
 

 

i 

 

 

HIGH RESOLUTION ION MOBILITY SPECTROMETRY WITH INCREASED 

ION TRANSMISSION: EXPLORING THE ANALYTICAL UTILITY OF 

PERIODIC-FOCUSING DC ION GUIDE DRIFT CELLS 

 

 

A Dissertation 

by 

RYAN CHRISTOPHER BLASE 

 

 

Submitted to the Office of Graduate Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of  

DOCTOR OF PHILOSOPHY 

 

 

December 2010 

 

 

Major Subject: Chemistry 

 



 

 

ii 

 

 

HIGH RESOLUTION ION MOBILITY SPECTROMETRY WITH INCREASED 

ION TRANSMISSION: EXPLORING THE ANALYTICAL UTILITY OF 

PERIODIC-FOCUSING DC ION GUIDE DRIFT CELLS 

 

A Dissertation 

by 

RYAN CHRISTOPHER BLASE 

 

Submitted to the Office of Graduate Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of  

DOCTOR OF PHILOSOPHY 

 

Approved by: 

Chair of Committee,  David H. Russell 
Committee Members, David Church 
 Simon W. North 
 Gyula Vigh 
Head of Department, David H. Russell 

 

December 2010 

 

Major Subject: Chemistry 



 

 

iii 

iii 

ABSTRACT 

 

High Resolution Ion Mobility Spectrometry with Increased Ion Transmission: Exploring 

the Analytical Utility of Periodic-Focusing DC Ion Guide Drift Cells. (December 2010) 

Ryan Christopher Blase, B.S., Truman State University 

Chair of Advisory Committee: Dr. David H. Russell 

 

Drift tube ion mobility spectrometry (IMS) is a powerful, post-ionization 

separation that yields structural information of ions through an ion-neutral collision cross 

section.  The ion-neutral collision cross section is governed by the collision frequency of 

the ion with the neutral drift gas.  Consequently, ions of different size will have different 

collision frequencies with the gas and be separated in the drift cell.  A significant 

challenge for IMS, however, is to separate ions with very similar collision cross sections, 

requiring higher resolution ion mobility spectrometers.  Resolution in IMS is of utmost 

importance for the separation of complex mixtures, e.g. crude oil samples, proteolytic 

digests, positional isomers, and ion conformers.  However, most methods employed to 

increase mobility resolution significantly decrease ion transmission through the mobility 

device.   

Herein, a periodic-focusing DC ion guide drift cell (PDC IG) is presented to 

display its potential capabilities for higher mobility resolution with increased ion 

transmission.  The PDC IG utilizes unique electrode geometry compared to the 

conventional uniform field electrode design.  Electrode geometry can be defined by the 



 

 

iv 

iv 

electrode inner diameter (d), thickness (t), and spacing (s).  Specifically, the ratio of       

d : t : s  is equal to, or very near, 1:1:1.  The PDC IG electrode design creates a non-

uniform (fringing) electric field-especially near the electrode walls.  The design also 

causes variations in the radial electric field which provides an effective RF as ions move 

through the device and a radially confining effective potential that improves ion 

transmission through the device. 

In this dissertation the analytical utility of the PDC IG drift cell for ion mobility 

separations will be explored.  The radial focusing properties of the device will be 

presented along with studies of electrode geometry and its effect on ion mobility 

resolution and ion transmission through the drift cell.  PDC IG drift cell length is also 

examined to determine its effect on mobility resolution and ion transmission.  Finally, 

the PDC IG drift cell device is coupled to an orthogonal-acceleration time-of-flight mass 

spectrometer as well as a modular, PDC IG drift cell being adapted to a commercial 

qTOF mass spectrometer for IM-MS experiments. 
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NOMENCLATURE 

 

CI  Chemical Ionization 

CID  Collision-Induced Dissociation 

d  drift electrode inner diameter 

DMA  Differential Mobility Analyzer 

DMS  Differential Mobility Spectrometer 

E0,r

E

  Radial Electric Field Amplitude 

0,z

E

  Axial Electric Field Amplitude 

c

E

  Central Electric Field 

r

E

  Radial Electric Field 

r

E

(r)  Radial electric field in the radial direction / Radial E-field as function of r 

r

E

(z)  Radial electric field in the axial direction / Radial E-field as function of z 

z

E

  Axial Electric Field 

z

E

(r)  Axial electric field in the radial direction / Axial E-field as function of r 

z

ECD  Electron Capture Dissociation 

(z)  Axial electric field in the axial direction / Axial E-field as function of z 

EI  Electron Ionization 

ETD  Electron Transfer Dissociation 

FAIMS High-Field Asymmetric Waveform Ion Mobility Spectrometry 

FT-ICR MS Fourier Transform Ion-Cyclotron Resonance Mass Spectrometry 

GC  Gas Chromatography 
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IMS  Ion Mobility Spectrometry 

IM-MS Ion Mobility-Mass Spectrometry 

K  Ion mobility constant 

K0 

LIT  Linear Ion Trap 

 Reduced ion mobility constant 

MALDI Matrix Assisted Laser Desorption/Ionization 

MCP   Microchannel Plate 

m/z  mass-to-charge ratio 

oa-TOF-MS orthogonal acceleration Time-of-Flight Mass Spectrometry 

PD  Photodissociation 

PDC IG  Periodic-Focusing DC Ion Guide 

QIT  Quadrupole Ion Trap 

r  radial position or displacement 

s  drift electrode spacing 

SID  Surface-Induced Dissociation 

t  drift electrode thickness 

Teff

TDC   Time-to-Digital Converter 

  Effective ion temperature 

TOF  Time-of-Flight 

TOF-MS Time-of-Flight Mass Spectrometry 

TW IMS Traveling Wave Ion Mobility Spectrometry 

V*(r)  Effective potential in the radial direction, often denoted simply as V*  
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vd

V

  drift velocity 

z

z  Axial position or displacement 

  Ion axial velocity 
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1. INTRODUCTION: BACKGROUND OF ION MOBIILTY SPECTROMETRY 

AND MASS SPECTROMETRY 

 

1.1 Ion Mobility Spectrometry 

Ion Mobility Spectrometry (IMS) is a gas-phase separation technique that 

separates ions in terms of their size, specifically their ion-neutral collision cross section 

[1].  Drift tube IMS uses the accelerating force of an electric field, E, to accelerate ions 

while a neutral drift gas acts as an opposing force to the resulting ion motion.  Ions are 

then separated by their collisional frequency with the neutral drift gas molecules. 

 

 

 

Figure 1. The basic operation of a drift tube ion mobility spectrometer.   
 

 

___________________________ 
This dissertation follows the style of the International Journal of Mass Spectrometry. 
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For ions of the same m/z, larger ions (ion 1 in Figure 1) have a greater collision 

frequency and therefore experience longer drift times while small ions (ion 2 in Figure 

1) have a lower collision frequency resulting in shorter drift times.  The time it takes an 

ion to traverse the drift cell until detection is referred to as the ion drift time, td.  This 

time can be converted to a drift velocity, vd, as the ion drift time is measured and drift 

cell length, Ld

dv K E= ∗

, is known from construction of the apparatus.  The drift velocity is used to 

determine the ion mobility which is defined by the equation  

     (1.1-1) 

where K is the ion mobility and E is the applied electric field.  The earliest 

measurements of drift velocities in gases, the first ion mobility experiments, were done 

by Rutherford and Thomson [2] followed by Zeleny [3]. 

 The ion mobility, K, is dependent on the identity of the drift gas in which the 

separation takes place [4].  Thus, an ion’s mobility will be different in He, Ar, N2

0
0

0

TpK K
p T

=

, etc.  It 

is also important to note that mobilities are converted to reduced mobilities for direct 

comparison of results taken under different experimental conditions.  The reduced 

mobility is defined by the equation  

     (1.1-2) 

where p is the experimental drift gas pressure, T is experimental drift gas temperature, 

and To and po are standard temperature and pressure.  Ion mobility data taken from 

different ion mobility spectrometers and different laboratories can be compared when 

reduced mobility values in the same drift gas are used. 
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1.2   Measurement of the Ion-Neutral Collision Cross Section 
 

The mobility of an ion can be used to obtain important ion structural information.  

The ion mobility is inversely proportional to the ion-neutral collision cross section (K α 

1/Ω).  Specifically, the Mason-Schamp equation (1.2-1) illustrates this inverse 

relationship [1]. 
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In the above equation, z and e are number of charges and elementary charge, N is 

number gas density, µ is reduced mass, kB is Boltzmann’s constant, Teff is the effective 

temperature of the ion, and K is the ion mobility.  Notice that the ion-neutral collision 

cross section, Ω T, is dependent on ion temperature.  Most ion-neutral collision cross 

section measurements are taken in the low-field regime where the value of the electric 

field over the pressure (E/p) or the electric field over the gas number density (E/N, 

known as the Townsend) is low and thus an approximation is made where Teff

The Mason-Schamp equation can be expanded based on the relationship of the 

reduced mobility of the ion with the drift velocity and electric field.  Remember from 

equation 1.1-2 that the reduced mobility can be determined from the equation  

 simply 

reduces to the drift gas temperature.  This is important because if the E/p value is high, 

the ion may gain an excess of internal energy from the applied electric field and this 

approximation should not be used.  

T
pKK 273

7600 =         (1.2-2) 
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This equation is rearranged and substituted in the Mason-Schamp equation above to 

yield the equation  
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where mg and mi are the masses of the drift gas and ion, td

Another important parameter to remember is drift gas purity.  For confident ion-

neutral collision cross section measurements, collisions of the ion with the neutral drift 

gas must be as pure as possible.  If the drift gas is not pure, the impurities will have a 

different collisional body (changing µ) and perhaps a different interaction potential with 

the ion resulting in errors of the ion-neutral collision cross section measurement.  The 

purity of the drift gas is not limited to issues of the purity of the dewar or bottle used, but 

also the vacuum of the instrument.  If any flanges of the system contain leaks, especially 

those near the mobility cell, atmospheric air as well as water from humid air can 

contaminate the drift cell and lead to errors in the measurement of the ion-neutral 

collision cross section.  This becomes a greater issue as the length of the mobility cell 

 is the drift time, E is the 

applied electric field, L is drift cell length, p is drift gas pressure, and T is drift gas 

temperature.  To obtain accurate ion-neutral collision cross section measurements, 

multiple experiments are performed at different E/p ratios.  The experimenter can vary 

either the applied electric field or the drift gas pressure to change experimental 

conditions.  Varying the electric field is usually the easier of the two as waiting for 

equilibration of a power supply is much faster than the equilibration of a gas pressure 

even with a precise flow controller. 
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increases.  As ion drift times increase so do the numbers of ion-neutral collisions and 

therefore a greater likelihood of collisions with impurities in the drift cell. 

1.3 Types of Ion Mobility Spectrometers 

1.3.1  Drift Tube IMS 

 The most common ion mobility spectrometer is the drift tube, or drift time, IMS 

(DT IMS) [5].  Ions drift under the influence of an electric field and separation of 

different size ions occurs as a result of the collision frequency with a neutral drift gas (as 

is described in section 1.1).  The early history of ion mobility centered on drift tube IMS 

instruments and the determination of atomic ion mobilities in a variety of drift gases [1, 

6-14].  In fact, all of the theoretical work that is still widely used and accepted today was 

based on work with atomic ions. 

 Drift tube IMS has remained relevant through the years owing to its simplistic 

operation and its first-principles calculation of ion-neutral collision cross section values.  

Ion mobility, K, is independent of the electric field under low-field conditions and is 

inversely proportional to ion-neutral collision cross section, Ω.  For this reason, DT IMS 

is commonly used for determining ion-neutral collision cross section values providing 

more information of ion structure-especially peptides and proteins. 

1.3.2 Traveling Wave IMS (TW IMS) 

 Traveling Wave IMS can be considered a variant of drift tube IMS where the 

electric field applied across the drift electrodes is replaced by a pulse across a set of six 

pairs (12) adjacent electrodes creating a localized electric field [15].  After a finite 

amount of time, a second pulse is applied across adjacent electrodes further down the 
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IMS cell.  For improved ion transmission, a superimposed RF voltage is applied to the 

ring electrodes providing increased ion transmission via radial focusing of ions through 

the device.  The operation of the Synapt HDMS traveling wave IMS is depicted in 

Figure 2.  

 

   

Figure 2. Schematic of the basic operation of the Synapt HDMS traveling wave IMS.  
The superimposed RF on the electrodes is shown while the pulsed instantaneous 
potential on a set of six pairs of electrodes (bracketed in red) shows one DC pulse of the 
DC traveling wave.  
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The pulsing frequency of the electrodes can be varied as well as the amplitude of 

the traveling wave (instantaneous DC potential).  Variation of the pulsing frequency 

provides a change in the speed of the traveling wave, c, while variation of the amplitude 

provides an increased magnitude, localized electric field.  A low velocity wave through 

the traveling wave IMS results in faster separation times as the localized electric field is 

applied for a longer period of time resulting in increased displacement of ions prior to 

pulsing the next set of electrodes.  Likewise, a high velocity wave results in slower 

separation times (slower drift times) as the localized electric field is applied for a shorter 

period of time and thus ion displacement in the localized region is decreased.  Variation 

of the speed of the wave can be optimized to separate two ions as one ion can surf the 

wave while another ion will fall behind the wave. 

Traveling wave IMS provides high ion transmission owing to the superimposed 

RF voltage on the drift electrodes.  The frequency and amplitude of the RF voltage 

creates an “effective potential” that confines ions near the central axis of the drift cell 

[16].  Descriptions of the “effective potential” produced from inhomogeneous RF fields 

have been described previously [17-18] and its role in the TW IMS as well as the 

traveling wave ion guides (TW IGs) preceding and following the TW IMS [16].   

The Waters Synapt and Synapt G2 HDMS have exploded into laboratories 

around the world owing to their commercial availability, outstanding sensitivity and 

limit of detection, and high mass resolution W-reflectron TOF.  However, ion mobility 

separation on the traveling wave IMS can be complicated as the ion separation does not 

depend solely on the mobility constant, K, but rather K2.  Moreover, mobility separation 
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depends on the ratio of the drift velocity (K*E) to the speed of the wave, c.  Ions can 

travel ahead of the wave or can fall over the crest of the wave depending on the ratio of 

drift velocity to wave speed.  Furthermore, ions can experience turn-around events in the 

traveling wave IMS that cause the ion to traverse a longer length than the established 

drift length.  All of these issues make ion-neutral collision cross section calculations 

difficult.  There has been a great deal of effort put forth into developing methods for 

calculating ion-neutral collision cross sections of ions with known calibrants previously 

established from DMA or DT IMS separations [19-21]. 

1.3.3 Differential Mobility Analyzer (DMA) 

 A good analogy to demonstrate the operation of the differential mobility analyzer 

(DMA) is a flowing river with boats of varying size at a docking point at one river bank.  

A second docking point on the opposite bank is placed downstream from the original 

docking point.  The boats then leave the docking point with the same acceleration but 

different velocities, according to their size, heading straight for the opposite bank.  A 

boat of certain size, correct velocity to the counter flow of the river current, will reach 

the second docking point while others will land upstream or downstream from their 

intended docking point destination.   

The DMA is a scanning mobility technique where ions are accelerated by an 

electric field created by two parallel plates with a neutral drift gas flow orthogonal to the 

electric field [22-23].  The ions are introduced into the DMA through a small entrance 

slit in one plate and a similar exit slit is placed at the opposite plate slightly downstream 

from the entrance slit.  Ions of certain mobility will be focused to the exit slit based on 
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the gas flow conditions and electric field (Figure 3).  The separation conditions of the 

DMA, gas flow or electric field, can be scanned to allow all ions to be sampled. 

 

 

Figure 3. A schematic drawing showing the basic operational principles of a differential 
mobility analyzer (DMA).   
 

  
The scanning properties of the DMA are advantageous when used with a continuous 

ionization source as ions will be analyzed individually based on the DMA voltage.  

Differential mobility analysis was commercialized and one such commercial instrument 

is referred to as the GEMMA [24-27] (gas-phase electrophoretic mobility molecular 

analysis), where a condensation particle counter or evaporative light scattering detector 
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[28-29] is used for detection of nanometer sized particles [30].  The DMA has been used 

to analyze particle diameters of large biomolecules [24, 31] that are more difficult to 

analyze by traditional drift tube IMS coupled with mass spectrometry.   

 Recently, a differential mobility analyzer has been coupled with an ABI Sciex 

QSTAR XL mass spectrometer to analyze ionic liquid nanodrops [32].  The two-

dimensional DMA-MS separation provides information of m/z versus DMA voltage 

which makes it a powerful platform for a continuous ionization source with mobility 

selection and subsequent mass analysis of a mobility selected ion.  The same instrument 

was used to investigate protein and protein cluster ions and presented at the 2010 

American Society for Mass Spectrometry Conference [33].  

1.3.4 Differential Mobility Spectrometry 

 A differential mobility spectrometer (DMS) is another scanning mobility 

technique that utilizes asymmetric waveforms of high and low electric fields between 

two parallel plates orthogonal to a neutral gas flow [34].  A schematic of the basic 

operational principles of the DMS are shown in Figure 4.  As ions traverse the DMS, the 

magnitude and direction of the electric field change over time.  Furthermore, more 

complicated asymmetric waveforms have been employed, providing an asymmetric saw-

tooth instantaneous potential profile.  During application of the high field the ion 

mobility, K, changes and the mobility differences between high- and low- fields adds to 

the dynamic of the ion separation.  Specifically, ion trajectories through the DMS are 

dependent on the ratio of the ion mobility constant at high-field, Kh

Figure 4

, compared to the ion 

mobility constant, K, at low-field conditions [35].  From , it can be seen that one 
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ion will maintain stability through the DMS.  To detect every ion in a mixture, the 

magnitude of the high and low fields can be changed or the duration of the high and low 

field application.  

 
 

 

Figure 4. Schematic showing the asymmetric electric field waveform as a function of 
time (a) and ion trajectories through the DMS according to ion mobilities at high- and 
low-field conditions (b). 
 
 
 
 Differential mobility spectrometry has also been termed high-field asymmetric 

waveform ion mobility spectrometry, or FAIMS [36].  FAIMS has been commercialized 

by Thermo Electron Corporation and can be adapted to a variety of their mass 

spectrometers.  In the FAIMS device, the voltage on the lower plate of Figure 4 is 
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referred to as the compensation voltage and the detection of ions as a function of 

compensation voltage provides compensation voltage spectra.   

1.4 Types of Mass Spectrometers 

1.4.1  Magnetic, Electrostatic, and Hybrid Electromagnetic Sector Instruments 

 Perhaps the most common mass spectrometer in the last century was the sector 

mass spectrometer.  Sector instruments can be composed of a magnetic field, an 

electrostatic field, or a hybrid with both magnetic and electrostatic field portions of the 

instrument.  Briefly, each type of sector instrument will be explained. 

 In a magnetic sector instrument, ions are deflected in their motion through a 

magnetic field.  The amount of deflection in the magnet is determined by ion 

momentum.  The first consideration of the experiment regarding ion momentum is the 

kinetic energy of the ions received from the accelerating voltage in the source region.  

The kinetic energy of the ion is determined through equation 1.4.1-1 

21
2

qV mv=      (1.4.1-1) 

where q is equal to the product of number of charges and elementary charge, V is 

accelerating voltage, m is ion mass, and v is ion velocity.  As ions move through the 

magnetic field, they are deflected owing to the force exerted by the magnetic field on a 

moving charged particle.  This is represented by equation 1.4.1-2.  

mv qB
r

=             (1.4.1-2) 
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where r is the arc radius of the deflected ion beam and B is the magnitude of the 

magnetic field strength.  Substituting equation 1.4.1-2 for the velocity term in equation 

1.4.1-1 yields equation 1.4.1-3. 

2 2

2
m B r
q V
=                             (1.4.1-3) 

Equation 1.4.1-3 reveals that if the magnetic field and accelerating voltage are held 

constant then ions of the same charge state but different mass will have different arc 

radii through the magnet [37].  The arc radii of ions in relation to mass are shown in 

Figure 5 with lower mass ions experiencing greater deflection through the magnetic 

field. 

 

 
 
Figure 5. A schematic diagram of a magnetic sector instrument showing ion trajectories 
of ions of the same charge state but differing in mass.  Ion 1 has the lowest mass and is 
therefore deflected to the greatest degree in the magnet while ion 6 has the greatest mass 
and is deflected to the least degree. 
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One advantage of a magnetic sector instrument is the directional, or angular, 

focusing it provides.  If a divergent ion beam enters the magnetic field, it will come out 

of the magnet as a convergent beam and will be collected at the detector.  This angular 

focusing increases sensitivity, however, magnetic sector instruments have no energy 

focusing component.  Hence, ions of differing kinetic energies will arrive at the detector 

at different times, leading to broadening of the ion signal. 

Electrostatic sector instruments provide energy focusing that is lacking in the 

magnetic sector instrument [37].  The source region is very similar to the magnetic 

sector in that ions are accelerated from the ionization source through a slit and then enter 

an electrostatic analyzer, two curved electrodes with a potential difference between the 

two electrodes to create an electric field.  Ions with greater kinetic energy, and thus 

higher velocity, will be less deflected through the electrostatic sector and will travel 

closer to the outside wall of the analyzer.  On the other hand, ions with less kinetic 

energy, and thus lower velocity, will experience greater deflection and will travel near 

the inner wall of the analyzer.  Ion trajectories according to kinetic energy differences 

for ions of the same m/z are depicted in Figure 6.  Different ion trajectories through the 

electrostatic sector allow for detection of ions with slight differences in kinetic energy 

either through a scanning method or with multiple detectors positioned at different 

points after a multi-slit exit.  The electrostatic sector is a great platform for determining 

kinetic energy spreads of ions from different ionization conditions, especially in the case 

of electron ionization (EI) and chemical ionization (CI).   
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Figure 6. Ion trajectories through an electrostatic analyzer owing to kinetic energy 
differences of ions of the same mass-to-charge (m/z). 
 
 

Hybrid sector instruments, also known as double-focusing instruments, are much 

more powerful owing to ion focusing both energetically and directionally.  Early double-

focusing instruments were introduced by Dempster [38], Bainbridge [39], Nier [40-41], 

and Mattauch [42].  To date, double-focusing instruments are referred to as double-

focusing forward or double-focusing reverse geometry.  In the double-focusing forward 

geometry the electrostatic analyzer is placed before the magnet whereas the magnet is 

placed first in a double-focusing reverse geometry.  Double-focusing sector instruments 

were the ‘workhorses’ of mass spectrometry until major improvements were made in 

quadrupole mass spectrometry and time-of-flight mass spectrometry.     
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1.4.2  Time-of-Flight Mass Spectrometers 

In 1946, W.E. Stephens developed the first time-of-flight mass spectrometer at 

the University of Pennsylvania [43].  He noticed that pulsing ions from a low voltage ion 

source and letting them travel down a vacuum tube resulted in a separation of ions of 

different m/z in space owing to differences in velocities.  This phenomenon could be 

explained rather simply by the equation for kinetic energy. 

 
21

2
KE mv=        (1.4.2-1) 

 
He also predicted that such a mass spectrometer would have utility for rapid analysis and 

portable use.  While most time-of-flight mass analyzers are not portable, the rapid 

analysis provided by time-of-flight mass spectrometers has impacted a variety of 

research areas for 60 years.   

 In 1948, the idea developed by Stephens was followed with the development of 

an instrument called an ion velocitron [44].  The instrument consisted of an electron 

impact (EI) ionization source where ions were continually extracted from the ion source 

towards a 3.17 meter flight tube.  Ions were gated into the flight tube by pulsing a set of 

deflection plates at the flight tube entrance.  The ions were only accelerated to 500 eV of 

kinetic energy, resulting in a broad distribution at the detector.  A similar instrument was 

reported that also accelerated ions to constant energy [45].  Owing to constant energy 

acceleration, ion velocity, v, and ion flight time, t, can be calculated in a straightforward 

fashion from the equations 
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where m is ion mass, d is flight distance, and KE is ion kinetic energy.  The ion kinetic 

energy can be determined by the product of the accelerating voltage and charge of the 

ion.  A different type of acceleration scheme was also developed in which ions receive 

the same momentum, termed constant momentum acceleration [46].  In this design, the 

pulse of the extraction field is turned off before ions exit the source region.  The idea of 

constant momentum acceleration has garnered some attention since its inception but has 

not been as popular as constant energy acceleration. 

 In 1955, Wiley and McLaren published groundbreaking work pertaining to both 

focusing of ions with spatial and kinetic energy distributions from the initial ionization 

process [47].  The design utilized a dual-stage, pulsed extraction field where the electric 

field in each stage could be manipulated.  Ions were formed by electron impact 

ionization in a field free region and then extracted after a slight time delay in the first 

stage of the TOF source by a low voltage pulse.  The formation of ions in a field free 

region was done by Katzenstein and Friedland [48], but the idea of varying the time 

delay and an elaborate description of the spatial and kinetic energy focusing of such a 

source design was termed time-lag focusing by Wiley and McLaren [47].   The time 

delay allowed for ions to be better energy focused as ions with different initial velocities 

(kinetic energies) in the source region could move freely to different points in the source 
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region prior to extraction.  In addition, the dual-stage extraction source allowed for 

manipulation of the space-focus plane, meaning ions extracted from the source are in 

focus at a point in space.  A brief explanation on the spatial and energy focusing of ions 

from a TOF extraction source are given below. 

 A single-stage extraction source consists of two electrodes, a backing plate and 

grid that serve to extract ions.  In a continuous extraction field, there would be a 

continuous electric field applied to the plates to extract ions and the space focus plane 

would be defined by the equation 

sd 2=           (1.4.2-4) 

where s is the distance of the source region.  The distance of the source region is 

governed by the type of ionization source used.  For EI, CI, and other continuous 

ionization sources this would be wherever the ions are born in the source region whereas 

in desorption methods like LDI and MALDI [49-50] the source of ion birth can be 

considered the back plate of the source.  In a continuous extraction mode, there is no 

energetic focusing of ions with different initial kinetic energies, so ions focused in space 

at the space focal plane may not be focused as expected owing to initial kinetic energy 

distributions.  The space-focus plane is independent of ion mass and the applied electric 

field in the source region.  Figure 7(a) displays a single-stage, continuous extraction 

source and the space focus plane. 
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Figure 7. A schematic diagram of a single-stage time-of-flight extraction source 
showing both continuous extraction mode (a) and a pulsed extraction mode (b) taking 
advantage of time-lag focusing, also known as delayed extraction. 
  

 

Figure 7(b) displays a single-stage extraction source that employs time-lag 

focusing for energy focusing of initial kinetic energy distributions in the extraction 

source.  In this design, the space focus plane is still defined by the distance of the source 

region, however, before ions are extracted they are allowed to move in a field-free 

source region to different points governed by their initial velocities prior to extraction.  

The utility of time-lag focusing can be seen in an example where two ions of the same 
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m/z formed at the same point in the source region have equal, but opposite velocities 

(same magnitude but opposite direction).  If a constant extraction field would be applied 

these ions would not be focused at the space focus plane owing to differences in initial 

kinetic energies resulting in different final kinetic energies of the extracted ions.  If a 

pulsed extraction with a slight time delay is used then the ions are allowed to move to 

different positions in the source prior to extraction.  Now, an ion with an initial velocity 

in the direction of the source back plate will move toward the plate while an ion with 

opposite velocity in the direction of the grid and subsequent field-free TOF region will 

move in the opposite direction.  After a short time period (hundreds of nanoseconds to 

microseconds) the extraction field is pulsed.  The ion that has now moved back toward 

the source back plate will receive a greater amount of kinetic energy than it would have 

in its initial position with a continuous extraction field.  Likewise, the ion that has moved 

toward the grid will receive less kinetic energy upon extraction than in its initial 

position.  The final kinetic energies of the ions upon extraction from the TOF source will 

be much closer to uniform when time-lag focusing is employed and hence ions are better 

focused at the space focus plane.  The idea of time-lag focusing was revisited in the mid 

1990s and was termed delayed extraction [51-55].  The advantages of time-lag focusing, 

or delayed extraction, were now better realized from improvements in TOF mass 

analyzers. 

 A dual-stage extraction source consists of three electrodes employing two 

different accelerating field regions.  The dual-stage extraction source was introduced by 

Wiley and McLaren and the ratio of the electric fields in the two regions can be used to 
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manipulate the distance of the space focus plane from the extraction source region.  The 

distance of the space focus plane from the exit of the extraction region in a dual-stage 

extraction TOF source is defined by the equation 
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where variables s0 and s1 are the distances of the two regions of the extraction source 

and E0 and E1 are the magnitude of the electric fields in the two source regions.  Wiley 

and McLaren utilized a much higher magnitude electric field in the second region of the 

extraction source shifting the space focus plane further from the TOF extraction source 

exit (Figure 8).  This is advantageous in that as flight distance is increased the separation 

of ions of different m/z values in space, and therefore time, is increased.  The increase in 

flight distance increases the dynamic range as ions of higher m/z values can now be 

better separated.  Prior to the publication by Wiley and McLaren, Wolff and Stephens 

and Katzenstein and Friedland reported time-of-flight mass spectrometers with the 

capability to resolve masses up to 20 Daltons and 75 Daltons, respectively [46, 48].  The 

dual-stage, pulsed extraction source introduced by Wiley and McLaren increased mass 

resolution and allowed for complete separation of ions over 100 Daltons and adequate 

mass resolution up to 300 Daltons.  
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Figure 8. A schematic diagram of a single-stage time-of-flight extraction source 
showing both continuous extraction mode (a) and a pulsed extraction mode (b) taking 
advantage of time-lag focusing, also known as delayed extraction.  
 
 
 
 Major increases in mass resolution owing to energy focusing were introduced by 

Mamyrin in 1973 with the reflectron [56].  This device was used to decelerate ions, after 

initial acceleration and separation in a field-free region, in two retarding electric field 

regions.  The first region decelerates the ions to approximately one-third of their initial 

kinetic energy and the second retarding electric field serves to decelerate the ions 

completely (instantaneous velocity and kinetic energy of zero) and then turn the ions 

around by reaccelerating them to their initial kinetic energy upon exiting the reflectron.  
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The advantage is that ions with very broad initial kinetic energy distributions would be 

corrected by the different penetration depths, or flight lengths, in the reflectron.  

