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ABSTRACT 

Mark E. Ridgeway Jr. 

Advances in High Field Asymmetric Ion Mobility Spectrometry (FAIMS) Analyzers and FAIMS-

Mass Spectrometry Interfaces 

(Under the direction of Dr. Gary L. Glish) 

 High field asymmetric ion mobility spectrometry (FAIMS) is a gas phase separation 

technique that separates ions by the ratio of high to low electric field mobility, which is a 

characteristic of the three dimensional structure of ions.  FAIMS separation in front of mass 

spectrometric analysis has the ability to reduce chemical noise thereby increasing signal-to-

noise ratios and limits of detection; it can also be used to separate isobaric and isomeric 

compounds.  FAIMS analyzers are simple to construct and are easily integrated into the 

atmospheric pressure ion source of current mass spectrometers without major modifications.  

The motivation of developing FAIMS analyzers in the Glish lab has been for the study of three 

dimensional gas phase ion structure of biological molecules, as well as to improve separation of 

compounds which are irresolvable using low resolution mass spectrometry and liquid 

chromatography.  This dissertation does not focus on the application of FAIMS for structural 

elucidation, but instead on the development of a FAIMS device that combines excellent speed, 

resolution, and sensitivity in a simple to use small package.  Described in the following chapters 

are the background for selection of gas phase ions by shape-to-charge, the development of a 

high amplitude asymmetric waveform power supply, modifications made the planar FAIMS 
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device designed by the Pacific Northwest National Lab and the development of four 

generations of planar FAIMS devices.  For each device limitations and flaws in the design are 

discussed along with proposed solutions and data demonstrating the results of modifications to 

analyzer design, and the successful construction of a planar FAIMS device with high speed,  high 

sensitivity, and resolving power equal to much larger and more expensive devices.     
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Chapter 1  
Introduction to shape-to-charge analysis of gas phase ions  

 

1.1 What mass analyzers can tell you 

Modern mass analyzers are capable of analyzing molecules from a single dalton (Da) 

to millions of Da
1, 2

 over a range of concentrations from attomolar
3
 to millimolar. Currently 

available high resolution instruments can baseline resolve two peaks from ions with mass-to-

charge ratios of 906.49100 and 906.49145, a resolving power of over 2000000
4
. Analysis 

times range from seconds for high resolution trapping instruments down to microseconds for 

a single time-of-flight spectrum
5
.  With such a wide dynamic range and the high analysis 

speed of current mass analyzers, there would seem to be no problem too difficult, no sample 

too complex, and no question unanswerable with the right mass spectrometer at your 

disposal. 

Of course, mass spectrometry cannot analyze every sample nor can it provide every 

piece of information one might desire to know about a compound. As interest in analytical 

chemistry shifts away from the traditional small molecular analysis, for which mass 

spectrometry first proved so valuable, to analysis of larger biological samples, mass 

spectrometers have undergone a change in role.  Although the samples may have changed, 

the desired information remains the same.  Mass analyzers are used to provide insight into 

the molecular structure of the ion, which has traditionally meant the connectivity of atoms in 

organic molecules
6
.  However, structure is a broad term and can be interpreted to mean many 

different levels.  Critical to the study of biological samples, most often proteins, is not only 
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the primary structure, but also the higher order secondary, tertiary, and quaternary structure 

which are closely related to biological function
7
.   

Determination of ion structure through mass analysis alone is a challenging task due 

to the possibility of multiple structures existing in a sample prior to analysis
8, 9

, 

interconversion between structures
10

, and rearrangements of ions following energy 

deposition
11-13

.  Methods used in mass analyzers to determine structure, such as tandem mass 

spectrometry (MS/MS)
14

, hydrogen deuterium (H/D) exchange
15

, and gas phase ion 

spectroscopy
16-18

 are valuable but limited tools.  Each of these techniques provides unique 

structural information, and by using multiple tools, limitations inherent to any single 

technique may be reduced or eliminated.  This chapter is intended to serve as introduction to 

the tools available to those interested in studying biological structure through mass analysis 

and provide some insight into the advantages and limitations each technique.  

1.1.1 Primary structure via dissociation 

The elucidation of primary structure is most often accomplished by first isolating a 

single mass-to-charge ratio, referred to as the precursor ion, and depositing sufficient energy 

into the selected ion to induce dissociation.  The fragments of the precursor ion, referred to as 

product ions, provide information about the connectivity of the molecule through both the 

mass of the product ion and the difference in mass between product and precursor ions. At a 

minimum, this method, referred to as MS/MS, requires the use of two stages of mass analysis 

to select the precursor and analyze the products
14

.    

Determination of primary structure through fragmentation can be inhibited by the 

presence of multiple isomeric structures in a single sample
19

 and rearrangements of 

fragments that lead to scrambling of primary sequence
11, 12, 20

. In the case of smaller 

polypeptides, rearrangements can be eliminated through the use of sodiation of the peptide
13

, 
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but this method has not be applied to larger biological molecules.  For primary sequencing of 

larger more complex biomolecules, a digestion step may be used to prior to mass analysis to 

produce smaller polypeptides which are more easily sequenced
21

.  The use of a digestion step 

prior to mass analysis significantly increases the number of peaks in a spectrum leading to 

increased spectral complexity.  

1.1.1.1 Collisions with neutral gasses or surfaces 

Dissociation of selected precursor ions can be achieved through the use of collisions 

with a neutral gas or surface to convert the kinetic energy of the ion into internal energy. The 

internal energy deposited in the ion is then statistically redistributed throughout the molecule 

and induces fragmentation at the weakest bonds first
22

.  This collision induced dissociation 

(CID) has limited usefulness for the study of higher order structure, since the weak 

intramolecular bonds are broken prior to the fragmentation of covalent bonds resulting in 

observable mass losses.   

In CID, a neutral gas is used as the collision target.  The maximum kinetic energy 

which can be converted into internal energy from an ion and neutral collision is on the order 

of 1 eV. Energy from collisions is distributed throughout the entire ion, resulting in the per 

bond energy transferred through a collision with a neutral gas of much less than 1 eV.  

Considering the average peptide bond strength is on the order of 2 eV
23

, CID requires 

multiple collisions, or a higher energy transfer per collision through the use of heavy bath 

gases, to achieve high product ion yields. For multiple collisions to occur in the path length 

of a rf collision cell or three dimensional ion tap, gas pressures on the order of mTorr are 

used.  
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Surface induced dissociation (SID) offers an alternative to CID which requires no 

collision gas and can induced fragmentation from a single collision.  SID is achieved by 

colliding ions with a solid surface held at approximately at a 45° angle of incidence.  

Interaction efficiency is 100% for SID, and large amounts of energy (7-100 eV) can be 

converted to internal energy per single collision.  While more energy is transferred in a single 

collision resulting in a shorter fragmentation time than CID, SID fragmentation still occurs 

on a time scale in which vibrational distribution of internal energy occurs and higher order 

structural information is lost prior to backbone cleavage and product ion formation
24, 25

. 

1.1.1.2 Fragmentation by irradiation with photons 

An alternative to collisions with a neutral gas or surface, ions can have energy 

deposited in them through irradiation with photons. Most commonly, the laser is of fixed 

wavelength in the far infrared spectrum.   10.6 µm wavelength CO2 lasers are often used 

because they are plentiful and low cost.  Each photon of 10.6 µm absorbed by the ion 

deposits 0.1 eV of energy into the ion which is then redistributed as vibrational energy.  

Again assuming a peptide bond strength of 2 eV, the energy per photon is well below the 

fragmentation threshold of most bonds and multiple photons must be absorbed for the ion to 

fragment.  Hence the term often applied to this method of ion activation is infrared multi 

photon dissociation (IRMPD).  Due to the slow nature of IRMPD, the vibrational 

redistribution of energy may causes changes in structure  prior to fragmentation and is not 

well suited to the study of higher order structure
26

.      

1.1.2 Higher order structure 

As highlighted by the discussion above, CID, SID, and IRMPD techniques are limited 

in providing information about the higher order structure of ions.  Information regarding 

higher order structure (secondary, tertiary, and quaternary) may be lost when using these 
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“slow” fragmentation techniques due to the statistical redistribution of collision energy 

throughout the bonds of the molecule resulting in fragmentation of the weakest bonds first
27

.  

These weakest bonds in biological molecules are those which determine the higher order 

structure of the molecule, such as non-covalent intramolecular hydrogen bonds
28

.  Higher 

order structure may be probed through the use of electron induced fragmentation
29

, or using 

methods which do not use the mass-to-charge ratio of fragment ions such as H/D exchange
28

 

or laser spectroscopy
30

.   

No single technique yields sufficient information to provide a complete picture of 

higher order structure
31

.  Just as x-ray crystallography, the technique which has dominated 

protein structural study to date, must measure diffraction from many different angles to 

produce a crystal structure, mass spectrometry must gain information from many different 

experimental angles to piece back together the three dimensional ion structures.  Information 

from cross section measurements
32

, H/D exchange
15

, or laser spectroscopy
17

, can be 

combined with high levels of theoretical calculations
33

 to gain the full picture of structure.   

At this point, one may question whether the increasing complexity of the experiments 

required to determine gas phase ion structure via mass spectrometry has any real advantage 

over more mature techniques, such as x-ray crystallography or nuclear magnetic resonance 

(NMR) used to determine protein structure.     At the very least, mass spectrometry based 

structural elucidation has the advantage of reduced sample requirements compared to the 

need for samples to form crystalline structures as for x-ray crystallography, and for samples 

to be high purity (>95%) as for NMR.  Further, both x-ray crystallography and NMR require 

milligrams of sample, while mass spectrometry requires only micrograms
34

.  Currently, the 

time required to determine a protein structure from any of these techniques is on the same 
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order of magnitude. The bottleneck for mass spectrometry lies at the calculations and data 

interpretation, not at the collection of data, which literally can be accomplished in minutes.  

If software and computers continue to evolve at the current rate, the time needed for 

structural calculations will decrease eventually making mass spectrometry substantially faster 

than other current alternatives.   

1.1.2.1 Studied by irradiation with electrons and hydrogen/deuterium exchange 

The capture of a low energy electron by an ion results in a rapid transfer of energy to 

the ion with dissociation occurring faster than electron emission (<10
-14 

s).  The electron 

capture and subsequent bond cleavage occur faster than the time required for vibration 

redistribution of energy within the ion. Because of the short time frame for fragmentation, the 

lowest energy bonds in the molecule often remain intact, including those non-covalent 

interactions which are largely responsible for structure.   Also because electrons may cause 

bond cleavage wherever they are captured, primary structure information for large molecules 

maybe increased through more extensive fragmentation and a reduced number of 

rearrangements comparative to CID
29, 35-37

.   

An alternative approach to fragmentation through irradiation with electrons is probing 

of higher order structure through exchange of labile hydrogen atoms with deuterium atoms in 

either the solution phase or gas phase.  Two types of information can be extracted from H/D 

exchange experiment, the extent of exchange and the rate of exchange. The extent of H/D 

exchange provides largely qualitative information about the folding of the entire protein, the 

accessibility of the specific exchange sites, or insight into how ordered the structure is in a 

specific region
15

.  The rate of H/D exchange can be combined with theoretical calculations to 

provide validation of theoretical structures
38

.  Current computational methods may produce 

many proposed structures of equal probability.  Exchange rates for each exchange site in the 
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proposed structures can also be calculated and compared with direct measurements to support 

or disprove computationally derived theoretical structures.  Using computational tools in 

conjunction with H/D exchange can provide insight into the secondary, tertiary, and 

quaternary structure of proteins.  However, a disadvantage of the H/D technique is the time 

required to acquire enough data points to produce accurate rate curves, with total 

experimental times lasting hours
8, 28

.   

1.1.2.2 Gas phase laser spectroscopy 

Quantum theory states that atoms and molecules only exist in discrete energy states.  

To transition between states an amount of energy exactly equal to the difference between 

states must be input or emitted
39

.  Because the amount of energy needed to transition between 

states is a property specific not only to the molecule but is also affected by the molecule’s 

surroundings, measurements of the energy between states provide higher order structural 

information.  Similar to computer modeling used in conjunction with H/D exchange, 

proposed structures can be used to calculate theoretical infrared (IR) spectra.  IR radiation is 

chosen as the energy range of choice for structural studies because IR provides information 

about the vibrational motion of molecular bonds, which can be directly related to bond 

strength, and has extensive theory existing to support experiments
40

.   

 The conceptually simplest method to measure the amount of energy needed to 

transition between states uses direct absorption measurements, in which the intensity of 

radiation of a specific wavelength is measured before and after interacting with the ions of 

interest.  By scanning through a wavelength one at a time and plotting the change in intensity 

of light as it interacts with the ions an IR spectrum would be produced.  However, ions in the 

gas phase are extremely diffuse, and the change in light intensity due to absorption is so low 

as to be immeasurable.  Instead most IR spectroscopy experiments performed on ions in the 
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gas phase rely on the action spectroscopy method, where the absorption of a photon leads to 

a change in state which enables or precludes the absorption of a higher energy photon 

preventing/causing fragmentation of the ion
41

.  Plots of ion signal abundance plotted against 

the IR photon wavelength have peaks at wavelengths where absorption occurs and can be 

compared to theoretical IR spectra for calculated structures.  

   IR spectroscopy requires high cost lasers ($100,000+ for a tunable IR laser system) 

as well as cooling of the ions in the ion trap in order to ensure all ions are near the ground 

state to simplify spectra. Ion density is low, and irradiation time for each wavelength maybe 

long resulting in complete spectra taking up to hours to complete.  In addition, the presence 

of multiple conformations for a single ion will result in a complex IR spectrum which may 

lead to inconclusive comparisons to calculated spectra.  For IR spectra to provide conclusive 

results, it may be necessary to couple IR spectroscopy with some form of ion mobility 

separation
42, 43

.  

1.2 What shape-to-charge instruments provide 

To this point, the discussion of higher order structure elucidation has hinted that 

multiple conformations (protein structures) may be present in the mass spectrum for a single 

mass-to-charge ratio ion.  Mass spectrometers have no means of separating ions other than by 

the momentum, kinetic energy, or mass-to-charge ratio of an ion. Under conditions typical 

for mass analysis, none of the characteristics by which mass analyzers select ions is affected 

by the shape of the ion.  ECD, H/D exchange, and IR spectroscopy may be able to detect the 

presence of multiple structures, but they cannot separate or eliminate ion structures, and often 

cannot differentiate the contribution each structure makes to the experimental results.  Some 

other form of ion filtering must be employed to filter a single structure prior to further 

investigation by mass spectrometry.  A method of shape-to-charge selection is needed to 
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provide a handle by which different conformations of the same mass-to-charge ratio ion can 

be selected.  Shape-to-charge selection provides additional information and many benefits to 

the study of structure which are discussed in the following sections.      

1.2.1 How many conformations are present 

In the absence of the ability to filter single conformations, it would be advantageous 

to know the number of conformations present.  ECD and IR spectroscopy provide very 

limited information about the number of structures present, and data interpretation becomes 

difficult due to the convolution of multiple conformations.  H/D exchange can, in some 

cases, provide information about the number of different conformations based on the 

distribution of the deuterated species
8
, however in the case of very similar structures the 

resolution of H/D exchange may prove too low to differentiate species
31

. 

 For a shape-to-charge analysis technique to be successful, it should be able to provide 

insight into the number of conformations present.  Not all charge states for a protein may 

have multiple conformations present, and information about the number of conformations per 

charge state allows those studying ion structures to pick charge states accordingly. In 

addition, knowledge of the number of conformations within a charge state provides 

information which may allow deconvolution of data acquired using the techniques discussed 

in section 1.1.2
19

.     Finally, the number of conformations present for a given ion provides 

some insight into the stability of the structure for that ion
44

.  If only a single conformation is 

observed it can be inferred that the structure is energetically favorable compared to all other 

possible conformations, while those ions with several conformations present have structures 

which are of similar energy and conversion between structures may be low energy 

transitions
44

 which occur within the time scale of the shape to charge selection.  
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1.2.2 Cross section and energy minimized structures 

Some shape-to-charge analyzers experimentally determine the orientationally 

averaged cross section of ions in addition to separating conformations.  Orientationally 

averaged cross sections are the result of free rotation of the molecule during shape-to-charge 

based selection and provide a cross sectional measurement which is not unlike determining 

the shape of a spinning aircraft propeller
45

.   If the propeller is not rotating, the fine structure, 

such as the number of blades, shape of the blades, and contours of the transition from the tip 

to center section, can be easily identified.  However, with the propeller spinning at 

operational speed, nothing more than the diameter of the circle which encompasses the 

propellers rotation can be easily determined (figure 1.1).  The collisional cross section 

measured for an ion is a 3D rotational average, rather than the 2D example of a spinning 

propeller, which also lacks fine structure and gives the most accurate measure of the largest 

dimensions in the molecule. The accuracy of these measurements can be quite impressive 

(error on the scale of 10 Å), and provides sufficient accuracy for comparison with energy 

minimized structures created through computational methods.  Programs such as AMBER 
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Figure 1.1 Rotation at high speed of a two bladed A) and three bladed B) propellers results in loss of fine 

structure due to 2 dimensional orientational averaging.  

and GAUSSIAN provide computational tools to calculate minimum energy structures of user 

defined molecules.  Several potential low energy structures may be calculated for a single 

ion.  Each minimized structure can then undergo Monte Carlo type simulations of collisions 

between gas molecule and the proposed structure
46

.  The error of these calculations is 

proportional to the square root of the number of trajectories and for 0.1% error >10
6
 

calculated gas ion collision trajectories are typically used
47

.  These calculated cross sections 

may then be compared with experimentally determined collision cross section as a means of 

validating proposed structures. 
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1.2.3 High speed gas phase ion filtering 

In addition to providing a tool to study conformation, shape-to-charge analyzers can 

be used to filter ions based on shape-to-charge ratio
48

.  Because the shape-to-charge ratio of 

an ion is similar for ions of a similar class, entire families of ions may be selected to be 

transmitted simultaneously allowing identification of like ions in the mass spectrum, or 

single shape-to-charge ratio ions may be selected to perform an isolation step prior to mass 

analysis
49

.  Shape-to-charge separations are carried out in the gas phase, making the time 

required to filter one structure from another short, on the order of milliseconds, and complex 

samples maybe rapidly separated
50

.  Filtering ions by structure may be used to perform 

analysis of complex mixtures on single stage mass analyzers
51

, improve limits of detection 

for low abundance analytes in complex matrices
52

, or improve the selectivity of existing 

analytical methods such as liquid chromatography coupled to mass spectrometry by 

providing an additional dimension of separation
53

.  Shape-to-charge separations are 

especially valuable for improvements in signal-to-noise ratio in trapping instruments, where a 

maximum ion capacity exists, by eliminating background ions and allowing more efficient 

use of ion storage capacity (discussed in Chapter 6).      

