolution and sensitivity from the advanced 

read out technology and improved drift tube and shutter designs were investigated, the 

samples analyzed and the introduction methods were kept as simple as possible. The 

direct analysis of single component standards allowed the effects of the improvements to 

be quantified. The complete MicroHound™ II system and portal IMS systems (e.g. the 

GE EntryScan14) analyze for traces of analytes entrained in air. Other IMS systems 

analyze for traces of explosive particles from a swab wiped across carry-on luggage. Now 

that the custom miniature systems have been characterized, the systems should be 

combined with “real world” sample introduction methods. 

 Samples more akin to those found at airport security checkpoints require testing. 

There may be multiple explosives present in a given sample, or other materials that may 

yield false positive results. As stated in Section 6.2.6, Sandia has tested the latest 

miniature IMS design from the Denton Research Group using four explosives 

simultaneously. At this time, however, only samples made from standards have been 

analyzed. The capability of the miniature systems to correctly distinguish between 

explosives and potential interferences46 needs to be thoroughly evaluated. 

6.3.3 New ionization sources 

 Of the three methods to increase the sensitivity of an IMS – higher drift tube 

voltage, more sensitive detector technology, and more efficient ionization sources – two 

methods have already been implemented in the current design of miniature systems. In 
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portable IMS units radioactive ionization sources are used almost exclusively because a 

radioactive source does not need to be powered, can be run with air as a carrier and drift 

gas, and is simple and rugged. Most bench top systems also use a radioactive foil, but it is 

unclear why other ionization sources, with greater ionization efficiencies, are found 

almost exclusively in research laboratories. A corona discharge, for example, can produce 

106 more electrons than a 63Ni radioactive foil in pure nitrogen.59,60 

Andrew Knight (University of Arizona, Tucson, AZ) has designed a miniature 

corona discharge ionization source that can be adapted to the current design of miniature 

IMS systems (Section 6.2). The corona discharge source can be easily swapped out for a 
241Am source so the differences between ionization sources can be quantified.  

 The corona discharge requires a dedicated high voltage power supply. When a 

corona source is run in the presence of nitrogen and oxygen, the primary negative ion 

produced is NOx(H2O)y-, rather than O2- produced by a radioactive source in air. The high 

electron affinity of NOx may hinder, or even halt, the ionization of explosives. An IMS 

that uses a corona discharge to detect explosives will need a dedicated source of pure 

nitrogen or robust gas purifiers to operate effectively. At the current stage of 

development, a corona discharge source will not replace a radioactive foil as the 

ionization source in a handheld IMS because extra equipment is needed. The sensitivity 

of a bench top IMS to explosives, however, could greatly benefit from the increased 

ionization current from a corona discharge.  
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6.3.4 IMS coupled to a mass spectrometer 

 All qualitative identifications performed in the IMS project thus far have been 

accomplished by comparison of the reduced mobility values calculated from equation 2.3 

to those found in the literature.9 The values in the literature do not take into account all of 

the possible variations from system to system, such as the identity of the drift gas, and as 

a result there is a range of reduced mobility values listed for most ions. The reduced 

mobility value can be used to identify the explosives because the range of reduced 

mobility values for each explosive is sufficiently different from the ranges of other 

explosives. To determine exactly which ion was detected, however, the reduced mobility 

is not specific enough and an IMS must be coupled to a mass spectrometer.  

 Other explosives, HMX and PETN (Figure 6.3), were also analyzed with the µ-

IMS, but these explosives produced multiple types of ions when analyzed. Many of the 

available parameters, such as desorber temperature, gas flow rates, etc., were adjusted in 

an attempt to find a set of conditions where analysis of either HMX or PETN would yield 

a single peak, but none could be found. The mobility spectrum of HMX, for example, 

contained three distinct peaks. The reduced mobility of one of the peaks, the peak at the 

longest drift time, matched up with the literature, but the other peaks, assumed to be 

fragments of HMX, could not be identified by their reduced mobility values.  