Consider three ions extracted from the same spatial plane in a time-of-flight extraction 

source (Figure 9).  Ion 1 has a negative initial kinetic energy, -KEi, (a velocity with 

direction away from the extraction source exit and field-free region), ion 2 has zero 

initial kinetic energy, and ion 3 has a positive initial kinetic energy, KEi (a velocity with 

direction toward the extraction source exit).  If these ions were extracted with the same 

acceleration energy, KEA, to a linear time-of-flight detector, the order of arrival at the 

detector would be ion 3, ion 2, and ion 1 resulting in a broad distribution at the detector.  

However, if these ions are extracted towards the Mamyrin reflectron, the ions would 

penetrate a different depth of the reflectron resulting in a shorter flight path for ion 1 and 

a longer flight path for ion 3 in relation to ion 2.  The ions would then be reaccelerated to 

different kinetic energies as a function of their position and would be focused at the 

detector, thereby improving energy focusing and mass resolution.   
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Figure 9. A schematic diagram of a dual-stage TOF extraction source with a dual-stage 
reflectron.  The diagram shows ions 1, 2, and 3 described in the text as the green, blue, 
and red trajectories, respectively.   
 
 
 
 In 1987, Standing et al. introduced the single-stage reflectron, or ion mirror.  The 

single-stage reflectron uses a single, shallow retarding electric field [57].  The optimum 

mass resolution for this instrument, as implied by Standing, is when ions spend an equal 

amount of time in the field-free regions and the reflectron (Figure 10) [58].  This is 

accomplished when the sum of L1 and L2

dLL 421 =+

 (field free region) is equal to four times the ion 

penetration depth in the reflectron (d).  Thus, maximum resolution occurs when equation 

1.4.2-6 is met.  

     (1.4.2-6) 
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In order to meet the requirements of equation 1.4.2-6 a longer reflectron is needed to 

achieve the same mass resolution as a dual-stage reflectron.  However, the operation of a 

single-stage reflectron is much simpler in terms of mass calibration and determination of 

product ions from metastable fragmentation of precursor ions. 

 

   

Figure 10. A schematic diagram of a single-stage TOF extraction source with a single-
stage reflectron.  The diagram shows ions 1, 2, and 3 once again previously described in 
the text for the dual-stage reflectron as the green, blue, and red trajectories, respectively.   
  
 

The determination of metastable fragment ions and the precursor ions from whence they 

came can be established from a linear time-of-flight and therefore mass relationship. 
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1.4.3 Quadrupole Mass Spectrometry  

Quadrupole mass spectrometry is an electrodynamic mass spectrometric 

technique that uses four parallel rods in a concentric circle with a combination of DC 

and RF voltages to create a quadrupolar field.  Studies on the electrodynamic quadrupole 

field and its applicability to ion motion was introduced by Wolfgang Paul [59].  

Opposite rods are connected to have the same applied DC potential and the same 

amplitude and phase RF voltage (time-varying waveform) (Figure 11).   

 

 

Figure 11. Schematic showing the basic operation of a quadrupole mass spectrometer 
(a) and the instantaneous potential on the quadrupole rod sets as a function of time (b). 
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The positive rods have a positive DC potential, U, applied as well as the RF voltage, -V0 

cos ωt.  The negative rods have a negative DC potential, -U, applied along with the same 

amplitude RF voltage, –V0 cos ωt, but 180 degrees out of phase with the positive rods.  

The instantaneous potential difference, Vinst

)cos(2 tVUVinst ω+=

, between an adjacent set of rods is then 

defined by the equation 

        (1.4.3-1) 

 Consider positively charged ions of varying m/z travelling through a quadrupole 

mass spectrometer.  The positive and negative DC biased rods affect ion motion 

differently for ions of different m/z.  The positive rods, in the x-z plane, will have a 

greater impact on low mass ions as ion motion will oscillate in phase with the RF 

frequency.  High mass ions remain relatively unaffected by the RF frequency and remain 

near the center of the quadrupole.  Ion motion for high mass ions is impacted by the 

negative rods, in the y-z plane, owing to the negative DC potential bias on the rods.  

High mass ions are drawn toward the rods while low mass ions can be corrected back 

toward the center of the quadrupole by the RF voltage.  Thus, the x-z plane acts as a 

high-mass pass filter while the y-z plane acts as a low-mass pass filter for positive ions 

[60]. 

Soon after, Paul introduced the quadrupole mass filter and its ability to select a 

specific m/z value based on ion stability through the device [61-62].  Ion stability, 

according to m/z, through the quadrupole is established by the DC and RF voltage 

amplitude and the RF frequency applied to the rods.  The ion stability can be defined by 

the Mathieu equation 
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( )
2

2 2 cos 2 0u u
d u a q u
d

ξ
ξ

+ − =           (1.4.3-2) 

where u is displacement in the x- or y- dimension, ξ is equal to ωt/2, and au and qu are 

trapping parameters of the DC and RF voltages, respectively, that apply a force to the 

ions in the x- and y- directions.  The values of au and qu

2 2
0

8
u x y

eUa a a
m rω

= = − =

 are defined by the following 

equations 

     (1.4.3-3) 

2 2
0

4
u x y

eVq q q
m rω

= − = =      (1.4.3-4) 

where m is ion mass and r0 is the circumscribed radius inside the quadrupole rods.  From 

equation 1.4.3-2, it can be seen that ion stability through the quadrupole as a function of 

mass can be varied by either changing the values of U and V or by changing the RF 

frequency, ω.  Depending on the au and qu

 

 values selected, a Mathieu stability diagram 

can be constructed to determine m/z ions that maintain a stable trajectory through the 

quad.  The quadrupole mass filter can also be scanned to generate a mass spectrum by 

either scanning U and V with a fixed ratio of U/V and fixed RF frequency or by scanning 

the RF frequency while fixing the values of U and V.  If the U value on the quadrupole 

rods is set to zero (RF only mode) the quadrupole will pass all m/z ions, acting as an ion 

guide [60]. 
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1.4.4 Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry 

 Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry was first 

introduced in 1949 when Hipple measured the cyclotron resonance frequency of protons 

in a magnetic field [63].  FT-ICR MS utilizes a permanent magnetic field to impart a 

force on an ion moving in the presence of said magnetic field to create a cyclotron 

motion of the ion.  The force on the ion moving through the magnetic field can be 

defined by the following equation 

Bqv
dt
dvmmaF ×===     (1.4.4-1) 

where q, m, and v are ion charge, mass, and velocity and B is the magnetic field.  The 

resulting force yields a cyclotron motion of the ion where the direction of motion 

depends on ion charge meaning positive and negative ions orbit the z-axis (are displaced 

in the x-y plane) in different directions.  The acceleration term in equation 1.4.4-1 can be 

converted to angular acceleration to give the equation 

0

2

Bqv
r

mv
xy

xy =        (1.4.4-2) 

Angular velocity defined by the equation 

r
vxy=ω               (1.4.4-3) 

can be substituted into equation 1.4.4-2 to give 

rqBrm ωω 0
2 =       (1.4.4-4) 

Equation 1.4.4-4 can be reduced to the ion cyclotron frequency equation 
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m
qB

c
0== ωω      (1.4.4-5) 

The ion cyclotron frequency is dependent on the mass and charge of the ion and the 

magnetic field, B0

 FT-ICR MS is an expensive technique but very popular owing to its ultrahigh 

mass resolution capabilities.  The coupling of IMS with FT-ICR MS has been limited, 

however, and for this reason FT-ICR MS will not be addressed much in this dissertation. 

, in tesla.  Ions of the same m/z will have the same cyclotron frequency 

regardless of ion velocity while ions of different m/z will have different cyclotron 

frequencies in a given magnetic field.  An ion packet with a specific cyclotron frequency 

can be excited to larger radial position (increased cyclotron path) by an RF voltage on a 

set of excitation plates.  As the ions are excited to larger cyclotron paths, their current 

can be detected by current detection plates as a function of time and through the use of 

Fourier Transforms, the m/z can be detected [64]. 

1.5 Ion Mobility/Mass Spectrometry 

The first IM-MS instrument was a drift tube IMS coupled with a magnetic sector 

analyzer in 1962 [65].  Ions eluting the drift cell were accelerated through the magnetic 

sector mass analyzer to measure the m/z of the ion.  The acceleration energy was 

scanned to detect ions of different m/z in the magnetic sector.  Shortly after, drift tube 

IMS was coupled with quadrupole mass spectrometers and proved to be a simpler 

hyphenated instrument [66-67].  With IMS-q-MS designs, mobility-selected ions can be 

mass analyzed or the quadrupole can be scanned to detect different m/z ions as they elute 

the drift cell.  Another advantage is the high sensitivity as nearly all ions eluting the drift 

cell will be transferred to the quadrupole mass spectrometer, maintaining   In addition, 
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IMS-q-MS designs also allow for ions to be accumulated and trapped prior to tandem 

MS or MS3 analyses [68-69].  The enrichment of ions in the trap prior to analyses 

increases the sensitivity of low abundance ions.  One detrimental aspect of IMS-q-MS, 

however, is the scan time of the quadrupole.  A scan speed of ~5000 Da s-1

Ion mobility-orthogonal acceleration time-of-flight mass spectrometry (IM-oa-

TOF-MS) was introduced in 1963 [70-72].  At the time, oa-TOF-MS suffered from low 

mass resolution and therefore IM-q-MS remained the standard for IM-MS until higher 

mass resolution TOF-MS was made available through the reflectron [56] and the 

resurgence of oa-TOF-MS [73-74].  Ion mobility-orthogonal acceleration time-of-flight 

mass spectrometry (IM-oaTOF-MS) is attractive to a variety of mass spectrometry 

applications owing to their experimental compatibility.  The time scales of the two 

separations are compatible as IMS separations are on the order of hundreds of 

microseconds to tens of milliseconds and time-of-flight mass spectrometry (TOFMS) 

separations occur in tens to hundreds of microseconds [75].  This means that in the time 

frame of a single mobility separation, hundreds of mass spectra can be recorded.  The 

 can be 

accomplished while maintaining sufficient mass resolution [60].  This corresponds to 

scanning or detecting one Dalton (m/z) increments every 0.2 milliseconds (200 µs).  If a 

complex mixture, such as a tryptic protein digest, is separated by IMS the numbers of 

ion signals of different m/z eluting the drift cell over a 0.2 millisecond (200 µs) window 

is quite high and thus some ions would not be detected owing to the scan time of the 

quadrupole.  Scanning speeds of the quadrupole can be increased in an attempt to 

overcome this problem but at the expense of mass resolution. 
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other aspect of TOFMS that is quite appealing for coupling to IMS is the Fellgett 

advantage [76], or the acquisition of the entire mass range of ions present in every TOF 

mass spectrum.  Another advantage of oa-TOFMS is that high mass resolution can still 

be obtained with an ion packet with initial spatial and kinetic energy spreads since only a 

slice of the distribution is extracted orthogonally for mass analysis.  For this reason, IM-

oaTOF-MS has become the workhorse of IM-MS for the past 20 years.   

The separation of IMS enriches the content of the MS experiment by providing 

additional information on the physical characteristics of the ions.  In the first dimension, 

IMS, ions are separated according to their ion-neutral collision cross section, or ion size.  

The second dimension, MS, separates ions by their mass-to-charge (m/z) ratio.  Data 

from both separation dimensions can be plotted simultaneously to construct a two-

dimensional mobility-mass plot that correlates ion mobility arrival time with ion time-of-

flight.  Interpretation of the two-dimensional plot yields information about ion structure.  

For instance, a group of ions from the same chemical family should have similar 

structures and ion signals in the two-dimensional plot should fall along a “trend line” 

indicative of that chemical family [75, 77].  Multiple reports have looked at these trend 

lines and the ability of IM-MS to differentiate distinct chemical families by looking at 

where ion signals fall in the two-dimensional plots.  Moreover, studies can be done on 

single families of ions, i.e. carbohydrates, peptides, nucleic acids.  Within a specific 

chemical family, experiments can be done to see if there are structural differences in ions 

according to their deviation from an expected trend line [78-79].   
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1.6 Ion Mobility Spectrometry Employing Different Ionization Sources 

Ionization sources play a role in the mobility experiment as some ionization 

sources produce a distribution of ion charge states while some ionization sources 

produce only single-charged ions.  Electrospray ionization (ESI) [80] has shown great 

analytical utility in the analysis of large biomolecules.  The acidity of the electrospray 

solvent can be manipulated [81-83], or supercharging solvents can be added [84-87], to 

achieve different distributions of ion charge states to be analyzed.  This allows for 

studies of changes in ion mobility and ion-neutral collision cross section as a function of 

ion charge state.   

Furthermore, some ionization sources impart internal energy exceeding that 

which is required for ionization which results in activation and dissociation of the ion.  

Thus, the parent ion and subsequent fragment ions would be analyzed.  Ion activation 

and dissociation occurs in high energy electron impact ionization and matrix assisted 

laser desorption/ionization (MALDI) [49-50] at high laser fluence as well as high 

velocity electrons in electron ionization (EI).  The deleterious effect of ion dissociation 

is decreased sensitivity owing to parent ion population depletion and complication of the 

ion mobility spectrum.   

Another consideration of ion sources to be coupled with ion mobility 

spectrometry is whether the ion source is pulsed or continuous.  A continuous ion source 

such as ESI, EI and chemical ionization (CI) produces a constant stream of ions.  This 

becomes detrimental to the mobility experiment as ions with different mobilities 

produced at different times will elute from the mobility cell at the same time, causing an 
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overlap of ions admitted to the drift cell at different times.  In other words, the resulting 

mass spectrum cannot be correlated with the mobility spectrum since the ion signals 

from the mass spectrum are not introduced to the mobility cell at the same time.  To 

overcome this challenge, a method must be developed to stop the continuous flow of 

ions and intermittently introduce them into the mobility drift cell. 

The most popular methods for introducing ions to the drift cell from a continuous 

ion source is through the use of a Bradbury-Nielsen gate [88] or an ion trapping device 

such as a quadrupole ion trap (QIT) [89], linear ion trap (LIT) [90-93], or an RF ion 

funnel [94-96].  A Bradbury-Nielsen gate is the simplest of these devices and utilizes a 

series of parallel wires.  The parallel wires are strung orthogonal to the direction of the 

ion flight path.  When the gate is closed, adjacent wires are held at opposite polarity 

potentials to create an electric field.  The electric field created between the wires causes 

ions to be deflected from their normal flight path and thus are not transmitted to the ion 

mobility drift cell.  When the gate is open all wires are held at the same potential, 

creating a field free region which allows ions to pass through.  Ion gates are normally 

pulsed open for a finite amount of time that will define the initial ion packet width 

introduced to the drift cell. 

Multiplexing methods have been employed with ion gates to increase the number 

of ions introduced to the drift cell in a finite amount of time, thereby increasing the 

instrumental duty cycle [97-98].  The multiplexing process is made possible by a binary 

S-matrix produced by a pseudorandom sequence of events [99].  The number of events, 

or elements, denoted in the matrix is defined by the equation (1.6-1) 
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12 −= nn      (1.6-1) 

where n is the total number of elements in the matrix determined by the product of the 

number of rows and columns.   

Ion trapping devices provide a similar introduction of ions to the drift cell but 

also provide a means of ion accumulation to increase the number of ions admitted to the 

drift cell in a finite amount of time, resulting in greater sensitivity.  Quadrupole ion traps 

(QIT) [100-103], linear ion traps (LIT) [104-106], and RF ion funnels [107-110] have 

been employed utilizing their ion trapping capabilities to accumulate ions over a period 

of time followed by axial ejection of the ions into the drift cell.  The LIT has a great 

advantage over a QIT in terms of trapping capacity, making it more amenable for 

analyses of low concentration species [60].  Furthermore, LITs provide capabilities for 

trapping and admitting all ions produced from the ion source in an RF only operating 

mode, or can be used in an ion selection mode where only one ion maintains stability in 

the quadrupole before injection to the ion mobility drift cell.  This allows for a complex 

sample to be analyzed initially and the presence of an ion signal of interest may then be 

mass selected in the quadrupole for an isolated analysis. 

1.7 Drift Tube Ion Mobility Spectrometry at Pressures of 1-10 torr 

One experimental variable of considerable interest in ion mobility separations is 

drift gas pressure.  As mentioned in section 1.1, the electric field, E (V/L where V is 

applied voltage and L is drift length), is the accelerating force in the separation.  For a 

fixed drift cell length, the voltage that can be applied is a function of pressure and the 

distance between two electrodes (1.7-1) 
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( )pdfV =                (1.7-1) 

Paschen conducted a study over 100 years ago to determine electrical breakdown 

voltages between two electrodes spaced at a certain distance apart as a function of 

pressure [111].  The curve shows that at high vacuum (low pressure), 6 x 10-5

Second, diffusion of ions in the drift cell is mitigated at higher pressures.  

Diffusion of ions is dependent on ion flux, described by Fick’s first law (1.7-2)   

 torr, 40 kV 

can be applied across two electrodes spaced 1 inch apart.  The same voltage can be 

applied across the electrodes at atmospheric pressure, but at pressures of 1-10 torr, 

electrical breakdown occurs at 900 V, respectively.  Thus, the applied voltage can be 

increased at elevated pressures.   

nDJ ∇−=      (1.7-2) 

where J is ionic flux density, n is ion number density, and D is the diffusion coefficient 

which is a joint property of the ion and drift gas.  As the drift gas pressure increases the 

diffusion coefficient decreases resulting in a less diffuse ion packet.  This leads to a 

narrower mobility peak width and a less radially diffuse packet of ions. 

 There are challenges, however, associated with running mobility separations at 

elevated pressures.  The first of these challenges is the need for increased differential 

pumping when high pressure ion mobility spectrometry is interfaced with a mass 

spectrometer.  High speed vacuum pumps and a conductance limit on the gas flow from 

the mobility cell are required to achieve the pressures needed for mass analysis.  To 

achieve the gas flow conductance limit, a small aperture plate is normally positioned at 

the mobility cell exit.  The diameter of the aperture ranges from hundreds of microns to a 
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few millimeters.  Larger apertures require higher speed vacuum pumps than do smaller 

apertures.  At high pressures, smaller aperture diameters must be used. 

 A compounding problem of utilizing small apertures is the transmission of ions 

through the ion mobility drift cell.  While traversing the drift cell an ion cloud diffuses in 

the drift gas in all directions away from the initial density of the ion packet; in the 

direction of the negative concentration gradient.  This means that ions diffuse both in the 

longitudinal dimension of the drift cell and the radial dimension.  As the pressure or drift 

cell length is increased, ion transmission through the drift cell decreases and the 

sensitivity of the experiment is greatly reduced. 

A second challenge associated with high pressure ion mobility spectrometry is 

drift gas purity.  The mobility of an ion, K, is directly related to the drift gas used in the 

separation.  The ion mobility would change if a different drift gas [4, 112], or mixture of 

drift gases, was used.  This phenomenon can be explained by the different atomic sizes 

of different drift gases and different interaction potentials between the ion and neutral 

drift gas.  As the drift gas pressure is increased the gas purity becomes a greater factor 

for the experiment as the probability for a collision of an ion with a neutral contaminant 

is increased.  The interaction of an ion with a neutral contaminant has the potential to be 

very different than the interaction potential with the selected drift gas.  Thus, the 

measured ion mobility may change if the collision frequency with a contaminant is too 

high.   

The major advantage of performing ion mobility separations at lower pressure is 

the faster separation time allowing for higher repetition rate ion sources and thus higher 
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throughput.  Consider an ion mobility experiment where the drift cell voltage and length 

are fixed and the pressure is varied.  Hypothetically speaking, if a peptide mixture is 

separated in the drift cell at atmospheric pressure and the drift time of the ion with the 

largest collision cross section is 10 milliseconds.  To ensure that all ions are detected 

prior to introducing the next ion packet to the mobility cell, a time period of 10 

milliseconds is required in order to avoid convoluted data owing to correlation of the 

timing of introduction of the ions to the drift cell and subsequent detection.  To put it 

simply, in IM-TOF-MS hundreds to thousands of TOF spectra can be summed over the 

course of a mobility separation but each TOF extraction must be correlated with the 

introduction of ions to the mobility cell; a reference to start the time clock.  Thus, in the 

example above a pulsed ion source, normally a MALDI laser, cannot exceed a frequency 

of 100 Hz.  As the pressure in the drift cell is decreased the laser frequency can be 

increased to higher repetition rates.  A mobility drift time of 5 milliseconds corresponds 

to 200 Hz and a mobility drift time of 1 millisecond increases the repetition rate to 1 

kHz.   

The higher throughput is realized when one considers the number of ions that can 

be introduced over a time period of one second with the three experimental parameters 

mentioned above.  A MALDI N2 laser (λ = 337 nm) has been reported to produce 

around 105

 

 ions per laser shot [113].  Over the course of one second of data acquisition, 

the numbers of ions introduced to the mobility cell and for subsequent detection is 

summarized in Table 1. 
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Table 1. A representation of ion drift times limiting the laser pulse frequency and thus 
the throughput of the IM-MS experiment.  The number of ions per laser shot is assumed 
to be 105

 
. 

Ion Drift Time (ms) Laser Pulse Frequency (Hz) # Ions·s-1 # Ions·min-1

10 100 1 x 107 6 x 108

5 200 2 x 107 1.2 x 109

1 1000 1 x 108 6 x 109

 
 
 
 

As can be seen from Table 1, the number of ions introduced to the mobility cell per 

second is increased by an order of magnitude from 100 Hz to 1000 Hz, or 1 KHz.  

Although merely stating, “an order of magnitude,” it does not demonstrate the large 

increase in the number of ions introduced.  The exact increase in the number of ions 

from 100 Hz to 1 KHz in a time span of one second is 90 million.  Over a one minute 

interval, this number increases to 5.4 billion.  Thus, ion mobility separations at lower 

pressure offer the advantage of higher throughput. 

1.8 High Resolution Ion Mobility Spectrometry 

High-resolution ion mobility spectrometry is very appealing to mass 

spectrometry as IMS is capable of separating ions, i.e. isobaric ions, peptide positional 

isomers, disaccharide carbohydrates with different branched linkages, which are 

inseparable by mass spectrometry alone.  All of the examples given above would have 

the same mass and if containing the same number of charges would have the same mass-

to-charge (m/z) ratio.  Therefore, in a mass spectrum the ion signals would overlap as no 

mass spectrometer would be able to differentiate ions of the same m/z.  However, in the 
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hyphenated method of IM-MS the ion signals could be separated on the condition that 

they have differences in ion structure, or ion-neutral collision cross sections. 

The main challenge associated with high-resolution IMS is that most methods 

employed to increase mobility resolution decrease ion transmission and thus sensitivity.  

Most experiments to increase mobility resolution in drift tube IMS have centered around 

increasing the applied electric field.  In order to increase the electric field and maintain 

low E/p separation conditions as well as electrical breakdown through the drift gas, drift 

gas pressure or drift length must be increased.  Either of these adjustments leads to 

longer residence time of ions in the drift cell and thus increased radial diffusion.  As a 

result, ion transmission through the drift cell is low owing to the fact that radially diffuse 

ions will not be transmitted through the drift cell.  The problem of ion transmission 

becomes magnified when higher pressure or long-length drift tube IMS separations are 

coupled to mass spectrometry. 

To overcome problems of low ion transmission through an IMS drift tube a 

variety of radial focusing mechanisms have been employed.  The radial focusing devices 

employed have been a segmented quadrupole for IMS separations [114], an RF ion 

funnel [94-96], and the combination of DC and RF fields applied to the drift electrodes 

of an IMS device [15-16, 115] (see Section 2 for more discussion on the following 

devices).  All of these devices use an RF field that creates a confining effective potential 

[17] which continually focuses ions in the radial dimension throughout each device.  The 

main difference in the devices is the steepness of the effective potential, or effective 

potential decay, as a function of radial position.  In the segmented quadrupole design, the 
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radial effective potential is proportional to r2 whereas the ring electrode designs (RF ion 

funnel and combination DC/RF on drift electrodes) produce a radial effective potential 

that is proportional to er

In this dissertation, we present the periodic-focusing DC ion guide drift cell for 

high resolution IMS with markedly improved ion transmission (focusing properties 

similar to the RF ion funnel and DC/RF combination on drift electrodes).  The PDC IG 

employs unique electrode geometry with a DC-only voltage gradient across the device.  

The unique electrode geometry (similar dimensions of electrode thickness, spacing, and 

inner diameter) creates a non-uniform axial electric field which in turn creates variations 

in the radial electric field, an effective RF frequency for ions moving through the device 

(a position varying waveform), and a confining effective potential produced from the 

radial electric field and effective RF frequency in the device (see Section 2 for more 

detailed discussion). 

 [17, 60].  The quadrupole field creates a less steep radial 

effective potential with an electric field minimum only at the center of the device.  The 

ring electrode design creates a steep radial effective potential with a broad electric-field 

free region in the center.  Therefore the segmented quadrupole design confines ions 

closer to the central axis of the device while the ring electrode design allows for 

increased space charge capacity.   
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2. PERIODIC-FOCUSING DC ION GUIDE THEORY: RADIAL FOCUSING 

PROPERTIES OF THE DEVICE 

 

2.1 Introduction 

Conventional uniform field ion mobility spectrometry separates ions based on 

their mobilities through a drift gas under the influence of a weak electric field.  Ion 

packets pulsed into the drift cell are allowed to separate and elute from the drift cell for 

detection.  IMS usually suffers from poor sensitivity owing to the low duty cycle of 

gating ions into the drift cell as well as radial diffusion of ions in the drift cell resulting 

in ion packet dimensions that are much larger than sampling apertures used at the 

mobility cell exit to interface with a mass spectrometer.  The frequency of ion injection 

into the drift cell can be increased with multiplexing methods or by performing mobility 

separations at lower pressures while overcoming issues of radial diffusion need to be 

addressed by incorporating radial focusing devices into the mobility separation. 

Radial ion focusing can be accomplished in a quadrupole utilizing the RF 

quadrupole field.  Depending on the frequency and amplitude of the RF and the DC rod 

bias, ions of certain m/z will be confined near the center axis of the quadrupole rods.  

The idea of radial ion confinement utilizing a quadrupole field in IMS was introduced by 

Javahery and Thomson [114].  In their design, a modified PE-Sciex API 300 triple 

quadrupole mass spectrometer was used for measurements of ion-neutral collision cross 

sections.  A segmented quadrupole was inserted in place of the Q2 collision quadrupole.  

The ten segments of the segmented quadrupole are connected by 20 MΩ resistors and an 
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electric field is applied across the segments along with the RF field for radial ion 

confinement.  The authors estimate that ion beams traveling through the segmented 

quadrupole are confined to the central 30 percent of the quadrupole field. 

Perhaps the most popular radial ion focusing mechanism is the RF ion funnel 

developed in Dick Smith’s laboratory in 1997.  The RF ion funnel utilizes a set of ring 

electrodes with tapered down inner diameters to focus radially diffuse ions back to the 

instrument central axis to improve ion transmission.  A DC voltage gradient is applied 

across the electrode stack to provide an axial electric field while the RF voltage is 

applied 180 degrees out of phase to adjacent electrodes to focus ions through the radial 

electric field and confining effective potential produced from the radial electric field 

[95].  Originally, the design was implemented after electrospray ionization sources to 

increase ion transmission from the source into a mass spectrometer [94-96].  In 2001, the 

first RF ion funnel was used to accumulate and trap ions prior to injecting them into an 

ion mobility drift tube [116].  The first publication to take advantage of the radial 

focusing of the RF ion funnel to correct ion trajectories of radially diffuse ions at the end 

of a mobility drift tube and increase ion transmission was reported by Tang [108].  After 

the publication by Tang, the use of RF ion funnels for improving ion transmission in DT 

IMS has become very prevalent [107, 117-119].  Increased length uniform field drift 

cells have employed multiple RF ion funnels dividing the overall drift length into 

multiple drift regions [110, 120] allowing for multiple radial focusing events to increase 

ion transmission as well as the introduction of IMS-IMS platforms [121-123]. 
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Similar to the idea of ion mobility separations in a segmented quadrupole is the 

idea of the combination of a DC field for axial ion motion along with a superimposed RF 

voltage for radial ion confinement on individual drift electrodes.  The idea of using both 

DC and RF fields on the electrodes of a DT IMS device was proposed by Thalassinos et 

al. on a modified Waters UK “Ultima” Q-TOF instrument [115].  The drift cell consists 

of ring electrodes that are grouped into sets of four connected by a resistor chain and 

then connected via another resistor to the next set of four electrodes.  This design 

provides a non-uniformity in the potential gradient, providing a non-uniform electric 

field much like in the PDC IG while the RF fields serve to confine ions as they traverse 

the mobility drift cell.  In the same year, Giles introduced a similar design utilizing an 

RF stacked ring ion guide (SRIG) with a traveling DC voltage wave through the SRIG 

(termed a TWIG).  Detailed descriptions of the effective potentials produced from the 

SRIG and their role in radial ion focusing is presented as well as the potential for a SRIG 

with a traveling DC voltage wave (TWIG) for ion mobility separations [16].  This paper 

proved to be the prelude to the Waters Synapt HDMS [15] and its newly improved 

model, the Waters Synapt G2 HDMS.   

Here, we present the radial focusing properties of a dispersive IMS device that 

we have termed a periodic-focusing DC ion guide (PDC IG) drift cell.  The drift cell 

utilizes a unique electrode geometry in terms of electrode thickness, spacing, and inner 

diameter that create a non-uniform (fringing) axial electric field.  The non-uniform axial 

electric field also creates variations in the radial electric field, ion axial velocity, and 

ultimately leads to a position varying waveform that creates an effective RF field in the 
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device.  The effective RF field in the device also creates confining effective potentials 

from the edges of the electrodes that can be seen as a slow drift motion of ions toward 

the drift cell central axis.   