 

1.3 Tools for selecting shape-to-charge 

   Shape-to-charge analyzers come in a number of sizes (lengths vary from 65 µm to 2 

m)
54, 55

, operate over a range of ion residence time (µs to .2 seconds)
54, 56

, have very different  

figures of merit in terms of resolving power (from <10 to over 200), and provide separations 

based on different structural characteristics.  In some cases, two shape-to-charge analyzers 

maybe coupled to form a hybrid analyzer which has improved capabilities due to an 

additional dimension of separation
9
.  The following sections are intended to provide the 
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background, advantages, and disadvantages of the two most common type of shape to charge 

analyzer.  While stand alone versions of these analyzers exist, only designs intended to 

couple to mass spectrometry will be discussed. 

1.3.1 Ion mobility spectrometry 

The most mature of shape-to-charge analyzer, ion mobility spectrometry (IMS), has 

been used in conjunction with mass spectrometry for over 40 years
48

.  Ions are separated in 

IMS based on the velocity of the ion through a buffer gas under the influence of an electric 

 

Figure 1.2 Diagram of IMS drift tube.  The drift tube consists of multiple segments resistively connected to 

produce a linear voltage gradient through the tube.  A collision gas (red dots) provides a friction against ion 

motion.  Small packets of ions are gated into the drift tube A) and are separated in time based on their collision 

cross section B). 

field generated along the length of a drift tube (figure 1.2).  At the pressures (2-20 Torr) and  
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electric fields  (10-300 V/cm) used in IMS, the acceleration due to the force of the electric 

field is counteracted by collisions with the buffer gas, resulting in ions moving through the 

drift tube at a constant velocity
57

.  The velocity of the ion (vd) as a function of the electric 

field (E) is referred to as the mobility of the ion (K) (equation 1.1).   

   
  

 
                                                    Equation 1.1 

K for an ion is experimentally determined by injecting a small pulse of ions into the 

drift tube and measuring the time it takes for the ion to traverse the drift tube and reach a 

detector.  The time for an ion to traverse the drift tube (td) is a function of the mobility of the 

ion, and the E applied along the length of the drift tube (L) (equation 1.2).  To make K 

independent of the  

   
 

  
                                      Equation 1.2 

experimental conditions, the reduced mobility can be calculated by standardizing the 

mobility to 273.2 K and 760 Torr.  The reduced mobility, K0, can then be calculated using 

equation 1.3, if the temperature (T) and pressure (P) used in the drift tube are known. The K 

of an ion can also be used to calculate the average collisional cross section ( avg) for an ion 

of mass m1, and charge z, 

    
     

 

 

   
                                       Equation 1.3 

when a gas of mass m2 and number density N acts as the buffer gas (equation 1.4).   

  
    

  
  

 

  
 

 

  
 

  

    

 

     
                        Equation 1.4 

 IMS provides the advantage of a fast (<100 ms) and accurate measurement of cross 

section which can be used in conjunction with theoretical calculations.   Resolving power for 
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IMS, which is defined as peak width at half max (Δt) divided by td, frequently exceeds 100 

for small multiply charged peptide ions.  However, high resolution comes at the cost of size 

with drift cells measuring 1-2 m typically
55

. IMS systems also operate at reduced pressures, 

so they must be integrated into the vacuum system of the mass analyzer, between the source 

and analyzer, which significantly increases the difficulty of designing such systems.  Finally, 

the pulsed nature of IMS reduces duty cycle, and the separation of mobilities in time make 

coupling IMS to many mass spectrometers difficult with most IMS-MS systems using 

time-of-flight mass analyzers.  

 

1.3.2 High field asymmetric ion mobility spectrometry 

High field asymmetric ion mobility spectrometry (FAIMS) is a relatively new 

analytical technique that separates gas phase ions at atmospheric pressure based on the 

difference in the mobility of an ion in high (>10
4 

V/cm)  and low (<10
3 

V/cm) electric 

fields
58, 59

.  The separation achieved in FAIMS  is complementary to both conventional 

chromatographic techniques and mass spectrometry, allowing the selection of gas phase 

conformations or removing unwanted ions which would otherwise complicate mass spectra
53

.  

FAIMS does not provide a direct measurement of collision cross section as it measures 

neither the high (Kh) nor low field (Kl) mobilities, but instead separates based on the 

difference of Kh and Kl .   The residence time of ions in FAIMS is on the order of 

milliseconds, thus enabling gas phase separations of ions in FAIMS to occur rapidly
60

.  

FAIMS can be used to differentiate isomers
61-63

, resolve isobaric compounds
49, 64

, and to 

improve the signal-to-noise ratio (S/N) when coupled to mass spectrometry
49, 65-67

.  

 The FAIMS device (discussed in detail in Chapter 3) consists of two parallel 

electrodes. Ions are introduced into the FAIMS device from an atmospheric pressure source 
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and transported between the parallel electrodes by a carrier gas (figure 1.3). Separation is 

achieved by applying an asymmetric waveform to the electrodes described in detail in 

Chapter 2.  This asymmetric waveform generates alternating high (Eh) and low electric 

fields (El). The displacement of an ion during the high (dh) and low (dl) portion of the 

waveform with duration of (th) for the Eh and tl for El are described by equations 1.5 and 1.6  

                                                     (Equation 1.5) 

                                                        (Equation 1.6) 

 

Figure 1.3 Schematic for FAIMS analyzer demonstrating ion motion within the FAIMS without compensation 

voltage applied (red dotted line) and with compensation voltage adjusted to transmit the selected ion to the mass 

analyzer.  The ideal waveform for FAIMS is a square wave of equal area for the high and low field potions, 

which requires the duration of the high field to be shorter than the low field potion. 

   

Ions are separated spatially by differing net displacements away from the central plane of the 

device due to a difference in mobility between the high and low electric field strength (Kh  

Kl) which is due to the shape and charge of the ion.  Ions are selected by application of a dc 
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potential, referred to as the compensation voltage (CV), to compensate for the off axis 

displacement of selected ions.  

 FAIMS is an atmospheric pressure ion filtering technique which produces a 

continuous beam of ions of a specific       making it easily coupled to the source of any 

mass analyzer.  Resolving power in FAIMS, defined as 
      

       
, is typically lower than IMS 

normally in the range of 10-30 for peptides and proteins, however through use of gas blends 

resolving powers similar to IMS (over 100) have been achieved
55

.  Residence times for ions 

are variable depending on device geometry but range between 20 µs and 0.2 seconds making 

FAIMS amenable to coupling to liquid chromatography or capillary electrophoresis.  Due to 

the lack of FAIMS ability to experimentally derive collision cross sections, FAIMS is 

sometimes coupled to IMS which leads to improved peak capacity. 

1.4 Interfacing shape-to-charge analyzers with mass spectrometers 

The difficulty associated with constructing a shape-to-charge-mass spectrometry 

analyzer should be a consideration for those contemplating development of such systems. 

IMS and FAIMS have vastly different footprints, require different electronics, typically 

operate in different pressure regimes and couple to mass analyzers with varying degrees of 

difficulty.  The following two sections attempt to highlight the design considerations and 

provide information about the potential problems associated with each design. Commercially 

available versions of FAIMS analyzers have now been in production for some time and 

provide an efficient, albeit costly relative to the cost of in house fabrication, solution to those 

in need of shape to charge separation.  An ion mobility like analyzer is also currently in 

production, although the T-wave mobility analyzer operates off of a time dependent electric 

field
68

 and cross sections must be acquired from calibration curves produced by the 

manufacturer
69

.  The commercial success of the T-wave has prompted development of other 
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ion mobility based analyzers
70, 71

, but no dates for availability have been made public at this 

time.  These systems promise to be costly (~$750,000 for a complete IMS-MS instrument) 

and may limit user control to a degree which will continue to make in-house construction of 

an IMS-mass spectrometry systems an attractive alternative.    

1.4.1 Coupling IMS drift cells with mass analyzers 

IMS drift cells typically operate at reduced pressure, requiring their installation within 

the vacuum housing of the mass analyzer.  The collision gas pressure in the drift cell (2-20 

Torr) is similar to the first pumping region of many atmospheric pressure sampling sources 

used with mass analyzers. The pulsed nature of IMS drift cells result in poor coupling to 

continuous ion sources such as electrospray ionization (ESI) unless an ion accumulation 

device is used prior to the IMS gate lens
70, 72, 73

.  Many ion sources today include an ion 

funnel which can be modified to accumulate ions prior to IMS injection.   For these reasons 

IMS drift tubes are most often installed between the ion source region and the second 

pumping region, which operates at lower pressure (<10
-4

 Torr) and may include ion guides or 

mass analyzing quadrupoles.  Installing the drift tube in this region requires increasing the 

length of the first vacuum region to accommodate the IMS drift tube which maybe meters 

long.   

IMS systems may employ a number of gases, but for those using IMS to determine 

collision cross sections to compare with theoretical structures, helium is preferred because it 

simplifies calculation of collision cross sections, provides high resolution, and high ion 

transmission
74, 75

.  Helium has a low electric discharge barrier limiting the maximum electric 

fields which can be applied at a given pressure
55

, and has a high diffusion rate making helium 

a difficult gas to pump using standard turbomolecular pumps
76

.  When coupling IMS to a 
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mass analyzer which operates at high vacuum (<10
-6

 Torr), careful thought must be put into 

the vacuum system, and multiple stages of differential pumping may be necessary to 

maintain optimal pressure for each analyzer region.   

IMS systems require high voltage power supplies, excellent electrical isolation 

between floating voltages and ground, and mass spectrometer signal acquisition hardware 

which is capable of handling large amounts of data.  IMS drift tubes use dc gradients along 

the length of the drift tube of up to 300 V/cm
57

.  When combined with 2 m long drift tubes, 

IMS systems may require dc power supplies capable of outputting up to 60 kV of drift 

voltage. Any ion focusing or storage device prior to the flight tube must be floated above the 

drift voltage resulting in the need for ion funnels and ion funnel rf and dc power supplies to 

be floated at 60 kV above ground potential.  A final problem to consider is that of data 

handling.  IMS is a pulsed technique with the time between IMS peaks measure in 

milliseconds.  Coupling of IMS to beam type analyzers or slow acquisition trapping 

instruments require either loss of IMS resolution or multiple IMS scans per mass spectrum
77

.  

IMS is most often coupled to time-of-flight mass analyzers due to the high speed of analysis, 

and the ability to determine mass-to-charge ratios of all ions in a spectrum in parallel. While 

a typical mass spectrum yields mass-to-charge ratio and intensity, IMS-MS systems produce 

mass-to-charge ratio, intensity, and drift time information.  Spectral acquisition must be of a 

high enough rate to provide accurate IMS peak shapes, and the IMS spectrum must be 

reconstructed from hundreds of mass spectra, requiring the processing of large amounts of 

data.    

1.4.2 FAIMS analyzers 

In comparison to IMS, FAIMS devices are simple to couple to mass analyzers.  

FAIMS devices are much smaller than the average IMS drift cell and operate at atmospheric 
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pressure.  Coupling FAIMS to the mass analyzer is done external to the vacuum system and 

requires only a gas tight seal between the FAIMS and inlet capillary of the mass analyzer.  

Asymmetric waveform generators for FAIMS are more difficult to acquire than the dc power 

supplies needed for IMS, but some low cost designs exist which can be built in house 

(Chapter 2)
78

.  Data acquisition is also simplified relative to IMS since FAIMS devices 

produce a constant beam of selected ions.  CV voltages can be linked to the instrument 

control software to scan the CV in tandem with spectrum acquisition and adequate resolution 

for CV scan plots is achieved using less than 100 mass spectra for full range CV scans.  

Further, the constant ion beam produced by FAIMS makes coupling to any mass analyzer 

feasible, although the scan speed of FAIMS will be a function of mass spectra acquisition 

speed in the case of slow scanning analyzers.   

1.5 Summary 

The goal of this introduction chapter has been to outline the tools available for the 

study of ion structure with a particular focus towards protein structure.  While mass 

spectrometry provides a means of studying higher order structure, it lacks the ability to 

isolate individual conformations prior to conducting experiments on structure, thus 

complicating data interpretation.  Shape-to-charge analyzers provide a means to separate ions 

based on three dimensional structure prior to mass analysis thus simplifying the study of ion 

structure.  Shape-to-charge analyzers provide offer other benefits such as improved signal to 

noise ratio for analytes, reduced spectra complexity, and improvement in limits of detection.  

FAIMS analyzers are a type of shape to charge analyzers which is relatively simple, can be 

coupled to any mass analyzer type, and provides high speed gas phase separations.  

Chapter 2 is intended to provide background information on the production of high 

amplitude asymmetric waveforms for FAIMS analyzers.  Discussion of the types of 
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waveform supplies attempts to highlight the advantages and disadvantages of each design.  

The remainder of the chapter is dedicated to the development of a dual harmonic waveform 

supply in house at UNC and evaluation of the waveform supplies performance. 

Chapter 3 discusses results of protein conformation selection using the waveform 

supply developed in Chapter 2 and a FAIMS analyzer designed by the Pacific Northwest 

National Labs (PNNL).   Limitations of the PNNL design found during use to select protein 

structures are addressed through modification to the PNNL design.  The results for 

modifications performed at UNC to develop a collinear electrospray ion source and reduce 

carrier gas temperature in the PNNL FAIMS are discussed.  The reasons for the need of a 

FAIMS device which can operate in a “passive mode” are presented as well as some lessons 

learned about FAIMS design from work with the PNNL FAIMS. 

Chapter 4 begins with the reasons for the development of in-capillary FAIMS device 

in collaboration between UNC and Bruker Daltonics.  The design flaws of failed in-capillary 

FAIMS devices are discussed with an emphasis on the minimum requirements for a working 

FAIMS design.  The lessons learned from the PNNL device, combined with the experience 

of two failed in-capillary FAIMS devices leads to the development of the third generation 

(G3) FAIMS device which is successful.  The chapter closes with some examples of G3 

applications. 

Chapter 5 continues use of the G3 working to develop gas blends which can improve 

ion transmission and/or resolving power in FAIMS.  Blends of argon and nitrogen lead to no 

significant improvements in ion transmission or resolution.  The addition of small amounts of 

carbon dioxide with nitrogen leads to slight increases in the compensation voltage, and 

resolving power, but blends of made up of greater than 20% carbon dioxide are shown to 
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cause a decrease in resolving power.  A mixture of helium and nitrogen is also evaluated 

which shows increases in resolving power for all blends testing of to 60% helium by 

composition, although signal intensity for low mass-to-charge ration ions is significantly 

decreased.  To reduce the loss of low mass-to-charge ratio ions while taking advantage of the 

increased resolving power using high percentage mixtures of helium a method of linking 

helium content to compensation voltage is discussed.  

Chapter 6 focuses on the development of a FAIMS device which is integrated into 

the electrospray ionization source of a commercial Bruker mass spectrometer.  The design 

considerations for the fourth generation (G4) are discuss as well as early results from 

modified G3 systems to mimic G4 designs.  The G4 is tested and shows the ability to provide 

high scan speed (12 second complete spectrum scans) at moderate resolving power (~15).  

Applications using the G4 to eliminate chemical noise, separate isobaric compounds, and 

filter protein conformations are discussed and the future directions for the device are briefly 

highlighted.  Finally, Chapter 7 summarizes the results and implications of each chapter and 

discusses the future development of FAIMS instrumentation.     
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Chapter 2 
A Low Cost, High Amplitude, Asymmetric Waveform Generator 

 

 

2.1  Introduction to asymmetric waveform generators 

 As stated in Chapter 1, FAIMS devices are easily fabricated since the device is little 

more than two parallel plates separated by al gap through which ions are introduced and 

separated based on the difference in  Kh  and Kl
1
.  A more difficult to construct aspect of the 

device is a power supple capable of the production of the high amplitude asymmetric 

waveform.  Ideally, the applied waveform would be an asymmetric square wave as shown in 

Figure 2.1 in which the area of the high and low field portions are of equal magnitude but 

opposite sign.  In FAIMS, maximum sensitivity and selectivity requires the use of high 

amplitude waveforms with zero-to-peak voltages of 3 to 6 kV when using 1 to 2.5 mm 

analytical gaps
2, 3

. Production of these high amplitude waveforms can be achieved by four 

principle approaches. Linear, flyback, dual resonance, and differential sum type power 

supplies have all been used to produce waveforms for FAIMS analyzers. Though multiple 

high voltage waveform supply designs exist, the technology is by no means perfected and 

every supply currently available has shortcomings that make such designs limited in their 

analytical usefulness.  This chapter describes the designs available for high amplitude 

asymmetric waveform supplies, and explains the work done at UNC in the development of a 

low cost, high amplitude supply.  The chapter closes with characterization of the UNC 

supply.  
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2.1.1 The linear amplifier 

Linear amplifiers are the simplest supply design but the least commonly used for the 

production of FAIMS waveforms.  In the ideal case, they simply multiply the input  

 

Figure 2.1 Ideal asymmetric square wave with high field portion twice the voltage but half the duration of the 

low field portion.  The area of the high and low field portions of the waveform are exactly equal but of opposite 

sign.  The peak amplitude during the high field segment of the waveform is referred to as the dispersion voltage 

(DV). 