 Samples of both PETN and HMX dissolved in methanol and acetonitrile, 

respectively, were submitted to the mass spectrometry facility at the University of 

Arizona (Tucson, AZ). Each sample was analyzed by Arpad Somogyi on a Finnigan LCQ  
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Figure 6.3: Structures of octagen (HMX) and pentaerythritol tetranitrate (PETN). 
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HPLC/MS (Thermo Electron Corporation, Waltham, MA). The HPLC pre-separation 

function was not used because the samples were pure; the samples were directly injected 

into the electrospray source at a flow rate of 10 mL/min.  

 PETN was available at a maximum concentration of 100 ppm (M-8330-ADD-2, 

Accustandard, New Haven, CT), but when this standard was analyzed, no prominent 

peaks corresponding to either the parent PETN ion or fragment ions were found when 

negative ions were scanned. HMX can be purchased at 1000 ppm (47236, Supelco, St. 

Louis, MO) and was diluted to 333 ppm before injection into the mass spectrometer. The 

primary negative ion observed had a mass to charge ratio of 409 amu, but the molecular 

weight of HMX is only 296 amu. The mass spectrometer still had trace amounts of 

trifluoroacetic acid (TFA) present from previous analyses and the 409 amu peak was a 

combination of HMX (296 amu) plus TFA (114 amu) minus a proton. Attempts were 

made to analyze fragments from the 409 amu ion with the MS/MS capability of the 

instrument, but the ion did not fragment into any ions that hinted at possible HMX 

fragments that could have been seen in an IMS.  

 Without a mass spectrometer coupled to an IMS, it is impossible to determine the 

exact identify the ions that elute from the IMS drift tube. Not surprisingly, direct analysis 

of a sample by mass spectrometry does not yield much information about the ions that 

will form in an IMS. The ionization methods in each instrument can result in the 

formation of different ions and the conditions within the instrument are often drastically 

different, which can also affect ion formation.  
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 Dr. Kent Gillig (University of Arizona, Tucson, AZ) has completed the design of 

an adapter to couple the current generation of miniature IMS (Section 6.2) to a Mariner™ 

electrospray-time of flight (ESI-TOF) mass spectrometer (Applied Biosystems, Foster 

City, CA). The Faraday plate of the IMS will have a 100 µm aperture so some of the ions 

can pass through the Faraday plate and into the adapter. A skimmer will be placed 

millimeters away from the aperture and a rough pump will be used to reduce the pressure 

in the region between the aperture and the skimmer from atmospheric pressure to several 

torr. An absolute potential, slightly lower than the potential on the Faraday plate, will be 

applied to the skimmer to ensure that ions travel from the IMS to the TOF. The ions will 

travel through a 100 µm hole in the skimmer. Beyond the skimmer, the pressure will be 

reduced to high vacuum and the ions will be focused into the time of flight by an ion lens.  

 The ions will travel orthogonally to the TOF chamber and then a pulsed voltage 

will push a small packet of ions into the TOF. The ions in the packet will be separated by 

mass to charge ratio, allowing all of the ions of a given mobility to be identified. The 

TOF can be run at a 50 kHz, which is sufficient time to gather multiple mass spectra on 

every mobility peak. Three dimensional data will be generated for each mobility 

spectrum gathered: every 20 µs a mass spectrum will be collected to determine the mass 

to charge ratios of ions that have eluted from the IMS drift tube in the 20 µs period. 

 The primary challenge is to get sufficient ions through the apertures and into the 

TOF for detection. The potential on the Faraday plate and the skimmer will require 

precise adjustment to make sure that sufficient ions are available for identification. 

Another concern is that the ions may be altered as they travel from atmospheric pressure 
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in the IMS to vacuum in the TOF. As the ions undergo the rapid pressure change, clusters 

may form or the ions may enter with enough internal energy to decompose and 

insufficient caging effects from collisions to allow recombinations. These processes are 

unlikely at vacuum pressure where there are minimal concentrations of species for 

clustering or collisions, but only trial and error will determine the extent to which the ions 

are altered as they go from the IMS to the TOF.  