2.2 Experimental 

2.2.1  SIMION simulations 

 SIMION version 8.0 (SIS; Ringoes, NJ) simulations were used for calculating the 

axial electric field, equipotential lines, and radial electric field in the PDC IG drift cell 

with dimensions of thickness, spacing, and inner diameter of 6 millimeters.  Ion 

trajectories provided herein are for the radical cation of C60, m/z 720 Daltons, with an 

ion-neutral collision cross section of 124 Å2

2.3 Results and Discussion 

.  A user program, collision_hs1.lua, is 

employed to simulate ion-neutral collisions with He drift gas using hard-sphere 

collisions.  

 To first analyze the differences between a uniform field drift tube IMS and 

periodic-focusing DC ion guide (PDC IG) IMS design, it is important to look at the 

equipotential lines provided by each design.  In a uniform field drift tube, thin electrodes 

with large inner diameters are used to eliminate end effects or protruding electric field 

lines causing a non-uniform electric field (Figure 12(a)).  This means that ions traveling 

down the drift cell axis will feel the same potential drop over a fixed distance anywhere 

on the z-axis of the drift cell.  Figure 12(a) shows that non-linear (non-uniform) electric  
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Figure 12. Equipotential lines shown for a uniform field drift tube IMS and a PDC IG 
drift tube IMS design.  The electrode dimensions were drawn to be approximately 6 mm 
thick, 6 mm spacing, and 8 mm inner diameter for the PDC IG.   
 

 

fields only exist near the electrode walls.  In the PDC IG, thick electrodes are used with 

much smaller inner diameters to create a non-uniform electric field experienced by ions 

as they travel down the z-axis of the drift cell (Figure 12(b)).  This means that ions 

experience a different magnitude electric field according to their z-position in the drift 

cell.  The highest magnitude electric field is experienced in between two adjacent 

electrodes and the lowest magnitude electric field is experienced inside of an electrode.  
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The non-uniform electric field provided by the PDC IG design plays an integral role in 

the radial focusing properties of the device. 

The effect of the non-uniform electric field in the PDC IG and its general effect 

on ion transmission can be seen from a comparison of two SIMION simulation results.  

Figure 13 displays the ion trajectories from simulations on a uniform field and PDC IG 

drift cell 40 centimeters in length.  The important mobility parameters are the same for 

each separation.  The electric field for the separation is 30 Vcm-1 with a Helium drift gas 

pressure of 1 torr resulting in an E/p value for the separation of 30 Vcm-1torr-1.  The ion 

used in both simulations is C60
·+, with an m/z of 720 Daltons and a defined ion-neutral 

collision cross section of 124 Å2

In Figure 13(a), the radial diffusion of ions can be seen from the off-axis ion 

trajectories and low ion transmission, specifically 2 percent.  The lack of a radial 

focusing mechanism in the uniform field design leads to low ion transmission.  For 

uniform field IMS ion transmission continues to decrease as drift length is increased, 

causing great limitations in sensitivity.  Figure 13(b), however, shows a dramatic 

increase in ion transmission through a PDC IG drift cell.  The ion transmission through 

this device improves twenty-fold to 40 percent.   

.  Ion transmission is determined by counting the 

number of ions that pass by a physical boundary, the aperture plate, and continue to the 

detector.  The ions are counted in a data recording program in SIMION.   
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Figure 13. Ion trajectories in a 40 centimeter uniform field drift tube IMS (a) and PDC 
IG drift tube (b) design. 
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The radial diffusion of ions is corrected for and ion trajectories are maintained near the 

central drift cell axis.  Generally, the ion trajectories seem to follow the equipotential 

lines (shown in Figure 12(b)) much like ions through an Einzel lens system in vacuum, 

however, there is much more involved in the radial focusing of ions in the PDC IG drift 

cell that must be explained in detail. 

The first detail of importance in the PDC IG is the non-uniform axial electric 

field, Ez.  The axial field varies as a function of axial position (z) in the drift cell and 

actually oscillates and may be described by a sinusoidal wave.  The sinusoidal 

oscillation as a function of axial position (z) is shown in Figure 14.  The applied electric 

field in the example in Figure 14 is 25 Vcm-1torr-1.  The axial electric field, Ez, oscillates 

from a maximum of approximately 40 Vcm-1torr-1 to a minimum of ~8 Vcm-1torr-1, with 

an overall central electric field, Ec, of approximately 25 Vcm-1torr-1 for an ion traveling 

down the central drift axis, z.  The oscillating electric field provides a variable ion axial 

velocity as it traverses the PDC IG drift cell.  The ion would still attain an overall 

average axial velocity through the drift cell but the local velocity of the ion is changing 

with respect to axial position, z, in the drift cell.   
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Figure 14. The non-uniform axial electric field, Ez

 

, profile in the periodic-focusing DC 
ion guide in relation to electrode position. 

 

The oscillating electric field as a function of z-position leads to what can be 

considered a position-varying waveform.  A more familiar concept is a time-varying 

waveform which is utilized in quadrupole and linear ion traps through the use of RF 

fields to radially confine ions.  A descriptive term for the wiggle motion of a charged 

particle in an RF field is given by the effective potential.  The effective potential, V*, in 

an RF field is given by the equation [17]  
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where q is ion charge, E0,r

 The concept of effective potentials in a DC-only device was introduced by Guan 

and Marshall [124].  In their design adjacent electrodes have the same amplitude but 

opposite polarity voltages applied to create an oscillating DC field, which they called a 

stacked-ring DC ion guide.  The oscillating DC field acts as an effective RF field for an 

ion moving through the electrode stack with an axial velocity.  The effective RF 

amplitude is determined by the amplitude of the applied voltage on the rings and the 

effective RF frequency is determined by the periodicity, or geometry, of the device along 

with the ion axial velocity, V

 is the radial electric field amplitude, m is ion mass, and Ω is 

the RF frequency.  The force, ∆ V*, from the radial electric field serves to confine the 

ion. 

z, of the ion.  To put it more simply, the periodicity of the 

stacked-ring DC ion guide is determined by the thickness and spacing between three 

adjacent electrodes, representing one period of the RF cycle.  The effective RF 

frequency, veff

0z
Vv z

eff π
=

, in Hertz is then determined from the ion axial velocity of the ion and the 

periodicity of the electrode stack 

      (2.3-2) 

where Vz is the ion axial velocity and z0 is the length of one electrode.  The effective RF 

frequency, Ωeff

0

22
z
Vv z

effeff ==Ω π

, in radians per second can then be determined by equation 2.3-3.  

        (2.3-3) 
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The effective RF frequency (equation 2.3-3) can then be inserted into equation 2.3-1 to 

yield the equation 

2

2
0

2
,0

2

16
)(*

z

r

mV
zEq

rV =                  (2.3-4) 

where z0 is the periodicity of the electrode geometry and Vz

 Analogous to the DC IG, the effective RF frequency and effective potentials in a 

DC field have been applied to the periodic-focusing DC ion guide.  One of the subtle 

differences between the stacked ring DC ion guide and the PDC IG is the thickness of 

the electrodes.  The PDC IG utilizes thick electrodes which causes radial electric field 

variations at both the front edge and back edge of the electrode.  The period of the radial 

electric field in the PDC IG is actually equal to the thickness (t) of an electrode plus half 

the spacing (s) between adjacent electrodes on either side. 

 is the axial velocity of the 

ion.  

st +=λ                     (2.3-5) 

The radial electric field, Er, oscillates as a sine wave as a function of position in relation 

to the electrode subunits.  A depiction of the oscillation of the radial electric field as a 

function of position is shown in Figure 15.  As can be seen from the figure, the radial 

electric field is in the direction away from the central axis (-r direction) of the drift cell 

as ions enter an electrode.  On the other hand, the radial electric field is in the direction 

toward the central axis (+r direction) of the drift cell as ions leave an electrode.  This can 

be confirmed by looking at a potential energy diagram showing one electrode of a PDC 

IG (shown in Figure 16).  According to the potential energy diagram, a convex saddle is 
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present as ions approach the front edge of an electrode.  As a result, ion trajectories start 

to diverge from the central axis of the drift cell until they reach a position near the 

middle of an electrode where the axial electric field approaches a minimum and the 

amplitude of the radial electric field approaches zero.  When exiting the electrode, a 

concave saddle is present which serves to focus ions back to the central axis of the drift 

cell.   

 

Figure 15. Radial electric field oscillation in the PDC IG representing one period in 
relation to an electrode. 
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Figure 16. Potential energy view showing one electrode of a periodic-focusing DC ion 
guide drift cell. 
 
 
 
 The radial ripple motion is a convoluted product of both the axial electric field 

and the radial electric field and the effective RF frequency is in the kHz to hundreds of 

kHz range in the PDC IG.  If only the radial electric field were considered then ion 

motion, or ion displacement, would be governed by the force provided from the radial 

electric field (Figure 15).  To help understand ion displacement in a radial electric field, 

consider the example of an ion moving with a constant velocity with harmonic motion 

changing in time.  The force from the radial electric field can be defined by 

( )tqEqEmaF effrrrr Ω=== sin,0          (2.3-6) 
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where q is ion charge, Er is the radial electric field, E0,r is the radial electric field 

amplitude as a function of radial position, m is ion mass, and ar

( )tE
m
q

m
qEa effr

r
r Ω== sin,0

 is acceleration in the 

radial direction.  Rearrangement of equation 2.3-6 yields an expression for the radial 

acceleration. 

            (2.3-7) 

In equation 2.3-6 and 2.3-7, the radial electric field, Er, is converted to the amplitude of 

the radial wave, E0, and the sinusoidal oscillation of the radial electric field, Ωefft.  The 

term Ωeff

λ
π z

eff
V2

=Ω

 is defined by the periodicity of the electrode design according to equation 2.3-8 

     (2.3-8) 

where Vz is ion axial velocity and λ is equal to the sum of the distance of one period of 

motion.  Substitution of 2.3-8 for Ωeff
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 yields the following equation [125] 

          (2.3-9) 

Integration of equation 2.3-9, radial ion acceleration, with respect to t yields the radial 

velocity term plus the initial radial velocity Vr,i
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 given in the following equation [125]. 

        (2.3-10) 

Likewise, integration of equation 2.3-10, the radial ion velocity, with respect to time (t) 

yields the expression for the radial displacement of the ion [125]. 
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From equation 2.3-11, the radial displacement of the ion in the DC IG is dependent on 

the ion axial velocity.  If ion axial velocity is high then the radial displacement of the ion 

from an initial position is small.  On the other hand, if ion axial velocity is low then the 

magnitude of radial displacement of the ion increases.   

 In the PDC IG, however, ions experience collisions as they traverse an 

intermediate pressure region (≥ 1 torr) where ion axial velocity changes as a function of 

z-position and ion motion is also dependent on the mobility, K, of an ion.  For this 

reason, ion motion through the PDC IG is different than in the DC ion guide 

To demonstrate, consider an ion of varying axial velocity through one electrode 

where the variation in velocity is asymmetric in relation to the electrode geometry, or 

periodicity (Figure 17).  The axial velocity minimum occurs toward the back edge of the 

electrode as a result of a higher magnitude axial electric field (Ez = 30 Vcm-1torr-1
 







=

λ
π tvKEV z

rr
2sin,0

for 

example shown in Figure 17(b)).  Let us define an initial ion radial displacement of r ≠ 

0, meaning an initial position that is off-axis from the central drift axis.  The ion moves 

forward owing to the dominating force from the axial electric field but moves to a 

further radial position (r ≠ 0) from the radial electric field force and the declining force 

from the axial electric field.  Similar to equations 2.3-10 and 2.3-11 the radial velocity of 

the ion and radial ion displacement in the PDC IG varies with ion axial velocity.  In the 

PDC IG, ions experience collisions with the neutral drift gas and therefore radial ion 

velocity can be approximated by the drift velocity in the following equation [125]. 

        (2.3-12) 
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Integration of 2.3-12 with respect to t gives the radial ion displacement in the PDC IG. 

Specifically, the amplitude, A, of the radial ion displacement can be defined by [125] 

2

,0 2 







−=

π
λ

z
r V

E
m
qA          (2.3-12) 

As the ion begins to enter the back-edge region of the electrode, the force from the radial 

electric field is in the direction of the central drift axis and the ion axial velocity 

approaches a minimum.  Thus, the amplitude of the radial ion displacement is increased 

at the back edge of the electrode and strongly focuses the ion toward the central drift 

axis prior to entering a subsequent period of the PDC IG. 

 

 

Figure 17. Ion trajectory through the PDC IG with an asymmetric ion axial velocity in 
relation to the periodicity of the electrode design (a).  The ion trajectory provided by 
SIMION is shown in (b).  
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 Next, consider the case where ion axial velocity through one period of the PDC 

IG is symmetrical (Figure 18).  The symmetric axial velocity scenario is accomplished 

by applying a lower magnitude axial electric field (Ez = 15 Vcm-1torr-1 for example in 

Figure 18(b)) which results in decreased force from the axial electric field.  Thus, the 

amplitude of radial ion displacement at the front edge of the electrode is increased 

resulting in an increased radial position (r ≠ 0) of the ion in the center of the electrode 

(middle of electrode orifice).  Furthermore, the ion axial velocity minimum occurs in the 

center of the electrode making the axial velocity profile symmetric in relation to the 

electrode design (Figure 18(a)).  Consequently, ion motion exiting the electrode would 

also be symmetric which should result in an equivalent radial ion displacement toward 

the central axis of the electrode.  However, the magnitude of the radial ion displacement 

at the back edge of the electrode is asymmetrical when compared to displacement at the 

front edge of the electrode (Figure 18(b)).  Ion motion through one period of the PDC IG 

cannot be explained completely by radial ion displacement provided by the force of the 

radial electric field.   
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Figure 18. Ion trajectory through the PDC IG with a symmetric ion axial velocity in 
relation to the periodicity of the electrode design (a).  The ion trajectory provided by 
SIMION is shown in (b). 
  

 

In order to fully understand ion motion through the PDC IG, effective potentials 

produced by variations in the radial electric field and ion axial velocity must be 

considered.  The effective potential was presented in equation 2.3-4 and its magnitude 

depends on the magnitude of the radial electric field as a function of radial position and 

the axial velocity of the ion through the PDC IG drift cell (Figure 19).   
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Figure 19. A contour plot showing the calculated “effective potentials” in the 6 mm 
inner diameter PDC IG. 
 
 
 
As an ion approaches the front edge of an electrode, the axial velocity is high and thus 

the magnitude of the effective potential is low.  In fact, ion motion is dominated by the 

axial electric field and the radial ion displacement from the central drift axis is a direct 

result of the radial electric field while the front edge effective potential has minimal 

effect on ion trajectory.  At the back edge of an electrode, however, the ion axial velocity 

is at a minimum and thus the ion trajectory is less affected by the axial electric field; 

rather, ion trajectories are mainly governed by the radial electric field and effective 
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potentials.  The effective potentials produced at the back edges of the electrode are 

higher in magnitude owing to decreased ion axial velocity.  Therefore, the slow drift of 

ions toward the central axis of the drift cell can be described by the effective potential 

model, specifically the increased magnitude effective potentials at the electrode back 

edge.  To further illustrate this point, consider the scenario of the symmetric ion axial 

velocity through one period of the PDC IG.  As an ion reaches the center of the electrode 

(an ion axial velocity minimum), the ion moves to a larger radial, r, position.  Upon 

exiting the electrode, the ion trajectory is radially corrected by the increasing magnitude 

effective potentials near the electrode surface.  The effective potential magnitude 

increase near the electrode surface can be explained from the increasing E0,r

2.4 Conclusion  

 term in 

equation 2.3-4. 

 The periodic-focusing DC ion guide utilizes its unique electrode geometry to 

radially focus ions to improve ion transmission in DT IMS.  The small inner diameter 

and widened electrode thickness produce variations in the radial electric field that 

produce both an effective RF frequency (position varying waveform) as ions move 

through the PDC IG and a confining effective potential that can be seen as the slow drift 

of ions toward the central axis of the drift cell.  The amplitude of radial ion displacement 

from the radial electric field and effective potential magnitude is asymmetric due to axial 

electric field variations causing oscillations in the ion axial velocity through the device.  

The ion velocities at the back edge of the electrode are much lower than at the front edge 
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of the electrode, resulting in increased magnitude effective potentials thereby increasing 

the radial focusing of ions through the device. 
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3. THE DESIGN OF A PERIODIC-FOCUSING DC ION GUIDE DRIFT CELL* 

 

3.1 Introduction 
 

Ion mobility spectrometry (IMS) separates gas-phase ions on the basis of ion-

neutral collision cross section [1, 126], which when combined with molecular modeling 

can be used to augment structural information obtained by using other techniques, i.e., 

fragmentation chemistry from tandem mass spectrometry and H/D exchange 

experiments [75, 79].  The obstacles to increasing the experimental capabilities of IMS 

are ion transmission, viz. transmission of ions through the IMS device, and resolution.  

Increasing the mobility resolution increases peak capacity and allows for separation of 

ions that have similar collision cross sections.   

IMS is already capable of separating different chemical families in conformation 

space and are easily detected in two-dimensional plots provided by IM-MS [75, 77].  

The need for higher resolution IMS centers on the potential capability for separating 

closely related species that are inseparable by mass spectrometry alone.  For example, 

ions of similar mass may only be identified with a high resolution mass spectrometer, 

while isobaric ions will never be separated by any mass spectrometer, however if said 

ions have different collision cross sections, they will be separated by IM-MS.  To 

illustrate this point, consider isomers that contain small structural differences but 

identical molecular weights.  For example, oligosaccharides possess different structures  

______________ 
*Reprinted with permission from “Increased ion transmission in IMS: A high resolution, periodic-focusing DC ion 
guide ion mobility spectrometer” by R.C. Blase, J.A. Silveira, K.J. Gillig, C.M. Gamage, D.H. Russell, 2010. 
International Journal of Mass Spectrometry, doi:10.1016/j.ijms.2010.08.016, [2010] by Elsevier.  
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owing to linkage or branch isomers and stereoisomers of asymmetric carbons on a single 

sugar [127].  Another example would be peptides which are optically-isomeric, one 

peptide altered by insertion of a single d-amino acid substitution compared to the same 

peptide without the substitution [117]. 

Peptide positional isomers, identified by different arrangements of the amino acid 

sequence within a peptide, and their effect on the ion-neutral collision cross section has 

also been of significant interest.  This is evident in investigations of metalated tyrosine 

tripeptides YGG and GGY, [128]and separation owing to collision cross section 

differences of [M+2H]+2

Finally, separation of different conformations of the same ion have been reported 

previously by IM-MS coupled with H/D exchange studies [131] and high resolution IMS 

[132-134].  A continued investigation to increasing resolution in IMS should increase the 

 ions of SDGRG and GRGDS; termed inverse peptides [117, 

129].  It should be noted that cross sectional differences for these smaller peptides may 

be more pronounced than amino acid rearrangements in larger peptide systems [130].  

For example, the cross sectional difference for the doubly charged inverse pentapeptides 

listed above is about 5 percent while no significant difference is seen for the singly 

charged species.  For larger peptide systems, the deviation in size would be less 

pronounced as charge sites are better solvated by residues along the peptide backbone 

and coulombic repulsion energies associated with multiple charged sites is decreased as 

well.  For this reason, increasing ion mobility resolution is imperative to detect ions that 

would normally go undetected in low mobility resolution instruments. 
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already high peak capacity [135-136] in IM-MS leading to advances in ion structure 

analyses and ion-neutral collision cross section calculations. 

The resolution in drift tube IMS is mainly limited by longitudinal diffusion of 

ions in the drift gas.  An equation for diffusion-limited resolution has been defined by 

[137] 

1/ 2

16 ln 2d
b

ELezR
k T

 =  
 

            (3.1-1) 

where E and L are electric field and drift cell length, e and z are electronic charge and 

number of charges, respectively, Kb

 In order to increase the applied voltage in drift tube IMS, the length of the drift 

cell must be increased.  Lengthening the drift cell decreases the electric field, E, to avoid 

entering the high-field limit as well as decreasing the possibility of an electrical 

discharge through the drift gas.  To date, most experiments utilize conventional uniform 

field electrodes to achieve high resolution measurements.  The ion transmission of these 

experiments is low owing to the main challenge associated with IM-MS being the 

different pressure regimes at which the two separations must be operated.  Ion mobility 

separations are performed at pressures of a few torr to atmospheric pressure, while mass 

 is Boltzmann’s constant, and T is temperature of the 

drift gas.  As one can see from the equation, resolution can be increased by increasing 

applied voltage or ion charge state or decreasing the drift gas temperature.  Much of the 

research in high resolution IMS have centered on these three experimental variables 

[132, 138-140].  This work will focus mainly on the applied electric field and drift cell 

length and their effect on ion mobility resolution. 
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spectrometry detection is done in the range of 10-5 to 10-7

One solution for increasing the ion transmission in IMS-MS was the introduction 

of an RF ion funnel at the mobility cell exit [108].  The ion funnel is constructed with a 

series of decreasing inner diameter electrodes to which DC and RF fields are applied to 

focus diffuse ions back to a tight ion packet for increased ion transmission to the mass 

spectrometer.  A 2.89 meter drift cell built in David Clemmer’s laboratory utilizes three 

ion funnels that segment the drift cell into 3 distinct regions [110, 120-121].  The ion 

funnel does have some limitations in its coupling with ion mobility separations.  First, 

the funnel must compose a small length compared to the overall drift cell length.  This is 

 torr.  In order to achieve high 

vacuum conditions needed for mass spectrometry, differential pumping of the ion 

mobility-mass spectrometry interface is required.  This is accomplished by placing a 

small aperture at the mobility exit followed by a region evacuated by a high speed 

turbomolecular, or diffusion, pump prior to mass spectrometry analyses.  The size of the 

aperture determines the gas flow conductance limit and thus smaller apertures will 

decrease the gas load and amount of differential pumping required for MS analyses.  The 

expense of using small apertures is the decrease in ion transmission.  As ions traverse the 

drift cell they diffuse in the drift gas and only a portion of the initial ion population that 

remains within the radial dimension of the aperture from the central axis of the cell will 

be transmitted for detection.  As drift cell length increases, the number of transmitted 

ions decreases.  The focusing of radially diffuse drifting ions to increase ion 

transmission without a detrimental effect on resolution is desired to improve ion 

mobility separation efficiency. 
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because the time the ion spends in the funnel must be negligible compared to the drift 

time of the ion since the ion transit through the funnel is much different than the ion 

transit in the drift cell.  Secondly, the DC and peak-to-peak RF voltages of the funnel 

must not be too high or ion heating and possibly ion activation and dissociation in the 

funnel region could be detrimental to the experiment.   

Herein lies the main advantage of the PDC IG drift cell.  The simplistic design, 

utilizing DC fields, eliminates the RF fields used in ion funnels while still increasing ion 

transmission. The focusing properties of the PDC IG have been described previously 

[141].  Briefly, the differences in focusing between the PDC IG and conventional 

uniform field electrodes can be explained by simple electrode geometries.  Periodic 

electrodes have small electrode inner diameters while uniform field electrodes have large 

inner diameters.  The large electrode inner diameters of uniform field electrodes create a 

linear electric field where the voltage drop that the drifting ions experience is constant 

(except for at the electrode wall) regardless of radial position in the drift cell.  The 

homogeneity of the electric field provides high resolution [142], but low ion 

transmission.  On the other hand, small inner diameters of the PDC IG create a non-

uniform, periodic-field where the voltage drop seen by the ions is dependent on their 

radial position in the drift cell.  Radially diffuse ions are continually refocused to the 

center of the drift cell by the PDC IG, thus increasing ion transmission.   

The increase in ion transmission provided by RF ion funnels and PDC IG drift 

cells slightly degrade mobility resolution owing to ion trajectory corrections of ions at 

different radial positions in the drift cell.  This problem cannot be overcome since higher 
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ion transmission is desired, but the extent of resolution degradation must be limited.  For 

PDC IG drift cells, this can be established by altering drift cell variables and examining 

their effects on resolution.  

This work will focus on the performance of a 63 cm PDC IG drift cell; 

specifically the effect of the PDC IG on mobility resolution and ion transmission.  To 

our knowledge, these are the first experiments investigating drift cell length, applied 

electric field, and electrode geometry on resolution and ion transmission of a PDC IG 

drift cell. 

3.2 Experimental 
 
3.2.1 Chemicals 

A fullerene mixture, C60 (MW = 720 Da) and C70 (MW = 840 Da), was 

purchased from Sigma-Aldrich (St. Louis, MO).  The peptide Val-4-Angiotensin I (MW 

= 1208.4 Da), amino acid sequence NRVVIHPFNL, and Glu-Fibrinopeptide B (MW = 

1569.6 Da) were purchased from American Peptide Company, Inc. (Sunnyvale, CA) and 

used without further purification.  A suspension of fullerene in benzene was deposited 

on the stainless steel MALDI probe target and allowed to dry prior to analysis.  The 

peptides were dissolved in distilled water at a concentration of 1 mg ml-1 and mixed 1:1 

(v:v) with 5 mgml-1 

 

alpha-cyano-4-hydroxycinnamic acid in 60% acetonitrile, 38% 

distilled water, 1% (10%) trifluoroacetic acid solution, and 1% 1M ammonium 

phosphate.  The mixture of peptide and matrix was then spotted on the MALDI target. 
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3.2.2 Instrumentation  

The schematic drawing of the MALDI-IMS instrument used in these studies is contained 

in Figure 20.  Samples are spotted on a stainless steel probe that is inserted into the drift 

cell between the first and second electrode.  The ions formed by MALDI (nitrogen laser, 

λ = 337 nm (Stanford Research Systems; Sunnyvale, CA)) drift through a 63 cm drift 

cell composed of 50 individual electrodes (see section 2.3) operated at pressures between 

1-3 torr.  The electrodes are connected by 1 MΩ high precision resistors (Mouser 

Electronics; Mansfield, TX) to establish a linear voltage drop across the drift cell.  Ions 

exit the drift cell through a 500 μm aperture which provides a vacuum differential 

between the drift cell and the ion detector region.  The aperture plate is connected to 

ground through a high-precision 2.88 MΩ resistor (Mouser Electronics, Mansfield, TX), 

and the resulting voltage drop serves to accelerate the ions toward the detector (Galileo 

Channeltron electron multiplier (CEM)) detector (Burle Electro-Optics, Inc.; Lancaster, 

PA).  

3.2.3 Electrodes 

 The electrode dimensions (inner diameter (d), thickness (t) and spacing between 

the electrodes (s)) define the periodic-focusing drift field.  Here, we examine two 

different electrode aspect ratios: electrode configuration A where d, t, and s are 6.35 mm 

(aspect ratio 1:1:1) and electrode configuration B where d is 8 mm while t and s are 6.35 

mm (aspect ratio approximately 4:3:3).  These two electrodes were used to estimate the 

effects of the electrode design on both resolution and ion transmission compared with 
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uniform field electrodes.  For the uniform field electrodes, d is 50 mm and t and s are 

6.35 mm. 

 
  

   
Figure 20. A schematic of the MALDI-IMS instrument.  The periodic-focusing DC ion 
guide (PDC IG) is composed of 50 electrodes with a total drift length of 63 cm.   
 
 

3.2.4 SIMION Simulations 

SIMION version 8.0 (SIS; Ringoes, NJ) simulations were performed for C60
∙+, 

with an ion-neutral collision cross section of 124 Å2

3.3 Results and Discussion 

, to investigate resolution and ion 

transmission for different drift cell electrodes.  Ion-neutral collisions were simulated 

using Helium as the drift gas with the collision_hs1.lua user program provided with 

SIMION employing a hard-sphere collision model. 

 
 The PDC IG was developed in our laboratory for increased ion transmission IMS 

[141].  Briefly, the device consists of a series of stacked, thick electrodes that radially 

confine ions to the center of the drift axis, thereby increasing overall ion transmission.  
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This design takes advantage of the nonlinear electric fields at the edges of each electrode 

when an electrical potential is applied across the electrode stack.  These conditions are 

very different from those typically employed for uniform field IMS drift cells.  For 

example, the inner diameter of the electrodes used for uniform field drift cells is large 

relative to the electrode thickness, whereas the inner diameter for the PDC IG is smaller 

and approximately equivalent to that of the electrode thickness.  The geometry 

(diameter, thickness and spacing) of the electrodes is critical to the focusing properties 

of the device.  Ion focusing occurs as a result of radial variations in the electric field, 

which generate a confining “effective potential” or “pseudopotential” that extends from 

the edges of the electrodes (Figure 21

 

(a)).  Furthermore, the axial electric field and drift 

gas pressure determine the drift velocity of the ions which also influences the ion 

focusing.  Clearly ions having different radial position with respect to the electrode  

 

 

Figure 21. “Effective potential” contours considering axial velocity and radial electric 
field variations for the 6.35 mm inner diameter drift cell (a).  Cross-section of two 
electrodes from the 6.35 mm inner diameter (b) and 8 mm inner diameter (c) drift cell 
showing two representative ion trajectories at 29 Vcm-1torr-1 ((E/N) = 90 Td). 
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surface experience different magnitude effective potentials (Figure 21(b) and (c)).  As 

ions diffuse to increased radial positions (r ≠ 0) they experience greater magnitude 

effective potentials and are refocused toward the central drift axis (r = 0) upon exiting an 

electrode.  After exiting an electrode all ions experience a relatively large potential drop 

and are accelerated by the electric field.  We previously showed that under these 

conditions the mobility separation corresponds to low-field conditions for large molecule 

ions, i.e., peptides of the size examined in this study [143].  A more rigorous theoretical 

treatment of the focusing mechanism, which includes consideration of the effective ion 

temperature (Teff

Figure 22 contains theoretical plots of resolution and percent ion transmission 

versus pressure for the molecular ion C

), of the PDC IG is presented elsewhere [144]. 