 

waveform by a fixed gain factor, producing a waveform with identical frequency and duty 

cycle as the input, but at much greater peak-to-peak amplitude.  Figure 2.2 shows a simple 

schematic representation of the circuit used in linear amplifiers.  In such designs, the desired 

waveform would be constructed using an arbitrary waveform generator and applied to the 

input.  The waveform would then be amplified by some factor up to the rail voltage (+/- Vcc) 

applied to the power transistors.  The rail voltage is limited by the maximum voltage 

difference between source and drain for the transistors, which rarely exceeds 1000 V with 

currently available high-power MOSFET transistors.  The output of linear amplifiers can be a 

nearly ideal asymmetric square wave, or the shape and amplitude of the waveform can easily 

be changed through software control of the arbitrary waveform generator to produce 
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whatever waveform is desired.  However, the peak amplitude of such designs are low 

compared with other circuit designs.  Zero-to-peak voltage maximum for linear power 

amplifiers is ~1000 V, and would only provide sufficient waveform amplitude for devices 

with analytical gaps of reduced dimensions (see Chapter 4).  Another problem is the amount 

of power linear amplifiers require.  Even given the modest zero-to-peak voltage of 1000 V, 

the supply would need to be able to swing between -500 and positive 1000 V, if we assume 

the low field portion of the waveform is twice the time and half the amplitude of the high 

field portion (making the areas equal).  The current required for a given change in voltage is 

calculated using equation 2.1. 

  
 

 
 *C                                   (Equation 2.1) 

 

 
Figure 2.2 Schematic of linear power amplifier showing arrangements of transistors typical of a “B” class 

amplifier.  When used to produce waveforms for FAIMS analyzers the capacitive load would be the FAIMS 

electrodes.  + and – Vcc do not need to be equal; when using such a design for FAIMS waveforms –Vcc would 

be ½ or less of +Vcc.  
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Using this equation, given the capacitance (C) of the device, the voltage change (V), and the 

amount of time (s) to change the voltage, the required current (i) can be calculated.  

Assuming a rise time (13 ns) equal to 1% of the waveform period of a 750 kHz waveform 

and that the FAIMS device has 15 pF of capacitance, the current required for the rise is 1.7 

A.  The power that must be dissipated for a modest 1500 Vpeak-to-peak waveform is therefore 

2600 W. The problem is further exasperated when we consider that in FAIMS devices with 

reduced analytical gap dimensions where 1500 Vpeak-to-peak amplitudes would produce 

acceptable performance, the waveform frequency required for optimal ion transmission 

increases (Chapter 4), further increasing the power needed to produce the waveform. While 

commercial power amplifiers do exist that could handle this power load they are larger and 

more expensive than resonant waveform type supplies which are discussed in the next 

sections. Furthermore, the large currents and voltages present potential safety hazards for 

individuals operating such amplifiers.  Finally, linear amplifiers must be carefully protected 

against arcing or the amplifiers will be seriously damaged
4
.   

2.1.2 Flyback power oscillator 

Flyback oscillators provide a waveform which is sinusoidal on the high voltage 

portion and clipped on the low field portion of the asymmetric waveform (Figure 2.3).  The 

input waveform for triggering these devices is the ideal square wave discussed above.  

During the rising portion of the trigger input, the current is stored in the inductor.  When the 

input drops to zero, voltage reverses through the inductor and builds up a high voltage across 

the FAIMS electrodes, which behave as a capacitor.  The FAIMS electrodes discharge across 

the inductor in the same manner as a resonant LC circuit.  The dispersion voltage DV and 
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duration (    for the high voltage portion of the waveform maybe calculated by equations 

2.2 and 2.3, respectively:  

    
  

   
                                         Equation (2.2) 

                                             Equation (2.3) 

 

 

Figure 2.3 Schematic of flyback power oscillator.  On the left is the ideal waveform being used as the trigger 

source, and on the right is the output waveform as measured across the FAIMS electrodes.  

 

 

DV in Equation 2.2 a function of the voltage (V) output by the direct current (dc) power 

supply in Figure 2.3, the time (t) of the positive cycle of the trigger signal and the inductance 

(L) of the resonant coil and capacitance (C) of the load.  The output is sinusoidal in shape 

until the voltage across the FAIMS electrodes goes negative, at which point the diode is 

properly biased to turn on (Figure 2.3).  When the diode turns on, current is shunted away 

from the resonant LC circuit and returns to the power supply, clipping the low field 

waveform at a fixed voltage until the capacitor is again biased positive.   

 The output waveform is a compromise between the ideal asymmetric square wave 

and sinusoidal-derived asymmetric waveforms that are discussed in the sections below, and 
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results in instrument performance between the two (69 % of the  resolution of an ideal 

waveform of the same amplitude 
4
).  Frequency and pulse duration are variable through the 

tuning of inductors or capacitors; however, the tuning range is relatively small due to the 

pulse duration being a function of   .  Amplitude is a function of     as well, which makes 

the stability of these supplies excellent.  Published figures of merit are a maximum dispersion 

voltage of 1400 V at 2 MHz with variable duty cycle of up to 30%
5
.   These supplies are far 

less sensitive to arcing than the previously discussed power amplifier, and generally can 

resume operation immediately after eliminating the cause of the arc
4
.    

2.1.3 Dual resonance waveform power supply 

Due to the high power required to produce high amplitude square waves, most 

FAIMS rf supplies use the sum of sinusoidal waveforms to reduce the voltage rate of change 

across the capacitive load
6
.  This waveform is described by the expression 

           tDtDtV 2sin
3

1sin
3

2                     Equation (2.4) 

where D is the peak voltage on the high voltage portion of the waveform, also referred to as 

the dispersion voltage (DV),  the waveform frequency in radian/s, and   is a phase shift 

applied between the two waveforms (most often of π/2 radians)
7
.  In dual resonance 

waveform power supplies, both sinusoidal waveforms are sent to a single input.  The input 

waveform is not required to be a sinusoidal wave.  For the purposes of the first amplifier 

stage, the input is similar to the ideal asymmetric square wave described in the previous 

section to provide optimal triggering for the linear amplifier.  Regardless of the input 

waveform type, the low amplitude signal is generated by an arbitrary waveform generator 

and sent to the first stage amplifier input where it is then amplified to produce a high current, 

low voltage (tens of amps at 12 V) waveform that is applied to the primary of a doubly 
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resonant RLC circuit.  A doubly resonant RLC circuit is created by two methods.  One 

approach is to use two secondary coils in a single transformer with the output of transformer 

A wired in to the center tap of transformer B
8, 9

.  Another approach is the use of a 

combination of series and parallel LC circuits combined
10

.  Either approach creates a single 

output for the secondary of the transformer that has both sinusoids combined and applied to a 

single FAIMS electrode Figure (2.4). 

 Double resonant waveform power supplies are used in the majority of commercially 

available FAIMS systems and provide a reasonable compromise in terms  

of the power that must be dissipated by the initial amplification stage and the maximum 

voltage that can be produced (6000 V0-peak), along with a waveform that is not ideal but offers 

similar performance (up to 56 % of maximum possible separation) to the ideal waveform
4, 6

. 

Because the output is produced by a resonant LC circuit, arcing poses little risk of damaging 

the supply, since the current stored in the LC circuit is small.  In the case of a direct short 

circuit the resonance of the system is lost, eliminating power transfer and providing isolation 

between the sensitive power amplifier stage and the short.   
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Figure 2.4 Schematics of dual resonant supplies show the two methods used to couple sinusoidal waves prior to 

the FAIMS device.  In schematic A) the output of IN1b is sent to the center tap of IN2b and both waveforms are 

connected to the inner electrode of the cylindrical FAIMS device.  In Schematic B) the output of the series LC 

section is combined with the parallel resonant section and sent to the single output J2. 
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Drawbacks for the design include a limited range of frequency and phase, and a 

maximum output voltage which is adequate for FAIMS geometries of 2.0 mm gaps and 

smaller but may limit resolution in the case of larger analytical gaps.  Recently, designs for 

this type of supply have been published in the literature
10

, but commercially available 

supplies are not sold separately from the FAIMS devices.  For the university research lab 

working to build its own FAIMS system, purchasing such a supply will be difficult, and once 

acquired may not be flexible enough to work at different frequencies or high amplitudes.   

2.1.4 Differential sum waveform generator 

The differential sum asymmetric waveform supply differs from other asymmetric 

waveform supplies in that it utilizes two independent resonant LC circuits to produce two 

sinusoidal waves, which are then differentially summed across the analytical gap of the 

FAIMS device to generate the desired asymmetric waveform.  This arrangement allows the 

user total control over the frequency, phase, and amplitude of each sinusoid while 

simplifying the electronics needed to produce the waveform.  Each coil has a separate power 

amplifier stage and a separate input, eliminating the need for the waveform to be constructed 

by an arbitrary waveform card.  Input signals consist of 50% duty cycle square waves of 

frequency f and f/2, which are independently amplified and sent to independent primaries on 

two separate coils.  Each coil is a resonant circuit for a single frequency and is output to a 

single FAIMS electrode.   

The power dissipated by the amplification stage is similar to that of a double resonant 

waveform generator as described previously. The output waveform shape is also similar to 

that of the double resonant waveform power supply.  The design has the potential to be very 

low cost due to a simple, modular, low power amplifier stage; easy-to-create triggering 
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inputs; and low cost transformer design. Additionally, by using the differential sum, the high 

efficiency of resonant coils becomes additive when peaks are 180º out of phase, resulting in 

high voltages across the FAIMS gap (>8 kV0-p).  To date, these systems do not include 

feedback for amplitude or phase control, leading to the output waveform having some 

sensitivity to supply temperature.  Once the supply temperature reaches equilibrium this type 

of supply exhibits very little drift in output amplitude or phase with time.  While such 

designs have lower stability than other designs described previously the ability to produce 

very high amplitude waveforms at a fraction of the cost of other supplies lead the Glish lab to 

begin development of this type of supply for our own FAIMS waveform generator.  The 

remainder of this chapter will discuss in detail the design and performance of a differential 

sum waveform generator build in collaboration between the Glish lab and the UNC 

electronics facility. 

2.2 The UNC-built power supply 

The development of FAIMS in the Glish lab required the design and development of 

a power supply which could produce the desired high amplitude asymmetric waveform 

needed for FAIMS devices with up to 2 mm analytical gaps.  Commercially available power 

supplies, which all produce asymmetric waveforms through the summing of sinusoidal 

waves, proved to be too complex and expensive
8, 9, 11

.  Less complex asymmetric waveform 

generators have been designed and constructed
6, 10, 12

, but the maximum DV these supplies 

produce (<4 kV) limits their use to either miniature geometries or reduced sensitivity and 

selectivity in conventional geometry instruments
5, 6

.  For this reason we began development 

of a FAIMS supply in collaboration with the UNC Electronics Facility.    

The finished product (Figure 2.5) is a differential sum asymmetric waveform 

generator that can drive capacitive loads in excess of 15 pF at frequencies up to 5 MHz, and 
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produces output amplitudes in excess of 8 kV0-peak. The operator has full control over 

frequency, phase, and amplitude.  Perhaps the most impressive feature is that it can work so 

well, while being built for under $500. 

2.2.1 Circuit design 

 Figure 2.5 is a simplified representation of the entire asymmetric waveform supply.  

The supply is made up of two identical FET modules, one for each sinusoid, and is driven by 

properly phased TTL square waves, of frequencies f and f/2.  The f frequency square wave is 

generated by a synthesized function generator (DS335, Stanford Research Systems, 

Sunnyvale, CA).  The output from the waveform generator is split at the output through a 

BNC “T” connection with one BNC providing the f frequency square wave to the f frequency 

FET module and the second BNC routed through a dual gate generator (Model 122, 

Molectron) which produces a variable delay time of 0-100 ms between the two waveforms.  

The phase shifted f frequency square wave is then applied to the gate input of a pulse 

generator (8013B, Hewlett Packard, Palo Alto, CA) which performs a divide by two 

function, outputting the f/2 frequency square wave to the asymmetric waveform supply.  Two 

low voltage, high current, regulated DC power supplies provide the switching current for the 

two FET modules.  Each FET module drives the primary coil of a resonant ferrite core step-

up transformer.  The high voltage sinusoidal waveform produced by each coil is then applied 

to the FAIMS electrodes, with the f and f/2 frequency waveforms being applied to opposite 

electrodes.  Along with a dc bias voltage, the outputs of the transformers are differentially 

summed across the analytical gap of the FAIMS to produce the desired waveform (Figure 

2.6). 
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Figure 2.6 A) The summing of two sine waves of properly scaled frequency, phase, and amplitude to create an 

approximated asymmetric waveform. B) The output of the UNC supply during operation. 

Figure 2.5 Simplified circuit of the asymmetric waveform generator functional elements, including the 

FET modules, two separate resonant coils and the output coupling of two sinusoidal waveforms. 
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Figure 2.7 Detailed schematic of a FET driver module showing the parallel driver and power FET arrangement. 

 

 Each FET module (Figure 2.7) consists of four high current FETs (IRFP4710PdF, 

International Rectifier, El Segundo, CA) in parallel and four individual drivers (IXDD414CI, 

IXYS Corporation, Santa Clara, AC).  The IRFP4710PdF FET was selected for the ability to 

handle high current; rated for 300 amps pulsed drain current, a low on resistance of 0.014 Ω, 

high drain-to-source voltage of 100 V, and high gate-to-source voltage of 20 V.  Initially, an 

attempt was made to use discrete drivers to control the FETs; however, switching speeds 

proved inadequate. Subsequent testing showed that the IXDD414CI provided the best driver 

option, due to fast switching speed and a TO-220 package, which provides an optimal 

package type for connection to a heat sink. Between each driver and FET, a 1 Ω metal film, 
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non-inductive resistor rated at 2 W acts as a snubber and provides current limiting for the 

FET gates.   

 Figure 2.8 is a photograph of the assembled prototype supply.  Each FET module can 

be seen in the foreground of the photograph.  The FET modules are cooled through the use of 

heat sinks (Newark) and forced convection cooling via 120 V fans (4606, EBM-Papst Inc., 

Farmington, CT).  DC power for the IXDD414CI drivers is provided by the 15 V dc supply 

(OLV15-15, Elpac Power Systems, Santa Ana, CA) located in the lower left hand corner of 

Figure 2.8.  The PCB was designed with minimal trace lengths and maximized trace widths 

Figure 2.8 Photograph of the assembled UNC high amplitude asymmetric waveform supply with key 

components labeled 
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for the high current FETs.  Additionally, the power leads from the low voltage, high current 

dc supplies were made as short and thick as possible to minimize resistive losses.  Even so, 

due to the high instantaneous current drawn during operation, losses along the wires are 

considerable.  To provide the instantaneous current a 4700 μF capacitor, labeled c3 in Figure 

2.7 and visible in the center of each FET module in Figure 2.8, is used to provide the current 

locally and recharges between pulses.  The entire power supply was installed in a 8U 19 inch 

rack-mountable box. 

2.2.2 Transformer design 

 In Figure 2.8, the two rf coils are shown in the center of the enclosure.  Each coil was 

custom made by placing five ferrite rods (R61-050-325, Amidon Inc, Costa Mesa, CA), 

measuring 12.7 mm diameter by 76.2 mm length, around a single piece of 12.7 mm diameter 

copper tubing.  The primary winding of both coils consists of a single turn of 9 mm wide 

braid at the bottom of the ferrite rods.  The secondary of each coil consists of AWG 7/36 Litz 

wire (a type of braided copper wire designed for high frequency applications) with the f 

frequency resonant coil having 60 turns in the secondary, and the f/2 frequency resonant coil 

secondary consisting of 100 turns.  The number of turns was determined experimentally to  

maximize the voltage output while keeping self-resonance significantly above the desired in-

circuit resonance.  The use of the linear ferrite rods allows for a separation of 13 mm 

between the primary and the high voltage secondary to prevent arcing, while retaining 

excellent magnetic coupling through the ferrite rods.  Each coil assembly is isolated from 

ground via a 12.7 mm thick machined Teflon base.  The copper tube through each coil allows 

the coils to be water-cooled, although under normal operating conditions this is not 

necessary. 
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 The use of multiple ferrite rods was necessary to reduce heating in the coils due to 

core losses.  Since core losses are proportional to flux density, increasing the total core area 

reduces the losses.  A single ferrite core of the diameter desired in this application was not in 

current production so a bundle of coils was used to provide the desired diameter from 

commercially available 12.7 mm cores instead.  Additionally, Litz wire was used to reduce 

the impedance of the secondary at high frequency due to the skin effect
13

, which results in 

losses at high frequency due increased resistance.   

2.3 Tuning 

Each resonant circuit can be manually tuned with the use of a 10-60 pF variable 

capacitor (CV1C-60, Comet AG, Flamatt, Switzerland) to change the resonant frequency  

and phase of each coil.  Maximum output from a coil is achieved when the resonant 

frequency of the LC circuit is matched to the output frequency from the waveform generator.  

Equation (2.4) demonstrates the necessity of controlling the phase between the two 

sinusoidal waveforms to construct the asymmetric waveform.  This is achieved by use of 

both the variable capacitors for fine control and the use of a dual gate pulse generator to vary 

the delay between the two waveforms.  The amplitude of each waveform is manually 

controlled through the use of two high current, low voltage dc power supplies.  The f 

frequency coil is powered by a 25 A switching supply (MFJ-4225MV, MFJ Enterprises Inc, 

Mississippi State, MS) and the f/2 frequency coil is powered by a 10 amp switching supply 

(TCR60S10-1, Electronic Measurements Inc., Neptune, NJ). 

 The procedure for tuning the supply is a three step process.  When the supply is first 

powered on, only the f/2 waveform 10 A supply is turned on.  The capacitor for the f/2 

waveform is varied until maximum amplitude is achieved, and the amplitude of this 
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waveform is tuned to the desired level through control of the current output to the f/2 

frequency coil primary.  At this point the f frequency low voltage, high current supply is 

turned on and the phase relationship relative to the f/2 waveform is determined.  If the two 

waveforms are close to having the desired phase relationship, then fine tuning is achieved 

through use of the variable capacitor for the f waveform.  If the desired phase relationship 

cannot be achieved using the variable capacitors, the delay between the two waveforms can 

be varied using the dual gate pulse generator to change the delay time.  Once the phase of the 

two waveforms has been properly set, the amplitude of each waveform is adjusted to the 

desired level through control of the current output from the dc supplies for both waveforms.  

Once tuned, the system can be operated for several days without retuning.      

