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ABSTRACT 
 

The development of new technologies and the advancement of existing technical 

expertise can allow for dramatic improvements to be realized in analytical 

instrumentation.  The development of an integrating solid-state ion detector, designed to 

have a high sensitivity as well as maintaining a high-level of stability, is described and 

evaluated.  Several versions of the charge-transimpedance amplifier (CTIA) technology 

were constructed with different operating features.  The CTIA-1 is a 32-pixel array 

detector designed for mass spectrometry.  It has the capability to simultaneously detect 

multiple ion channels with a detection limit less than 100 ions.  The CTIA-2 detector 

features an independent selectable gain for each detection channel.  The CTIA-2 is a 4-

channel device designed for ion mobility.  Further design features were built into the 

CTIA-5 such as differential noise reduction capabilities.   

 The CTIA-1 technology was evaluated for use in isotope ratio mass spectrometry 

on a custom-built Mattauch-Herzog mass spectrometer.  An evaluation was conducted in 

terms of the detector sensitivity, stability, accuracy, precision, resolution, and mass bias.  

The CTIA-2 was tested on a sector mass spectrometer for its response to low ion currents 

of both positive and negative ions.  The detector stability, its accuracy, and its precision 

were studied.   

 The technique of ion mobility spectrometry is rapidly growing, as it is the main 

technology used for the detection of explosives at security checkpoints.  The need to 

improve the sensitivity of existing ion mobility instruments has led to the exploration of 
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using the CTIA detector in ion mobility instruments.  Improvements in sensitivity of two 

to three orders of magnitude have been demonstrated using the described CTIA detectors.  

Additional applications that use ion mobility instruments for the detection of analytes 

have been presented, the chemical mapping of a halogen-contaminated sand bed, the 

detection of pesticides, as well as the detection of TNT in drinking water. 

Results indicate that the CTIA detector technology is well suited for use in both 

mass spectrometry and ion mobility.  The sensitive and stable multi-array CTIA detectors 

perform well in isotope ratio mass spectrometry.  Ion mobility instruments of all types 

can benefit from the added sensitivity supplied by this technology. 
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Chapter 1:  INTRODUCTION TO ION DETECTORS 

 

1.1 Use of Solid-State Array Detectors in Chemistry  

 

The implementation of solid-state array detector technologies, such as scientific 

grade Charge-Coupled Devices (CCDs) (1), Charge-Injection Devices (CIDs) (2), and 

Infrared Multiplexers (3), have revolutionized all fields of spectroscopy and chemical 

analysis by allowing the scientist to observe phenomena at levels not previously realized.  

Many scientific disciplines, including the industrial sector, have benefited from the noted 

increase in speed, sensitivity, dynamic range, and other improved attributes available 

from the solid-state detectors.   

Analytical methods that utilize spectrochemical analysis techniques require the 

detection of low levels of radiation spanning across the range of the electromagnetic 

spectrum.  These methods have been vastly improved by the utilization of charge-transfer 

devices.  CCDs and CIDs have become the detectors of choice for techniques such as 

fluorescence, atomic emission, Raman, and most other spectrochemical techniques 

requiring the detection of low intensity light.  The same detector technologies that have 

innovated and improved the spectrochemical fields are now being applied to the domain 

of ion detection.  A completely new device concept equipped to detect ions based upon 

principles borrowed from the imaging focal plane detectors is described in this 

dissertation. 
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1.2 Introduction to Ion Detectors 

 

The ion detector is an essential component of an analytical instrument that uses 

ions as its basis of study.  Fields such as mass spectrometry (MS) and ion mobility 

spectrometry (IMS) are based upon the separation and detection of ions from the sample 

of interest.  The detector is as important as the analyzer and the ionization source when 

the performance of the instrument is evaluated.  Much research has gone into the 

improvement of ion based techniques by enhancing the ionization source such as the 

work accomplished in MALDI (4,5) and electrospray (6-8).  Also, slight improvements 

have been made on the analyzer (9).  However, the ion detector technology has not been 

drastically improved for many decades.  In fact, as the other components of ion 

spectrometric techniques improve, the detector performance remains unchanged.  As this 

trend continues, the detector will become the limiting component of ion based 

instruments.  In some cases, this has already been realized. 

 A description of the principles and capabilities of the most commonly used ion 

detectors is given.  A brief review of the most important and most widely used detectors 

is discussed along with other detection schemes that have had a significant impact on the 

process of ion detection.   A few of these have been included on the basis that they are 

specialized for the improved detection of specific ions where traditional detectors fail.  
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1.3 General Ion Detector Considerations 

 

The important performance characteristics of the ion detector that allow for a 

standardized comparison or evaluation of the detector are sensitivity, detection limit, 

accuracy, response time, dynamic range, robustness, cost, usable pressure range, ability 

to be configured into multi-channels, and type of application for which the detector is 

used.  Sensitivity is defined as the response of the detector for a specified amount of 

sample consumed.  This way a detector that has a higher signal response for a given 

quantity of sample is said to be more sensitive.  In mass spectrometric applications, 

sensitivity evaluation should include other factors that are specific to the ions being 

measured or have an effect on the performance of the detector.  These are parameters 

such as the mass to charge ratio of the ion, the resolving power of the instrument, the 

intensity of the ionization beam, and the pressure in the source as well as the detector 

output.  For the current discussion purpose, the sensitivity and other parameters will be 

specific only to the detector. 

Related to the sensitivity of a detector, the detection limit is the minimum 

detectable signal that can be statistically distinguished from the noise.  A detectable 

signal requires a certain minimum number of ions to hit the detector so a detection limit 

can be converted from an output signal to a sample concentration or amount.  Typically, 

the sensitivity and detection limit are related.  A high sensitivity often relates to a low 

detection limit.  Mathematical definitions and treatments for these parameters will be 

presented in a later chapter.   
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The response time of a detector is important because many applications that 

utilize ion beams must operate in different operating modes.  Some instrumental 

techniques operate in a scanning mode such as a quadrupole mass spectrometer.  A 

detector with a slow response time will lengthen the time it takes to scan the mass 

spectrum.  Other ion techniques such as time-of-flight mass spectrometry require very 

fast detector response times because ion m/z ratios are separated by nanoseconds.  Still 

other techniques such as isotope ratio mass spectrometry do not require such a fast 

response time because static stable ion beams are measured.  However, accuracy and 

precision become a greater priority in some techniques such as isotope ratio studies. 

 

1.4 Single Channel Ion Detectors Used in Analytical Chemistry 

 

1.4.1 Traditional Faraday Detectors 

 

Perhaps the simplest method to detect ions is to use direct current detection.  

Direct current detectors are often referred to as Faraday detectors.  Simple Faraday 

detectors are commonly referred to as Faraday plates or cups.  The operation of a Faraday 

detector is straightforward and relatively simple compared to the other types of ion 

detectors.  The simplest Faraday detector is a metal plate placed in the path of the ion 

beam, or placed to intercept a packet of ions from the instrument where they collide into 

the plate.  The charge from the ions gets transferred into the plate and over time creates a 
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current.  The current from the plate is measured electronically often by an operational 

amplifier current-to-voltage read-out system with a large feedback resistor.  

 A simple Faraday plate alone is not always an accurate method of detection for 

quantitative results.  The reason for this is that when an ion of high energy, such as those 

often encountered in mass spectrometry, collides with a surface, secondary electrons are 

produced and sometimes leave the surface of the plate.  An electron with a negative 

charge that leaves the surface of the plate will have the same effect as another positive 

ion imparting its charge to the surface.  This will result in high magnitude errors in the 

beam current if the secondary electrons are allowed to leave the surface of the metal.  To 

correct for the secondary ion effect a suppressor grid can be placed in front of the 

Faraday plate and biased so that secondary electrons return to the surface from which 

they originated.  This drastically reduces the error caused from escaping electrons.  A 

schematic of a Faraday plate is shown in Figure 1.1. 

 

1.4.2 Faraday Cup Detectors 

 

In addition to the suppressor plate, a way to keep the error associated from the 

secondary electrons leaving the collector plate is to encompass the collector in a 

conductive cage.  The conductive cage around the plate collects the escaping secondary 

electrons.  The cage is a long thin rectangular box with a narrow aperture to allow  
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Figure 1.1 – Schematic of a Faraday plate ion detector.
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incoming ions through.  The collector plate is often angled so that secondary electrons 

that are expelled from the electrode surface travel into and are collected by the cage.  

Sometimes, suppressor grids or plates are used in conjunction with the cup to reduce the 

measurement error to an absolute minimum.  Without these secondary electron 

suppression additions, errors on the order of 100% can be encountered for ion currents.  

A schematic of a Faraday cup detector is shown in Figure 1.2. 

The Faraday cup or cage is used when the best quantitative measurements are 

required.  It is particularly useful to surround the cage or collector box with a grounded 

box also equipped with an aperture.  This grounded box provides shielding to minimize 

electrical noise and improve sensitivity.  The current state-of-the-art detection limit using 

a Faraday cup is around six thousand ions per second (10) in the most precise isotope 

ratio mass spectrometers.  This corresponds to 10-15 amps of current.  It takes very 

sophisticated electronics to measure this small amount of current with any certainty.   

Signal currents this low typically require an amplifier time constant on the order 

of several to many seconds.  This means scanning is impractical for most applications.  

For this reason, quantitative analysis techniques that use Faraday detectors are limited to 

stable ion beams like those produced in a sector mass spectrometer.  The most prominent 

advantage of the Faraday cup is that it is extremely stable over time.  The stability of this 

ion detector makes it the practical choice for use in the technique of isotope ratio mass 

spectrometry where high precision is required.  The primary disadvantage of the Faraday 

detector is that it is relatively insensitive.  The Faraday cup is also relatively large so it is  
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Figure 1.2 – The operation of a Faraday cup for the accurate detection of an ion beam.
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impractical to employ a large number of traditional Faraday detectors in a small space.  

Furthermore, the direct measurement of the ion beam provides no gain. 

 

1.4.3 Ion Multipliers 
 

The ion multiplier has by far been the most widely employed ion detector in the 

field of mass spectrometry.  The popularity of its use is owed primarily to its ability to 

provide superior signal gains.  The electron multiplier uses the principle of secondary 

electron emission to create an amplification of an ion beam.  Secondary electron emission 

occurs when the amount of energy imparted to the surface by the collision with an ion is 

greater than the energy required to eject an electron from the surface.  There are two 

principal types of ion multipliers, the discrete dynode type and the continuous dynode 

multiplier.  Each of these types of multipliers can be operated in one of two modes of 

operation.  These modes are pulse counting and analog signal mode.  The operation 

principles of both the discrete dynode type and the continuous dynode type are similar as 

are their strengths and weaknesses.   

 

1.4.3.1 Discrete Dynode Ion Multipliers 

 

The discrete dynode type of electron multiplier consists of individual plates called 

dynodes connected by a series of resistors.  Its operation is much like that of a 

photomultiplier.  A voltage difference between each dynode is established by applying a 
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high voltage across the resistor chain.  It is common that the first dynode is at a negative 

voltage with respect to the final dynode.  Due to the voltage gradient, electrons resulting 

from ion collisions will be accelerated to each successive dynode in a stepwise fashion 

creating additional secondary electrons with each electron-dynode collision.  The number 

of stages or dynodes varies between 10 and 20 depending upon the desired gain.  A 

voltage difference of 200V is common between the stages.  After the amplification of the 

initial ion current from the successive impact on each dynode the final flow of electrons 

provides an output current.  Since secondary emission is the basis of this detector, a 

vacuum is required for its operation. 

 The active material of the dynodes responsible for electron emission has 

traditionally been beryllium/copper.  Aluminum is also used in some instances when 

other properties of the multiplier are desired such as frequent vacuum cycling.  The 

standard discrete dynode electron multiplier does not hold up well to frequent vacuum 

cycling.  The secondary emission properties of the dynode depend upon the distribution 

of metal oxide (Be or Al) on the surface material.  The hazardous oxides of beryllium 

must be formed under a specialized process, while the oxide of aluminum forms 

immediately and naturally in the atmosphere as the surface of aluminum is exposed to 

oxygen.   

 The two common configurations of the discrete dynode device are illustrated in 

Figure 1.3.  The Venetian blind configuration consists of a series of slats arranged so that 

secondary electron emission is accelerated into the next slat.  The other  
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Figure 1.3 – A) Schematic and operation of a discrete electron multiplier in the Venetian 

blind configuration.  B) Schematic and operation of a discrete electron multiplier in 

the box and grid configuration.   
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arrangement is the box and grid discrete multiplier.  In this design each dynode is 

quadrant shaped.  The performances of these types of multipliers are highly dependent 

upon the surface condition of the dynodes.  The normal operation of this detector changes 

the surface condition of the dynodes from the ion-electron surface impacts.  This changes 

the overall performance of the detector over time.  Eventually, the multipliers become 

less sensitive and will even fail due to surface contamination caused by ion implantation 

from impacts, impurities, and degradation.   

 

1.4.3.2 Continuous Dynode Ion Multipliers 

 

The second common type of multiplier is the continuous dynode type.  This type 

of multiplier will be referred to interchangeably as a channeltron.  Channeltron® is a 

registered trademark of Burle industries.  The channeltron is formed from an extruded 

glass tube shaped with a conical opening on one end.  Since they are made from glass 

they can be shaped into a variety of interesting configurations.  Lead oxide is reduced in a 

hydrogen atmosphere at high temperature producing a conductive glass with secondary 

electron emission characteristics.  The doped glass is electrically resistive and thereby 

produces a potential gradient when a voltage is applied across it.   Thin film metal 

electrodes are later deposited on the channeltron to allow for electrical contacts.   The 

secondary emission of electrons takes place within the first 200 angstroms of the surface 

(11).  Underneath this is the conductive layer several hundred to several thousand 

angstroms thick.  The gain characteristics of the channeltron is a function of the length to 
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diameter ratio.  Because of this, devices can be made very small and still maintain high 

gains.   

An ion strikes the input face of the device and produces 2-3 secondary electrons.  

These electrons are then accelerated down the channel to strike another area.  This 

produces additional electrons, which repeat the process.  The output signal is collected on 

a plate at the end of the tube.  At the output of the electron multiplier, 107 to 108 electrons 

emerge for each incident ion.  For positive ion detection, the input is generally at a 

negative potential around 3000 V and the output is at ground.  For negative ions, the 

input is at ground or some positive potential, and the output is at some high positive 

potential.  Most electron multipliers do not perform as well for negative ion detection.  A 

schematic of the operation of the Channeltron® electron multiplier is shown in Figure 

1.4.   

 

1.4.3.3 Operating Characteristics of Electron Multipliers  

 

The gain of the electron multiplier (EM) is defined as the ratio of the output 

current to the input ion current.  The gain is a function of the secondary emission 

coefficient of the material, the applied voltage, the length to diameter ratio in the 

channeltron, and the number of dynodes in the discrete type.  The typical gain 

characteristics of a continuous dynode electron multiplier are shown in Figure 1.5.  As 

the voltage applied to a channeltron is increased, a point is reached where the gain vs 

voltage curve becomes non- 
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Figure 1.4 – Schematic and operation of a continuous dynode electron multiplier. 
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Figure 1.5 – Typical gain characteristics of a Channeltron electron multiplier for the 

4700 and 4800 series ion detectors. (adapted from data presented in ref. 12) 
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linear.  The desired operating point on the curve depends upon the mode in which the EM 

is operated.   

 The modes of operation for an electron multiplier are similar to those of the 

photomultiplier tube.  They are pulse counting (analogous to photon counting) and analog 

signal mode.  In pulse counting, a low flux of electrons is required so that a single pulse 

of electrons is detected for each incident ion.  The maximum count rate capability of an 

EM operated in pulse counting mode is dependent upon the bias voltage, the channel 

capacitance, and the condition of the channel surface (13).  This last parameter mentioned 

changes over time and use.  As the count rate is increased beyond a certain point, the 

pulse amplitudes begin to decrease and eventually fall off.  The upper limit on the count 

rate is determined by the width of the output pulse for each incident ion.  Once pulses 

begin to run together, the amplitude of the output pulse is decreased and is detected as a 

single pulse of lower amplitude.  The more output pulses that run together, the lower the 

amplitude of the output pulse will be.  A typical width of the output pulse for a single 

input ion is 10-20 ns. 

 As Figure 1.5 shows, the gain of the multiplier changes with the applied voltage 

bias.  The optimal voltage bias for pulse counting mode exists when the multiplier no 

longer produces additional pulses with increased voltage bias.  As the voltage is 

increased, the number of output pulses increases until a point is reached where no more 

output pulses are produced as voltage is increased.  Instead, the amplitude of the output 

pulses increases as the voltage is increased beyond this point.  Since a discriminator will 

readily detect any output pulse from the background, a more intense amplitude for an 
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output pulse is not needed.  Operating the multiplier at a higher voltage than necessary 

will serve to increase the width of the output pulses.  This will reduce the maximum rate 

at which the device can count.  Also, the lifetime of the device will be diminished more 

than necessary.    

 The other mode of operation, analog signal mode, can be referred to as current 

measurement mode.  This mode of operation is suited for the detection of continuous ion 

beams or packets of ions at a flux higher than 107 ions per second.  The principal 

parameter governing this mode of operation is the dynamic range of the device.  In short, 

the output current is monitored and varies as a function of the input current.  The intrinsic 

high gain of the EM allows for very small input currents to be detected.   

 The important operating characteristics of electron multipliers are gain, pulse 

width, dynamic range, detection efficiency, and dark noise.  Some of these parameters 

have been briefly discussed previously.  The most important parameter of an electron 

multiplier is its gain.  Once again, the gain is dependent upon the number of stages in a 

discrete device, or the length of tube for a given length to diameter ratio in the 

channeltron, as well as the voltage bias.  Gains in excess of 106 have allowed electron 

multipliers to be used as ion detectors where Faraday cups would not be able to detect a 

signal.  The secondary electron characteristics are dependent upon a number of 

parameters.  The most important of these are the condition of the dynode surface, the 

voltage bias, and the kinetic energy or velocity of secondary electrons which collide with 

the surface of the electron multiplier.  The pulse width characteristic is primarily 

important in the pulse counting mode of operation and has been discussed previously.  
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The shorter the output pulse width, the higher flux of ions can be counted using pulse 

counting modes. 

 The dynamic range of the electron multiplier is defined as the linear region of the 

output current to the input current.  This parameter changes according to the voltage bias 

at which the electron multiplier is operated.  Dynamic ranges as little as 1 order of 

magnitude are shown when a 3000 V bias is used.  Data for the dynamic range of a 

Channeltron® 4700 series are shown in Figure 1.6.  Dynamic ranges of 4 orders of 

magnitude are also shown on the figure.  A trade-off of linear dynamic range and gain 

exists with electron multipliers.  For this reason, when the analog mode is used, the gain 

is often reduced to maintain the highest dynamic range possible. 

 The detection efficiency of the electron multiplier is the probability that an 

incident ion will produce a detectable output pulse.  This parameter, as with dynamic 

range, depends on the gain and the voltage bias at which the device is operated.  More 

importantly, this parameter is strongly dependent upon the energy, mass, and velocity of 

the incident ions.  The dependence of the device on these parameters is shown in Figure 

1.7.   

 The detection of high mass (several hundred thousand Daltons and higher) ions 

has proven to be problematic for the electron multiplier (14-16).  As Figure 1.8 shows, 

the performance of the device falls off exponentially as the mass to charge (m/z) ratio 

increases.  Under normal mass spectrometry operating conditions, all ions are accelerated 

to a given kinetic energy.  Since the kinetic energy of an ion is governed by Equation 1-1, 
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Figure 1.6 – Typical linearity characteristics of a 4700 series Channeltron electron 

multiplier biased at different voltages. (adapted from data presented in ref. 12) 
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Equation 1-1    KE = ½ mv2

the velocity of ions at higher masses decreases for a given kinetic energy.  In other words, 

ions with larger m/z ratios crash into the initial surface slower than ions with lower m/z 

ratios.  The electron multiplier detection efficiency is highly dependent upon the velocity 

at which ions collide into the surface.  Subsequently, the secondary electron 

characteristics are also dependent upon the velocity that ions collide with the surface.  

Methods for enhancing the detection efficiency have been realized, but have not solved 

the problem.  A conversion dynode can be used to increase the detection efficiency at 

high masses, but they will be detected at efficiencies less than a few percent.  Also post 

acceleration of the ions can be used to increase the velocity, but the inherent problem of 

detection efficiency still exists. 

 The dark noise of the electron multiplier is superior to that of the Faraday cup 

described earlier.  The dark noise is the output current when no input signal is present.  In 

pulse counting mode, any signal pulse above a predetermined level set by a discriminator 

is considered an output pulse.  Typically dark noise or dark pulses are subtracted from the 

overall output of the device depending upon the mode of operation.   
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Figure 1.7 – A) The dependence of the electron multiplier detection efficiency on the 

kinetic energy of an incident electron.  B) The relative dependence of the electron 

multiplier detection efficiency on the kinetic energy of the incident ion.  (adapted from 

data presented in ref. 12) 
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Figure 1.8 – Gain dependence of electron multiplier to the mass of the ion. (adapted 

from data presented in ref. 12) 



41 

 

All of the parameters of the electron multiplier, gain, pulse width, dynamic range, 

detection efficiency, and dark noise change with the age and use of the device.  The most 

noticeable of these characteristics is gain.  As the electron multiplier is exposed to ions 

that collide with the surface, the secondary electron emission properties of the device 

change as incident ions are embedded into the dynode surface.  Fewer secondary 

electrons are produced for each incident ion decreasing the gain.  Also, as secondary 

electrons are produced and collide with the dynode surface, sputtering occurs which also 

changes the secondary electron emission properties of the device.  The overall effect is 

that as the ion multiplier is used in its normal operation, its performance degrades.   

 The Faraday cup and the electron multiplier are the mainstream ion detectors.  

Most of the ion detectors in mass spectrometers and ion mobility spectrometers operate 

according to the principles of those two detector types.  Additional techniques for ion 

detection have been explored and a few notable efforts are discussed in the following 

sections.   

 

1.4.3.4 Multi-Channel Plates 

 

As referred to in the continuous dynode section, electron multipliers can be 

constructed in a variety of shapes because the gain only depends upon the length to 

diameter ratio and not the actual physical size of the device.  A microchannel plate 
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(MCP) is an array of hundreds to thousands of miniature electron multipliers oriented 

parallel to each other on a single device.  The number of channels in a typical MCP 

device 25 mm diameter with 25 µm diameter channels is about 5.5 x 105. This device has 

an active detection area of approximately 55%.  The individual channel axes are typically 

biased at a small angle to alleviate space charging effects and ion feedback phenomena.  

The channels are fabricated in a doped lead glass substrate treated similar to the 

channeltron from above.  The secondary electron emission characteristics are the same.  

Each individual channel of the MCP can be considered to be a continuous dynode 

electron multiplier.  Electrical contacts are provided by depositing a thin film metal 

electrode on each surface of the microchannel plate.  The coatings are typically Nichrome 

or Inconel.  These MCP detectors provide amplifications of 104 to 107. Along with the 

high gain of the MCP, the time resolution is very fast, on the order of 100 picoseconds.  

In addition to the high gain and fast time resolution, this specific detector can provide 

spatial resolution.  The time and spatial resolutions are limited by the channel dimensions 

(length and diameter) and spacing of each channel.  

 As noted earlier, the typical MCPs are angled and two plates are stacked into a 

Chevron configuration (17).  This is shown in Figure 1.9.  The spacing between the 

angled plates is typically between 50-150 µm.  Each plate can be operated at an 

individual gain, but typically are operated at the same gain somewhere around the 104

range.   
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Figure 1.9 – Schematic and operation of a chevron multi-channel electron multiplier 

plate. 
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This provides for an overall gain in the 107 to 108 range.  Other configurations of the 

MCP are straight channel devices (18) and curved channel devices (19).  The different 

configurations of the MCP allow for differences in performance characteristic. 

 Similarly to the Channeltron©, the performance characteristics of the MCP are 

dynamic range, detection efficiency, dead time, response time, lifetime, and other 

important operating characteristics.  The detection efficiencies of the MCP are similar to 

the detection efficiencies encountered with single channel devices.  Various kinds of 

incident radiation can also cause secondary electron emission in the MCP and a summary 

of those findings has been reported (20).   

 As electrons are emitted from the walls of the channel from an ion impact event, 

the charge must be replenished before another event can give a similar response.  

Because of the cascading amplification effect of the device, more charge must be 

replenished in the last part of the channel length compared to the beginning.  The dead 

time, or time that the device will not operate after an amplification event, is relative to the 

channel capacitance and channel resistance.  Typical values for these parameters are 

7.4x10-17 F and 2.75x1014 Ω, respectively.  This gives a time constant of around 20 ms.  

Values for the dead time of MCP have been reported in the literature and agree with this 

value (21).   

 This implies that a dead time for each channel of the MCP is on the order of 10-2 

seconds.  However, the dead time of the MCP as a whole is much less and is on the order 

of 10-7 to 10-8 s.  This is because the number of channels in a typical device is between 

105 and 106, and if an incident flux of ions is uniformly distributed over the active area, 
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individual channels can respond independently of each other allowing for very fast time 

responses, given that no single channel is excited more frequently than 10-2 s.   Related to 

the overall speed of the device is the time of response of each individual channel.  The 

time from initial excitement to the attainment of a given current at the output of the 

channel multiplier is a linear function of channel length.  A typical MCP with a chevron 

configuration containing 12 µm pores produces pulses with a width of a few ns (22).   

The dark noise and dark count rates of the MCP are similar to the Channeltron©

and superior to the traditional Faraday detectors.  Both the dark noise and dark count 

increase as pressure increases.  Noticeable effects are seen at pressures above 10-6 Torr.  

The lifetime of an MCP is determined by the surface characteristics of the channels.  Like 

the single channel devices, the normal operation of the MCP degrades with its normal 

intended use.  As the device is operated at higher gains, the lifetime of the device 

decreases more rapidly.  The gain of the device changes over time and degrades to the 

point of a significant reduction in detection efficiency.  The responses of an MCP to 

changes in ion kinetic energy, m/z ratio, bias voltage, and detection efficiency are similar 

to those of the single channel continuous dynode electron multiplier.  
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1.4.3.5 Daly Detectors 

 

Another approach to ion detection is to accelerate ions into phosphor and detect 

the light with a photomultiplier (23).  This type of detector converts the energy of an ion  

into light which is collected by a photon detector.  Since photomultiplier tubes (PMT) can 

readily be used to detect single photon events, this type of detector provided a sensitive 

detection of ions that produced light at the phosphor.  However, the scintillation detector 

as described had some disadvantages and complications.  The light output from heavy 

incident ions was relatively low giving rise to high detection limits.  Also, additional 

instrumental components were introduced, such as insulating light guides, to couple the 

output of the phosphor to the PMT.  These guides resulted in poor light collection 

efficiencies and raised the detection limits.  Also, the scintillating phosphor incurred 

damage from the ions impacting its surface.  Over time the light emitting characteristics 

of the phosphor would change, affecting the overall sensitivity of the detector (24).   

A modification of the scintillation detector was made by Daly (25).  In the Daly 

detector, a conversion dynode was employed to produce secondary electrons.  The 

electrons were accelerated into the phosphor rather than the direct ions.  The light was 

detected by a PMT.  A schematic of a typical Daly detector is shown in Figure 1.10.  

Positive ions entered the detector and were accelerated into an aluminum surface coated 

onto a stainless steel bulb.  The acceleration voltage was 40kV.  The impact of the 

positive ions on the aluminum surface caused a number of secondary electrons to be  
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Figure 1.10 – Schematic and operation of a typical Daly detector.
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produced.  These electrons were accelerated from the same voltage into a plastic 

scintillator phosphor held at ground giving rise to a light signal.  A PMT was used to 

detect the emitted photons.   

 This version of the scintillation detector gave rise to the following advantages.   

The phosphor was now bombarded by electrons which caused much less damage than the 

heavier ions.  This allowed for a greater lifetime of the detector.  The conversion 

efficiency of the phosphor was many times greater for the fast electrons than for the 

heavier ions.  This gave rise to an increase in sensitivity.  An amplification from the 

conversion dynode was present as several electrons were produced for each incident ion.  

This contributed to the overall increase in sensitivity.  Lastly, the phosphor was held at 

ground potential so the photon collector could be placed directly against the phosphor 

giving rise to higher light collection efficiencies.  The overall effect of the changes was 

that the Daly detector had a greater sensitivity, a longer lifetime, and a greater range of 

ions that could be detected over the scintillation described earlier.   

 The performance characteristics of the Daly detector are between those of the 

Faraday cup and the electron multiplier.  The detection limit is several times better than 

that of the Faraday cup (25), and the stability and lifetime are somewhat better than those 

of a single channel electron multiplier.  The Daly detector has the added benefit of having 

some serviceable components located outside the vacuum system.  A technical bulletin 

issued by GV Instruments (26) claims their instrument, the Isoprobe, a sector mass 

spectrometer, equipped with a Daly detector has an increased longevity, better stability, 

and an increased dynamic range over a traditional electron multiplier.  The bulletin also 
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claims greater sensitivity over the Faraday cups used in the same instrument.  The 

detection limit from the traditional Daly detector is on the order of 10-19 amps.  This is an 

improvement of 4 orders of magnitude over the Faraday detector.  It has been reported 

that the time resolution of the Daly detector is on the order of hundreds of picoseconds 

(25)   

The main disadvantage of the Daly detector is that it suffers from the instabilities 

of other secondary electron emitting surface detectors.  The surface condition of the Daly 

bulb changes with normal operation as does the condition of the scintillating phosphor.  

These cause changes in performance over time.  Another disadvantage of the Daly 

detector is that it is rather large compared to traditional electron multipliers.  The Daly 

detector does have an increased detection efficiency for negative ions over electron 

multipliers.   

 

1.5 Ion Array Detectors Used in Analytical Chemistry 

 

Ion array detectors are multi-channel detectors that consist of a number of 

individual ion collection elements arranged so that different m/z ratios are simultaneously 

detected.  Many different types of arrays have been used throughout the history of mass 

spectrometers.  Typically, they are used in spatially dispersive instruments such as 

magnetic sectors rather than time dispersion instruments.  The major advantage of array 

detectors over single channel detectors is the multiplex advantage.  This lies in their 

ability to measure a range of m/z values simultaneously rather than sequentially.  This 
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reduces the amount of time required for analysis.  For example, suppose it takes 10 msec 

to measure one m/z ratio.  To measure 100 such m/z ratios would take one second.  If all 

ions were measured simultaneously on an array detector, the measurement would also 

only take only 10 msec.  Therefore, when it is advantageous to measure a range of ions in 

a short period of time, array detectors are used.  Applications that require array detectors 

are those that necessitate rapid measurements or the simultaneous measurement of two or 

more masses.  Noise can also be reduced by utilizing simultaneous detection.  Another 

reason for the use of simultaneous detection is when the sample is limited or it would be 

advantageous to keep the sample size to an absolute minimum.  Analysis of rare cosmic 

samples (27) and radionucleide analysis are examples.  It is the objective of array 

detectors to detect ions over a much greater fraction of the focal plane than is possible 

with a single channel.  It is in this development where large gains on collection efficiency 

are made. 

 

1.5.1 Faraday Arrays 

 

The typical instrument that employs an array detector is the sector mass 

spectrometer.  Since the ions of different m/z ratios are dispersed in space, Faraday 

detectors are placed at different locations along the focal axis.  Faraday detectors are 

often mounted to stepper motors that allow the exact placement of a detector at a specific 

m/z ratio.  The detectors can be moved to allow for different m/z ratios to be 

simultaneously measured.  Instruments such as the Isoprobe from GV Instruments (26) 
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employ eight such movable Faraday detectors with a stationary ninth detector.  This 

allows for the simultaneous detection of 9 m/z ratios in a given mass range window.  The 

number of individual detectors consisting of the array is typically between 6 and 12.  

Since Faraday cups are relatively large, space is the limitation for the number of Faraday 

cups in an array. 

 Since Faraday cups are very stable and the output is very reproducible, techniques 

that require a very high degree of precision use instruments equipped with Faraday cups.  

The main application with this need is isotope ratio analysis (28).  High precision and 

accuracy are essential to studies where isotopes are used to date materials from natural 

decay products (29).  Another application requiring high precision is determining the 

geographical region that a sample came from through its isotopic abundances (30).  

Precisions on the order of 0.01 to 0.001 % are typically required for such studies.  The 

stability of the Faraday detector and its ability to simultaneously detect multiple m/z 

simultaneously cause the Faraday array to be the detector of choice in these studies.   

 

1.5.2 Photographic Emulsions 

 

Included for its historical value and as an introduction into integrating detectors, 

photographic plates will be discussed according to their ability to detect ions.  In addition 

to the ability of a photographic emulsion to detect visible light and other forms of 

electromagnetic radiation, energy from ions also cause a darkened spot to develop in 

silver bromide based emulsions.  The work by Franzen et al. (31) describes the emulsion 
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characteristics and response of ions from first principles, the effect of developing 

conditions, background fog effects, grain size, density, and the accuracy of quantitative 

results.  Only a few operating parameters will be briefly included in this discussion.  For 

a complete understanding of the photographic emulsion response to ions, other works 

(31-37) should be reviewed. 

 The photographic plate is used as an ion detector in instruments such as 

Mattauch-Herzog type mass spectrometers.  The photographic plate was the first ion 

detector that could easily be placed at the focal plane of this spatially dispersive 

instrument.  The photographic plate included desirable properties such as the possibility 

to record high resolution spectra as well as its integrating nature.  The more important of 

these is the high resolution characteristics.  To operate a photographic plate as an ion 

detector, it only needs to be placed in the path of the dispersed ion beam.  The areas 

where sufficient ion exposure took place develop into darkenened spots on the emulsion 

once appropriate processing has occurred.  This made for a simple detector that had the 

ability to simultaneously detect ions over an extended period of time. 

 As other detection technologies and mass analyzers improved, the photographic 

plate detectors fell out of popular use.  The main reason for this is that they were much 

more cumbersome to use than other array types of detectors.  The main disadvantage was 

that they seriously limited the quantitative accuracy of the technique due to variations 

between manufactured batches of the plates as well as the poor reproducibility of the 

developing process.  A number of parameters such as total ions per unit area, impact 

energy, mass, ion flux, angle of incidence, structure of ion, and others affected the 
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sensitivity of the detector.  Also, the plates themselves had a relatively limited dynamic 

range of only 2 orders of magnitude.  One other major disadvantage of the plates was that 

very few exposures could be taken on a single plate so frequent vacuum cycling took 

place as the plates were changed.  Lastly, densitometers and comparators were used to 

convert darkened spots into mass spectra.  Every step of the detection to final spectrum 

process added to low quantitative results achieved for photoplates.   

 The photographic plates did usher in a new concept at that time that was unique to 

ion detectors, the ability to integrate over time.  Detection limits of electrometers are 

fixed by their sensitivities to ion currents, whereas an integrating detector can accumulate 

small fluxes of ions over time to provide a detectable charge.  The detection limits of 

photographic plates are better than for traditional Faraday plates and are between 200 to 

1000 ions.  This does not necessarily correspond to a current because of the integrating 

nature of the detector.  Rather, a charge density detection limit in pC/mm2 was derived 

for photoemulsions.  Typical sensitivities and detection limits of 0.20 pC/mm2 with a 

linear range of 2.5 orders of magnitude were reported in a study of different emulsion 

characteristics (37).     

 

1.5.3 Multi-Channel Plate Arrays 

 

The sensitivity and structure of the MCP make it a candidate to be used as an 

array detector.  As previously discussed, the structure allows for position sensitive ion 

detection if the proper read-out amplification structure is employed post MCP.  There are 
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a number of options available to make the MCP an array detector.  Discrete electrometer 

arrays and CCDs connected to a phosphor could be used post MCP to allow for position 

sensitive ion detection.  Each of these post MCP detection schemes offers its own 

advantages, but they all suffer from the same disadvantages associated with the MCP 

discussed previously.  

 The most straightforward way to detect the charge emanating from the MCP 

would be to place as many single electrometers behind the plate as necessary.  These 

electrometers would need to be very small to try to maintain as much resolution as 

possible.  The more electrometers that are placed in the final detection train, the more 

read-out preamplifiers that are needed.  Physical restraints become a limiting factor in 

this type of array detector as the space needed for the electrometers increases.  Several 

position sensitive 1-D MCP-electrometer arrays have been constructed and used (38).  

The physical size of the read-out electronics is drastically reduced by using technology 

such as CCDs.  In this post MCP detection scheme the MCP output pulses are accelerated 

to a phosphor screen and the resulting pulses of photons are transmitted to a photo-diode 

array or CCD.  This scheme is illustrated in Figure 1.11.   

 The largest problem associated with the MCP-array detector is the loss of mass 

resolution that occurs from the detector.  First, the exact m/z position of the ion detected 

from the MCP is limited by the individual channel diameter.  Second, for each interface 

coupled to the detector, spatial resolution is lost.  This is illustrated in Figure 1.11.  A 

particle entering the MCP emits a pulse of electrons which spreads to more than one  
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Figure 1.11 – Ion to photon conversion detector using a multi-channel plate and a CCD.
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channel of the second plate.  The more MCP plates that are used, the more this pulse 

spreads.  A second loss of spatial resolution occurs at the MCP-phosphor interface.  This 

loss continues at each interface, including the phosphor-fiber optic and fiber optic-CCD 

interfaces.  One other cause of spreading is from the flare of the light resulting from the 

ion-phosphor impact.  The result is that a single ion event leads to a wide electron pulse 

further spreading upon traveling to the array detector.  This loss of spatial resolution is 

critical when high mass resolution is desired.  Also, the precision of the measurements 

suffers from the limitations discussed from MCPs.   