6.4 Conclusions 

 The selectivity and sensitivity of IMS to explosives has been known since 1974.1

After the terrorist attacks on September 11th, 2001, airport security became a high priority 

in the United States. In the years since the attacks, ion mobility spectrometers have been 

introduced at all major airports in the US. Trace amounts of explosives may adhere to 

people or their belongings when explosives are synthesized and/or handled. Any 

improvements to the sensitivity of an IMS increase the probability of early detection of 

explosives.  

 There have been many advances for IMS in ionization sources and drift tube 

designs that have resulted in increases in the sensitivity. The ion detector and read out 

technology, however, have not changed greatly in many years. Although this project has 

provided advances in drift tube designs, the primary purpose was to introduce and 

evaluate a new read out technology for use in IMS: the capacitive trans-impedance 

amplifier. 
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 The CTIA technology coupled to a Faraday plate had been proven to detect ions 

and was destined for use in a mass spectrometer, another area of research in need of 

updated detector read out technology, when the IMS project was conceived. The first 

generation of CTIA had been designed for a very different set of operating conditions 

than those found in a typical IMS. The CTIA1 was adapted to a commercial IMS – the 

PCP-110 – to prove that the two systems were compatible. The combined system 

successfully detected explosives, but the sensitivity did not improve over an unmodified 

IMS because the CTIA1 was run in an environment that was far from ideal. Even though 

sensitivity of the PCP-110 / CTIA1 system was not optimal, the results prompted further 

research, but on miniature IMS systems. On a side note, Roger Sperline recently coupled 

the latest generation of CTIA (Section 6.2.5) to the modified PCP-110 to conduct 

experiments to quantitate the full level of improvement a CTIA can provide to a “full-

size” system. 

 The original intent with the miniature systems was to put a CTIA directly on an 

SNL-MIMS drift cell. There were several aspects of the SNL-MIMS design that were 

incompatible with the normal mode of operation of a CTIA. As a result of these issues, 

new designs of drift tubes, and eventually complete miniature IMS systems, were 

pursued. One such system was the µ-IMS system. The µ-IMS was built without 

adhesives to minimize interferences and used a three component ion-beam shutter design 

capable of increasing the resolution over the common Tyndall-Powell shutter used in 

other miniature systems.  
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 The resolution and sensitivity of the µ-IMS were compared to the data Sandia 

provided for the MicroHound™ II and to the data collected from the unmodified PCP-

110.  Sandia only provided data for TNT: the limit of detection on the MicroHound™ II 

was 10 ng of TNT. When analyzed on the µ-IMS, the limit of detection of TNT was 

determined to be approximately 5 pg, which is a 2000 fold improvement in sensitivity. 

With the compression effect from the three component ion-beam shutter, the resolution of 

the µ-IMS was 1.5 times greater than that of the MicroHound™ II. Both TNT and RDX 

were analyzed on the µ-IMS and PCP-110 IMS systems and the limit of detection of the 

µ-IMS for both explosives was comparable to or better than that of the PCP-110. The 

enhanced sensitivity of the CTIA technology resulted in a miniature system with 

sensitivity comparable to a “full-size” IMS.  

 Since the µ-IMS was characterized, work on miniature IMS has resulted in further 

improvements in resolution and sensitivity. The enhancements in the resolution decrease 

the probability of falsely setting off alarms when other compounds with approximately 

the same mobility as explosives are detected, and enhancements in sensitivity increase 

the probability of early detection of explosives. Whether an IMS is used to detect 

chemical and/or biological agents in a handheld system, is used to monitor hazardous 

and/or toxic chemicals in the environment, or is used to scan for explosives at airports, 

any improvements in sensitivity and resolution make IMS a more effective tool for the 

job. Certainly, airline passengers can fly more confidently secure in the knowledge that 

the technology that protects them is getting better at keeping them safe. 
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APPENDIX A: LIMIT OF DETECTION: DEFINITION, DETERMINATION, 
AND ERROR OF DETERMINATION 