2.4 Supply performance 

 The output characteristics of the asymmetric waveform supply were evaluated using a 

digital oscilloscope (TDS 3012B, Tektronix, Portland, OR) and detailed in Figure 2.9.  In this 

test, the power supply was connected to a planar FAIMS
14

 device, the waveform was 

recorded by measuring the differential sum between the two plates of the FAIMS using two 

high voltage probes (HVP-15HF, Pintek Electronics Co. Ltd., Taipei Hsein, Taiwan), and 

acquired by the digital oscilloscope.  In Figure 2.9a, it is shown that the output waveform is 

very low noise (less than 1% RSD) and that the amplitude and phase relationship between the 

f and f/2 waveforms matches those conditions necessary to approximate an asymmetric 

square wave, described by Equation (2.4).  Also of note is the amplitude of the DV, which is 

-5.5 kV.  While in Figure 2.9a the DV is a negative voltage, a positive voltage of equal DV 

can be produced by changing the delay between the triggering waveforms.  Maximum 

operational DV in the FAIMS device is determined by the materials of construction, carrier 

gas composition and the geometry of the FAIMS, which influences the voltage at which 
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dielectric breakdown occurs.  When connected to a 15 pF high voltage capacitor, the supply 

is capable of producing over 8 kV of DV, although this voltage exceeds the dielectric 

breakdown barrier for FAIMS analyzer gaps of less than 2.5 mm.   

 Stability of the output is vital to any power supply that will be used to make scientific 

measurements.  For this reason, the supply output was monitored during normal operation for 

approximately 15 hours.  The data collected during this period of operation is shown in 

Figure 2.9b.  Of note is that the 15 hours of operation is not continuous, but spread over two 

days of operation with the supply powered down for approximately 13 hours between periods 

of operation.  This gives a true indication of stability in the supply showing the time 

necessary to come to stability and the amplitude of drift that occurs (less than 2% RSD).  No 

tuning parameters where changed during the stability study.  The waveform shown in Figure 

2.9a was broken into components of interest, labeled A-E.  While Figure 2.9b only shows the 

amplitude measured at points A-E, it also provides information on the stability of the phase 

difference between the two individual f and f/2 waveforms.  Component A is the DV of the 

waveform, shown in Figure 2.9 as being -5.8 kV.  This is 1 kV higher than commercial 

supplies produced for the Thermo Electron FAIMS of similar analytical gap.  Component C 

represents what is referred to as the low field “dip” and indicates that proper amplitude ratio 

of frequencies f and f/2 are being applied to the FAIMS device. Component E provides peak 

to peak amplitude of the waveform which should be 50% greater than the DV alone if the 

supply is operating properly.  The phase stability is indicated by monitoring parameters B 

and D.  While graphically points B and D overlap and may seem redundant, any phase 

changes would cause the amplitude of B and D to shift in opposite direction and shift the 

peak value measured at C.      
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Figure 2.9 Plots demonstrating a) the output waveform and b) a plot analyzing the long term stability of the 

supply. 
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2.5 Conclusions 

The power required to produce an ideal asymmetric square waveform to be used with 

standard FAIMS designs is too large for a supply which can be safely used in a laboratory 

setting.  For that reason, multiple approaches exist to produce the desired waveform through 

the use of resonant circuits and the sinusoidal peak shape that they produce.  Taking a 

different approach on the same theme, work between the Glish lab and the UNC electronics 

facility resulted in the development of an asymmetric waveform supply that uses the 

differential summing of sinusoidal waves across the capacitive load of the FAIMS electrodes 

to produce the desired asymmetric waveform.  The supply is simple to build, consisting of 

two identical, independent FET amplifier modules, two resonant LC circuits using bundled 

ferrite cores, and two variable capacitors.  The simple supply designed and constructed at 

UNC can produce waveforms of 1-5 MHz frequency, amplitudes of up to 8 kVpeak-to-peak. The 

UNC supply exhibits less than 2% drift with no tuning over multiple days, and can be 

constructed for less than $500.   Simple high performance designs such as the one described 

in this chapter should assist future work in the custom instrumentation field of FAIMS 

analyzers by overcoming one of the most difficult instrumental challenges to building 

FAIMS analyzers.  With further refinement of the supply layout, institution of feedback, and 

computer control, the UNC-designed supply could be competitive with any commercial 

supply in production. 
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Chapter 3 
Modifications to conventional planar FAIMS devices 

3.1 Introduction to FAIMS geometries 

  FAIMS analyzers may be constructed in any number of configurations, with only 

three major requirements: 1) A gap between two electrodes, across which a time-dependent 

asymmetric waveform composed of a high and low electric field component can be applied. 

2) Surfaces on which ions can be neutralized when they do not meet the requirements for 

transfer through the device. 3) A force which transports the ions through the analyzer toward 

the detector. These minimum requirements for a viable design leave a great deal of flexibility 

in terms of electrode shape, length, gas composition, gas pressure, ion residence time, and 

materials used.  Unfortunately, there is no single elegant solution currently available which 

simultaneously provides optimal resolution as well as optimum ion transmission.  Rather, as 

is typical of scientific instruments, high resolution results in low signal intensity.  The key is 

to find a compromise in terms of overall performance, which is further complicated by the 

need for the design to be built using available fabrication techniques. To date, two distinct 

analyzer types have been reported
1-4

. Each design has achieved variable levels of success in 

terms of sensitivity, resolution, and ease of construction.  These two analyzer types are 

referred to as the planar
4
 and cylindrical geometry

3
 analyzers.  

3.1.1 Cylindrical FAIMS analyzers 

Cylindrical FAIMS analyzers are characterized by the use of two cylindrical electrodes 

with differing curvature, where the smaller radius electrode fits inside of the larger      
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(Figure 3.1).  The analytical gap in FAIMS analyzers is defined as the distance between 

electrodes, and in the case of cylindrical analyzers is determined by the difference in radii of 

the inner and outer electrode. The curvature of the cylindrical FAIMS is determined by the 

 

Figure 3.1 Schematic of A) Side on view of cigar type cylindrical FAIMS analyzer
5
 B) an AutoCAD image of the 

Thermo side-to-side cylindrical FAIMS and C) An end on view schematic of the side-to-side FAIMS device
6
.   

average of the radii, and is a critical factor in the resolution and ion transmission of a device. 

Gap dimensions of cylindrical FAIMS devices range from 1.5 to 3 mm, with most devices 

having an median radius of curvature of 9mm
7
.  There are two differing designs for 

cylindrical FAIMS devices. The most common is referred to as the “Cigar” type (figure 

3.1A), and the newer version referred to as the side-to-side type (figures 3.1B and 3.1C)
6
.    

As the name implies, “cigar” type analyzers have a cigar shaped inner electrode, with the 

inlet end being flat and the exit end having a rounded dome.  The outer electrode is machined 

as a cylinder with a slightly larger diameter than the inner electrode to create a constant 

analytical gap. Ions are injected orthogonally to the ion exit through a small hole in the outer 

electrode, which can be held at ground or have a small dc potential applied to it, while the 
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inner electrode is connected to the high amplitude asymmetric waveform and compensation 

voltage.  Cigar type analyzers differ from all other FAIMS analyzers in that the distance 

between the dome of the inner electrode and the ion exit of the outer electrode is variable and 

is an important tuning parameter for device optimization.  Varying the gap between the inner 

electrode and ion exit causes significantly different relative intensities and changes in 

resolution. As of yet, there is no means of calculating what exit gap distance is optimum for a 

given ion
8
.    

Side to side type analyzers are simple devices, with cylindrical inner and outer electrodes, 

and an ion inlet in line with the ion outlet.  Although the inlet and outlet are co-linear, there is 

no line-of-sight for the incoming ions, and the ions must travel a minimum of one half the 

circumference of the inner electrode to reach the outlet.   As with the “cigar” type analyzer, a 

high-amplitude asymmetric waveform and compensation voltage are applied to the inner 

electrode, while the outer electrode has only a dc bias voltage applied to assist in ion 

transmission into the mass analyzer.  A feature of the side-to-side device is the ability to heat 

the electrodes.  Originally instituted to provide temperature stability, it was quickly observed 

that an increase in temperature resulted in improved resolution.  The observed improvements 

in performance are due to improved ion droplet desolvation and an increase in the E/N value.   

Both analyzer types share similar operation, having four scan modes (Figure 3.2) which 

select for various ion types.  These four modes (P1, P2, N1, and N2) refer to the polarity of 

the asymmetric waveform and polarity of the CV.  Under conditions of a positive CV and 
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Figure 3.2 Operational modes for cylindrical FAIMS, the ions corresponding to mode P1 are completely lost in 
P2, those ions which are transmitted in each mode are totally unique with differing m/z values

9
 

 

positive DV the analyzer is said to operate in mode P1, switching the DV to negative polarity 

results in P2 mode.  Likewise a negative CV and negative DV is referred to as mode N2, and 

switching the CV to positive polarity while using a negative DV is N1 mode.  Cylindrical 

devices are unique in that P2 and N1 are not equivalent to one another as would be expected, 

the ions in the left hand side of Figure 3.2 under P2 waveform conditions should appear in 

the right hand side of the N1 waveform plot. However, in cylindrical FAIMS ions may only 

be transmitted in a single mode.  This is due to the inhomogeneous fields present in the 

analytical gap, which means that while fields in one mode have a focusing effect, fields in the 

opposite mode result in defocusing
9
.  Cigar type analyzers have a longer ion path length and 
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hence, a longer residence time in the device. This longer residence time leads to higher 

resolution for a specific ion by the function of: 

  
               

         
 
    

 

       Equation (3.1) 

where R represents resolution, K(0) the ions reduced mobility, ED the dispersion field 

amplitude, tres the residence time of the ion, DII the diffusion coefficient for  the ion and F3 

which is a form factor coefficient for the waveform, typically fixed at a value of 0.11 for a 

bisinusoidal waveform
7
.   Due to the curved electrodes used in cylindrical FAIMS the 

electric fields are inhomogeneous which results in a focusing effect
10

.  This is both an 

advantage and limitation, as the focusing results in higher ion transmission than that of planar 

devices, but limits resolution. In cylindrical FAIMS all ions of a similar structure feel the 

effect of the inhomogeneous fields and are focused together; resulting is a smaller spaceial 

distribution, and increased peak overlap relative to planar FAIMS.  The focusing at 

atmospheric pressure in cylindrical FAIMS analyzers results in two advantages  1) higher 

dispersion voltages result in better focusing, resulting in an improvement in  ion transmission 

at higher fields
9
 and 2) ions can be trapped at atmospheric pressure

9
.  While these are major 

advantages over planar FAIMS, the relative difficulty in the manufacture of cylindrical 

devices, the large number of variables which must be optimized to specific analyses, and 

lower resolution of the cylindrical devices are limitations which have lead researchers to 

pursue planar FAIMS technology
4
. 

3.1.2 Planar FAIMS Analyzers 

The first paper published describing FAIMS used a set of parallel plates for FAIMS 

electrodes
1
.  This is the simplest form of FAIMS device geometry and is currently referred to 
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as planar FAIMS.  Shortly after the first published account of planar FAIMS, interest 

switched to cylindrical devices due to the higher ion transmission such devices offered.  It 

was not until theoretical studies showed that resolution improved substantially with 

increasing electrode radius (to the limit that the radius is infinite) that interest was renewed in 

the simple planar FAIMS analyzer
4
.  

   

Figure 3.3 A)  Schematic of PNNL design Planar FAIMS
4
 and B) Photography of disassembled planar FAIMS with 

American quarter to give scale. 

Planar analyzers consist of two flat parallel electrodes separated by an analytical gap 

through which ions are transported by gas flow perpendicular to the electric field (Figure 

3.3).  Analytical gaps range from 35 µm
11

 to 2 mm
4
 and electrode length ranges from 300 

µm
11

 to 50 mm
4
.  In addition to the gap between electrodes and the length of the electrodes, 

the span (width) of the electrodes is an important parameter. To prevent ions from charging 

up the non-conductive surfaces which terminate the edges of the electrodes, the span of the 

electrodes must be a minimum of 6 times the gap width. 

Asymmetric waveforms may be applied to a single electrode, or sine waves maybe 

applied to each electrode independently and summed across the analytical gap to produce the 
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desired waveform.  Unlike cylindrical FAIMS, which has four scan modes, planar FAIMS 

has only two scan modes: either positive or negative scanning CV.   Planar FAIMS devices 

have been developed with both heated
12

 and cooled electrodes
13

 which will be discussed later 

in this chapter. 

3.1.3 Tradeoffs in sensitivity vs. resolution 

.  Planar devices have no trapping fields and operation of these devices at high resolution 

results in a decrease in sensitivity (Figure 3.4).  However, the inhomogeneous fields in 

cylindrical FAIMS focus a range of ions rather than a single specific ion, resulting in peak 

broadening and overlap between different analytes as multiple compensation voltages 

transmit a broader range of ions through the device.  The lack of focusing in planar FAIMS 

results in higher resolution than that of cylindrical FAIMS, given identical conditions
4
.

 

Figure 3.4 Three CV scans of a mixture of Hexakis (2,2-Difluoroethoxy) Phosphazene (622 m/z), Hexakis(1H, 
1H, 3H-tetrafluoropropoxy)Phosphazene (922 m/z), and hexakis(1H, 1H, 5-Octafluoropentoxy)Phosphazene 
(1522 m/z) performed under differing dispersion voltages.  With increasing dispersion voltage ion signal is 
attenuated while peak separation increases. 
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3.1.4 Advantages in operational modes and tuning 

As mentioned in section 3.1.1, the cylindrical FAIMS has four modes of operation (P1, 

P2, N1, N2)
9
.  This is not true for planar devices, where focusing due to inhomogeneous 

fields is not present. Planar FAIMS therefore have only two operation modes (P1=N2, 

P2=N1).  With only two modes of operation, all ions may be observed by scanning from 

negative to positive CV without changing the waveform polarity as would be necessary in 

cylindrical FAIMS.  The difficulty associated with switching between waveform polarities in 

order to acquire a complete spectrum depends on the cylindrical FAIMS analyzer design and 

the waveform generator used.   In the best case scenario, physical connections to the device 

remain constant, and the waveform can simply be inverted.  This can be accomplished with 

linear power amplifiers and waveform supplies, which use the sum of sinusoids to produce 

their output.  With sinusoidal waveform generators, this is done by phase shifting the low 

frequency component relative to the high frequency component.  The capability to shift phase 

through 360º is typically built into the supplies, but the resolution of the digital delays 

available are limited to ~5 ns increments.  In the case of high frequency waveforms, this 

resolution proves insufficient to allow switching between positive and negative dispersion 

voltages without fine tuning through the use of variable capacitors.  In the case of fly back 

power oscillator waveform generators, the polarity of the DV is a function of the design of 

the circuit.  Changing the DV from positive to negative in these designs can be accomplished 

by modifications to the circuit or by switching connections to the FAIMS electrodes to 

modify the polarity of the field within the device.  Switching the physical rf connection on 

the FAIMS analyzer is not possible in all device designs, as most are designed for the 

waveform to be applied to the inner electrode only, and do not provide sufficient electrical 

isolation between the outer electrode and the housing or ion source to allow application of 
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the FAIMS waveform.  By comparison, all that is required to scan a complete spectrum in 

planar FAIMS is the ability to switch the polarity of the dc compensation voltage supply, 

which requires no tuning after initial calibration and setup. 

Another drawback of the cylindrical FAIMS designs is that ion transmission occurs at 

high dispersion voltage. This is a problem when it is desirable for the FAIMS to operate in a 

“transparent” mode, where all ions are allowed to pass without separation.  Using a co-linear 

ion injection with planar FAIMS, the device may be operated in a mode where both 

electrodes are connected to electrical ground, or with a low amplitude waveform insufficient 

to separate ions to transmit maximum ion current.  Assuming the ion transmission in 

“transparent” mode can be nearly identical to the standard electrospray ion source (as will be 

shown in Chapter 4 and Chapter 6), planar FAIMS devices do not have to be removed from 

the instrument when not in use. 

3.2 The PNNL device 

  Due to the advantages discussed above and the desire to use high resolution FAIMS to 

filter individual gas phase protein conformations, a planar geometry was determined to be the 

most desirable for our applications.  At this time, few planar geometry devices were in use, 

most of which were small analyzers optimized for low molecular weight organic 

compounds
14-16

.  Only one device appeared in the literature, which was a planar geometry 

designed to filter the gas phase structure of electrospray generated peptide and protein ions
4
.   

This planar FAIMS built at the Pacific Northwest National Laboratory (PNNL) was 

specifically designed for high resolution, with a residence time 20-100 times longer than 

previous planar FAIMS devices
4
.  Modeling had been performed to optimize parameters for 

analytes which we were interested in studying (ubiquitin and bradykinnin)
4, 17-19

, and the 
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device was simple to fabricate, with the tooling available at the UNC Chemistry Department 

machine shop.    

3.2.1 Design   

The PNNL planar geometry FAIMS device consisted of two mirror polished parallel 

electrodes, measuring two mm thick, 50 mm long, and 20 mm wide.  These electrodes were 

separated by a two mm analytical gap, created by two mm thick alumina oxide spacers.  The 

electrodes where not identical; one electrode had a hole through which ions could be injected 

orthogonal to the analytical gap.  Both electrodes were held in outer casing constructed of 

two halves machined from polyether ether ketone (PEEK).  The outer casing used for the 

orthogonal ESI source had additional machining to accommodate an ESI curtain plate, 

typically held at 1000 V relative to ground, and a carrier gas fitting.  A carrier gas of variable 

temperature, composition, and flow rate was introduced into the outer casing into a mixing 

plenum between the ESI curtain plate and FAIMS electrode with the gas flow being 

partitioned between serving as carrier gas for the FAIMS (30%) and as counter current 

desolvation gas for the ESI emitter (70%).  Electrical connections to the FAIMS electrodes 

were made through M2 screws, which were threaded directly into the electrodes via access 

points in the PEEK outer housing.  A schematic and photograph of the planar FAIMS device 

constructed at UNC are shown in Figure 3.3.  The entire device when assembled was press fit 

into a peak holder which was bolted to the mass spectrometer vacuum interface.  The vacuum 

interface is also a specific PNNL design consisting of 11 circular 0.13 mm diameter parallel 

conductance limits in line with the analytical gap of the FAIMS device.  The multi-hole inlet 

allowed sampling of ions distributed along the analytical gap where there are no electric 

fields to control ion motion
4
.  
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3.2.2 PNNL device performance  

The PNNL planar FAIMS device was tested by acquiring CV scans of ubiquitin, using a 

custom built mass spectrometer and the asymmetric waveform power supply described in 

chapter 2.  The mass spectrometer consists of an atmospheric pressure interface designed to 

couple to planar FAIMS
4
, an orthogonal ion funnel, an octopolar ion guide, an linear 

quadrupole mass filter (150-QC, Extrel, Pittsburgh, PA), and an rf only quadrupolar collision 

cell.  A 25 μM bovine ubiquitin (U6253, Sigma, St. Louis, MO) solution composed of 

49.95% water, 49.95% methanol, and .1% acetic acid was used for initial testing.  Bovine 

ubiquitin was selected because it has been previously shown to have multiple gas phase ion 

conformations which can be separated by FAIMS
4, 5, 20, 21

.  Samples were directly infused, 

using a syringe pump (model 22, Harvard Apparatus, Holliston, MA) coupled to a 75 µm 

diameter ESI tip. In this experiment, the mass spectrometer was set to pass selected ions, 

while the CV of the FAIMS was scanned to produce the CV spectra in Figure 3.5.  The 

results show 5 conformations present in the +8 charge state and two conformations in the +7.  