60
·+

 

 (molecular weight = 720 Da) for three 

electrode geometries.  These simulations were performed for a drift length of 61 cm, an 

applied voltage of 3500 V and a 1 mm aperture at the exit of the drift cell (results from 

simulations also tabulated in Table 2).  The slight variation in drift length compared to 

the instrumental drift length and the aperture is due to the millimeter to grid unit ratio in 

SIMION.   



 

 

73 

73 

  
 
Figure 22. SIMION simulation results depicting resolution (a) and percent transmission 
(b) as a function of pressure for two PDC IG geometries and a uniform field drift cell 61 
cm in length with an applied voltage of 3500 V. 
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Table 2. SIMION simulation results of electrode configuration A (6.35 mm i.d.) and 
electrode configuration B (8 mm i.d.) comparing mobility resolution for a 61 cm PDC 
IG drift cell.  Simulation results are also provided for uniform field electrodes for 
comparison of resolution and percent ion transmission with the PDC IG.   
 

 
 

  

As illustrated by Figure 22(a), the uniform field drift cell yielded the highest 

resolution but the overall ion transmission is extremely low.  For example, the 

simulations suggest that the ion transmission is less than 3 percent for all pressures 

investigated for the uniform field.  This value can be compared to that of electrode 

configuration A, which refocuses radially diffusing ions to the center of the cell, and 

provides a 40-fold increase in ion transmission versus uniform field electrodes.  This 

focusing effect becomes more pronounced with decreasing inner diameter due to an 

increase in the effective potentials felt by an ion at an equivalent radial position [144].  

This is evident from the increased ion transmission of electrode configuration A 

compared to electrode configuration B. On the other hand, smaller inner diameter 

electrodes produce a larger difference in drift length for on- and off-z axis (r ≠ 0) ion 

trajectories, which ultimately broadens the ion packet and degrades mobility resolution 

(Figure 21(b) and (c)).  This is evident by the higher resolution of electrode 
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configuration B versus electrode configuration A (a maximum resolution increase of 22 

percent over configuration A for all pressures investigated).  A comparison to uniform 

field electrodes reveals that configuration B decreases resolution by only 10 percent at 

pressures of 1-2 torr.  Although the larger inner diameter of configuration B leads to a 

slight decrease in ion transmission when compared to configuration A, the increase in 

ion transmission of configuration B compared to uniform field electrodes is still 

significant—approximately 28 times.  

The two periodic-focusing electrode geometries, configuration A (d=6.35 mm) 

and configuration B (d=8 mm) were also tested experimentally for resolution at different 

pressures.  Simulations suggest that the maximum resolution for configuration A and 

configuration B are between pressures of 1 and 2 torr with 3500 V applied across the 

cell.  This was also found experimentally in that the highest resolution measurements at 

approximately 3500 V were at pressures of 1.42 torr for configuration A and 1.82 torr 

for configuration B, respectively.  Multiple field strengths are also investigated for each 

of the electrodes at the respective pressures to illustrate the proportionality of electric 

field and resolution presented in equation 1 (Figure 23(a)).  A more complete set of data 

investigating ion mobility resolution as a function of field strength at varying pressures 

can be found in Appendix A. 
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Figure 23. Experimental ion mobility spectra of C60

·+ and C70
·+ obtained from a 63 cm 

PDC IG equipped with 6.35 mm inner diameter electrodes (electrode configuration A) 
(a).  Experimental ion mobility spectra of C60

·+ and C70
·+ obtained from the 63 cm PDC 

IG equipped with 8 mm inner diameter electrodes (electrode configuration B) (b).  The 
applied voltage, E/p (E/N) values, and mobility resolution, R, are reported for C60

·+.  The 
drift gas pressure for all spectra in (a) was 1.42 torr while all spectra in (b) was 1.82 torr.   
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 The highest resolution for laser desorbed C60
·+

Two peptides were also studied, using configuration B for the drift cell 

electrodes, in the 63 cm length drift cell.  The peptides were Val-4-Angiotensin I 

peptide, with amino acid sequence NRVVIHPFNL, and Glu-Fibrinopeptide B (Figure 

24).  The maximum resolution for each peptide approached 60, similar to the maximum 

resolution for C

 ions at 3500 V for configuration 

A at a pressure of 1.42 torr is 42.25 (Figure 23(a)).  At a pressure of 1.82 torr, 

configuration B yields a resolution of 60.16 with 3500 V across the cell (Figure 23(b)).  

Notice that the simulated values (Figure 22(a)) are also in the range of these 

experimental values. The maximum resolution of configuration B represents a 42 

percent increase over the maximum of configuration A.  Experimentally, configuration B 

increases resolution by an average of 20-30 percent versus configuration A with only a 

slight decrease in ion transmission.  It should be noted that an equivalent drift length was 

tested with uniform field electrodes and no appreciable signal was seen after 20 minutes 

of acquisition time, as suggested by the results of low percent transmission in SIMION 

simulations.    

60
·+

 

.   
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Figure 24. Ion mobility spectra displaying the highest mobility resolution achieved for 
peptide ions on the 63 cm PDC IG equipped with 8 mm inner diameter electrodes 
(electrode configuration B).  The applied voltage, drift gas pressure, E/p (E/N) values, 
and mobility resolution, R, are displayed. 
 

 

The pressure at which the maximum resolution was attained becomes important 

when considering low-field versus high-field mobility conditions.  It is of utmost 

importance that in any mobility separation, especially for low mass ions, the contribution 

from the field energy to the overall ion energy and the resulting effective ion 

temperature, Teff, be considered.  The values of E/p, or E/N, become very important as 

applied voltage is increased or temperature is decreased.  As E/p (E/N) is increased, the 

field energy, or energy gained by the ions due to the accelerating field, can raise the 

effective temperature of the ion to a point where ion mobility is no longer independent of 

the electric field [1].  There is intrinsic value in increasing field strength for separations 

as sensitivity is increased and separation times are reduced [145], but Teff becomes 

critical especially if ion-neutral collision cross section data is desired [143, 146-147].   



 

 

79 

79 

However, as ion mass increases larger E/p (E/N) values can be achieved while 

maintaining low effective ion temperatures. This can be demonstrated by comparing the 

deviations of the reduced mobility values with increasing E/p (E/N) values (Figure 25).  

The results for reduced ion mobility versus E/p (E/N) of the analytes studied agree well 

with previously published data where C60
·+ enters the high-field mobility limit at 

approximately 30-40 Vcm-1torr-1, evidenced by the deviation of the reduced ion mobility 

at this value of E/p [145].  The peptides show a slight deviation in reduced mobility 

between 60-70 Vcm-1torr-1.  Therefore, as ion mass increases the field energy can be 

increased to higher values without a deviation in mobility.    

 

Figure 25. Plot of reduced ion mobility, K0, versus E/p for the analytes investigated. 
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The ion mass discrepancy was taken into account by Wannier [1] as the 

calculation of the longitudinal coefficient factors in the mass of the ion, m, and the mass 

of the gas, M.  Verbeck used a portion of Wannier’s equation to calculate resolution for 

low-field and high-field ion mobility separation conditions [148].   

1/ 2

2 20.30
b

eLER
k T E Kωµ

 
=  + 

         (3.3-1) 

In equation 3.3-1 e is ionic charge, L is drift length, E is electric field, kb is the 

Boltzmann constant, T is drift gas temperature, K is ion mobility, and μω 

3.72
3 1908
M M m

M m
ωµ +
=

+

is similar to a 

reduced mass term from Wannier’s relation provided below. 

                (3.3-2) 

 A comparison is made between experimental resolution and the calculation of 

resolution of the analytes studied using equation 3 from classical theory and Verbeck’s 

approximation using Wannier’s equation.  The results are presented in Table 3.  The 

approximation provided by Verbeck for low-field and high-field determinations of 

resolution is only applicable to small ions, atomics, small organics, etc.  This is due to 

the similarity of the mass of the ion and neutral drift gas.  As the mass of the ion 

increases compared to the mass of the neutral drift gas (e.g. three orders of magnitude 

for the peptides studied) Wannier’s relation becomes negligible and the calculated 

resolution is virtually unchanged from classical theory.  Classical mobility theory and 

resolution calculations were developed for atomic ions, and as such large ions such as 

peptides and proteins behave much differently than small atomic ions.  At high E/p 

values for example, ion mobility values of large ions are relatively unchanged yet the 
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resolution is much less than stated by classical theory.  For this reason, the best 

approximation for resolution is established through SIMION simulations modeling ion 

mass, ion charge state, ion-neutral collisions, drift cell dimensions and drift gas pressure.  

This can be seen from the results in Table 3. 

 

Table 3. A comparison of three theoretical calculations versus experimental mobility 
resolution for the three analytes tested on the 63 cm PDC IG drift cell equipped with 
electrode configuration B electrodes.  Classical theory results are calculated from 
equation 17 in the introduction, Verbeck’s approximation is taken from equation 19, and 
the simulated resolution is determined through SIMION simulations.  The table shows 
that for analyte ions much larger than the drift gas (≥ 3 orders of magnitude), Verbeck’s 
approximation has a negligible effect on calculated resolution.  For illustrative purposes, 
Ar+· is shown to demonstrate the validity of Verbeck’s approximation for ions of similar 
mass to that of the drift gas.  This value was calculated from the Ar+·

 

 in He gas reduced 
ion mobility value from the literature. [149]   

 
 
 

Another important point to note is that equation 3.1-1, the theoretical 

representation of diffusion limited resolving power, was derived for atomic ions 

separated with uniform field electrodes.  As ion mass increases, experimental resolution 

never reaches the theoretical diffusion limited resolving power [150].  Factors leading to 

peak broadening are initial size and shape of the pulsed ion packet from a pulsed 

ionization source or gated continuous ion source [112, 137, 150-152], expansion of 

initial ion packet due to coulombic repulsion [150, 153], reactions with neutral 
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contaminants, and the presence of different ion conformations especially for peptide and 

protein ions [110, 132, 134, 146]. 

3.4   Conclusion  

An investigation of the effective drift length, applied voltage and electrode 

geometry of a periodic-focusing DC ion guide ion mobility spectrometer on resolution 

and ion transmission is presented.  Simulations and experiments were performed to 

determine resolution and ion transmission of different inner diameter electrode 

geometries.  The analytical utility of PDC IG drift cells is apparent as ion transmission is 

increased with smaller inner diameter electrodes.  The 8 mm inner diameter periodic 

electrodes are 28 times more sensitive than uniform field electrodes over a 63 cm drift 

length.  The increase in ion transmission provided by the PDC IG does not have a large 

detrimental effect on resolution.  This is evident by a mere 10 percent decrease in 

resolution for the optimum pressure performance region of 1-2 torr when compared to 

conventional uniform field designs and confirmed by the experimental resolution 

achieved for the 8 mm inner diameter PDC IG drift cell.  

A 63 cm periodic drift cell composed of 8 mm inner diameter electrodes yielded 

a maximum resolution of 60 for the radical cation of C60 and two model peptides.  On 

average, the 8mm i.d. periodic drift cell is capable of a resolution between 40 and 60.  

Future efforts will focus on the development of a high resolution PDC IG drift cell 

coupled with a time-of-flight mass analyzer.   
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4. ION MOBILITY IN A PERIODIC-FOCUSING DC ELECTRIC FIELD 
 
 
 

4.1 Introduction 
 

Our recent theoretical studies involving the periodic-focusing DC ion guide 

(PDC IG) focused on the radial ion focusing mechanism [125, 144], and an evaluation of 

the effect of the electrode geometry on ion transmission and resolution [154].  In this 

work, we develop first order ion mobility expressions based on the changing electric 

fields inside the PDC IG in order to calculate collision cross sections (Ω). In the past few 

decades, ion mobility spectrometry (IMS) has become an important platform for the 

elucidation of 3D structures and their changes in polyatomic frameworks including ion 

clusters [155-158], metal-ligand complexes [159], peptides [160-162] and proteins [133, 

163-165].  Conventionally, the measurement is performed by “drift-time-based” IMS 

(DT IMS) whereby ions traverse a drift tube of length L filled with a neutral buffer gas 

under the influence of a uniform electric field (E) such that the mobility (K) is [1],   

Et
LK
d

=          (4.1-1) 

where td
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
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 is the drift time of the ion in the drift tube. Structural features may be deducted 

using the parameters K and the ion-neutral collision cross section Ω expressed in the 

relationship, 

          (4.1-2) 

where,  
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Mm
mM
+

=µ         (4.1-3) 

The terms N, m, M, Teff µ , and 
 
represent particle number density of the buffer 

gas, the mass of the ion, the mass of the buffer gas, the effective ion temperature, and the 

reduced mass, respectively.  While K (or the reduced ion mobility coefficient, K0 

obtained by standardizing K to standard temperature and pressure [126]) offers 

information on relative variations between different structures, Ω provides additional 

detail on the average size and shape of the ions.  Moreover, the accuracy of K measured 

by IMS for the subsequent calculation of Ω depends critically on the experimental and 

instrumental parameters employed.  In addition, while td

2
1

2ln4
1









=

∆
=

TK
qLE

t
t
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d

 measured at the peak centroid 

(assuming a single conformation) is sufficient for obtaining K and σ, the resolution of 

the technique (R) becomes increasingly important when multiple analytes and/or 

structural conformations with similar mobilities are present.  In DT IMS, the diffusion-

limited resolution (R) is given by, 

    
(4.1-4) 

where T is the temperature of the bath gas and Δtd

Our laboratory developed the electrostatic periodic-focusing DC ion guide (PDC 

IG) to improve ion transmission in dispersive IMS by modifying the DT IMS electrode 

geometry to achieve radial ion focusing during the IMS separation.  Operation of the 

 is the full width of the peak at half 

maximum height. In this work, we focus only on the impact of the instrumental 

parameters for the calculation of Ω with a brief discussion on R. 
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PDC IG [141, 166], details on the radial focusing mechanism [125, 144], and geometric 

factors that affect ion transmission and resolution have been reported [154].  Briefly, the 

radial focusing in the PDC IG is attributed to both effective RF and effective potentials 

created by the changes in the radial electric field at the edges of the thick electrodes.  

While the effective RF tend to demonstrate a defocusing followed by a focusing effect 

inside one electrode unit, the net drift of an ion trajectory towards the central r = 0 

position within the unit is attributed to the presence of effective potentials. The middle 

region of the electrode acts similar to a “collisional cooling cell” due to periodic maxima 

in collisional cooling initiated by the axial electric field (Ez

Although previous experimental data and ion optical simulations suggest that the 

mobility separation in the PDC IG is similar to DT IMS [154], an analytical description 

of the effect of field variations on Ω and R have not yet been provided. In the present 

work, we provide an analytical explanation for the agreement between the two IMS 

methods in terms of the aforementioned parameters.  Theoretical results are compared 

with experimental data obtained from two PDC IG designs featuring different electrode 

geometries. 

(z)) oscillations. This 

collisional cooling assists the effective RF and effective potentials at the tailing edge of 

the electrode in periodically focusing ions toward the central drift axis. Compared to 

conventional DT IM-MS, the PDC IG-MS design allows for up to a  substantial (up to 

40-fold) increase in ion transmission accompanied by a modest (~10%) decrease in the 

IMS resolving power, depending on the experimental conditions and the drift tube 

design [154].   
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4.2 Experimental 

4.2.1 Chemicals  

A fullerene mixture, C60 and C70, was purchased from Sigma-Aldrich (St. Louis, 

MO).  The peptides were purchased from American Peptide Company, Inc. (Sunnyvale, 

CA) and used without further purification.  A suspension of fullerene in benzene was 

deposited on the stainless steel MALDI probe target and allowed to dry prior to analysis.  

The peptides were dissolved in distilled water at a concentration of 1 mg ml-1 and mixed 

1:1 (v:v) with 5 mg ml-1

4.2.2 Instrumentation   

 alpha-cyano-4-hydroxycinnamic acid in 60% acetonitrile, 38% 

distilled water, 1% (10%) trifluoroacetic acid solution, 1% 1M ammonium phosphate.  

The mixture of peptide and matrix was then spotted on the MALDI target. 

Instrumentation used in this study has been described previously [154].  Briefly, 

Two PDC IG designs were constructed with different electrode geometries. The ratio 

between electrode spacing (s), electrode thickness (t) and the inner diameter of the 

electrode (d) was varied. Both PDC IG designs had s = t = 6 mm but different d values, 

specifically, 6 mm and 8 mm. The length, L, for both PDC IGs was 63 cm. The voltage 

drop, V, across both PDC IGs was about 3500 V. A third, higher resolution PDC IG 

design which retained the electrode geometry of s = t = 6 mm, d = 8 mm, but with L = 

125 cm and with a V about 4500 V was also employed in obtaining mobility data. 

Samples are spotted on a stainless steel insertion probe and inserted in to the drift cell 

between the first and second electrode.  A nitrogen laser, λ = 337 nm (Stanford Research 

Systems; Sunnyvale, CA), was used to create ions with laser desorption ionization (for 
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fullerenes) and MALDI (for peptides).  In this work, the buffer gas used is always He. 

The drift tube pressure was maintained between 1-3 torr.  A linear voltage drop was 

established with a series of 1 MΩ resistors connecting adjacent electrodes.  A 500 μm 

aperture was placed at the exit of the mobility cell to aid in differential pumping for ion 

detection with a Galileo Channeltron electron multiplier (CEM) detector (Burle Electro-

Optics, Inc.; Lancaster, PA).    

4.2.3 SIMION Simulations 

The reported electric field profiles were calculated using SIMION 8.0 ion optics 

simulation program. Ion-neutral collisional dynamics were simulated for the two 

periodic-focusing electrostatic lens geometries using C60
•+ ions (m/z 720 Daltons, Ω = 

124 Å2

4.3 Results and Discussion 

) and helium buffer gas with a user program provided with SIMION 8.0 to 

include ion-neutral hard sphere elastic collisions at 300 K. 

Figure 26 depicts two electrodes in a PDC IG along with the geometric variables 

and the cylindrical coordinate system referred to in this discussion. The periodic-

focusing electric field contains harmonic axial (z) spatial oscillations of the axial electric 

field (Ez) along the drift tube at fixed radial (r) position, denoted as Ez(z), as well as 

radial variations in this axial profile, Ez(r). Both these variations ((Ez(z), Ez(r)), are 

dependent on the ratio of the geometric features in the PDC IG design, specifically, the 

electrode spacing (s), electrode thickness (t) and the inner diameter of the electrode (d).  
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Figure 26. Two adjacent PDC IG electrodes. The radial (r) and axial (z) dimensions and 
the variables that define the aspect ratio (electrode inner diameter : thickness : spacing = 
d : t : s) are illustrated.  The location of r = rsurface

 

, where the boundary conditions for the 
electric field exist is also indicated.  This figure can be found in reference [167]. 

 
 

Previous studies showed that an aspect ratio of 1:1:1 for s:t:d is optimal in terms 

of ion transmission [154]. Experimental data were obtained for two different PDC IG 

geometries with s and t values fixed at 6 mm but with different d values of 6 mm (aspect 

ratio 1:1:1) and 8 mm (aspect ratio of about 3:3:4). For simplicity, the two PDC IG 

designs will be referred to as PDC IG1:1:1 and PDC IG3:3:4 (referred to as electrode 

configuration A and B in Section 3), respectively. Figure 27(a) illustrates the axial 

electric field profile (Ez(z)) at r = 0 for the PDC IG1:1:1 and the PDC IG3:3:4. For both 

designs, at r = 0, Ez(z) approximates a sine function where  the electric field oscillates  
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Figure 27. Axial electric field at r = 0 position for the 1:1:1 and 3:3:4 electrode 
configurations (a) and axial electric field at varied r position for the 1:1:1 electrode 
configuration (b).  In both plots, the electric field is normalized to the maximum value 
shown.  This figure can be found in reference [167]. 
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about a central electric field, Ec. The amplitude of this sinusoidal function is denoted as 

E0. Notice that E0 for the PDC IG3:3:4 is smaller compared to that of PDC IG1:1:1, 

indicating less electric field variations when d is increased. The maximum electric field 

for Ez(z) at r = 0 (Emax) is located in the middle of the gap between two electrodes and is 

equal to Ec + E0. In the figure, the electric field values are normalized to the Emax of the 

PDC IG3:3:4. The minimum electric field for the same waveform (Emin) is located in the 

middle of the electrode thickness (t) and is equal to Ec – E0. Thus, the value of Ec

2
minmax EEEc

+
=

 can be 

obtained from,   

        (4.3-1) 

 However, when moving away from r = 0 position toward rsurface (see Figure 26), 

as depicted in Figure 27(b) for the PDC IG1:1:1, the shape of the axial electric field 

profile deviates slightly from a sinusoidal form while retaining the same spatial 

periodicity (wavelength) and phase. At rsurface, Ez(z) may be approximated by a square 

wave, although some variations are observed near the edge of the electrode surface. The 

electric field in the gap between two electrodes is maximum in this case. In other words, 

at rsurface, Emax has moved to a value that yields the highest Emax that approximates the 

uniform electric field that exists between the walls of two adjacent electrodes at r > 

rsurface (beyond the central orifice). For the approximated Ez(z) square waveform at 

rsurface, Emin, the electric field on the inner electrode surface is always zero. Thus, the 

Emax and Emin values at rsurface correspond to boundary conditions. 
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 Figure 27(b) demonstrates that, as the r value is increased from r = 0, the 

movement of Emin towards zero boundary condition is rapid compared to the movement 

of Emax 

( ) ( )
dr
Ed

dr
Ed minmax <

towards its boundary condition. Mathematically, this can be stated as, 

         (4.3-2) 

which is a consequence of the fact that while the boundary condition for Emax, with a 

non-zero magnitude, is determined only by the voltage applied across the device and the 

distance s, the boundary condition for Emin is always fixed at zero.  As a result of 

equation 4.3-2, Ec, decreases gradually from its value at r = 0 towards the value at r = 

rsurface. This is shown in the figure on page 96 for PDC IG1:1:1 and PDC IG3:3:4 electrode 

configurations. The drifting of Ec

 In any ion mobility separation, as far as the required low- or intermediate-field 

conditions [1] are maintained, the changes in the electric field does not change the ion 

mobility coefficient, K, since the drift time in equation 4.1-1 decreases in proportion to 

E. Therefore, considering an ion traveling in the axial direction at a constant r position, 

even with the variations in the axial electric field profile, ion mobility equations 4.1-1 

and 4.1-2 are valid if the changing electric field conditions are represented by one net 

electric field. In other words, for a fixed r position, the axial mobility separation can be 

described if the term E in equations 4.1-1 and 4.1-2 are replaced by an electric field (

 toward lower values with increasing r is an important 

consideration in diffusion-limited mobility calculations as will be discussed later. 

E ) 

obtained by integrating over the periodic axial electric field profile. First, let us use this 
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approach for ions traveling in the r = 0 position. The following derivation provides the 

net electric field for the sinusoidal axial electric field profile at r = 0. 

Let us define the periodicity (wavelength) of the axial electric field to be 02 zπ . 

This value is identical to the sum of the spacing between electrodes (s) and the electrode 

thickness (t).  

02s t zπ+ =      (4.3-3) 

The spatial variation of the axial electric field can be shown to be: 

( ) czz EzEzE += ωcos0            (4.3-4) 

where, 

00

1
2

2
zzz ==

π
πω          (4.3-5) 

We may define  

0

ˆ
z
zz =            (4.3-6) 

to yield 

( ) cz EzEzE += ˆcos0          (4.3-7) 

Because of the periodicity of the Ez

( )∫ +=
π2

0
0 ˆˆcos zdEzEE c

(z) waveform, the net electric field resulting from the 

waveform at r = 0 can be obtained by integrating over one cycle of the waveform 

         (4.3-8) 

cEE =         (4.3-9) 
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In other words, for the ions travelling along the z axis at constant r-position of the PDC 

IG, the net electric field that contributes to the overall mobility separation is identical to 

a uniform electric field with the magnitude Ec. Therefore, in this case, the mobility 

coefficient K and the resolution R for PDC IG are explained by equations 4.1-1 and 4.1-4 

and are identical to DT IMS with E in the expressions represented by Ec

cDEt
LK =

 and are given 

by: 

        (4.3-10) 

2
1

2ln4
1









=

∆
=

TK
LqE

t
tR

B

c

D

D       (4.3-11). 

At this point, it may be emphasized that, according to ion optics simulation 

results, (1) the ion migration to the radial regions with significant changes to the Ez(z) 

sine waveform shape is minimal and (2) the intermediate Ez

( )rEE c=

(z) waveforms can also be 

approximated by smooth waveforms yielding a net electric field, , (Figure 

27(b)). Therefore, in a PDC IG, equations 4.3-10 and 4.3-11 accurately provide the 

mobility coefficient and the diffusion-limited resolution for ions that travel along the z 

dimension at a constant r position — for example for an ion travelling along the z axis at 

r = 0 .  

However, during the periodic-focusing mechanism, ions traverse at different 

radial positions and are being periodically refocused toward the r = 0 position. The 

simulations (not shown) indicate that after the first few periodic-focusing electrodes, the 

overall ion migration to r positions exceeding half the value of the radius (r = d/4) is 
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extremely rare. At these r values, the deviation of Ec from Ec(r = 0) is minimal, as 

demonstrated in Figure 3 (< 2 %). Therefore, it may be argued that equations 4.3-10 and 

4.3-11 using Ec = Ec(r = 0) can still provide an estimate of the overall theoretical K and 

R (diffusion-limited) values in the PDC IGs employed in this study. Note that, in 

essence, this translates into having K and R parameters in PDC IG described by 

expressions identical to those in DT IMS at a uniform electric field of  Ec(r = 0). This 

uniform electric field is calculated as the offset of the central Ez(z) profile. However, Ec 

(r = 0) is slightly less than the applied field E for both electrode geometries, due to the 

fringing electric fields. It was also observed that with increasing d, Ec(r = 0) value 

increases. The simulations show that this is also accompanied with a decrease of the 

amplitude of the Ec waveform (see Figure 27(a)), resulting in a more uniform-field-like 

behavior near the central z axis. Thus, with increasing d, an increase in Ec accompanied 

by decreased electric field variations increase the measurement resolution as observed in 

the experimental data discussed below. Finally, when further increasing d, the electric 

field near the z axis approaches a uniform electric field with the magnitude of the applied 

electric field, E, as in DT IMS. In other words, the amplitude term E0 of the Ec(r = 0)  

waveform approaches zero while Ec approaches E at large d values.  The preceding 

discussion also implies that since the difference between Ec

)0( =≈ rEE c

 and E is small, 

( ) estimations of ion mobility coefficient and the resolution in PDC IG 

may be performed using the equations 4.1-1 and 4.1-4. 

The K and R values obtained by the above expressions are rather closer to the 

best case scenario values assuming that the change in the net electric field caused by the 
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ion migration to different radial positions is minimal.  To present a more accurate 

description, a modification can be introduced to the above equations using parameters 

that may only be calculated using other empirical approaches. This approach assumes 

that the net effect of the electric field variations the ions experience can be approximated 

by introducing a damping factor to the applied electric field E. The maximum net 

electric field the ions can experience is )0( =rEc  and as shown in Figure 28, 

)0( =rEc decreases from r = 0 toward rsurface

)0( =≈ rEE c

. Therefore, the net effect of the variable r 

position can be described as if an ion experiences a net field which is damped with 

respect to . Since some ions can still traverse at a constant r = 0 position 

along the drift tube experiencing a constant net electric field of  )0( =≈ rEE c  while 

other ions migrate to positions of r ≠ 0, an ion mobility peak can be considered to have a 

contribution to its spread from different electric field conditions the ions experience, 

with a central average value. In other words, the average electric field experienced by a 

major fraction of the ion population may be described by multiplying the applied electric 

field, E, by an electric field damping coefficient, α .  

Et
LK

dα
=      (4.3-12) 

Equation 4.3-12 becomes 4.1-1 when α  is considered to be one, assuming a minimal 

electric field damping. 
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E c

r  
Figure 28. Percent of central electric field, Ec, normalized to Ec at r = 0 for PDC IG3:3:4 
as a function of radial position shown for both PDC IG1:1:1 (s = t = d = 6 mm) (blue, 
squares) and PDC IG3:3:4 (s = t = 6 mm, d = 8 mm) (red, diamonds). The vertical dashed 
lines indicate the r at half-radius ( r = d/4) for both electrode configurations. Both half-
radii values correspond to a similar decrease of < 2 % in Ec from Ec

 

 (r = 0) as indicated 
by the horizontal dashed lines.  This figure can be found in reference [167]. 

 

The same α  factor for mobility measurement may not be applicable for the 

resolution measurement. In the resolution measurement such a factor may be considered 

to be proportional to the spread of ion drift times caused by the different overall electric 

fields the ions are subjected to, with respect to the maximum )0( =≈ rEE c  experienced 

by the ions travelling at r = 0. The contributions for the decrease in resolution with 

respect to the theoretical best case scenario (all ions travel at r = 0) may also be thought 

of as a result of “damping” of the applied field E, however with a “damping factor” 

different from that of equation 4.3-3. When d is increased, the range of the different 
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overall electric fields become smaller, causing the overall effect to be closer to that at r = 

0, and the resolution increases.  

For accurate calculations of the collision cross sections, finding a value for α  is 

more complicated since α  depends on the drift tube design and the experimental 

conditions. However, since the ion mobility follows linear relationships with E and drift 

times similar to DT IMS according to equations 4.1-1 and 4.3-12, and since α  may be 

considered to be a constant for a particular PDC IG design and a set of experimental 

conditions, calculations of collision cross sections can be performed with an accuracy 

similar to DT IMS using a simple calibration (vide infra). In the case of resolution, an 

upper limit for theoretical resolution of PDC IG can be obtained using equation 4.3-11.  

It is important to note that in the preceding discussion, only the variations in the 

axial electric field in the axial direction (Ez(z)) and radial direction (Ez(r)) are considered 

since only Ez is important in the mobility separation along the drift tube. Conversely, the 

effective RF and effective potential concepts discussed in our previous work in terms of 

radial ion confinement mechanisms are mainly derived from the variations of the radial 

electric field (Er

Ion mobility spectra obtained for the two different PDC IG geometries are shown 

in Figure 29.  Experimental conditions and the measured quantities such as the drift 

times and the resolutions for the data are stated in the figure and the experimental 

section. The resolutions obtained for the PDC IG

) [144].  