Despite the loss of spatial resolution and lack of high precision, the focal plane 

array detectors do offer a dramatic increase in detection efficiency resulting in several 

times less sample consumption.  Higher precision can be achieved if the ion flux is kept 

low so the detector can operated in a pulse counting mode.  This has been employed and 

used for specific isotope ratio studies with varying degrees of success (28).  Nevertheless, 

the MCP array detector is very useful in acquiring a mass spectrum at a high speed and a 

high sensitivity with very little sample consumption.   

 

1.6 Introduction to CTIA Faraday Array Detector Technology 

 

Recently, an increasing number of near and mid infrared focal plane arrays have 

become available.  Today’s infrared focal plane arrays have been constructed by placing 

infrared-active photon-to-charge-conversion materials on top of silicon readout 

multiplexers.  The multiplexers used in IR-detector arrays are capable of reading very 
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low levels of charge, with extraordinarily low dark charges and low readout noise. A new 

generation of highly promising mass spectrometric detectors could be realized by 

employing a combination of technologies developed for visible CCDs and infrared 

multiplexer arrays.  Such detectors could be implemented in configurations ranging from 

a single element detector suitable for quadrupole and time of flight instruments to linear 

arrays optimized for sector-based instruments and even XY arrays for imaging 

applications.  

The Faraday-array detectors described herein have several advantages over 

modern state-of-the-art electrometers used on magnetic sector instruments.  First, it must 

be emphasized that the array detector described here is an integrating device.  This allows 

for the device to be operated in a variety of read-out modes giving rise to a dramatic 

increase in dynamic range.  Second, the Faraday-array detector is capable of 

simultaneous determinations without scanning, giving it the multiplex advantage.  Third, 

the small physical size of the array elements can lead to superior m/z resolution.   

The study presented in this document contains the initial results for the case of ion 

detection by using the capacitive transimpedance amplifier (CTIA) technology.  This 

detection technology holds the promise to provide detectors capable of an extraordinarily 

linear operation from single to millions of ions per integration period while maintaining 

both high sensitivity and high stability. 
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Chapter 2:  CAPACITIVE TRANSIMPEDANCE AMPLIFIER DETECTORS 

 

2.1 Description of the CTIA-1 Detector 

 

The capacitive transimpedance amplifier (CTIA) is the detector technology that has 

been adapted to ion detection.   The initial CTIA ion detector, known as the CTIA-1, was 

adapted from the low-noise IR detector developed by Eric Young of the Steward 

Observatory and constructed for use in astronomy (1).  The finished ion detecting device 

consisted of gold, finger-shaped Faraday electrodes, wire bonded to the capacitive 

transimpedance amplifier-1.  The effective circuit of the detector is an integrator and is 

shown in Figure 2.1.  The Faraday fingers serve as the charge collection inputs to the 

CTIA connected to a low-noise multiplexer read-out.   The feedback loop of the amplifier 

contains a 36 fF capacitor used to accumulate and integrate the input charge.  The size of 

the capacitance is an important part of the detector as the gain and full-well capacity are 

set by its value.  The detected charge is converted to an output voltage by the amplifier 

which is proportional to the amount of charge collected.   

 It is desirable to keep the collection elements or Faraday fingers small.  The small 

physical size of the collection elements and associated circuitry of the amplifier results in 

reduced operating noise from the CTIA detector as a whole.  The Faraday fingers were 

fabricated using from standard lithographic techniques.  They were divided into three 

sizes to allow for evaluation of the electrode input capacitance on the detector 

performance.   
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“FARADAY CUP”

RESET

36 fF

MUX

4.4 µV / e--

≈ 20 e-- read noise @ 77 K
 

Figure 2.1 – Effective circuit diagram of the CTIA-1 ion detector.  The detector is an 

integrator that outputs a voltage of 4.4 µV per incident ion charge. 
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Figure 2.2 – Image of the CTIA Faraday fingers in three sizes.  Full length pixel (5 mm), 

half length pixel (2.45 mm), third length pixel (1.60 mm).  The pixels are made from 7 

µm gold on a 1 µm titanium buffer layer on a glass substrate.  The pixels are 145 µm

wide on 175 µm centers. 
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One end of each finger was wire-bonded to the CTIA.  The CTIA-1 is a 32 pixel wide  

linear array detector on 175 µm centers.  Detector fingers were bonded to pixel positions 

0-25.  The detection elements at positions 26-31 remained unbonded to detection fingers.  

This allowed for noise determinations without the influence of the detector fingers.  An 

image of the detector fingers is shown in Figure 2.2.  Each finger is 145 µm wide and is 

separated from a 10 µm guard electrode by 10 µm gaps.  The guard electrodes were 

introduced to keep any secondary electrons that may originate from an ion impact from 

spreading to the neighboring pixels.  The electrode fingers were made out of a 7 µm thick 

gold layer over a 1 µm buffer layer of titanium deposited on a silica-glass substrate.  An 

image of the assembled CTIA-1 detector surface showing the wire bonded Faraday-

fingers is shown in Figure 2.3. 

 

2.2 Detector Response to Ion Beam  

 

The CTIA-1 detector was initially tested in a custom built characterization 

chamber.  A schematic of the experimental setup is shown in Figure 2.4.  The ion source 

used in these studies was an ion gun (Vacuum Generators AR6, power supply, Vacuum 

Generators 400A).  Ar+ ions were directed onto a single micro-Faraday finger element 

using a 100 µm pinhole in a stainless steel mask (Edmund Industrial Optics).   
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Figure 2.3 – Image of the assembled CTIA-1 detector with the detection elements wire 

bonded to the amplifier chip covered in an opaque epoxy.   
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Figure 2.4 – Schematic of the characterization setup used to evaluate the performance of 

the CTIA-1 detector. 
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The potential of the mask was able to be adjusted.  The energy of the Ar+ ions leaving the 

source was 2000 eV.  The mask was attached to an XYZ translation stage to allow for 

mobility and exact positioning.  The ion gun was mounted on a bellows fitted with a 

kinematic-type micrometer device to allow for the redirection of the beam onto or away 

from the pinhole.  With this arrangement, the ion beam could be isolated to any single 

pixel.  The ion beam flux was measured by placing an electron multiplier between the 

mask and array detector on a retractable stage within the vacuum. 

 The initial exposure of the detector showed a significant signal on every pixel, 

including the disconnect pixels.  This was attributed to the detector responding to 

photons.  An opaque epoxy was placed on the multiplexer chip to eliminate this problem.  

After the minimization of the detector response to light, the reset level was adjusted so 

that the background subtracted count was close to zero ADUs (arbitrary digital units).  

The detector showed the ability to respond to Ar+ ions as the beam was traversed across 

the pixels of the detector.  This is illustrated in Figure 2.5.  Electrons from the ion gun 

filament were also allowed to contact the detector collection elements and a negative 

voltage at the amplifier output was observed with respect to the reset level voltage (the 

amplifier inverts the sign of the input), just as the positive ions produced a positive 

response.  The magnitude of the response to the positive charges was the same as the 

magnitude to the negative charges.  This observation shows that the detector is charge 

sensitive and can simultaneously detect both positively and negatively charged particles.   
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Figure 2.5 – Response of the CTIA-1 detector to Ar+ ions from the ion gun on A) pixel 5 

B) pixel 10 and C) pixel 15. 
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2.3 Effect of Input Capacitance 

 

The three different sizes of the micro-Faraday fingers allowed the determination 

of the effect of the input capacitance on the output of the detector.  The repeating pattern 

of finger sizes used was a full-length (5 mm), half-length (2.45 mm), full-length (5 mm), 

and third-length (1.60 mm).  The effect of the input capacitance is shown in Figure 2.6.  

The figure shows that higher input capacitance resulted in a slightly higher reset level.  

The difference is more pronounced between the full and half-size pixels over the half and 

third-size pixels.  The figure shows an average spectrum of 10 background exposures of 1 

sec each, followed by a voltage reset.  This fixed pattern response can be corrected by 

subtracting a “dark” background exposure for the same time interval from each ion 

exposure.  It is noted that as the input capacitance was varied by a factor of three, the 

range of capacitances used did not have a detrimental effect on the overall performance 

of the CTIA-1 detector.   

 

2.4 Detector Characterization 

 

2.4.1 CTIA-1 Performance Characteristics 

 

The performance of any optical focal plane detector based upon charge transfer is 

characterized by the read-noise (Nr), gain (G), quantum efficiency, full-well capacity,  
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Figure 2.6 – Effect of the input capacitance on the reset levels of the CTIA-1 from the 

different pixel sizes.  The Faraday fingers on pixels 26-31 were left disconnected. 
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dark current, frame rate, and pixel size.  The overall gain (G) of a detector system is the 

ratio of the resultant output signal to the input quantity of charge.  The full-well capacity 

is the quantity of charge a pixel can accumulate before charge spills over to an adjacent 

pixel or is lost into the substrate.  Dark current is the rate of signal accumulation in the 

absence of incident ions in the case of the CTIA-1.  The frame rate is the reciprocal of the 

time required to read out the pixels.  Each parameter must be evaluated to know the 

performance characteristics for the detector.   

 The frame rate is determined by the type of A/D converter, speed of the 

multiplexer, and other support electronics.  The frame rate can be affected by employing 

different types of read-out modes.  For the purpose of detecting ions in mass 

spectrometry applications, the frame rate used was 417 Hz.  This includes all of the 

various reset times, the delay times, and the read-out times of all pixels.  This is a 

relatively slow mode of operation, but the CTIA-1 was not initially designed to observe 

fast transient ion signals, but rather for use as a detector for stable ion beams such as 

those encountered in isotope ratio mass spectrometry.  Using a different mode of 

operation discussed in a later chapter could increase the overall frame rate of this 

detector.  This will be addressed in later chapters when the detector is used for purposes 

outside of mass spectrometry.   
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2.4.2 Mean Variance 

 

When the flux of the incident ions on the detector is low, the output signal is 

limited by detector read-noise (Nr).  The ultimate detection limit of the system is 

restricted not by the shot noise associated with the flux of the incident ions, but rather by 

the noise characteristics of the detector.  Mortara and Fowler (2) have discussed a simple 

method that allows one to characterize the detector (Nr) and the system gain (G).  

Janesick et al.(3) have presented additional methods for the determination of these 

parameters.  To accurately assess G, Nr, and full-well capacity, a “mean-variance” (MV) 

plot can be used.  Noise such as “flicker” or “1/f” noise will not be discussed here 

because it has been found not to be an important source of noise in charge transfer 

integrating detectors; both the source noise and dark-current noise are much larger than 

1/f noise.   

Processes such as photon emission and electron emission from a heated element 

are considered to be stochastic.  This means that a Poisson distribution approximates the 

probability of the arrival times of individual emission events.  Each time the experiment 

is repeated, the number of emission or arrival events can vary.  The process can exhibit 

both simultaneous and single arrival events on any time scale.  If the emission of any one 

ion or electron is truly independent of the emission of any other ion or electron, then the 

probability distribution is expressed by Equation 2-1, the Poisson distribution (4). 
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Pt(n) is the probability of n photons being either emitted or detected within time interval t

and n̄ is the mean number of charge events emitted in the time interval.  It is important to 

note that both the emission and detection processes are governed by the Poisson 

distribution.  This gives rise to properties that will be used in the derivation of the mean 

variance plot. 

 The output signal S (in units of ADUs) is a function of the system gain (G) and 

the number of charges created by incident electrons or ions (eso) and the charge created  

in the absence of electrons or ions (en). This is shown in Equation 2-2.   

 

Equation 2-2 )e( N+= soeGS

The important aspect of the Poisson distribution for the mean variance derivation is that 

the variance of a measurement is equal to the mean of the measurement (4).  This is 

shown in Equation 2-3.  Since the signal (S) is defined as the gain (G) multiplied by the 

arriving electrons then Equation 2-4 represents the mean signal (S̄ ).  The proofs for the 

following equations have been exhaustively presented in a text by Popoulis (4) and by 

Sperline (5) in a review specific to mean-variance. 

 

Equation 2-3      soe e
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=2σ
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Equation 2-4 soeGS ≅

A mean-variance (MV) plot can be used to determine the Nr by plotting the 

variance of the signal (σs
2) versus the mean signal (S̄ ).  The variance of the signal (σs

2) is 

represented by Equation 2-5.   
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This can be rewritten into Equation 2-6 by substitution. 

 

Equation 2-6          
222222 )( GNsoeeS eeGG

Nso
σσσσ +++=

The read noise (Nr) is taken to be σen, the standard deviation of en. Any variance in the 

gain (σG
2) appears in the term (σen

2) because there is no independent method to determine 

this parameter.  By substituting Equations 2-3 and 2-4 into Equation 2-6, the expression 

for the mean-variance plot is obtained and shown in its useful form as Equation 2-7.   
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Equation 2-7      222
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The units of gain are expressed in ADUs per electron (ADU/e-).  It is assumed that Nr is 

independent of the quantity of charge measured on a pixel.  Above 90% full-well 

capacity the plot may deviate from linearity.  Regions above this are ignored for Nr

determinations.  The deviation point from linearity is considered to be the full-well 

capacity of the device. 

 A mean-variance plot (Figure 2.7) was obtained by setting the ion gun to a 

constant current (-30 mA, 2.04 KeV beam energy) and varying the detector exposure 

time.  When the detector is integrating and is exposed to an ion current, the measurement 

is known as an ion exposure.  The ion beam was isolated to a single pixel (pixel 22, a 

third pixel) by proper placement of the mask and several ion exposures were taken.  A 

dark exposure measurement is when the detector is integrating but no incident ions are 

allowed to reach the device.  This establishes a background for a given integration period.  

A dark exposure was taken for each time integration setting.  The dark exposure for the 

time setting is subtracted from the ion exposure for that same time setting.  The resulting 

mean-variance plot is the mean difference between the ion exposures and dark exposures.  

From the plot, a gain of 0.1964 ADUs/e- is established and an Nr of 170 e-. The read 

noise value was corrected for the additional variance introduced by the subtraction of two 

readings, ion exposure minus dark exposure by dividing the resultant Nr by root 2.  Each 

data point is an average of 30 repeated measurements. 
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Figure 2.7 – Mean-variance plot of pixel 22 using the destructive read-out mode.  The 

read-noise from the plot was determined to be 170e- and the gain was 0.1964 

ADUs/e-. Using this mode of operation (DRO) the limit of detection is around 510 

ions per integration period.  
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2.4.3 Operating Modes of the CTIA-1 Detector 

 

This particular CTIA detector allows multiple read out modes to be employed for 

its operation.  Similar to CCD camera systems, the integrated charge can be read out in a 

manner where reading the charge eliminates the charge.  This is called a destructive read-

out (DRO) because the process of reading the charge eliminates it.  The device can also 

be read out in a manner similar to that of charge-injection devices (CIDs).  This process 

involves non-destructive read-outs (NDRO) where the process of reading the charge does 

not eliminate it.  For this reason, the measurement can be read out many times, improving 

specific figures of merit such as the read noise.  The theoretical improvement in read 

noise achieved by using the NDRO mode is that the noise is reduced by the square root of 

the number of reads, or √n, where n is the number of multiple read-outs.  In addition to 

this, random access integration can be employed to the CTIA-1 detector.  This is a mode 

where the individual integration times of each separate detecting element can be varied so 

that pixels with low ion fluxes are integrated for longer times than pixels with high ion 

fluxes.  This in effect optimizes the integration time for each detecting element, giving 

rise to an increased linear dynamic range.   

 To test the CTIA-1 device in the NDRO mode, the ion beam was isolated to the 

same pixel (pixel 22, third size pixel) as before.  The mode was set to read out the device 

30 duplicate times of a single measurement, known as NDRO 30.  As before, the 

measurements were repeated 30 times.  Figure 2.8 shows the mean variance plot for the  
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Figure 2.8 - Mean-variance plot of pixel 22 using the non-destructive read-out mode with 

30 re-reads.  The read noise from the plot was improved by a factor of 5.1 to 33 e-.

Using this mode of operation (NDRO30), the limit of detection is around 100 ions per 

integration period.  
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NDRO 30 mode (30 reads pixel 22).  The result of the multiple read-outs reduced the Nr

by a factor of 5.1.  This shows a good agreement to the theoretical improvement of  √30

or a factor of 5.48.  Figure 2.9 shows a plot of the theoretical read-noise improvement 

and the agreement of data taken for 15, 30, and 50 NDROs.  It should be noted that the 

gain of the device is not affected by the NDRO mode.  The gain remains constant while 

the read noise is reduced.  This ability of the CTIA-1 to employ nondestructive read-outs 

can be used to reduce the measurement limiting read noise.  This in turn lowers the 

detection limit of the device but also increases the overall analysis time.  Table 2.1 

summarizes the data presented in Figures 2.7 and 2.8.   

 Another set of mean-variance data was taken to compare the effect that the 

different pixel sizes had on the read-noise. Τhis was accomplished by replacing the 

100 µm pinhole mask with a 100 µm slit mask and illuminating every pixel of the 

detector with the ion beam simultaneously.  The read-out mode was set to NDRO (15) 

and the entire array was exposed to an ion exposure and a dark exposure.  As before the 

measurements were repeated 30 times to achieve mean variance statistics.  The data are 

summarized in Table 2.2.  The results indicate that a high conformity exists among the 

different pixel sizes.  This indicates that the capacitance of the Faraday-fingers does not 

drastically affect the detector performance over the range studied.  In later studies all 

individual pixel sizes were converted to full pixels by connecting the remainder of the 

partial pixels together to give an effective full pixel size.  This is shown in Figure 2.10. 
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Figure 2.9 – Comparison of the read-noise improvement from utilizing the non-

destructive read-out mode of the actual data to the theoretical value.  
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Figure 2.10 – Image of the CTIA-1 detection elements after the pixels were wire bonded 

together to form full-length pixels. 
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Read-Out Mode DRO (1 read) NDRO(15) NDRO(30) NDRO(50)
Gain (ADU/e-) 0.1964 0.1928 0.1918 0.2003
Nr (read-noise) (e-) 170 50 33 24
LOD (e-) 510 150 100 72

Table 2.1 – Summary of the CTIA-1 detector noise and gain characteristics using 

different read-out modes on pixel 22. 
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Full Pixels Half Pixels Third Pixels Overall
Average Gain 0.1818 0.1761 0.1672 0.1750
Gain Std Dev 0.0226 0.0196 0.0159 0.0338

%RSD 12.4 11.1 9.5 19.3
Average Nr (e-) 51 46 48 49

 Nr Std Dev 5.3 6.6 4.9 9.8
%RSD 10.3 14.2 10.2 20.0

Table 2.2 – CTIA-1 performance characterization of every pixel in the detector array 

using read-out mode NDRO(15).   
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2.4.4 Full-Well Capacity 

 

The full-well capacity of the CTIA-1 was determined by setting the ion gun to a 

constant output around 7000 ions/sec.  The integration time of the CTIA-1 was varied 

and a linear output response was observed.  This is shown in Figure 2.11.  The linear 

response continued up to 40 seconds of integration.  Beyond this integration time, the 

response leveled off.  This occurred because the full-well capacity, or the amount of 

charge the detector could hold, became saturated.  Using this plot, the full-well capacity 

is taken as the point the response becomes non-linear.   

 This point corresponded to about 56,000 ADU units.  Using the gain calculated 

from the mean-variance plots illustrated previously, this corresponds to a charge 

equivalent to 292,000 electrons.  The CTIA-1 is configured to detect both positive and 

negative ions.  If the device was employed in an application where only positive or 

negative ions were to be detected, the reset level could be changed from the mid-point of 

the range, where it was set for these studies, to either the positive or negative end of the 

reset level depending upon the polarity of the ions detected.  This would result in a factor 

of 2 increase in the full-well capacity to around 600,000 charges.  
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Figure 2.11 – Plot for the determination of the full-well capacity of the CTIA-1 detector.   
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2.4.5 Dark Current 

 

Dark current arises from thermal energy within the electronics comprising the 

CTIA detector.  Electrons are created over time that are independent of ions falling on the 

detector. These electrons are captured by the wells and counted as signal.  This increase 

in signal carries a statistical fluctuation known as dark current noise.  These parameters 

are independent of the read noise.  The dark current is, however, directly dependent on 

the operating temperature of the charge-transfer detector.  Like CCD’s, the CTIA can be 

cooled either with thermoelectric coolers (TECs) or liquids such as nitrogen to reduce 

this effect.  Ideally, the dark current noise should be reduced to a point where its 

contribution is negligible over a typical exposure time.  The CTIA-1 is attached to a 

Peltier cooler which cools the charge-sensitive area of the detector to a desired pre-set 

temperature.  Typically the dark current is reduced by a factor of two for every 8 degrees 

C the detector is cooled. 

 The active charge-sensitive chip of the CTIA-1 was originally designed to be 

operated at 4 degrees Kelvin for use in a space exploration instrument (1).  The 

adaptation of the charge-sensitive chip into the CTIA-1 detector resulted in an operating 

temperature much higher than was originally designed.  The typical operating 

temperature of the CTIA-1 camera for mass spectrometric determinations was 233 K.  At 

this temperature the dark current was determined to be 110 e-/sec or 21 ADU/sec.  This 

corresponds to a current of 17.6 attoamps.  The accumulation of the dark current sets a 
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limit on the integration time allowed before the full-well capacity is full.  As the device is 

configured, the maximum integration time is 2600 sec or 44 minutes.   

 

2.4.6 Linear Response 

 

The plot shown in Figure 2.11 also shows the linear dynamic range of the device.  

Five orders of magnitude of linear dynamic range are readily available without using any 

specialized read-out modes.  The dynamic range could be expanded from this by using a 

read-out mode similar to that used in charge-injection devices (6,7).  This technique uses 

“random access integration” (RAI), where the integration time between destructive read-

outs for each individual pixel is varied so that detector elements receiving low ion fluxes 

are integrated for a longer period of time over those elements receiving a large flux.  This 

in effect optimizes the integration time for each detector element.  The integration time 

for the CTIA-1 can be varied by six orders of magnitude.  This increases the overall 

linear dynamic range to 1011 when this specialized read-out mode is used.  

 

2.4.7 Limit of Detection 

 

The limit of detection (LOD) of the CTIA-1 ion detector is defined as 3σ for a 

95% confidence interval (8).  Since the largest contribution of noise to the detector 
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system is the read-noise, the detection limit is expressed as 3Nr. According to the data 

presented thus far, the detection limit varies according to the read-out mode used in the 

CTIA-1.  The LOD for a single DRO read is around 500 ions for an integration period.  

This can be improved as the number of multiple reads is increased.  The data show that 

with 15 NDROs the detection limit is around 150 ions, 100 for 30 NDROs, and 70 for 50 

NDROs.  The CTIA-1 technology shows a dramatic improvement in sensitivity over 

electrometer type detectors.   

Figure 2.12 shows the detection of an Ar+ ion beam calibrated to deliver 100 

ions/per sec with the CTIA-1 detector for an integration period of 1 second.  Again, it 

should be stated that the array detector device described herein does not measure current, 

but rather charge.  It is an integrating type detector.  This allows for the detection of the 

minimum quantity of charge over any time integration interval.  With that noted, a 

discussion on the comparison of the integrating CTIA is given to a state-of-the-art 

electrometer.  It is clear from Figure 2.11 that 100 Ar+ ions in a 1 second integration 

interval is readily observed.  The fixed pattern response from the pixel size is also 

observed in the figure and is the principal basis for the undulating baseline.  The current 

produced by the Ar+ ion beam at 100 ion/sec is 16 attoamps (1X10-18).  This current is 

roughly two orders of magnitude less than that detectable by the most sensitive 

electrometers.  Furthermore, the same quantity of charge can be detected over a longer 

integration period up to the integrations limits of the CTIA-1 detector.  This decreases the 

detection limit to eight orders of magnitude less than the preeminent electrometers used 

for IRMS instruments.  
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Figure 2.12 – The detection of 100 Ar+ ions in a 1 second integration interval on pixel 7 

of the CTIA-1 detector. 
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2.5 Conclusions 

 

The evaluation of the CTIA-1 shows promise for the detection of low intensity 

ion beams.  Table 2.3 is a summation of the performance characteristics evaluated in this 

study.  The CTIA-1 exhibits low noise characteristics depending upon the operating 

temperature and read-out mode employed.  This study reveals extraordinary performance 

gains in absolute detection limits over electrometer type Faraday cup detectors.  The 

linearity of the device is shown to exceed electron multiplier based detectors by several 

orders of magnitude.  This is true whether the EM is used in either pulse counting or 

analog mode.  However, the stability of the CTIA-1 detector was not effectively 

evaluated because maintaining a long-standing stable ion beam at a flux as low as needed 

proved to be cumbersome with the current ion gun.  The stability will be discussed 

further in the next chapter as the detector is employed on a mass spectrometer.  The effect 

of the input capacitance did influence the reset levels of the different pixel sizes to a very 

slight but measurable degree but did not adversely change the overall performance 

characteristics.  The encouraging characteristics of the device are the low detection limit, 

the high linear dynamic range, the low dark current, the low dark current noise, and the 

ability to operate at temperatures higher than the liquid helium temperatures at which the 

device was originally designed to operate.  In general, the CTIA-1 has the potential to be 

used as a superior ion detector in mass spectrometry and other applications that detect ion 

beams or ion packets.   
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Maximum Frame Rate 1 kHz
Integration Period Range 1 msec - 2600 sec
Output Response (Gain) 4.4 µV / e- (0.1750 ADU / e-)
Max Full Well Capacity 600,000 e-

Dark Current 110e-/sec (17 attoamps)
Device Linearity 5 orders of magnitude
Read Noise (NDRO30) 33 e-

Limit of Detection (NDRO30) 100 e- per integration

CTIA-1 Performance Characteristics

Table 2.3 – Summary of the CTIA-1 performance characteristics as an ion detector. 
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Chapter 3:  APPLICATION OF THE CTIA DETECTOR TECHNOLOGY TO 

MASS SPECTROMETRY 

 

3.1 CTIA-1 Applied to Mass Spectrometry 

 

Further testing of the CTIA-1 detector was carried out in collaboration by 

members of the Denton group from the University of Arizona, and by members of the 

Heiftje group from Indiana University, on a mass spectrometer located at Indiana 

University.  The complete documentation of this study is available from several recent 

publications (1-4).  The instrument was a magnetic sector mass spectrometer arranged in 

a Mattauch-Herzog geometry.  This configuration allows the detector to be placed at a 

flat focal plane.  The instrument was custom-built by the Hieftje group and is described in 

a number of references (5,6).  The ionization source was varied between a pin-type glow 

discharge operated in DC mode and an ICP.  A diagram of this particular instrument 

equipped with a glow discharge source is shown in Figure 3.1.  Ions are separated in the 

magnetic sector and are subsequently focused onto the CTIA-1 detector located at the 

focal plane.  The performance of the mass analyzer is not the spotlight of this discussion 

and will not be further addressed.  The focal point of this discussion is the performance 

evaluation and the operation of the CTIA-1 detector while employed on the mass 

spectrometer. 
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Figure 3.1 – Schematic of the Mattauch-Herzog mass spectrometer at Indiana University.   
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3.2 Introduction to Sector Mass Spectrometers 

 

One of the most significant limitations in quantitative mass spectrometry is the 

introduction of noise by several sources including the ionization source, environmental 

noise, or noise from other parts of the instrument.  The correlated noise varies with time 

and affects all m/z signals identically in a manner proportional to the signal amplitude.  

The correlated noise can be expressed mathematically as shown in Equation 3-1. 

 

Equation 3-1           Sn = N(t)So

where So is the primary analytical signal from the species of interest and N(t) is the 

correlated noise function.  The overall output signal, Sn, is the resultant of both the 

multiplicative noise and the analytical signal.  To eliminate correlated noise from an 

analytical measurement, a ratio from individually detected signals can be taken.  To do 

this, simultaneous detection of two or more signals must be employed due to the time 

dependence of the correlated noise.  This process is expressed mathematically for two 

signals S01 and S02 in Equation 3-2. 
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To take advantage of this method of noise reduction, simultaneous detection must 

be used for the ratio to eliminate the correlated multiplicative noise.  This is not possible 

in scanning mass spectrometers because only one m/z is detected at any given time.  The 

types of mass spectrometers that allow for the simultaneous detection of several m/z 

ratios at one time are sector-based instruments.  The forward sector geometry mass 

spectrometer instrument, where the electrostatic analyzer is placed before the magnetic 

sector, allows a broad range of mass ratios to be detected simultaneously.  In the group of 

forward geometry sector instruments, the Mattauch-Herzog geometry (7) possesses a flat 

focal plane well suited for use with the CTIA-1 detector.   

 

3.3 Performance Characteristics 

 

The figures of merit for the CTIA-1 detector were discussed in Chapter 2.  

However, application of the detector onto a mass spectrometer allowed for additional 

characterizations.  The overall performance of the detector was evaluated in terms of 

detection limits for several different isotopes, the isotope ratio accuracy, the isotope ratio 

precision, the resolution, and the mass bias.  Each of these parameters was also tested 

using another detector so that a direct comparison could be made on this same 

instrument.  The electron multiplier used in the comparison was a Channeltron model 

4772 continuous dynode SEM (Burle, Sturbridge, MA).  Another comparison is also 
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made to a focal-plane detector from a different instrument.  This comparison is made to 

the electro-optic imaging detector (EOID) (8). 

 

3.3.1 Limits of Detection 

 

The detection limits were determined for the CTIA-1 detector on the mass 

spectrometer by performing 10 duplicate 1-second integrations on the m/z ratio of interest 

centered on a detection pixel.  For the SEM comparison, the m/z was centered on a 145 

µm exit slit placed in front of electron multiplier detector.  A mask was placed over the 

lower two-thirds of the entire CTIA-1 detection elements so that the active area of the 

detecting pixels was the same size.  The samples used were diluted multi-element 

analytical standards available from SPEX Certiprep (Metuchen, NJ).  The ionization 

source used in the detection limit study was an ICP.  The response from the CTIA-1 

resulted in detection limits as much as three orders of magnitude lower than those 

obtained for the EOID.  The detection limits evaluated with the CTIA-1 are comparable 

to those obtained using the SEM.  For many isotopes, the performance of the CTIA-1 

results in slightly lower detection limits.  A comparison of several detection limits 

obtained in this study is shown in Table 3.1.   
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Detection Limits (ppb) of  Detectors on GD -MH-MS
Isotope Faraday Array SEM1 EOID2

Ti-49 2 60
Mo-100 12 20 3,000
Sn-124 9 10
Ta-181 4 4
W-180 6 5 20,000
1Discrete dynode electron multiplier           2Electro-optic imaging detector (ref. 8)

Detection Limits (ppb) of  Detectors on GD -MH-MS
Isotope Faraday Array SEM1 EOID2

Ti-49 2 60
Mo-100 12 20 3,000
Sn-124 9 10
Ta-181 4 4
W-180 6 5 20,000
1Discrete dynode electron multiplier           2Electro-optic imaging detector (ref. 8)

 

Table 3.1 – Comparison of detection limits for selected isotopes using different 

detectors. 
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3.3.2 Isotope Ratio Accuracy 

The isotope ratio accuracy was determined for several elements by using 10 

different integration periods.  Elements were chosen in which the natural isotopic 

abundance varied minutely throughout nature.  The integration time was varied from 1 

ms to 10 sec.  Little improvement was observed for integration times above 100 ms.  The 

error associated with the accuracy measurement ranged from 0.43 – 6.6 %.  Table 3.2 

shows the accuracy percent error values for specific isotope ratio measurements.  The 

figures of merit obtained for the CTIA-1 are comparable to isotope accuracy 

measurements previously obtained using this instrument (5).  In some cases, the accuracy 

values using the CTIA-1 are slightly better.  The current configuration of the detector, 

referring to its pixel size, is the limiting factor in the accuracy studies because the actual 

peak shape cannot be determined over several pixels.  The current configuration of the 

detecting element allows for a single mass to charge value to be spread across only one 

pixel.  It is not currently possible to spread the analytical signal across more than one 

detection element.  It would be ideal if the charge collection pixels were made smaller 

with less dead space in future versions of the CTIA detectors so that a single peak could 

be spread across more than one pixel.  Regardless, the accuracy values obtained on this 

device were comparable to or better than those previously obtained.   
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Isotope Ratio Percent Error
58Ni/60Ni 2.1

63Cu/65Cu 1.8
66Zn/68Zn 0.2
69Ga/71Ga 5.5

100Mo/97Mo 6.6
114Cd/112Cd 2.1
120Sn/118Sn 0.4
184W/186W 3.5
193Ir/191Ir 5.0

Table 3.2 – Table of isotope ratio accuracy values obtained from using the CTIA-1 

detector on the Mattauch-Herzog mass spectrometer at Indiana University.   
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3.3.3 Isotope Ratio Precision 

 

The isotope ratio precision was determined by taking a series of 10 different 

integration times for a 10 ppb silver solution.  The isotope ratio precision theoretically 

improves with a square-root dependence on the integration time.  The integration times 

ranged from 1 ms to 9000 sec.  The dark current of this specific CTIA-1 device was 

reduced from the level reported in Chapter 2 by further cooling and electrical adjustments 

to a level of 6.1 ADU/sec corresponding to 5.1 attoamps.  This allowed longer integration 

periods than was reported in Chapter 2.  By reducing the dark current, integrations up to 

several hours were now possible.  The precision improved from 10 % at 1 ms to less than 

0.007% at the longest integration times.  A plot of the data is shown in Figure 3.2.  The 

achieved precision is several orders of magnitude better than values obtained with the 

EOID and two orders of magnitude improved over the SEM detector (5).  This level of 

isotope ratio precision is comparable to the top commercial multicollector instruments 

with precision values ranging from 0.002% to 0.01% RSD.  Integration times above 9000 

s were not taken due to the impracticality of such a long measurement, but further 

improvement could be made using longer integration times.   
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Figure 3.2 – Effect of integration time on isotope measurement precision for 107Ag (■), 

109Ag (●), and 107Ag/109Ag (▲).  Solid data points were acquired with a 10 ppb Ag 

solution, while hollow data points were acquired with a 1 ppm Ag solution. (2) 
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3.3.4 Resolution 

In the Mattauch-Herzog geometry, the peak width remains relatively constant 

while the peak spacing decreases in proportion to the square root of the m/z ratio.  This is 

an important concept when considering the configuration of the focal plane detector.  To 

distinguish between two consecutive m/z ratios, at least one detecting element must 

reside in between the pixels that are detecting the analytical ion peaks.  The 175 µm

centers used in the CTIA-1 detector limit the resolution to 190 using simultaneous 

detection.  A spectrum of Sn isotopes is shown in Figure 3.3.  It is apparent from the 

figure that the resolution of the instrument is limited due to the relatively large pixel size 

of the detector and large dead spacing.  Previous studies using an SEM in scanning mode 

(5) resulted in resolution values 4 times better than those obtained using the CTIA-1 as a 

simultaneous detector. 

 The instrument was operated in a scanning mode while using only one of the 

CTIA pixels as the detector to see what effect the pixel size had on the resolution.  The 

spectrum obtained in Figure 3.4 compares the CTIA-1 detector used as a simultaneous 

detector and as a single channel detector by scanning the ion beam.  It is very apparent 

that the scanned spectrum is of a higher resolution.  The resolution is approximately 2 

times better when used in scanning mode.  The low resolution obtained in Figure 3.3 is a 

direct result of the pixel size.  The resolution obtained with the CTIA-1 was about 400 

while operated in the scanning mode.  The resolution while using the SEM was reported 

to be as high as 800 (5) and 490 with the EOID (8).  This particular figure  
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Figure 3.3 – Sn isotopes detected by the CTIA-1 detector on the Mattauch-Herzog mass 

spectrometer at Indiana University.   
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of merit is one that will improve dramatically with future generations of the CTIA 

detector constructed with narrower detection elements.    

 

3.3.5 Mass Bias 

 

It was discussed in Chapter 1 that the SEM shows a mass bias because the 

electron multiplier is highly dependent upon the velocity of the incident ion.  Since the 

velocity decreases as the mass increases for a given kinetic energy, the detection 

efficiency decreases.  The mass bias of the detector can be determined by plotting the 

detector response for each isotope as a function of m/z ratio.  This was done for the SEM 

and for the CTIA-1.  Figure 3.5 shows the response for both of these detectors evaluated 

on the mass spectrometer.  The CTIA-1 shows significantly less mass bias than the 

electron multiplier over this limited range of m/z values.  The reason that the CTIA-1 

detector does not show the same mass bias as the SEM is because the CTIA-1 responds 

solely to the charge imparted on the Faraday finger from the incident ion.  The kinetic 

energy of the ion does not affect the detection efficiency for the CTIA-1 detector.  These 

preliminary data values show great promise for the use of a CTIA device as a detector in 

identifying high m/z ratios such as in proteomic type studies.   
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Figure 3.5 – Comparison of the mass bias for the CTIA-1 (●) detector and the electron 

multiplier (◊) (SEM).   
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3.4 Conclusions 

 

The performance figures of merit of the CTIA-1 detector employed on a 

Mattauch-Herzog geometry mass spectrometer are comparable or better than those 

obtained on the same instrument using other ion detectors.  The detection limits are 

several orders of magnitude better than those obtained with the EOID and are comparable 

to the SEM.  The isotope ratio accuracy is better than previously determined on this 

instrument using the other detectors and the isotope ratio precision is highly improved 

over the SEM.  The isotope ratio accuracy values obtained using the CTIA-1 are 

comparable to the most precise commercial isotope ratio spectrometers.  The current 

limitations of the CTIA-1 detector are the resolution achieved and the limited number of 

detection elements, which constrain the detectable mass range in a single window.  This 

specific problem has been addressed and a CTIA based device that has more detecting 

elements with a reduced pixel size is currently being evaluated.  This new device is 

known as the CTIA-3 and has 128 pixels with a pixel size of 45 µm with a 50 µm pitch.  