These results agree favorably with those obtained using IMS instruments, although the 

resolution of the FAIMS analyzer is considerably lower
22

.  Two conclusions can be drawn 

from Figure 3.5. First, the idea of using planar FAIMS for selection of gas phase ion 

conformations of proteins has been validated.  This had been shown previously by other 

groups
5, 20, 21, 23-28

, but this was a first in the Glish lab and was vital for moving forward with 

our own FAIMS analyzer designs.  Second, none of the observed peaks are baseline resolved, 

and all of the peaks are low abundance, corresponding to 7% of the ion signal observed 

without the FAIMS analyzer being attached to the instrument. To improve transmission and 

resolution the PNNL device would require modification. 
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Figure 3.5 CV spectra showing multiple conformations present for the A) +7 and B) +8 charge state of bovine 
ubiquitin 

3.3 Modifying the PNNL device  

Given the results of the initial evaluation of the PNNL design, there were several 

disadvantages which became apparent.  The most troubling problem with the PNNL FAIMS 

is the reduction in ion signal when the FAIMS is in use. Only 7% of ions observed with ESI 
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alone were observed with the FAIMS device.  This problem is compounded by the fact that 

no ion signal can be observed when the device is attached to a mass analyzer but not actively 

performing a separation of ions.  The ability to observe ion signal with the device turned off 

would more easily allow for the optimization of the electrospray before starting CV scans, 

troubleshooting for low ion abundances, and would enable the user to check for ion signal 

between CV scans without the removal of the FAIMS device.  In addition, the presence of so 

many conformers and the lack of baseline resolution between peaks may be the result of 

isomerization within the FAIMS analyzer.  Isomerization is possible due to high energy 

collisions between ions and carrier gas molecules in the FAIMS analytical gap.  Ion heating 

is inherent to all FAIMS devices, not just the PNNL device.   

Because the principle interest in using the PNNL design was to isolate individual gas 

phase ion structures for further study, improving resolution and limiting isomerization within 

the FAIMS analyzer are critical.  Therefore, two modifications were proposed to solve these 

issues.  The first was to give the ions a line of sight through the device in hopes of increasing 

ion transmission when performing gas phase separations and allowing ions to be transmitted 

through the FAIMS device when it is not actively filtering ions.  The second was to cool the 

incoming carrier gas and device to reduce the effects of ion heating.  By reducing the 

temperature in the device, isomerization would be reduced and resolution would be 

improved.     

3.3.1 Converting from orthogonal to co-linear ion injection 

Elimination of the orthogonal ion source and construction of a co-linear ion source 

required the fabrication of one replacement electrode and outer housing to replace the 

previous pieces which had been machined for the orthogonal ion source. Also, a new source 
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housing was machined which could attach to the back of the device.  This rear piece would 

need to serve as the gas mixing plenum that the previous source design created, and to 

produce the same partitioning of incoming gas between desolvation and FAIMS carrier gas.  

Spacing between the curtain plate orifice and analytical gap was set at 2 mm (the minimum 

distance the metal curtain plate could be from the FAIMS electrodes without limiting the 

dispersion voltage, which could be applied between the FAIMS electrodes).  Gas tight 

sealing of the new source was not possible due to the electrode and outer housing design.  

Gaskets where made from parafilm and placed in-between the curtain plate adaptor and 

FAIMS outer housing in an attempt to limit gas leakage in the ion source region.     

3.3.2 Incorporating Peltier thermoelectric elements 

In an effort to reduce the effective ion temperature for improved resolution and reduced 

isomerization, the FAIMS electrodes were cooled. This required slots to be machined into the 

PEEK outer housing of the FAIMS device.  Alumina spacers between the FAIMS electrodes 

and Peltier thermoelectric cooling elements acquired from Melcor provide electrical 

isolation, while thermal conductivity remains suitable for cooling of the electrodes.  Peltier 

thermoelectric coolers convert a voltage difference between dissimilar materials into a 

temperature difference.  The temperature difference between the materials scales with the 

voltage difference and acts as a heat pump, pulling heat from one side of the device and 

transferring it to the other.  Thermoelectric elements are small, typically having surface areas 

on the order of a few cm
2
 and thickness of a few mm.  With a maximum ΔT across a single 

element as high as 70 ºC, and element size on the same order as planar FAIMS electrodes, 

Peltier thermoelectric coolers seemed to be the ideal way to reduce the temperature of the 

FAIMS device.    Control of the Peltier elements was achieved through the use of two Melcor 
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MTCC 1410 temperature controllers, which used feedback from platinum resistive 

temperature sensors placed in thermal contact with the FAIMS electrodes to control a 

variable dc power supply for cooling each electrode.    

3.3.3 Cooling the carrier gas  

Under normal operation, pure nitrogen carrier gas from the house nitrogen line was first 

routed through an Agilent RMSN-4 filter before being metered by a MKS 1179a flow 

controller and sent to the FAIMS device.  To aid in cooling the FAIMS device, an additional 

segment of coiled aluminum tubing was added in series with the existing gas line and 

connected to the FAIMS device.  The coiled tubing could be placed in a Dewar field with 

cryogen, and the temperature of the carrier gas could be reduced while aiding in the reduction 

of the temperature of the FAIMS device.  By varying the cryogen used in the Dewar, the 

temperature of the carrier gas and the electrodes could be roughly varied as demonstrated by 

the measured values recorded in table 3.1.  While not an extensive range of temperatures,  

Table 3.1 List of Cryogens used to cool carrier gas for FAIMS device demonstrating the range of temperatures 
that can be reached by simply pre-cooling the carrier gas 
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pre-cooling of the carrier gas provides an easy, low-tech way of reducing temperature within 

the FAIMS device, and demonstrated the ability to reach temperatures 25º below ambient 

laboratory temperatures.   

3.4 Results and discussion of modified FAIMS 

Modifications to the PNNL design FAIMS met with limited success.  The orientation of the 

ion source was successfully changed (figure 3.6), allowing transmission of ions while 

inactive, but signal intensity was still very low. A calculated value for the relative increase in 

ion transmission between co-linear and orthogonal ion injection while FAIMS separation is 

inactive has no physical meaning because no signal is observed in the orthogonal ion 

injection mode and signal is observed in the co-linear mode, yielding an infinite percent 

increase.  However, generally speaking, the losses with the FAIMS in place compared to the 

standard electro-spray interface are considerable, as greater than 70% of the ion signal is lost 

when the PNNL FAIMS is attached but inactive.  The culprit for this loss of ion signal is the 

lack of gas tight seals in the FAIMS analyzer.  Residence time for ions in the device is a 

function of the volume of the analytical gap and the pumping speed at the atmospheric 

pressure interface of the mass analyzer which the FAIMS is coupled too.  By lacking gas 

tight seals where the FAIMS meets the mass spec, along the analytical gap, or between the 

two housing sections, the volume of gas which much be pumped by the mass analyzer 

increases slowing gas velocity through the analytical gap.  Low gas velocities increase the 

residence time of ions, allowing for more time for the ions to diffuse into walls and be 

neutralized, decreasing ion transmission.  This flaw in the PNNL design was not fully 

understood until the above modifications were made; ultimately leading to the design used in 

UNC developed systems (Chapter 4 and 6). 
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Figure 3.6 Image of the assembled modified PNNL designed FAIMS showing the added slots for Peltier 
thermoelectric coolers and the co-linear electrospray ESI plate 

 Cooling of the FAIMS proved problematic as well.  Peltier thermoelectric coolers 

added capacitance to the FAIMS electrodes, exceeding the limitations of the asymmetric 

waveform supply.  To reduce capacitance, alumina spacers where used to move the Peltier 

elements away from the electrodes, which limited the lowest temperature achievable by the 

Peltier elements to ~ 0ºC.  Equal performance was achieved using liquid nitrogen to cool the 

incoming carrier gas, without the affecting the FAIMS high amplitude asymmetric 

waveform.    
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3.4.1  Increased signal intensity in active mode 

Changing from orthogonal ion injection to a co-linear arrangement resulted in a 

doubling of signal intensity (figure 3.7).   The use of a co-linear source also caused an 

increase in peak width.  Both of these effects can be attributed to a lack of desolvation for the 

ions.  While in both systems there is a counter-current gas, which in neither case is heated, in 

orthogonal ion injection, only desolvated ions are able to make the initial 90º turn into the 

FAIMS analytical gap.  In a co-linear ion injection layout, all ions, desolvated or not, reach 

the analytical gap.  Once ions enter the analytical gap, collisions between neutral carrier gas

 

Figure 3.7 CV scans for the +7 charge state of ubiquitin for no cooling with orthogonal ion injection (red solid 
dots) and with device cooled to 0° C with co-linear ion injection (blue open circles). 
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molecules and solvated ion clusters cause the solvated ion clusters to evaporate as they 

traverse the analytical gap.  A subsequent increase in noise, and peak broadening, due to 

solvated clusters changing size and cross section as they travel through the FAIMS device, 

are observed.  These issues can be reduced or eliminated through the use of co-axial 

nebulizing gas for the ESI emitter, or by heating the carrier gas.  However, heating of the 

carrier gas may result in potential structural isomerization.    

3.4.2 Shifts in compensation voltage observed under cold conditions  

A notable shift in figure 3.7 from two peaks of near equal abundance in the case of 

room temperature operation to a more favored peak at reduced temperature is observed.  

While the mathematical relationship between CV and cross sectional area is not fully 

understood, given the same class of ion, charge, and mass, CV roughly corresponds to the 

inverse of ion cross-sectional area.  Higher CVs are necessary to provide more restoring 

force for ions with smaller cross sections because they undergo fewer collisions than larger 

conformations.  If this is true, then the observation of shifts to higher CV intensities 

corresponds to a more compact structure, generally regarded as being more native-like than 

the highly extended structures which are observed in the case of harsh ion source conditions 

or extensive heating in the analyzer.  At the very least, one can draw the conclusion that a 

reduction in the temperature of FAIMS results in changes in the relative proportion of 

structures. Therefore, temperature control (both heating and cooling) may be useful in future 

instruments as a way of controlling ion structure.  These results represent the first sub-

ambient temperature FAIMS spectra to be demonstrated and agrees favorably with previous 

theoretical work
12, 29

. It should be noted that the temperatures reached in these experiments 

never matched the temperatures calculated as being necessary to prevent structural 
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isomerization due to rf heating in FAIMS
29

.   

3.4.3 Is it worth it? 

 Ultimately, every attempted solution to problems observed with this device leads to yet 

another problem.  At some point, the question becomes: is the design worth pursuing?  For 

those in search of a tool to study ion structure, the answer is an unsure maybe.  The PNNL 

device shows the ability to separate multiple conformations for a single mass-to-charge ratio 

of ubiqitin.  In some cases, these results agreed with those observed using IMS, but most 

certainly the conditions in FAIMS are different than those used in IMS and are therefore only 

qualitatively comparable.  Further, currently there is no means to allow structural 

determination from FAIMS separation, which is possible with IMS.  However, FAIMS does 

show promise as a high speed gas phase filtering technique, similar in some ways to an 

atmospheric pressure quadrupole. For use as a fast gas phase separation, the PNNL design is 

badly designed. Lacking gas tight seals and designed for long residence time in order to 

achieve the maximum resolving power, the PNNL design has low ion transmission and scan 

times an order of magnitude longer than the designs discussed in chapter 4 and 6.    

3.5  Summary  

Based on the advantages of simple construction and high resolution, a planar electrode 

FAIMS analyzer design was acquired from the Pacific Northwest National Laboratory.  The 

device was fabricated by the UNC chemistry machine shop, and then operated using the 

power supply detailed in Chapter 2.  Low ion transmission and conformational isomerization 

due to rf heating lead to modifications to the original PNNL design.  Those modifications 

resulted in notable changes in FAIMS spectra and improvements in ion transmission.  

Ultimately, the PNNL design provided validation of design concepts but was a limited design 

in terms of ion transmission.  
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Chapter 4 

Development of a planar FAIMS device for high ion transmission and high resolution 

4.1 Introduction to the problems of planar FAIMS 

As stated in the previous chapter when compared to more mature technology such as 

mass spectrometry few FAIMS designs are published in literature or commercially available.  

The designs that are available
1-12

 present two major problems: 1) Low ion transmission 

during operation in front of a mass analyzer and 2) No ion signal when the FAIMS device is 

attached to an instrument but is not actively filtering ions.  Cylindrical FAIMS analyzers 

have seen more widespread use and commercialization
4, 11-13

 than planar designs because 

they offer higher ion transmission during operation, albeit at a lower resolution than planar 

designs. However, cylindrical FAIMS analyzers still must actively perform a separation in 

order to observe ion signal, requiring removal of the device when not in use. Removal of 

these devices may seem trivial or little more than an irritating use of time; but device 

alignment, tuning of the waveform generators, and damage to delicate electro spray emitters 

all become issues when the source of an instrument is continually being assembled and 

disassembled.  This chapter will focus on the design and development of a FAIMS device 

which solves these two major problems while offering higher resolution than any cylindrical 

FAIMS known to date.   

4.1.1 Poor ion transmission for planar FAIMS 

Ion transmission in planar FAIMS devices is lower than cylindrical FAIMS analyzers 

due to the lack of two dimensional focusing when using parallel plates
10, 14-16

.  Ions entering 
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the analytical gap of the FAIMS begin with an initial spatial distribution from the ion source. 

Once in the device, diffusion and Coulombic repulsion further spread ions out along the 

analytical gap.  Ion losses occur when ions either collide with an electrode or move outside 

of the effective sampling area for the device.  In planar FAIMS devices ions which do not 

enter the analytical gap at the center will not be brought to the center due to the lack of two 

dimensional focusing, and those that enter too close to an electrode will be neutralized if the 

distance traveled during either the high or low field portion of the waveform brings the ion in 

contact with the electrode surface. This creates a reduced effective analytical gap (  ) which 

maybe calculated using equation 4.1. The (  ) is determined by subtracting the distance that 

an ion will travel during one cycle of the waveform from the measured distance between 

                                                (Equation 4.1) 

electrodes ( ).  The distance an ion travels during one portion of the waveform is related to 

the reduced mobility (  )  of the ion, the electric field strength during the high field portion 

of the asymmetric waveform (ED) and the period of the high electric field strength     .  

Calculating the distance traveled during one cycle of the waveform using only          

assumes an ideal square wave, so a correctional form factor (  ) is used to compensate for 

different waveform shapes.  In the case of a bisinusoidal waveform used in the devices 

discussed below,    is equal to 0.234
17

.  Calculations based on a 750 kHz waveform with a 3 

kV DV across a 1 mm gap and an ion of moderate K0 (1.5 cm
2
/(V s)) the distance traveled 

during one cycle of the waveform would be 0.5 mm, reducing   to 0.5 mm.  If the electrode 

gap were to be reduced to 0.3 mm then ion transmission would be significantly reduced 

unless the field is reduced or the frequency of the waveform increased. 
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Another reason for reduced ion transmission in planar devices is that much of the ion 

beam does not overlap with the effective sampling area of the detector.  Early FAIMS 

devices used Faraday cups or electrometers for detection, these detectors could sample the 

entire area of the FAIMS analytical gap
2-4, 18

.  However, when FAIMS is coupled with a mass 

analyzer, a conductance limit must exist to maintain the pressure differential between the first 

vacuum region of the mass analyzer (~10 - 0.1 Torr) and the FAIMS analytical gap (~760 

Torr).  This conductance limit is typically small (< 0.6 mm diameter) and circular in cross 

section.  Cylindrical FAIMS devices focus the ion beam to a circular point at the exit of the 

device
19

.  Planar FAIMS devices produce a rectangular beam of ions at the exit, with only a 

small percentage (< 10%) of the ions distribution overlapping with the standard mass 

analyzer’s circular conductance limit
10, 12

.          

4.1.2 FAIMS must always be active 

While cylindrical geometry FAIMS designs may have an advantage in ion transmission 

when performing separations, neither planar nor cylindrical geometry devices have been 

designed to transmit ions when not performing an active separation. In cylindrical FAIMS 

devices ion transmission increases with dispersion voltage, resulting in highest ion signal 

occurring at the maximum separation conditions
19

.  Similarly, LC/MS and GC/MS analyzers 

have optimal limits of detection when the separation removes interfering analytes which 

would otherwise complicate the mass spectra.  However, with LC/MS and GC/MS systems 

there are typically provisions which allow a user to bypass the chromatography step and 

perform direct infusion into the ion source without disassembling the GC or LC and moving 

it away from the mass analyzer. This option currently does not exist with FAIMS analyzers.  

The FAIMS analog of direct infusion requires removal of the FAIMS device and 
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repositioning of the electro-spray emitter.  FAIMS analyzers are much smaller than 

chromatography systems, and removal of the device may require only a matter of seconds if 

intelligently engineered, but several potential problems arise when the ion source is 

constantly being taken apart and reassembled.  These problems range from minor, such as 

reconnecting FAIMS analyzers incorrectly leading to loss of signal, to moderately expensive, 

such as damage to delicate electrospray emitters or the glass transfer capillary used in the 

source. 