3:3:4 is always higher than the PDC 

IG1:1:1 under a constant set of other experimental conditions, in good agreement with the  
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Figure 29. Drift time spectra for fullerenes ((a) and (b)) and protonated Val-4-
Angiotensin I ((c) and (d)) on 63 cm PDC IG drift cells with two electrode 
configurations.  The spectra at left, ((a) and (c)), are for PDC IG1:1:1 (s = t = d = 6 mm) 
while the spectra at right, ((b) and (d)), are for PDC IG3:3:4 (s = t = 6 mm, d = 8 mm). 
C60

•+ and C70
•+

 

 spectra were obtained at 1.5 torr while the peptide spectra were obtained 
at 0.84 torr.  This figure can be found in reference [167]. 
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theoretical explanations provided above where a higher resolution is expected when d is 

increased. 

Highest resolution obtained in these experiments is ~50 for the PDC IG1:1:1 and 

~60 for PDC IG3:3:4.  Calculations revealed that the upper limit of the resolution 

predicted by equation 4.3-11 is ~ 100 for both designs, with a maximum voltage drop of 

3500 V across the drift tubes of length 63 cm (E = 56 V cm-1

In order to calculate collision cross sections, a calibration procedure can be 

employed since as already detailed, the overall mobility separation is similar to that of 

DT IMS, with a net electric field dampened with respect to the applied field. The 

collision cross section, Ω, may be approximated by the relationship in equation 4.1-2. 

 ) as employed to obtain 

data in Figures 4 and 5. Although the experimental resolutions reported here may be 

considered to be on the “high side” with respect to the resolutions routinely achieved in 

ion mobility methods, they are lower than the theoretical upper limit predicted by 

equation 4.3-11. This is because of other factors that affect the resolution including the 

initial kinetic energy and spatial spreads of the ions, drift gas pressure (or the E/N ratio), 

effect of different electric fields due to ion migration to different r positions.  

Thus for the same temperature, electric field and the PDC IG electrode design, 

the obtained drift time, td

µΩ∝ Ntd

, may be approximated as directly proportional to the following 

terms, according to expressions 4.1-2 and 4.3-12 to yield: 

             (4.3-13) 

Therefore, using the measured drift time 1dt  for a compound of known collision 

cross section 1Ω  at a pressure 1p  and temperature T, an unknown collision cross section 
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2Ω  of a compound of which the drift time is 2dt
 

at a pressure 2p  and the same 

temperature can be readily obtained by: 

2

1

1

2

2

1
12

µ

µ

d

d

t
t

p
p

Ω=Ω
       

(4.3-14) 

In deriving 4.3-14, Teff in 4.3-2 was assumed to be approximately the same for 

the two ions neglecting the effects from differing masses. However, a significant 

difference between DT IMS and PDC IG is the periodic changes in the effective ion 

temperature, initiated by the periodic variations in Ez(z), although the average Teff 

remains similar to the values obtained for DT IMS, and thus can represent Teff in 4.3-2. 

Potential impacts on the ion 3D structure due to the periodic annealing and cooling 

introduced by the variation of Teff

Following the above principles, collision cross sections were calculated for C

 is also assumed to be negligible.  

70
·+ 

1Ω

and several different protonated peptide ions using the known collision cross section of 

= 124 Å2 for C60
·+. These data are presented in Figure 30. A maximum standard 

deviation of ± 5 Å2 was associated with the measurements. Our previous measurements 

with another ion mobility spectrometer (Ionwerks, Inc.; Houston, TX) provided a 

collision cross section of 138 Å2 for C70
·+, which is in agreement with the value 

calculated here (134 Å2).  Figure 30 also illustrates the different trend lines for fullerenes 

and peptides. 
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Figure 30. Calculated collision cross section data versus molecular mass. A maximum 
standard deviation of ± 5 Å2 was associated with the measurements. The calculated value 
for C70

.+ is 134 Å2. The calculated values for the protonated peptides are: bradykinin = 
243 Å2, Val-4-Angiotensin I = 263 Å2 and Angiotensin I = 278 Å2

 

.  This figure can be 
found in reference [167].  

  

Traditionally, Ω has been accurately determined using DT IMS [78, 168-169] 

owing mostly to the fact that the electric field employed was constant and uniform. The 

obtained collision cross section value for bradykinin (243 ± 5 Å2) is in excellent 

agreement with previously reported DT IMS-based collision cross section value (242 ± 5 

Å2) [169]. However, conventional DT IMS has several major drawbacks as it suffers 

from low instrument duty cycle (~1%) and poor ion transmission owing to the lack of an 

inherent ability to radially focus ions.  The poor ion transmission is especially critical in 

the systems where IMS is coupled to mass spectrometry (MS). IM-MS systems yield 

mass-to-charge (m/z) characterization of the eluting mobility profile essential for 

confirming the identity (mass and charge) of structural conformers, isomers and isobaric 
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aions.  To increase ion introduction and collection efficiency prior to MS, several 

research groups have coupled RF ion funnels to drift tubes [108, 121].  While RF ion 

funnels have successfully enhanced the sensitivity of IM-MS instrumentation, operation 

and theory is a field unto itself.  In comparison, the PDC IG has the inherent capability 

of increasing the ion transmission using only low-power, DC voltages while yielding ion 

mobility data that can be processed using first principles.  

 Recently, the interest in Ω determination for macromolecules has been enhanced 

by the maturity of the commercially available traveling wave (TW) IMS-MS dispersive 

system (Synapt G2, Waters, Inc.).  TW IMS offers high ion transmission via utilization 

of a series of pulsed ring electrodes with symmetric potential waves which propagate 

through the drift tube in the axial direction creating an electrodynamic field that behaves 

as an alternating RF with a pseudopotential for suppression of radial diffusion and 

coulombic expansion [170].  However, determination of Ω by TW IMS requires indirect 

calibration methods [20, 171-173] as the factors governing ion drift time depend heavily 

on the properties of the electrodynamic wave (viz. waveform, amplitude, and speed) 

which leads to mathematical derivations that deviates from first-order expressions.  

Other IMS instrument platforms such as differential mobility analysis (DMA) [174] and 

field asymmetric waveform IMS (FAIMS) [36, 175] produce continuous ion beams for 

select analyte targets such that measurement of K for the subsequent calculation of Ω 

involves complex methodology compared to DT IMS.    
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4.4 Conclusion 

Ion mobility separation in PDC IG is shown to be the same as in DT IMS with a 

net uniform electric field slightly damped with respect to the applied field.  While both 

TW IMS and the PDC IG produce high ion transmission, TW IMS does so at the 

expense of added operational complexity. The PDC IG has a single electrical variable, 

i.e., the net voltage drop across the drift tube whereas the TW IMS must be properly 

tuned with variables such as wave speed, wave height and wave-height ramping. PDC 

IG does show a modest decrease in resolution, due to electric field variations in the 

radial direction; however, the decrease in resolution can be overcome by simply 

increasing the drift length as predicted by equation 4.1-2. Note that ion transmission 

through the device is primarily governed by the size of the drift cell exit aperture. Also, 

ion dynamics in TW IMS deviate from first-order derivations for DT IMS whereas in 

PDC IG, calculations of collision cross sections can be performed using calibrants and 

the same principles as for DT IMS.  
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5. INCREASING THE DRIFT LENGTH OF A PERIODIC-FOCUSING DC ION 

GUIDE DRIFT CELL – EFFECTS ON MOBILITY RESOLUTION AND ION 

TRANSMISSION IN ION MOBILITY SPECTROMETRY* 

 
 
5.1 Introduction 
 

Ion mobility spectrometry (IMS) has significantly expanded our capabilities for 

mass spectrometry based studies for both small molecules [176-177] and 

macromolecules [178-179].  The orthogonal, two-dimensional separation of IM-MS 

offers increased peak capacity [135-136] as well as the ability to distinguish different 

chemical families [75, 77].  Mass spectrometry provides accurate measurement of mass-

to-charge (m/z) ratios, whereas IMS separates gas-phase ions on the basis of ion-neutral 

collision cross section [1, 126].  The experimentally determined collision cross section 

can then be compared to collision cross sections determined by molecular dynamics 

(MD) simulations [180], and this information can be complementary to data obtained 

from tandem mass spectrometry and/or H/D exchange experiments for ion structure 

elucidation [75, 131]. 

Resolution is the most significant limitation of IMS for interrogation of complex 

biological mixtures whether for post-ionization separation, analytical applications, 

and/or structural characterization of ions which have similar ion-neutral collision cross 

sections [75, 181].  Diffusion limited resolution is defined by equation 5.1-1 [137, 182] 

______________
 

*Reprinted with permission from “Increased ion transmission in IMS: A high resolution, periodic-focusing DC ion 
guide ion mobility spectrometer” by R.C. Blase, J.A. Silveira, K.J. Gillig, C.M. Gamage, D.H. Russell, 2010. 
International Journal of Mass Spectrometry, doi:10.1016/j.ijms.2010.08.016, [2010] by Elsevier.  
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16 ln 2d
b

ELezR
k T

 
=  
              (5.1-1)

 

where E is the electric field, L is drift length, z and e are numbers of charges and 

elementary charge, kb

The design of IMS drift cells is complicated because the cell geometries that lead 

to increased resolution also decrease ion transmission viz. increasing drift length and 

drift gas pressure results in increased ion losses due to diffusion.  Furthermore, an 

increase in the electric field strength increases the effective temperature of the ions that 

could result in structural rearrangement and/or fragmentation of the ions [143].  We 

introduced the use of a PDC IG drift cell to provide increased ion transmission by means 

of correcting for the radial diffusion of ions [141, 166].  In addition, the periodic-

focusing design offers mobility separations at lower pressures (1-3 torr) where uniform 

 is the Boltzmann constant, and T is drift gas temperature.  Several 

approaches designed for increasing resolution have been described, and each of these 

approaches are aimed at one of the fundamental resolution-determining elements given 

by equation 1, viz. drift cell length (L) [117, 132-134, 183-185], electric field strength 

(E) [127-129, 138, 140], and temperature of the drift gas (T) [139, 186-187].  The 

investigation of applied voltage, or electric field strength, on resolution has been limited 

owing to the use of drift cell lengths less than 30 cm.  Increasing the drift cell length 

permits higher voltages to be applied prior to reaching electrical breakdown through the 

drift gas providing a better platform for investigating the effects of applied voltage, or 

electric field strength, on resolution. 
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field IMS suffers from low ion transmission owing to the lack of a radial-focusing 

mechanism.  Operation of the drift cell at reduced pressure leads to faster mobility 

separation and allows for higher frequency ion introduction thereby increasing 

instrument duty cycle and sample throughput [188-190].      

Here, we evaluate the performance of increased-length PDC IG drift cells in 

terms of ion transmission and resolution.  Specifically, we present two different drift cell 

lengths to examine ion mobility resolution as a function of voltage.  Also, two different 

periodic-focusing drift cell electrode geometries are simulated with SIMION and tested 

experimentally to compare focal properties of the electrodes and their effect on ion 

transmission and resolution.  Finally, the electrode focal properties are examined as a 

function of drift gas pressure to determine an optimum pressure range for maximized ion 

transmission and resolution.    

5.2 Experimental 

5.2.1 Instrumentation 

 The instrument consists of a 125 centimeter periodic-focusing DC ion guide drift 

cell with drift electrodes of thickness, spacing, and inner diameter dimensions of 6.35 

mm, 6.35 mm, and 8 mm (Figure 31(a)).  The drift cell is comprised of 100 electrodes 

connected via high precision, 1 MΩ resistors (Mouser Electronics; Mansfield, TX) to 

provide the accelerating, non-uniform electric field.  The voltage applied to the drift cell 

is supplied by a Spellman 15 kV high voltage power supply (Spellman High Voltage 

Electronics Corporation; Hauppauge, NY).  Fullerene ions are created by laser-

desorption ionization (LDI) using a nitrogen laser (λ=337 nm, 200 µJ, Stanford Research 
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a)

 

 
b) 

Figure 31. An AutoCAD drawing showing a cross sectional view of the 125 cm PDC IG 
drift cell (a).  The source region is the same as the previous design described in Section 
2.  A post-acceleration detector was added to increase sensitivity.  A schematic showing 
the basic operation of a post-acceleration detector (b). 
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Systems; Sunnyvale, CA).  Ions are separated in ultrahigh purity Helium gas at pressures 

of 1-3 torr.   

Ions exiting the drift cell pass through a 500 µm aperture that aids in differential 

pumping to achieve high vacuum pressures for ion detection.  The aperture plate is 

connected to ground by a variable, trim-pot resistor (constructed in-house) capable of 

resistances from 0.5 to 5 MΩ.  This allows for increased control of ion acceleration 

energies to the detector.  After ions are accelerated from the mobility exit aperture, they 

traverse a field free region approximately 17 cm in length (through a small skimmer and 

tube lens defining the field free region).  Upon exiting the tube lens, ions are detected by 

a post-acceleration detector (Figure 31(b)).  Two aluminum flanges were designed in 

AutoCAD and constructed in the Texas A&M University Chemistry Machine Shop for 

mounting of the post-acceleration detector (Appendix C).  The flanges were composed 

of three parts and welded together and mounted to an 8” Conflat 6-way cross vacuum 

chamber.    

For ion detection ions are accelerated orthogonally to a 15 kV collision dynode 

operated at potentials from -10 kV to -15 kV.  The impact of ions on the collision 

dynode causes a production of secondary electrons from the dynode surface.  The 

secondary electrons are accelerated to the continuous dynode electron multiplier 

positioned across from the collision dynode.  The continuous dynode electron multiplier 

is biased at a potential of -1.9 kV to -2 kV.  As secondary electrons strike the cathode, 

electron multiplication occurs along the continuous dynode to the anode where the 
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current from the anode is sent to a 4-channel amplifier/discriminator (Ionwerks, Inc.; 

Houston, TX) and then to a time-to-digital converter (Ionwerks, Inc.; Houston, TX). 

5.2.2 Chemicals 

A mixture of fullerenes was purchased from Sigma-Aldrich (St. Louis, MO) and 

used without further purification.  The fullerene mixture was suspended in benzene and 

spotted on a stainless steel probe inserted in the instrument between the first and second 

drift electrodes. 

5.2.3 SIMION Simulations 

 SIMION version 8 (SIS; Ringoes, NJ) was used to simulate ion transmission and 

resolution for a variety of PDC IG electrode geometries and one specific PDC IG 

electrode geometry at varying drift lengths.  Simulations were performed with the 

collision_hs1.lua user program with a collision cross section of 124 Å2 for the radical 

cation of C60

5.3 Results and Discussion 

, m/z value of 720 Daltons. 

 SIMION simulation results of resolution and percent ion transmission versus 

pressure for a 122 cm drift cell with 7000 V applied across the drift cell for a variety of 

PDC IG electrodes is presented in Figure 32.  Much like the simulations presented in 

Section 3, mobility resolution is highest for a uniform field drift cell but ion transmission 

through a uniform field drift cell of length 122 cm is 1 percent or less for all pressures 

investigated.  This corresponds to low throughput and requires increased acquisition 

time to achieve sufficient signal-to-noise ratios for experimental ion signals.  By 

increasing ion transmission, acquisition time should decrease allowing for higher  
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Figure 32. SIMION simulation results of resolution (a) and percent ion transmission (b) 
versus pressure for a variety of PDC IG electrode geometries on a 122 cm drift cell with 
7000 volts applied across the drift cell. 
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throughput.  It is also of note that for an 8 millimeter PDC IG the resolution increases by 

45 percent according to simulations (Figure 32(a) versus Section 3-Figure 22(a) whereas 

theory says the increase should be 41 percent (equation 3.1-1). 

 Taking advantage of the radial focusing provided by PDC IG electrode 

geometries ion transmission can be increased without detrimental losses in mobility 

resolution.  The trend that can be seen from Figure 32(a) is that as electrode inner 

diameter decreases, mobility resolution decreases.  This trend can be attributed to greater 

penetration of the electric field into the electrode orifice that causes a greater variation in 

the axial electric field as a function of z position in the drift cell.  The amplitude and 

direction of the radial electric field also varies as a function of ion position and serves to 

refocus ions at the back edge of the electrode.  Finally, the decreased inner diameter 

leads to increased magnitude effective potentials at the electrode front and back edges 

(radial focusing described in detail in Section 2).  The increase in variation of the axial 

electric field and magnitude of effective potentials results in increased radial focusing 

and thus greater ion transmission but lower mobility resolution.  As ions diffuse radially 

from the central drift cell axis, ion trajectories are corrected by effective potentials at the 

back edge of each electrode.  However, the drift length is increased by the off-axis, and 

subsequently corrected, trajectory compared to an ion traveling down the central drift 

axis.  In addition, the axial electric field varies as a function of radial ion position and 

results in changes in ion axial velocity as a function of radial position.  The product of  

these two effects lead to increased ion transmission but at the expense of increased 

broadening of the ion signal. 
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 Ion transmission, on the other hand, increases as electrode inner diameter is 

decreased (as mentioned previously in Section 3).  According to Figure 32(b), ion 

transmission increases from approximately 1 percent for a uniform field drift cell to 

greater than 80 percent for a 6.35 mm inner diameter PDC IG electrode in the pressure 

range of 1 to 4 torr.  An 80-fold increase in ion transmission demonstrates the utility of 

PDC IG drift cells. 

 The optimum design of PDC IG electrodes must be considered for what type of 

mobility resolution and/or ion transmission capabilities are required for the experiment.  

For our purposes, an electrode design providing high ion transmission without a great 

decrease in mobility resolution compared to a uniform field drift cell design is most 

appealing.  Consequently, the 8 mm inner diameter PDC IG electrode is ideal for both 

ion transmission and mobility resolution.  In the pressure regime of 1 to 2 torr, the 8 mm 

inner diameter PDC IG electrode offers a 45- to 70-fold increase in ion transmission 

with only a 10 percent decrease in mobility resolution compared with a uniform field 

drift tube IMS design.   

 Further simulations were performed to investigate resolution and percent ion 

transmission for an 8 mm PDC IG drift cell at varying drift lengths.  Two pressures were 

simulated, 1 and 2 torr, with the electric field over pressure value, E/p, held constant at 

30 Vcm-1torr-1.  A 1 mm aperture plate at the back of the drift cell was defined as the 

boundary for the end of the drift cell.  The mobility resolution was calculated from the 

average of the recorded drift times in SIMION divided by the peak width of the drift 

time distributions at half maximum.  The peak width at half maximum of the drift time 
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distributions is calculated from the product of the number 2.2 and the standard deviation 

of the recorded drift times.  The percent ion transmission is calculated by counting the 

number of ions passing the aperture plate of the drift cell compared to the initial number 

of ions flown in the simulation.  Three trials were performed for each drift length and 

pressure to determine an average value for resolution and percent ion transmission and 

the standard deviation of the three trials was used for error bars in the measurement.   

According to theory (equation 5.1-1), increasing drift length should increase 

mobility resolution by the scale of L1/2.  The data for mobility resolution as a function of 

drift length is depicted in Figure 33(a).  As expected, mobility resolution increases as 

drift length increases.  The increase in mobility resolution at a pressure of 2 torr (red 

lines) compared to 1 torr (blue lines) can be explained by the fact that the electric field is 

doubled for these simulations in order to maintain an E/p value of 30 Vcm-1torr-1

bxay )(=

.  The 

simulated results were plotted with the program Origin (OriginLab, Northampton, MA) 

and a fitting tool was used to fit the data to the equation 

     (5.3-1) 

In this equation, the independent variable, x, is the drift length, while the dependent 

variable y is mobility resolution.  According to the best-fit equations for both sets of 

data, the value of b is nearly 0.5 (Figure 33(a)).  This result affirms the theoretical 

expectation of mobility resolution increases proportional to the square root of the 

increase in drift length. 
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Figure 33. Plot of resolution (a) and percent ion transmission (b) versus drift cell length 
at pressures of 1 and 2 torr for a PDC IG with 8 mm inner diameter electrodes, 
configuration B.  The error bars were calculated for three simulation trials. The lines 
shown in (a) are the best-fit lines that approach a square-root dependence of the 
resolution on drift cell length.  The equations for the lines are shown in (a). 
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 The simulated results for percent ion transmission are of utmost importance and 

need to be emphasized to explain the major analytical utility of the PDC IG.  Figure 

33(b) shows that percent ion transmission remains constant, approximately 40 percent at 

1 torr and 55 percent at 2 torr, regardless of drift cell length.  For a uniform field drift 

cell, ion transmission decreases exponentially with drift cell length.  Herein lies the main 

advantage of periodic-focusing in that ion transmission is independent of drift cell 

length; rather, ion transmission is dependent on electrode geometry, the applied electric 

field, and aperture size used at the mobility exit.  It can be estimated that ion 

transmission with the same parameters and a 500 µm aperture is approximately 10 to 15 

percent in the pressure range of 1 and 2 torr.  Ion transmission in a PDC IG would 

increase by increasing the aperture size or applied voltage.  

Finally, the 125 cm PDC IG drift cell equipped with 8 millimeter inner diameter 

electrodes was tested experimentally to measure the increase in mobility resolution 

versus a 63 cm cell.  Figure 34 shows two mobility spectra taken at different E/p (E/N) 

conditions with the mobility resolution calculated for C60
·+.  The maximum mobility 

resolution for C60
·+

 

 

is ~82, corresponding to a 36 percent increase over the maximum 

resolution obtained for the 63 cm PDC IG drift cell (Section 3).  The resolution increase 

is in good agreement with that predicted by theory, 41 percent, and the prediction 

provided by SIMION simulations, 45 percent.   
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Figure 34. Drift time data from a fullerene mixture taken on the 125 cm PDC IG at two 
different E/p (E/N) values.  The signal response for C60

·+

 

 is denoted by the star while the 
mobility resolution is presented at right. 

 

5.4 Conclusion 

 Increasing the length of a periodic-focusing DC ion guide drift cell provides 

analytical utility in that the mobility resolution increases according to the square root of 

the increase in drift length without decreasing ion transmission.  In fact, the drift length 

of a PDC IG has no effect on ion transmission.  The ion transmission is dependent on 

electrode geometry, the applied electric field, and the size of the aperture used at the 

mobility exit. 
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 The drift length of the 8 mm inner diameter PDC IG was also increased to 125 

cm (versus 63 cm in Section 3) and tested experimentally.  The maximum resolution 

obtained for C60
∙+ was increased to ~82, a 36 percent increase compared to the 63 cm 

drift cell.  Equation 5.1-1 reveals that R should scale as L1/2

 Finally, it is interesting to project the practical significance of the manipulation 

of the variables contained from equation 1 in the limit of an ion population composed of 

a single conformer.  For example, an increase in drift length (L) to 250 cm should 

provide an additional 41 percent increase in R, and increasing the field strength (E) of a 

250 cm drift cell by a factor of 4 could potentially provide a 100 percent increase in 

resolution.  In addition, operation of the drift cell at reduced temperature (T), i.e. 100 K 

rather than ambient (300 K), could provide an additional 70 percent increase in R [191]. 

Thus, optimization of the drift cell design and operational parameters in terms of L, E, 

and T could potentially increase mobility resolution to ~400 for a singly-charged ion! 

, corresponding to a 41 

percent increase in R, which is in good agreement with the observed increase. 
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6. INTERFACING THE PDC IG DRIFT CELL WITH ORTHOGONAL 

ACCELERATION TIME-OF-FLIGHT MASS SPECTROMETRY 

 
 
 
6.1 Introduction  
 
 Ion mobility spectrometry separates gas-phase ions on the basis of their mobility 

in a certain drift gas.  Ions with known mobilities in a drift gas are easily identifiable by 

IMS alone but ions of unknown mobilities, especially present in complex samples, are 

difficult to identify solely with IMS.  For this reason, IMS has been coupled with MS to 

establish a two-dimensional separation that decreases ambiguity in identification owing 

to the mass characterization provided by MS for each ion signal.  The two separations 

are extremely compatible as both are post-ionization gas-phase separations.  Moreover, 

the information-rich two dimensional spectra is capable of separating different chemical 

families of molecules, e.g. peptides, carbohydrates, hydrocarbons, lipids.  Briefly, the 

history of ion mobility coupled with a variety of mass analyzers will be examined.   

 The first IMS coupled to a mass analyzer was done by E.W. McDaniel at 

Georgia Tech University in 1962 [65].  The drift tube is coupled to a magnetic sector 

mass spectrometer for mass analysis of low-energy ion molecule reactions.  The length 

of the drift cell and drift gas pressure can be varied to define the collision frequency of 

the ion with the drift gas and ultimately lead to accessing different reaction channels.  

Ion masses must be scanned through the magnetic sector by varying the accelerating 

potential of the ion gun (ion acceleration region of the magnetic sector mass analyzer).  

Soon after, a variety of ion mobility systems were coupled with quadrupole mass 
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spectrometers [66-67].  The first mass-selected atmospheric pressure ion mobility system 

was developed by Karasek et al. in 1971.  This atmospheric pressure IMS-q-MS was 

developed into a commercial instrument [192].  Atmospheric pressure IMS coupled with 

quadrupole mass spectrometers was the instrumental platform of choice for most of the 

1970s and 1980s.  It was used to identify mobility-selected ions and even confirmed 

structurally different ions by mobility of the same mass [193-194]. 

 More recently, the use of quadrupoles with IMS has been taken a step further 

utilizing linear and quadrupole ion trap (LIT and QIT) technology to isolate mobility 

selected ions for tandem mass spectrometry and MSn analyses.  Drift-time, also known 

as drift tube, IMS with a Bradbury-Nielsen gate at the mobility exit has been interfaced 

with a QIT to accumulate mobility selected ions to perform MSn

 Ion mobility coupled with Fourier transform ion cyclotron resonance mass 

spectrometry is much less developed.  One early experiment attempted to insert an ion 

mobility spectrometer in the ICR cavity [196].  The motivation was that the magnetic 

field from the ICR magnet could be used to confine drifting ions to the center of the drift 

 analyses [68-69].  In 

addition, QITs have been implemented prior to drift time IMS for accumulation and 

modification of isomeric ions.  The bare isomeric ions could not be separated by IMS 

but modification of the ions with adducts allowed for sufficient separation [100].  

Thermo Electron Corporation has released a commercial instrument with a form of 

differential mobility spectrometry (DMS) with a QIT or triple quadrupole mass 

spectrometer.  Thermo has termed the DMS-MS as high-field asymmetric waveform ion 

mobility spectrometry, or FAIMS [195].  
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cell.  This experiment proved to be very challenging and was not pursued after the 

original publication.  More practically, dual gating of IMS coupled with FT-ICR mass 

spectrometers have been employed.  The experimental design is similar to an IM-QIT 

design in that mobility-selected ions are introduced to the FT-ICR for mass analysis 

[197-199].  The main advantage of an FT-ICR is high mass resolution which becomes 

increasingly important with higher degrees of sample complexity, e.g. multiple protein 

proteolytic digests, petroleum crude oil samples, etc.  However, the fact of the matter is 

for most samples an FT-ICR mass spectrometer is not required and the cost is therefore 

not justified.        

 Approximately the same time period as the introduction of IM-q-MS instruments, 

ion mobility time-of-flight instruments were introduced.  The first instrument was 

produced in 1963[70] and several publications followed [71-72].  Ions traversed a drift 

tube IMS region and then were accelerated by an electric field to a set of parallel plates. 

The parallel plates were then pulsed to extract ions orthogonally into the time-of-flight 

mass analyzer [47].  To my knowledge, this is the earliest ion mobility orthogonal 

acceleration-time-of-flight mass spectrometer (IM-oa-TOFMS).  The prevalence of IM-

TOFMS was nearly non-existent until the improved capabilities in TOF provided by the 

reflectron and resurgence of orthogonal acceleration time-of-flight (oa-TOF) mass 

spectrometry. 

 Time-of-flight mass spectrometry made great strides with the dual stage 

extraction source and time-lag focusing provided by Wiley and McLaren [47].  The dual 

stage extraction source brought about more manipulation of the space focusing of ions in 
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the TOF while time-lag focusing aided in energy focusing of initial kinetic energy 

spreads of ions.  In 1973, Mamyrin released the reflectron that provided another order of 

energy focusing in a time-of-flight mass analyzer [56].  This reflectron allowed for 

significant increases in mass resolving power and can be attributed as one of the main 

reasons time-of-flight mass spectrometry is a popular mass analyzer today.  In 1989, 

Guilhaus et al. revisited the ideas of orthogonal acceleration time-of-flight mass 

spectrometry [73].  Its impact was quickly realized in a variety of experiments. 

 Orthogonal acceleration time-of-flight mass spectrometry became an important 

tool with continuous ionization sources such as electrospray ionization (ESI) [200].  The 

orthogonality allows for electrosprayed ions to be extracted orthogonally to the TOF 

whereas parallel, or inline, extraction would be much more complicated as additional 

gating techniques would need to be used to introduce ions to the TOF extraction source.  

In addition, parallel extraction suffered from low resolution owing to velocity 

distributions of ions from continuous gaseous ion sources such as electron impact 

ionization (EI) and chemical ionization (CI).  In the orthogonal acceleration design, 

initial ion kinetic energy, or velocity distributions, and spatial distributions can be 

controlled by collimating lenses prior to the TOF extraction source and are therefore less 

detrimental to the mass resolution [74].  Orthogonal acceleration time-of-flight mass 

spectrometry has infiltrated a variety of commercial mass spectrometers and also has 

been interfaced with a variety of hybrid ion mobility-mass spectrometers.   

 Here, we present a simplistic design of an ion mobility orthogonal-acceleration 

time-of-flight mass spectrometer.  Specifically, a 125 centimeter periodic-focusing DC 
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ion guide (PDC IG) drift cell is coupled to an orthogonal 22.8 centimeter linear time-of-

flight mass analyzer.  The two separation dimensions are used to construct two-

dimensional mobility-mass contour plots providing more information as ion mobility 

signals are now correlated with mass spectrometry analyses to characterize ion mass.  In 

this work, we will examine the mobility and mass resolution capabilities of this IM-

oaTOF-MS design.  