The CTIA-3 is currently being evaluated on a number of mass spectrometers. 
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3.5 Description of the CTIA-2 

 
The performance demonstrated by the CTIA-1 detector described in Chapter 2 

and the preceding performance description given in this chapter gave rise to the 

production of other CTIA based detectors for use in mass spectrometry as well as for 

other applications requiring the detection of ion beams.  The sensitive nature of the CTIA 

device lends itself to techniques such as ion mobility spectrometry (IMS) where an 

electron multiplier cannot be used as a detector because of the relatively high operating 

pressures of standard ion mobility instruments.  A device known from here on as the 

CTIA-2 was developed for use as a detector for both mass spectrometers and ion mobility 

spectrometers.   

 Unlike the CTIA-1, the CTIA-2 was designed specifically for ion detection in an 

ion mobility instrument and as a prototype for a future detector used in mass 

spectrometry.  The technique of ion mobility is covered in detail in Chapter 4.  The 

CTIA-2 is conceptually based on the same capacitive-transimpedance amplifier 

technology as the CTIA-1.  It is also an integrating detector and the equivalent operating 

circuit is like that shown in chapter 2.  The CTIA-2 device, however, has been 

constructed so that the gain can be changed between a high gain mode and a low gain 

mode.  This is accomplished by switching between capacitors of different values in the 

feedback loop of the integrator circuit.  This detector did not employ small Faraday 

fingers as charge collection electrodes, but rather used a relatively large collection  
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electrode set on an evaluation target board.  An image of this target board is shown in 

Figure 3.6.   The CTIA-2 detector is a 4-channel device employing only a single channel 

for ion detection at any one time, compared to the 32 channels of the CTIA-1used 

simultaneously.  The large number of pixels used in the CTIA-1was not required for this 

version of the detector because in ion mobility spectrometry only a single channel 

detector is required.  The CTIA-2 requires a much faster read-out speed, as the detector 

will be used to sense ions signals that rapidly vary on the millisecond time scale.  The 

CTIA-2 detector is smaller and more sensitive than the CTIA-1, with a faster read-out 

and requiring less power consumption.   

 

3.6 Characterization of the CTIA-2 

 

The CTIA-2 was characterized in a similar fashion to the CTIA-1 using the 

characterization chamber described in Chapter 2.  The CTIA-2 was characterized and 

evaluated for its frame-rate, gain, read-noise, full-well capacity, dark current, and ion 

detection limit.   
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CTIA-2 Amplifier Chip target electrodes built into board

Top-side of circuit board Bottom-side of circuit board

 

Figure 3.6 – Image of target board used as the detecting element for the CTIA-2 

prototype device.
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3.6.1 Frame-Rate and Read-Out Modes 

 

Unlike the CTIA-1, this detector was developed to detect rapidly changing ion 

currents.  The properties of the CTIA family of detectors allow several different read-out 

modes.  Each different read-out mode allow the detector to be operated at a different 

maximum read-out speed.  One read-out mode is used when static stable ion beams are 

detected, and a faster read-out mode is used for applications that require the detection of 

transient ion signals at a faster speed.  These two modes of read-out are termed SIRO and 

CONROI.  The SIRO read-out mode consists of using a single integration read-out 

(SIRO).  The SIRO mode includes the destructive read-out mode (DRO) and non-

destructive read-out (NDRO) mode previously described in past sections.  This mode 

consists of a reset pulse, clearing the device of any charge, and a specific timed delay, 

followed by an integration period, after which the integrated charge is read out.  Multiple 

re-reads on the integrated charge could still be accomplished using this mode by 

sampling the integrated charge multiple times after the integration period.  This would be 

the NDRO (non-destructive reads) discussed in Chapter 2.  This read-out mode normally 

employs a relatively long integration time compared to the reset pulse and delay times.  

This mode is summarized by using a reset and delay pulse for each successive integration 

period.  The ion signal from the SIRO mode consists of the difference between the 

starting level and ending levels of the integration period. 

 The faster read-out mode, used to detect transient ion beams, is termed the 

CONROI (continuous read-out integration) read-out.  The CONROI method is different 
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than the SIRO method in that no resets are taken between successive integration periods.  

This mode consists of an initial reset, a delay, a short integration, directly followed by a 

read-out, then another short integration followed by a read-out, and so on until a specified 

time interval has passed.  During this read-out mode, the detector is read out many times 

at regular time intervals giving rise to a large number of small integration periods.  This 

is a technique that has been employed with optical detectors.  When compared to the 

SIRO read-out method, the CONROI method allows for much faster frame rates and 

approaches the speed of the A/D converter.  The frame rate from using the SIRO method 

is much slower than the A/D speed due to the additional pulses and delays.  The frame-

rate of the CTIA-2 was designed to be read out near 100 kHz as those were the 

specifications of the A/D converter, but it has been routinely operated at 150 kHz.  In 

contrast to this, the CTIA-1 has a 1 kHz A/D converter but can only operate at a 

maximum frame-rate of 417 Hz using the SIRO method. 

 The output of the detector using the two different pulse trains must be treated 

differently to obtain the ion currents.  In the SIRO method, the current is simply the 

difference between the starting level and ending levels of the integration period less a 

dark exposure level taken at the same time frame.  This is illustrated in Figure 3.7.  The 

CONROI method must be treated differently since transient ion signals are encountered 

and a simple difference between the starting point and ending point will only establish the 

overall charge integrated.  An example of the CONROI output is shown in Figure 3.8.  

Here the output changes over time and the difference in slope is indicative of changing 

ion currents.  Thus, the derivative of the output using the  
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Figure 3.8 – CONROI operation of the CTIA amplifier.  The signal is constantly sampled 

from the CTIA output (small integration periods).  Ion peaks are shown by taking the 

derivative of the measured signals. 
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CONROI method must be taken to achieve the differences in the arriving ion current.  

Figure 3.8 also shows the derivative of the signal obtained from the CONROI read-out 

mode.  The derivative of the CTIA detector using the CONROI mode gives rise to the ion 

mobility spectra used in later studies.   

 

3.6.2 Mean Variance Characterization of the CTIA-2 

 

The read noise (Nr) and the gain (G) of the CTIA-2 detector were determined 

using a mean variance analysis.  The target electrode of the CTIA-2 detector was 

mounted onto a vacuum flange and the detector was evaluated on the characterization 

chamber as for the CTIA-1 in Chapter 2.  The read noise using the high gain mode was 

determined to be 12 e- for the CTIA-2 detector without using multiple rereads.  The 

nominal detection limit for the CTIA-2 detector using a 3σ LOD is 36 ions for the high 

gain mode.  This detection limit can be decreased using NDROs for a single integration; 

however, using the CONROI mode of operation the detection limit is 36 ions during an 

integration period.  The mean-variance plot for the high gain mode of the CTIA-2 

detector is shown in Figure 3.9.   

 The dark current of the CTIA-2 detector was relatively high when the device was 

first turned on and decreased with time.  The initial dark current was 6 femtoamps 

immediately upon turning on the device and was 1.5 femtoamps after 1.5 minutes.  After 

5 minutes of operation the dark current decreased to 500 attoamps.  The dark current 
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reached a steady state after 20 minutes at a current of 200 attoamps without external 

cooling.  Lower dark-current levels were reached by air-cooling the heat sinks of the 

CTIA amplifier.   

 Other figures of merit were evaluated for the CTIA-2 detector as in the 

experiments described in Chapter 2 for the CTIA-1.  These include the full-well capacity, 

the maximum integration period, the minimum integration period, and the linear dynamic 

range.  The operating characteristics for the CTIA-2 are summarized in Table 3.3. 
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High Gain Low Gain
Dark Current 200 aA 1900 aA
Read Noise 29 e- 310 e-
Detection Limit 90 ions 900 ions
Gain 18.4 µV/e- 192 µV/e-

Full-Well Capacity 180000 ions 1.8 million ions
Linear Dynamic Range
Integration Time (max)
Frame Rate (max)

5 orders
2.5 minutes

150 kHz

CTIA-2 Performance Characteristics

Table 3.3 – Performance characteristics of the CTIA-2 determined by mean-variance. 
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3.7 Evaluation of the CTIA-2 on the Isoprobe Sector Mass Spectrometer 

In addition to evaluating the performance parameters of the CTIA-2 detector on 

the characterization chamber, it was tested as an ion detector on the commercially 

produced Isoprobe sector mass spectrometer by GV Instruments.  A complete description 

of this mass spectrometer has been previously given in the literature (9,10).  In short, this 

instrument is a single focusing magnetic sector multi-collector mass spectrometer 

equipped with nine Faraday cup electrometers and a Daly detector.  The instrument 

manufacturer claims that the Isoprobe is among the most sensitive isotope ratio mass 

spectrometers on the market today.  The CTIA-2 was used as an ion detector on this 

instrument to compare its sensitivity to the highly sensitive Faraday electrometers used 

commercially on a mass spectrometer.  The samples used in this experiment were ionized 

by the Isoprobe thermal ionization source.   

 

3.7.1 CTIA-2 Detection of Positive Ions on the Isoprobe 

 

To test the sensitivity of the CTIA-2 ion detector on the Isoprobe mass 

spectrometer, the CTIA amplifier had to be connected to an electrode located at the ion 

focal plane.  The electrometer connected to the axial Faraday cup was removed from the 

instrument and was replaced with the CTIA-2 amplifier circuitry.  The CTIA-2 detector 

was connected to the ion detecting electrode by tightly wrapping a piece of brass foil 
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connected to the CTIA amplifier input around the existing Faraday cup electrode output 

stub.  The Faraday detector electrode was relatively large (1mm X 20 mm) with a 

relatively large capacitance.  It was unclear if the large capacitance associated with the 

Isoprobe Faraday electrode would detrimentally affect the performance of the CTIA-2 

detector.  The CTIA-2 detector was housed in a grounded aluminum-shielding box 

fastened to the Isoprobe instrument. 

 It was determined that the grounded aluminum box provided an adequate level of 

shielding by operating the detector while it was disconnected from the Faraday electrode.  

The reset pulse of the CTIA-2 detector was set at 1004 µsec followed by a 15 msec 

integration time.  The operation of the CTIA-2 detector disconnected from the Faraday 

electrode gave a dark current output response of -0.0094 (V) for this integration setting 

for the single acquisition.  This level of dark current was within the range that was 

previously characterized for this specific detector.  These data are illustrated in the 

uppermost traces in Figure 3.10.  The flat line profile of the detector trace indicated that 

the grounded aluminum housing did provide sufficient shielding for the CTIA-2 detector 

from outside environmental noise sources. 

 The CTIA-2 amplifier was then connected to the Faraday electrode and was 

operated without any incident ions striking the detector electrode.  The results of this test 

showed a sinusoidal pattern as the CTIA-2 detector responded to instrumental noise.  The 

primary detected noise frequencies were determined to be 300 Hz, 90 Hz, and 30 Hz.  

The amplitude of this detected noise was 0.2038 V on the CTIA-2 detector.  The high 

amplitude of this noise took up approximately 6 % of the full dynamic range for the 
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CTIA-2 detector.  Efforts were made to minimize the source of the instrumental noise, 

but these efforts did little to reduce its amplitude.  The source of the noise was left 

undetermined but thought to be from an essential component of the Isoprobe mass 

spectrometer.  Additionally, increasing the input capacitance of the CTIA detector 

increases noise.  This will be discussed further in chapter 5. 

 Because of the detected noise, it was required to use averaging if the CTIA-2 was 

going to be employed as a useful ion detector while connected to the Faraday electrode.  

An average of 32 acquisitions was adequate to reduce the noise amplitude from 0.2038 V 

to 0.0164 V.  It was determined that the CTIA-2 device could be operated as a practical 

ion detector with this level of instrumental noise.  Averaging 32 acquisitions at these 

detector settings took 512 msec for the overall sample measurement.  The detector traces 

for the CTIA-2 while connected to the Faraday electrode are shown in the middle region 

of Figure 3.10 for both the single acquisition measurement and for the 32 averaged 

acquisitions.   

 The response of the CTIA-2 detector to an ion beam incident on the Faraday 

electrode is shown in the bottom traces of Figure 3.10.  A positively charged ion beam 

from 88Sr+ was detected and produced a signal of –0.4395 V from the CTIA-2 detector 

for 32 averaged acquisitions.  The same beam produced an output voltage of 100 mV 

using the Faraday cup electrometer detectors corresponding to 1 pA of current.  The 

intensity of the ion beam was varied between 30 fA and 2.1 pA while the response from 

the CTIA-2 was monitored.   
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Figure 3.10 - Output traces from the CTIA-2 amplifier while evaluated on the GV 

Instruments Isoprobe Mass Spectrometer. 
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Figure 3.11 – Linear response of the CTIA-2 amplifier to the intensity of the detected 

88Sr+ ion beam.   
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A plot of the data from this experiment is shown in Figure 3.11.  The plot shows a direct 

linear correlation for the output response of the CTIA-2 amplifier with ion beam intensity 

over the range of ion currents measured.  Each data point in the plot corresponds to 10 

duplicate measurements of 50 averaged acquisitions with settings of a 1 msec reset pulse 

followed by a 15 msec integration period.  The amplitude of the detected noise decreased 

as the number of averaged acquisitions was increased.  The lower limit of this range was 

chosen because 30 fA was near the detection limit using the electrometer detectors.  The 

upper portion of the range was selected because above this ion current the CTIA-2 

detector output was saturated.  At a 30 fA ion current level, the CTIA-2 output was -

0.02905 V.  The output level of the CTIA-2 detector at an ion current of 30 fA using this 

integration setting was not close to the detection limit for this detector.  Approximately 

3000 ions were incident upon the detecting Faraday electrode at this beam intensity over 

the 15 msec integration period set for the CTIA-2 detector.  This current level 

corresponds to approximately 190,000 ions/second, which was required for this response 

from the electrometer amplifiers.  The detection limit using the electrometer amplifiers is 

10 fA, corresponding to 65,000 ions/sec to produce a signal of 1 mV. 

 A mass spectrum for three of the Sr isotopes was constructed by scanning the 

mass-to-charge values across the Faraday cup connected to the CTIA-2 amplifier from 

85.75 amu to 88.25 amu and monitoring the output.  The spectrum is shown in Figure 

3.12.  In addition to collecting the spectrum, the 88Sr/87Sr ratio was taken by 

simultaneously detecting the ion masses on two detector channels.  The 88Sr peak was 

detected on channel 1 employing a Faraday cup electrometer and 87Sr was collected on 
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Figure 3.12 – Mass spectrum of Sr isotopes collected by the CTIA-2 amplifier while the 

positive ion beam of the Isoprobe was scanned.   
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Figure 3.13 – Isotope ratio of 88Sr/87Sr by simultaneous detection of the positive ion 

beam.  88Sr was detected on the CH1 Faraday cup electrometer detector of the 

Isoprobe, and 87Sr was detected on the Axial Faraday cup using the CTIA-2 amplifier 

as the read-out electronics. 
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the axial Faraday cup using the CTIA-2 amplifier read-out.  The response from each 

detector was converted into an ion current so a ratio could be determined.  The calibration 

plot shown in Figure 3.11 was used to convert the CTIA-2 output into a current.  The 

response is shown in Figure 3.13. 

The signals shown in Figure 3.13 vary over time because of a changing intensity 

of the ion beam and from the variation of time dependence noise detected by each 

detector.  It can be seen how each of the detector signals simultaneously change over the 

course of the entire set of measurements.  The ratio, however, remains relatively constant 

as the individual beams change.  From ratioing the calculated ion currents, the isotope 

ratio for 88Sr/87Sr was determined to be 11.7686 with a %RSD of 0.2765%.  This 

experimental measurement has an accuracy of 0.2423% when compared to the theoretical 

ratio for 88Sr/87Sr of 11.7971.  These results show that the CTIA-2 amplifier can be used 

as an ion detector that is capable of providing both sensitive and stable ion 

measurements.   

 

3.7.2 CTIA-2 Detection of Negative Ions on the Isoprobe 

 

The detection of negative ions on the Isoprobe mass spectrometer is somewhat 

problematic due to the low intensities of the ion beams produced by the ionization source.  

The low intensities of the negatively charged ion beams are often below the detection 

limit of the Faraday cup electrometers.  To counteract this, the Isoprobe mass 
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spectrometer uses a Daly detector (discussed in Chapter 1) for the detection of low 

intensity negatively charged ion beams.  Since the CTIA-2 detector provides an increase 

in sensitivity over the Faraday electrometers, the detection of a negatively charged ion 

beam was tested using this new detector technology. 

In this experiment, osmium was thermally ionized and formed OsO3 clusters, 

which were detected by both the Daly detector and the CTIA-2 amplifier connected to the 

axial Faraday cup.  An initial study showed that the 187OsO3 ion beam with a mass of 235 

amu produced a signal of 3300 counts/sec using the Daly detector.  This corresponds to a 

beam current of 529 attoamps.  This particular beam current is about 20 times below the 

measured detection limit using the electrometer amplifiers when connected to the 

Faraday cup detectors of the Isoprobe instrument.  The CTIA-2 amplifier detected this 

ion beam with a response of 0.0676 V using 50 averaged acquisitions of a 400 msec 

integration time.  The output trace of the CTIA-2 amplifier from this ion beam is shown 

in Figure 3.14. 

In another experiment, the intensity of the negatively charged ion beam from 

Osmium was increased so that the 192OsO3 cluster was detected on channel 4, a Faraday 

cup equipped with an electrometer detector, and the 187OsO3 cluster was detected on the 

axial Faraday cup equipped with the CTIA-2 amplifier.  The intensity of the ion beam 

changed over the course of the experiment and was monitored for 2 hours.  The response 

from each of these detector channels is shown in Figure 3.15, along with the ratio from 

both of the channels.  The CTIA-2 values were obtained by averaging 50 acquisitions at a 

400 msec integration time for a total measurement period of 20 seconds.  
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Figure 3.14 – Output trace from the CTIA-2 detection of negative ions on the Isoprobe 

mass spectrometer. 
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Figure 3.15 - Isotope ratio of 187Os/192Os by simultaneous detection of the negative ion 

beam.  187Os was detected on the Axial Faraday cup using the CTIA-2 amplifier as 

the read-out electronics and 192Os was detected on the CH4 Faraday cup 

electrometer detector of the Isoprobe. 
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The electrometer response was the average output of the electrometer over the same time 

frame used for the CTIA-2 amplifier.  The ratio was determined by converting the 

responses from each of the detectors to a current, then taking the ratio of the detected ion 

currents.   

The ion beam from the thermal ionization source reduced in intensity over the two 

hour time period.  The 187Os/192Os ratio remained somewhat consistent with an average 

value of 0.0378 with a % RSD of 2.437.  The osmium-187 isotope was present in the 

sample at 1.6% while the osmium-192 isotope was present at 41%.  The theoretical ratio 

for 187Os/192Os  should have been 0.03902.  The experimental value obtained had an 

accuracy of 3.092%.  The values for the negative ratios were slightly worse than those 

obtained for the positive ratios.  It is believed that the long integration period of 400 msec 

used to detect the low intensity negatively charged ion beam and averaging 50 

acquisitions contributed to the decreased figures of merit for the negative mode.  

 

3.8 Conclusions 

 

The employment of the CTIA-2 detector onto the Isoprobe mass spectrometer 

demonstrated the improved sensitivity of the CTIA amplifier technology.  A negatively 

charged ion beam below the detection limit of the standard electrometer read-out circuitry 

was detected by using the CTIA-2 amplifier.  The stability of the CTIA-2 detector was 

demonstrated by the simultaneous detection of strontium isotopes in conjunction with 
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using one of the existing electrometer detectors.   These results showed an accurate 

determination of the 88Sr/87Sr isotope ratio while maintaining a low relative standard 

deviation.  Connecting the CTIA-2 detector onto one of the Faraday cup electrodes 

showed that increasing the capacitance on the input of the CTIA amplifier drastically 

increases its noise output.  A low input capacitance and adequate shielding from 

environmental noise is required for the optimal performance of the CTIA-2 amplifier.   
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Chapter 4:  ION MOBILITY SPECTROMETRY 

 

4.1 Introduction to Ion Mobility Spectrometry 

 

Analytical tools that can provide both qualitative and quantitative results are 

needed for the accurate and rapid identification of specific chemicals for environmental, 

military, pharmaceutical, biological, and other industrial analysis applications.  Varieties 

of valuable analytical techniques exist that are rapidly employed to countless applications 

and are used to solve numerous problems.  The most commonly used instrumentation for 

analysis includes spectrometers based upon electromagnetic radiation (UV-VIS, IR, etc), 

liquid and gas chromatographs, and mass spectrometers.  The need for the miniaturization 

of analytical tools has led to the development of lesser known techniques such as ion 

mobility spectrometry (IMS).  Ion mobility instruments have primarily been used in the 

specific niche of military applications such as the detection of explosives (1,2), drugs 

(3,4), and chemical warfare agents (5,6).  However, recent publications have seen the 

application of this technique to the analysis of trace organic vapors (7), halogenated 

compounds (8), and other highly electronegative samples.  Ion characterization by 

mobility is a relatively simple technique and offers a low cost alternative to the analysis 

of samples.   

 Ion mobility spectrometry has been developed over the past 30 years as an 

analytical technique used to detect and identify trace constituents of vapors in gaseous 

mixtures at or near atmospheric pressure.  The simplistic view of IMS is that a sample is 
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introduced into the instrument as a vapor, it is ionized, and the resultant ions are 

introduced into a drift tube where they are separated and detected.  The theory behind the 

technique describes the motion of slow ions as they move through a gaseous medium 

under the influence of different forces.  A plot of the detector response vs. time is called a 

mobility spectrum and is shown in figure 4.1.  Ion mobilities are determined from the ion 

velocities measured in the drift tube at atmospheric pressure and are characteristic of the 

parent analyte.  Historically the ionization sources employed in ion mobility instruments 

were radioactive β- emitters such as 63Ni.  Modern instruments may have one of several 

types of ionization sources including radioactive (α or β-) emitters, UV lamps (9,10), 

electrospray (11), and corona discharge (12).   

 The analytical sample and other ionized gases react to form ions which are 

characterized by the time it takes for the ion packet to travel a specified distance under a 

particular electrical field gradient in a given gaseous medium.  This time is known as the 

drift time and is an essential measure of the mobility of the ion packet detected.  The 

mobility of an ion is characteristic to that ion and aides in its identification.  Among the 

parameters affecting the mobility response are the nature of the ion-molecule interactions, 

diffusion rates, gate settings, pressure, temperature, electrical field gradient, and sample 

concentration.   

The technique of IMS offers several advantages over more traditional analytical 

techniques.  The primary advantages are speed of analysis, high sensitivity to specific 

compounds in the sub-ppb or pg range, good selectivity, continuous real-time monitoring 

capability, simple instrument operation and data analysis, ease of automation, relatively  



143 

 

0 5 10 15 20 25

2

4

6

8

10

9.42

10.58

Br- Peak

Electron Peak

 

D
et

ec
to

rO
ut

pu
t(

V)

Drift time (msec)

Averaged 75 scans
190 degrees
220 mL/min drift
120 mL/min carrier
225 mL/min desorber purge
desorber temp 25 C
10 sec desorber purge
5 sec desorber current

Ion Mobility Spectrum of 5µL 15.7 ppm Dibromohexane in Acetonitrile 

Cl- Peak

Figure 4.1 – Example of a mobility spectrum obtained on a drift tube ion mobility 

spectrometer. 

 



144 

low price per analysis, and it is highly flexible to a variety of different applications.  

However, the technique does have a few disadvantages.  It has a very limited dynamic 

range and offers only semi-quantitative results at best.  Other disadvantages include a 

changing mobility spectrum at relatively high concentrations of analyte.  The effect of the 

background gas composition is high and minute changes can result in drastically different 

results.  Careful control of keeping unwanted impurities out of the instrument is needed.  

The operation and instrumentation of the ion mobility technique will be discussed in 

further detail paying special attention to each step of the technique. 

 

4.2 Theoretical Description of Ion Mobility Processes 

 

The concepts associated with ion mobility measurements are well known and 

began from early work in the mid to late 19th century on the study of ionization from X-

rays (13).  Many theoretical explanations were postulated for the mobility of ions during 

the period from 1900 to 1938 during an intense research effort on the subject (14).  

Modern ion mobility theory was founded in 1948 by the resurgence of the IMS technique 

by Lovelock (15).  The gas phase chemistry was broadened in its explanation by the 

similar processes that occur in the electron capture detector (ECD).  Researchers in the 

late 1950s developed ion mobility instrumentation known as drift tubes which simplified 

mobility measurements (16,17).  Researchers at Franklin GNO began using mobility drift 
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tubes to sort negative ions from 1964 to 1967.  This led to the solidification between the 

mobility theory and its application.  

 

4.2.1 Ionic Mobility  

 

The concept of mobility arises from attempts to describe the motion of an ionic 

species through some medium.  More specifically, the relative ease with which an ionic 

species travels through a gaseous counterflow.  As an ion moves through a neutral gas 

under the influence of an external electric field, several different forces act upon it.  

There are resistive forces encountered upon collisions with neutral molecules, 

electrostatic forces of attraction and repulsion, diffusive forces, and other influences.  The 

gaseous state in which these processes occur simplifies the underlying theory to some 

degree, but the fundamental equations are still quite complex.  The complete derivations 

for the basis of ion mobility equations are well established by the Kinetic Theory of 

Gases and are exhaustively reviewed in the work The Mobility and Diffusion of Ions in 

Gases (18).  However, those differential equations and complex mathematical 

relationships are not needed to understand the basics of the mobility process at an 

analytical level.  The relationships presented in this section do have complex origins and 

can be traced to first principles.  The intricate mathematical roots of the following 

equations will be left to the reader to explore if so desired.   
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 When an electric field is imposed on a packet of ions in a supporting atmosphere, 

the ion motion will be influenced by the field.  Neutral molecules will be unaffected by 

the field.  The result is the movement of ions through the supporting gaseous medium in a 

complex but predictable manner.  A few assumptions will be made for simplicity.  The 

first assumption that will be made is that the processes which occur in one region of the 

instrument are independent of the processes that occur in another region.  When a single 

ion packet is introduced into an electric field, an average velocity for the ion packet is 

established.  This occurs because the ions are accelerated down the drift tube by the force 

of the electric field and are also impeded by collisions between ions and neutral gas 

molecules.  The mobility of the ionic species is directly related to the velocity or time it 

takes for the ionized particles to traverse the length of the drift region.  This time is 

related to both the mobility of the ion and the electrical force driving the ion.  This 

relationship is shown in Equation 4-1.  The drift time of typical ion species is normally in 

the millisecond range for drift tubes of typical lengths.  The individual characteristics of 

different ions give them different mobilities in the same drift medium.  The mobility 

constant, K, is a joint property of the ion and the gas through which it moves.  At low 

field strengths doubling the electric force is found to double the average ion velocity.   

 

Equation 4-1     vd = KE         

 

where vd is the drift velocity (cm/sec), E is the electric field gradient (V/cm), and 

K is the mobility coefficient of the detected ion (cm2/ V sec) 
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The relationship shown in Equation 4-1 is only valid in ion mobility instruments 

operating in the low field regime.  The definition of the low field is when the ion mobility 

measurement follows a linear relationship between the drift time and the mobility 

coefficient as the electric field is changed.   A mobility measurement is said to be in the 

high field when this relationship is not followed.  The operation in the high field comes 

about when the electric field gradient produces enough force to impart energy to the ion 

and effects the nature of the ion-molecule collisions.  The effect of the high field is that 

substantial energy is imparted into the ion-molecule collisions which effectively heats the 

ions and deviations from the relationship in Equation 4-1 are observed.  The high or low 

field dependence of ion mobility measurements is not solely related to the electric field, 

but rather to the electric field and pressure of the system, more specifically the E/P or 

E/N ratio where E is the electric field (V/cm) , P is the pressure (Torr) and N is the gas 

number density (molecules/cm3).   In turn, the high field can be established by reducing 

the pressure as well as increasing the electric field.  Typical low field instruments operate 

at E/N ratios of 1-2 Townsends (Td.  1 Td = 1017 V cm2).  High field instruments operate 

at hundreds of Td at low pressures.  There is a dependency of the ionic mass for a species 

to be either in the low or high field.  What could be the low field regime for a relatively 

heavy ion could be high field regime for a much lighter ion.   

 The remaining discussions assume that the ion mobility instrument is operated in 

the low field regime.   The average arrival time for the ions packet is related to the drift 

velocity, vd, through Equation 4-2. 
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Equation 4-2     ld = vd td

ld is the drift tube length in the ion mobility instrument and td is the arrival time.   

 

The theoretical foundation for the ion mobility constant, K, was put forth from 

works by Karasek (19) and Mason (20).  The complete equation for the ion mobility 

constant is shown in Equation 4-3. 

 

Equation 4-3             K = [3ze/16N] [(m+M)/mM]1/2[2π/ kT]1/2[(1+ ∆)/ Ω]

In this version of the mobility equation, e is the electronic charge, z is the charge 

state, N is the molecular number density of the drift gas, m is the ionic mass, M is the 

molecular mass of the drift gas, k is the Boltzmann constant, T is the absolute 

temperature, ∆ is a correction term, and Ω is the first-order collision integral.  The 

mobility dependence upon N, the gas number density, arises because it is the collisions 

with neutral gas molecules that limits the terminal drift velocity of a particular ion.  The 

collision integral, Ω, is proportional to the ion cross-sectional area.  It also contains other 

terms that are relevant to the kinetic theory, but are beyond the scope of this discussion.  

The physical parameters to which K is proportional are the ion cross-sectional area, the 

reduced mass, and temperature.  For this reason, the mobility coefficient and the drift 

velocity are dependent upon the overall ionic size and configuration of the species 
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traveling down the drift tube.  In most cases, size is related to mass so correlations exist 

between the mass of a molecule and the mobility coefficient.  The fact that different ions 

have different mobilities that are characteristic to their structure can be used to identify 

which ion is being detected.  Also, different mobilities arising from different 

characteristics of ions allow groups of different ions to be separated in a drift tube. 

 Equation 4-4 is the relationship for the ion mobility that includes all of the 

measurable terms.  It is established by substituting Equation 4-1 into 4-2 and rearranging 

to solve for K.   

 

Equation 4-4             K = ld [tdE]-1 

 

Again, K is the mobility (V-1 cm2 sec-1), ld is the drift length (cm), td is the drift 

time (sec), and E is the electric field (V/cm). 

 

The absolute mobility, K, is also dependent upon factors not related to the ionic 

species but rather related to the operating parameters of the instrument.  The temperature 

(T) and the number density (N) highly affect the absolute mobility as does the identity of 

the drift gas.  An effort to standardize the mobility measurement to a property inherent to 

the ionic species detected has been made by introducing the concept of reduced mobility.  

The equation for the reduced mobility, Ko, is shown in Equation 4-5. 

 

Equation 4-5            Ko = K [273/T][P/760] 
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T is the absolute temperature (in Kelvin) and P (in Torr) is the pressure inside the 

drift tube.  The reduced mobility normalizes K to adjust for pressure and temperature 

variations and is a measure more specific to the chemical species being detected.  

However, the reduced mobility does not take into effect variations specific to the drift gas 

that was used.  Typical drift gases are N2, compressed air, and CO2. The type of drift gas 

used needs to be stated along with the reduced mobility to compare results obtained on 

different instruments or under different operating parameters.   

 

4.2.2 Peak Shape  

 

Several parameters effect the ion pulse shape detected by ion mobility 

instrumentation.  The main two parameters are determined instrumentally.  They are the 

initial pulse width and the shape of the ion packet introduced by the shutter gate.  If these 

parameters are carefully and reproducibly controlled, more characteristic information 

relating to the ionic species can be obtained by scrutinizing the pulse shape of a single ion 

type.  The important aspect obtained from the peak shape of the ion species is the 

diffusion coefficient, D.  However, coulombic repulsions and ion-molecule reactions can 

also affect the peak shape.  The assumption that ion-molecule reactions are terminated 

once an ion reaches the drift region will continue to be made and will simplify the 

number of possible peak shape parameters. 
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 The coulombic repulsions of an ion cloud are discussed in detail by Spangler and 

Collins (21).  In short, the diffusion coefficient of the ion being detected can be measured 

to some degree if the electronic repulsion factor is kept to a minimum.  Without going 

into the complex differential equations listed in the Spangler reference, the coulombic 

repulsions can be reduced to a minimum by keeping the gate width of the shutter pulse to 

the lowest width needed to achieve a detectable signal.  The reason for this is too keep the 

peak shape Gaussian.  When the gate width is relatively short, the ion packet is 

introduced as narrow slice and the resulting peak at the detector will have a Gaussian 

shape.  Also, the ions introduced in that packet are able to spread by longitudinal 

diffusion because the coulombic term of the equations is kept small as the number density 

of ions is small.  Otherwise, the diffusion term is small compared to the coulombic term 

when the number of ions is relatively large and the ions are forced away from each other 

faster than they can diffuse in space.  For further reference on this, it is encouraged to 

read the Spangler reference and subsequent discussions resulting from that reference. 

 The effect of the peak width as a result of diffusion is of some importance and can 

be described by the Nernst-Einstein theory of standard diffusion.  Once again, an 

exhaustive mathematical presentation of this theory is not required for a basic 

understanding of the process as long as the equations presented are taken as fact or are 

reviewed from the appropriate references (18-22).  The peak width is defined as the full 

width at half maximum of the detected ion packet and will be referred to as σ1/2.  The 

initial duration of the initial ion pulse is controlled instrumentally and is referred to as tw.

These two parameters are related by the expression given in Equation 4-6. 
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Equation 4-6  σ1/2 = vd tw

where vd is the drift velocity 

 

If a narrow pulse is introduced into the drift region by the ion gate, then diffusion 

changes the pulse from a square wave (typical shape of a gate pulse), to a gaussian peak.  

The width of that Gaussian peak is proportional to (Dt)1/2. Where D is the diffusion 

coefficient specific to the detected ion and t is time.  Equation 4-7 relates the drift 

velocity to the diffusion coefficient and is called Fick’s first law of diffusion. 

 

Equation 4-7 nvd = -D (δn/δx) 

 where n is the concentration density of the ions in the ion packet (particles/cm3), x

is the spatial coordinate (cm) 

 

It must be stated that any information obtained about the diffusion coefficient 

from the peak shape is of lower accuracy than the mobility factor K.  The mobility is 

related to the diffusion coefficient by Equation 4-8. 

 

Equation 4-8    K = zeD/kT. 
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 The fact that this information is available from the ion mobility spectrum can aid 

in the identification of the detected species by knowing both the Ko and the D for a 

particular analyte.   

 Another important factor that can be determined from the detected ion packet 

width and that is the charge state z of ions in the packet.  With radioactive ion sources 

and APCI  (Atmospheric Pressure Chemical Ionization), the charge state is almost always 

one.  However, uncommon sources used in traditional mobility instruments such as 

electrospray sources are becoming more widespread as ion mobility is being used in the 

field of proteomics (23,24).  Electrospray sources readily impart multiple charge states on 

ions.  The relationship between pulse shape and charge state is given plotting tw
2 (the 

instrumental pulse width) vs td
2 (the drift time) (22).  Ions of the same charge state will 

fall on the same line.  A plot of this type can be used to distinguish between ions with 

similar drift times and different charge states. 

 

4.3 Resolution 

 

Several definitions for ion mobility resolution appeared in the early works of this 

field.  Early works tried to describe the resolution in terms of theoretical plates and later 

as height equivalent to theoretical plates.  These relationships have given way to a 

standard definition for mobility resolution based upon the same separation principles 

used in gas chromatography.  The resolution of an ion mobility instrument is given by 



154 

Equation 4-9.  R is the resolution, td is the drift time, and w1/2 is the FWHM (full width at 

half maximum). 

 

Equation 4-9     R = td / w1/2 

 

Another measure of resolution for an ion mobility instrument can be given by the 

peak to peak resolution (Rpp) and is shown in Equation 4-10. 

 

Equation 4-10    Rpp = 2[δtd / (wI + wII)] 

 

where δtd is the drift time difference between peak I and peak II and wI and wII are 

the respective peak widths at the base of those peaks 

 

It should be noted that the relatively low resolution of the ion mobility technique 

has been a key disadvantage to its widespread acceptance as an analytical tool.  However, 

the advantage of high selectivity from the atmospheric pressure ionization and 

subsequent ion-molecule reactions makes up for the low resolution in that only specific 

types of ions will be formed for known sample types.  From the definitions given for the 

resolution of an ion mobility spectrometer typical values fall between 20-50 at normal 

operating conditions.  The resolution, R, should not be confused with the actual resolving 

power of the instrument.  However, a correlation does exist between them and the higher 

the R, the better the instrument's capability of resolving two ions with similar mobilities.  
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4.4 Ion Mobility Instrumentation 

The current instrumentation used to measure the mobility of ions has changed 

dramatically since the foundations of detecting ions at atmospheric pressure was reported 

in the literature as early as 1850 (14).   