 

The limit of detection is defined as the lowest concentration that can be accurately 

reported as being present in a sample at a given confidence interval. The detection limit is 

commonly used to compare the analysis of a single analyte on two or more separate 

techniques or instruments. Mathematically, the detection limit is defined as the analyte 

concentration that yields a signal, S, equal to some confidence factor, k, times greater 

than the standard deviation of a blank measurement, sb, (S = ksb). The detection limit can 

also be defined as the analyte concentration where the signal to noise ratio, S/N, is equal 

to the confidence factor (S/N = k). Using a confidence factor of k = 3 the corresponding 

confidence level is 98.3%.53 

The limit of detection can be determined through the use of a calibration curve 

generated by plotting the S/N ratio versus the concentration and through the application 

of a linear fit to the data. The equation of the line that best fits the data can then be used 

to extrapolate to a S/N ratio of 3 and to determine the concentration. The data is fit to a 

straight line model such that 

bxay += Equation A.1 

where a is the y-intercept and b is the slope of the line. The line with the best fit will have 

values for a and b that minimize the merit function, χ2:
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where N is the number of data points and σi represents a weighting factor that can be set 

to 1 and ignored if all of the data can be weighted equally, as is the case for the data 

collected on the IMS units in this dissertation.  Equation A.2 is minimized to determine 

the optimum values of a and b by setting the derivative of χ2 with respect to a and b equal 

to 0. 
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The conditions in equations A.3 and A.4 can be simplified by defining the following 

sums: 
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Using equations A.6 – A.9, equations A.3 and A.4 become: 

yx SbSaN =+  Equation A.10 

xyxxx SbSaS =+  Equation A.11 
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The equations A.10 and A.11 can then be rearranged to solve for the two unknowns a and 

b:

∆
−= xyxyxx SSSSa Equation A.12 

∆
−= yxxy SSNSb Equation A.13 

2)( xxx SNS −≡∆ Equation A.14 

Equations A.12 and A.13 give the solution to the parameters a and b that describe the 

linear model that best fit the data.61 

The next step is to relate the uncertainty in the measurements to the values 

obtained for a and b. The variance of any function given by the propagation of errors will 

be: 
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The derivatives of a and b with respect to yi are: 
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Substituting the derivatives into equation A.15 and summing over all points yields: 
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273 

σa2 and σb2 are the variances in the y-intercept and slope, respectively,61 and will be used 

to estimate the error in the concentration at a S/N ratio of 3.  

 The concentration which should theoretically give a S/N ratio of 3 is determined 

by rearranging equation A.1 to solve for concentration, x,: 

b
ayx −= Equation A.20 

The variance in x, σx2, can be determined using the propagation of errors62, which yields: 

2
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bx
σσσ +−= Equation A.21 

The standard deviation of x is the square root of the variance of x and each limit of 

detection, DL, reported will be given as DL ± σx.



274 

 

REFERENCES 

1. Karasek, F. W.; Denney, D. W. Detection of 2,4,6-trinitrotoluene vapors in air by 
plasma chromatography. Journal of Chromatography, 1974. 93 (p. 141-147). 

2. Cohen, M. J.; Carroll, D. I.; Wernlund, R. F.; Kilpatrick, W. D. "Apparatus and 
methods for separating, concentrating, detecting, and measuring trace gases". 
United States Patent 3,699,333. 

3. Spangler, G. E.; Cohen, M. J. In Plasma Chromatography; Carr, T. W., Ed.; 
Plenum Press: New York, 1984, pp 1-41. 

4. Eiceman, G. A.; Karpas, Z. Ion Mobility Spectrometry; CRC Press: Boca Raton, 
1994. 

5. Asbury, G. R.; Wu, C.; Siems, W. F.; Hill, H. H. Separation and identification of 
some chemical warfare degradation products using electrospray high resolution 
ion mobility spectrometry with mass selected detetcion. Analytica Chimica Acta, 
2000. 404 2: (p. 273-283). 