A simple solution which prevents potential mistakes and saves time for users is to 

create a FAIMS device which has 100% ion transmission when not active.  Previous work 

discussed in chapter three provided two key design criteria for high transmission in FAIMS 

devices.  First, a co-linear ion source improves ion transmission, with limited adverse effects 

to analyzer performance. Those adverse effects can be eliminated by ensuring that ions 

entering the analytical gap are desolvated through the use of nebulizing or heated counter 

current gas, both of which are found in commercial mass spectrometer sources.  Second, the 

device must be gas tight to optimize ion transport into the analyzer.     The following chapter 

will focus on the first three generations of planar FAIMS analyzers developed in 

collaboration with Bruker Daltonics.   

4.2 Generation one (G1)  

The first planar FAIMS constructed in the Bruker-UNC collaboration consisted of a 

polyether ether ketone (PEEK) capillary with 20 individual, electrically isolated, electrodes 

vapor deposited in a rectangular inner bore (figure 4.1A).  To deposit these electrodes on the 

interior of the capillary and provide conductive surfaces for the neutralization of ions which 

did not meet the requirements for stable transmission the capillary was split into two halves.  
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After the electrodes where vapor deposited onto the surface the capillary was reassembled 

using an adhesive.  The capillary when assembled had identical physical dimensions to the 

standard glass capillaries used in Bruker electrospray ion sources to transition ions from 

atmospheric pressure to the first vacuum region (~10 mTorr) (figure 4.1B).  The inner bore 

of the capillary was a different shape than standard capillaries (rectangular 0.5 mm X 1 mm 

vs. round 0.6 mm diameter), but the conductance of the two capillaries is similar (within a 

factor of 2), and the first vacuum region does not require additional pumping to maintain 

normal pressure.   

20 individual electrodes where used in an attempt to correct for pressure gradients 

through the capillary.  Because the separation in FAIMS is dependent on the ratio of electric 

field (E) to gas number density (N), changes in pressure will result in changes in the ratio of 

Kh/Kl.  By using electrically isolated electrodes a varying electric field could be applied 

through a fixed voltage dividing network to accommodate any change in N.  Alternatively 

the change in N could be negligible along the capillary in which case the individual elements 

could simply be wired together and act as a set of two parallel electrodes. Interestingly only 

one low pressure FAIMS device has ever been published
20

, and while theoretically 

advantageous, no device has ever been integrated into a sub ambient pressure region of a 

mass analyzer. Given the low N present in transfer capillaries the electric field amplitude 

necessary for in-capillary FAIMS should be 2-3 orders of magnitude lower than at 

atmospheric pressure.  Asymmetric waveform generation is much simplified at such low 

amplitudes (tens of V/mm), and the waveform amplifiers discussed in chapter 2 become 

unnecessary.  However, the advantage of reduced power requirements comes with short ion 
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Figure 4.1 Generation 1 FAIMS with the image on left of one half of the assembly showing individual isolated 

electrodes. The image on the right is a cross section of the assembled capillary including analytical gap 

dimensions A).  Bruker Apollo II ion source showing the position of the Faraday cup used for current 

measurement and the orthogonal orientation of the electrospray transfer capillary B) 
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residence times (< 1 ms) in the capillary and the difficulty of engineering gas tight seams for 

multi-component capillaries. 

4.2.1 Results 

Initial testing of the G1 FAIMS was carried out by measuring current at a Faraday 

cup placed at the capillary exit in the first vacuum region of the electrospray ion source.  

Measured ion current at the Faraday cup for the G1 device was considerably lower (4 pA) 

than the standard glass capillary of identical length (250 pA). Numerous differences existed 

between the standard capillary and the FAIMS capillary and a systematic evaluation of those 

differences showed that the major factors were the presence of electrodes in the capillary, the 

rectangular shape, and the larger cross sectional area of the capillary (figure 4.2).  The ion 

losses observed with rectangular bore shape and 0.5 mm
2
 cross section are also convoluted 

with losses associated with leaks arising from poor sealing in capillaries assembled from two  

 

 

Figure 4.2 Ion current measured for capillaries of differing cross sectional area, cross sectional shape, material 
and length.  Ion current is independent of material, but highly dependent on cross sectional area, and length.  
Correlation between ion current and shape maybe convoluted with leaks due to longitudinal seams.  
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PEEK segments. The 30 cm rectangular bore capillary used to evaluate the effects of 

rectangular vs. circular bore was identical to the FAIMS capillary, but without the 20 gold 

plated electrodes.  No separation was ever acquired with the G1 design, as ion transmission 

was too low to observe any signal.    

4.2.2 G1 lessons learned 

The most important lesson learned from the G1 is a reiteration of the key design rule 

acquired from the PNNL device, that FAIMS devices must be gas tight to achieve high ion 

transmission.  The longitudinal seams bonding the halves together resulted in leaks, causing 

severe ion loss.  A second lesson is that multi-segment designs lead to ion losses due to 

electrically dissimilar materials, which result in unintended intra-capillary electric fields.  Of 

the ions which could be accounted for 62% of the losses occurred at the first electrode.  This 

is believed to be due to ions charging the non-conducting surfaces surrounding the first 

electrode.  As the non-conductive surfaces acquired and stored charge, the potential 

difference between the non-conductive capillary and the electrodes increased until 

electrostatic forces began to drive ions into the electrodes.  Attempts to apply dc potentials up 

to 500 V on the electrodes to prevent ions from being neutralized on these surfaces proved 

unsuccessful and subsequent designs eliminated the segmented electrode design to avoid this 

source of ion loss. 

4.3 Generation two (G2) 

Building on the lessons learned from G1 a second in-capillary planar FAIMS was 

designed which consisted of two planar electrodes in a much larger and more rigid design to 

eliminate leaks.  The G2 capillary was constructed from four components: two stainless steel 

electrodes and two PEEK spacers (figure 4.3).  This assembly had a greater surface area for 
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bonding the components together and used screws to tighten and reinforce the capillary.  The 

result was a capillary of identical length, and conductance to the generation 1 design but with 

significantly increased thickness and weight.  The G2 capillary would not fit in the 

commercial source due to the increased size, and a special adapted version was shipped from 

Bruker with the new capillary (figure 4.3). 

Initial testing showed 75 pA of ion current when tested using the same in source 

faraday cup used to evaluate the generation 1 design.  While low compared to the 250 pA of 

ion current from the conventional glass capillary, the performance of the G2 design was a 

positive result.  FAIMS separations using the G2 design proved to be low resolution but  

 

Figure 4.3 Image on left shows the construction of the G2 capillary using two parallel stainless steel electrodes 
and two PEEK spacers.  Top right is a zoom in image of the rectangular gap measuring 1 mm X 0.5 mm.  The 
bottom right image is the Bruker Apollo II source modified for the G2.  Components in green were redesigned 
to accommodate the larger diameter capillary.    
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successful, and the design served to provide insight into what other factors influenced ion 

transmission through FAIMS devices. 

4.3.1 G2 Results 

With the G2 capillary installed and the planar electrodes grounded, ion transmission 

was measured at 30% of the standard ESI transfer capillary.  Ion current measured in the 

source would spike when the electro spray source was first turned on, and then slowly drop 

until reaching a steady state value of 30%.  Attributing this to charging, the PEEK surfaces 

were coated with carbon black.  The carbon black coating served to provide a means of 

discharge for current striking the PEEK spacers, while maintaining the isolation between 

FAIMS electrodes (40 M  measured impedance between electrodes).  After coating the 

PEEK surfaces ion transmission doubled to 150 pA (60% of standard glass capillary).  Low 

amplitude asymmetric waveforms, generated by a linear amplifier, were applied to the G2 

FAIMS electrodes and CV scans performed.  The results were encouraging, demonstrating 

that the ion signal responded to the application of asymmetric waveforms. Furthermore, ion 

signal could be increased by the addition of a compensation voltage to correct for net drift 

when a dispersion voltage as of > 76 V was applied to the FAIMS electrodes (figure 4.4). 
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Figure 4.4 Plot on left show compensation voltage scans of the peptide YGGFL at three dispersion voltages.  
The waveform displayed on the right is an image of the waveform used in the G2 device 

4.3.2 G2 lessons learned 

With ion losses from leaks largely eliminated, the G2 FAIMS provided two more 

valuable pieces of information.  Planar FAIMS analytical gaps require several times the 

distance between opposed insulating surfaces than between conductive surfaces to reduce the 

effect of charging insulators on ion transmission.  G1 and G2 used an analytical gap width to 

height ratio of 2:1, due to limitations in capillary dimensions required for the mass analyzers 

vacuum system. This aspect ratio proved too low and cut ion transmission by half in the non-

resistively coated G2 device relative to the G2 after coating with carbon black.  A search of 

literature for the dimensions of planar FAIMS devices indicated that the minimum width to 

height aspect ratio for the analytical gap of successful designs was 6:1
2, 7, 10, 21-25

, and all 

designs built at UNC since this work have used a minimum of 10:1.   

4.4 Generation three (G3) 

 The G3 device (figure 4.5) departs from the G1 and G2 designs in that it mounts 

directly to the ion source of the mass analyzer (figure 4.6) but is not built into the ESI 

transfer capillary.  The device consists of an outer housing machined from Macor (a 

machinable ceramic) with stainless steel fixtures to attach the ESI curtain plate to the FAIMS  
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Figure 4.5 Cutaway of G3 device with major components labeled. 

 

Figure 4.6 Photograph on left is the standard Bruker Esquire 3000 electrospray source.  The spray shield nut is 
removed and replaced with the G3 device as pictured on the right. 
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and allow the G3 device to screw into the ESI ion source.  The curtain plate placed on the 

front of the analyzer partitions heated drying gas between countercurrent desolvation gas and 

carrier gas for the FAIMS.  The curtain plate also serves as the counter electrode to the ESI 

emitter.  In the G3 design, the curtain plate is always held at ground while the ESI emitter is 

held at +/- 4 kV. The hemispherical stainless steel FAIMS electrodes are held in a cylindrical 

bore tube made of Vespel, a polymer with excellent electrical properties and high 

temperature stability.  The Vespel tube also serves to couple the electrodes to the ESI transfer 

capillary, seal the assembly together with an o-ring, and provide electrical isolation between 

the electrodes and the capillary.     

The G3 Device is 40 mm in length with an outer diameter of 35 mm.  The electrode 

design is modular, allowing for variation of the analytical gap by simply changing electrode 

sets without further modification.  The G3 assembly can be installed or removed from the 

mass spectrometer in approximately 30 seconds, and requires only two external electrical 

connections. However, removal of the device often is unnecessary because ion transmission 

when the FAIMS electrodes are held at ground is nearly 100% for ions above a minimum 

mass-to-charge ratio.    

4.4.1 Ion transmission in “transparent mode” 

  As discussed previously, high ion transmission when operating in “transparent 

mode” eliminates the need to remove the FAIMS when not in use.  Ion transmission in 

“transparent mode” was evaluated using samples of bovine ubiquitin in a 49.95/49.95/0.1 

percent by volume solution of methanol/water/acetic acid. The G3 was installed on a Bruker 

Esquire 3000 ion trap with the FAIMS electrodes held at ground potential. A comparison of 
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ion signal with the FAIMS attached and with no FAIMS (normal spray conditions) showed 

that ion transmission was < 10% of the normal spray conditions (figure 4.7).  While ion 

transmission was considerably better than the G1 or the PNNL device, it fell far short of 

anticipated results.    

 

Figure 4.7 Mass spectrum on top of bovine ubiquitin under conventional electrospray conditions with no 
FAIMS device attached.  Mass spectrum on bottom is of the same bovine ubiqitin sample with the G3 FAIMS in 
place in passive mode, percent ion transmission numbers are given in red below the charge state of each peak. 

4.4.2 Improved ion transmission 

Other planar designs improved ion transmission by changing the conductance limit 

design from a single circular conductance limit to a line of circular orifices in an attempt to 

sample more of the analytical gap of the FAIMS
10, 21

.  In the G2 design this had not been an 

issue because the conductance limit was the analytical gap.  The conductance limit in the G3 

device is the standard Bruker glass electrospray transfer capillary which measured 0.6 mm in 

diameter and 18 cm in length.  Producing a multi-holed inlet capillary would have been an 

expensive and complex task considering the diameter and length of the holes which would be 
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required to maintain the same conductance as the standard capillary.  Instead a “flared” 

capillary similar to those used in previous work replaced the standard capillary
26

.  The flared 

capillary has identical conductance to the standard capillary, but a wider acceptance area 

created by grinding the face of the capillary into a three dimensional funnel shape (figure 4.8)   

 

Figure 4.8 Top photograph is of a flared glass capillary prior to metal coating showing the three dimensional 
funnel.  Bottom photograph is of the 15°, 30°, 45°, and 60° flared capillaries after metal coating.  

 

Figure 4.9 Increases in percent ion transmission for bovine ubiquitin using conventional electrospray source 
with standard capillary (blue) and 60° capillary (green) installed.  Improvements in ion transmission are 
greatest for ions with high diffusion losses with the standard capillary. 
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After machining, the capillaries are metal coated and installed into the Bruker Esquire 

3000 ion trap mass spectrometer without further modification.  Because diffusion causes ions 

to move away from the center of the FAIMS device and thus the transfer capillary, signal 

improvement (figure 4.9) is a function of the ion mobility and diffusion distance.  Ion signal 

is improved by a factor of 2X for most analytes, with over 10X improvement for ions with 

higher diffusion rates.      

4.4.3 Resolution increases when gap size decreases 

Separation performance (figure 4.9a) achieved with the first set of electrodes installed 

(1 mm analytical gap) was moderate with a resolving power of 12.5 for m/z 622 (Hexakis 

(2,2-difluoroethoxy) Phosphazene (CAS No. 186817-57-2) from the Agilent ESI tune mix.  

This was on par with cylindrical FAIMS analyzer performance.  The ion residence time (tres) 

for the 1 mm device is 5 ms, 1/20
th

 of tres for the PNNL analyzer, so the low resolution 

intuitively made sense.  The end goal of the Bruker-UNC collaboration remained an in-

capillary device, and testing of the G3 with reduced analytical gaps on the order of capillary 

dimensions proceeded.   

When the 1 mm electrode set was exchanged for a 0.5 mm gap resolving power 

improved to 21 for m/z 622.  Reducing the distance between electrodes to 0.5 mm (figure 

4.9b) caused tres to further decrease from 5.0 ms to 2.5 ms, while dispersion voltage had to be 

decreased from the 3 kV used with a 1mm gap to 2.2 kV to prevent arcing between 

electrodes. Ion transmission had no observable change between the 1 mm and 0.5 mm gaps.  

Why then did decreasing every parameter known to be proportional to resolution increase the 

resolving power of the analyzer?   
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Figure 4.10 CV scans of ESI tune mix for the A) 1mm gap G3 B) 0.5 mm gap G3 and C) 0.3 mm gap G3  

While the gap dimension was reduced by a factor of two, the dispersion voltage was 

only reduced by 2/3, actually increasing the electric field strength.  The equation for FAIMS 

resolving power (R) (equation 4.2) indicates that (R) is proportional to the square root of tres 

but to the cube of electric field during the DV portion of the waveform (ED) assuming  all  

  
               

         
 
    

 

                                         Equation 4.2 

other factors such as the waveform factor     , gas number density (N), diffusion parallel to 

the electrodes (      and alpha function for a specific ion (    are held constant. Based on the 

increase in ED achieved by reducing electrode spacing from 1 mm to 0.5 mm, resolving 

power for the m/z 622 peak using the 0.5 mm device should be approximately 39.  However 

tres also decreases by a factor of two with the reduction in gap size, leading to a calculated 
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resolving power of 20 for the m/z 622 peak, which compared favorable to the measured 

resolving power of 21.  

The analytical gap was further reduced to 0.3 mm (figure 4.9c) with a subsequent 

increase in resolution due to yet higher electric fields. The gap has not been further reduced 

as 0.3 mm is small enough to fit in a conventional capillary. Smaller gaps require more 

precise assembly tolerances to assure parallelism (section 6.3.1) and also an increase in 

waveform frequency (Equation 4.1).  Very small gap devices have been built using micro 

fabrication techniques by other groups, with extremely high electric fields (60,000 V/cm), 

but have limited resolution due to extremely short residence times
22

.   

4.4.4 Increased electric fields at smaller gaps 

Increasing field strengths with decreasing gap distance has been observed previously.  

Paschen’s curve describes the relationship (equation 4.3) between gas pressure (P), distance 

between plates (d), and the voltage (V) necessary for discharge between two plates
27

.   The 

curves generated are gas specific and require the input of two coefficients, a and b, for each 

gas. When the pressure and composition of the gas is held constant, as is the case of 

  
     

        
                                               Equation 4.3 

atmospheric pressure FAIMS devices, the absolute voltage which causes discharge decreases, 

but because of the ln(Pd) factor in the denominator the decrease in voltage with distance is 

non-linear. Figure 4.11 is a plot of Pashen’s curve for nitrogen, with lines drawn in to show 

the maximum electric fields with 1 mm and 0.3 mm gaps. 
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Figure 4.11 Paschen’s curve for nitrogen gas (blue trace) and the corresponding electric field strength (red 
trace).  Lines representing the 1 mm (dashed) and 0.3 mm (solid) electrode gaps are inserted to show relative 
scale of the electric fields which can be obtained. 

 A second advantage to decreasing the analytical gap is that the power requirement for 

the waveform generator is further reduced.  Chapter 2 discussed the difficulty of producing 

the high frequency high voltage waveforms used in typical FAIMS devices with gaps of 2-

2.5 mm.  Reducing gap dimensions to 0.3 mm requires only 15 % of the voltage of traditional 

2 mm gaps to generate an identical electric field.  With a 0.3 mm gap the normal operating 

DV is 1400 V which is almost within reach of linear power amplifier waveform generators.  

Improvements in solid state power amplifiers or further reduction in FAIMS analyzer size 

would allow the use of ideal square waves and simplify production and control of FAIMS 

waveforms.     

4.4.5 Simplification of spectra 

 With improvements in ion transmission and resolving power over previous designs 

the G3 FAIMS has the ability to separated complex mixtures and provide improved limits of 
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detection for samples in complex matrixes.  To demonstrate this, a mixture of 1:1 bovine 

ubiquitin and bovine serum albumen (BSA) was prepared in a 49.95/49.95/0.1 percent by 

volume solution of methanol/water/acetic acid.  The sample was ionized using standard 

electrospray source conditions on a Bruker Esquire 3000 ion trap mass spectrometer.  Figure 

4.12a is a spectrum of the mixture with the G3 attached but operated in passive mode.  BSA 

is a 66.4 kDa protein and appears in ESI spectra as a broad range of charge states which can 

appear as one large noisy peak due to insufficient resolution to separate individual peaks.  