 The modern birth of IMS came about from research conducted to sort negative 

ions from specific compounds in air under atmospheric pressure conditions.  Government 

and corporate research endeavors produced a number of instruments able to complete this 

task.  These instruments became known as plasma chromatographs.  The name plasma 

chromatography comes from the fact that a mixture of ions in air was known as a plasma.  

The ions were separated by a process that was thought to be similar to that of a 

chromatographic separation.  Plasma chromatography (PC) was the early name for the 

technique that later became known as ion mobility spectrometry.  It should be noted that 

the fundamentals of chromatography and ion mobility differ drastically and for that 

reason the plasma chromatography name was abandoned.  The early plasma 

chromatographs and modern IMS instruments are constructed similarly with marked 

improvements made along the way.  The key to those early research endeavors was the 

development of the drift tube design used in mobility instruments.  A complete drift tube 

ion mobility instrument consists of an ionizer, a reaction region, a shutter gate, a drift 

region, and a detector.  This type of IMS instrument is shown in a schematic as Figure 
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4.2.  The mobility spectrum obtained from IMS instruments provides a dimension of 

selectivity not found in simple ionization detectors.  Other types of IMS instruments now 

exist, including differential mobility spectrometers (25,26) and laminar flow 

spectrometers (27), but only the drift tube type will be explained here. 

 Despite the continued development of IMS instrumentation over the last 30 years, 

there is little uniformity in analyzer design, and distinctiveness has led to several 

drawbacks.  The key weakness associated with modern instrumentation is that there is no 

standardization with this technique so the instrumental parameters are widely varied and 

the results produced are not comparable from instrument to instrument.  Further 

complicating this technique, most spectra-producing instruments in use are research 

grade, custom-constructed instruments, and the results are unable to be duplicated on 

another instrument.  With these aforementioned problems, a detailed explanation of each 

part of the instrument is given.  The IMS separation process is illustrated and briefly 

explained in Figure 4.3.  Each region of the mobility instrument illustrated in Figure 4.2 

will be individually discussed. 



157 

 

sample &
carrier 
gas inlet

63Ni or 241Am
radioactive foil

ionization &
reaction region

drift gas outlet

drift region

ion shutter

drift
gas
inlet

Faraday plate

readout electronics

--

-- --
--

--
--

--

--
----

--

--

--

--

-- --

--

--

--

--

--

--
--

--
--

-- -- -- --

--

--

--

--

--

--
--

--

--

--

Figure 4.2 – Schematic of a drift tube ion mobility instrument. 
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Figure 4.3 – Separation of ions in the drift region of the ion mobility spectrometer.  A 

small packet of ions is introduced into the drift region during an open shutter state.  

The electric field gradient moves ions of a specific polarity into the drift region where 

the ions collide with drift gas molecules.  Smaller ionic species traverse the drift 

region faster than the larger ionic species.   
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4.4.1 Inlet Systems 

 

Mobility instruments are designed to separate gas-phase ions formed from a 

sample delivered to the ion source or reaction region.  An inlet must be provided that can 

transport the sample to the ionizer for analysis.  The type of inlet used will depend greatly 

upon the physical state of the sample that is to be analyzed.  Gaseous samples require a 

different inlet source than solid and liquid samples.  One requirement of the inlet is that it 

provides an analytically reliable measure of the sample and it should not skew the 

chemical information desired.   

 Inlets for gaseous samples or vapors require nothing more than a means to draw 

the sample into the ionizer.  These types of inlets could be simple in design such as a 

semi-permeable membrane or an injection port as encountered in a GC.  Solid and liquid 

samples require a different type of inlet where the sample must be first converted into a 

gaseous state and then swept into the ionizer.  The most commonly employed system for 

these types of samples is to use a filament on which the sample is deposited.  A current is 

then passed through the filament causing rapid heating and the sample is vaporized and 

carried into the ionizer.  The advent of electrospray has enlarged the scope of samples 

able to be analyzed by mobility instruments and provides an inlet and ionizer for 

complicated liquid samples.   

 Associated with the sample inlet system and gas inlets for the gas streams is the 

reagent gas that is sometimes beneficial in ion mobility measurements.  Reagent gases are 

introduced into the instrument gas stream to provide pathways for specific ion gas 
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chemistry.  This allows for a greater selectivity in the types of samples analyzed.  

Another benefit of adding a reagent gas is to simplify the background mobility spectrum.  

Often the choice of reagent gas is made so that it will be the only ionic species present in 

the absence of the analytical sample.  This comes from the selective nature of the 

ionization process described later and the subsequent reactions that take place in the 

reaction region.  The main method used to generate a continuous and stable supply of 

reagent gas is to use a permeation tube.  A permeation source consists of a short length of 

plastic tubing filled with an appropriate liquid to form the reagent gas.  The tube is sealed 

at both ends.  The rate of permeation is controlled by the tubing material, wall thickness, 

tube length, temperature, and vapor pressure of the liquid.   

 The types of inlet systems in use for the sample introduction into the mobility 

instruments vary widely.  They include direct sample introduction, membrane systems, 

exponential dilution flasks, filament deposition, electrospray, and preconcentrator type 

systems.  A comprehensive review of different types of inlets for use in ion mobility 

instrumentation can be found in a book by Eiceman (28). 

 

4.4.2 Ionization Region 

 

The process of ionization and the reaction chemistry involved in analyzing the 

constituents of a sample are arguably the most important steps in the mobility process.  

The ionization process occurs through gas-phase ion-molecule interactions.  Historically, 
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this has been the strength of IMS as an analytical tool because of the selectivity achieved 

by these processes.  The ionization process that occurs in the source region of the 

instrument has become known as atmospheric pressure chemical ionization or APCI.  

The reactions found in APCI sources are established principles of kinetics, 

thermodynamics, and molecular structure depending upon instrumental parameters such 

as temperature, pressure, moisture content, and sample concentration.    

The analytical sample is introduced into the ionization region as a gas or vapor 

from the inlet system.  The ionizer usually consists of a radioactive (α or β-) emitter.  

Other sources have been used and researched due to the disadvantages of using a 

radioactive source.  These disadvantages include the need for a regulating agency to be 

involved with use of radioactive material, regular leak testing, diminishing signals over 

time due to radioactive decay, low dynamic ranges, and additional operator training 

courses.  However, there are some advantages to radioactive sources. Primarily the lack 

of an external power source for the ionizer suits the technique well for portability and 

mobile measurements.   

 The description of ionization will be given for a typical 63Νi source which is a β−

emitter and emits electrons with a maximum energy of 67 keV and an average energy of 

17 keV.  The following description of the ionization process is illustrated by Figure 4.4.   

 The 63Ni is normally deposited onto a foil of another metal like gold.  The  β−

particle emitted from the 63Ni foil passes through the stream of sample vapors and carrier 

gas molecules where it interacts with the orbital electrons and imparts enough energy to 

eject one or more electrons from the atoms.  This produces a positively charged ion and  
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Figure 4.4 – Process of ionization by an ionizing beta particle.  An electron is ejected 

from an atom by an incident beta particle to form a positive ion and a free electron.  

The free electron is captured by an electronegative atom to form a negative ion.   
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free electrons referred to collectively as an ion pair.  The ion pairs themselves interact 

with additional surrounding matter through collisions.  Through these collisions, the beta 

particle and ionized species are decelerated leaving a track of positively charged ions and 

secondary electrons.  Each ion pair requires about 35 eV in air for its creation so on 

average, each beta particle creates about five hundred secondary electron-positive ion 

pairs.  The higher the radioactivity of the ionization source, the more ion-pairs are 

produced.  When product ion-pairs are formed, the total charge in the ionization chamber 

is conserved.  As a result, the number of reactant ions decreases gradually.  In a typical 

ionization source 108 to 109 reactant ions are present.  At low concentrations of analyte, 

the reactant ions are consumed proportionally to the density of the neutral molecules.  

However, at large concentrations the ionization region becomes saturated with more 

sample molecules than can be ionized.  At this point, an additional increase in analyte 

concentration does not lead to an increase in analyte ion production.  This limits the 

linear range of the instrument.   

After further collisions, the ions and secondary electrons are thermalized.  The 

ionization and thermalization takes place on the nanosecond time scale.  The charged 

particles are forced out of the ionization region by a suitable electric field gradient.  

Secondary electrons attach themselves to species with a high electron affinity such as the 

O2 if air is used as the carrier gas.   The O2
- species react with nitrogen to make NO-

x and 

NxO-
y ions.  These and other reactant ions serve as the foundation for the reactions that 

take place in air at atmospheric pressure.  If a specific reagent gas is introduced into the 

gas stream then it will be ionized either directly or by the many ion-molecules reactions 
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that take place in the ionizer and reaction regions.  The positively charged particles are 

forced one direction and are neutralized on the pusher plate while the negative ions and 

thermal electrons are forced into the reaction region.  This is the general operation when 

the instrument is set to detect negative ions, as is often the case using traditional IMS 

experiments.  

 There are other methods used to form ions than the beta emitter radioactive 

source.  However, a complete understanding of every type of ionization source is not 

needed to understand the basics of the IMS technique.  

 

4.4.3 Reaction Region 

 

The reaction region is the area of the instrument outside of the direct ionization 

from β- particles, but before the timing set by the shutter gate.  The reactions occurring 

between the ions, electrons, and resident molecules in this region at atmospheric pressure 

become one of the most important aspects of ion mobility spectrometry.  The chemical 

reactions may continue in this region from microseconds to seconds depending upon one 

of many factors affecting the reaction region.  These include electric field gradient, 

reaction region length, temperature, sample concentration, reactant ion concentration, and  

other factors.  The ions produced in the ionization region consist mostly of carrier gas 

and/or reagent gas molecules.  The ionized molecules will undergo ion-molecule 

reactions by the millions of collisions, due to the short mean free path at atmospheric 
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pressure, until the ionic charge resides on the species with the greatest propensity to hold 

the charge.  These are the species present in the reaction region that have the greatest 

electron affinity. 

 Often the sample is present in such a trace concentration that direct ionization 

from β- particles is minimal.  The charge is transferred to the sample by the ion-molecule 

collisions taking place at the relative high pressures.  The choice of carrier gas and/or the 

introduction of a secondary reactant gas plays a dynamic and important role in the 

mobility of the analytical sample.  A typical reactant gas would be an organic vapor such 

as dichloromethane, which produces the Cl- ion.  The exclusion of impurities in the 

ionization and reaction region is of prime importance because of the ion-molecule 

reactions that take place.  The conversion of impurities to ion-clusters and changes the 

mobility spectrum to various degrees.  Special attention needs to be exercised in keeping 

unwanted species out of these regions.  Consequently, purified carrier and drift gases as 

well as moisture control and other gas traps are required for the reproducible operation of 

ion mobility instruments.  The presence of many types of impurities in the ion mobility 

spectrum proves to be a significant problem as the detection limits are pushed to lower 

levels. 

 Assuming all factors are controlled, the interpretation of the ion mobility 

spectrum for both the positive and negative ions must be made from the reaction 

chemistry involved.  The reaction chemistry will vary for different analytical species and 

choice of carrier gas and reagent gas.  The chemical ionization reactions for the formation 

of negative ions can differ from those which form positive ions.  Several of the main 
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types of reaction mechanisms involved in the reaction region of ion mobility 

spectrometers are listed below as summarized by a book on ion mobility (22).

The formation of negative ions in the reaction region of the ion mobility 

spectrometer at atmospheric pressure conditions generally occurs by one of the following 

reaction types.  At atmospheric pressure each of these types of reactions produces little or 

no fragmentation due to the mild energies associated with the charge transfer processes.  

Additionally, an adduct can be formed by a weak attachment of a reactant ion to a neutral 

molecule.  In the reactions illustrated below, R is the reaction species and P is the sample 

species.  H and A are, respectively, protons and other analytical sample moieties.  

• Charge Transfer  

R- + P � R + P-

• Dissociative Capture 

R- + AP � R + A + P-

• Proton Abstraction 

R- + HP � RH + P-

• Electrophilic 

R- + P � R P-

• Complex Rearrangement 

For ion mobility reactions carried out in purified air or nitrogen, the charge 

transfer and dissociative capture reactions are of primary importance.  The tendency of a 

molecule to become negatively ionized as a result of charge transfer is dependent upon 

the relative electron affinities.  For this reason, species with the highest electron affinities 
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end up with the negative charge through the numerous collisions that occur at 

atmospheric pressure.  In practice, the ion mobility technique is well suited for the 

detection of negative ions involving compounds with functional groups that have high 

electron affinities such as NO2 and halogens.   

Specific reactant ions can be generated by the addition of reactant gases into the 

reaction region.  This is generally done by doping the carrier gas with a small 

concentration of a reactant gas.  Reactant ions are generated from the reactant gas and 

other types of reaction processes can occur.  These include the proton abstraction, 

electrophilic attachment, and complex rearrangement reaction types.   

Positive ions are formed by processes that can differ somewhat from the negative 

ion generation.  The most important reaction mechanisms involved in atmospheric ion-

molecule reaction types involving positive ion generation are listed below. 

• Complex Rearrangement 

• Hydride Abstraction 

R+ + PH � RH + P+

• Hydroxide Abstraction 

R+ + POH � ROH + P+

• Nucleophilic Attachment 

R+ + P � RP+

• Oxidation 

R+ + P � R + P+

• Proton Transfer 
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RH+ + P � R + PH+

Of these reaction types, the proton transfer reaction and the nucleophic attachment 

reaction play the major roles in positive ion-molecule reactions.  The moisture content of 

the reaction region is an exceptionally important parameter as water and water clusters 

are involved heavily in positive ion reaction mechanisms.  With the variety of reactions 

available for both positive and negative ions, certainty of the resulting species in the ion 

mobility spectrum can only be accomplished by mass spectrometric detection.   

 The reacting ions and ion-molecule clusters continue to be forced down the 

reaction region by the electrical field gradient until they reach the shutter or ion gate.  If 

the shutter is closed, the ions are neutralized by a collision with the gate.  If the shutter is 

open the ions are allowed to pass through into the drift region where a measure of the ion 

mobility is obtained.   

 

4.4.4 Ion Gate / Shutter 

 

There are several types of ion shutter designs that can be used with the ion 

mobility technique, but only the two main types and their operation will be discussed 

here.  These are the Tyndall-Powell and Bradbury-Neilsen ion shutters.  The shutter plays 

an important role in the instrument as it separates the reaction region from the drift 

region.  The reaction region supplies a continuous flux of ions that arrive at the shutter 
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and are either neutralized or allowed to pass depending upon if the shutter gate is opened 

or closed.  If the shutter is closed, the ions are neutralized by their arrival at the surface of 

the shutter.  When the shutter is open, ions are allowed to pass through to the drift region.  

The shutter grid is momentarily opened and then quickly closed to allow a small packet 

of ions into the drift region where they can be separated.  The resolution of the mobility 

spectrum is highly dependent upon the shutter operation and time the shutter is open, 

known as the shutter pulse width.  The types of shutters used will now be discussed. 

 The Tyndall-Powell shutter uses a two or three grid system where the grids are 

not in the same longitudinal plane but are separated by some small distance.  The two 

grid system is shown in Figure 4.5.  The potential of one of the grids is raised to create an 

electrical field gradient situation where the ions cannot pass through to the drift region.  

The shutter is held in the closed position most of the time.  Decreasing the voltage of the 

second grid to match the electric field gradient opens the shutter.  In this state, ions pass 

through for a short time until the shutter is closed again. 

 A three grid Tyndall-Powell shutter operates in the same manner.  The difference 

between the two and three grid system is that when a third grid is used, a sharper electric 

field gradient can be established between the varying grid and its neighboring grid 

electrodes.  This is an important concept as it allows for less ion leakage to occur across a 

Tyndall-Powell type shutter.  The three grid system is illustrated and compared to the two 

grid shutter in Figure 4.6. 
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Figure 4.5 – Operation of a two grid Tyndall-Powell shutter.  A) Shutter is in closed state 

and ions are blocked from entering the drift region.  B) Shutter is in open state and 

ions migrate to drift region.   
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Figure 4.6 – Comparison of the A) three grid Tyndall-Powell shutter to the B) two grid 

shutter.  The third grid allows for less ion leakage because of a sharper field 

gradient. 
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The second type of shutter, the Bradbury-Nielson shutter, operates by using two 

sets of wires in the same longitudinal plane with a different voltage bias on each set.  This 

creates an electrical field orthogonal to the drift field and the ions are pulled and pushed  

to one of the wire sets where they are neutralized when the shutter is in its closed state.  

This description is illustrated in Figure 4.7.  The shutter is opened by adjusting the 

voltage bias on the wires until they have the same voltage, each fitting in the linear field 

gradient.  This eliminates the orthogonal field and ions are allowed to pass through.   

The advantages or disadvantages of each shutter system typically determine 

which shutter is used in an ion mobility instrument.  The primary advantage of the 

Bradbury-Neilson shutter is that higher resolutions can be achieved because the time it 

takes ions to traverse the planar shuttering area is small when compared to the Tyndall-

Powell shutter.  The disadvantage of the Bradbury-Nielsen shutter is that it is more 

complicated to construct than the Tyndall-Powell design.  The Tyndall-Powell shutter can 

readily be made by two or three grids separated by a small spacer.   

 

4.4.5 Drift Region 

 

The drift region is the area of the spectrometer where the separation of ions by 

their characteristic mobility takes place.  To quench ion-molecule reactions, the drift  
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Figure 4.7 – Operation of the Bradbury-Nielson ion shutter.
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region is purged with a clean gas that has a counter-flow to the direction of the ions.  The 

separation of ions begins in this region by the collisional interaction of the ions with the 

counter-flow of drift gas.  Ions with a greater cross-sectional area undergo more 

collisions than ions with a smaller cross-sectional area through a specified distance.  The 

electric field gradient pulls the ions towards the detector and the collisions slow the travel 

of the ions down.  The result is a constant velocity in the direction towards the detector 

with larger ion species being slower than smaller ion species.  

 The physical construction of a drift tube normally consists of several electrodes 

separated by insulating spacers.  An electric field gradient is established by a voltage 

divider circuit and is almost exclusively linear in ion mobility drift tubes.  The length, 

diameter, construction material, drift tube design, and electric field gradient become 

important parameters in ion mobility drift tubes.  Because of the various designs of drift 

tubes in use in the ion mobility community, many experiments and analytical results are 

unique to the instrument in which the data were taken.  As an increased number of 

commercial endeavors are being taken to produce “off the shelf” ion mobility 

spectrometers, this situation will improve.   

 

4.4.6 Detector 

 

The detector of the traditional ion mobility instrument must be one that can 

operate at atmospheric pressure since the drift tube is operated at relatively high 
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pressures.  Also, the detector must be robust enough to accommodate the temperature 

conditions that are encountered.  The ions are detected as they collide with a current-to-

voltage converter such as an electrometer.  Electron multipliers and mass spectrometers 

have been used as detectors in non-traditional ion mobility experiments.  The primary 

disadvantage of the electrometer detector is that it is relatively insensitive.  The direct 

measurement of the ion beam provides no gain.  A screen must be placed very near the 

surface of the detector to prevent an ion image current from being detected through 

capacitative coupling.  Most instruments use an averaging scheme to reduce the noise 

detected by the electrometer.   

 

4.5 Description of the PC-110 Ion Mobility Spectrometer 

 

General ion mobility instrumental parameters and results will be presented 

through the discussion of the PC-110.  The PC-110 is a typical commercial high 

performance ion mobility spectrometer with a distinguished sensitivity for compounds 

suited for the IMS technique in negative ion mode.  Its performance characteristics will 

be evaluated and presented so that a later comparison of IMS technologies can be made.   
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4.5.1 Instrumental Parameters 

 

The PC-110 ion mobility spectrometer was a commercially available bench-top 

instrument available from PCP, Inc. (West Palm, Florida).  The company was started as 

the first commercial producer of ion mobility instruments from the research endeavor 

conducted by Franklin GNO.  The company is no longer in existence as it has been 

acquired by SAES Getters (Italy).   The PC-110 is still among the most sensitive ion 

mobility spectrometers and contains several desirable features.  The ionization source is a 

63Ni beta emitter with an activity of 10 mCi.  This is a relatively high activity for a 

modern IMS ionization source.  The beta particles produced from this source have an 

energy range from 0 to 67 keV.  The 63Ni is located on a foil that is placed on the inside 

of a stainless-steel ring.  The analytical sample is carried through the center of that ring 

by the carrier gas.  The inside diameter of the ionization ring is slightly less than 1 cm.   

 The electrostatics of the instrument were made to have a selectable polarity 

enabled to bias the ionization region to eject either positive or negative ions into the 

reaction region.  A pusher grid electrode resides at one end of the ionization electrode to 

force out the ions of the selected polarity.  Each electrode in the instrument is electrically 

connected to a voltage divider resistor string where the high-voltage is applied and a field 

gradient is established.  Each electrode is separated by insulating sapphire balls to 

electrically isolate them from one another.  The output of the high-voltage power supply 

can be varied so that a desired electric field gradient can be achieved.  The supply can put 

out a maximum of 3 kV.  The electric field gradient is 430 V/cm at this setting. 
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Beyond the ionizer, the ions are injected into a series of reactor ring electrodes 

making up the reaction region.  The reactor rings are made from stainless steel.  The outer 

diameter of the reactor ring is 1.4 cm and the inside diameter is 1.2 cm.  Five reactor 

rings and appropriate insulating spacers are stacked together to form a reaction region 6.0 

cm in length.  This reaction region has a volume close to 7 mL.   

The shutter system of the PC-110 is a Bradbury-Neilson shutter consisting of two 

electrically isolated sets of coplanar wires.  It consists of parallel wires woven on an 

alumina support in such a manner to allow for independent control of each set of wires.  

A representation of a BN-shutter like the one in the PCP is illustrated in Figure 4.8.  The 

wire diameter, adjacent wire spacing, and parallel uniformity all affect the effectiveness 

of the shutter.  Each set of shutter wires is connected to the shutter circuit board powered 

by the same high-voltage power supply.  The shutter pulse is externally controlled 

through a TTL pulse opto-isolated from the high voltage.  Any desired pulse width above 

0.05 msec can be achieved.  A gas exit port for the removal of neutral compounds is 

located near the shutter on the reaction region side. 

The drift region of the instrument is also made up from a stack of stainless steel 

rings and sapphire spacers.  The outer diameter of the drift ring electrodes is 4.3 cm and 

the inner diameter is 4.1 cm.  Seven electrodes and appropriate spacers are stacked to 

form a reaction region 8.0 cm in length.  The volume of the drift tube is slightly over 100 

mL.  A screen mesh grid is placed at the end of the drift region just in front of the 

detector to keep the ion swarm from imparting an ion image current on the detector 
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through a capacitative effect.  The detector is just a metal plate connected to an 

electrometer detector system with a selectable gain. 

The entire electrode system is stacked together and is held in place by tension 

springs.  An aluminum housing surrounds the entire electrode system and a separate 

electrical feed-through is required for each grid, ring electrode, shutter wire, and for the 

detector plate.  The aluminum housing is heated by power resistors connected to a 

general power supply and can be set to any temperature ranging from ambient room 

temperature to 200 degrees C.  It is monitored and controlled by a thermocouple 

connected to a temperature control system.  The high voltage and shutter circuits are 

located on isolated boards connected to the outside of the aluminum housing.  The 

detector plate output is fed into a shielded electrometer circuit located on main circuit 

board.  The instrumental output is a voltage proportional to the current being detected on 

the detector plate.   

The aluminum housing and circuit boards are covered with a formed metal 

housing and the entire instrument excluding the external power supply, is about the size 

of a toaster.  The weight of the instrument, excluding the external power supply, is about 

25 pounds.  The instrument must be operated off of an external power supply.  The 

electrical requirements are +/- 12V at 3 amps.  With that in mind, the instrument can be 

easily transported.  However, it would not be regarded as a portable instrument due to the 

need for a gas supply and the high weight of a power supply.   

The PC-110 is shown in Figures 4.9 and 4.10.  Table 4.1 summarizes the PC-110 

instrumental specifications.   
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Wire Set 1

Wire Set 2

 

Figure 4.8 – Representation of a Bradbury-Nielsen ion shutter like the one used in the 

PC-110 IMS.  Two sets of wires are strung across an alumina support to establish an 

orthogonal field gradient.   
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Figure 4.9 – Image of the PC-110 Ion Mobility Spectrometer.  
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Figure 4.10 – The PC-110 internal electrodes.  The small ring electrodes make up the 

reaction region.  The large ring electrodes make up the drift region. 
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Ionization source Ni-63
Radioactivity 10 mCi
Maximum energy of radiation 67 keV
Average energy of radiation 17 keV
Voltage range (+/-) 1924 - 3000 V
Voltage gradient range (+/-) 137 - 214 V/cm
Reaction region 6 cm
Drift region 8 cm
Typical carrier flow 100-300 mL/min
Typical drift flow 300-500 mL/min

PC-110 Ion mobility spectrometer instrumental parameters

Table 4.1 – Specifications and operating parameters of the PC-110 ion mobility 

spectrometer. 
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4.5.2 PC-110 Control Software 

 

The PC-110 is controlled by a custom software package program using LabView 

(v. 6.0.2).  An analog data acquisition board (DAQ) from National Instruments, model  

PCI-MIO-16XE-50, was used to send the shutter control pulses and to collect the analog 

output from the electrometer.  Also,an SCB-68 breakout box from National Instruments 

was used as the interface to connect the PC-110 to the DAQ controller.  A 350 MHz 

computer running Windows 2000 was used as the control computer.   

 The control program was originally written by Roger Sperline (University of 

Arizona, Denton Group) to produce output pulses as well as to collect data on an input 

channel.  The original program has been modified extensively since its original version.  

The TTL pulse used to control the shutter also serves as a trigger for the drift time.  The 

shutter pulse is under computer control and can be varied in terms of pulse width, rep 

rate, and amplitude by the control software.  The collected output signal from the 

electrometer is triggered by the shutter pulse and can be saved and averaged in a number 

of different operation modes.  The data are saved in ASCII XY or ASCII XYY format 

with drift time being the X column.  Each individual spectrum from the PC-110 can be 

saved.  This mode of data acquisition, called “All Data”, takes up a lot of memory if any 

significant number of spectra are to be collected.  The data can also be averaged in two 

different modes.  The first average mode is called “Averaged Data” and just averages any 

number of spectra and saves the result as one averaged spectrum.  The second average 

mode of operation is called “Every N” and it averages a user defined number of spectra n 
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number of times.  The data are saved as an ASCII XYY where each Y set is an average of 

the user defined number of spectra.   A screen shot of the control software is shown in 

Figure 4.11. 

 

4.6 Performance Parameters of the PC-110 

 

4.6.1 Detection Limits 

 

The ion mobility technique boasts very high sensitivities and is inherently 

sensitive to compounds that have high proton affinities or high electron affinities.  In the 

negative ion mode, the instrument is highly sensitive to halogenated and nitrated 

compounds.  Compounds of this type often have detection limits in the sub-ppb or pg 

range.    For compounds that do not contain halogens or nitrates the detection limit can be 

much higher.  Several references over the decades have reported detection limits for a 

number of various compounds (29-33).  Included in these is a detection limit of 40 pg for 

p-chlorotoluene, 23 pg for dodecane, hundreds of femtograms for carbon tetrachloride, 1 

pg for 1,3,6,8-tetrachloro-dibenzo-p-dioxin, and in the hundreds of pg range for DMSO, 

nitrobenzene, and TNT.   

The detection limits for the PC-110 were measured for a number of different 

halogenated compounds.  The chemicals used were purchased from different sources.  

1,2-Dibromohexane [CAS 624-20-4], iodoethane [CAS 75-03-06], and carbon 

tetrachloride [CAS 56-23-5] were purchased from Aldrich; dichloromethane [CAS 75- 
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Figure 4.11 – Screen capture image of the control software for the PC-110. 
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09-2], and chloroform [67-66-3] from EMD; chlorobenzene [108-90-7] from Alfa Aesar.  

The analysis of the compounds on the PC-110 was accomplished by one of two sample 

introduction methods:  Either a diluted headspace gas analysis was used, or the 

vaporization of a dilute solution was used. 

The diluted head space gas analysis was carried out by adding a specific volume 

of neat sample to a heated bottle.  The sample was completely vaporized and a gas 

aliquot from that bottle was added to a second heated bottle for a dilution.  A small 

aliquot from bottle two was injected into the carrier gas stream near the ionization region.  

This method of diluted headspace allowed for very small quantities, in the pg range, of 

analyte to be controlled and introduced reproducibly into the instrument.  The gas 

dilution bottles were wrapped with heating tape and placed on a hot plate.  The external 

temperature of both bottles was maintained at 170 oC.  Each bottle was capped with a red 

PTFE/white silicone septum.  The neat sample was added to the first bottle with an 

adjustable micropipette. The transfer and sample aliquots were measured and injected 

using a gas tight syringe.  A 10-500 µL syringe was used for the transfer and a 1-10 µL

syringe was used for the sample injection.  This technique allowed a range from 1 pg to 

several µg to be reasonably reproduced when injected into the PC-110.   

The vaporization of a dilute solution was accomplished by placing a small volume 

of a dilute sample solution onto a filament which was then rapidly heated to vaporize the 

sample solution.  The dilute solution was a mixture of the analyte at a ppb concentration 

dissolved into acetonitrile.  The carrier gas swept the vaporized sample into the ionization 

region.  One microliter of an appropriate concentration of dilute sample solution was 
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placed onto a tungsten filament by using a micro-capillary.  The tungsten filament was 

heated by applying a voltage and the sample was vaporized in less than a second.  This 

method was less reproducible than the gas headspace method due to the difficulty in 

reproducibly applying 1 µL to the filament from the capillary.  

The detection limits for selected compounds are shown in Table 4.2.  The method 

by which the sample was introduced into the IMS and a number of other figures of merit 

are noted on the table.  The IMS instrument was operated at 160 degrees C for all 

samples.  The gas used for both the drift and carrier streams was ultra high purity 

nitrogen with a drift flow of 250 mL/min and a carrier flow of 125 mL/min.  The 

atmospheric pressure was measured to be 695.5 Torr.  2.249 kV was applied to the 

voltage divider string to establish a field gradient of 161.18 V/cm.  The shutter was 

maintained at a pulse width of 200 µs.  An ion mobility spectrum for the background gas 

is shown in Figure 4.12.  The most intense peak occurs at a drift time of 0.32 msec and 

corresponds to free electrons.  In a non-electron attaching carrier gas such N2, a large 

reactant ion peak from molecular ionization is not present.  Rather, the reaction ion peak 

is the peak due to the free electrons.  The background spectrum does contain a few peaks 

from other species.  The small peak at a drift time of 9.52 msec (Ko – 3.008V-1 cm2 sec-1)

probably corresponds to a chloride-containing contaminant.  The peak at 10.28 msec (Ko

– 2.786 V-1 cm2 sec-1) arises from oxygen impurities.  The ionized oxygen reacts with the 

nitrogen to form NO2
- ions and N2O5

-. The other peaks, 10.76 msec and 12.08 msec (Ko

– 2.661 V-1 cm2 sec-1 and Ko – 2.371 V-1 cm2 sec-1 respectively), are from other 

contaminants present in the entire system. 
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Table 4.2 – Detection limits for selected compounds detected on the PC-110. 

Compound Inlet System Drift Time (msec) Ko LOD (pg) %RSD
Dichloromethane Headspace Injection 9.56 3.021 39 18.7

Carbon Tetrachloride Headspace Injection 9.54 3.002 5 5.8
Chlorobenzene Headspace Injection 9.54 3.002 1000 15.6

Chloroform Filament 9.54 3.002 26 18.6
Iodoethane Filament 11.14 2.571 13 22.4

1,2 Dibromohexane Headspace Injection 10.70 2.676 24 7.9



189 

 

0 5 10 15 20 25 30
0

1

2

3

4

5

12.08 msec

10.76 msec

10.28 msec

9.52 msec

6 8 10 12 14 16
0.30

0.35

0.40

0.45

0.50

0.55

O
ut

pu
tV

ol
ta

ge
(V

)

Drift Time (msec)

Background Ion Mobility Spectrum from UHP N2 on PC-110

0.32 msec (Due to Free Electrons)

Instrumental Parameters
Drift flow=250 mL/min
Carrier=125 mL/min
Temp=160 C
Dilution bottle temp 170C
Voltage=2.249KV
shutter=200us
atmospheric pressure=695.5 Torr
drift and carrier gas is UHP nitrogen

 

O
ut

pu
tV

ol
ta

ge
(V

)

Drift Time (msec)

 

Figure 4.12 – Background mobility spectrum in UHP N2.
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The detection limit for each compound listed in Table 4.2 was calculated by the 

3σ/slope method.  A calibration curve was constructed for each compound using 

appropriate concentrations to fit into the linear regime.  It is seen in the table that the 

range of detection limits widely vary depending upon the analytical compound being 

tested.  The lowest detection limit was observed for carbon tetrachloride while the highest 

was for chlorobenzene.   

 

4.6.2 Resolution 

 

The technique of ion mobility has generally been regarded as a low resolution 

technique which offers a low separation efficiency.  While this is partially true, it is often 

offset by the selectively of the APCI reactions that are involved in the ionization of the 

ionic species.  Specific compounds are selectively ionized through these reactions and 

interfering species remain as neutral molecules and are not detected.  The result is the 

detection of a single ionic species without the interferences that otherwise would not be 

separated or resolved.  Real world samples, however, are very complex and sometimes 

interferences do exist that are ionized and are not resolved from the species of interest. 

The concept of resolution for an ion mobility instrument has been fiercely debated 

throughout the literature for several decades.  The definitions of resolution have been 

previously discussed in this chapter and were presented in Equations 4-9 and 4-10.  The 
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resolution, R, as defined in Equation 4-9, is determined for an IMS by a single peak 

quotient and is the peak drift time divided by the peak width at half height.  A number of 

references (34-38) debate the utility of this measure and expand upon resolution theory.  

The value of R (resolution) is a measure of how narrow a peak is, and is dependent upon 

the initial pulse width and shape, diffusional broadening, coulombic repulsion, capacitive 

coupling of ions to the detector, field heterogeneity, temperature, pressure fluctuations, 

field gradient, and ion-molecule reactions.  Furthermore, the width of the measured peak 

and the drift time give rise to the resolution (R), which is not necessarily a measure of the 

separation power of an instrument.   

 It has been shown through experimental evidence that instrumental factors that 

decrease resolution (R) can still be used to separate overlapping ion peaks in some 

instances.  An example would be to change the drift gas or the temperature.  Tabrizchi 

(34) shows the effect of temperature on several different systems in which changing the 

temperature decreases the resolution of the instrument but separates two overlapping 

peaks.  Conversely, the same change caused two separated peaks to overlap in a different 

system.  Tabrizchi’s work puts to rest the debate from Spangler (35) and Hill (36) about 

the meaning of resolution and shows that each system has instrumental parameters that 

can be adjusted to increase the separation of ion peaks without regard to the parameter R.  

The resolution (R) and its meaning will be taken as a measure of how narrow an ion peak 

is without regard to the separation efficiency of an IMS instrument.     

 Taking into consideration that an increased separation can be achieved by altering 

the chemistry through changing instrumental parameters while adversely affecting the R 
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value, the value of R is generally taken to be a measure of resolving power and a higher 

value corresponds directly to a higher resolution.  Typical values for resolution (R) for 

commercial IMS instruments are between 20-50 depending upon the species being 

detected.  The R for the PC-110, and how changing the instrumental parameters effect 

this value, will be shown.   

 

4.6.2.1 Effect of Shutter Pulse Width on Resolution 

 

Perhaps the most important contributing factor to the width of an ion peak is the 

pulse width of the ion gate that allows the packet into the drift region.  The peak width as 

a function of the pulse gate was studied for the PC-110.  The drift gas used in this study 

was nitrogen.  The analytical peaks of interest were from chloride and oxygen 

contaminants.  The identities of the peaks were determined from the reduced mobility 

constants and from the introduction of species such as dichloromethane and O2 which 

caused an increase in the corresponding peak intensities.  The experimental parameters 

that remained constant were the drift flow, carrier flow, voltage, and temperature.  They 

were 250 mL/min, 125 mL/min, -2100V, and 82 oC respectively.   
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Figure 4.13 – Waterfall plot of mobility spectra taken on the PC-110 at different shutter 

pulse widths.  The trade-off between narrow peaks and intensity can be seen from this 

plot.  
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Figure 4.14 – A) Peak width dependence on the shutter pulse width of the PC-110. B) 

Resolution dependence on the shutter width of the PC-110. 

A)

0 200 400 600 800 1000 1200 1400 1600

0.5

1.0

1.5

2.0

FW
H

M

Shutter Pulse Width (µsec)

Cl-

Oxygen

Peak Width Dependence on Shutter 



195 

The data taken from the PC-110 as the shutter width were varied is shown in a 

waterfall plot in Figure 4.13.  It becomes apparent from these data that a tradeoff exists 

between sensitivity and resolution.  It is shown that the peak widths increase as the 

shutter pulse widths increase as should be expected.  Figure 4.14 shows this clearly.  

Figure 4.14 shows the FWHM for the Cl- and NxOy
- (from the presence of O2) as the 

shutter width is varied.  From this plot a decrease in peak width is observed as the shutter 

pulse width is reduced.  At very long shutter pulse times, the peak width takes on the 

shape of the shutter pulse and approximates a square wave profile with non-step edges.  