6.2 Experimental 

6.2.1 Chemicals 

 A fullerene mixture was purchased from Sigma-Aldrich (St. Louis, MO) and 

dissolved in benzene prior for analysis of radical cations of C60 and C70 by LDI.  

Angiotensin I (MW = 1296 Daltons) was purchased from Sigma-Aldrich (St. Louis, 

Missouri) and used without further purification.  A 0.1 mg/ml solution was mixed 1:1 

(v:v) with a 5 mg ml-1 solution of alphacyano-4-hydroxycinnamic acid dissolved in 60 % 

ACN, 40 % distilled H2

6.2.2 Instrumentation 

0, with 0.1% trifluoroacetic acid solution, and 10 mM 

dihydrogen ammonium phosphate. 

Ions are created by LDI or MALDI using a 355 nm N2 laser (Stanford Research 

Systems; Sunnyvale, CA).  The ion mobility drift cell is a 125 centimeter periodic-

focusing DC ion guide (PDC IG) drift cell (described previously in Section 5).  Briefly, 

the drift cell consists of 100 drift electrodes separated by precision ceramic spacers (~8 

mm inner diameter, grade 25 high alumina nonporous ceramic spacers, McMaster-Carr, 

Robbinsville, NJ).  The drift electrodes are connected by high-precision, 1 MΩ resistors 
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(Mouser Electronics, Mansfield, TX) to establish the electric field provided by a 

Spellman 15 kV high voltage power supply.  Ions are separated in ultra-high purity 

Helium, operated at pressures of 1-3 torr. 

Ions exiting the drift cell are transferred to the oa-TOF extraction source by a 

three-element einzel lens.  The three elements of the einzel lens will be referred to as 

lens 1, lens 2, and lens 3.  The dimensions of the einzel lens elements are as follows: lens 

1 = 2.92” length, 0.925” inner diameter; lens 2 = 1.545” length, 0.925” inner diameter, 

lens 3 = 1.14”, inner diameter 0.925” tapered down to 0.500” at 0.865” length.  The ends 

of the lenses are welded to eV Parts® plates (Kimball Physics Inc., Wilton, NH) and the 

spacing between lenses is 0.075” and is established by precision eV Parts® ceramic 

spacers (Kimball Physics Inc.; Wilton, NH).  The first element of the Einzel lens is 

operated at ground potential while the second element is at a negative potential and the 

third element is again at ground.  The depth of the potential well, length of the lens 

elements, and ion velocity determines the focal point of the ions. 

Ions are extracted in a pseudo-Wiley-McLaren TOF extraction source that 

actually consists of three electric field regions (a three-stage extraction source). The 

electric field can be varied in each of these stages to attempt to vary the space focus 

plane for optimum mass resolution at the detector.  The first stage is referred to as the 

push region consisting of the push and static electrode of the extraction source while the 

second stage, the pull region, consists of the static and pull electrodes.  The third stage 

consists of the pull electrode and the TOF entrance region.  Ions are accelerated through 

the three stage extraction source, separated according to their mass-to-charge (m/z) in the 
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field free region, and detected by a MagneTOF® electron multiplier (Model DM291, 

SGE, Inc.; Australia).  The two high voltage inputs of the electron multiplier are 

supplied by a Burle 10 kV floatable power supply (Type #PF1055, Serial #0204; Burle 

Electro-Optics; Lancaster, PA). The overall flight distance in the orthogonal, linear TOF 

is 22.8 centimeters.   

6.3 Results and Discussion 

 A short linear, orthogonal TOF was chosen for mass characterization of ion 

mobility signals owing to its relative simplicity and facile operation.  The dimensions of 

the TOF and its components must be considered, however, to achieve ion detection.  

Pertinent parameters for the experiment include physical positioning of the TOF 

extraction source and electron multiplier, time-of-flight distance, ion axial velocity 

exiting the mobility drift cell, and ion velocity in the time-of-flight region from 

orthogonal acceleration.  These parameters are important as ions extracted from the TOF 

extraction source must be projected onto the surface of the electron multiplier detector.  

An AutoCAD drawing of the latter half of the instrument showing the einzel lens region, 

TOF extraction optics, TOF can, and TOF detector is given in Figure 35.  The horizontal 

distance from the center of the TOF extraction region to the center of the electron 

multiplier is 3.8 centimeters.  Considering the diameter of the TOF extraction plates 

(0.75”, 1.9 cm) and the diameter of the orifice in the TOF can (1”, 2.54 cm) prior to the 

electron multiplier, the distance from the outer edge of the TOF source to the opposite 

outer edge of the detection region is ~6 cm while the inner edge of the TOF source to the 
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Figure 35. AutoCAD drawing of the orthogonal-acceleration linear time-of-flight mass 
spectrometer coupled to the PDC IG along with the einzel lens, TOF extraction source, 
and electron multiplier detector. 
 
 

adjacent inner edge of the detection region is ~1.3 cm.  The overall flight distance in the 

TOF is 22.8 cm.  Therefore, in order to make sure extracted ions reach the detector, 

calculations should be performed to establish the ion velocity vector components in the 

axial direction, z (drift cell axis), and the orthogonal direction, y, (toward the time-of-

flight detector). 

 Figure 36 shows a block diagram of the einzel lens and TOF region of the 

instrument with an example calculation provided for the radical cation of C60 and its 

displacement in the axial direction, z, from the TOF extraction source to the time-of- 
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Figure 36. Schematic diagram of einzel lens and TOF region and calculations to 
illustrate ion displacement in axial direction, z, from point of acceleration in the TOF 
extraction region to the detector.  The ion used for the calculation is C60

·+

 

, with an m/z 
value of 720 Daltons.   
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flight detector.  From the physical location of the TOF extraction source, the electron 

multiplier detector, and the length of the TOF ions of m/z 720 must be accelerated with 

kinetic energies in the axial (orthogonal to TOF) and TOF directions as shown in Figure 

36. 

Another important instrumental aspect to consider in an IM-MS separation is the 

time of elution of an ion packet from the mobility cell in relation to the pulsing of the 

TOF extraction source.  Consider that an ion packet is eluting the drift cell with an 

arrival time distribution of 480 µs and a baseline peak width of 40 µs.  If a TOF 

extraction frequency of 25 kHz and pulse width of 2 µs is used to extract ions from the 

extraction source and the first TOF extraction occurs simultaneously with the initial laser 

pulse then the majority of the eluting ion packet profile will not be detected.  According 

to the timing of ion extraction in the TOF source, only the leading and trailing edges of 

the eluting ion mobility packet would be analyzed from the aforementioned example 

(Figure 37(a)).  

To ensure better sampling of the entire ion packet the TOF extraction frequency 

could be increased thereby decreasing the time interval between TOF extraction pulses.  

However, this strategy would be analyte dependent and the need for optimization of each 

analyte of interest would be time consuming.  A more reasonable approach for varying 

the timing sequence of the TOF extraction is accomplished by a process called 

interleaving.  Interleaving involves introducing a time delay, much like the operation of 

a delay generator, for a sequence of pulsed events.  To illustrate, consider once again the 



 

 

128 

128 

 

Figure 37. A representation of an arrival time distribution of an ion packet eluting the 
drift cell with a TOF extraction frequency of 25 kHz and pulse width of 2 µs (a).  The 
same representation of the ion packet eluting the drift cell using interleaving in the TOF 
extraction timing (b).  
 
 
 
   
example given above where a TOF extraction source is pulsed at a rate of 25 kHz with a 

pulse width of 2 µs.  This corresponds to a pulse duration of 2 µs with a subsequent 

pulse occurring every 40 µs in the TOF extraction source.  For the first ionization event 

(the first firing of the laser) all ions created would exit the mobility cell and be analyzed 

by the TOF with the timing sequence for extraction shown by the red bars in Figure 

37(a).  If one interleaving event is employed in the data acquisition software then upon 

the second ionization event ions created would exit the mobility cell but now extraction 
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of the ions in the TOF source would be shifted in time. Specifically, a 20 µs delay from 

the firing of the laser to the first TOF extraction would be implemented and each 

subsequent extraction would be 40 µs after the preceding pulse.  Thus, the ion packet 

would now be extracted from the TOF source when the center of the ion cloud (peak 

centroid of the mobility signal) is passing through the TOF extraction source (denoted by 

olive green bar in Figure 37(b)).  The number of interleaves can be increased to vary the 

time delay of each interleaving event resulting in extraction at different times of the 

eluting ion mobility profile (Figure 37(b)).  The process of interleaving provides much 

better sampling across the entire profile of an eluting ion packet, increasing the 

sensitivity of the extracted and detected ion signal while also giving a more 

representative mobility profile in order to detect actual peak widths for calculating 

mobility resolution. 

 The PDC IG IM-oaTOF-MS instrument was tested experimentally with a 

fullerene mixture.  A variety of instrument parameters were varied to test their effect on 

the performance of the instrument.  Said parameters include electric field and pressure 

values for the IMS separation, acceleration voltage upon mobility exit, einzel lens 

voltages, TOF extraction voltages, and time-of-flight bias voltage.  Example two-

dimensional IM-MS spectra are shown in Figure 38.  Changing the various parameters 

reflect minor changes in the sensitivity, mobility resolution, and mass resolution.  Ion 

mobility resolution is consistently between 35 and 50 for the radical cations of C60 and 

C70 while the mass resolution of the ion signals is between 70 and 100 (m/Δmfwhm

 

).  The  
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Figure 38. Two-dimensional ion mobility-mass spectra of a fullerene mixture showing 
different instrumental conditions of the PDC IG drift cell and TOF mass spectrometer. 
 

 

larger mass ion signals are higher order carbon clusters, normally seen in LDI mass 

spectra of fullerene mixtures at higher laser intensities.  

The mass resolution is sufficient for characterization of mobility separated ions.  

The mass resolution can be optimized by changing the voltage of the second einzel lens 

element in the three element einzel lens (Figure 39).  A lower voltage on the second 
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einzel lens element decreases the number of ions transmitted through the einzel lens but 

focuses the ions into the TOF source better prior to extraction.  On the other hand, 

increasing the voltage on the second einzel lens element focuses more ions to the TOF 

extraction source, increasing sensitivity.   

Conversely, the mobility resolution is decreased when compared to results from 

Section 5.  On the 125 centimeter PDC IG drift cell with a post-acceleration mobility 

detector, the resolution values for C60 and C70

Additional experiments on the PDC IG-IM-oa-TOF-MS were also performed on 

the model peptide, Angiotensin I.  Similar mass resolution was provided by the TOF for 

the protonated molecule of Angiotensin I as for the fullerene radical cations.  Once 

again, the mobility resolution for the protonated molecule of Angiotensin I is less than 

expected for a 125 cm length PDC IG drift cell.  From Section 3 the mobility resolution 

of two peptides of similar m/z, a modified Angiotensin molecule, Val-4-Angiotensin I, 

and Glu-Fibrinopeptide B approached 60.  Increasing the drift length by a factor of two 

should increase the mobility resolution by 41 percent, projecting a mobility resolution of 

~85.   

 were approximately 80, nearly double the 

resolution for the representative spectra in Figure 38. 
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Figure 39. Two-dimensional ion mobility-mass spectra of C60
·+ and C70

·+
 

 

showing the 
effect of einzel lens voltage on the second einzel lens on the sensitivity and mass 
resolution of the orthogonal-acceleration linear time-of-flight mass spectrometer. 
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6.4 Conclusion 

The 125 cm PDC IG drift cell was successfully coupled to a 22.8 cm orthogonal-

acceleration linear time-of-flight mass analyzer.  The mass resolution of the TOF 

(m/∆mfwhm

The mobility resolution provided by the PDC IG is less than expected from 

previous experiments in Section 3 and projected resolution increases from increasing 

drift cell length in Section 4.  Degradation of the mobility resolution is most likely 

occurring outside the drift cell.  The fidelity of the eluting ion packet profile seems to be 

lost prior to TOF extraction.  Further experiments must be done to improve ion transfer 

and ion focusing from the mobility cell exit aperture to the TOF extraction source. 

) is approximately 100 for the analytes investigated.  Variation of the potential 

on the second einzel lens of the three-element einzel lens focusing optics can be used to 

optimize sensitivity or mass resolution in the TOF.  Sensitivity can be increased by 

focusing more ions into the TOF extraction source while mass resolution can be 

increased by attenuating the ion beam entering the TOF extraction source. 
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7. IMPROVING THE ION OPTICS FOR ION FOCUSING AND ION 

TRANSFER IN THE INTERFACE OF AN ION MOBILITY ORTHOGONAL 

TIME-OF-FLIGHT MASS SPECTROMETER 

 

7.1 Introduction 

Ion mobility-mass spectrometry (IM-MS) has become a powerful post-ionization 

separation technique impacting nearly all areas of the ‘omics’ world [68, 102, 201-205].  

The advent of MALDI [49-50] and ESI [80] enabled the analysis of large, intact 

biomolecules   The fast separation times provided by ion mobility spectrometry (IMS) 

(microseconds to milliseconds) compared with that of liquid chromatography and 

capillary electrophoresis (minutes to hours) allow for higher throughput and increased 

instrumental duty cycle [188].  

Moreover, the orthogonal mobility and mass separations afforded by IM-MS 

provides additional analyte information.  The first dimension separates ions based on 

their mobilities, K, which are inversely proportional to their size, or ion-neutral collision 

cross section, Ω.  The ion-neutral collision cross section provides structural information 

of the ion and has been used with molecular dynamics simulations to investigate 

probable, low energy ion structures [179, 206-207].  The second dimension separates 

ions according to their mass-to-charge ratio.  The two-dimensional mobility-mass 

information provides additional, rich information pertaining to analyte molecular 

chemical family [75].  Put more simply, ions of different chemical families fall in 

different areas of conformation space, referred to as trendlines.  These trendlines have 
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been used to separate peptide, carbohydrate, lipid, and hydrocarbon/fullerene ion signals 

[77].  Furthermore, studies are being done with covalently linked modifiers to act as shift 

reagents to shift ion signals away from specific trendlines.  The idea of the separation of 

chemical families in conformation space can be improved with increased mobility 

resolution. 

Mobility resolution can be affected by a number of experimental parameters 

including initial ion packet width (or gate width if an injected ion packet from a 

continuous ionization source), space charge effects (coulombic repulsion) from high ion 

concentrations, the presence of different conformations for a drifting ion, and diffusion.  

Ion diffusion is more often than not the main contributor to decreased resolution in 

mobility separations and its effect can be projected from equation 7.1-1 

2/1

2ln16 







=

Tk
ELezR

b
d           (7.1-1) 

where E is electric field, L is drift length, e and z are elementary charge and numbers of 

charges, kb

One of the challenges of IM-MS is maintaining high ion transmission through the 

drift cell and efficiently transferring the ions through a differentially pumped region to 

the mass analyzer.  Most IM-MS separations require a small sampling aperture at the 

mobility cell exit to serve as a conductance limit for gas flow into the mass analyzer 

region.  This may aid in differential pumping but also diminishes ion transmission to the 

 is Boltzmann’s constant, and T is drift gas temperature.  Resolution, under 

the consideration of diffusion, can be increased by increasing E, L, or z or by decreasing 

T.  This work will focus on increased mobility resolution through increased drift length.  
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mass analyzer.  Compound this issue with increased drift lengths leading to more 

radially diffuse ions and decreases in ion transmission become substantial.  In an effort 

to remedy this problem, two solutions have been proposed.  The first is the use of an RF 

ion funnel (developed in the Smith laboratory) at the drift cell exit to correct for radially 

diffuse ion trajectories and increase the number of ions transmitted to the mass analyzer.  

The second proposal, created in our laboratory, employs a unique drift electrode 

geometry that takes advantage of non-linear electric fields to serve as a radial focusing 

mechanism for radially diffuse, drifting ions.  The device has been termed a periodic-

focusing DC ion guide (PDC IG) drift cell and preliminary data along with details of the 

focusing mechanism of the device have been published previously.  The instrument 

presented herein utilizes a PDC IG for increased ion transmission through the drift cell. 

Once ions exit the drift cell they must still be focused in a pneumatically 

divergent environment to the mass analyzer.  Historically, skimmer cones have been 

used after the mobility exit to achieve a differential pumping region and eliminate gas 

molecules from entering the mass analyzer region.  The skimmer cone, however, leads to 

further ion losses as some of the ions will be skimmed away with gas molecules 

resulting in lower ion transmission to the mass analyzer region.  Herein, we propose a set 

of novel ion optics to transfer ions from the mobility exit to a mass analyzer in a region 

composed of a pressure gradient from mobility separation pressures to vacuum needed 

for time-of-flight analyses.    
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7.2 Experimental 

7.2.1 Chemicals 

All chemicals were purchased and used without further purification.  A fullerene 

mixture composed of C60 and C70 

7.2.2 Instrumentation 

was purchased from Sigma-Aldrich and used to 

characterize the ion optics used after the ion mobility exit.  Three model peptides were 

used to demonstrate the capabilities of the PDC IG drift cell and ion optics to transmit 

ions up to 2500 m/z.  The peptides used were Bradykinin (MW = 1060.5 Da), 

Angiotensin I (MW = 1296 Da), and ACTH clip 18-39 (MW = 2465.2 Da).  The 

peptides were purchased from American Peptide Company and used without further 

purification. 

7.2.2.1 Drift Cell 

Ions are formed by MALDI in the drift cell using a Nd:YAG laser, λ = 355 nm 

(Teem Photonics; Meylan, France).  The PDC IG drift cell portion of the instrument has 

been described previously.  Briefly, the drift cell is composed of 100 individual 

electrodes resulting in a 125 cm drift length.  The drift electrode dimensions of inner 

diameter, thickness, and spacing are 8 mm, 6.35 mm, and 6.35 mm, respectively.  The 

electrodes are connected by 1 MΩ, high precision resistors (Mouser Electronics; 

Mansfield, TX) to establish a voltage drop across the drift cell.  All mobility experiments 

were performed with ultra-high purity He drift gas at pressures of 1-3 torr.  The mobility 

exit is defined by a 500 µm aperture which provides a pressure differential for the mass 
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analyzer region.  The aperture plate is connected to ground via a 0.5 – 5 MΩ variable 

resistor to control the acceleration energy of ions exiting the drift cell. 

7.2.2.2 Ion Optics System 

Ions eluting the drift cell are transferred to the extraction region of an orthogonal, 

linear time-of-flight mass analyzer by a set of ion optical lenses.  The first lens setup is a 

typical three element einzel lens, described also in Section 4, which is used to focus ions 

exiting the mobility cell to the TOF extraction source.  The dimensions of the einzel lens 

elements are as follows: lens 1 = 2.92” length, 0.925” inner diameter; lens 2 = 1.545” 

length, 0.925” inner diameter, lens 3 = 1.14”, inner diameter 0.925” tapered down to 

0.500” at 0.865” length (lens 3 is the same lens used for both ion optical systems).  The 

spacing between adjacent lenses was 0.075”.  The voltages to einzel lens 1 and 2 are 

supplied using 2 channels of a CAEN 4-channel high voltage power supply (Model 

N472, CAEN Technologies, Inc., Staten Island, NY).  The voltage for einzel lens 3 is 

supplied by a Bertan 5 kV DC supply (Model 325, Bertan; Hicksville, NY).  The voltage 

for einzel lens 3 is also the bias voltage applied to the push, static, and pull plates of the 

time-of-flight extraction source.     

The second optical lens system utilizes a novel combination of exact replicas of 

the drift electrodes used in the PDC IG drift cell along with a three element einzel lens 

(Appendix E).  The dimensions of the drift electrodes are mentioned above.  There are 

three PDC IG electrodes directly following the exit aperture of the mobility drift cell and 

we will refer to these as transfer lenses throughout this manuscript.  The electrodes are 

connected via 1 MΩ, high precision resistors (Mouser Electronics; Mansfield, TX) to 
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ground.  The voltage supplied to these electrodes comes from one of the channels of the 

CAEN 4-channel high voltage DC supply (Model N472, CAEN Technologies, Inc.; 

Staten Island, NY).  The nonlinear electric field produced by the electrode geometry 

serves to focus radially diffuse ions back to the electrode central axis.  This is 

accomplished by the differences in the radial component of the electric field as a 

function of radial ion position.  The transfer lenses also focus ions well at higher 

pressures owing to ion-neutral collisions leading to lower ion velocities and thus a 

greater extent of ion focusing.  As ions traverse this region, off-axis trajectory ions from 

diffusion and collisional scattering will be refocused to the central electrode axis and 

transmit a high percentage of ions to the three element einzel lens prior to the TOF 

extraction source. 

The second set of lenses is a typical three-element einzel lens to focus ions to a 

point in the TOF extraction region.  The dimensions of the einzel lens element are as 

follows: lens 1 = 1 inch length, 0.625” inner diameter; lens 2 = 1” length, 0.625” 

diameter, and lens 3 = 1.14” length, 0.925” inner diameter tapered down to 0.500” at 

0.865” length of the lens.  The exit to lens 3 has a 3 mm axial slit to define the ion packet 

spread entering the TOF extraction source.  Each lens is spaced 0.1” from the next 

adjacent lens using precision ceramic spacers (Kimball Physics, Inc.; Wilton, NH).  The 

voltages for the lenses are supplied by the same power supplies listed previously. 

The ion focusing of the two lens systems was modeled by SIMION and also 

tested experimentally. 
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7.2.2.3 TOF extraction source 

The TOF extraction source used in this study is a Wiley-McLaren type utilizing a 

dual field extraction region.  The dual field extraction region is established by three, 

stainless steel plates which will be referred to as the push, static, and pull plates.  The 

plates are eV parts® purchased from Kimball Physics, Inc. (Wilton, NH).  The plates are 

0.025” thick, 1.4” length and width.  The static and pull plates have an inner diameter 

orifice of 0.75” with 70 lines-per-inch Nickel grid stretched over the surface to create a 

defined electric field between the plates.  The spacing between the push and static plate 

is 0.100” while the spacing between the static plate and pull plate is 0.075”.  The spacing 

between the plates in the source and the voltage drop between plates from the pulse 

amplitude defines the dual electric field extraction region.  The extraction source is 

pulsed through an RF circuit shown in Figure 40(a).    

The push, static, and pull plates of the extraction source are held at the same 

negative potential until they are pulsed to extract ions.  The source is held at -175 volts 

by a Bertan Model 325 dual polarity 0 to 5 kilovolt DC power supply (Hicksville, NY).  

In order to pulse the push and pull plates (depicted in Figure 40(b)), two ± 6,000 V pulse 

generators (DEI model PVX-4130, Directed Energy, Inc.; Fort Collins, CO) were used 

in conjunction with two Glassman high voltage power supplies (Model # 

PS/EH01.5R65L11, Glassman High Voltage, Inc., High Bridge, NJ).  The DEI pulse 

generators have two inputs and one output channel: a –HV input, a +HV input, and a 

pulse output channel.  The push plate uses the positive DEI pulser to achieve a positive 

polarity pulse.  In this setup, the –HV input of the pulser is grounded while the +HV  
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Figure 40. A schematic diagram of the biasing and pulsing of the TOF extraction 
source.  The capacitively coupled box (A) used for pulsing the TOF extraction source is 
shown in (a).  This box has three inputs for the push, pull, and static plates of the source.  
The pulse generators and power supplies used for the TOF extraction source are shown 
in (b).  The power supplies and pulse generators are as follows: TOF source bias supply 
(B), baseline shift correction power supply (C), negative (pull pulse) polarity power 
supply (D), negative pulse generator (E), positive (push pulse) polarity power supply (F), 
positive pulse generator (G).  The TOF extraction source showing the pull (H), static (I), 
and push (J) plates of the Wiley-McLaren type source are shown in (c).  The resulting 
TOF extraction pulsing sequence is shown in (d).  
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input receives a positive polarity voltage from the Glassman high voltage power supply.  

The DEI pulser output stays at ground potential until it receives a trigger to output a 

pulse to the push plate with an amplitude defined by the Glassman high voltage power 

supply.  Likewise, the pull plate uses a negative pulse from the DEI pulser where the 

+HV input is grounded while the –HV supply receives a negative potential from the 

Glassman high voltage power supply.  The output from the DEI is ground potential until 

the trigger induces a negative pulse with an amplitude defined by the Glassman supply.  

The output channels of the DEI pulsers go to the push pulse in and pull pulse in inputs of 

the RC circuit shown in Figure 40(a).  Even though the DEI pulsers output a ground 

potential until pulsed, the RC circuit provides the voltage bias from the Bertan supply to 

the push, static, and pull plates of the TOF extraction source.  The pulsing of the plates 

through the RF circuit causes a baseline shift of the output pulse.  The baseline shift can 

be easily calculated from the equation given below: 

 (7.2-1) 

where the extraction pulse width divided by the time between consecutive extraction 

pulses can be referred to as the duty cycle of the TOF extraction source (Table 4).  The 

shift in the baseline of the output pulse can be corrected by adding a DC bias voltage to 

the push and pull pulse outputs (Figure 40(b)).  The correction voltage is supplied by a 

DC power supply (Model TP340A Triple Output DC power supply, Power Designs, 

Inc.; Westbury, NY) with 100 KΩ resistors in the circuit to shield the power supply from 

the pulse voltage from the DEI pulser.  The push pulse has a negative polarity shift and 

thus a positive correction voltage is applied while a negative correction voltage must be 
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applied for the positive polarity shift for the pull pulse.  After voltage correction, the 

output pulses go into the instrument to the push, static, and pull plates as depicted in 

Figure 40(c).  A more comprehensive study of baseline shift correction voltage tests and 

its effect on mass resolution of the time-of-flight mass spectrometer is shown in the 

Appendix section (Appendix D).   

The TOF extraction source plates are held at -175 V until the push and pull plates 

receive a pulse from the DEI pulse generators.  The pulse generators output a pulse 

amplitude of ± 300 V.  The pulse frequency for the TOF is 40 kHz with a pulse width of 

2 µs.  This corresponds to a duty cycle of 8 percent.  Thus, the baseline shift of the pulse 

output is ±24 V.  This baseline shift is accounted for by a correction voltage of the same 

amplitude but opposite polarity.  The summary of the pulsing sequence with 

instantaneous potential versus time is shown in Figure 40(d). 

   

Table 4. Table for determining the baseline shift through an RC circuit with parameters 
of TOF frequency, TOF pulse width, duty cycle, and TOF pulse amplitude to calculate a 
baseline shift correction voltage.  The parameters used for the TOF extraction in this 
experiment are shown in bold. 
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7.2.2.4 Time-of-Flight Mass Analyzer 

Ions focused into the TOF extraction source are accelerated orthogonally into a 

22.8 cm linear time of flight mass analyzer.  The TOF lining is held at a bias of -5.6 kV.   

Thus, ions are accelerated with approximately -6.2 keV of kinetic energy towards the 

TOF detector.  The TOF detector is a dual microchannel plate setup with the front MCP 

held at -6 kV and the back MCP at -3.9 kV.  A block diagram of the entire instrument is 

shown in Figure 41.  

 

 

 
 
Figure 41. Schematic diagram of the 1.25 meter periodic-focusing DC ion guide ion 
mobility-orthogonal time-of-flight (PDC IG-IM-oaTOF) mass spectrometer.  
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7.2.3 SIMION simulations 

SIMION version 8.0 (SIS; Ringoes, NJ) simulations were conducted to test the 

ion focusing and ion transfer capabilities of the two ion optical systems.  The 

collision_hs1.lua user program was slightly modified to incorporate a boundary defined 

static pressure region followed by a boundary defined linear pressure gradient.  After the 

linear pressure gradient, another boundary defined static pressure region is incorporated 

to the simulation.  The ion used for all simulations is C60
∙+ with an ion-neutral collision 

cross section of 124 Å2

7.3 Results and Discussion 

. 

SIMION version 8.0 simulations were conducted to compare the ion focusing 

and ion transfer capabilities of the ion optics systems from the mobility exit to the TOF 

extraction source.  The simulation for the single, three element einzel lens is given in 

Figure 42.  The simulation shows the last 4 drift electrodes of the PDC IG drift cell 

followed by the mobility exit aperture.  The next electrode is a portion of the flange 

which is at ground potential followed by the three element einzel lens prior to the TOF 

extraction source.  The first pressure boundary is from the first drift electrode shown in 

the simulation to the mobility exit aperture.  The pressure of helium gas in this boundary 

is 1 torr.  The second pressure boundary is from the mobility exit aperture to the end of 

the first lens.  The pressure in this region is simulated as a linear pressure gradient from 

1 to 1 x 10-4 torr.  This pressure was estimated from the conductance limit of the aperture 

along with the conductance limit provided by the first einzel lens (the einzel lens is 
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positioned closely to the backside of the aperture plate).  In the third boundary region the 

pressure is considered to be 1 x 10-4

The simulation in Figure 42(a) reveals that ions do not have sufficient kinetic 

energy to overcome the potential barriers created by the fringing fields at the edges of 

the einzel tube lenses.  The kinetic energy is critical owing to the ion-neutral collisions 

that decrease ion velocity in the field free region of the einzel tube lenses.  This is 

especially apparent from the ion trajectories in the first einzel lens.  As ions experience 

collisions with the neutral drift gas molecules in this high-pressure region ion velocities 

decrease and collisional scattering and ion diffusion begin to dominate the ion motion.  