6. Li, F.; Xie, Z.; Schmidt, H.; Sielemann, S.; Baumbach, J. I. Ion mobility 
spectrometer for online monitoring of trace compounds. Spectrochimica Acta Part 
B: Atomic Spectrscopy, 2002. 57 10: (p. 1563-1574). 

7. Schmidt, H.; Baumbach, J. I.; Klockow, D. Detection of perfluorocarbons using 
ion mobility spectrometry. Analytica Chimica Acta, 2003. 484 1: (p. 63-74). 

8. Borsdorf, H.; Rammler, A.; Schulze, D.; Boadu, K. O.; Feist, B.; Weib, H. Rapid 
on-site determination of chlorobenze in water samples using ion mobility 
spectrometry. Analytica Chimica Acta, 2001. 440 1: (p. 63-70). 

9. Ewing, R. G.; Atkinson, D. A.; Eiceman, G. A.; Ewing, G. J. A critical review of 
ion mobility spectrometry for the detection of explosives and explosive related 
compounds. Talanta, 2001. 54 3: (p. 515-529). 



275 

10. Buttigieg, G. A.; Knight, A. K.; Denson, S. C.; Pommier, C. J. S.; Denton, M. B. 
Chracterization of the Explosive Triacetone Triperoxide and Detection by Ion 
Mobility Spectrometry. Forensic Science International, 2003. 135 (p. 53-59). 

11. TSA | Transportation Security Administration | About TSA; U.S. Dept. of 
Homeland Security. http://www.tsa.gov/public/display?theme=7 (May 2005). 

12. Karpas, Z. Forensic science applications of ion mobility spectrometry. Forensic 
Science Review, 1989. 1 (p. 103-119). 

13. Powell, W. The Anarchist Cookbook; Barricade Books, Inc.: Fort Lee, 1971. 

14. Explosives and Narcotics Detection: EntryScan3; GE Infrastructure Security. 
http://www.geindustrial.com/ge-interlogix/iontrack/prod_entryscan.html (May 
2005). 

15. IONSCAN 500DT; Smiths Detection. 
http://194.105.117.18/products/Default.asp?Product=55 (May 2005). 

16. Explosives and Narcotics Detection: Vapor Tracer2; GE Infrastructure Security. 
http://www.geindustrial.com/ge-interlogix/iontrack/prod_vaportracer.html (May 
2005). 

17. Linker, K. Handheld Explosives Detection: The Hound and the MicroHound; 
Sandia National Laboratories. http://www.sandia.gov/programs/homeland-
security/factsheets/hound-microhound.pdf (May 2005). 

18. Linker, K. The MicroHound: Microsensor-Based Explosives Detection - Fact 
Sheet; Sandia National Laboratories. http://www.sandia.gov/programs/homeland-
security/factsheets/NEW_MicroHound2.pdf (Jan 2005). 

19. Lubman, D. M.; Kronick, M. N. Plasma chromatgropahy with laser-produced 
ions. Analytical Chemistry, 1982. 54 (p. 1546-1551). 



276 

20. Huang, S. D.; Kolaitis, L.; Lubman, D. M. Detection of explosives using laser 
desorption in ion mobility spectrometry/mass spectrometry. Applied 
Spectroscopy, 1987. 41 8: (p. 1371-1376). 

21. Shumate, C. B.; Hill, H. H. Coronaspray nebulization and ionization of liquid 
samples for ion mobility spectrometry. Analytical Chemistry, 1989. 61 (p. 601-
606). 

22. Tabrizchi, M.; Khayamian, T.; Taj, N. Design and optimaization of a corona 
discharge ionization source for ion mobility spectrometry. Review of Scientific 
Instruments, 2000. 71 6: (p. 2321-2328). 