Figure 4.12b is a mass spectrum of the same sample with the FAIMS device actively filtering 

ions from BSA while transmitting ubiquitin ions. The majority of ubiqitin peaks fall outside 

the mass envelope of BSA.  However, the +6 ubiquitin peaks at m/z 1428 does not and is 

undetectable in figure 4.12a while clearly visible in 4.12b.   

      More interesting than the ability to observe a peak previously covered by BSA is the 

increase in signal of most charge states of ubiquitin (all but the +7 charge state) when BSA is 

filtered out.  This is due to the limited space charge capacity of ion traps.  By removal of 

unwanted ions the desired signal can be increased.  This is exemplified by figure 4.13, where 

a sample of ubiquitin contains trace amounts of the peptide angiotension I.  In figure 4.13a 

only the charge states of ubiqitin observed in the mass spectrum along with an undetermined 

low mass noise.  In figure 4.13b with the G3 analyzer being used to selectively transmit 

agiotension I no other ions are observed, and the signal intensity for angiotension surpasses 

the ion signal intensity observed for the most abundant of the ubiquitin peaks.   
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Figure 4.12 Mass spectra of BSA/bovine ubiquitin mixture with G3 FAIMS in passive mode A) and actively 
filtering ions corresponding to BSA B).  Signal intensity increases in spectrum B for the ubiquitin ions because 
of reduced space charge in the ion trap. 

 

Figure 4.13 Mass spectra of a) ubiqitin and angiotension I (433 m/z) with G3 attached but in passive mode 
b)mass spectrum of the angiotension I with the G3 active. 
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4.4.6 High speed analysis 

The small gap volume of the G3 FAIMS analyzer results in short tres for ions in the 

analytical gap, which to this point has been discussed only with relation to resolution.  

Maximum FAIMS scan speeds are limited by the transit time for ions through the device.  

Unlike many FAIMS analyzers, the G3 scan speed is limited by the acquisition speed of the 

mass analyzer, in this case show for a 3D ion trap but equally true for faster Q-TOF 

instruments, rather than the FAIMS residence time.  As an example, the calculated tres is 1.5 

ms for the 0.3 mm gap G3.  Ion gate time for the Bruker Esquire 3000 ion trap mass analyzer 

on which the G3 is installed ranges between .1 ms and 200 ms, with a typically ion gating 

event of 5 ms.  Following ion gating, a cool time and mass scan follow adding another 15-20 

ms for a mass scan of 50-2000 Da.  20 ms per CV step scans would not be possible in many 

FAIMS devices, some commercial devices operate at 1/10
th

 that scan speed, requiring the 

mass analyzer to slow down and wait on the FAIMS device .  Figure 4.14 shows a CV scan 

performed at the maximum scan rate of the mass analyzer using no signal average.  To scan 

the entire range of compensation voltages takes 12 seconds.  While far from optimal 

resolution the plot demonstrates the high scan speeds small FAIMS analyzers are capable of 

while maintaining baseline resolution for the majority of the components in the Agilent ESI 
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tune mix.     

 

Figure 4.14 Complete FAIMS chromatogram acquired in 12 seconds. Peaks shapes show some distortion due 
to reduced signal averaging but resolution remains similar to slower scans, and sensitivity is unchanged. 

  

4.5 Summary 

Collaborative efforts between Bruker Daltonics and the Glish lab at UNC resulted in the 

development of three generations of planar FAIMS analyzers.  The G1 design was a failure 

due to the design of the multi-segmented electrodes and poor sealing of the seams along the 

two halves of the capillary.  Lessons learned from G1 lead to a second in-capillary FAIMS 

design the G2 which had significantly improved ion transmission over the G1, but modest 

performance as a FAIMS analyzer. To simplify analyzer design and create a modular design 

which could be used to optimize device geometry the G3 device was designed to mount to 

the source of a commercial mass analyzer.  With several rounds of device improvement the 

G3 proved to be capable of resolving power of over 30, close to 100% ion transmission in the 

passive mode, and scan speeds on the order of most mass analyzers.   
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Chapter 5  

Unconventional Carrier Gas Compositions in Planar FAIMS 

5.1 Carrier gasses in ion mobility 

An ion placed in a uniform electric field (E) has a constant force (F) equal to the 

charge of the ion (q) multiplied by E and will undergo constant acceleration (a) which is 

proportional to the mass-to-charge ratio of the ion (equation 5.1).  In the case where no 

collisions occur only the  

                                                    Equation 5.1 

mass (m), q and E determine the velocity of the ion. By accelerating ions across a fixed 

distance (L) under a fixed E, as is done in a time-of-flight mass analyzer, the mass-to-charge 

ratio for an ion can be determined by measuring the time (t) it takes an ion to travel a fixed 

field free flight distance (d) (equation 5.2).   However, if collisions between ions and neutrals 

occur during the  

  
 

       
                                                   Equation 5.2 

flight, the arrival time of the ion becomes a function of the force imparted by the E, but also 

on the energy lost per collision with neutrals and the number of collisions which occur
1
.  By 

increasing the pressure (to 2-20 Torr) and applying a fixed E (~ 2-20 V/cm) in the drift tube 

the number of collisions which occur increases to the point where the acceleration of the ion 

between collisions is balanced by the velocity lost per collision and the ion moves along the 



102 
 

drift tube at constant velocity (v) (Equation 5.3).   The equilibrium of frictional forces 

between the 

  
 

 
 

 

  
                                                   Equation 5.3 

ion, carrier gas, and the acceleration due to the electric field is referred to as the mobility (K), 

and leads to the separation of ions based on shaped-to-charge ratio in ion mobility 

spectrometry (IMS).     

FAIMS operates at higher pressures (760 Torr), shorter distances (50 mm), and with 

time dependent electric fields, yielding a separation technique that is complementary to 

conventional IMS
2
. While different than IMS, the equilibrium between acceleration under an 

electric field, and energy lost through collisions with a neutral gas is still the physical means 

underlying separation of ions of different shape and charge in the low field portion of the 

asymmetric waveform
3
.  A major difference between FAIMS and IMS is that FAIMS 

asymmetric waveforms also include a high field portion in which the force due to the electric 

field and the friction force due to collisions are not in equilibrium. Under high E/N 

conditions, the energy associated with collisions between ions and neutrals results in an 

increase in the ion internal energy, and a field dependent change in K.  Because of this, the 

interaction between carrier gas and ions in both low and high field collisions has large effects 

on performance, in terms of sensitivity, resolution and peak capacity in FAIMS separations.  

Unfortunately, FAIMS performance as a function of gas composition is not well understood
1, 

4-7
.  This chapter focuses on the use of alternative carrier gas compositions in the G3 FAIMS 

device as a means of improving performance.  
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5.1.1 Characteristics of gases in low field mobility 
The interaction between an ion and a gas molecule is largely governed by the relative 

mass of collision partners, and the polarizability of the gas molecule.  Increasing the mass of 

the neutral collision gas relative to the mass of the ion will result in a decrease in an ion’s 

mobility.  As the mass of the carrier gas increases the collision cross section for the gas 

typically increases as well. An ion traveling through two gases at identical pressure but 

differing collision cross sections will travel slower through the larger collision cross section 

gas because collisions are more likely to occur.  A second reason that higher molecular mass 

collision gases tend to result in lower ion mobility is because according to the laws of 

momentum conservation (equation 5.4) the center of mass collision energy, or the maximum 

amount of kinetic energy which can be converted to internal energy from a collision between 

ion and neutral gas, (Ecom) is a function of the laboratory kinetic energy of the ion (Elab), the 

mass of the ion (m1), and mass of the gas (m2).   Increasing m2 results  

     
      

     
                                                     Equation 5.4 

in a larger percentage of Ek being transferred to the collision gas
8
.  Larger Et values result in 

lower ion velocities through the carrier gas as more kinetic energy is lost by the ion during 

collisions with the carrier gas.  

The polarizability of a molecule is a measure of the distortion of the electron cloud by 

an electric field.  As ions travel through a polarizable gas the electron cloud of the gas 

becomes distorted which leads to an increase in the collision cross section of the neutral gas 

molecule, and makes collisions between ion and neutrals “sticky”.  These “sticky” collisions 

lead to an to cluster formation, and decreased acceleration between collisions due to the 
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increased mass of the ion-neutral gas cluster
9
.  Comparison between the mobility of lithium 

ions measured using a polarizable gas such as hydrochloric acid and a non-polar gas of 

similar molecular mass such as argon yield a reduced mobility coefficient (K0) which is 

lower by a factor of 2.5 for hydrochloric acid
10, 11

.  

5.1.2 Carrier gas influence on high electric field mobility 

The ratio of (E) and gas number density (N) at which ions transition from (E/N) 

independent K,  the low field condition, to a K which is dependent on E/N, the high field 

condition, referred to as the E/Ncritical varies with the carrier gas used.  Equation 5.5 although 

not quantitative without knowledge of the correction factor (y) provides some insight into  

(E/Ncritical) as a function of  temperature (T), the Boltzmann’s constant (kB), m1, m2, the 

collision  

 
         

      
 

 
 

    

         
                              Equation 5.5 

integral ( ) and q for an ion
1
.  At first glance equation 5.5 seems to indicate that by 

increasing the mass of the carrier gas (m2), E/Ncritical would decrease.  This is actually 

opposite of data observed with lithium and cesium ions in noble gases, where E/Ncritical 

always increases with increasing carrier gas mass
12, 13

.  The reason for this is the   term 

which is increasing with m2 faster than the  
  

       
 term is decreasing.  Additionally the 

increase in E/Ncritical as a function of m2 makes intuitive sense, because the difference for K 

under low and high field conditions is largely a function of how much internal energy the ion 

absorbs per collision.  Under low field conditions the ion remains in thermal equilibrium and 

ion velocity remains constant because the energy transferred per collision is sufficient to 
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remove the energy gained between collisions from the electric field. From equation 5.4 it can 

be seen that more energy per collision is transferable with higher mass carrier gases, and thus 

low field behavior will be maintained for higher E/N conditions.  

5.2 Nitrogen with modifiers 

Nitrogen (N2) is the carrier gas predominately used in FAIMS analyzers due to a 

relatively high dielectric breakdown potential, low cost, and availability.  Most mass analyzer 

electrospray ionization (ESI) sources are designed with N2 as a nebulizer and/or drying gas, 

making N2 readily available to use as a FAIMS carrier gas.  However no FAIMS analyzer 

using pure N2 has ever exceeded a resolving power of 45 for any analyte, while resolving 

powers of over 200 have been shown for FAIMS systems using gas blends
6, 14

.  

The introduction of additional gases into the drying gas line of the generation 3 (G3) 

FAIMS device is straight forward.   Dry house N2 is filtered and sent to the Bruker Esquire 

3000 ion trap mass analyzer through a ¼ inch Swagelok connection.  Once N2 is brought into 

the Esquire it is divided into nebulizer gas and counter current drying gas, which are 

electronically metered through software control.  Nebulizer gas is used in the electrospray 

emitter to reduce the size of ESI droplets therefore speeding droplet evaporation and 

improving sensitivity.  Counter current drying gas is heated in the source block, and flows 

out of the ion source to further assist in desolvation of droplets.  With the G3 in place, the 

counter current drying gas also serves as the FAIMS carrier gas.  For addition of gases in 

addition to N2 a ¼ inch Swagelok “tee” fitting was place in the house N2 line after filtering.  

Gases were metered by an MKS model 1179 flow controller, which was software controlled 

through a modified version of the LabView program written for compensation voltage scans.   
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5.3 Nitrogen/argon blends 

Argon (Ar) is heavier, less polarizable, and has a smaller collisional cross section than 

N2.  While almost no work has been published using Ar as a carrier gas in FAIMS, a number 

of papers have used Ar in IMS to improve the separation of compounds which are not 

resolvable using N2
15-17

.  With so little information available prediction of E/Ncriticial for test 

compounds relative to pure N2 is difficult.  With the increased mass of Ar  ion transmission 

might be improved through reduced diffusion in the low field or collisional cooling, similar 

to the use of Ar as a collision gas in ion traps
18, 19

, under high field conditions.  Since 

resolution in IMS is largely unchanged between Ar and N2 there was hope that improved 

sensitivity could be achieved without reducing resolving power
15-17

. 

When blends of up to 60% Ar with 40% N2 where tested with the G3 in passive mode ion 

signal rapidly decreased with greater than 20% Ar added to the carrier gas.  CV scans were 

then performed using a mixture of Hexakis(2,2-Difluoroethoxy)Phosphazene (622 m/z), 

Hexakis(1H, 1H, 3H-tetrafluoropropoxy)Phosphazene (922 m/z), and hexakis(1H, 1H, 5-

Octafluoropentoxy)Phosphazene (1522 m/z) at 20% Ar and 80% N2 carrier gas composition 

(figure 5.1).  Peak CV increases for all compounds by roughy 5% with virtually no loss in 

sensitivity.  However, the minor increase in CV is hardly worth the added complexity or cost 

of  using a blend of AR with N2.   
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Figure 5.1 CV scans with 100% N2 (red squares) and 20% Ar (blue diamonds) for Hexakis(2,2-
Difluoroethoxy)Phosphazene (622 m/z) A) Hexakis(1H, 1H, 3H-tetrafluoropropoxy)Phosphazene (922 m/z) B) 
and hexakis(1H, 1H, 5-Octafluoropentoxy)Phosphazene (1522 m/z) C).  In all cases peak CV voltages show 
slight increases (<5%) with identical ion transmission for all spectra except plot B shows a 7% signal decrease 
in absolute intensity. 

5.4 Nitrogen/carbon dioxide blends 

Another commonly used collision gas in IMS is carbon dioxide (CO2) has a similar 

mass to Ar, a 20% large collision cross section and nearly twice the polarizability of Ar.  CO2 

has been used in FAIMS previously and was shown to improve sensitivity and resolution for 

the ortho, meta, and para isomers of phthalic acid when used in a low percentage blend with 

N2
5
.   Following the failure of Ar to make any noticeable improvement in resolution or ion 

transmission CO2 seemed like a good candidate to improve sensitivity due to its large cross 

section and mass. Initially interest in CO2 as a carrier gas for the G3 was to improve ion 

transmission for low mass-to-charge ions in passive mode, but the addition of any percentage 

of CO2 resulted in decreased signal relative to pure nitrogen for a wide range of +1 ions 

generated by electrospraying a solution of polyethyleneglycol (figure 5.2).   
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Figure 5.2 Ion transmission for +1 ions genereated by electrospray ionization of a mixture of Poly Ethylene 
Glycol polymers with average molecular mass 600 (PEG 600). Pure N2 (blue dots) provides the highest ion 
transmikssion in passive mode while mixtures of N2 and 20% CO2 (green squares), 45% CO2 (orange triangels) 
and 59% CO2 (red astriscks) show decreased signal relative to the standard ESI source (without the G3 
attached).  

 While in passive mode the addition of CO2 only reduce ion transmission, in active 

mode CO2 can increase either the CV at which an ion transmits when used in small 

percentages with N2 or improve transmission for ions at reduced CV by increasing the 

concentration of CO2 relative to N2 (figure 5.3).  By using a gas blend of 20% CO2 and 80% 

N2 the CV values for the mixture of Hexakis(2,2-Difluoroethoxy)Phosphazene (622 m/z), 

Hexakis(1H, 1H, 3H-tetrafluoropropoxy)Phosphazene (922 m/z), and hexakis(1H, 1H, 5-

Octafluoropentoxy)Phosphazene (1522 m/z) all increased, with the largest increase for higher 

mass ions.  Further increases in CO2 concentration in the carrier gas caused a shift towards 

lower CV values for all the ions in the test mixture and increases in ion signal for the low 

mass-to-charge component.  While the mechanism for these changes due to gas composition 

are still not understood it seems that the changes are largely dependent on the relative mass 
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Figure 5.3 CV scan plots of A) Hexakis(2,2-Difluoroethoxy)Phosphazene (622 m/z) B) Hexakis(1H, 1H, 3H-
tetrafluoropropoxy)Phosphazene (922 m/z) and C) hexakis(1H, 1H, 5-Octafluoropentoxy)Phosphazene (1522 
m/z) in 100% N2 (black circles), 80% N2 20% CO2 (blue squares), 66% N2 33% CO2 (light green triangles), 58% N2 
42% CO2 (dark green diamonds), and 50 % N2 50% CO2 (red astricsk). 
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 of the ion and neutral gas with the largest effect seen for low mass-to-charge ions.   

5.5 Helium 

Helium has the lowest mass and is the least polarizable of carrier gases employed in 

FAIMS separations.  Clustering of helium with ions is highly unlikely at the temperatures 

typically employed in FAIMS separations and measured low field mobilities using He are a 

factor of four to five greater than mobilities under identical conditions using N2
9
.  The use of 

helium in concentrations between 30-75% has been shown to cause large shifts in 

compensation voltage relative to nitrogen and provides a substantial increase in resolving 

power, the highest measured resolving power for FAIMS was achieved using a 75% 

helium/nitrogen mix in a planar FAIMS analyzer
6, 14

.   

Unfortunately, the use of He in FAIMS analyzers is limited due to instrumental factors 

such as the reduced dielectric strength of He and decreased pumping speed of turbomolecular 

pumps.  High concentrations of He also lead to an overall loss in sensitivity due to increased 

diffusion in the FAIMS device.  The experiments discussed in the following sections are 

intended to determine the maximum useful percent blend of He/N2 for the G3 device, and 

provide methods of improving separation performance while limiting the ion loss associated 

with high He concentrations.     