Ions can still be accelerated by the decrease in potential (potential well depth) and 

refocused into the second einzel lens by the fringing electric fields but will be 

decelerated by the last einzel lens element.  The decrease in initial velocity from ion-

neutral collisions in the first einzel lens requires an increase in post-mobility acceleration 

to result in higher ion transmission. 

 torr.  
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Figure 42. SIMION simulation depicting ion transmission through a typical, three 
element einzel lens after exiting the mobility drift cell and prior to TOF extraction.  The 
electrodes and potentials applied to said electrodes are depicted in (a) and (b).    
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The post-mobility acceleration is increased by 400 eV in Figure 42(b).  Initially 

ions are accelerated with 225 eV of kinetic energy from the potential drop from the 

aperture plate to the entrance to the first einzel lens.  This is an increase of 200 eV 

compared to the simulation in Figure 42(a).  The increased initial kinetic energy (and ion 

velocity) leads to less ion diffusion in einzel lens 1; however, diffusion is still prevalent 

in the ion trajectories shown in Figure 42(b).  An increase in the potential well depth of 

einzel lens 2 (from -200 V in (a) to -1200 V in (b)) refocuses diffuse ions owing to the 

fringing electric fields penetrating into einzel lens 1 and also serves to reaccelerate low 

velocity ions toward einzel lens 3.  Einzel lens 3 defines the final 200 eV of acceleration 

from the mobility cell to the TOF extraction region.  This acceleration energy is 

sufficient to transfer ions to the TOF; however, broadening of the ion packet in both 

simulations owing to diffusion in einzel lens 1 degrades the mobility resolution.  

Experimental data reveals that the spatial spreading of the ion packet in the einzel 

lens degrades mobility resolution regardless of the potentials applied to the einzel lens 

and the overall laboratory frame acceleration energy from the mobility cell exit to the 

TOF extraction region.  The mobility resolution is consistently between 30-50 for the 

radical cation signals of C60 and C70
 (data not shown).  Moreover, when the entire einzel 

lens setup is kept at ground, the mobility resolution is relatively unchanged.  This 

suggests that the lens system does a very poor job of focusing ions into the TOF 

extraction region and that a pneumatic focusing effect from the pressure differential 

from the mobility cell exit to the TOF extraction region is more responsible for 

transferring ions than the einzel lens system itself.     
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The second optical lens design utilizes transfer lenses, exact replicas of the PDC 

IG drift electrodes, in conjunction with a three-element einzel lens of shorter length than 

the previous design.  The same pressure boundaries were used in the simulation with the 

drift cell at a pressure of 1 torr.  After the mobility exit aperture, a pressure boundary is 

defined until the first einzel lens element.  The pressure in this region is defined as a 

linear gradient from 1 torr to 1 x 10-6 torr.  This pressure gradient is estimated from the 

conductance limit of the mobility aperture and the space between lenses providing 

access for the diffusion pump to evacuate gas molecules exiting the drift cell.  After this 

boundary, the pressure is considered to remain at 1 x 10-6

The transfer lenses serve to refocus radially diffuse ions in the high pressure 

region (similarly to the focusing provided in the drift cell).  The thickness of the lens and 

the velocity of the ions play a key role in ion focusing.  In the previous design, the first 

tube lens is very thick (2.92”) and has a significant field free region in the center of the 

lens.  The thinner PDC IG replica electrodes have a much smaller field free region 

before the next electrode and thus the decrease in ion velocity is less pronounced.  

Furthermore, the PDC IG replica electrodes utilize fringing electric fields that create 

effective potentials at the electrode entrance and exit that focus collisionally scattered 

(radially divergent) ions back to the central axis of the lens system.   

 torr.    
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After this higher pressure region, a set of einzel lenses of shorter lengths are used 

to focus ions into the TOF extraction source (Figure 43).  The pressure in this region is 

considered to be 1 x 10-6 torr, a more optimum pressure for the vacuum focusing of an 

einzel lens system.  At high vacuum, ions travelling through the einzel lens do not 

experience a high collision frequency with gas molecules as in the previous design.  This 

results in less collisional scattering and higher velocity ions through the lens system.  

Thus, less overall kinetic energy is required to transfer ions through the einzel lens 

system.  Furthermore, higher velocity ions and a shallower potential well in the second 

einzel lens decreases the magnitude of effective potentials felt at the entrance and exit of 

each einzel tube lens and ion trajectories become less divergent.  The major advantage of 

this optical design is that ions do not experience collisional scattering and diffusion in 

the high pressure region immediately following the mobility exit aperture.  This leads to 

less overall diffusional broadening of the ion packet in the transfer region between the 

mobility drift cell and the TOF extraction region and maintains the fidelity of the eluting 

ion packet profile quite well. 
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Figure 43. SIMION simulation depicting ion transmission through a novel combination 
of transfer lenses (PDC IG electrodes) and a three element einzel lens.  The pressure 
profile with respect to position is also provided. 
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Figure 44. Two-dimensional mobility-mass plot of a fullerene mixture with mobility 
drift time on the y-axis and m/z on the x-axis.  The ion signals are completely baseline 
separated by mobility and their identification is confirmed by mass in the time-of-flight 
mass analyzer.  The figure inset shows the single dimension ion mobility spectrum.  The 
inset shows the drift time and peak width at half maximum of the ion signals for C60

·+ 
and C70

·+

 
, corresponding to a mobility resolution of 92 and 96. 

 
 

The experimental result for the second optical lens design is shown in Figure 44.  

The figure depicts the two dimensional mobility-mass spectra showing the ion signals 

for C60
∙+ and C70

∙+ and a figure inset showing the one-dimensional mobility spectrum.  

The experimental parameters for the mobility separation are as follows: applied drift 

voltage of 4600 V, He drift gas pressure of 1.87 torr (slightly higher than 1 torr used in 

the simulation in Figure 43), resulting in an E/p of 19.7 Vcm-1torr-1.  Ions are accelerated 
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with 25 eV of laboratory frame energy upon exiting the PDC IG drift cell.  Ions then 

traverse the differential pressure region where focusing occurs from the novel 

combination of ion optics.  The voltages applied to the lens elements are as follows: -41 

V on transfer lens 1, -82 V on transfer lens 2, -123 V on transfer lens 3, -142 V on einzel 

lens 1, -300 V on einzel lens 2, and -175 V on einzel lens 3.  The potentials applied for 

the experimental data are nearly the same as the potentials used for the simulation in 

Figure 43.  The experimental result in Figure 5 confirms the focusing capabilities of the 

novel combination of ion optics.  The ion signals for C60
∙+ and C70

∙+

To further demonstrate the high resolution capabilities of the PDC IG and 

efficient ion transfer to the TOF extraction region a mixture of two model peptides, 

Bradykinin and Angiotensin I, is presented in Figure 45.  The experimental parameters 

for the mobility separation are as follows: applied drift voltage of 4500 V, He drift gas 

pressure of 1.48 torr, resulting in an E/p of 24.3 Vcm

 in Figure 44 are 

completely baseline separated and the experimental mobility resolution calculated from 

the drift time divided by the time width at half maximum corresponds to 92 and 96, 

respectively. It appears that there is minimal degradation of the ion packet profile and 

hence the mobility resolution in the ion transfer region between the mobility cell exit and 

the orthogonal TOF extraction source.   

-1torr-1.  The decrease in drift gas 

pressure is associated with the slight increase in ion mass resulting in increased collision 

frequency.  To achieve similar focusing capabilities of the PDC IG (mobility resolution 

and ion transmission) the drift gas pressure must be lowered to increase the ion axial 
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velocity through the PDC IG.  The radial focusing capabilities of the PDC IG and the 

effects of ion mass and ion axial velocity are presented in a previous publication. 

 
 

 
Figure 45. Two-dimensional mobility-mass plot of a peptide mixture of Bradykinin and 
Angiotensin I.  The figure inset shows the single dimension ion mobility spectrum.  The 
drift time and peak width at full width half maximum for Bradykinin and Angiotensin I 
correspond to a mobility resolution of 79 and 84, respectively.   
 
 
    

Ions are again accelerated with 25 eV of laboratory frame energy when exiting 

the PDC IG drift cell.  The potentials applied to the lens elements are the same as those 

stated above for the separation of the fullerene radical cations.  The experimental result 

from the inset of Figure 45 reveals a mobility resolution of 79 and 84 for Bradykinin and 
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Angiotensin I, respectively.  The slightly lower resolution for these peptide ions may be 

a result of interconverting ion conformers in the drift cell.   

Finally, a higher mass peptide ion in ACTH clip 18-39 is presented in Figure 46.  

The experimental parameters for the mobility separation are as follows: applied drift 

voltage of 4780 V, He drift gas pressure of 1.22 torr, resulting in an E/p of 33.7 Vcm-

1torr-1.  Ions are accelerated from the mobility exit with the same energy as the previous 

experimental data, however, the increase in mass requires a change in potentials applied 

to the novel focusing optics employed.  The applied potentials are as follows: -48 V on 

transfer lens 1, -96 V on transfer lens 2, -144 V on transfer lens 3, -300 V on einzel lens 

1, -700 V on einzel lens 2, and -175 V on einzel lens 3.  Specifically, the potentials on 

the transfer lenses are increased increase ion axial velocity in this region for better ion 

focusing as well as increasing the potential well depth of einzel lens 2 for better point 

focusing of ions to the TOF extraction source.  The mobility resolution calculated for the 

ion mobility signal in the inset of Figure 46 is 121.  According to equation 1 using the 

experimental parameters for this experiment, the diffusion limited resolution is 

calculated to be 129.  This is a prime example of the high resolution capabilities of the 

PDC IG drift cell. 
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Figure 46. A two-dimensional mobility-mass plot of the peptide ACTH 18-39.  The 
figure inset shows the signal for the single-dimension ion mobility spectrum.  The drift 
time and peak width at full width half maximum of the ion signal of ACTH 18-39 
correspond to a mobility resolution of 121. 
 

 

Another important point to note is the increase in mobility resolution with 

increasing ion mass (evidenced by the high resolution value for ACTH clip 18-39).  This 

observation confirms what is predicted by the theoretical spreading of an ion cloud 

through a drift cell.  The spreading of an ion cloud is defined by the equation 
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where L is drift length, D is the diffusion coefficient, vd

d
d t

Lv =

 is drift velocity, and x is the 

distance of spread from the center of the ion cloud (in one direction).  The drift velocity 

term in equation 7.3-1 can be eliminated by substitution from the following equation. 

     (7.3-2) 

After substitution and rearrangement equation 7.3-1 becomes  
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and now multiplying both sides by L eliminates L from the equation.  The term (4/π)1/2

( ) 2/1
dDtAx =

 

can be denoted as a constant, which will be referred to as A.  Thus, the equation becomes 

      (7.3-4) 

where it can be seen that the spreading of the ion cloud is dependent on the diffusion 

coefficient of the ion in the drift gas and the drift time of the ion.  For increasing ion 

mass within the same chemical family, drift time increases while the diffusion 

coefficient decreases.  The decreasing diffusion coefficient coupled with the square root 

relationship of the product of the diffusion coefficient and drift time lead to higher 

resolution for high mass ions.  For example, even if the diffusion coefficient remained 

constant for a high mass versus low mass ion and the drift time was doubled the mobility 

resolution would still increase by the square root of two.   

 There are instrumental limits, however, to mobility resolution in relation to ion 

mass.  As ion mass increases the electric field must be increased or drift gas pressure 

decreased to maintain proper ion axial velocity to achieve the radial focusing properties 
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of the PDC IG.  This is evident from the two-dimensional mobility-mass plot of a 

mixture of ACTH clip 18-39 and Insulin (Figure 47).  The mobility resolution of the 

insulin ion signal is low owing to mitigated radial focusing properties of high mass ions. 

 
 

 
 
Figure 47. A two-dimensional mobility-mass plot of ACTH clip 18-39 and Insulin.   
   
     

7.4 Conclusion 
  
 A novel combination of ion optics for ion transfer from the mobility cell exit 

aperture to a TOF extraction source is presented.  Employing PDC IG electrode 

geometries over the high pressure region of the differential pressure region maintains the 

fidelity of the mobility peak profile and transfers ions to a set of three short einzel lenses 

for ion focusing into the TOF extraction source. 
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 The optical interface region was tested with SIMION simulations as well as 

experimentally.  SIMION simulations reveal much more efficient ion transfer to the TOF 

extraction region with the novel design over a simple three-element einzel lens.  This is 

owing to the large field free region in the center of a long lens where the fidelity of the 

mobility peak profile is lost from diffusion of the ion cloud and collisional scattering of 

ions off the neutral drift gas.  The novel ion optics design continues to radially focus 

ions, much like in the PDC IG drift cell, until a sufficient pressure is reached to employ 

an einzel lens system. 

 Experimentally, the efficiency of the novel ion optical design is confirmed from 

the high mobility resolution for a number of analytes.  In fact, the mobility resolution is 

increased for fullerene radical cations in the IM-MS design presented here compared to 

the previous IMS design presented in Section 3.  The mobility resolution of the radical 

cations of C60 and C70 is 92 and 96, respectively, compared to ~80 in the previous IMS 

design in Section 3.  This is most likely attributed to the long field free region inside the 

tube lens employed in the previous IMS design.  High mobility resolution was also 

attained for the protonated molecules Bradykinin and Angiotensin I, 79 and 84.  A 

higher mass peptide, ACTH clip 18-39 yielded a mobility resolution of 121, near the 

theoretical diffusion-limit of 129.     
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8. A NOVEL, MODULAR ION MOBILITY DRIFT CELL 
 
 
 
 
8.1 Introduction 
 

Tandem mass spectrometry utilizes two stages of mass analysis: 1) a mass 

selection stage followed by ion activation and dissociation and 2) a mass analysis stage 

of the fragment ions produced by ion activation and dissociation of the mass selected 

precursor [208].  Tandem MS has been performed with a variety of mass analyzers 

including hybrid sector instruments [209-210], sector/quadrupole instruments [211], 

triple quadrupole instruments [212], FT-ICR instruments, and TOF/TOF instruments.  

Ion activation and dissociation is also possible through a variety of methods including 

collision-induced dissociation (CID) [213-217], surface-induced dissociation (SID) 

[218-219], photodissociation (PD) [220], electron capture dissociation (ECD) [221] and 

electron transfer dissociation (ETD) [222].   

Tandem MS has been advantageous in ion structural elucidation from 

characteristic fragment ions from a precursor ion.  The advent of ESI and MALDI 

opened a new avenue for tandem MS as a tool for biomolecule analyses-especially in the 

field of proteomics through amino acid sequencing of peptides and proteins [223].  

Peptide fragment ion nomenclature has been established by Biemann according to the 

position of bond dissociation along the peptide backbone or amino acid side chains 

[224]. 

Ion mobility spectrometry coupled with tandem MS provides increased 

information in structural elucidation through ion-neutral collision cross section 
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information and fragment ion spectra.  However, the availability of IM-MS/MS 

instrumentation is limited.  In-house built instrument designs have been employed to 

incorporate IM-MS/MS technology.  Previously, our laboratory incorporated surface-

induced dissociation (SID) after ion mobility separations for ion activation and 

dissociation of mobility separated ions [188, 225-226].  The mass analyzed fragment 

ions all have the same mobility drift time, drastically simplifying data interpretation.  

Similarly, modifications in an interface region between the mobility cell exit and TOF 

extraction region of a commercial MALDI-IM-oaTOF-MS were made to incorporate 

collision-induced dissociation (CID) of mobility separated ions prior to TOF MS 

analyses [227-228].  Elsewhere, post-mobility CID has also been performed with a 

quadrupole-octapole collision cell where the quadrupole serves to transmit all ions 

exiting the mobility cell to the octapole where ions are activated and dissociated prior to 

mass analysis by an orthogonal-acceleration reflectron TOF-MS [229-230].   

The Clemmer Laboratory at the University of Indiana has built tandem IMS-MS 

instruments where mobility selected ions separated in the first IMS stage can be 

activated and dissociated in an RF ion funnel and the fragment ions can be injected into 

the second IMS stage for mobility separation followed by TOF MS analyses[122].  

Fragment ion structures can now be analyzed in the second IMS stage and subsequently 

confirmed by mass in the orthogonal-acceleration TOF mass spectrometer.  

Identification of cyclical versus non-cyclical fragment ions has been achieved with this 

instrument [231]. 
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The structural information provided by IMS can be a powerful tool when 

combined with molecular dynamics simulations, hydrogen-deuterium exchange 

experiments, and tandem mass spectrometry.  All of these techniques are complementary 

in that they provide a different angle, or viewing perspective, of the structural integrity 

of the ion of interest.  However, the capabilities of these techniques in one instrumental 

platform is quite limited.  In fact, the Waters Synapt G2 and original Waters Synapt 

HDMS are perhaps the only commercially available products with the availability of 

IMS separations with tandem mass spectrometry. 

In this section a modular, PDC IG drift cell is coupled to the ABI Sciex QSTAR 

Pulsar, a commercial quadrupole-time-of-flight (qTOF) mass spectrometer.  The 

instrumental capabilities of the triple quadrupole plus the high mass resolution 

orthogonal-acceleration reflectron TOF increase the experimental capacity after the 

dispersive IMS separation.  Capabilities include ion activation and dissociation along 

with ion trapping for ion-ion reaction experiments of mobility separated ions.  

8.2 Experimental 

8.2.1 Chemicals 

 Two model peptides were used in the study of the modular, PDC IG drift cell.  

The peptide, ALILTLVS (MW = 828.5 Daltons) was provided by ABI Sciex and is a 

common calibration peptide for the QSTAR instrument.  The peptide was dissolved in 

49.5 % water, 49.5 % methanol, and 1% acetic acid solution (1 M) at a concentration of 

1 x 10-5 M.  The model peptide Bradykinin (MW = 1295.7 Da) was purchased from 

American Peptide Company, Inc. (Sunnyvale, CA) and used without further purification.  
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The peptide was dissolved in the same solution conditions as ALILTLVS at a 

concentration of 7.7 x 10-5

8.2.2 Instrument 

 M. 

The instrument consists of an ABI Sciex Q-star Pulsar commercial q-TOF mass 

spectrometer (Figure 48) and a home-built electrospray ion-funnel source and modular, 

periodic-focusing DC ion guide drift cell.  One of the motivations for such a design is 

the versatility of a triple quadrupole time-of-flight instrument.  The overall goal for this 

instrument is to be able to mobility-select an ion of interest and perform further 

experiments with the advantages provided by the qTOF commercial mass spectrometer.   

The potential experiments that can be performed on the proposed instrument 

include, but are not limited to, ion activation and dissociation via collision induced 

dissociation (CID) of mobility-selected ions, ion-neutral and ion-ion chemistry, and 

electron transfer dissociation (ETD) performed in the Q2 quadrupole.  The CID 

experiment of mobility-selected ions can be performed without any instrument 

modifications.  To perform ion-neutral and ion-ion chemistry along with ECD in the Q2 

quadrupole, modifications may be required for the end caps of the Q2 Pulsar quadrupole.  

Moreover, a second ion source and polarity switching of the power supplies is required 

to introduce ions of opposite polarity into the instrument to be trapped simultaneously 

with the analyte ion in Q2.  This has been demonstrated by McLuckey and coworkers in 

a number of publications on a variety of triple-quadrupole mass spectrometers [232-

236], including the ABI Sciex QSTAR XL [237-239].  A second ion source could be 

added at the entrance to  
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Figure 48. A schematic diagram of the ABI Sciex QSTAR pulsar q-TOF instrument 
with  the important components of the instrument labeled.  The text and instrument 
portions highlighted in red are electrodes and regions requiring modification for 
mounting the electrospray ion funnel source and modular, PDC IG drift cell to the 
commercial instrument. 
 
 
 
the heated capillary for experiments requiring dual polarity ion trapping for ion-ion 

reactions. 

The commercial Ionspray® source was removed from the instrument as well as 

the ring electrode and skimmer cone in front of Q0, the focusing quadrupole that serves 

to collisionally cool and focus ions after the electrospray source and into the Q1 

quadrupole.  An adapting flange similar to the flange for the Ionspray® source was 
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designed and machined to couple the modular ion mobility drift cell to the vacuum 

chamber, housing the quadrupoles, near Q0

 

 (Figure 49).   

 

 
 
Figure 49. A schematic diagram of the modified QSTAR showing the electrospray ion 
funnel source and modular PDC IG drift cell coupled to the commercial instrument. 
 

 

8.2.3 Electrospray Source 

 A 70 micrometer pulled capillary (Polymicro Technologies, Phoenix, AZ) was 

used for the electrospray source.  The capillary tip was pulled by a method utilizing a 

blow torch to heat the capillary while under tension from a weight suspended from the 

bottom of the capillary.  As the capillary is heated, it begins to weaken and pull apart.  

The break in the capillary serves as a pulled tip for the electrospray process.  The pulled 
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capillary is placed in a vice made from Macor® mounted on an x, y ,z – translational 

stage to control the physical orientation of the electrospray needle.  Ions are sprayed 

from atmosphere into a heated capillary (Finnigan P/N 70005-P803F, Thermo Scientific) 

for ion transfer to the RF ion funnel and desolvation of ions.  The heated capillary is 

4.50” (11.4 cm) in length with a 0.40 mm inner diameter.  Operating temperature of the 

capillary is 75 degrees Celsius for all experiments presented.  The end of the heated 

capillary is positioned at the first electrode of the RF ion funnel. 

8.2.4 RF Ion Funnel    

 The RF ion funnel is constructed from 39 stainless steel electrode eV Parts® 

plates (Kimball Physics, Inc., Wilton, New Hampshire).  The electrodes are 0.025” (0.64 

mm) in thickness with varying inner diameters.  The spacing between electrodes in the 

funnel is also 0.025” (0.64 mm), resulting in an overall length of 1.90” (48 mm).  The 

first 15 electrodes of the ion funnel have the largest inner diameter of 1” (25.4 mm) 

while the last electrode of the funnel with the smallest inner diameter is 0.085” (2.15 

mm).  The inner diameters of the electrodes are tapered down in a manner that the 

overall angle of the ion funnel is 33 degrees.   

 The ion funnel must receive both DC and RF voltages.  The DC voltage provided 

by a CAEN 4-channel high voltage power supply (CAEN Technologies Inc., Staten 

Island, New York) is needed for a voltage gradient to provide an electric field to 

accelerate ions through the funnel.  The RF voltage (Ardara 2 channel RF power supply, 

Ardara Technologies, Ardara, Pennsylvania) focuses ions through the funnel to increase 

ion transmission.  The RF frequency of the supply is set to 880 kHz.  The electrodes of 
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the ion funnel are connected via 11 MΩ resistors (±5 %, acquired from Texas A&M 

University Physics Electronics Shop) establishing a DC voltage gradient across the ion 

funnel, and 1000 pF (±5 %, 1 kV rating, Mouser Electronics, Mansfield, Texas) 

capacitors for the RF voltage.  The RF voltage applied to adjacent electrodes is 180 

degrees out of phase; electrode 1 and 3 would be at the same phase while electrodes 2 

and 4 would be out of 180 degrees out of phase.   

 An electrically isolated electrode, termed the orifice plate (0.025” (0.64 mm) 

thickness, 2.15 mm inner diameter), directly follows the RF ion funnel.  The orifice plate 

can function much like a Tyndall gate.  The plate can be pulsed to gate ions into the 

mobility drift cell to determine mobility arrival time distribution information.  The pulse 

voltage for the gate is supplied by a DEI PVX-4150 high-voltage pulse generator 

(Directed Energy Inc., Fort Collins, Colorado) with the +HV input voltage provided by 

one channel from a CAEN 4-channel high voltage power supply and the –HV input 

voltage provided by a Glassman high voltage DC power supply (Model EH1.5R65L, 

Glassman High Voltage, Inc., High Bridge, New Jersey).   

8.2.5 Modular, PDC IG Drift Cell 

 One of the priorities was to fabricate a modular drift cell that could couple 

individual modules, or sections, for easy variation of drift length while also having the 

capability to incorporate the drift modules to a variety of commercial ionization sources 

or mass spectrometers.  The modular, PDC IG drift cell is constructed from two Delrin® 

flanges designed in house.  The AutoCAD drawing of the Delrin® flange is shown in the 

appendix (Appendix F).  The exterior side of the flange (pre- and post-mobility) has a 6” 
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Con-flat knife edge for mating to a variety of commercial ion sources and mass 

spectrometers.  The Delrin® flange has two ¼”-NPT pipe thread fitting tapped holes for 

pumping and pressure monitoring ports.  The flange is also equipped with a hole to 

mount hermetically sealed MHV feedthroughs (Surplus Sales of Nebraska; Omaha, NE).  

The hermetically sealed MHV feedthrough center conductors are soldered to nickel 

plated copper wire.  The copper wire is then used to create electrical contact with the 

first and last electrode of the drift cell electrode stack.   

The drift electrodes have the following dimensions: 6.35 mm (0.25”) thickness, 

6.35 mm spacing from adjacent electrode, and 8 mm inner diameter.  The 6.35 mm 

spacing between electrodes is established from 8 mm diameter precision ceramic balls 

(grade 25, high alumina nonporous ceramic, McMaster-Carr; Robbinsville, NJ).  The 

electrodes are connected by 1 MΩ resistors (Mouser Electronics; Mansfield, TX) to 

establish the electric field across the drift cell.  The first and last electrodes of the 

electrode stack for each module is a top-hat design that snaps into the orifice hole of the 

Delrin® flange to aid in compression of the electrode stack.  The first modular drift cell 

design is composed of 28 electrodes with an overall drift length of 35 centimeters.  

The improved modular, PDC IG drift cell is composed of 17 electrodes with 

dimensions: 6.35 mm (0.25”) thickness, 6.35 mm electrode spacing, and 8 mm inner 

diameter.  The electrodes are separated with ~8 mm diameter precision ceramic balls 

(grade 25, high alumina nonporous ceramic, McMaster-Carr, Robbinsville, NJ) with an 

overall drift length of 21 centimeters. An electric field is established by applying a 
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voltage across the electrode stack connected via 1 MΩ, high precision resistors (Mouser 

Electronics, Mansfield, TX).   

8.3 Results and Discussion 

The first experiments performed on the modified instrument involved a peptide 

of sequence ALILTLVS (MW = 828.5 Daltons), normally used for calibration of the 

ABI Sciex QSTAR Pulsar.  The concentration of the peptide solution was 1 x 10-5 M.  

The experiment looked at the effects of injection energy, or laboratory frame 

acceleration energy from the mobility cell exit into the Q0 

 

quadrupole.  The experimental 

parameters used for the experiment are shown in Table 5 along with a schematic 

depicting pertinent electrodes and regions of the instrument listed in the table.   

 

 

Figure 50. Important electrodes for experiments performed on modified QSTAR.  
Important pressure regions are pressure in the ion funnel and pressure in the Q0 
quadrupole region. 
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Table 5. Table showing the applied voltages to electrodes in the ALILTLVS injection 
energy experiments.  The defined injection energy (in volts) is calculated from the 
voltage drop between the ion mobility exit, IM2, and the Q0 quadrupole DC rod bias.  
Another important parameter for the injection energy experiments are the pressures in 
the ion funnel and Q0

 
 regions. 

 
 
 

The first injection energy experiment injects ions into the Q0 quadrupole with a 

laboratory frame acceleration energy of 2 volts.  The resulting mass spectrum is shown 

in Figure 50(a).  The spectrum shows the protonated molecule, [M+H]+, of ALILTLVS 

along with the sodium adducted and potassium adducted peptide ion signals.  The 

spectrum also shows the b7 and b6 fragment ions from the precursor ion, the protonated 

molecule.  The relative abundance, or numbers of counts, for all of these ion signals is 

very low, indicative of low ion transmission through the modified instrument.  The 

injection energy was increased to 22 V of laboratory frame energy and the mass 

spectrum is shown in Figure 50(b).  The relative abundance (number of counts) of all ion 

signals increases with the increase in injection energy to the Q0 quadrupole, however, 

the number of fragment ion signals and their relative abundance also increase.  This can 

be detrimental to the experiment as a precursor ion eluting the drift cell can be activated 
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and dissociated via CID and deplete the relative abundance of the precursor ion detected 

in the TOF mass spectrometer.  The depletion in relative abundance leads to issues of 

analytical figures of merit such as sensitivity, and possibly limit of detection, if low 

concentration analytes are to be detected.  On the other hand, post-mobility ion 

activation and dissociation via CID can be advantageous to the experiment as MS3 

experiments could be performed without any instrument modifications.  To illustrate, an 

ion eluting the drift cell could fragment and the resultant fragment ions would be 

transferred to the Q0 quadrupole where they would be collisionally cooled and focused 

in to Q1.  A fragment ion of interest could then be selected in Q1 and sent to the Q2 

collision cell to undergo CID for MS3

Low relative abundance ion signals in Figure 51(a) and (b) are a result of 

electrical breakdown problems and low ion transmission through the instrument.  The 

voltage applied across the drift cell is ~980 volts.  This was the maximum voltage that 

could be put across the drift cell owing to electrical breakdown in the funnel region from 

the voltages applied to the heated capillary and ion funnel electrodes (breakdown would 

sometimes occur while acquiring data at this voltage setting).  At this drift length, the 

electric field over pressure, E/p, ratio is approximately 19 Vcm

 information thereby increasing the structural 

information obtained from the ion mobility separation and tandem mass spectrometry. 

-1torr-1.  Increasing the 

E/p ratio should result in increased ion transmission and increase the relative abundance 

of the ion signals detected in the TOF.  The optimum operating pressure of Q0 for 

collisional cooling and ion focusing is 10 millitorr, but to obtain this pressure the 

pressure of the ion funnel and drift cell region must be increased accordingly.   
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Figure 51. Mass spectra of ALILTLVS injected from the 35 centimeter, modular PDC 
IG drift cell into the Q0

 

 quadrupole at two different laboratory frame acceleration 
energies.  The top spectrum (a) is taken with a 2 V laboratory frame acceleration energy 
while the bottom spectrum (b) is taken with a 22 V laboratory frame acceleration energy.  
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A modification was made by decreasing the drift length of the modular drift cell 

to 19 centimeters, allowing similar E/p ratios to be applied across the drift cell with 

much lower voltage amplitudes applied to the heated capillary and funnel electrodes, 

thus eliminating problems with electrical breakdown in the ion funnel region.  The 22 

volt injection energy experiment was performed on the modified 19 cm drift cell at a 

pressure of 1.7 torr, resulting in a similar E/p ratio of 19 Vcm-1torr-1, and a Q0 pressure 

of 7 millitorr.  The increase in the pressure of Q0 

 

seems to dramatically increase ion 

transmission through the quadrupole and thereby increase the relative abundance of ions 

detected in the TOF (Figure 52). 