23. Wittmer, D.; Chen, Y. H.; Luckenbill, B. K.; Hill, H. H. Electrospray ionization 
ion mobility spectrometry. Analytical Chemistry, 1994. 66 (p. 2348-2355). 

24. McDaniel, E. W. Collision Phenomena in Ionized Gases; J. Wiley & Sons: New 
York, 1964. 

25. Barnes, J. H.; Schilling, G. D.; Sperline, R. P.; Denton, M. B.; Young, E. T.; 
Barinaga, C. J.; Koppenaal, D. W.; Hieftje, G. M. Characterization of a Focal 
Plane Camera Fitted to a Mattauch-Herzog Geometry Mass Spectrograph. 2. Use 
with an Inductively Coupled Plasma. Analytical Chemistry, 2004. 76 9: (p. 2531-
2536). 

26. Barnes, J. H.; Schilling, G. D.; Hieftje, G. M.; Sperline, R. P.; Denton, M. B.; 
Barinaga, C. J.; Koppenaal, D. W. Use of a novel array detector for the direct 
analysis of solid samples by laser ablation inductively coupled plasma sector-field 
mass spectrometry. Journal of the American Society for Mass Spectrometry, 
2004. 15 6: (p. 769-776). 

27. McDaniel, E. W.; Mason, E. A. The Mobility and Diffusion of Ions in Gases;
Wiley-Interscience: New York, 1973. 

28. Knoll, G. F. Radiation Detection and Measurement, 2nd edition; John Wiley & 
Sons: New York, 1989. 



277 

29. Nuclide Information; University of Toronto Radiation Protection Service. 
http://www.utoronto.ca/safety/RadTraining/NuclideInformation.htm (May 2005). 

30. Bradbury, N. E.; Nielsen, R. A. Electron and Negative Ion Mobilities in Oxygen, 
Air, Nitrous Oxide, and Ammonia. Physical Review, 1937. 51 Jan 15: (p. 69-75). 

31. Bradbury, N. E.; Nielsen, R. A. Absolute Values of the Electron Mobility in 
Hydrogen. Physical Review, 1936. 49 March 1: (p. 388-392). 

32. Tyndall, A. M.; Powell, C. F. "Mobility of Positive Alkali Ions in Argon, Neon 
and Helium." In: Proceedings of the Royal Society, A. 1931. 

33. Siegel, M. W. In Plasma Chromatography; Carr, T. W., Ed.; Plenum Press: New 
York, 1984. 

34. Tabrizchi, M.; Khayamian, T.; Taj, N. Design and optimization of a corona 
discharge ionization source for ion mobility spectrometry. Review of Scientific 
Instruments, 2000. 71 6: (p. 2321-2328). 

35. Spangler, G. E.; Lawless, P. A. Ionization of nitrotoluene compounds in negative 
ion plasma chromatogoraphy. Analytical Chemistry, 1978. 50 (p. 884-892). 

36. National Research Council: Committee on Marking & Rendering Inert  & 
Licensing of Explosives Materials. Containing the Threat from Illegal Bombings: 
An Integrated National Strategy for Marking, Tagging, Rendering Inert, and 
Licensing Explosives and Their Precurosors; The National Acadamies Press: 
Washington, D.C., 1998. 

37. National Research Council: Committee on the Review of Existing and Potential 
Standoof Explosives Detection Techniques. Exisiting and Potential Standoff 
Explosives Detection Technique; The National Academies Press: Washington, 
D.C., 2004. 

38. United States Enviromental Protection Agency. "Online Hazardous Chemicals 
Database". Washington, D.C. 2004.



278 

39. Hazardous Substances Data Bank; National Toxicology Information Porgram, 
National Library of Medicine, Bethesda, MD, 1993. http://toxnet.nlm.nih.gov/
(May 2005). 

40. Agency for Toxic Substances and Disease Registry; Agency for Toxic Substances 
and Disease Registry, Washington, D.C., 2004. 
http://www.atsdr.cdc.gov/atsdrhome.html (May 2005). 