At these long shutter times, the peak width is very close to the shutter pulse width.  At 

very short shutter pulse widths, the peak takes on a Gaussian shape due to the  

repulsive and diffusion characteristics of the ion packet.  In this regime, the peak width is 

much longer than the shutter pulse width.   

 This data show that there are several contributions to the overall peak width.  The 

first and most easily characterized is the shutter pulse width.  The other contributions to 

peak width, not as easily identified, include diffusion and ion-ion repulsion.  Equation 4-

11 shows the contributions to peak width.   

 

Equation 4-11   σw
2 = tg

2 + t2
diffusion + t2repulsion + …
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Figure 4.15 – A) Peak area dependence on the shutter pulse width of the PC-110.  B) 

Peak height dependence on the shutter pulse width for the PC-110. 



197 

 This equation shows that the width of the peak (w) is related to a number of 

factors including the shutter pulse width (tg), the diffusion parameter (tdiffusion), the 

repulsion parameter (trepulsion), and whatever else may lead to peak broadening.   

 The data also show that as resolution increases, the sensitivity of the device 

decreases.  Figure 4.15 A and B show the peak areas and peak heights respectively.  It is 

clear that a longer shutter pulse width allows more ions to be let into the drift region, 

causing the intensity of the detected ion packet to increase.  For the data shown from 

these operating conditions, a regime exists between 200 µs and 700 µs shutter pulse 

width in which a functional resolution is achieved as well as a useful sensitivity.  Below 

200 µs the resolution does not increase above R=40 as the peak width is no longer 

affected by decreasing the shutter pulse width.  Above 700 µs the peak height begins to 

trail over as the peak shape begins to approximate the shutter pulse width shape.  It is 

between these shutter settings that the operator needs to determine what levels of 

appropriate resolution and sensitivity are required for the specific analytical application.   

 

4.6.2.2 Effect of Drift Tube Temperature on Resolution 

 

The theoretical effect of the temperature on resolution will be presented by 

discussing the factors that increase peak width through Equation 4-11.  The width of an 

ion peak has several contributions.  The easiest of these to control is the shutter pulse 

width.  The other factors are properties of the ion packet that include physical constants 
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such as the diffusion coefficient for an ionic species and the space charge effects 

associated with the magnitude and number density of the ion packet.  It has been reported 

(36) that the space charge effects are a much less contributing factor than the diffusional 

broadening.  Furthermore, it can be postulated that the effect of changing the temperature 

has little consequence on the space charge effects leading to the repulsion of ions.  With 

that stated, a more in depth focus will be given to the effect of temperature on diffusion.     

 The diffusional characteristics of an ion packet were discussed briefly in Section 

4.2.2 and are related to Equations 4-7 and 4-8.  In a discussion by Siems (36), the t2
diffusion 

term from equation (4-11) has been determined to be that shown in Equation 4-12. 

 

Equation 4-12          t2
diffusion = [16 ln 2 kTtd

2]/(zeE) 

 

This relationship was derived by rearranging Equation 4-8 to solve for D and 

inserting values for K from Equations 4-2 and 4-4.  The reader is encouraged to review 

the Siems reference for the complete derivation.  From Equation 4-8 alone, it should be 

expected that the diffusion coefficient will increase with increasing temperature.  

However, the effect from diffusional broadening on the peak width is not so simple.  The 

drift time (td) also plays an important role in the diffusion term as well as in the 

resolution. 

 Similar to the experiment discussed above, the effect of temperature on resolution 

was studied on the PC-110.  The performance parameters such as the flow rates, the  
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Figure 4.16 – Dependence of the peak width on the temperature of the drift tube.
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Figure 4.17 – Dependence of the peak drift time on the temperature. 
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voltage setting, the drift and carrier gas identity, and the analytical peaks remained 

constant as in the experiment described above.  The shutter pulse width remained at 250 

µs.  The temperature of the instrument was varied from 67 to 221 oC.   

 Figure 4.16 shows the dependence of the peak width on temperature for the 

detected analytical species.  The data show that the peak width increased as temperature 

was decreased.  This was the case for both the Cl- and NxOy
- peaks.  It appears that the 

reason for the increased peak width is due mainly to the increased time that the ion packet 

spends in the drift region.  As the temperature is raised, the diffusion coefficient should 

increase, but also the drift time should decrease.  The overall result appears to be that the 

peak width increases as the temperature is decreased because the ions have more time to 

diffuse even though the diffusion coefficient is less at a lower temperature.     

 The drift time dependence for this data set is shown in Figure 4.17.  The plot 

shows an identical behavior for both the analytical peaks.  As the temperature is raised, 

the drift time decreases.  A resulting plot shown in Figure 4.18 shows the resolution for 

the Cl- peak as a function of temperature.  This figure shows that the resolution for Cl-

increases as the temperature is decreased.  This happens because as the temperature is 

decreased, the drift time increases faster than the peak width.  The result is an overall 

gain in R value for an individual peak.   

 It was stated in an earlier discussion that the resolution R is not necessarily a 

measure of separation power.  The system in discussion here is a good example of that.  It 

has been shown that the resolution (R) increases at a lower temperature.  However, 

Figure 4.19 shows that Cl- and NxOy
- are better separated at the elevated temperature.    
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Figure 4.18 – Resolution dependence upon the temperature.   
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Figure 4.19 – Separation of Cl- and NxOy based upon the peak to peak resolution and its 
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for this system.   



204 

Figure 4.19 is a plot of the Rpp as a function of temperature.  It is clear from the plot that 

better separation occurs at a higher temperature even though higher resolution (R) values 

were obtained at lower temperatures.  Again, the proper parameters must be evaluated for 

a specific system without regard for the value R.   

 

4.6.2.3 Effect of Voltage Gradient on Resolution 

 

Changing the voltage gradient has a similar effect on the resolution as changing 

the temperature in that competing processes occur to affect the R value.  According to 

Equation 4-12, increasing the voltage gradient should decrease the peak width.  However, 

increasing the electric field also decreases the drift time which will also effect the 

resolution R value.  An experiment was conducted in which the voltage gradient was 

changed on the PC-110 while the other parameters were kept constant.  The drift and 

carrier gases were both nitrogen and their flow rates were 300 mL/min and 100 mL/min 

respectively.  The temperature was set at 170 oC.  The data shown on the figure were an 

average of 75 spectra with a shutter pulse width of 250 µs.  The analytical peaks studied 

in this system were chloride from the dichloromethane permeation tube and NxOy
- from 

the oxygen impurities in the nitrogen gas cylinder.   

 The PC-110 had a minimum voltage setting of -1924 V and a maximum setting of 

-3 KV.  These settings correspond to an electric field gradient of 137 V/cm and 214 V/cm 

respectively.  Above a voltage gradient of 186 V/cm, the PC-110 began to arc using  
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Figure 4.20 – The dependence of the Cl- peak width on the voltage setting of the PC-110.
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nitrogen as the drift gas.  For this reason, the range studied in this experiment was 137 

V/cm to 171 V/cm.  Figure 4.20 shows a plot of the Cl- peak width as the voltage gradient 

was increased.  The trend is that the peak width narrows at a higher electric field.  The 

drift time is also affected by the voltage gradient and its trend is shown in Figure 4.21.  A 

linear decrease is seen as the voltage is increased.  The two trends shown in Figures 4.20 

and 4.21 have opposite consequences on the R value.  In the case of the peak width, a 

narrower peak width should result in a higher R value.  Opposite, a shorter drift time 

results in a lower R value.  As in the case discussed above for temperature, one of these 

factors has a slope that outweighs the other and the overall result is that the resolution (R) 

decreases as the voltage is increased.  This is shown in Figure 4.22.   

 The Rpp was also measured for the analytical peaks studied in this experiment as 

the voltage gradient changed.  There was no noticeable change in Rpp. The peak 

separation (Rpp) ranged from 9.3 to 9.7 in these studies.   

 

4.6.2.4 Effect of Drift and Carrier Flow Rates on Resolution 

 

The gas flow rates were varied as the other parameters of the ion mobility 

instrument were kept constant.  These studies revealed little about the effects of either the 

drift flow or carrier flow on resolution.  The peak widths did not change for either peak 

studied.  The drift time did not vary either.  The only notable difference from these 

studies was the changing intensity of the peaks.  Since the source of the Cl- ion was  
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the carrier gas flowing through a permeation tube, the intensity of this peak varied in 

proportion to the carrier flow.  As the flow increased, the intensity of the peak decreased.  

The NxOy
- peak also showed the same trend to a much smaller degree.   

 

4.7 Summary of the PC-110 

 

The operation and performance characteristics of the PC-110 are typical for a 

laboratory ion mobility spectrometer.  The resolution (R value) is typically between 20 

and 50.  This particular spectrometer has a high sensitivity to compounds with a high 

electron affinity for negative mode analysis.  The detection limits of these types of 

compounds are in the low ng to pg range depending upon the analyte.     
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Chapter 5:  CTIA DETECTORS USED IN ION MOBILITY SPECTROMETRY 

 

5.1 Introduction 

 

In the past decade, ion mobility spectrometry (IMS) has undergone some 

significant changes and advancements.  The primary reason for this revolution is the 

increased understanding of the ion processes and ion chemistry occurring in the source 

region and drift region of the mobility spectrometer.  This understanding of the 

fundamental aspects involved in IMS has led to changes in analyzer design and new 

promising source technologies.  The result from these developments is the emergence of 

advanced analyzers capable of very low detection limits (parts per trillion by volume 

organics in nitrogen), higher dynamic ranges, and relatively inexpensive instruments 

giving IMS a high information density to dollar ratio.   

The primary motivation for the development of such low-cost advanced scientific 

instrumentation based upon IMS is the demand to perform field measurements to rapidly 

detect explosives, toxins, chemical warfare agents, and other potentially hazardous 

compounds.  The need to make the instruments portable often requires a reduction in size 

and power consumption leading to sacrifices in performance parameters such as 

resolution and, most notably, sensitivity.  It is believed that resolution and sensitivity do 

not need to be sacrificed in these portable instruments if the CTIA detector is 

implemented with miniaturized ion mobility drift tubes.  Laboratory ion mobility 

instrumentation can also benefit from the use of CTIA detector technology.  Improved 
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detection limits for all compounds can be realized by using a more sensitive detector.  A 

discussion comparing the ion mobility instruments will be presented at the end of this 

chapter. 

 

5.2 CTIA Detector Technology Applied to the PC-110 

 

The initial studies involving the relevancy of a CTIA detector for ion mobility 

were carried out on a PC-110 identical to that described in Chapter 4.  An identical PC-

110 (PhemtoChem) ion mobility spectrometer was obtained from Sandia National 

Laboratory (Albuquerque, NM).  The initial modifications involved replacing the stock 

electrometer detector and Faraday plate with the CTIA-1 camera system.  The initial 

work of testing the feasibility of the CTIA-1 on the modifiPC-110 was performed by S. 

Denson and R. Sperline (1,2).     

 

5.2.1 Description of PC-110 Modifications for CTIA Family of Detector 

 

Modifications had to be made to the original PC-110 in order to equip it with the 

CTIA-1 detector.  The result of these modifications left the lengths of the overall 

ionization region, reaction region, and drift region the same.  The difference was that a 

new detector, the CTIA-1, replaced the original Faraday plate and electrometer read-out.  
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A schematic of the original PC-110 is shown in Figure 5.1.  The PC-110 is held together 

in a compression arrangement where all of the essential pieces, such as the ionizer, the 

reactor and drift rings, the shutter grid, the detector grid, and detector plate are separated 

by insulators and are pushed together by tension springs and compression plates.  

Threaded metal rods run the length of the instrument and hold it all together by nuts and 

tension springs.   

 The changes that were made to accommodate the new detector were that the 

Faraday plate was removed and a new spacer plate was put in its place.  The spacer plate 

was made out of 0.060” thick brass and had a 1.9 X 2.2” rectangular hole cut in its center.  

The sapphire insulators were moved from 0.9” from center line to 1.35” from center line 

to accommodate the new hole.  The rear compression plate was also modified with a 

square hole of the same dimensions.  Another square opening measuring 2 X 2.2” was 

placed in the outer aluminum housing of the PC-110.  Figure 5.2 shows the instrument 

after all of the modifications were made.  The CTIA-1 detector fit into the open hole 

modifications. 

 The feasibility of using a CTIA-type camera for ion mobility was demonstrated 

using this instrument fitted with the CTIA-1 camera.  It is the focal point of Denson’s 

work (2) at the University of Arizona.  After the viability of using this advanced detection 

scheme was proven, a more sensitive and better operating version of the detector was 

placed on the modified PC-110.  The operation of the modified PC-110 with a CTIA-2 

detector is the basis of this discussion.  The performance comparison of the PC-110 ion  
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Figure 5.1 – Schematic of the PC-110 ion mobility spectrometer before any 

modifications. 
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A)

 

Figure 5.2 – Detector plate modifications to the PC-110. A) Top view of square hole for 

new detector plate.  B) End view.  The modified detector plate was placed just behind 

the screen. 

B)
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mobility spectrometer equipped with the CTIA-2 detector will be made to the unmodified 

version of the PC-110 so a direct and fair contrast can be made between detectors without 

the bias of a different analyzer region.  This will be an important aspect in revealing the 

potential that the CTIA line of detectors may have of the technique of ion mobility.   

 

5.2.2 Description of CTIA-2 Detector Used in Modified PC-110 

 

The CTIA detector used in the modified PC-110 ion mobility spectrometer was 

like that described in Chapter 3 as the CTIA-2.  The only difference between this detector 

and that described in Chapter 3 is that this version of the CTIA-2 is packaged in a smaller 

carrier chip and the support electronics were put on a more compact circuit board to fit 

closer to the detector region of the ion mobility instrument.  Otherwise, the performance 

characteristics are identical in read-out speed, gain, read-noise, dark current, as well as 

the overall operation of the detector.   

 The implementation of the CTIA-2 detector to the PC-110 was straightforward 

due to the modifications that were already made for the CTIA-1 detector.  The CTIA-1 

detector fingerboard was removed from the modified PC-110 and was replaced with a 

thin brass detection electrode about 2.5 cm in diameter.  The detector electrode was 

mounted 1.0 mm from the aperture grid and was connected to the CTIA-2 chip through a 

thin wire.  The detection electrode was supported by a glass tube connected to the circuit 

board of the CTIA-2 detector.  The rest of the CTIA-2 detector board containing the 
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amplification, read-out, and support electronics was mounted at the rear of the outer 

aluminum housing of the PC-110 in a shielded box.  An inlet was built into the rear of the 

modified PC-110 to allow for the entrance of the drift gas.  An image of the CTIA-2 

detector board as used in this instrument is shown in Figure 5.3.  The modified PC-110 

with the CTIA-2 detector is also shown in Figure 5.3 A and B. 

 

5.2.3 Performance of Modified PC-110 with CTIA-2 Detector 

 

The instrument control and data acquisition software for the modified PC-110 

with the CTIA-2 detector was programmed in Labview v 7.1 by R. P. Sperline.  The 

program is responsible for sending the required pulse train to the detector, collecting the 

data, and controlling the shutter pulse.  The CTIA-2 detector was operated in the 

CONROI read-out mode discussed in Chapter 3.  The CTIA-2 detector was operated in 

high-gain mode for the studies described in this chapter.   

 The flow rates for the gas streams were matched to the experiments carried out for 

the unmodified PC-110 instrument.  The drift flow was set to 300 mL/min and the carrier 

flow was maintained at 150 mL/min.  A permeation tube of dichloromethane was placed 

in the gas stream before the flow controllers.  The gas used for both the carrier and drift 

stream was compressed air.  A moisture trap was placed in the gas stream directly after 

the compressed air cylinder.  The samples used were made from calibrated TNT solutions 

obtained from Accustandard.  The stock solution was diluted to the desired concentration  
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Figure 5.3 – A) Rear view of the modified PC-110 equipped with the CTIA-2 detector.  B) 

Side view of the modified PC-110. 
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in acetonitrile.  The samples were introduced into the ion mobility spectrometer by 

depositing 1 µL of TNT solution onto a wire filament where it was heated inside the PC-

110 inlet chamber.  The shutter was operated at 300 µs.  An external power supply set to 

-2240 V was used to establish the voltage gradient on the modified PC-110.  Each of 

these parameters was exactly consistent with the comparative studies performed on the 

unmodified PC-110.   

 The temperature at which the modified PC-110 instrument was operated was 120 

oC.  It should be noted that the best detection limit for TNT using the unmodified PC-110 

was obtained at 185 oC.  It was not possible to operate the CTIA-2 detector of the 

modified instrument at this temperature setting without degrading the overall detector 

performance to an unusable level.  The high temperature setting of 185 oC caused a much 

higher dark current in the CTIA-2 detector quickly saturating the full-well.  Without 

further cooling, the detector on the modified PC-110 instrument could not be analytically 

operated at a temperature setting above 150 oC.   

 

5.2.3.1 Sensitivity to TNT 

 

The mobility spectrum obtained at 120 oC produced a reactant ion peak from the 

Cl- ion at a drift time 13.47 msec.  The detector was saturated by this peak at a shutter 

setting above 100 µsec.  Since the RIP peak saturated the detector at the shutter setting of 

the experiment, the detector was held at reset until 15 msec after the rising edge of the  
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Figure 5.4 – Ion mobility spectrum of 300 pg of TNT detected on the modified PC-110 

equipped with the CTIA-2 detector. 
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shutter pulse.  This preserved the dynamic range of the detector for the analytical peaks 

resulting from TNT.  The data was collected from the spectral window of 15 to 29 msec.  

The TNT peak occurred at a drift time of 21.66 msec.  A mobility spectrum for TNT 

from the modified PC-110 with the CTIA-2 detector is shown in Figure 5.4.   

 A calibration plot for TNT detected of the modified PC-110 is shown in Figure 

5.5.  The sample concentrations analyzed ranged from 10 pg to 2 ng.  Each data point in 

the plot is an average of 10 sample repetitions.  Each individual data trial consists of the 

integrated peak volume produced from the injection of the TNT.     

 The statistical detection limit for TNT on the modified PC-110 using the CTIA-2 

detector was established to be 17 pg according to this study.  A mobility spectrum 

showing the detection of 20 pg of TNT is shown in Figure 5.6.  This spectrum clearly 

shows the detection of a TNT peak.  The linear dynamic range of this particular study for 

TNT was established to be from 20 pg to 3 ng.  A dynamic range of 2 orders of 

magnitude is typical for ion mobility spectrometers.   

 It should be noted that while the detection limit was improved by using the CTIA-

2 detector on the modified PC-110, the observed improvement was less than 

extraordinary reducing the LOD only by a factor of 10.  However, claims have been 

made that the CTIA-2 is two to three orders of magnitude more sensitive than the 

traditional faraday plate detector electrometers used in the unmodified instrument.  The 

discrepancy of not observing the full improvement associated with the CTIA-2 should be 

addressed.  Experimental evidence has shown that as the input capacitance of the detector 

is increased, the total output noise of the detector is also increased.   The detector plate 
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used in the modified instrument had an increased capacitance over the design 

specifications used for the CTIA-2 detector.  The modified PC-110 detector plate had an 

input capacitance in the 10-50 pF range.  This level of input capacitance is up to two 

orders of magnitude greater than the design specifications.  A corresponding increase in 

detector output noise was observed by using this greater capacitance.  The overall effect 

is that the detection limits for TNT measured on the modified PC-110 are higher than 

those that could have been obtained using an electrode with an overall smaller 

capacitance. 

 

5.2.3.2 Resolution 

 

The resolution studies performed on the modified PC-110 were in agreement with 

those presented for the unmodified PC-110 presented in Chapter 4.  The pulse width of 

the shutter was changed as the Cl- peak width was monitored.  
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Figure 5.6 - Ion mobility spectrum of 20 pg TNT detected on the modified PC-110 

equipped with the CTIA-2 detector.  This is near the detection limit established for the 

instrument of 17 pg.  The TNT peak is clearly observable at this mass level. 
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The results were very similar to those presented in Figure 4.14 for the unmodified 

instrument.  The resolution values were similar when the analyte was present under a 

saturated operating condition.  The resolution was 31 for the Cl- peak at a shutter setting 

of 50 µsec and was 10 at a setting 800 µsec.  This should be expected as the analyzer part 

of the ion mobility instrument was identical to the instrument presented in Section 4.6.2.   

 However, an increase in resolution was observed for TNT when the amount of 

analyte introduced into the spectrometer was minimized.  The resolution increased from 

34 on the unmodified instrument to 52 on the modified instrument.  Both of these 

resolution values were measured at identical shutter settings and temperatures.  The 

difference between the measurements is the amount of TNT present in the mobility 

instrument.  The resolution values were taken at each instruments respective detection 

limit.  It is believed that the increase in resolution observed for the modified instrument is 

due to less ion repulsions through the drift region since fewer ions are present.  This can 

be further scrutinized by using a more sensitive ion detector.   

 

5.2.4 Conclusions 

 

The use of the CTIA-2 as a detector on the PC-110 shows a dramatic increase in 

sensitivity for TNT.  It should be expected that a similar increase in sensitivity can be 

achieved for every compound analyzed using ion mobility spectrometry.  An increase in 

sensitivity for TNT was shown by comparing the detection limit of the unmodified PC-
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110 to the modified PC-110.  An improvement by a factor of ten was shown as the 

detection limit for TNT was decreased from 170 to 17 pg.  This demonstrated 

improvement was obtained using the modified PC-110 under non-optimized instrumental 

parameters.  A further increase in instrumental performance may be realized if a detecting 

electrode with a lower capacitance is used.  An increase in resolution was also observed 

by employing the CTIA-2 ion detector on the mobility spectrometer.   The peak widths 

and resolution values obtained on each of the PC-110 IMS instruments were similar for 

compounds detected at higher concentrations.   
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5.3 CTIA-5 Detector Used with a Miniaturized Ion Mobility Spectrometer 

 

The main scope of the ion mobility-CTIA detector project was to produce a 

miniaturized ion mobility spectrometer that was small in size, lightweight, had low power 

consumption, was portable, and had an improved sensitivity over normal ion mobility 

spectrometers.  The primary goal of this specific project was to produce the most 

sensitive miniature IMS that could be reasonably constructed for the detection of 

explosive compounds.  The project goals and funding were set forth by the explosive 

detection group at Sandia National Laboratories.  The feasibility of using a CTIA detector 

as the detecting element of an ion mobility instrument was demonstrated by the studies 

performed on the PC-110 ion mobility spectrometers.  A comparison of the miniaturized 

IMS with the CTIA detector will be made to the bench-top PC-110 both with and without 

the CTIA detector in Section 5.4 as well as to another traditional miniaturized IMS 

obtained from Sandia National Laboratories later in this section.   

 The progression from the miniaturized IMS obtained from Sandia National 

Laboratories to the device described herein can be found in Chapters 4-6 in the work by 

Denson (2).  While Denson accurately reported this progression, it should be stated that 

the work reported and the work accomplished afterward was a large collaboration put 

forth by several members of the Denton group including R. P. Sperline, J. S. Babis, S. C. 

Denson, A. K. Knight, and M. B. Denton.  This discussion will describe the construction 

of the most up-to-date version of the miniature IMS equipped with a CTIA-5 detector.  

The lapse in the naming sequence from the CTIA-2 described above and in Chapter 3 to 
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the CTIA-5 occurs because the CTIA-3 and CTIA-4 detectors were specific to mass 

spectrometry and are outside the scope of this ion mobility discussion.   

 

5.3.1 Description of Miniaturized Drift Tube Instrument (CTIA-µ-IMS)

The miniaturized IMS (CTIA-µ-IMS) constructed in the Denton research group is 

an improved ion mobility instrument capable of very low detection limits due to the high 

sensitivity of the CTIA detector.  The instrument was designed with specific size and 

power consumption restrictions in place.  The overall instrument had to fit into a box that 

was 2 X 1.5 X 4”.  The required batteries did not need to fit into this space.  The batteries 

needed to supply 12 V @ 250 mA.  This was a power consumption of 3 Watts for the 

instrument.  The final control of the complete instrument was to be run from a battery 

powered palm-top PC.   

 The CTIA-µ-IMS was designed to be a linear drift tube instrument held together 

in a compression arrangement.  An image of an assembled CTIA-µ-IMS is shown in 

Figure 5.7.  Macor plates were machined by M. B. Denton and were used as support and 

compression plates to hold the instrument together.  There were three macor plates in 

each CTIA-µ-IMS.  Two plates were used to bookend the instrument and one was used 

between the reaction region and drift region for support.  While the middle support plate 

was not entirely necessary for the overall instrumental design, it did provide the desirable 

feature of allowing the CTIA-µ-IMS to be partially dissembled by keeping either the  
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Figure 5.7 – Image of the assembled CTIA-µ-IMS equipped with a CTIA-2 detector.
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ionization region or drift region intact while the other region was taken apart.  Alumina 

support rods ran the length of the entire instrument.  The alumina rods were 1/8” diameter 

hollow rods and were used for alignment as well as supplying the necessary support for 

the tension clips and compression springs holding the instrument together.   

 The ionizer of the CTIA-µ-IMS was a 241Am foil placed inside a macor housing.  

The foil was 4 X 20 mm and was rolled into a cylinder where it was held inside of the 

housing by a spring clip.  Americium-241 is an alpha emitter which produces alpha 

particles with a maximum kinetic energy of 5.5 MeV.  The overall activity of the ionizer 

was 40 µCi.  The macor housing was a 0.500” diameter cylinder 0.725” in length.  The 

radioactive foil was held at the end of a 0.276” diameter bored hole that ran 0.240” into 

the cylinder.  A smaller bored hole 0.266” in diameter ran the rest of the length of the 

cylinder with a 0.174” bottleneck between the bores.  The bottleneck and length of the 

bored holes act as a baffle to keep high energy alpha particles from traveling out of the 

ionizer.  If alpha particles were allowed to exit the ionizer and reaction region then 

ionization would take place in other regions of the spectrometer and background ions 

would be present in the drift region even if the shutter remained off.  The background is 

minimized by keeping the alpha particles inside of the ionization region.  Electroformed 

nickel screens were placed at each end of the ionizer to create an electric field gradient to 

force out the ions.  Discussed later, the foil was connected to the pusher grid screen.  The 

nickel screens were held in place and aligned with 0.035” diameter alumina pins.   

 The reaction region of the instrument was the remaining 0.48” portion of the 

ionizer housing outside of the radioactive foil region.  The sample was introduced into 
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this region from the carrier gas inlet located at the end of the ionizer housing.  The CTIA-

µ-IMS used a three grid Tydall-Powell shutter where the voltage of the middle grid was 

adjusted to allow for an open and closed shutter state.  The shutter grids were made from 

the electroformed nickel screens containing a solder tab for electrical connection.  Each 

shutter grid was separated with insulators made from macor.  The shutter screens and 

macor spacers were aligned with the same 0.035” diameter alumina pins that held the 

pusher and extractor grids in place on the ionizer.   

 The final grid of the three-grid shutter was separated from the drift region by the 

middle macor support plate.  Each support plate was 0.125” thick.  The drift region was 

constructed from eight drift rings and seven alumina spacers.  The drift ring electrodes 

were machined out of brass and were nickel plated.  The outer diameter of each ring 

electrode was 0.650” with an inner diameter of 0.450”.  The overall length of each ring 

was 0.140” which includes a 0.020” lip on each side.  Each ring contained a blind hole 

threaded for a 0-80 screw to allow for electrical connection.  The ring electrodes were 

separated by alumina insulator rings 0.645” OD and 0.500” ID.  The insulator ring 

thickness was 0.100”.  The outer lip of the drift ring electrodes fit inside of the ID of the 

ring insulators creating an interlocking closed tube drift region.  The closed tube design is 

an important aspect of modern IMS instrumentation along with utilizing a unidirectional 

gas flow.  

 At the terminal end of the drift region, a macor spacer with a tapered conical inner 

diameter was used.  It is believed that the tapering of the last insulating spacer provided 

some degree of focusing into the detector.  At the very least, the tapering eliminated the 
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space charging that was observed when an insulator without a tapered hole was used.  

This insulator also contained the inlet for the drift gas.  An electroformed nickel aperture 

grid was placed between the final insulator and the detector button.  The detector button 

was a machined brass disc with a stem for electrical connection.  The diameter of the 

brass detector button was 0.156”.  The detector button was housed in the final support 

plate at a distance of 0.040” from the aperture grid.  A wire was soldered into the stem of 

the detector button which lead out through the final support plate onto the CTIA detector 

board. 

 The overall ionization and drift region of the CTIA-µ-IMS was wrapped with a 

heating coil not pictured in Figure 5.7.  The heating coil was made out of nichrome wire 

and was insulated with Teflon and fiberglass sleeving.  The IMS instrument could be 

heated from ambient temperatures to 200 oC with this arrangement.  At higher 

temperatures, the CTIA detector required additional cooling to perform at an optimum 

level.  The cooling of the CTIA detector in this instrument involved using an air-cooled 

aluminum block to act as a heat sink.  One end of the block was put in contact with CTIA 

detector through heat conductive grease and the other end of the block was cooled.  This 

provided sufficient cooling for the detector up to a temperature setting of 150 oC.  The 

operating temperature of the instrument was limited below 160 oC.  Routine operation 

above this temperature would cause the radioactive foil in the ionization source to begin 

to degrade.  The instrument could be baked out for short periods at a temperature of 170 

oC.   
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 The electronic field gradient and shutter control circuitry was located on a printed 

circuit board that was made to assemble onto the support plates fitting inside of the 

instrument dimensions.  Nickel wire connected the drift electrodes and grids to the 

appropriate voltages on the circuit board.  The HV power supply was build onto the 

circuit board and only the power connections and TTL shutter control pulse inputs are 

required from an external source.  A separate circuit board was used for the CTIA 

detector board and it was mounted to the low voltage end of the IMS instrument by the 

same tension clips used to hold the instrument together.  This board is seen in Figure 5.7 

shielded with brass.   

 The CTIA-5 version of the detector used in this instrument has a few features that 

have not yet been incorporated into the previous versions of CTIA detectors already 

described.  An equivalent circuit diagram for the CTIA-5 is shown in Figure 5.8.   The 

key feature of the CTIA-5 detector is that it has a differential capability from two inputs 

that allows for the elimination of correlated environmental noise at the detector level.  

This is achieved by allowing the ions to strike one of the detecting elements while the 

other detecting element is blocked from the ion charge.  However, the detecting element 

that receives no ion charge is placed in the same environment as the one that does detect 

the ions so it picks up the same noise signals.  The outputs are subtracted and the 

resulting signal does not contain the environmental noise component.  The read-out speed 

and gain characteristics are similar to the CTIA-2 detector built for ion mobility studies.   
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Figure 5.8 – Equivalent circuit diagram of the CTIA-5 differential ion detector.
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5.3.1.1 Characterization of the Ionizer 

 

The overall output of the CTIA-µ-IMS ionizer was characterized in an effort to 

optimize the instrumental parameters for the most efficient operation of the entire 

mobility spectrometer.  The ionization source was evaluated by measuring the ion current 

output from the source by an electrometer amplifier while the voltage gradient across the 

source was varied.  In another experiment, the electrostatics of the ionizer were varied 

while the output current was measured.  The experimental setup used to characterize the 

ionization source was simple in design as the ionizer described above was sandwiched 

between two plate electrodes.  The desired voltage from an Ultravolt model FMC series -

4KV adjustable power supply was applied to one plate electrode (pusher plate), while the 

other target board electrode located at the exit of the ionizer was connected to the input of 

the electrometer held at ground potential.  The electrometer was the home-produced 

JKY-AK OPA 129 electrometer with a gain of 3.37 X 109 V/A when a 1 gig feedback 

resistor was used.   

 The output current of the ionizer increased as the voltage gradient increased until 

it leveled off at a voltage gradient of 475 V/cm.  No further increase in output was 

observed at higher voltage gradients because it is thought that around 475 V/cm and  
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above all of the ions that can exit the ionizer are being expelled from the ionizer.  It is 

believed that not all of the ions are being expelled from the ionizer as some ions collide 

with the inner ceramic wall due to geometrical considerations from the 0.174” bottleneck 

and the smaller 0.266” bore.  The overall results are shown in Figure 5.9, which also 

shows the results from the electrostatics variation experiment.  In this experiment, the 

radioactive foil was connected to the pusher electrode and the output was monitored.  The 

results show the same general trend, but the total output from the ionizer in increased by 

25% from 220 to 275 pA.  It is believed that this increase in ionizer output is caused by a 

focusing effect that connecting the radioactive foil to the pusher plate has on the field 

potential gradient.  The result is that more ions are expelled from the ionizer due to a 

focusing effect and fewer ions collide with the ceramic wall.  The net effect is that a 

higher ion current is expelled from the ionizer.  All of the operating CTIA-µ-IMS 

ionizers in use have the radioactive foil connected to the pusher plate for this reason. 
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Figure 5.9 – Ion current detected from an electrometer as the field gradient was varied 

across the ionizer.  
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5.3.1.2 Ion throughput for CTIA-µ-IMS 

 

Another experiment was conducted to determine what the ion throughput was for 

the overall IMS instrument.  The CTIA-µ-IMS was constructed as described in a 

preceding section with the exception of the rear aperture grid and the actual detector 

button  used in the detector plate.  For this experiment, the detector plate was the target 

board electrode used for the ionizer characterization.  It was connected to the same JKY-

AK OPA 129 electrometer used in the previous study.  The active detecting region of the 

target board electrode filled the entire bore diameter of the drift region.  A voltage was 

applied across the CTIA-µ-IMS while the ion current was monitored from the 

electrometer detector. 

The results from this study are illustrated in Figure 5.10.  The ionizer data have 

been retained on the figure for comparison.  The results show that the output of the entire 

instrument is quite a bit less than the output from ionizer alone but shows the same 

general trend.  The reason that the total ion current output is reduced for the overall 

instrument is because of the transmission through the three grids, as well as the difference 

between the open diameters of the shutter grids and the ionizer output opening.  Each of 

the three grids used in the test apparatus and in the completed instrument has an 88%  
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Figure 5.10 – Comparison of the ion current detected out of the ionizer alone and the 

complete IMS at different field gradients.   
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open transmittance.  The open diameter of each grid has an area of 50.6% of the ionizer 

output opening.  The ionizer output opening is 6.75 mm in diameter and the opening of 

each grid is 4.8 mm in diameter.  Each of these factors reduces the total ion current at the 

detector because ions collide with the grid cross wires and is also clipped by the open 

diameter differences.  The output current at the detector of the test apparatus was only 

33% of what was measured for the output of the ionizer.  This agrees closely with the 

theoretical output of 34.5% when the grids and open diameters are taken into 

consideration.  An effort was made to align the grids in a stacked arrangement where the 

cross wires overlapped so the total optical transmission for the entire instrument was the 

same as for a single grid.  The overall ion output of this test for the IMS was identical to 

when the grids were in a non-stacked arrangement.  This suggests that the ions diffuse 

after each grid so the same percentage of ions runs into each consecutive grid.  The close 

comparison for the theoretical ion throughput to the measured ion throughput supports 

this theory. 

The instrument throughput for the CTIA-µ-IMS equipped with the rear aperture 

grid and the smaller detector button will further decrease the total ion throughput.  Taking 

these into consideration, it is theorized that the ion throughput for a completed CTIA-µ-

IMS as used in the later described experiments and studies may be as low as 20.7%. 
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5.3.1.3 Ion Distribution for the CTIA-µ-IMS 

 

The distribution of the ion beam reaching the detector plane from the CTIA-µ-

IMS was determined using an altered detector plate that contained individual ring 

detection electrodes.  This detector board design is shown in Figure 5.11.  Each 

individual ring was separately connected to the JKY-AK OPA 129 electrometer and the 

output was monitored for each ring at different voltage gradients.   The first experiment 

of this design produced some noteworthy results.   

The total ion output that was measured using this detector board fit the pattern 

that was previously observed when the field gradient was varied.  However, the 

selectable concentric rings allowed for the beam profile to be determined.  A cross 

section of the typical beam profile is illustrated in Figure 5.12.  The figure shows the 

normalized beam intensity that was detected for a linear field gradient of 505 V/cm 

across the CTIA-µ-IMS instrument.  The shape of the detected beam profile was 

consistent throughout all of the measurements that were taken on this experimental setup.  

The observed beam profile detected from this ion mobility instrument is described as a 

hollowed cylindrical beam with a maximum intensity at a radius 1.16 mm from the center 

bore of the instrument.  The beam appears to diffuse Gaussian-like from the maximum as 

the beam intensity is similar at a radius of 0.51 mm from the center line and at a radius of 

1.79 mm.  Each of these measurement radii has a similar intensity at a similar distance 

difference from the beam maximum.   
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Figure 5.11 – Representation of the detector target board used for the ion beam profile 

studies.  
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Figure 5.12 –Ion beam cross sectional profile from the CTIA-µ-IMS.   
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The shape of the beam is attributed to the shape of the ionizer foil.  The ionizer foil is 

configured into a ring and as alpha particles escape from the surface of the foil, ions are 

created from the interaction with the alpha particle.  Each alpha particle creates many 

ions and most of them are created at some distance from the surface of the radioactive 

foil.  The result is a cylindrical ion beam being expelled from the ionization source.  As 

this beam travels down the entire IMS regions it diffuses from ion-ion repulsions and 

diffusional broadening.  A different beam profile would be attainable if the radioactive 

material was configured differently.  For instance, a planar beam front may be observed if 

the radioactive material was configured as a disk that faced the reaction and drift regions.  

Since radioactive material was not available in different configurations, this theory was 

not tested. 