 

Figure 52. Mass spectrum of ALILTLVS injected from the 19 centimeter, PDC IG drift 
cell into the Q0
 

 quadrupole with 22 volts laboratory frame acceleration energy. 
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The pressure increase in the Q0 region was further investigated with the standard 

peptide Angiotensin I (amino acid sequence: DRVYIHPFHL).  The concentration of the 

Angiotensin I solution was 7 x 10-5 M in 50/50 (v:v) water:methanol with 0.1% acetic 

acid.  The operating conditions for the following experiment are listed in Table 6.  The 

pressure of the ion funnel region is increased to 3.46 torr while the Q0 region is 

increased to the optimum operating pressure of 10 millitorr.  The E/p ratio in the 

modular, PDC IG drift cell varies from 10 to 11 Vcm-1torr-1 depending on the potential 

applied to the last electrode of the drift cell that partially defines the injection energy into 

Q0

 

.  The mass spectra for the injection energy experiments are shown in Figure 53. 

 
Table 6. Injection energy conditions for standard peptide Angiotensin I (sequence = 
DRVYIHPFHL).  The potentials defining the injection energy into the Q0 quadrupole 
are depicted in red text. 

  

 

The mass spectra in Figure 53 reveal that the Angiotensin I molecule is doubly and triply 

protonated owing to the three basic residues in the amino acid sequence along with the 

N-terminal amine.  Figure 53(a) shows that decelerating ions with 18 V laboratory frame 

energy (36 V and 54 V deceleration for the +2 and +3 charge state,  
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Figure 53. Mass spectra of different injection energies into Q0

 

 for the doubly and triply 
protonated Angiotensin I molecule.  The injection energies are (a) -18 V (b) -8 V (c) -2 
V (d) +6 V and (e) +14 V. 
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respectively) prior to injecting them into the Q0 quadrupole results in transmission of the 

precursor ions, [M+2H]2+ and [M+3H]3+ ions of Angiotensin I.  As the injection energy 

is increased to -8V (16V and 24 V deceleration), the threshold for activation and 

dissociation of the [M+3H]3+ ion is achieved as there is a significant decrease in the 

relative abundance of the ion and the presence of fragment ions in the spectrum (Figure 

53(b)).  The activation and dissociation threshold of the [M+2H]2+ ion has not been met 

as the relative abundance is the same as that of the ion signal in Figure 53(a).  The 

threshold for activation and dissociation of the [M+2H]2+ is reached when the injection 

energy is increased to -2V (4 V and 6 V deceleration).  This is apparent from the relative 

abundance decrease in Figure 53(c) compared to that of (a) and (b).  Figure 53(d) and (e) 

show the continued trend in the decrease of relative abundance of the [M+2H]2+ and 

[M+3H]3+ ion signals.  In Figure 53(e) the [M+3H]3+
 ion signal is near complete 

depletion meaning that the fragmentation efficiency of the [M+3H]3+
  is almost 100 

percent and the [M+2H]2+ 
 

One interesting observation is that many of the fragment ions in Figure 53(b) 

(better shown in Figure 54) decrease in relative abundance or disappear entirely from the 

mass spectra when the injection energy is increased (Figure 53(c)-(e)).  This seems to be 

the result of the increase in relative abundance of the histidine immonium ion as the 

injection energy is increased.  Energetically speaking, it can be hypothesized that as the 

internal energy of the ion is increased while the lifetime of the ion remains relatively 

similar, as fragment ions from activation and dissociation of the precursor ion are  

ion signal is at about 20 percent of its original abundance 

suggesting an 80 percent fragmentation efficiency.   
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Figure 54. Fragment ion mass spectra for the -8 V injection energy experiment of 
Angiotensin I.  The fragment ion spectra are broken down into 100 Dalton m/z windows, 
(a)-(f), and the number of counts of each spectra is adjusted to the most abundant 
fragment ion (fragment ion base peak) to observe all pertinent fragment ions. 
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quenched quickly in Q0

It is also important to note that the ion activation and dissociation occurring at 

very low energies (actually ions are decelerated after the mobility cell) is most likely 

owing to multiply charged analytes requiring less energy for ion activation and the 

pressure differential between the mobility cell exit and Q

, the favorable reaction channel will change.  In this specific 

case, it seems that at higher ion internal energies the favored reaction channel is to form 

the histidine immonium ion.  

0.  The gas flow from the 

mobility exit into Q0

According to the ion injection energy experiments of ALILTLVS and 

Angiotensin I (DRVYIHPFHL) the interface region of the modular, PDC IG drift cell 

exit and the Q

 contributes to the axial velocity of the ion resulting in more 

efficient ion activation.  Couple the gas flow and pressure differential region with 

multiply charged analytes and ion activation and dissociation occurs at much lower ion 

internal energies. 

0 quadrupole is efficient for ion activation and dissociation via CID.  The 

activation and dissociation in this region would allow for MS3 experiments to be carried 

out on the instrument.  Additional information of ion structure could then be obtained 

when comparing ion mobilities, or ion-neutral collision cross sections, with MS2 and 

MS3

 Attempts were made to collect two-dimensional mobility-mass spectra with a 

separate four channel TDC (Ionwerks TDC x 4, Ionwerks, Inc.; Houston, TX) and 

personal computer with Ionwerks 2D Acquisition software (Ionwerks, Inc.; Houston, 

TX).  The personal computer contains a National Instruments PCI-6602 timing card 

 tandem mass spectrometry. 
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(National Instruments, Austin, TX) along with an Ionwerks Fishcamp card (Ionwerks, 

Inc.; Houston, TX) to control all of the timing issues for the experiment.  The timing 

issues for the experiment are the time start for the mobility spectra which is established 

by pulsing the orifice electrode prior to the mobility cell for gating ions into the mobility 

cell.  The pulse is provided from the Ionwerks data acquisition software and serves as 

the start clock for the mobility spectrum.  The next timing issue in the experiment is the 

pulsing of the TOF extraction region for acquiring time-of-flight mass spectra.  The TOF 

is normally pulsed through the QSTAR 4 channel TDC (Ionwerks TDC x 4), however, 

the in 1 and in 2 channels on the pulser module (1005960) of the QSTAR are now pulsed 

with the TOF extraction frequency settings provided by the Ionwerks data acquisition 

software on the separate computer.  Finally, the signal from one of the anodes from the 

multi-anode detector is sent to an amplifier/discriminator and then to the four-channel 

TDC for detection on the Ionwerks acquisition software.   

 A variety of gate frequencies and pulse widths were tested and the resulting two-

dimensional spectra were collected.  The spectra for ALILTLVS at a gate frequency of 

400 Hz and gate width of 100 µs, corresponding to a duty cycle of four percent, is shown 

in Figure 55(a).  From the two-dimensional spectra, it is evident that the mobility signal 

for each ion occurs at every point across the arrival time distribution time window.  This 

means that the initial ion packet introduced into the mobility cell is broadened as the ions 

traverse the quadrupoles.  To investigate if mobility broadening could be defeated to 

achieve discernable mobility signal, the gate frequency was decreased to 10 Hz and the 

gate width was narrowed to 5 µs (Figure 55(b)).  This two-dimensional spectra was  
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Figure 55. Arrival time distribution spectra for ALILTLVS at different gate frequencies 
and widths.  The gate frequency and width are (a) 400 Hz, 100 µs and (b) 10 Hz, 5 µs. 
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acquired for 30 minutes due to low ion concentrations being admitted into the drift cell 

for each individual gating event.  The relative abundance of all ion signals in Figure 

55(b) is decreased compared to that of Figure 55(a), however the broadening of the 

mobility signal is still apparent.  Note also that there is mobility signal from time zero to 

the last time being monitored in the mobility spectrum.  It should not be expected to 

have signal at time zero of a mobility spectrum unless there are ions that have not yet 

reached the TOF detector prior to the next gating event.   

 The mobility broadening observed in the QSTAR was explained by a 2001 

publication by Chernushevich, Loboda, and Thomson in which AP MALDI was 

performed [240].  In the publication it is stated, “…The pulsed MALDI ion beam 

spreads in time as it passes through the collisional ion guide.  In MALDI, ions are 

typically generated by a few nanosecond wide laser pulse.  As the ions leave the 

collisional ion guide, the width of their temporal distribution increases up to tens of 

milliseconds [241]. This represents a time spread of over six orders of magnitude.”  For 

this reason, mobility signals cannot be obtained with the current instrumental setup. 

One solution to ion broadening in the Q0 quadrupole was proposed by Tang et al 

by adding in a differentially pumped region prior to Q0 [108].  In this region a short, 24 

mm quadrupole, referred to as Q00, is added to focus ions from this higher pressure 

region into Q0.  The region is evacuated with a 12.8 L s-1 mechanical pump to establish a 

pressure of 0.3 torr.  A 2.5 mm conductance limiting lens is placed after Q00 to define 

the gas flow into the Q0 quadrupole.  This design allowed IMS arrival time distribution 

spectra to be obtained, however the focusing properties of the Q0 quadrupole change 
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dramatically at much higher pressures (calculated to be approximately 4.3 x 10-4 torr 

with the conductance limiting aperture of 2.5 mm and a pumping speed of 700 L s-1 in 

the Q0 region) decreasing the ion transmission through Q0.  Increasing the amplitude of 

the RF and DC voltages (V and U) on the Q0 

A second solution to the problem is an orthogonal mobility detector could be 

inserted after the mobility cell exit (Figure 56).  Ions exiting the mobility cell would be 

deflected by a two-dimensional quadrupole bender to a differentially pumped chamber 

housing an electron multiplier or microchannel plate detector for mobility detection.  An 

exit gate to the mobility cell is required for selection of a single ion mobility signal for 

further analysis.  After selecting a single mobility signal and recording the arrival time 

distribution at the orthogonal mobility detector, the two-dimensional quadrupole bender 

would now allow ions to pass through to Q

quadrupole should provide a stronger radial 

effective potential to overcome the loss of radial ion focusing through collisional 

damping at higher pressures. 

0 for further experiments such as tandem MS, 

ion-ion reactions, etc.  The proposed instrument would be a powerful tool for proteomics 

as ion conformers could be mobility selected and analyzed by tandem MS.  The resulting 

fragment ion spectrum could then be compared to candidate ion structures provided by 

molecular dynamics simulations to aid in structural determination of ions. 
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Figure 56. Schematic diagram of proposed modifications to allow for ion mobility 
experiments to be performed on the modular, PDC IG drift cell coupled to the QSTAR. 
 
 

8.4 Conclusion 

 The electrospray-RF-ion funnel modular, PDC IG drift cell works and is 

effective at transmitting a high number of ions.  When the Q0

 The interface between the modular, PDC IG drift cell and Q

 quadrupole was operated 

at an optimum pressure, the total ion current and ion relative abundance in the mass 

spectrum was quite high.  The high ion transmission through the modular drift cell is 

encouraging as it could potentially be used with a variety of commercial instruments. 

0 is also very 

efficient for ion activation and dissociation by collision induced dissociation.  Two ion 

activation and dissociation regions are now available, providing the instrument with MS3 

capabilities.  
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 One major deleterious effect to the mobility experiment is the temporal spreading 

of ions exiting the Q0

 

 collisional-focusing quadrupole.  Defined ion packets exiting the 

mobility cell are spread in time so that discernible arrival time distributions of mobility 

separated ions are not plausible in the current instrument design.  Adding a mobility 

detector orthogonal to the mobility exit would allow for ion mobility detection as well as 

the aforementioned capabilities of the commercial qTOF mass spectrometer.  
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9. CONCLUSION 
 

 
 
9.1 Conclusion 
 
 The periodic-focusing DC ion guide (PDC IG) has great potential as an ion 

mobility spectrometer.  It has great analytical utility in that the ion transmission through 

the device is increased compared to conventional uniform field drift cells.  Ion 

transmission is increased by the radial focusing properties provided by the radial electric 

field, the effective RF, and effective potentials.  The confining effective potential, that 

can be seen as the slow drift in ion motion toward the drift cell central axis, is very 

similar to the effective potentials produced by the superimposed RF voltage on a 

traveling wave IMS.  Actually, the parallels between the PDC IG and traveling wave 

IMS are strikingly similar, however the PDC IG utilizes an effective RF rather than a 

superimposed RF in the device. 

The geometry of the electrode, specifically the relatively small inner diameter 

and larger electrode thickness, produce variations in the radial electric field that lead to 

an effective RF (position varying waveform) experienced by ions as they traverse the 

drift cell.  The variations in the radial electric field in conjunction with the effective RF 

produce effective potentials originating from the front and back edges of each electrode.  

The radial ion confinement, or magnitude of displacement, is more pronounced at the 

back edge of an electrode owing to the radial electric field force being in the direction of 

the center of the drift axis along with an increased magnitude effective potential.  The 

increase in the effective potential magnitude is a direct result of the variation in the axial 
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electric field as a function of axial position which results in an oscillating ion axial 

velocity.  At the back edge of the electrode the ion axial velocity is low resulting in an 

increase in the effective potential magnitude and thereby increasing radial ion focusing. 

Variation of electrode geometry changes the ion transmission and mobility 

resolution obtained on the PDC IG.  The inner diameter of the PDC IG can be varied to 

optimize ion transmission or resolution.  As a rule of thumb, smaller electrode inner 

diameters decrease mobility resolution but increase ion transmission.  This observation 

was first made through SIMION simulations and confirmed experimentally on a 63 cm 

PDC IG drift cell.  Ion transmission increases for smaller inner diameter PDC IG 

electrodes can be explained by larger variations in the axial and radial electric field from 

more pronounced fringing fields as well as increased magnitude effective potentials.  As 

electrode inner diameter is increased, the drift cell operates similarly to the conventional 

uniform field design owing to a decrease in the non-uniform, fringing fields of larger 

inner diameter electrodes.  Moreover, without variations in the axial and radial electric 

field a radial focusing mechanism does not exist thereby decreasing ion transmission. 

An 8 mm inner diameter PDC IG electrode provided a 40-70 fold increase in ion 

transmission over conventional uniform field electrodes with only a 10 percent decrease 

in mobility resolution in the pressure regime of 1 to 2 torr.  This electrode geometry (d, t, 

and s) was chosen for construction of an experimental PDC IG.  A 63 cm PDC IG 

provided a mobility resolution of ~60 for C60
·+

 and a few model peptide ions.  Increasing 

the drift length by a factor of two increased mobility resolution by 36 percent, in good 

agreement with the 41 percent increase predicted by theory. 
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The PDC IG drift cell can be easily coupled with orthogonal-acceleration time-

of-flight mass spectrometry.  Preliminary experiments utilizing a three-element einzel 

lens (consisting of long length lenses) revealed that ions are not transmitted efficiently 

through the lenses.  In fact, the ion-neutral collision frequency is too high and ion 

velocity is dampened leading to ion motion dominated by collisional scattering and 

diffusion.  Mobility resolution is degraded in the high pressure region following the 

mobility cell exit aperture.  However, introduction of transfer lenses (exact PDC IG 

replica electrodes) continues to radially focus ions, much like in the PDC IG drift cell, in 

the high pressure region prior to shorter length einzel lenses.  Ion transfer and ion 

focusing is improved considerably.  In fact, mobility resolution provided on the 

improved PDCIG-IM-oaTOF-MS instrument exceeded resolution of the PDC IG with a 

post-acceleration mobility detector alone.  This result can most likely be explained by 

the long, field-free region inside a tube lens prior to the post-acceleration detector used 

in the previous IMS studies. 

Finally, a modular, PDC IG was successfully coupled to the ABI Sciex QSTAR 

Pulsar with good ion transmission through the PDC IG.  The acceleration energy from 

the mobility cell exit to the Q0 quadrupole could be varied to reach the threshold for 

activation and dissociation of ions, increasing the experimental possibilities of the 

instrument by providing MS3 capabilities.  Although the initial arrival time distribution 

IMS experiments were unsuccessful on the QSTAR, the problem is in the instrumental 

operation of the Q0 quadrupole of the commercial mass spectrometer.  Modifications 

could be made to the QSTAR to achieve mobility detection. 
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9.2 Future Directions 
 
9.2.1 A Multi-Pass PDC IG Drift Cell 
 
 The idea of a multiple pass drift cell was first developed by Johnsen et al. at the 

University of Pittsburgh 40 years ago [242-244].  It was termed a reversible field 

apparatus in that prior to ions exiting the drift tube, the electric field applied to the drift 

tube is reversed.  As the field is reversed, ions turn around and drift back toward the ion 

source.  Ions would then be reversed again prior to reaching the ion source region and 

drift to the detector region.   

The number of passes that can be done for a packet of ions depends on the initial 

concentration of ions, the diffusion coefficient of the ion in the drift gas, and the overall 

effective drift length.  At some point, diffusion of the ions in the drift gas will lead to 

insufficient ion current to detect an appreciable signal at the detector.  On the other hand, 

employing a radial ion focusing mechanism to the drift cell would increase ion 

transmission.  This is because radially diffuse ions normally striking drift electrodes or 

simply not reaching the detector will be refocused to the center of the drift cell 

increasing ion flux at the detector.   

One year ago, Professor David Clemmer’s laboratory introduced a high-

resolution ion cyclotron mobility spectrometer utilizing a multiple pass approach for 

high resolution IMS [184].  The cyclotron drift tube is composed of four 90 degree 

sections of drift electrodes.  A short drift cell section is used to transmit ions into the 

four-section drift cell and another small section can be used to transmit ions to a time-of-

flight mass analyzer.  Once ions are introduced to the cyclotron drift tube, each section is 
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pulsed to establish an electric field to accelerate ions through the drift gas.  At the end of 

each section, an RF ion funnel serves as a radial focusing mechanism to correct radially 

diffuse ion trajectories and transmit a greater number of ions to the next drift section.  As 

the ion cloud exits the first drift section and funnel region, the second section of the 

cyclotron drift tube is pulsed.  This process is repeated for all sections of the cyclotron 

drift tube.  One pass through the cyclotron drift tube corresponds to traversing eight drift 

cell sections.   

While this design is very intuitive and creative, there are some problems in 

relation to ion motion, ion mobility resolution, and analytical utility.  The first in relation 

to ion motion is that the ion swarm will actually feel a race track effect as a function of 

radial position in the drift cell.  Ions closest to the inner electrode wall (inside lane of the 

race track) will experience a larger magnitude electric field and also a shorter drift 

distance to the next drift cell section.  On the other hand, ions at the outer electrode wall 

(outside lane) will experience a smaller magnitude electric field and a longer drift 

distance.  This results in increased spatial and therefore temporal broadening of the ion 

packet.   

The second problem, which is more related to ion mobility resolution and 

analytical utility, is the pulsing of the electric field within each drift cell section.  The 

pulsing of the sections corrects for the temporal broadening from the race track effect 

but distorts the mobility resolution and also transmits only one ion of interest at a time, 

limiting the analytical utility of the device.  For example, an ion packet with a given 

mobility must be selected to pass through one drift section and be accelerated at the right 



 

 

190 

190 

time into the next drift section.  Slight changes in the pulsing frequency of the sections 

would select a different portion of the ion swarm profile, such as the leading or trailing 

edges or the central density of the ion swarm.  As a result, the temporal broadening from 

the race track effect is removed from this signal chopping.  However, ion mobility 

resolution is not governed by diffusion, but rather the pulsing frequency.  This is evident 

from the data given in the publication.  Two charge states of the peptide Substance P 

were separated in the cyclotron drift cell.  As the number of passes increase, the 

resolution also increases as is expected.  The unusual result is that the +2 charge state of 

Substance P exhibits a higher mobility resolution than the +3 charge state.  This result 

does not correlate well with diffusion limited mobility resolution theory that states that 

as ion charge state increases mobility resolution increases, owing to the fact that 

resolution is governed by the pulsing frequency which leads to chopping of the ion 

packet.     

The idea of the reversible field drift apparatus has resurfaced in Professor David 

Clemmer’s research laboratory.  They have termed their instrument the PING-PONG ion 

mobility spectrometer [245].  The device utilizes a uniform field drift cell with two RF 

ion funnel regions at each end.  The RF ion funnel is gated to only allow ions of a certain 

mobility in the funnel region while other ions are deflected and lost in the separation.  

PING-PONG mobility can only be used to transmit an ion with a mobility that is in 

resonance with the frequency of the RF ion funnel trap, limiting its analytical utility. 

A pulsed PDC IG drift cell could used to evaluate mobility resolution through 

multiple passes in a fixed drift length.  The multiple passes are established by reversing 
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the electric field during ion drift through the drift cell.  This allows for variation in drift 

length while maintaining a bench top size instrument.  One advantage of a pulsed PDC 

IG drift cell is that the pulsing frequency could be set where one ion would elute from 

the drift cell while another ion would be turned around from the reversal of the electric 

field thereby enhancing the separation of two components.  Another advantage of doing 

a multi-pass experiment in the PDC IG is the radial focusing properties of the device 

(Section 2).  Drifting ions should stay near the central axis of the drift cell regardless of 

the length of time in the drift cell or the number of turn-around events experienced. 

It should be mentioned that the multi-pass PDC IG could only be used as a 

separations device.  Calculation of the ion-neutral collision cross sections should be 

avoided because of unknown drift lengths in the multi-pass device.  This has been 

detailed by Johnsen in previous work in what he describes as an inability to eliminate 

end effects in drift velocity measurements that can be eliminated in a fixed drift length 

design.  To illustrate this point imagine that ions are created in the source region, S, and 

then drift from the source region to the detector, D.  The distance S-D is a fixed 

parameter and can therefore be used to estimate a theoretical eluting peak profile of the 

ion swarm.  However, if the electric field is reversed before ions reach the detector, D, 

the ion swarm will turn around at point A.  The ions would then be allowed to drift back 

toward the source region before the field would be reversed a second time, referred to as 

point B,  where ions will now be traveling in the original direction toward the detector, 

D.  The distances of S-A, A-B, and B-D are actually unknown.  The overall drift distance 

can be inferred from the overall drift velocity, or drift time, of the ion swarm and the 
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timing of the application of the electric field in the forward, reverse, and again in the 

forward drift direction until detection [243].     

9.2.2 Variation of Drift Length with PDC IG Drift Cell Modules 

 Early experiments involving variation of drift length in drift tube IMS utilized 

translational ion sources.  Ion source position could be altered within the drift tube while 

the drift tube exit aperture remained stationary.  One example of such an instrument was 

the low pressure drift tube-mass spectrometer constructed at the Georgia Institute of 

Technology.  The instrument consisted of an electron impact ion source, a drift tube, and 

a quadrupole mass spectrometer after the drift tube exit.  The electron impact ion source 

is mounted on a stainless-steel bellows whose length can be varied outside the 

instrument.  The ion source can be moved with an accuracy of a few thousandths of an 

inch varying the drift length from 1 to 44 centimeters [246].   

 In a similar design, Iinuma et al. constructed a drift tube mass spectrometer used 

for flight distance scanning.  The drift tube was made from a cylindrical tube made of 

high-purity aluminous porcelain and this surface was coated with an inorganic thick-film 

resistor.[247]  An axial electric field can be applied by applying a potential gradient 

across the cylinder.  In the flight distance method of operation, the ion source is moved 

slowly down the drift tube while the delay time for ion gating to the mass spectrometer 

is kept constant.[248]  The spatial distribution of the ions is mapped versus the distance 

of flight (or perhaps a better term would be distance of drift). 

 Simpler variation of drift length can be accomplished with isolated drift cell 

modules that can be easily mated.  The modular drift cell was introduced in Section 8 
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and could be used to construct long length drift cells (greater than the 125 cm PDC IG) 

with little difficulty and relatively low cost.  An AutoCAD drawing of a first prototype 

MALDI source with one modular drift cell section is shown in Figure 57.  Increasing the 

PDC IG drift length to 3 meters should increase the ion mobility resolution for C60
∙+

 

 to 

135 according to extrapolation of the equation provided in Figure 33(a).  In addition, the 

radial focusing properties of the PDC IG allow for infinite drift lengths without a 

decrease in ion transmission (Figure 33(b)), however, there are limits to voltage 

amplitudes applied across the drift cell and issues of electrical breakdown. 

  

 

Figure 57. Schematic diagram of a prototype MALDI source with one modular drift cell 
shown with vacuum flange components (a) and without vacuum flange components (b). 
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APPENDIX A 
 

A-1 
 

DRIFT TIME SPECTRA OF RADICAL CATIONS OF C60 AND C70

 

 ON A 62.5 CM 
PDC IG DRIFT CELL EQUIPPED WITH ELECTRODE CONFIGURATION A 

ELECTRODES 
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A-2 

 
DRIFT TIME SPECTRA OF PROTONATED VAL-4-ANGIOTENSIN I ON A 62.5 
CM PDC IG DRIFT CELL EQUIPPED WITH ELECTRODE CONFIGURATION A 

ELECTRODES 
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A-3 
 

DRIFT TIME SPECTRA OF PROTONATED GLU-FIBRINOPEPTIDE B ON A 62.5 
CM PDC IG DRIFT CELL EQUIPPED WITH ELECTRODE CONFIGURATION A 

ELECTRODES 
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A-4 
 

DRIFT TIME SPECTRA OF RADICAL CATIONS OF C60 AND C70

 

 ON A 62.5 CM 
PDC IG DRIFT CELL EQUIPPED WITH ELECTRODE CONFIGURATION B 

ELECTRODES 
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A-5 
 

DRIFT TIME SPECTRA OF PROTONATED VAL-4-ANGIOTENSIN I ON A 62.5 
CM PDC IG DRIFT CELL EQUIPPED WITH ELECTRODE CONFIGURATION B 

ELECTRODES 
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A-6 
 

DRIFT TIME SPECTRA OF PROTONATED GLU-FIBRINOPEPTIDE B ON A 62.5 
CM PDC IG DRIFT CELL EQUIPPED WITH ELECTRODE CONFIGURATION B 

ELECTRODES 
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APPENDIX B 
 

125 CENTIMETER PDC IG DRIFT CELL 
 

 
 
Note:  The center rod for electrode support is removed prior to compressing the 
electrodes with the threaded rods.  Compression is provided from the Rulon source 
against the first few electrodes of the drift cell.  Vacuum is provided by O-ring seals at 
the Rulon source region and mobility drift cell exit that face seal with the alumina tube. 
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APPENDIX C 
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15 kV COLLISION DYNODE AND MOUNTING FLANGE ASSEMBLY 
 

15 kV Collision Dynode and Aluminum Mounting Flange

(a) (b)
15 kV Collision 

Dynode

Aluminum tube

Aluminum plate – electron 
multiplier mounting plate

Aluminum 8”
Conflat flange

15 kV Collision Dynode and Aluminum Mounting Flange

(a) (b)
15 kV Collision 

Dynode

Aluminum tube

Aluminum plate – electron 
multiplier mounting plate

Aluminum 8”
Conflat flange

 
 
 

CONTINUOUS DYNODE ELECTRON MULTIPLIER AND MOUNTING FLANGE 
ASSEMBLY 

 
Continuous Dynode Electron Multiplier and Aluminum Mounting Flange

Continuous dynode 
electron multiplier

Aluminum tube

(a) (b)

Aluminum plate – electron 
multiplier mounting plate

Aluminum 8”
Conflat flange
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POST-ACCELERATION DETECTOR ASSEMBLED IN VACUUM CHAMBER 
 

Complete Assembly of Post-Acceleration Detector inside 8”
Conflat 6-way cross vacuum chamber

(a)

(b)

Complete Assembly of Post-Acceleration Detector inside 8”
Conflat 6-way cross vacuum chamber

(a)

(b)
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APPENDIX D 
 

BASELINE SHIFT WHILE PULSING THROUGH AN RC CIRCUIT: 
DETERMINING RESISTORS TO USE IN VOLTAGE CORRECTION FEEDBACK 

CIRCUIT 
 

 
 
The baseline shift correction voltage for the TOF push electrode was tested with 
different resistors in the circuit to apply the correction voltage.  The TOF parameters for 
the experiment were as follows: frequency of 40 kHz, pulse width of 2 µs, corresponding 
to a duty cycle of 8 percent, and pulse amplitude of 275 V with the TOF source at 
ground potential.  For these parameters, the correction voltage for the baseline shift 
should be approximately 22 volts.  For resistors ≥ 1 MΩ, the correction voltage applied 
must be much greater as the resistor acts as a voltage divider in the circuit.  For resistors 
≤ 100 KΩ, the correction voltage applied to the TOF push plate is essentially the voltage 
provided from the power supply.  For this reason, the 100 KΩ resistor was chosen to be 
included in the circuit from the output of the power supply to the output of the RC circuit 
(capacitively coupled pulsing box).  Note: when the correction voltage is equal to the 
amplitude shift in the baseline mass resolution is at a maximum.  The maximum mass 
resolution is boxed in blue for each resistor inserted into the correction voltage circuit.   
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Baseline shift correction experiments utilizing voltage correction on both the push and 
pull TOF extraction electrodes with the TOF source biased at -50 V.  The TOF 
extraction parameters were as follows: frequency of 40 kHz, pulse width of 2 μs, 
corresponding to a duty cycle of 8 percent, and varying pulse amplitude.  The correction 
voltages providing the highest mass resolution agree well with the calculated correction 
voltage required from equation 5.1-2.  
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APPENDIX E 
 

NOVEL ION OPTICS LENS SYSTEM 
 

TRANSFER ELECTRODES 
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EXPLODED VIEW OF NOVEL ION OPTICS SYSTEM 
 

 
 

NOVEL ION OPTIC ASSEMBLY WITH MOUNTING PLATE 

 



 

 

264 

264 

APPENDIX F 
 

DELRIN® MODULAR, PDC IG DRIFT CELL FLANGE 
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TOP HAT ELECTRODES FOR FIRST AND LAST ELECTRODES OF INDIVIDUAL 
MODULAR, PDC IG DRIFT CELLS 
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MODULAR, PDC IG DRIFT CELL FULL ASSEMBLY 
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