41. Knight, A. K.; Sperline, R. P.; Hieftje, G. M.; Young, E.; Barinaga, C. J.; 
Koppenaal, D. W.; Denton, M. B. The development of a micro-Faraday array for 
ion detection. International Journal of Mass Spectrometry, 2002. 215 1-3: (p. 131-
139). 

42. Horowitz, P.; Hill, W. The Art of Electronics, Second Edition; Cambridge 
University Press: Cambridge, 1980. 

43. Atlus, G. Imager Labs, Monrovia, CA. Personal Communication. 2004. 

44. Mortara, L.; Fowler, A. "Evaluation of charge-coupled device (CCD) 
performance for astronomical use." In: Proceedings of the International Society 
for Optical Engineering. 1981. 

45. Rodacy, P. Sandia National Laboratories, Albuquerque, NM. Personal 
Communication. 2001-2004. 

46. Matz, L. M.; Tornatore, P. S.; Hill, H. H. Evaluation of suspected interferents for 
TNT detection by ion mobility spectrometry. Talanta, 2001. 54 1: (p. 171-179). 

47. Sims, G. R. In Charge-Transfer Devices in Spectroscopy; Sweedler, J. V., 
Ratzlaff, K. L., Denton, M. B., Eds.; VCH Publishers: New York, 1994. 

48. Spangler, G. E.; Carrico, J. P.; Kim, S. H. "Analysis of explosives and explosive 
residues with ion mobility spectrometry (IMS)." In: Proceedings of the 
International Symposium on Analysis and Detection of Explosives. FBI Academy, 
Quantico, VA. 1983, p. 267-282. 



279 

49. Pfeifer, K. B.; Sanchez, R. C. "Miniaturized Ion Mobility Spectrometer System 
for Explosives and Contraband Detection." In: ISIMS. San Antonio. Aug 4-8, 
2002. 

50. Sperline, R. P. "Compressing Ion-Beam Shutter". US Patent Submitted. 

51. Cram, S. P.; Chesler, S. N. Coupling of high speed plasma chromatography with 
gas chromatography. Journal of Chromatographic Science, 1973. 11 8: (p. 391-
401). 

52. Brath, R. NRD LLC, Grand Island, NY. Personal Communication. 2004. 

53. Ingle, J. D.; Crouch, S. R. Spectrochemical Analysis; Prentice Hall: Upper Saddle 
River, 1988. 

54. Karasek, F. W.; Keller, R. A. Gas chromatograph / plasma chromatograph 
interface and its performance in the detection of musk ambrette. Journal of 
Chromatographic Science, 1972. 10 (p. 626). 

55. Jones, D. A. Sandia National Laboratories, Albuquerque, NM. Personal 
Communication. 2003-2004. 

56. Miniature, Regulated High Voltage Power Supplies; EMCO High Voltage 
Corporation. http://www.emcohighvoltage.com/C3PAGE.PDF (June 2005). 

57. New, Precision Redulated, Low Ripple, High Voltage Power Supplies; EMCO 
High Voltage Corporation. http://www.emcohighvoltage.com/CASeries.pdf (June 
2005). 

58. Laprade, B. N.; Mrotek, S.; Dunn, W. "Characterization of Novel Ion Optic 
Components from Resistive Glass." In: The Pittsburgh Conference. Orlando. Feb 
26 - Mar 4, 2005. 

59. Tabrizchi, M.; Abedi, A. A novel electron source for negative ion mobility 
spectrometry. International Journal of Mass Spectrometry, 2002. 218 1: (p. 75-
85). 



280 

60. Tabrizchi, M.; Rouholahnejad, F. Corona discharge ion mobility spectrometry at 
reduced pressures. Review of Scientific Instruments, 2004. 75 11: (p. 4656-
4661). 

61. Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T. Numerical 
Recipes in C; Cambridge University Press: New York, 1988. 

62. Bevington, P. R. Data Reduction and Error Analysis for the Physical Sciences;
McGraw-Hill Book Co.: New York, 1969. 

 