As this experiment was first configured, the linear field gradient was the same for 

the entire instrument.  This means that the amount of ion current that exited the ionizer 

increased with the field gradient until a voltage gradient above 475 V/cm was reached.  It 

was observed that the overall beam width did change as the field gradient changed.  A 

higher field gradient produced a narrower beam width.  These results are illustrated in 

Figure 5.13, a plot of the beam half width vs. field gradient.  It can be theorized that the 

wider beam widths at lower field gradients are a result of allowing the ion beam more 

time to diffuse as it travels down the different regions of the mobility spectrometer.  

Lower field gradients produce beams with lower ion velocities.  This may be a 

contributing factor to the beam width; however, it also may be that the overall beam 

exiting the ionizer is wider at lower field gradients. 
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Figure 5.13 – Ion beam half width dependence on voltage gradient. 
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An experiment was conducted that distinguished between these possible reasons 

for the beam width observations shown in Figure 5.13.  In this experiment, the voltage 

gradient across the ionizer remained unchanged at 532 V/cm while the voltage gradient 

across the rest of the instrument was allowed to be changed.  A modification of the field 

gradient circuit was made to achieve this.  Zener diodes were used in place of resistors 

across the ionizer.  The results from this experiment showed that each beam detected at 

the detector plane had the same overall cylindrical profile, and each one had the same 

beam width.  The beam half width was 4.57 mm (1% RSD) for each of the measurements 

taken.  The field strength measurements ranged from 90 to 800 V/cm in this study. 

These results indicate that the voltage gradient across the ionizer effects the beam 

width to a measurable degree, but the voltage gradient across the rest of the instrument 

has little if any effect on the width of the ion beam.  This is supported by each beam 

width in the second experimental setup having a beam width similar to the 505 V/cm 

ionizer field gradient from the first experimental setup.  The ionizer field gradient was 

532 V/cm in each of this experiments using the second setup.  The implications from 

these results are that the beam width is mostly affected by the voltage gradient across the 

ionizer, and radial diffusion of the ion beam through the drift region of the ion mobility 

instrument is negligible under the conditions evaluated. 
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5.3.2 Operation of the CTIA-µ-IMS 

 

The CTIA-µ-IMS control and data collection software were engineered by R. P. 

Sperline and modified by J. S. Babis.  Like the other IMS instrument control programs, it 

was written in Labview 7.1.  The appropriate shutter and detector control pulse trains are 

produced from the instrument and the data from the CTIA are collected.  Laboratory 

evaluations of the CΤΙΑ−µ-IMS were carried out using a desktop PC as the control 

interface.  The palm-top control interface and compact packaging were not needed to  

evaluate the performance of the IMS instrument.  The instrument was housed in an 

electrical shielding box containing the appropriate feedthroughs for gas and electrical 

connections.  

 The inlet used for the CTIA-µ-IMS device evaluation was a heated wire filament.  

Unlike the inlet used in the PC-110, the inlet system was separate and was not built into 

the IMS instrument so it could be maintained at a temperature different from the 

ionization and drift regions.  The specific inlet used for the CTIA-µ-IMS was made from 

aluminum and housed cartridge heaters used to reach the desired temperature.  The 

heated wire filament on which samples were deposited was placed inside the aluminum 

housing.  Electrical connections to the tungsten filament allowed the wire to be heated to 

desorb the analytes.  An image of the inlet system is shown in Figure 5.14.  The 

aluminum housing inlet had a swagelock gas fitting that served as the connection to the 

carrier gas source.  
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Figure 5.14 – Inlet system for the CTIA-µ-IMS.  The Aluminum block is heated and a 

wire filament is used to desorb the sample into the mobility spectrometer. 
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The carrier gas swept the analytes out of the inlet system into the IMS analyzer by way of 

a heated alumina tube.  The alumina tube from the inlet system connected into an opening 

in the ion mobility ionizer by way of a tapered friction fit.   

 

5.3.3 Performance of the CTIA-µ-IMS 

 

An overall comparison of the CTIA-µ-IMS to all of the other ion mobility 

spectrometers will be given in section 5.4.  The individual performance characteristics of 

resolution and sensitivity of the CTIA-µ-IMS will be discussed herein.  The performance  

of the CTIA-µ-IMS was evaluated in terms of sensitivity by the detection of TNT.  The 

resolution and peak width studies were conducted on the Cl- RIP peak consistent with the 

other mobility spectrometers evaluated.   

 

5.3.3.1 Resolution 

 

The resolution and peak characteristics of the CTIA-µ-IMS were evaluated and 

characterized by studying the peak width and the drift time of the Cl- RIP peak at 

different shutter settings.  The Tyndall-Powell shutter design used in the CTIA-µ-IMS 

required longer open state times than the Bradbury-Nielson shutter design encountered in 

the previously discussed PC-110 instruments.  The temperature of the inlet was held at 
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100 oC.  The voltage on the ion mobility instrument was set to -2000 V which produced a 

gradient of 300 V/cm through the drift region.  The temperature of the CTIA-µ-IMS was 

set to 80 oC.   

 The peak width data obtained from this experiment are shown in Figure 5.15.  It is 

shown that the peak width does not drastically change until a 600 µsec open state, after 

which a linear increase in peak width occurs until long open shutter states above 1.5 

msec.  As the shutter remains open for a long time, the peak shape begins to approximate 

a square wave.  The nature of the Tyndall-Powell shutter produces either a depression or 

a bulge in the ion peak at long drift times.  The reason for this is because at long shutter 

widths the ion packet width is longer than the spacing between the moving shutter grid 

and the next shutter grid (the third shutter grid).  The rise or fall in the moving shutter 

grid, to put the shutter in the closed state, unequally disturbs the ion packet.  The portion 

of the packet that is remaining between the shutter grids is affected by a different field 

gradient than the portion that has traveled past the third shutter grid.  The result is a spike 

or depression in the ion packet from the change in field gradient.  At shorter shutter 

times, when the entire packet width is between the moving shutter and third shutter grid, 

the entire packet is affected equally so a spike or depression is not seen.  This spike bulge 

can be observed in Figure 5.16 at the longer shutter times.  Figure 5.16 shows the Cl-

peak detected on the CTIA-µ-IMS at different shutter settings.   

 



256 

0 500 1000 1500 2000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
ea

k
W

id
th

(F
W

H
M

m
se

c)

Shutter Time (µsec)

Peak Width Dependence of Cl- Peak on the CTIA-µ-IMS
Injector Temp 100 C : Drift Temp 75 C : 50 mL/min Carrier : 50 mL/min Drift

 

Figure 5.15 – Peak width dependence on the shutter setting for the CTIA-µ-IMS.   
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Figure 5.16 – Peak profiles for Cl- at different shutter widths on the CTIA-µ-IMS.
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 Also depicted in Figure 5.16 is the area of the Cl- peak at different shutter 

settings.  The peak area increases as expected when the shutter width is increased and 

shows the same trend as the peak width dependence on the shutter as was shown in 

Figure 5.15.  The range from 600 to 900 µsec is a good shutter setting region for this 

instrument as it blends a higher sensitivity without producing extraneous peak 

broadening.  The resolution results from this study are shown in Figure 5.17.  The highest 

resolution obtained for the Cl- peak at these instrumental parameters was an R value of 45 

at a shutter setting of 600 µsec.  The range from 600 to 900 µsec produced R values 

above 30 for each setting.  These are relatively high resolution values for a portable 

instrument and compare to the values obtained for IMS bench-top instruments.  Similar to 

the conclusions stated for the other IMS instruments, a trade-off between sensitivity and 

resolution exists by changing the shutter settings.  A similar CTIA-µ-IMS instrument to 

the portable instrument just described and characterized was constructed and evaluated 

by R. P. Sperline.  It was a specific CTIA-µ-IMS instrument that was optimized for the 

highest resolution and it will be compared to all of the other IMS instruments in Section 

5.4.   
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Figure 5.17 – Peak resolution dependence of shutter pulse width of the CTIA-µ-IMS. 
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5.3.3.2 Sensitivity to TNT 

 

The sensitivity studies of the CTIA-µ-IMS were performed by analyzing the same 

TNT standards that were used on the modified PC-110.  As was the case in the previous 

studies, 1 µL of TNT solutions at different concentrations were deposited onto the 

filament and introduced into the spectrometer.  The filament was heated and the carrier 

stream brought the sample into the CTIA-µ-IMS.  The flow rates were set to 50 mL/min 

for the drift gas and 50 mL/min for the carrier gas.  The temperature was set to 70 oC for 

the ionizer and drift regions while the inlet was maintained at 100 oC.  These settings 

were established to be similar to instrumental parameters used on other CTIA-µ-IMS 

instruments tested by J. Babis and R. P. Sperline.   

The detection of TNT from the CTIA-µ-IMS equipped with a CTIA-5 detector is 

shown in Figure 5.18 as a representative mobility spectrum.  The TNT peak on the CTIA-

µ-IMS  at these settings occurred at a drift time of 13.18 msec.  A calibration curve was 

constructed and the detection limit was determined by the average of ten repetitive peak 

volume measurements for each individual TNT solution.  The detection limit established 

for TNT using this particular CTIA-µ-IMS instrument was found to be 2 pg.  This is an 

improvement over the unmodified PC-110 by a factor of 85 and over the modified PC-

110 by a factor of 8.  Other CTIA-µ-IMS spectrometers constructed and evaluated by J. 

Babis have produced improved detection limits lower than that for this particular CTIA-

µ-IMS tested by A. K. Knight.  A more detailed comparison of sensitivity will be made in 

the next section for all of the ion mobility spectrometers.   
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Figure 5.18 – Ion mobility spectrum of TNT from the CTIA-µ-IMS equipped with a CTIA-

5 detector.  The top portion of the figure is a 3 dimensional plot showing the 

evolution of the TNT peak over time.  The bottom trace is a single spectrum. 
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5.4 Comparison of Ion Mobility Spectrometers 

Several ion mobility spectrometers have been described and evaluated in this and 

the preceding chapter.  The point of this section is to give a concise comparison of each 

of these spectrometers while showing the improvements that have been made in the 

technique by utilizing the CTIA family of detectors.  The comparison of the mobility 

spectrometers will be made according to their sensitivity to TNT, the resolution obtained 

from the Cl- RIP peak and the TNT peak, and the separation efficiency demonstrated by 

the Rpp of a detected TNT and RDX peak.  In some cases an identical comparison cannot 

be made because instrumental parameters could not be held constant across each 

instrument.  The instrumental parameters used for each instrument will be stated. 

 

5.4.1 Detection Limit of TNT 

 

TNT was used as the comparison standard for the detection limit determinations 

because of the special interest the personnel funding the project have in the detection of 

explosive compounds.  The results compared in this section are on the unmodified PC-

110 instrument by A. K. Knight, on the modified PC-110 with the CTIA-2 detector by A. 

K. Knight, CΤΙΑ−µ-IMS results obtained independently by A. K. Knight, R. P. Sperline, 

and J. Babis on their respective but separate CTIA-µ-IMS instruments, and on a different 

potable IMS instrument referred to as the Sandia micro-IMS.  The last of these is a 
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traditional portable IMS instrument.  All of the instruments above have been previously 

described with the exception of the Sandia micro-IMS. 

 The Sandi micro-IMS (3) is the spectrometer that is the central analyzer of a 

larger trace detection instrument.  The specifics to the overall instrument are proprietary 

and will not be discussed.  However, the Sandia micro-IMS will be discussed to provide 

an accurate description and performance characteristic of other portable ion mobility 

spectrometers in use.  The Sandi micro-IMS is the second revision of this particular 

family of ion mobility spectrometers used by Sandia National Laboratories for 

unspecified applications.  The drift tube based device includes an Am-241 ionizer with an 

activity of 11 µCi, a Tydall-Powell inverted shutter system, a 50 stage drift tube, a HV 

power supply, and an electrometer detection system.  The entire device was mounted on a 

PCB containing the appropriate support electronics.  The ionizer and drift region of the 

instrument measure about 2.25” in length.  The Sandia micro-IMS is shown in Figure 

5.19.  

 A comparison of the IMS spectrometers for the detection limit of TNT is shown 

in Table 5.1 for the various ion mobility instruments.  A direct comparison of the 

sensitivity improvement that the CTIA family of detectors produces is illustrated by the 

detection limits observed for the PC-110 ion mobility spectrometers.  An improvement of 

an order of magnitude is seen in the detection limit comparison from the unmodified PC-

110 to the modified PC-110 equipped with the CTIA-2.  A conscious effort was made to  
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Figure 5.19 – Image of the Sandia micro-IMS portable mobility spectrometer. 
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Table 5.1 – Comparison of the instrumental parameters for the ion mobility 
spectrometers evaluated in this study. 

unmod. PC-110 (AK) mod PC-110 (AK) µ-CTIA-IMS (AK) µ-CTIA-IMS (RPS) µ-CTIA-IMS (JSB) Sandia micro-IMS (3)
Detector opa 128 electrometer CTIA-2 CTIA-5 CTIA-2 CTIA-5 opa 129 electrometer
Drift Gas compressed air compressed dry air compressed air compressed dry air compressed dry air compressed dry air
Drift Flow 300 mL/min 300 mL/min 50 mL/min 50 mL/min 30 mL/min 200 mL/min
Carrier Gas compressed air compressed dry air compressed air compressed dry air compressed dry air compressed dry air
Carrier Flow 150 mL/min 150 mL/min 50 mL/min 75 mL/min 60 mL/min 100 mL/min
Drift tube temp 185 C 120 C 70 C 105 C 91 C 100 C
Inlet temp 185 C 120 C 100 C 120 C 120 C 120 C
Drift Length 8.0 cm (nominal) 8.0 cm (nominal) 5.2 cm (nominal) 5.2 cm 8.25 cm 3.6 cm
Field Gradient 160 V/cm 160 V/cm 300 V/cm 300 V/cm 180 V/cm 190 V/cm
Cl Drift Time 8.859 msec 12.99 msec 6.026 msec unavailable unavailable ~ 8 msec
Cl Resolution 16.5 23 45 unavailable unavailable 9
TNT Drift Time 17.250 msec 21.656 msec 8.656 msec ~8.5 ms 12.75 msec ~ 11 msec
TNT Resolution @ 200 pg 34 30 40 85 21 12 (10ng)
TNT Resolution (max) 34 52 60 120 36 12
TNT LOD 170 pg 17 pg 2 pg 12 pg 600 fg 10 ng
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keep every parameter of the comparison the same between the PC-110 instruments 

including the inlet system, the gas flow rates, shutter settings, and the electric field 

gradient.  It was, however, absolutely necessary to change the drift cell temperature of the 

modified instrument to a lower operating temperature to accommodate the operating 

characteristics of the CTIA-2 detector.  There were some adverse effects on the TNT 

LOD from running the unmodified PC-110 at a different temperature that should be 

addressed.   

The lower temperatures of the inlet and drift tube allow for a less efficient transfer 

of the vaporized TNT.  This means that less TNT is actually entering the ion mobility 

spectrometer.  It is theorized that the detection limit is worsened at the lower operating 

temperature and this was confirmed by running the unmodified PC-110 at a variety of 

operating temperatures.  The most efficient detection of TNT was observed at 

temperatures from 170 oC and above.  The overall effect of the lower temperature caused 

the TNT peak of the instrument to remain for several minutes at a much lower intensity 

rather than for tens of seconds at an elevated intensity.      

The detection limit improvement of TNT from 170 pg using the unmodified PC-

110 to 17 pg using the modified PC-110 is by itself notable and shows the utility of the 

CTIA detector for use in ion mobility.  This detection limit is not optimized and can be 

further reduced by another order of magnitude by using a detector electrode with a lower 

input capacitance.  However, another level of improvement was realized by using a slight 

modification in the inlet of the modified instrument to contain a heated channel that 

would prevent condensation and allow for a more efficient introduction of the vaporized 
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TNT.  This modification of the inlet system was intentionally disregarded in the 

comparison experiments shown above because it was the intent to show a fair comparison 

of the instruments with any improvements due solely to the differences in detector 

performance.  The detection limit for TNT on the modified PC-110 with the CTIA-2 

detector and the modified inlet was evaluated to be below 1 pg.  The TNT peak evolution 

was several times faster using this modified inlet, producing a more intense peak with 

less of a trail over time.   

The comparison of the TNT detection limits from the portable IMS 

instrumentation studied shows a promising improvement for the CTIA-µ-IMS over the 

Sandia micro-IMS portable spectrometer.  The electrometer-based Sandia micro-IMS is a 

typical portable ion mobility spectrometer with typical performance characteristics 

according to LOD and resolution parameters.  The improvement in the TNT LOD from 

10 ng to 2 pg is a drastic improvement close to 4 orders of magnitude.  However, despite 

the excellent improvements in performance shown between the portable ion mobility 

spectrometers, only part of the improvement in the TNT LOD is due to the CTIA 

detector.  The design and operation of the CTIA-µ-IMS was determined to be improved 

over the Sandia micro-IMS allowing for a more efficient operation of the instrument 

despite the improved detector technology.  A CTIA-µ-IMS-like ion mobility 

spectrometer equipped with an OPA129 electrometer detector was not evaluated so a 

comparison of the improvements from the instrumental design could not be made.  Rather 

only the comparison of both the new portable ion mobility spectrometer equipped with a 

CTIA detector to the Sandia micro-IMS can be made for the portable instruments.  
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Despite the fact that the analyzer was also responsible for some of the improvements, 

these results are very amenable in showing the utility of using the CTIA detectors in 

portable ion mobility instruments.   

A comparison among the different CTIA-µ-IMS spectrometers shows that the 

instrument evaluated by J. S. Babis (JSB) had a very low detection limit for TNT, being 

the most sensitive of all the IMS spectrometers evaluated.  It was determined that this 

particular instrument produced the highest performance in terms of sensitivity due to the 

optimal noise reduction characteristics of the CTIA-5 detector.  Furthermore, extensive 

shielding and widespread performance optimizations were carefully conducted for each 

individual part of this specific instrument.    A detection limit of 600 fg for TNT was 

determined using the JSB CTIA−µ-IMS.  All detection limits reported in Table 5.1 were 

calculated using the 3σ/m method.   

In terms of sensitivity, the CTIA type charge integrating detector offers a 

dramatic improvement in the limits of detection achieved using ion mobility 

instrumentation.  

 

5.4.2 Resolution 

 

The peak width and resulting resolution of an ion peak from an ion mobility 

instrument is a result of the processes that occur in the ionization region, drift region, and 

shutter of the ion mobility spectrometer.  This resolution comparison of the different ion 
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mobility spectrometers is included in Table 5.1.  The data show that sacrifices in 

resolution are not required using portable ion mobility instruments.   

 The comparison of the two PC-110 spectrometers is straightforward as the 

instrumental characteristics of the modified and unmodified spectrometers are equivalent.  

Each of the PC-110 IMS instruments has the same ionizer, shutter system, and drift 

region giving rise to a very similar performance in terms of resolution.  Any difference in 

resolution would have to be attributed to the differences in detection schemes.  The 

resolution values for TNT reported in Table 5.1 are uniformly reported for the TNT peak 

that occurred at a mass concentration of 200 pg for the PC-110 and the CTIA-µ-IMS 

instruments.  This gives a fair comparison of the analyzers and detectors in terms of 

resolution with about the same number of ions present in each TNT ion packet detected 

assuming similar ionization efficiencies and transport coefficients. 

 Comparing the PC-110 instruments, it is observed that the CTIA detector provides 

no improvement in gain in terms of resolution number (R) at a mass concentration of 200 

pg for TNT.  However, the CTIA detector also does not degrade the performance of the 

PC-110 analyzer at these instrumental settings and analyte concentration.  The R value 

for TNT is slightly higher for the modified PC-110 with the CTIA-2 camera near the 

LOD for the instrument.  The resolution was observed to be around 50 for the TNT peak 

at this mass concentration with the same shutter setting.  This particular improvement in 

resolution may be the result of fewer ions being present in the ion swarm producing less 

space charge repulsion effects.  By minimizing the number of ions in the detected ion 
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packet, the resolution will increase from a lower repulsion term illustrated in Equation 4-

11.   

In terms of the increase in resolution observed for the CTIA-µ-IMS instruments, 

the reason is more involved because of the shutter and the way it was operated at various 

mass concentrations.  The peak width of a detected ion packet is dependent upon the 

length of the shutter gate width, the drift time, the temperature, the charge of the ion, and 

the voltage drop across the drift tube.  An obvious way to increase resolution is to 

decrease the gate width.  The gate width of the shutter controls how many ions are 

allowed into the drift region.  With traditional IMS units, decreasing the gate width was 

not often an option because the number of ions introduced into the drift region at a lower 

shutter pulse width would be below the detectable current limit for a relatively insensitive 

electrometer type detector.  Lower gate widths were not a feasible option to increase the 

resolution because the number of ions needed for detection warranted relatively large 

widths.  As a result, the resolution was not improved until a modification on the 

instrument design was made.  By using a more sensitive detection scheme, the CTIA 

family of detectors, a narrower pulse width from the shutter gate can be utilized without 

sacrificing the LOD.  This, in turn, will produce ion mobility instruments that are capable 

of higher resolutions.   

The high R values obtained for the TNT resolution (maximum) obtained on the 

CTIA-µ-IMS instruments come from the combination of using reduced shutter widths 

along with the diminished charge repulsion effects from introducing fewer ions into the 

ion packet traveling down the drift tube.  The RPS instrument was highly optimized in 
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terms of the shutter settings to achieve the highest possible resolution for the CTIA-µ-

IMS at normal operating conditions.  This improvement in resolution is directly attributed 

to the higher sensitivity of the CTIA detector.  Without the higher sensitivity, lower 

shutter gate widths would not allow for the detection of the lower intensity ion swarm.   

 

5.4.3 Separation Efficiency 

 

The Rpp or separation efficiency, defined by Equation 4-11, measures how well 

two adjacent peaks are separated from each other.  When the Rpp value is 0.5, the overlap 

between the peaks is 16%.  The overlap at Rpp = 1 is 2.3% and 0.1% at Rpp = 1.5.  

Baseline separation occurs at a Rpp value of 1.5.   

 The comparison between the PC-110 spectrometers shows that the separation 

efficiency was similar when the concentrations and shutter setting were the same.  The 

modified PC-110 with the CTIA-2 detector produced a Rpp value of 0.743 while the 

unmodified PC-110 was evaluated to be 0.800.  The TNT concentration was 300 pg and 

for RDX was 500 pg.  These values are comparable and the modified PC-110 was 

operated 65 degrees C cooler than the unmodified instrument.  Each instrument has full 

peak widths just over 1 msec for both the TNT and RDX peaks with the peak maximum 

values separated by about 1 msec.  At the same shutter settings with the same analyzer 

the values were expected to be similar.  When the concentrations were reduced on the 

modified instrument to a level below the unmodified instruments detection limit, the Rpp 
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was measured to be 1.02 for a TNT concentration of 100 pg and a RDX concentration of 

250 pg.   

It was stated in the last chapter that a trade-off exists between the sensitivity and 

resolution value (either Rpp or R).  The separation efficiency (Rpp) and the resolution (R), 

can both be increased with the sacrifice of sensitivity by decreasing the shutter gate 

width.  At a shutter pulse width of 800 µsec using the AKK CTIA-µ-IMS, the Rpp for 

TNT from RDX was measured to be 0.95 for a TNT concentration of 50 pg and a RDX 

concentration of 150 pg.  The shutter pulse width was reduced to 500 µsec and the Rpp 

increased to a value of 1.24.  However, the magnitude of both peak intensities dropped 

considerably.  Higher Rpp values for TNT and RDX were obtained on the RPS instrument 

using very narrow shutter pulse widths.  A baseline separation was achieved but at the 

cost of increasing the detection limit.  

 

5.5 Conclusions of Using a CTIA Detector for IMS Instruments 

 

The only foreseen drawback of using the CTIA detector system is that the full 

well capacity fills up rather quickly when analytes of high concentrations are detected at 

the maximum gain setting.  To obtain an entire mobility spectrum at the maximum gain 

setting when several peaks are present, including the RIP peak, several spectral windows 

would have to be taken using different reset time periods for the CTIA detector.  The 

individual spectral windows could then be compiled together to show the entire mobility 

spectrum.  This would increase the analysis time, but since each measurement is taken on 
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the msec time scale, the overall measurements would not be too time consuming.  

However, it is often the case that only a few peaks of interest are monitored when 

analyzing for known or expected species so an entire mobility spectrum would not be that 

useful.   

 The implementation of the CTIA detector into the ion mobility instrument 

provides a superb gain in sensitivity over traditional electrometer type detectors.  It is 

also observed that an increase in resolution can be achieved by using a more sensitive ion 

detector.  Furthermore, the CTIA IMS instruments demonstrate that portable mobility 

spectrometers can be operated without the loss of resolution or the sacrifice of sensitivity. 
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Chapter 6:  APPLICATIONS INVOLVING ION MOBILITY SPECTROMETRY 

 

6.1 Detection of Military Explosives 

 

The detection of explosives and chemical warfare agents has been the primary 

application for most ion mobility instruments.  The widespread use of ion mobility 

instruments for the detection of these types of compounds has given IMS the reputation 

of being a niche technique only applicable for that purpose.  While this may not be 

completely accurate, it is true that more IMS instruments are utilized for the detection of 

explosives and chemical warfare agents than for all other detection technologies 

combined (1).  The technique of ion mobility was desirable fot military applications 

because of the preferential charge exchange reactions that occur with chemical 

compounds of high electron affinities for negative ion mode detection.  Compounds of 

this nature are generally halogenated species or nitrated species such as most common 

military explosives.  The features of low detection limits and a high selectivity for the 

target compounds of interest, mixed with the low power requirements and small size of 

the instruments, led to a massive effort on the military development of handheld mobility 

spectrometer-based instruments.    

 Early military research on the technique of ion mobility by the U.S. produced a 

continuous air monitoring instrument that set off an alarm if specific compounds were 

detected.  Research efforts concerning IMS technology by the U.K. ended in the 

development of personal monitoring instruments that were operated for short periods by 
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military personnel in contaminated environments.  Both of the previous developments led 

to the production of the CAM instruments used by the U.S. military in numbers in excess 

of 50,000.  For many years this technology and its instrumentation remained veiled as its 

use was primarily of a secretive military nature.  However, after recent terrorist threats 

the need to monitor for explosives at airport terminals has brought IMS instruments into a 

highly visible operation as air travelers are routinely screened using this technology.  

Two instruments are primarily used by the Transportation Security Administration (TSA) 

in the U.S.  They are the IONSCAN from what is now Smiths Detection and the Itemiser 

from GE Interlogix.  More than 15,000 IMS explosive analyzers are used at airport 

security checkpoints worldwide to screen millions of samples for explosives each year.  

The numbers of instruments in use at these checkpoints have steadily increased each year.

 As the use of ion mobility based instruments increases for the application of 

detecting explosives, increasing commercial endeavors are being undertaken and more 

instrument companies are producing versions of ion mobility instruments to compete for 

the anti-terror/explosive detection-type funding.  In addition to security screening for 

explosives, the identification of an explosive by analyzing the post-detonation debris is 

an important application of IMS.  The results of this have brought the technique of IMS 

from the brink of obscurity into a visible and now valued analytical technique. 

 The specific models of IMS instruments being used to detect explosives and the 

associated protocols including the sampling methods used as well as the criteria for 

determining positive and negative results, or more specifically false-positive or false 

negative results, will not be addressed in this discussion.  With that stated, the process 
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and technique of how the explosives are collected, handled, and introduced into the ion 

mobility are just as important as the operation of the instrument itself for the entire 

process to be used as an effective screening tool.  The point of this discussion is to show 

the data obtained from the detection of explosive compounds using ion mobility 

instruments and how that data can be used to determine what type of compounds or 

explosive type has been detected.  The focus in this section is strictly qualitative and no 

spotlight on either the detection limits or quantitation will be made.   

 There are many types of explosives and so called explosive type compounds.  An 

attempt to discuss and evaluate all of them would be a major undertaking well beyond the 

scope of this discussion.  Despite the enormous number of explosive type compounds 

known, only a few of these are generally used worldwide for military purposes.  These 

are explosives that are relatively safe in terms of storage and are not easily detonated by 

accident.  Some of these explosives and their structures are shown in Figure 6.1.  It 

should be noted that all of the compounds shown in this figure are nitrated compounds 

giving them the property of a high electronegativity.  Most nitrated compounds share this 

property and most explosives, even the many unlisted explosives, are nitrated 

compounds.  The high electronegativity of the nitro group gives these types of 

compounds a high propensity to become negatively ionized in the gas phase under APCI.  

APCI was discussed in Chapter 4 and ionization reactions will not be generally reviewed 

here.   
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 Several military explosives were detected by the PC-110 to establish a reduced 

mobility value (Ko) at the settings used.  For every experiment, both the drift and carrier 

gases were dried air with flow rates of 300 and 150 mL/min respectively.  The instrument 

was operated in negative ion mode with a shutter pulse width of 200 µsec.  The 

temperature of the drift region was set to 190 oC for the high temperature measurements 

and to 125 oC for the lower temperature measurements.  Two different temperatures were 

evaluated because of possible decomposition at higher temperatures.  The voltage setting 

of the instrument was -2240 V producing an electric field gradient of 160 V/cm.  The Cl-

peak from the dichloromethane dopant (RIP) was used as a calibration standard.  The 

explosives were diluted with reagent grade acetonitrile to desired concentrations from 

standard stock solutions.  The standard solutions for various explosives were: 1000 

µg/mL in MeOH:AcCN 1:1 for TNT (Accustandard #M-8330-11), 1000 µg/mL in 

acetonitrile for RDX (Accustandard), 1000 µg/mL in AcCN for Tetryl (Supelco #4-

7238), 1000 µg/mL in AcCN for HMX (Accustandard #M-8330-04), 1000 µg/mL in 

AcCN for 2-Nitrotoluene (Supelco #4-7240), 100 µg/mL in MeOH for PETN 

(Accustandard #M-8330-ADD-2), and 1000 µg/mL in AcCN for 4-amino 2,6-DNT 

(Supelco #4-7750).  Each sample was introduced into the instrument by the desorption 

from a wire filament using 1 µL of the diluted sample solution deposited onto the wire.  

 TNT or 2,4,6-trinitrotoluene is a widely used explosive compound that is 

employed in numerous military munitions.  It’s proper name is methyl-2,4,6-

trinitrobenzene and has a CAS # of 118-96-7.  It is used alone in land mines and mortars 

and can be mixed with other explosives to produce powerful bombs.  Commercially it is 
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used in mining and demolition operations.  If all the explosive blends that contain this 

compound are taken into consideration, TNT is among the most widely used military 

explosives.  The physical properties of TNT and the other explosives discussed in this 

section are listed in Table 6.1.  The synthesis of TNT is broadly known and can be 

carefully made with widely available chemicals through a stepwise nitration of toluene.  

However pre-made military devices containing TNT and industrial grade TNT currently 

pose a larger terror threat than a homemade bomb made from homemade TNT. 

 The ion mobility spectra for TNT is shown in Figure 6.2 for the two temperatures 

used in this study.  A peak occurs at both temperatures with a Ko value of 1.58.  In the 

lower temperature spectrum a second peak with a Ko value of 2.66 was also detected.  It 

is believed that this peak is due to a nitro group (NO2
-) that forms from the decomposition 

of the TNT molecule under these conditions for these APCI reactions. 

 The properties of TNT and the ion behavior of the TNT product ions allow for a 

high sensitivity for its detection using IMS.  It may produce the best analytical 

performance in terms of detection limit for an explosive compound detected with IMS 

instruments.  Reported detection limits range from 1-10 ng (2,3) using commercial 

mobility spectrometers.  The CTIA-µ-IMS detected this compound at a level below 1 pg.  

The APCI chemistry for TNT has been vastly studied by several researchers and is 

reported here to facilitate the understanding of how this class of explosive is ionized and 

what types ions are detected.  A mass spectrometer coupled to an ion mobility 

spectrometer was required for the identification of the product ions.   
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Figure 6.2 – Ion mobility spectra of TNT at 190  oC and 125  oC.
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These reactions come from the independent but collective studies of Ewing (4-7), Rodacy 

(8), and Hill (9).   

 It is observed that when TNT reacts in the presence of a reactant ion such as O-
2

or Cl- in air, a proton abstraction takes place.  The reactant ion X- is produced from the 

collisions with directly ionized species and free thermal electrons.  The introduction of 

TNT begins the proton abstraction reaction with the reactant ion.  The reaction is shown 

in Equation 6-1 where M is TNT and X- is the reactant ion.   

 

Equation 6-1  X- + M � MX- � (M-H)- + HX 

 

This reaction is proposed to be temperature sensitive with the (M-H)- ion being 

the primary species detected above 160 oC.  In nitrogen without any oxygen present 

above the ppb concentration, M- is the primary detected species.  At the latter conditions 

of lower temperature, electron attachment is thought to be the mechanism of formation.  

It is the addition of a proton extracting reagent ion that causes the (M-H)- peak.  The Ko

values of 1.58 obtained from the PC-110 data agree with the reduced mobility value for 

the (M-H)- reported by Ewing (4).  The M- peak for TNT is expected at a Ko value of 

1.49 according to the study.  This peak was not observed in this experiment at either 

temperature.  The lower temperature study also contains the (M-H)- peak with the 

addition of what is thought to be a NO-
2 peak.  The identity of the NO-

2 is speculative and 

is unconfirmed by mass detection.  The aforementioned studies do not propose reaction 

mechanisms that produce NO-
2 peaks, but the identity of this peak is strongly supported 
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by the Rodacy study (8) and by the addition of nitromethane to the IMS producing a peak 

with the same Ko value.   

 This simple experiment of running the ion mobility spectrometer at two different 

temperatures illustrates the effect that the operating conditions has on the identity of the 

product ions.  The sensitivity to TNT according to the peak with a Ko value of 1.58 was 

improved at the higher temperature.  The data support this as TNT is being decomposed 

into NO-
2 product ions at a lower temperature producing a less intense (M-H)- peak. 

 The next explosive analyzed in this study was RDX.  Its chemical name is 1,3,5-

trinitroperhydro-1,3,5-triazine and is also known by the names of RDX, 

cyclotrimethylenetrinitramine, cyclonite, hexogen, and T4.  This explosive is used in 

many types of mixtures and forms the base for a number of common military explosives: 

Composition A (wax-coated, granular explosive consisting of RDX and plasticizing 

wax), composition A5 (mixed with 1.5% stearic acid), composition B (castable mixtures 

of RDX and TNT), composition C (a plastic demolition explosive consisting of RDX, 

other explosives, and plasticizers), composition D, HBX (castable mixtures of RDX, 

TNT, powdered aluminium, and D-2 wax with calcium chloride), H-6, Cyclotol, and C4.  

RDX can be produced by the direct nitration of hexamine although other synthesis 

methods are actually used.  The name RDX was the acronym given to this explosive 

compound consistent with the nomenclature of explosive compounds being developed in 

the U.K. during the mid 1930’s.  The plastic explosives made from RDX, such as C4, are 

very powerful and are highly portable and put forward a real terror threat.   

 



285 

 

0 5 10 15 20 25 30

-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

0 5 10 15 20 25 30
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

D
et

ec
to

rO
ut

pu
t(

V
)

NO-
2 Ko- 2.67 

Cl- Ko- 2.84 

RDX Ko- 1.51 

RDX Ko- 1.51 

 Drift Time (msec)

Cl- Ko- 3.11 

RDX 125 degrees

RDX 190 degrees

 

Detection of RDX on PC-110 : 160 V/cm : Air
300 mL/min (drift) 150 mL/min (carrier) 

Figure 6.3 – Ion mobility spectra of RDX at 190  oC and 125  oC. 
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Figure 6.3 shows the mobility spectrum of RDX.  The detection of RDX using the 

PC-110 shows a peak at Ko = 1.51.  This peak was present at both temperatures and is 

proposed to be some form of the entire M ion.  No effort to determine the peak identity 

was made.  As with TNT, a NO-
2 peak was thought to be observed at the lower 

temperature.  The detection of RDX with the peak at Ko = 1.51 was less sensitive at the 

lower temperature.  Several additional peaks at Ko values slightly less than 2.67 were also 

observed at the lower temperature.  It is thought that they may be associated with RDX 

decomposition reactions, but they are also present in the acetonitrile blank sample at a 

lower intensity.  The Ko value of 1.51 shows that the product ion for RDX has a slightly 

lower mobility than the product ion for TNT.  This would indicate that the RDX product 

ion for that reduced mobility is just slightly larger than that for TNT. 

 The explosive 1,3-dinitrato-2,2-bis(nitratomethyl)propane, more commonly 

known as PETN, is one of the most available high explosive compounds for terrorist 

threats.  It is most commonly used militarily in booster and bursting charges of small 

caliber ammunition, in upper charges of detonators, in some land mines, shells, and as the 

explosive core of detonation cord.  The terror aspect of the compound comes from the 

widespread production of an explosive called Semtex produced by the ton pre-2001.  It is 

a mixture of RDX and PETN and has been used by North Vietnam, Libya, the IRA, and 

by numerous Islamic militants in the Middle East for terrorist purposes.  It holds a 

reputation of being hard to detect and has been used to blow up multiple airplanes during 

terrorist attacks (10). 
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Figure 6.4 – Ion mobility spectra of PETN at 190  oC and 125  oC. 
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The detection of PETN by the PC-110 shows a varied response depending upon 

the temperature settings.  The peak identities from this compound appear to be highly 

dependent upon the thermal conditions of the ionization region.  This is shown in Figure 

6.4.  At the elevated temperature, only a single peak from PETN is present with a Ko

value of 2.58.  The identity of this peak could not be determined, but it is most likely due 

to some decomposition product that has undergone further reaction with Cl- or oxygen.  

The lower temperature mobility spectrum contains more peaks and the identities of those 

peaks can be speculated.  The peaks with the higher Ko values of 2.71 and 2.47 are 

believed to be NO2
- and NO3

- respectively from the decomposition of PETN.  The peaks 

with the lower Ko values are believed to be PETN adducts with M•NO3
-, M•NO2

-, and 

M•Cl- being likely candidates.  Without mass detection these identities are again only 

speculative.   

 HMX is an explosive that is the current state-of-the-art in the explosives industry.  

It has a very low vapor pressure making it harder to detect from thermal vaporization 

inlet systems.  Its chemical name is 1,3,5,7-tetranitroperhydro-1,3,5,7-tetrazocine and it is 

the most powerful of the explosives discussed in this section.  It is often used in 

explosives mixtures to boost the explosive power of less powerful explosives.  It is 

frequently used in plastic explosive mixtures.  The detection limit for HMX is much 

higher than for TNT using ion mobility detectors due to its very low vapor pressure.  

Figure 6.5 shows the mobility spectra at the different temperatures.  Like several of the 

other explosives, complete decomposition is seen at elevated temperatures.  
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Figure 6.5 – Ion mobility spectra of HMX at 190  oC and 125  oC.
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Only the NO2
- was observed at 190 oC.  At the lower temperature a peak was observed at 

Ko = 1.34.  No speculation on the identity of this peak is made. 

 The three other compounds that were tested in this experiment were tetryl (2,4,6-

trinitrophenyl-N-methylnitramine), 4-amino-2,6-dinitrotoluene, and 2-nitrotoluene.  The 

only threat of these three is from tetryl as it previously was used in detonators and other 

military devices.  The other two compounds, while being minor explosives themselves, 

are mainly byproducts from the homemade production of TNT.  They can be used as 

identifying agents that an explosive compound may be present.  The mobility responses 

from these compounds are shown in Figures 6.6, 6.7, and 6.8.  The 2-nitrotoluene spectra 

are rather uncomplicated with only the NO2
- peak being of any detectable consequence.   

 The 4-amino-2,6-dinitrotoluene spectrum at 125 oC shows some form of the M 

peak.  It may be reasonable to assume that this is similar to TNT and it could be a (M-H)-

peak from a proton abstraction reaction.  However, without mass confirmation it is again 

only speculative.  The higher temperature spectrum does not show any peaks at low Ko

values but only the presence of NO2
-. The tetryl spectra are somewhat more interesting 

as both spectra show peaks at higher Ko values.  No attempt to identify the species will be 

made.  Both spectra show Ko values of 1.59 and 1.49.  A large NO2
- peak is not present.  

It is hypothesized that the species being detected from this compound are more thermally 

stable on these time scales than the species produced from HMX, PETN, 4-amino-2,6-

dinitrotoluene, and 2-nitrotoluene since they are observed at the elevated temperature 

spectrum as well. 
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Figure 6.6 – Ion mobility spectra of 2-nitrotoluene at 190  oC and 125  oC. 
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Figure 6.8 – Ion mobility spectra of tetryl at 190  oC and 125  oC. 
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 Each of the samples in the experiment previously reported has been evaluated 

with the addition of Cl- to act as a reagent ion.  It has been shown that Cl- improves the 

sensitivity of the IMS technique to specific explosives.  Other reagent ions exist and can 

improve the sensitivity to different explosives depending upon the reaction chemistry.  

Advances in IMS, in regard to its application for explosives detection, could be made by 

using standardized methods for the detection of a specific explosive.  The best reactant 

ion chemistry for TNT is not necessarily the best choice for an explosive like HMX.  

Much research still needs to be done to establish the optimal operating conditions for 

each explosive.  The best operating condition will be one that improves detection limits 

by limiting the fragmentation of molecular ions into species that are commonly detected 

without the presence of decompositions peaks such as NO2
-.

Further instrument design improvements along with sample collection and 

introduction methods are constantly being evaluated for the more sensitive detection of 

explosives.  The CTIA detectors can dramatically increase the chance that a compound is 

detected by offering an improvement in the detection limit by several orders of 

magnitude.  For low vapor pressure explosives that are currently hard to detect at low 

levels, such as HMX, RDX, and PETN, this detector could make an impressive 

contribution.  However, despite any instrumental improvements in detection limits, the 

compound still has to be introduced into the spectrometer at a level adequate to be 

detected.  This is where the sample collection and introduction methods must be reliable.  

No amount of improvement in detection limit will make a difference if no analyte ever 

enters the spectrometer.  Currently, detection limits are such that an explosive particle 
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still needs to be brought into the spectrometer and desorbed.  Some day, detection limits 

may get to the point where the vapor from certain explosives such as TNT can be 

detected without the introduction of a particle, but that will hardly be the case for the 

lowest vapor pressure explosives.  The improvements in detection limits from the CTIA-

based-IMS instruments are approaching the level where TNT vapors can be detected.  

This will markedly improve the detection of explosives screening applications using the 

IMS technique because the collection process would be eliminated.   

 

6.2 Detection of the Improvised Explosive TATP 

 

The distinguished response of the IMS technique to military explosives in terms 

of a high sensitivity and superior selectivity is due to the high electronegativity of the 

nitro groups associated with the structures of the explosive compounds.  All of the 

explosives discussed in Section 6.1 are nitrated and can pose some type of terror threat.  

Military grade explosives, such those shown in Figure 6.1, are harder to obtain than 

homemade type explosives.  Homemade explosives can be used to construct improvised 

explosive devices or IEDs more readily than traditional the secondary explosives used for 

military purposes.  Homemade explosives or fast burning deflagerants, such as black 

powder, smokeless power, guncotton (nitrocellulose), NG (nitroglycerin), azides, 

fulminates, peroxides, ANFO (ammonia-nitrate fuel oxidizer), and others, are easier for 

one to make if military explosive compounds are hard to obtain.   
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One such explosive that has gained notoriety from increased terrorist use is a 

compound known as TATP.  The chemical 3,3,6,6,9,9-hexamethyl-1,2,4,5,7,8-

hexaoxacyclononane, also known as TATP, TCAP, triacetone triperoxide, or 

peroxyacetone, is an explosive compound that does not contain any nitro groups.  TATP 

is manufactured from precursors which are difficult to control, and unlike most 

explosives in use by the military and civilian entities, contains neither nitro groups nor 

metallic elements, making detection by standard methods difficult (11).  The structure for 

TATP is shown in Figure 6.9 along with the dimer compound that is produced during its 

synthesis and degradation. 

 The use of this explosive is on the rise as it was involved in the 2005 London 

bombings.  It was one of the explosives used in the failed attempt of the shoe-bomber 

Richard Reid in 2001, and it has been used by numerous suicide bombers around the 

globe.  The use of improvised explosives such as TATP demonstrates the need for the 

ability to detect non-traditional explosive compounds.  Since the technology and 

instrumentation of ion mobility are already employed at security checkpoints, evaluations 

of ion mobility spectrometry for the detection of other types of explosive threats need to 

be conducted.   

 TATP was synthesized using easy-to-obtain chemicals in a manner consistent 

with how it would be produced if it were to be made in a non-traditional chemical 

synthesis facility (ie: if it were made at home).  The chemical synthesis procedure used is 

intentionally omitted for the purpose of not spreading information that could be used for 

harmful intentions.  
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The compound was not recrystallized and may have contained impurities specific 

to the method in which it was made.  This was intentional as this is the form in which the 

explosive compound would be used if it were to be homemade.  There is a chance that the 

compound contained some of the DADP. 

 TATP was synthesized in minute quantities and was dried before any analytical 

tests were performed.   An 1H-NMR, a 13C-NMR, an IR-spectrum, a Raman spectrum, 

and a hammer detonation were all performed to confirm its identity.  For the 1H-NMR 

and 13C-NMR, ten milligrams of TATP was placed in a 3 mm o.d. NMR tube and was 

dissolved in approximately 1.5 ml of deuterated benzene.  Spectra were taken with a 

Bruker Avance DRX 600 spectrometer equipped with a 5 mm probe.  The spectroscopic 

window for the 1H-NMR experiment was 7507.507 Hz, and 34722.223 Hz for the 13C

experiment.  Eight spectral scans were averaged for the 1H-NMR, and 304 for the 13C-

NMR spectrum.  The theoretical NMR spectra for TATP obtained using ChemDraw, 

along with spectra obtained for the synthesized compound, are shown in Figure 6.10 for 

the 1H-NMR and in Figure 6.11 for the 13C-NMR. 

 The 1H-NMR displayed a sharp, intense singlet at 1.464 ppm, with two singlets at 

1.164 and 1.860 ppm.  The strong singlet at 1.464 ppm demonstrated the equivalency of 

all protons present on TATP.  The singlets at 1.164 and 1.860 ppm were tentatively 

identified as minute impurities in the sample, most likely due to the presence of small 

quantities of acetone and hydrogen peroxide degradation products while the singlet at 
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Figure 6.10 – A) Theoretical 1H-NMR spectrum of TATP predicted by ChemDraw. B) 

Spectrum of synthesized TATP compound taken on Bruker Avance DRX 600 NMR at 

600 MHz. 
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Figure 6.11 – A) Theoretical 13C-NMR spectrum of TATP predicted by ChemDraw. B) 

Spectrum of synthesized TATP compound taken on Bruker Avance DRX 600 NMR at 

150.9 MHz. 
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7.15 ppm is due to the proton in benzene-d5.  The small symmetrical side bands present 

at either side of the strongest peak are isotope peaks due to the splitting of the 1H by the 

13C in the 1% of the methyl groups which contain 13C.  The peaks at 1.164 and 1.863 ppm 

are due to impurities; both may be due to the dimer DADP if it exists in the chair 

conformation with a high energy barrier for chair-chair interconversion.  The spectrum of 

the synthesized compound strongly agrees with the theroretical 1H-NMR spectrum.   

The 13C-NMR displays a multiplet at 128 ppm due to the deuterated benzene 

solvent.  The singlet at 107.8 ppm is attributed to the three quaternary carbons present, 

the downfield shift being a result of deshielding effects due to the electron withdrawing 

oxygen atoms bound on either side.  The strong singlet at 21.8 ppm is attributed to the six 

methyl carbons.  The two singlets on either side of the 21.8 ppm peak are due to DADP.   

Again, the spectrum of the synthesized compound strongly agrees with the theroretical 

NMR spectra.  

The FTIR spectra were obtained using a Nicolet model 510P and Omnic software.  

The sample, dissolved in toluene, was placed on a freshly polished NaCl window, and the 

toluene was allowed to evaporate, leaving a light opaque film on the window.  The 

spectra, each an average of 300 scans, were taken at a resolution of 4 cm-1. A

background correction for CO2 was implemented.  For the Raman analysis, sample 

excitation was accomplished with a custom built 785 nm external cavity stabilized diode 

laser (12).  Unwanted laser emission lines were prevented from reaching the sample by 

means of a holographic bandpass filter (Kaiser Optical Systems Inc.), after which it was 

focused onto the sample.  Laser power at the sample was 135 mW.  All scattered light 
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was collected by a gold coated off-axis parabolic mirror, after which Rayleigh scattering 

was rejected using holographic notch filters.  Raman emission was resolved using a 600 g 

mm-1 grating blazed at 1 mm, and the detector was a Techtronix TK1024 backside-

illuminated, backside-thinned thick epi 1024 X 1024 pixel CCD.  The spectrum was 

collected for 10 s utilizing custom designed National Instruments LabVIEW software. 

FTIR results compare well with those reported by Bellamy as resulting from pure 

TATP, indicating the apparent absence of an abundance of DADP (13).  Raman analysis 

of peroxides is a rather underdeveloped field, with publications tapering off after the 

early 1960s.  Vacque et al. (14) attribute this to a tightening of regulations of organic 

peroxides and basic safety concerns due to their instability.  Literature research failed to 

identify published Raman spectra of TATP for comparison to this study, but using the 

complementary nature of Raman and infrared absorption spectroscopy, it was possible to 

identify major bands of interest.  The peroxide stretch, ν(O–O), is not IR active since it 

does not induce a change in dipole moment.  However, that mode is active in Raman 

spectroscopy, and therefore Raman has been identified as being an extremely useful tool 

for peroxide identification (14-16).  A comparison of both spectra is shown in Figure 6.12 

and indicates the presence of a sharp intense peak at 866 cm-1 in the Raman spectrum, 

which is conspicuously absent in the IR spectrum. The Raman scattering band at 866 cm-

1 was identified as the peroxide stretch, which is in agreement with published Raman 

analysis of peroxides (14-16).  
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Bands present at 945 1 and 843 cm-1 were tentatively identified as due to asymmetric ring 

breathing vibrations, while the band at 1275 cm-1 was tentatively identified as a 

symmetric ring breathing vibration.  Since no data were available for similar cyclic 

peroxides, data available for epoxides were utilized for comparison. 

 The techniques and data shown above provide overwhelming evidence that the 

majority of the product obtained was TATP.  Further scrutiny of the product was 

performed by the less qualitative technique of hammer detonation.  A small, match-head 

sized quantity of compound weighing 50 mg was struck firmly with a metal hammer.  

The result of this test was a detonation of the compound accompanied with a loud report.  

This test was performed at a distance behind a safety shield of Lexan©. Although the 

compound may have contained measurable impurities due to the nature of its production, 

this particular test shows that the product will indeed act as a primary explosive.  

Applying a flame to the same mass of TATP did not produce a detonation but did cause 

the TATP to rapidly ignite.  The compound produced can be used as a terror threat either 

by itself or as an initiator for the more stable secondary explosives such as those listed in 

the military explosives section in this chapter.   

 The detection of TATP by ion mobility spectrometry was performed using the 

PC-110 in both positive and negative ion modes.  The voltage setting was +/- 2241V 

producing a field gradient of 160 V/cm for both polarity modes.  The drift and carrier gas 

was flowed at 400 and 100 mL/min respectively.  The shutter was opened for 250 µsec.  

The drift and carried gas used was either dried air or dried N2 depending upon the 
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conditions studied.  Reagent ions were introduced by a permeation tube.  The 

spectrometer was held at a constant temperature of 80 degrees oC.   

 A mobility spectrum for TATP was recorded using air as the drift and carrier 

gases without any additional reactant ion being introduced into the spectrometer.  The 

sample was introduced into the instrument by placing a minute TATP crystal, the size of 

a needle point, into a quartz tube that was placed into the heated inlet region of the 

instrument.  The carrier gas swept the vapor desorbed from the quartz tube into the 

ionization region.  After the sample spectrum was obtained, the quartz tube was removed 

from the instrument and the TATP crystal was still present after four minutes inside the 

80 oC heated sample region.  Visual evidence revealed that the size of the crystal was 

unchanged.  The evolution of the ion mobility spectra from the introduction of TATP 

vapor is shown in Figure 6.13 as a contour image.  Figure 6.14 shows individual spectra 

at various averaged scan times during the run.  A total of 2500 duplicate scans were taken 

and every 10 were averaged to give 250 averaged spectra.  It is apparent that a peak with 

a drift time of 17.28 msec immediately rises as the TATP is swept into the ionizer.  This 

corresponds to a reduced mobility (Ko) of 2.042.  A smaller peak with a drift time of 

25.66 msec also appears as TATP is introduced.  This peak can be seen throughout the 

experiment and is obvious in the contour plot despite its low intensity.  The Ko value for 

this peak is 1.375.  As the experiment continues, the peaks shift to longer drift times.  
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Figure 6.13 – Evolution of TATP detected by ion mobility at 80 oC in air without the 

addition of a reactant ion. 

 



307 

 

0 5 10 15 20 25 30 35
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35
0.0

0.1

0.2

0.3

0.4

0.5

0.6

1.06
8.28

15.28

17.2
18.56

0.7

17.28

18.56

25.66

.54

8.22
15.78
16.46

25.78

17.36

18.56

21.22 25.78

Spectrum 155 Spectrum 31 

Spectrum 12 

 

D
et

ec
to

rR
es

po
ns

e
(V

)

Ion Mobility Spectrum of TATP in Air (80 C)
Drift Flow 400 mL/min : Carrier Flow 100 mL/min

Background Spectrum

D
et

ec
to

rR
es

po
ns

e
(V

)

Drift Time (msec) Drift Time (msec)

 

Figure 6.14 – The evolution of the ion mobility of TATP in air without the addition of a 

reactant ion at selected time intervals. 



308 

 The range seen for the most intense peak at 17.28 -17.42 msec corresponds to Ko

values of 2.042 – 2.026 respectively.  The less intense peak was observed to shift from 

25.66 to 25.78 msec (Ko values of 1.375 – 1.370).   

The response of the IMS instrument to TATP using dried N2 as the drift and 

carrier gases, without an additional reactant ion introduced, is similarly shown in Figures 

6.15 and 6.16.  The evolution of the mobility spectra using dried nitrogen as the gas is 

vastly different than the evolution previously shown for air.  The spectrum changes 

drastically from the initial onset of a peak once TATP was introduced.  An immediate 

peak rose as TATP was introduced at a drift time of 18.60 msec (Ko=1.897).  As the 

intensity of that peak reduced, a peak at 17.26 msec (Ko=2.045) grew in to a strong 

intensity.  After more time, the Ko=2.045 (17.26 msec) peak gave way to a peak with a 

drift time of 16.54 msec (Ko= 2.045).  This particular peak had been present the entire 

time, but had been at a low intensity.  As its intensity reduced after some time, another 

peak at a drift time of 18.26 msec (Ko= 1.932) grew in.  As that particular peak continued 

to grow in intensity, the peak time shifted to 18.90 msec (Ko= 1.867) where it remained 

detectable for over four hours after the TATP crystal was removed.   

 The description of the changing peaks occurring from the TATP detection in both 

dried air and in dried N2, without an additional reagent ion being introduced, is a classic 

example of the complex gas-phase ion chemistry occurring in the IMS instrument.  What 

is thought to be happening in both of these experiments is that an initial ion from the 

TATP vapor is produced once the TATP crystal is introduced in its quartz tube.  
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Figure 6.15 – Evolution of TATP detected by ion mobility at 80 oC in dried nitrogen 

without the addition of a reactant ion.   
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Figure 6.16 – Evolution of TATP detected by ion mobility at 80 oC in dried nitrogen 

without the addition of a reactant ion.
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As the tube and the initial ion are heated, the initially detected species begins to 

degrade into other ion products.  Those products react further to form additional species.  

Furthermore, since the TATP crystal continues to produce more TATP vapor as it was 

left in the instrument, the concentration of TATP vapor builds until a final steady state 

equilibrium is reached between the TATP vapor and the various degradation products and 

reacted species.  Without a mass spectrometric detector at the end of the IMS instrument, 

any hypothesized reactions would be unable to be confirmed. 

 Due to the complex nature of these changing spectra shown in those two previous 

experiments, a reagent ion was introduced to the drift and carrier gas to try and minimize 

the complex reactions.  A permeation tube of ammonia was placed in the gas stream.  The 

data for TATP in air with an ammonia RIP are shown in Figures 6.17 and 6.18 while the 

data for TATP in N2 with an ammonia RIP are shown in Figures 6.19 and 6.20.  Each of 

these data sets shows a similar response for TATP.  The ammonia RIP peak was recorded 

at 14.62 msec (Ko = 2.414) in air and at 14.36 msec (Ko = 2.458) in N2. With the 

introduction of the TATP crystal in the quartz tube, a product ion peak began to develop 

at 16.00 msec (Ko = 2.206) in air and in N2 at 15.94 msec (Ko = 2.214).  In both gases a 

product ion peak at Ko = 1.303 (~ 27.00 msec) occurred.  As this peak grew in intensity, 

the peak at 16.00 msec (Ko = 2.206) shifted to a 1 msec longer drift time.  This is 

apparent in the contour plots for both air and N2 drift gases.  An additional peak at 23.74 

msec (Ko = 1.487) was briefly present using N2 as the drift gas.   
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Figure 6.17 - Evolution of TATP detected by ion mobility at 80 oC in air with the addition 

of NH3 as a reactant ion. 
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Figure 6.18 - The evolution of the ion mobility of TATP in air with the addition of NH3 as 

a reactant ion at selected time intervals. 
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Figure 6.19 - Evolution of TATP detected by ion mobility at 80 oC in N2 with the addition 

of NH3 as a reactant ion. 
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Figure 6.20 - The evolution of the ion mobility of TATP in N2 with the addition of NH3 as 

a reactant ion at selected time intervals. 
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Despite the complex descriptions, using ammonia as a reactant ion simplifies the overall 

interpretation of the analysis.  However, the effect of a changing TATP concentration is 

still observed as peaks shift Ko values and intensity ratios change.  Another experiment 

was performed to observe the effect that the TATP concentration had upon the intensities 

of the reported product ion peaks.  This experiment was performed using N2 as the drift 

gas.  The TATP was introduced by using a headspace dilution method where the initial 

mass of the TATP vapor introduced into the IMS instrument could be controlled.  100 mg 

of TATP was placed in a ½ dram vial and was capped with a septum.  The vial was kept 

at 24 oC and was allowed to equilibrate for 12 hours.  A headspace aliquot was sampled 

from the vial and was diluted to the desired mass.  The vapor pressure from TATP at 24 

degrees has been reported to be 7 Pa (17). 

At the lowest concentration range of the instrumental parameters used, the peak at 

15.94 msec (Ko = 2.206) was the most sensitive.  It showed a response with a few 10’s of 

ng added to IMS inlet.  As the concentration was increased to over 800 ng the peak at 

23.68 msec (Ko = 1.487) began to show a response at the expense of the now intense Ko =

2.206 peak.  The peak with the Ko value of 1.487 was short lived at this concentration.  

The peak at 26.98 msec (Ko = 1.308) was sometimes observed at a concentration of 800 

ng once the 23.68 msec peak decreased in intensity.  At concentrations above 2 µg, the 

pattern was the same with the presence of the 26.98 msec peak in every sample run.  The 

15.94 msec (Ko = 2.206) peak did not shift much over this range of concentrations 

studied.  After the high concentration samples were analyzed, the instrument was flushed 
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with a flow of dried N2 to clear out the drift and reaction regions.  A peak with a drift 

time of 25.46 msec (Ko = 1.386) was observed every time during the flushing. 

A speculative assessment of the ion peaks will be given by comparing the peaks 

observed with those in the literature.  Marr et al. (11) published a similar study at 

different temperatures.  Table 6.2 summarizes the product ion peaks observed in this 

study.  The 14.36 msec (Ko = 2.458) was assigned to the ammonium ion (NH4
+) and was 

not listed in the Marr reference.  The peak observed in this study at a Ko value of 1.308 

agrees with the peak observed in the reference at a Ko value of 1.36.  The reference peak 

was mass identified at a m/z of 240.  It is possible that it is due to a TATP-NH4
+ adduct.  

The Marr reference observed a peak at a Ko value of 2.32 mass identified at m/z = 58.  It 

was tentatively identified as acetone.  This somewhat agrees with the peak observed in 

this study at Ko = 2.214.  The reference did not report the analog to the peak observed in 

this study at the K0 value of 1.487.  This designation is speculative but it could be due to 

the DADT dimer.  The peak observed from the flushing (Ko = 1.386) could be due to the 

molecular TATP ion without the NH4
+ adduct since the ammonia was not permeated into 

the flush gas.  This assessment is also highly speculative.  Further experiments with mass 

detection could answer these questions. 

This study on TATP conclusively shows the ability to use ion mobility 

spectrometry to detect explosive compounds that do not contain nitro groups.  This 

should allow security personnel to use the equipment that is already in place at security  
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Drift Time Ko Operating Conditions
(msec)

17.28 -17.42 2.042 - 2.026 Air : No Reactant ion Added
25.66 - 25.78 1.375 - 1.370 Air : No Reactant ion Added

18.60 1.897 N2 : No Reactant ion Added
17.26 2.045 N2 : No Reactant ion Added
18.26 1.932 N2 : No Reactant ion Added
18.90 1.867 N2 : No Reactant ion Added
16.54 2.122 N2 : No Reactant ion Added
16.00 2.206 Air : NH3 Reactant ion Added
27.08 1.303 Air : NH3 Reactant ion Added
15.94 2.214 N2 : NH3 Reactant ion Added
27.04 1.303 N2 : NH3 Reactant ion Added
23.74 1.487 N2 : NH3 Reactant ion Added

IMS Detection of TATP

Table 6.2 – Summary of the product ion peaks detected for TATP using the PC-110.
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checkpoints to find the alternative explosive materials that pose a large terror risk.  In 

addition to TATP, the use of other peroxide explosives such as DADP and HMTD 

(hexamethylene triperoxide diamine) are on the rise and should be detected by IMS.  The 

use of the IMS instrument in positive mode allows for these determinations.   

 

6.3 Detection of Halogenated Contaminates in Sand 

 

The fast response time of the ion mobility technique facilitates the analysis of a 

large number of samples in a relatively short period of time while providing semi-

quantitative results.  This will be demonstrated in this section by chemically mapping a 

contaminated waste site model.  The detection of chlorinated solvent contaminants along 

with brominated solvent contaminants was performed on a controlled sand bed waste site 

model.  The contaminated regions of the sand bed will be apparent as a chemical  

contamination map is constructed from the ion mobility results.   

 A specialized desorber inlet system for the PC-110 was designed and constructed 

to allow solid samples to be rapidly heated and the desorbed vapors to be swept into the 

ionization region of the IMS.  The target compounds were chlorinated and brominated 

solvents such as chloroform and dibromohexane.  The walls of the desorber and the gas 

transfer lines were heated to keep the vaporized halogenated compounds from 

condensing before they were introduced into the ionization region of the instrument.  The 

samples were placed upon a tantalum boat which was heated by passing an electrical  
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Figure 6.21 – Image of the desorber inlet system used with the PC-110 to analyze solid 

samples. 
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current of 200 amps.  Samples inside the tantalum boat could be heated up to 200 oC in 

less than 5 seconds to vaporize the organic contaminates.  An image of the desorber is 

shown in Figure 6.21.   

 In these experiments, the drift tube temperature was held at 190 oC.  The drift 

flow was kept at 400 mL/min and the carrier flow was set at 250 mL/min.  Both of the 

flow gases were N2. The carrier flow ran through the desorber inlet system to sweep the 

contaminant vapors into the IMS.  The recorded spectra were averages of 75 replicate ion 

mobility scans.  The desorber and gas transfer lines were heated to 150 oC.  The desorber 

was purged with N2 for 10 sec at 3 L/min to remove the air in the desorber which 

contained the interferent O2. The shutter time was 350 µsec.  The boat was originally at a 

temperature of 35 oC inside of the heated desorber box and after 5 seconds of current was 

measured to be at a temperature of 200 oC.  The system was evaluated with test samples.  

The samples were a blank background, uncontaminated dried sand, chloroform 

contaminated sand, and dibromohexane contaminated sand.  The spectra for each of these 

four samples are shown in Figure 6.22. 

 The test spectra clearly show a response for the chlorinated and brominated 

contaminated samples while the uncontaminated sample shows the same background 

spectra.  It should be noted that there is a chloride peak present in the background 

spectrum.  This is due to residual Cl- contamination in the PC-110 that was not removed 

from previous studies.  The background level of Cl- consistently returned to the same 

intensity after contaminated samples were introduced.  The spectra in Figure 6.22 show 

the response of the Cl- contamination at a drift time of 9.4 msec and Br- contamination at  
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Figure 6.22 – Ion mobility spectra of halogenated contaminates in sand using the 

desorber inlet system on the PC-110. 
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10.58 msec.  The peaks at 10.22 and 10.98 msec were dependent upon the O2

concentration.  The presence of these two peaks at high O2 concentrations led to the need 

for the air in the desorber box to be purged out with N2. The figure shows the spectrum 

after O2 was purged.  The sand samples used were 0.0400 g +/- 0.0033 g.  The response 

to contaminants in the test samples demonstrated that the technique would work for this 

application.   

 Calibration curves were constructed for both Cl- and Br- contaminated test 

samples using sand that was contaminated to different levels.  The detection limit for Cl-

from the chloroform contaminated sand was 15 and 32 pg for Br- from the 

dibromohexane contaminated sand.   The detection limit is reported in mass of 

contaminant per sand sample and not in concentration of contaminant in the sand sample.  

The reason for this is that 10 pg of Cl- contamination showed the same response in a 1 g 

sand sample as it did in a 0.0400 g sand sample due to the contamination being 

completely volatized from the sand no matter the sample size.  The desorber boat used in 

this study was able to hold up to 1 g of sand sample.  Additional boats could be used in 

the desorber that held up to 10 g of sample.  They were not evaluated.   

 A miniature controlled sand bed waste site model was constructed and is shown in 

Figure 6.23.  This model consists of sand placed in a metal housing box with a grid 

system marking locations.  The grid system was produced by affixing 4 squares per inch 

hardware cloth to the top of the aluminum box filled with sand.  The open area of the box 

was 32 X 60 squares producing an 8 X 15” test bed.  There were 1920 individual sample 

regions produced from this test bed, each 0.25 X 0.25” square.  Despite the  
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Figure 6.23 – Image of contaminated sand bed model.  Grid units are 0.25 X 0.25” and 

over region is 32 grids X 60 grids (8 X 15”). 
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small physical size of this model, it is believed that it accurately demonstrates the 

power of this technique to be used as a screening tool since 1920 individual samples 

were rapidly screened from the test bed.  Different regions of the sample bed were 

then contaminated with different concentrations of chloroform and dibromohexane 

using neat solvents and a microliter pipette. 

 Sand from each grid unit of the contaminated sample bed was collected with a 

small spatula and was placed into the desorber inlet of the IMS instrument.  The 

instrument was operated consistent with the conditions stated above.  The amount of sand 

collected from each grid unit was 0.0378 g +/- 0.003 g.  This was determined from 

weighing the mass of the sand collected from 32 individual grid units.  The results of all 

1920 samples were collected and a chemical map, specific to any drift time, could be 

plotted.  The x and y axes are the grid units of the controlled sand bed waste site model 

and the z axis is the peak intensity at the selected drift time.   

 The chemical maps were plotted for drift times of 9.4 and 10.58 msecs 

corresponding to Cl- and Br- contamination respectively.  The 3D-map for Cl- is shown in 

Figure 6.24 and for Br- in Figure 6.25.  These images show a strong response for the 

contaminated regions of the sand bed waste site model for both Cl- and Br- contaminants.  

In fact, the chemical maps show strong correlation to the known patterns of waste 

contamination.  There is however some slight response from the regions of the test bed 

where Cl- contamination was strong in the bromine map and vise versa in the chlorine 

map.  For the Cl- map, it was due to the increased intensity at the Cl- drift time from the 

overlap with the detected Br- peak.  The same is also the case for the Br- map when  
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Figure 6.24 – 3D mapping of Cl- contamination in sand using desorber and PC-110 on 

contaminated sand bed model. 



327 

 

Grid Unit

G
rid

Unit

Br
In

te
ns

ity

Plot of Intensity for Drift Time of 10.58 msec

Figure 6.25 – 3D mapping of Br- contamination in sand using desorber and PC-110 on 

contaminated sand bed model. 
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Cl- contamination was strong.  By using the chemical maps, areas of contamination are 

rapidly identified for the sand bed waste site model. 

 Using the calibration data, the magnitude of the contamination could be 

estimated.  This is shown on the chemical maps by the intensity of the regions.  On 

average, each sample analysis took 1 minute to manually perform.  This included the 

collecting of the sample, the introduction of the sample into the desorber, the purging of 

the sample, the heating of the sample, the introduction of the contaminated vapor into the 

IMS, the analysis by the IMS, and the data collection.  The total time it took to analyze 

the 1920 samples in the sand bed waste site model was just under 35 hours.  The time it 

took to analyze each sample could be greatly reduced if an automated system was 

introduced.  Regardless, the large number of samples was analyzed in a relatively fast 

period of time.   

 This particular study, using the contaminated sand bed waste site model, 

demonstrates the ability of the IMS technique to rapidly screen for various types of 

contaminants.  Halogenated contaminants were chosen for this study and showed a good 

response using the process of the desorber inlet system coupled to the PC-110 IMS.  The 

data collected were used to produce chemical maps showing the exact locations and 

identities of the contaminants in the sand bed waste site model.  It is believed that this 

technology and the results obtained from it can be used for the rapid screening of large 

areas to determine different levels of pollution for multiple contaminants.  Sand was used 

in this study, but the technique lends itself to all different types of samples. 
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6.4 Detection of Compounds Introduced by Solid-Phase Micro-Extraction Fibers 

 

Despite the high selectivity of the ion mobility technique to specific chemical 

compounds, it is often beneficial to separate the compound of interest from its complex 

matrix to eliminate interferences or to maintain the established set of ionization reaction 

conditions.  This can be done through several sample preparation methods including pre-

separation using a gas chromatograph, sample clean-up using solid phase extraction 

(SPE) cartridges, and the technique of interest to this discussion, solid-phase micro-

extraction (SPME) fibers.  Solid phase micro-extraction is a simple adsorption/desorption 

technique that uses a fiber coated with a bonded stationary phase to extract analytes from 

the rest of the sample matrix.  This technique eliminates the need for additional solvents 

as in normal SPE methods.  SPME is compatible with analyte detection by ion mobility 

instruments because the analytical sample is desorbed from the fiber and then can be 

directly introduced into the ionization region of the IMS.   

 SPME has the additional benefit that it can be used to concentrate analytes onto 

the fiber from very dilute liquid and gas samples.  The concentration of analytes from 

very dilute samples onto a SPME fiber can extend the detection capabilities of the IMS 

technique while still maintaining fast analysis times and minimal sample preparation.  

These extraction and concentration benefits broaden the capacity of the IMS technique to 

be able to analyze samples with very complex matrices as well as samples that initially 

contain analytes at concentration levels well below the LOD.   
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6.4.1 Detection of TNT in Aqueous Solutions 

 

The use of TNT as an explosive in military munitions has led to the 

environmental contamination of storage sites, manufacturing areas, and places in which it 

was detonated.  TNT and other explosives pose great health risks to the environment 

where it was used and to those who are exposed to it.  There are several ways someone 

can become exposed to contamination from TNT including drinking contaminated water, 

breathing contaminated air, and eating contaminated foods.  TNT can enter the 

environment through the manufacturing, processing, recycling, or destruction of 

explosives.  This solid chemical contaminates soil and ground water leading to several 

adverse health effects.  The Environmental Protection Agency determined TNT to be a 

possible human carcinogen based on long term studies on urinary bladder tumor 

formations.   

As a test of the analytical capabilities of the SPME-IMS technique, the analysis of 

TNT in drinking water was performed.  Solutions of TNT in drinking water at 

concentrations ranging from 1000 ppb (ng/mL) to 400 pptr (pg/mL) were prepared from 

TNT standards (1000 µg/mL in acetonitrile) available from Supelco.  A manual Solid 

Phase Micro-Extraction fiber holder apparatus was obtained from Supelco as well as 

various SPME fibers.  The adsorption fiber used for this study was a 65 µm PDMS/DVB 

(polydimethylsiloxane /divinylbenze) recommended for amines and nitro-aromatic 

compounds having a molecular mass between 50-300 amu.  The SPME fiber was 

exposed to the rapidly stirred aqueous TNT solution for 25 minutes.    
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Prior to each exposure the SPME fiber was cleaned by remaining in the 

desorption chamber for 30 min at 250 oC.  The desorption chamber used for this study 

was the packed column injection port of a HP5890 GC connected directly to the IMS 

inlet through heated 1/8” stainless steel tubing.  Figure 6.26 shows a schematic of the 

instrument used for the SPME-IMS studies.  After the TNT solutions were sampled by 

the SPME fiber, the fiber was desorbed for 3 minutes before injection into the IMS.  The 

IMS used in this study was the unmodified PC-110.  The operating parameters of the IMS 

instrument follow: Air was used as the drift gas at a flow rate of 350 mL.  Nitrogen was 

used as the carrier from the GC-injection port at a flow of 120 mL/min.  The drift 

temperature was maintained at 175 oC.  The transfer tubing was stainless steel and was 

heated to 200 oC.  The desorption chamber was heated to 250 oC.   

 For the analysis of the TNT samples, the reactant ion of chloride was introduced 

into the drift gas stream.  A blank sample of water did not produce an IMS response 

different than the background.  The response of a TNT contaminated sample showed an 

ion mobility spectrum represented by that shown in Figure 6.27.  The Cl- RIP peak was 

observed at 9.12 msec.  The TNT peak is seen at a drift time of 17.64 msec.  A cursory 

increase of the peak at 9.84 msec was also observed with the TNT sample concentration 

and is thought to be from the nitro groups present.    

 To quantitatively analyze the TNT in the drinking water, a calibration plot was 

constructed from six repetitive measurements at several concentrations.    
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Figure 6.26 – Block diagram schematic of SPME-IMS instrumental setup. 
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Figure 6.27 – Detection of TNT from a 10 ppb sample using SPME-IMS.
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The aqueous TNT solutions were made to a total volume of 100 mL.  A new 10 mL 

aliquot of each sample concentration was analyzed for each repetitive analysis.  This was 

to ensure that the starting concentration of TNT present in the aliquot remained the same.  

The calibration plot was constructed and is shown in Figure 6.28.  A linear dynamic 

range from 0.400 to 20 ppb was observed and is consistent with similar chromatographic 

analysis techniques (18-20) that have a range of 2-4 orders of magnitude.  The detection 

limit using the calibration plot data was determined to be 0.370 ppb or 370 pg/mL.  The 

response from samples analyzed above a concentration of 20 ppb leveled off.  It is 

believed that either the fiber was saturated with TNT from the aqueous solution and no 

further TNT was absorbed, or that the response from the IMS itself was saturated from 

the mass of TNT introduced into the ionization region.  The evolution of the TNT peak as 

it desorbs from the fiber from a 3 ppb sample is shown in a 3D-surface plot in Figure 

6.29.  The samples analyzed using the SPME-IMS technique showed a good degree of 

reproducibility as the average %RSD was 6.55% with the largest being 9.5% and the 

smallest 3.4%.   

 The technique of analyzing TNT in drinking water by SPME-IMS demonstrates 

some of the utility of using this sample introduction method with IMS.  First, the amount 

of sample matrix from the aqueous sample introduced into the ionization region of the 

IMS was minimized.  This would be extremely beneficial if there were species in the 

sample matrix introduced that would perturb the reaction ion chemistry in the ionization 

and reaction regions of the IMS instrument.  Species like water vapor could seriously  
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Figure 6.28 – Calibration curve from the detection of TNT in drinking water by SPME-

IMS. 
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Figure 6.29 – Surface plot of the ion mobility spectrum showing the evolution of the TNT 

peak as it was desorbed from the SPME fiber and was introduced into the PC-110.  

The sample was 3 ppb TNT in drinking water. 
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alter the established reactant ion chemistry or charge transfer rates.  By using an 

extraction technique, the introduction of these matrix components or other interfering 

analytes can be minimized.  Secondly, by adsorbing the analyte onto the fiber, a 

concentrating action is performed and allows for samples to be analyzed that would 

otherwise be too dilute for an observed instrumental response.   

 The feasibility of the SPME fiber-sampling coupled with IMS detection was 

illustrated by the analysis of TNT in drinking water.  By coupling these two techniques, 

the capabilities of IMS was expanded as the detection of TNT in drinking water showed a 

good selectivity with a high sensitivity and high reproducibility.   

 

6.4.2 Detection of Pesticide Vapor in a Gas Stream by SPME-IMS 

 

The second SPME-IMS experiment that was conducted using the apparatus 

described in the above section was to detect the pesticides parathion and methyl parathion 

from a dilute gas stream.  The structures for these two compounds are illustrated in 

Figure 6.30.  The reason these pesticides were chosen is that they have an 

organophosphate structure like all nerve agents.  Nerve agents are the most lethal of the 

chemical warfare agents deriving their toxicity from their ability to block cholinesterase.  

Organophosphate pesticides act in the same manner only they are less toxic.   
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Figure 6.30 – Structures of parathion and methyl parathion.  
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Nerve agents such as O-ethyl dimethylamidophosphorylcyanide (GA, tabun), O-

isopropyl methylphosphonofluoridate (GB, sarin), 1,2,2-trimethylpropyl 

ethylphosphonofluoridate (GD, soman), and cyclohexyl methylphosphonofluoridate (GF) 

are so lethal that they are considered to be weapons of mass destruction.  Other nerve 

agents such as O-ethyl S-(2-diisopropylaminoethyl) methylphosphonothioate (VX) are 

chemical weapons of primary terrorist concern.  The detection of these types of 

compounds are of great interest to our military and security applications.  Due to their 

structure, these compounds are well suited to be analyzed by ion mobility spectrometry.   

The detection of both parathion and methyl parathion was conducted using the 

same SPME-IMS instrument as described in the previous section.  In short, the operating 

conditions were a 350 µsec shutter width, air was the drift gas at a flow of 350 mL/min, 

nitrogen was the carrier gas flowing at 120 mL/min, the drift tube was set at 175 oC, the 

desorption chamber was held at 250 oC, and the transfer lines were held at 200 oC.  The 

samples were analyzed in both positive and negative ion modes using the unmodified PC-

110.  The samples were obtained from Supelco as a neat liquid for the parathion and as 

the solid for the methyl parathion. The SPME fiber used was the 65 µm PDMS/DVB 

(polydimethylsiloxane /divinylbenze) stationary phase.   

The vapor pressures of parathion and methyl parathion from (21) were found to 

be 8.9 X 10-6 and 9.7 X 10-6 Torr respectively.  A 500 µL aliquot from the headspace 

above the samples produced no response on the IMS instrument for either compound in 

both positive and negative modes.  This means that the detection limit for both of these 

compounds is above the saturated vapor pressure mass contained in a 500 µL aliquot of 
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headspace gas which corresponds to 71 pg for parathion and 70 pg for methyl parathion.  

To obtain the detection and mobility spectra of these compounds, the concentrating 

properties of the SPME fiber was utilized.  The sample process was similar to that 

described in the previous section dealing with SPME-IMS.  The fiber was desorbed at 

250 oC for 25 min.  This time period was adequate so no background peaks were present 

after this desorption time using a blank sample.  The sample adsorption period was 4 min 

in the closed saturated headspace vial of the pure compound.  The desorption period was 

3 minites, after which the vapor was introduced into the IMS instrument. 

For negative mode studies, Cl- was introduced as a reactant ion.  Ammonia was 

introduced to the drift gas stream for positive mode studies.  The negative mode detection 

of parathion and methyl parathion is shown in Figure 6.31 with a background spectrum 

included.  The SPME-IMS response to parathion showed the presence of two peaks at 

drift times of 15.40 msec (Ko = 1.814) and 16.66 msec (Ko = 1.677) with the Cl- RIP peak 

at 9.16 (Ko = 3.057).  It is believed that the amount  of parathion introduced into the 

spectrometer was present at a level to saturate the instrument.  The peak at 15.40 msec 

remained present at a low intensity for over a half an hour.  The spectrum for methyl 

parathion shows the initial presence of four peaks at 14.68 msec (Ko = 1.903), 15.34 msec 

(Ko = 1.822), 19.26 msec (Ko = 1.451), and 20.18 msec (Ko = 1.384).  The two peaks 

with the longer drift times quickly reduced in intensity.  After several seconds only the 

peaks at 14.68 and 15.33 msec remained.  It is believed that the instrument was also 

saturated at this level for methyl parathion.   
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Figure 6.31 – Ion mobility spectra of parathion and methyl parathion detected by SPME-

IMS in negative ion mode. 
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Figure 6.32 - Ion mobility spectra of parathion and methyl parathion detected by SPME-

IMS in positive ion mode. 
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The presence of product peaks for both parathion and methyl parathion shows that ion 

mobility instruments can detect these compounds in negative ion mode.  The peaks with 

longer drift times, corresponding to the lower Ko values, are due to either the parent ion 

of the molecule, or are from dimer adducts of smaller fragments.  No predictions are 

presented as to the confirmed identity of any of the detected product ion peaks.   

The positive mode detection is shown for both pesticides in Figure 6.32.  The 

detected peaks for both positive and negative ion mobility spectra are listed in Table 6.3.  

The positive mode spectra for these compounds appear to be quite similar.  The ammonia 

RIP peak background spectrum shows a product ion peak with a drift time of 10.16 msec 

(Ko = 2.750).  When parathion was desorbed into the IMS, four product ion peaks were 

detected.  The minor detected peaks were at 16.70 msec (Ko = 1.673) and 17.48 msec (Ko

= 1.600).  These peaks were initially present and quickly reduced in intensity.  The major 

peaks present were at drift times of 28.88 (Ko = 0.967) and 31.84 (Ko = 0.878).  These 

peaks remained present for several minutes at the level of pesticide that was desorbed 

into the instrument.  A similar spectrum was produced when methyl parathion was 

introduced into the instrument.  The product ion for methyl parathion had drift times of 

28.84 msec (Ko = 0.969) and 31.78 (Ko = 0.879). 

In comparing the spectra from parathion and methyl parathion in both ion 

polarities, some conclusions can be made about the product ion peaks (PIPs).   
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Compound Drift Time (msec) Ko Ion Mode
Parathion 15.40 1.814 Negative

16.66 1.677 Negative
16.70 1.673 Positive
17.48 1.600 Positive
28.88 0.967 Positive
31.84 0.878 Positive

Methyl Parathion 14.68 1.903 Negative
15.34 1.822 Negative
19.26 1.451 Negative
20.18 1.384 Negative
28.84 0.969 Positive
31.78 0.879 Positive

Detection of Pesticides by IMS

Table 6.3 – Summary of the PIPs detected for parathion and methyl parathion using 

positive and negative mode ion mobility spectrometry. 
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In the positive mode spectra, parathion and methyl parathion have very similar PIPs 

separated by a reduced mobility value of 0.002 for the peaks detected around 28.88 msec 

and 31.84 msec (parathion).  The difference in the drift times and reduced mobility values 

for these peaks is most likely due to differences in the pesticides structures as parathion 

contains ethyls bonded to the thionophosphate group and methyl parathion contains 

methyls on the thionophosphate group.  This small mass/size difference between the ethyl 

and methyl groups is reflected in the PIPs.  These particular peaks in the positive mode 

spectra are probably parent ion peaks (Ko = 0.969) and a parent ion peak adduct (Ko =

0.879) with several ammonia ions.  This again is only a cursory prediction so the actual 

identities are unknown.  A similar peak is present in the negative ion spectra for each 

compound at drift times of 15.40 and 15.34 msec.  Again the identity of the peak cannot 

be determined with any certainty, but the difference in detection time is due to the 

difference in ion size from the ethyls and methyls. 

The detection of parathion and methyl parathion by ion mobility shows that these 

types of compounds can be detected in both positive and negative ion modes with 

mobility instruments.  Since ions of both polarities are produced from APCI reactions, 

the detection limit is expected to be slightly higher for this class of compound as the 

molecules are distributed into both positive and negative ions.  The instrument and 

technique used in this study was able to determine the difference between parathion and 

methyl parathion with very similar chemical structures.  Similar product ion peaks were 

present in both polarities showing the slight difference between molecular structures.   
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6.4.3 Evaluation of the SPME-IMS Parameters for TNT Extraction  

 

The parameters of extraction time, desorption time, desorption temperature, and 

the length of time the SPME fiber was stored before analysis were evaluated by analyzing 

TNT in drinking water.  The experimental setup was the same as that described for the 

previous SPME-IMS studies.  The SPME fiber was the 65 µm PDMS/DVB 

(polydimethylsiloxane /divinylbenze) fiber used previously.  Each parameter of the 

SPME technique was evaluated by measuring the integrated peak volume for TNT.  The 

operating conditions of the mobility spectrometer were a drift region temperature of 185 

oC, air was used as the drift and carrier gases, the flow rates were 350 mL/min and 125 

mL/min respectively, and a flow of 120 mL/min was used as the purge from the 

desorption chamber into the IMS. 

The temperature at which the TNT was desorbed from the fiber was varied and its 

effect on the TNT response was evaluated.  In this study, the fiber was cleaned at 220 oC

for 20 min.  The fiber was immersed into a stirred solution of 100 ppb TNT in drinking 

water for 10 minutes.  The SPME fiber was desorbed at the selected temperature for a 

period of 2 minutes.  The desorption temperature was varied from 145 C to 250 oC at 15 

degree intervals.  The results for the detected TNT are shown in Figure 6.33.  From the 

data presented in the figure, the most efficient desorption for TNT occurs at a 

temperature of 220 oC.   
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Figure 6.33 – Effect of the desorption temperature on the TNT signal measured by 

SPME-IMS. 
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Figure 6.34 - Effect of the desorption time on the TNT signal measured by SPME-IMS. 
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The TNT signal was lower at lower temperatures probably because the temperature of the 

desorption chamber was not high enough to desorb all of the TNT from the SPME fiber.  

At higher temperatures, the TNT signal was also observed to be at a lower intensity.  It is 

thought that this could be due to the desorbed TNT decomposing at the higher 

temperature.  The mobility spectra measured at the higher desorption temperatures did 

not show any additional ion peaks that would be consistent with the decomposition 

explanation.  From this study, the most efficient desorption temperature for TNT from the 

SPME fiber is 220 oC. 

The next experiment evaluated the effect that the length of time the fiber was 

desorbed in the desorption chamber had on the TNT signal.  For this experiment, the 

SPME fiber was cleaned for 20 min at 220 oC.  The fiber was immersed into a stirred 

solution of 100 ppb TNT in drinking water for 15 min.  The desorption temperature was 

220 oC.  The results are illustrated in Figure 6.34.  The results indicate that there is a flat 

region from 2 min to 6.5 min where the detected TNT signal is maximized.  Below this 

desorption time the TNT signal is less due to incomplete desorption.  The signal above 

this time is also less, again probably due to TNT decomposition in the desorption 

chamber.  No decomposition peaks were detected at the time intervals above 6.5 min.   

The length of time that the extracted TNT was stored on the SPME fiber after 

extraction was evaluated.  The extraction time for this study was 10 min in a 100 ppb 

TNT solution.  The desorption was carried out at a temperature of 220 oC for 2 minutes.  

The time that the analyte was stored on the fiber ranged from immediate desorption to 

storage for an hour.     
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Figure 6.35 – Effect of extraction time on TNT signal measured by SPME-IMS. 
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The measured TNT signal from each of the storage times did not significantly 

change over the time range evaluated.  This experiment was kept to a maximum of an 

hour storage time due to having only one fiber.  Longer storage times at multiple trials 

would require multiple fibers for the experiment to be conducted in a reasonable amount 

of time.  At some storage interval time, the observed TNT signal will decrease as TNT is 

desorbed from the fiber or decomposes on the fiber during storage.  It is not known if this 

storage time is hours or days for TNT. 

The TNT signal was measured as the length of time the fiber was immersed into a 

stirred 100 ppb aqueous solution was varied.  The fiber was cleaned for 20 min at 220 oC

before it was immersed in the TNT solution.  It was desorbed at 220 oC for 2 minutes.  

The results for this study are shown in Figure 6.35.  The results show a somewhat linear 

increase for the TNT signal as the length of SPME extraction time increased.  The trend 

is shown for 2 minutes to 35 minutes.  It is expected that at some length of time the signal 

for TNT will level off and extraction times above this will not produce an increased TNT 

signal.  At this time, the capacity of the SPME fiber would be filled and no additional 

TNT could go into the fiber.  This experiment did not reach that level for the SPME fiber.  

The solution volume used for the 100 ppb TNT solution was 10 mL containing a total of 

1 µg of TNT.  The capacity of the SPME fiber was not saturated in this solution at a time 

of 35 minutes. 

In all of the preceding experiments, a new TNT solution was used for each 

duplicate measurement and parameter interval.  This experiment makes an attempt to 

determine how much TNT is extracted from solution during a given time interval.   
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Figure 6.36 - Effect of multiple extractions on the same 5 ppb (1.5 mL) solution of TNT 

measured by SPME-IMS. 
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To do this, multiple extractions (15 minutes) of the same TNT sample solution 

were performed as the TNT signal was from the SPME fiber was measured.  The sample 

in this study was 1.5 mL of 5 ppb TNT in water to give a total mass 7.5 ng of TNT.  The 

TNT signal for 15 consecutive extractions is shown in Figure 6.36.  The data show an 

exponential decay in the measured TNT signal indicating the amount of TNT extracted 

for each consecutive trial follows an exponential decay.   

An attempt to determine the amount of TNT extracted was conducted assuming 

that the response of the IMS instrument was linear to the mass of TNT introduced.  From 

the figure, it is also assumed that all of the TNT was extracted by the tenth extraction 

since the TNT signal leveled off after that point.  The total integrated signal for TNT was 

summed from the first extraction to the tenth extraction.  The ratio of the signal from the 

first extraction to the total signal from the 10 extractions was calculated.  Considering the 

overall TNT mass in solution was 7.5 ng and no significant TNT response was measured 

after ten extractions, this ratio predicts that 2 ng was extracted from the solution on the 

first extraction.   

 The evaluation of the parameters involved in the SPME 

extraction/desorption process indicates that the optimal desorption conditions for TNT on 

a 65 µm PDMS/DVB (polydimethylsiloxane /divinylbenze) fiber takes place at 220 oC

for a time interval between 2 minutes and 6 minutes.  The extraction time is dependent 

upon the sample concentration, but the SPME fiber used did not saturate in a solution 

containing a total of 1 µg of TNT immersed for 35 minutes.  The amount of analyte 

extracted from solution by an SPME fiber is most likely dependent upon the temperature 
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of the solution, which was not measured in this study.  For a 1.5 mL solution of 5 ppb 

TNT in water (room temperature), it is estimated that 2 ng of TNT was extracted in a 15 

minutes extraction time interval.  Several other stationary phases are available in an 

SPME package, but the efficiency and extraction parameters of these SPME fibers 

containing a different stationary phase was not evaluated in this study.    

 

6.5 Conclusions 

 

The technique of ion mobility spectrometry is well suited for the detection of 

compounds that contain an electronegative group in negative ion mode.  Specific classes 

of compounds, such as explosives and nerve agents, are highly detectable using mobility 

instruments and this has been the driving force for the production of IMS instruments 

from its inception to now.  The detection of explosives and the type of information 

available from their detection was demonstrated for several common military explosives 

using the negative ion mode.  Additional explosives that do not contain electronegative 

groups, such as peroxide based compounds, were detected by using the positive ion 

mode.  This specific capability of ion mobility instruments may be used to decrease 

terrorist attacks by the detection of explosives before they are used.  Compounds that 

model deadly nerve agents were detected in both positive and negative ion modes.  APCI 

reactions of this class of compound produce both positive and negative ions, each 
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detectable by IMS.  The implications of using ion mobility instruments for security 

applications are obvious from these studies. 

Beyond the security applications, other applications exist that can benefit from 

using this simple instrumental technique.  The technique of ion mobility offers an 

inexpensive, fast, reliable method of detecting the presence of certain compounds in a 

semi-quantitative manner.  The detection of chloride and bromide contaminates in sand 

was shown by heating the solid samples in a desorption inlet system.  A chemical map 

was produced from the data showing the exact locations of the contamination in the sand 

as well as the magnitude of contamination.  The IMS technique is well suited to a variety 

of inlet methods including certain separation techniques.  The detection of TNT from a 

water sample by IMS following an extraction using a SPME fiber was demonstrated.  

The capability of the hyphenated SPME-IMS technique was evaluated as each system 

parameter was tested.  The SPME inlet for the IMS instrument greatly expands the types 

of samples that can be analyzed using the ion mobility technique.  The number of 

applications that use ion mobility instruments as the detector for specific compounds is 

growing and will continue to grow as instrument manufacturers begin to produce 

standardized IMS instruments as part of their product lines.   
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Chapter 7:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1 Summary of the CTIA Detectors Evaluated 

 

7.1.1  Summary of the CTIA-1  

 

A micro-Faraday array detector was evaluated for use as an ion detector for mass 

spectrometry.  This charge-integrating detector was based upon the merging of 

technologies from CCDs and infrared (IR) multiplexers.  The capacitive trans-impedance 

amplifier was originally designed for use as a low-noise IR detector for use in astronomy 

imaging applications.  The device consisted of gold, finger-shaped Faraday electrodes 

wire-bonded to a capacitive trans-impedance amplifier.  This version of the complete 

detector is known as the CTIA-1.   

Initial measurements were performed by exposing the detector to a low intensity 

Ar+ ion beam in a characterization test chamber.  The CTIA-1 array detector responded to 

both positive and negative ion charges and the mean-variance analysis indicated a 

detection limit of 100 ions per integration period.  The linear dynamic range of the device 

was measured to be over seven orders of magnitude.  The specialized read-out 

capabilities of the device could be used to lower the detection limit by a factor of seven 

and as well as increase the linear dynamic range to eleven orders of magnitude using 

random access integration.  The characterization of the CTIA-1 showed promising results 

for use as a sensitive, yet stable ion detector. 
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The CTIA-1 was evaluated for its performance as an ion detector when it was 

coupled to a Mattauch-Herzog geometry mass spectrometer at Indiana University.  While 

coupled to the mass spectrometer analyzer, the instrument was able to produce detection 

limits in the tens to hundreds of parts per quadrillion (ppq) for most elements while using 

an inductively coupled plasma as the ionization source.  These limits of detection are 

comparable to those obtained using a single channel secondary electron multiplier 

(SEM).  The isotope ratio accuracy and relative standard deviations obtained using the 

CTIA-1 was improved over the electron multiplier detector previously used on the 

instrument.  An isotope ratio accuracy of ~5% was acquired while maintaining a 

precision of 0.007% RSD.  It was determined that the linear dynamic range of the 

instrument was seven orders of magnitude when the CTIA-1 was used as the ion detector. 

The number of CTIA-1 detection electrodes limited the number of m/z ratios that 

could be simultaneously detected on the Mattauch-Herzog mass spectrometer.  The 

physical size of each detecting element limited the overall resolution that the instrument 

was capable of achieving.  Each pixel was 145 µm wide on a 175 µm center giving rise to 

a dead space of 30 µm.  This relatively large amount of dead space had the limiting effect 

on the instrument resolution.  The minimum data acquisition time using the CTIA-1 was 

1 msec and a dead time of 3.2 msec is present between multiple acquisitions.  This limits 

the ability of the ion detector to monitor short duration transient ion signals.  Future 

CTIA array detectors used on similar-type instruments will contain features that will not 

limit the resolution of the instrument.  There will be less dead space between the 

detection electrodes, the overall number of pixels or detection electrodes will be 
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increased, and the electrode will be made smaller.  Faster read-out electronics will also be 

used on future versions of CTIA based detectors. 

The CTIA-1 detector was a prototype version of the CTIA technology used for 

ion detection that demonstrated a high sensitivity and a long-standing stability.  This 

detector was used to make accurate determinations of very low intensity ion beams.  Its 

sensitivity rivals that of a secondary electron multiplier while its stability contends with a 

current-to-voltage electrometer.  The improved performance characteristics of the CTIA-

1, along with its ability to simultaneously detect multiple ion beams, gives rise to a very 

robust and practical ion detector that can be used for accurate determinations in isotope 

ratio mass spectrometry applications.  

 

7.1.2  Summary of the CTIA-2 

 

The second version of an ion detector based upon the capacitive trans-impedance 

amplifier technology was termed the CTIA-2.  This device was designed to be used as an 

integrating single channel detector to monitor transient ion signals encountered in ion 

mobility instrumentation.  The CTIA-2 technology incorporated the feature of having a 

selected gain mode.  The performance of the device was evaluated on the characterization 

test chamber in response to a low intensity Ar+ ion beam.  This device showed a similar 

sensitivity to the CTIA-1 while in the high-gain mode with a detection limit of 90 ions 

per integration period.  In the low-gain mode, the performance characteristics in terms of 
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the detection limit, gain, and full well were exactly one order of magnitude different than 

the high-gain mode.  The CTIA-2 detector could be operated so that the minimum 

integration time was around 7 µsec with zero dead-time between consecutive integrations 

utilizing the CONROI read-out mode.  A maximum integration period of 2.5 minutes 

could be employed with the CTIA-2 using either gain mode.   

The CTIA-2 detector was employed and tested on the commercially produced 

Isoprobe sector mass spectrometer to determine its response to both positive and 

negatively charged ions.  The CTIA-2 was used as an ion detector on this instrument to 

compare its sensitivity to the highly sensitive current-to-voltage electrometers used on 

this particular mass spectrometer.  While connected to the existing Faraday cup 

electrodes of the mass spectrometer, the noise output increased significantly.  This was 

primarily due to the increased capacitance associated with the large detecting electrode 

used and instrumental noise present.  The noise was reduced to an adequate level by 

averaging multiple measurements.   

The CTIA-2 responded to positively charged Sr+ ions connected to the existing 

Faraday cup electrode.  The response from the CTIA-2 detector scaled linearly with the 

intensity of the ion beam until the charge capacity of the amplifier was filled.  An 

increase in sensitivity was demonstrated for the instrument by using the CTIA-2 amplifier 

read-out circuitry over the existing electrometer amplifiers.  The stability of the CTIA 

technology was demonstrated as the 88Sr/87Sr ratio was measured using the CTIA-2 read-

out electronics on one detection channel and an existing electrometer amplifier on 

another detection channel simultaneously.   The isotope ratio accuracy was measured to 
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0.2423% and the precision was 0.2765 % RSD.  A negatively charged ion beam current 

20 times lower than the LOD for the electrometer amplifiers was also detected using the 

CTIA-2 amplifier well above its LOD.  The CTIA-2 demonstrated the great potential of 

using the CTIA technology as an ion detector for transient beams of low intensity.   

The use of the CTIA-2 as the detector for ion mobility instrumentation was 

demonstrated on both existing IMS instruments and custom-built instrumentation.  In 

each case, the sensitivity of the ion mobility instrument was improved by several orders 

of magnitude.  The detection limit for TNT was improved from 170 to 12 pg using the 

combination of an improved detector and instrumental modifications over the previous 

state-of-the-art detection limit for TNT.  The sensitivity for TNT was improved over 

1,000 times for portable IMS instrumentation using the CTIA technology while 

maintaining bench-top-like performance in terms of resolution and sensitivity.   

Few drawbacks exist for using the CTIA technology as an ion detector for ion 

mobility instrumentation.  The charge capacity of the detector can be saturated quite 

rapidly if many ions are allowed to reach the detector.  This can lead to a lack of response 

from later ion peaks or a decreased intensity of a saturated peak.  However, this situation 

can be corrected simply by using time delays of different lengths and different integration 

periods on duplicate measurements.    
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7.1.3 Summary of the CTIA-5 

 

The differential noise canceling capabilities built into this version of the CTIA 

amplifier further improve the sensitivity gain for ion detectors built upon this technology.  

The performance of this differential noise reduction for the CTIA-5 was demonstrated on 

portable ion mobility instruments that were already fitted with a CTIA-2 detector.  The 

increase in sensitivity demonstrated for TNT using these instruments went from a 

detection limit of 12 to 600 fg by employing the differential noise reduction of the CTIA-

5.  The capability built into this device opens up the possibility of using these highly 

sensitive ion detectors in an environment that may contain environmental noise that 

might otherwise limit these detectors and other types of amplifiers.   

 

7.2 Current and Future Directions of CTIA Amplifiers Applied to Sector-Based 

Mass Spectrometers 

 

The limitations discovered from using the CTIA prototype ion detector, the 

CTIA-1, on the Mattauch-Herzog geometry mass spectrometer at Indiana University, 

were addressed in the design and production of the CTIA-3.  The dead space between 

adjacent detection elements was reduced from 30 to 5 µm.  The pitch of the detection 

element was also lowered from 145 to 45 µm.  This specific version of a CTIA detector 

was built to have an increased number of detection elements.  The CTIA-3 has 128 active 
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detection pixels.  These modifications should allow for an improved resolution on sector-

based mass spectrometers while increasing the number of m/z ratios that can be 

simultaneously detected.  The maximum read-out speed of this new detector was 

improved from 500 Hz for the CTIA-1 to 2000 Hz for the CTIA-3.  This specific ion 

detector is currently employed on the Mattauch-Herzog geometry mass spectrometer at 

Indiana University and is under evaluation.  Preliminary results indicate that the overall 

performance characteristics of the CTIA-3 detector are improved over the CTIA-1 

detector. 

The small size and improved performance characteristics of the CTIA-3 detector 

is currently are being employed on a miniaturized sector-based mass spectrometer.  The 

small physical size of this mass analyzer equipped with the CTIA detector technology 

could lead to lightweight, portable mass spectrometers with bench-top-like performance 

characteristics.  This could lead to rapid on-site evaluations of samples without losing the 

time or money it takes to perform costly laboratory analyses.  An evaluation instrument 

has been constructed and is currently being optimized for use as a portable mass 

spectrometer. 

Another version of the CTIA detector technology that has been designed for use 

in mass spectrometry contains detection elements that have been monolithically built into 

the CTIA amplifier.  The reduced capacitance resulting from fewer electrical connections 

should reduce the noise characteristics of the device, ultimately improving the overall 

sensitivity of the ion detector.  A prototype version of this device is in production and 

will have detecting elements with a pitch of 12.5 µm and a dead space of 3 µm.  If 
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improvements on the CTIA technology are demonstrated using monolithic detection 

elements then a 512-pixel device will be constructed for future use in mass spectrometry. 

These improved ion detectors that employ the CTIA technology are best suited to 

isotope ratio mass spectrometry studies that require the detection of very low ion beam 

currents.  Studies such as the analysis of minute particles or limited samples for their 

isotope ratios would benefit greatly from an ion detector that is both sensitive and stable.  

The CTIA family of ion detectors continues to improve in terms of sensitivity and 

stability.   

 

7.3 CTIA Amplifiers Applied to the Detection of Massive Ions 

 

Due to the sensitivity and operating characteristics of integrating CTIA detectors, 

it is believed that this technology could be used to detect ions with very large m/z ratios 

(>100,000 Da).  Detectors that operate on the secondary electron multiplier principle 

have a difficult time detecting ions with large m/z values due to their reduced kinetic 

energies.  The detection efficiency of SEM detectors is very low for massive ions.  Since 

the CTIA detectors respond only to the charge of an ion, its m/z value should be of no 

consequence to its detection efficiency.  Future versions of CTIA detectors could be 

employed on TOF mass spectrometers and be used to detect ions with large m/z ratios.  

Currently, the limitation of employing a CTIA detector on a TOF instrument is the read-

out speed required for its operation on this type of mass spectrometer.  This is similar to 
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the concepts that have been explored by Cottrell (1) and Hillenkamp (2) in previous 

studies.  However, the sensitivity and noise characteristics of the CTIA detectors being 

explored at the University of Arizona are several orders of magnitude improved over 

previous research efforts.  

Evaluations of detecting large particles by CTIA detectors are being conducted by 

detecting charged aerosols and other charged particulate matter.  Some specific 

applications that could benefit from using the CTIA detector technology as it currently 

exists for the detection of massive ions or charged particles are particulate counting 

applications such as processing control, atmospheric conditions monitoring, and clean 

room analyses, to name a few.  As the read-out speed of the CTIA detector technology 

increases, TOF applications can also benefit from this technology. 

 

7.4 Current and Future Directions of CTIA Amplifiers Applied to IMS 

 

The dramatic improvements demonstrated by using the CTIA family of detectors 

with ion mobility instrumentation have led to the planned production of miniaturized ion 

mobility spectrometers capable of detecting explosives and other “sensitive” compounds 

at the vapor pressure level (~ 10-9 Torr for RDX).  These instruments are currently being 

designed and evaluated by Sandia National Laboratories based upon the design of the 

CTIA-µ-IMS instruments.  It is believed that these units will be portable, hand-held, ion 

mobility instruments capable of laboratory-like performance characteristics. 
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Another IMS-based instrument equipped with a CTIA detector that is currently 

being constructed for use in the “war on terror” is the bench-top attogram IMS.  This 

specific instrument is designed to incorporate an efficient use of all of the ionized 

molecules by using ion funnels and other ion optics along with an increased radioactivity 

of the ionization source.  The increased radioactivity will raise the probability that the 

analyte of interest will be ionized at a very low concentration.  The efficient control of 

the ionized analytes will lead to an improved detection limit.  Other undeclared 

instrumental improvements have been made on this particular instrument in an effort to 

reduce the detection limit to attogram levels.  An IMS instrument capable of this 

sensitivity will allow for the trace detection of explosive particles by detecting the vapor 

given off at standoff distances.  This would greatly increase the probability that an 

explosive compound will be detected.   

 

7.5 Improvements in IMS Ionization Source Technology – Corona Discharge 

 

During the evaluation of different ionization source technologies for improving 

ion mobility instruments, the DC corona discharge source was evaluated.  This particular 

source technology showed promise for use as an ionization source in sensitive IMS 

instruments equipped with CTIA detectors.  The DC corona discharge produced a high 

flux of ion current without the regulations required for a radioactive source.  The 

drawback encountered when evaluating the corona discharge source was the electrical 
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noise produced from the ionizing corona.  The noise level detected using the CTIA-2 ion 

detector rapidly saturated the device.  The CTIA-5 technology, equipped with the 

differential noise reduction, may reduce the noise and limit it to an accepatable level.  

This evaluation was not carried out due to specific time constraints and was outside of the 

project goals set by the project sponsor.   

It is believed that by using a more intense ionization source, such as the DC 

corona discharge, an increase in sensitivity will be achieved due to the increased 

probability of analyte ionization.  Furthermore, the linear dynamic range of the ion 

mobility technique should increase.  Currently, the linear dynamic range is around two 

orders of magnitude for most IMS instruments.  Some improvements in LDR were 

observed by using the CTIA detector technology and improving the LOD.  However, the 

main limiting factor of the dynamic range for most IMS instruments is the limited 

reservoir of charge produced by the radioactive ion sources.  Radioactive ion sources are 

regulated and are required to stay below a certain radioactivity level.  Using a corona 

discharge ion source should dramatically increase the available reservoir of charge, thus 

extending the dynamic range of IMS instruments. 

 

7.6 Selective Ionization Reactions 

 

The APCI reactions that occur in the reaction chamber of the ion mobility 

instruments offer a degree of ionization selectivity and affects the identity of the product 
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ion peaks.  The intentional introduction of different reactant species into this region of the 

ion mobility spectrometer can change the identity of the product ions, effect the 

selectivity, and possibly improve the sensitivity for certain analyte species.  A study that 

involves characterizing the reactions that occur in the IMS reaction chamber using 

different reactant ions and their effect on the detection of explosive compounds would be 

extremely valuable.  This would be a major undertaking and would require tools that are 

not currently in place in the Denton laboratories, most notably for the mass detection of 

the species exiting an ion mobility drift tube.  A mass-analyzing detector for the CTIA-µ-

IMS instrumentation is currently being constructed.  This instrument would allow this 

worthwhile study to be performed.   

 

7.7 CTIA Detectors Applied to Differential Ion Mobility 

 

The technique of differential ion mobility will not be thoroughly explained here, 

but it is a technique that also utilizes an ion detector at atmospheric pressures.  All of the 

improvements in sensitivity that have been obtained by utilizing the CTIA family of 

detectors for drift tube instruments should be realized by coupling a CTIA ion detector to 

a differential ion mobility analyzer.  Future evaluation of a differential ion mobility 

instrument equipped with a CTIA detector is planned. 

Currently, an improved differential ion mobility instrument equipped with an 

electrometer detector is being evaluated in terms of its performance.  The technique 
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suffers from an inherent low resolution and improvements are being made in the 

instrumental design.  Specific improvements are currently being evaluated and optimized 

for improved resolution.  This improved instrument will then be evaluated in terms of 

increasing its sensitivity by utilizing a CTIA detector.   

 

7.8 Growth in Ion Mobility Applications 

 

Improved detection limits and higher resolutions are bringing about the 

mainstream production of commercial ion mobility spectrometers.  The number of ion 

mobility instruments offered each year by instrument manufactures continues to increase.  

This drive is led by the detection of electronegative compounds such as explosives and 

the need to fill specific security applications.  However, non-traditional uses of ion 

mobility instruments will continue to increase as the number of available instruments 

increases.  The use of ion mobility by pharmaceutical companies to verify the cleanliness 

of their processing equipment reveals the trend that the technique is expanding into 

mainstream analytical application.  Perhaps the largest contribution that ion mobility 

instruments will make in the foreseeable future is from their use in studies that involve 

confirmational identification.  Over the past decade, proteomics studies and bimolecular 

analyses have already embarked upon using ion mobility instrumentation for this 

purpose. 
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The largest potential for the use of improved ion mobility spectrometers will, 

however, not be realized until a returned focus is given to field-portable instruments for 

environmental or hazardous conditions monitoring applications.  As the available 

research funding dollars have shifted over the last decade from environmental 

applications to other areas, the need for portable instrumentation has decreased.  One of 

the strong attributes of the ion mobility technology lies in its potential to be field-

portable.  Until the need for portable analyzers increases, ion mobility instruments will 

not be used to their full potential.   

 

7.9 Final Comments on IMS  

 

Ion mobility instrumentation and the underlying theories have been deeply 

discussed in this document.  However, the advancement of the ion mobility technique 

will continue to be gradual as long as the operating conditions and instrumental 

parameters are constantly varied among the different end-users of this technology.  As 

researchers are identifying this realization, they are making conscious efforts to curtail 

this progress-impeding practice by beginning to conform to a standard set of operating 

conditions and instrumental settings as well as agreeing on a standard data format.  The 

number of researchers that participate in the annual conference held by the International 

Society for Ion Mobility Spectrometry has increased each year over the past decade and 

this is beginning to lead to more standardized practices.  However, until this trend 

becomes the norm for researchers who use ion mobility, duplicating published 
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experiments or comparing results from different ion mobility instruments will continue to 

be cumbersome.   

Additionally, as more end users begin to use this technology, the need for a 

standardized database of compounds analyzed by IMS grows.  Using references from the 

literature to compare mobility results is difficult due to the previously mentioned 

disharmonious practices of past research.  The collective society of IMS users needs to 

agree upon a set of operating conditions and begin to collect samples for an ion mobility 

database.  The presence of such a database could propel the technique of ion mobility 

further into mainstream applications. 

The overall outlook for the technique of ion mobility does, however, look 

promising as critical instrumental improvements are being realized.  Furthermore, the 

relatively recent formation of an official Ion Mobility Society has dramatically improved 

the overall organization of ion mobility research.    The combination of instrumental 

improvements and new but varied interests in the ion mobility technique should drive the 

growth of IMS research.  At the very least, ion mobility research is expected to continue 

its growth as it is extensively used for the detection of explosives, chemical weapons 

agents, and narcotics.   
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