5.5.1 Instrumental limitations 

The maximum potential which can be applied between two parallel plates is a 

function of the pressure and distance between the plates, as well as the composition of the 

gas which separates the electrodes (section 4.4.4).  Helium has a high ionization potential 

relative to other carrier gases (24.6 eV for He vs. 14.5 eV for N2), which may lead one to 

believe that He would be able to withstand higher potentials without dielectric breakdown.  
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This is not the case because He lacks any modes of vibrational relaxation and can only 

release internal energy through electronic transitions.  A plot of Paschen’s curve
20

 for N2 and 

He (figure 5.4) indicates that the G3 device with a 100% He carrier gas would be limited to  

 

Figure 5.4 Breakdown potentials calculated using equation 4.3 for 100% nitrogen (blue circles) and 100% 
helium (red Xs) with dashed line drawn in for Pd of the G3 FAIMS device.  The maximum calculated voltage 
which can be applied between the electrodes in 100% nitrogen and helium is 1800 V and 200 V respectively.  
This matches reasonable well to the observed maximum DV with pure N2 of 1900-2000 V, as the analytical gap 
is slightly larger than 0.3 mm.   

 11 % of the maximum dispersion voltage achievable with N2. However, in practice blends of 

helium and nitrogen typically do not exceed 70 % He, which limits dispersion voltage to 80% 

of the maximum for pure N2 with arcing occurring at 1600 V for the G3 device. For the small 

gap size of the G3 the standard operating conditions are typically 25% below the dielectric 

breakdown threshold for nitrogen, which provides a reasonable compromise between 
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sensitivity and resolution because of the high electric field strength over a small gap (section 

4.4.3).  However, this is not true for planar and cylindrical FAIMS devices with larger 

analytical gaps, which often operate within 10% of their maximum dispersion voltage, and 

must be operated at reduced DV when using carrier gases exceeding 50% He.  

Another problem which is universal for all FAIMS devices is that coupling of FAIMS 

with mass spectrometry relies on the vacuum system of the mass analyzer to pull gas through 

the FAIMS device.  With N2 used in FAIMS this arrangement works well because the source 

conductance limits are designed for N2 from nebulizing gas and drying gas and the vacuum 

system is sized to maintain optimal pressures in the mass analyzer.  Unfortunately He is not 

efficiently pumped by most turbomolecular pumps due to the high velocity of helium atoms 

which can decrease the effective pumping speed of the source region by up to 50%
21

.  High 

percentages of helium in the carrier gas for FAIMS can exceed the pumping limits of the first 

vacuum region leading to a runaway process in which the pressure increases until vacuum 

system failure.  The pumping speed of turbomolecular pumps is also dependent on the 

pressure of the gas being pumped, with optimal pressure for most turbomolecular pumps 

being below 10
-2

 Torr.  As source pressure increases and pumping speed decreases one of 

two things will happen, either the electrical load of the turbomolecular pump will exceed 

manufactures recommendation or the pumps rotational speed will decrease below the 

minimum set point.  In either event the turbo controller will shut down power to the pump, 

venting the mass analyzer.  The maximum flow of He a vacuum system can pump varies 

from vacuum system to vacuum system being dependent on the conductance limits between 

vacuum regions, the specific turbomolecular pump used, and the pumping provided by 

backing pumps.  In the case of the Bruker Esquire 3000, using an Edwards EXT255HI 
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turbomolecular pump backed by an Edwards e2m18 mechanical rough pump, the flow of 

helium into the system should not exceed 3.5 l/min, equal to 70% of the carrier gas 

composition.        

5.5.2 Loss of signal due to increased diffusion 

The diffusion coefficient (D) for an ion is a function of the gas it diffuses through 

because of the ion’s mobility (K) in equation 5.6.  K for ions in He is typically a factor of >3  

   
   

 
                                                 Equation 5.6 

larger than in N2 resulting in higher diffusion in gas mixtures containing He, while the 

temperature (T) charge (q) and Boltzmann’s constant are unchanged between carrier gases.   

 

Figure 5.5 Ion transmission for singly charged PEG 600 ions in the G3 in pure N2 (blue dots), and blends of N2 
with 29% He (green squares), 44% He (orange triangles), and 60% He (red asterisk).  Ion loss due to diffusion 
increases for all ions due to increased mobility in He. 

Because mobility is proportional to mass, diffusion losses are greatest for low mass-to-charge 

ratio ions (figure 5.5 and covered in more depth in chapter 6).  The result of diffusion in 

FAIMS is that low mass-to-charge ions are preferentially eliminated (table 5.1).    
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Table 5.1 Ion signal relative to 100% N2 carrier gas for +1 charge state PEG 600 ions 

m/z 100% N2 0% He 71% N2 29% He 66% N2 44% He 40% N2 60% He 

261 100% 51% 28% 21% 

349 100% 58% 45% 24% 

437 100% 60% 51% 28% 

525 100% 65% 59% 32% 

613 100% 66% 59% 35% 

701 100% 67% 61% 38% 

789 100% 87% 82% 43% 

5.5.3 Increased resolving power 

High He composition carrier gases adversely affect the sensitivity for low mass-to-

charge ratio ions because of a proportionally large change in low field mobility leading to 

increased losses through diffusion.  Resolving power follows the same trend as ion 

transmission with the compensation voltage (figure 5.6) for lower mass-to-charge ions 

increasing faster than for heavier ions.  However, the loss of ions due to diffusion results in 

no signal being observed for the lowest mass-to-charge ratio ion tested (Hexakis (2,2-

Difluoroethoxy) Phosphazene (622 m/z)) at gas mixtures with greater than 40% He.  Current 

methods which use a fixed ratio gas blend across the entire CV scan range are limited to 

either analyzing high mass-to-charge ratio analytes, or limiting gains in resolving power by 

using gas blends which are optimized for the lowest mass-to-charge analyte of interest.  

Development of a scan method which links CV and carrier gas composition is necessary to 

maximize separation performance for complex mixtures as discussed in the following 

section. 
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Figure 5.6 CV scan plot of A) Hexakis(2,2-Difluoroethoxy)Phosphazene (622 m/z) B) Hexakis(1H, 1H, 3H-
tetrafluoropropoxy)Phosphazene (922 m/z)  and C) hexakis(1H, 1H, 5-Octafluoropentoxy)Phosphazene (1522 
m/z) in 100% N2 (black circles), 80% N2 20% He (blue squares), 60% N2 40% He (green triangles), and 40 % N2 
60% He (red astricsk) not shown in figure A) because of the total loss of signal due to diffusion related losses. 
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5.5.4 The future of helium in FAIMS 

In cases where the maximum possible separation of a wide range of mass-to-charge 

ratios is desired it may be advantageous to link scans of CV with He concentration to 

improve resolution for high mass-to-charge ions without adversely affecting detection of 

lower mass-to-charge ratio ions.  At this time the software and hardware necessary to 

perform these scans is in development, but based on the data presented in section 5.5.3 it 

appears possible to improve ion transmission for low mass-to-charge ratio ions while 

maintaining maximum resolving power for high mass-to-charge ratio ions, with the 

additional advantage of being able to choose where to place peaks in the CV spectrum.   

Theoretically it is possible to choose where a peak falls in a CV spectrum by varying gas 

composition.  If gas composition can be varied rapidly peak position can be controlled by 

varying both gas composition and compensation voltage (Figure 5.7).  By increasing the 

helium composition to 60% during the CV range immediately after the 1522 m/z peak, the 

922 m/z component is not transmitted.  When the CV value reaches 10 V the percentage of 

He can be reduced to 40% again to transmit the 622 m/z ion which is not observed above 

40% He blend.  After the elution of the 622 m/z ion the He content can again be increased to 

60% in order to transmit the 922 m/z peak at maximum resolving power.  Performing scans 

in this manner should allow for optimization of resolving power for each component, 

reduction in peak overlap, and an increase in the analytically useful CV range which 

increases peak capacity.  However to be a viable option the gas composition must be able to 

be changed rapidly, on the same order as the CV, and requires modification from the current 

gas controller configuration to minimize the volume of gas between flow controller and 

FAIMS device.   
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Figure 5.7 CV scan using fixed 40% He blend A) with a plot showing the He composition (red line) and CV (blue 
line) vs. time B). Plot C) is a theoretical spectrum produced by varying He concentration between 40 and 60 % 
as shown in plot D). 

5.6 Summary  

Mixtures of Ar, CO2, and He with N2 were evaluated on their ability to improve ion 

transmission in passive mode and to improve resolving power and ion transmission during 

active CV scans.  No mixture of gases resulted in improved ion transmission for passive 

mode, while CO2 improved ion transmission in active mode for low mass-to-charge ions but 

at the cost of resolving power.  Increasing the mass of the neutral collision gas relative to N2 

decreased the CV of the ions tested while decreasing the mass of the neutral collision gas 
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leads to increases in CV. Contrary to published results no blend of gases tested allowed 

simultaneous improvements in sensitivity and resolution.  While improvements in resolution 

always coincide with a decrease ion transmission, control of carrier gases composition offers 

alternative scan modes for FAIMS which offer the possibility of reduced peak overlap and 

improved peak capacity with minimal loss in sensitivity. 
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Chapter 6 
Design and Development of an in-source FAIMS analyzer  

6.1.1 Generation 4.0 (G4) goals 

Goals for the G4 were to make a device invisible to users while maintaining the 

resolution and ion transmission achieved with the G3, if not surpassing the G3.  The G4 

should add no length to the transfer capillary, so that all components fit within the ion source 

enclosure.  External dimensions could not be substantially larger than the standard capillary 

and ideally the G4 would retain use of the source door and electrospray emitter positioning, 

making the G4 set up identical to the standard electrospray transfer capillary.  

The G4 would be sealed to the capillary, permanently becoming a single entity with 

the ESI transfer capillary.  The sealing of the G4 to the capillary would need to be gas tight, 

as we had learned in previous designs (chapters 3 and 4). The design should also be rugged 

enough to allow the capillary to be installed and removed from the system for the life of the 

capillary without damaging the G4.  The reduced size of the G4 relative to the G3 would 

require isolation between electrodes and the outer housings to be exceptional to withstand the 

high voltages (over 3000 Vpeak-peak) applied to electrodes.  

6.1.2 G4.0 Design 

Figure 6.1 is a drawing of the first proposed G4.0 design.  In this design the standard 

ESI transfer capillary is cut shorter and then one end is ground to a reduced diameter (figure 

6.1a).  Planar electrodes similar to those used in the G3, are held in a vespel outer housing 

and press fit onto the reduced diameter capillary (figure 6.1b).  A Teflon sleeve between the 
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vespel outer housing and the ground capillary provides the gas tight seal and flush fitting 

counter sunk screws are used to secure and align the electrodes, as well as providing the 

electrical contacts for the asymmetric waveform and compensation voltages(figure 6.1b).  

The planar electrodes are half cylinders like the G3 design but with a small groove machined 

into the rear of the electrode, and the addition of polyamide coating triangles to the rear half 

of the electrodes (figure 6.1a).   

 

Figure 6.1 Mechanical drawings of the G4.0 with labeled components A) and the completed assemble B). 

Preliminary testing of the G4 electrode design was carried out using a G3 analyzer with 

modified electrodes (results discussed in section 6.2.2).  Test of the polyamide tape funnel 
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design revealed poor ion transmission (42% lower when tape was applied to electrodes); no 

separations were attempted with these electrodes.  With the results indicating that polyamide 

 

 

Figure 6.2 Drawing of G4.0 capillary FAIMS device with components labeled A).  The device fits any 
current generation Bruker electrospray ion source, only the G4 capillary and modified curtain plate differ from 
the standard source B).  
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coatings would not be a viable replacement for the 3D funnel used in the G3, the initial G4.0 

designs were modified. The final design of the G4.0 (figure 6.2) includes an additional 

conductive outer housing to prevent charging of the vespel housing, and a metal planar 

funnel between the electrodes and glass transfer capillary.  The metal outer housing also 

serves as counter electrode to the ESI emitter for ion generation. 

In commercial sources the source door is in electrical contact with the vacuum housing 

held at ground potential.  In this configuration the ESI potential (~4000 V) is applied to the 

spray shield and transfer capillary.  With the G4 design, the metal outer housing and 

electrodes of the FAIMS replaced the metalized coating of the transfer capillary.  Prototype 

testing continues to use the UNC built waveform generator discussed in chapter 2, which has 

insufficient electrical isolation to allow the supply to float at the >4000 V dc needed to 

perform electrospray ionization using an ESI emitter held in the door.  At the outset of G4 

design, development of an asymmetric waveform power supply began which included high 

DC isolation between outputs and ground, computer control of waveform amplitude and new 

circuitry to provide low voltage output monitors but construction of this new supply, would 

take weeks due to the extensive design changes. In the intervening time testing of the G4 was 

conducted with the G4 metal outer housing held at ground potential, while 4000 V was 

applied to an electro spray emitter held in a ring stand and positioned as the emitter would be 

with the source door attached.    

6.2 Ion transmission 

High ion transmission in the passive mode remained a priority for the G4 device.  With 

reduced electrode length ion transmission was only expected to increase relative to the G3 

which had shown 100% ion transmission for some ions.  Oddly transmission for the G3 
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sometimes exceed 100% relative to standard ESI conditions for highly charged  ions, while 

for low mass-to-charge ratio ions transmission was reduced to < 10%.  With the development 

of the G4, changes were made which would improve ion transmission independent of mass-

to-charge ratio. To remove factors external to the FAIMS device the G4 was installed on a 

non-trapping mass analyzer and tested with low concentration samples to reduce the effects 

of space charge.  Improvements in the FAIMS design where instituted as well which reduced 

ion losses due to the diffusion of ions within the FAIMS device. 

6.2.1 Low mass-to-charge discrimination 

Ion transmission through a narrow bore is inversely related to the mobility of an ion
1
.  

The mobility of an ion roughly correlates to the mass-to-charge ratio of the ion
2
.  Plots of ion 

transmission with the G3 installed as a percentage of ion signal with the conventional source 

layout such as figure 6.3 have the appearance of a high pass filter.  Ions above a specific 

mass-to-charge ratio have transmission near or at 100% while ions below a specified mass-

to-charge ratio have a negative correlation between mass-to-charge and percent ion 

transmission.  The profile of a transmission vs. mass-to-charge plot is a function of electrode 

length, electrode gap, the distance between electrodes and the ESI transfer capillary (dead 

volume) and residence time (tres) in the device.  Narrower gaps reduce tres but also reduce the 

distance an ion can travel from the center of the analytical gap without being neutralized. 

Reducing electrode length likewise reduces tres, increasing ion transmission for high mobility 

ions, but resolving power will decrease as a function of       as stated by equation 4.2.  The 

optimal means of increasing ion transmission for high mobility ions is to minimize “dead 

volume” in the device.  Dead volume is any volume in the device which does not affect the 

separation of ions, i.e. the volume of the capillary union, and distance from capillary 
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Figure 6.3 Ion transmission plot for G3 FAIMS as a function of mass to charge. Ions below 900 m/z have lower 
ion transmission due to diffusion in the device 

to electrodes.  Careful design of these components, and ultimately integration of the device 

into the capillary, result in improvement of transmission of low mass-to-charge ions as is 

discussed in section 6.2.2.  

6.2.2 Improved capillary union 

Flared capillaries had been used in the G3 design, but mass biasing had been observed 

and attributed to the dead volume resulting from the three dimensional flare (section 6.2.1).  

The initial G4 electrodes included polyamide coatings intended to replace the flared capillary 

from the G3, by directing gas flow into the 0.6 mm diameter conductance limit in the glass 

transfer capillary.  To gain the improved ion transmission of the 3D flare, without the mass 

biasing induced by the dead volume in the capillary union, use of a two dimensional planar 

flare was proposed.  A two dimensional planar flare would allow effective sampling of the 

analytical gap, which eliminated the unused volume of the flare which was shielded by the 

electrodes (figure 6.4). 



127 
 

 

Figure 6.4 Cutaway side view drawing of the dead volume (space filled with diagonal lines) introduced by 3D 
flared capillaries.  Dead volume in flare decreases gas velocity in the flare increasing tres for all ions.  Low mass-
to-charge ratio ions are preferentially lost due to higher rates of diffusion causing ions to contact the 
metalized surface of the transfer capillary.  

 Integrating the flare into the FAIMS electrodes would be the ideal way to eliminate 

dead volume, but the flare would have to be designed so as not to limit resolution. The 

proposed planar flare was constructed using a G3 device and polyamide tap applied to the 

rear of the electrodes (figure 6.5a).  Polyamide tap is an insulator with a high dielectric 

breakdown threshold of 12 kV/mm.  An insulator of dielectric strength surpassing air was 

necessary to assure that the flare did not reduce the DV applied to the electrodes.  As can be 

observed in figure 6.5b the introduction of polyamide tap to create a two dimensional funnel 

caused ion transmission to decrease by an average of 42% relative to the unmodified 

electrodes. In hind sight this should have been predicted, the G2 had already showed that 

non-conductive materials cannot be used near the ion beams path. The polyamide tape flare 

caused the gap dimensions to decrease to an aspect ratio of 6:1 at the exit.  The failure of this 

design provided a reinforcement of the previously decided upon minimum aspect ratio of > 
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6:1 (Chapter 4).  Due to this result the design for the G4 was revaluated.  

 

Figure 6.5 Photograph of G3 electrodes modified with polyamide tape funnel A) and a plot of percent ion 
transmission vs. mass to charge for the unmodified electrodes (red circles) and electrodes with tape funnel 
(blued triangles) B).  While both data sets demonstrate the same trend of increasing transmission with higher 
mass the blue triangles are shifted to lower transmission by almost a factor of 2.   

The G4 device went back to the drawing board in search of another solution to 

improved ion transmission while reducing mass discrimination.  The dead volume of the 3D 

flare could be eliminated by filling in the flare above and below where the FAIMS electrodes 

blocked ions from entering the 3D flare, without reducing transmission.  Filling in this dead 

volume produces a flared slot, which transitioned from a rectangular slot 0.3 mm X 6 mm to 

a circular outlet measuring 0.6 mm in diameter.  To assure optimal ion transmission the 

planar flare must be conducting, which requires it to be well isolated from the FAIMS 

electrodes.  Incorporating the planar flare into the G4 required increasing the overall length 

of the FAIMS analyzer section by 10 mm but, also simplified the G4 FAIMS electrode 

design, allowing use of electrodes similar to the G3 but 15 mm shorter.   
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6.2.3 Space charge in trapping instruments 

As the name implies, ion trap analyzers accumulate and store ions prior to mass 

analysis.  The accumulation of ions in a fixed volume is limited to a maximum charge 

density.  When this maximum charge density is reached an equilibrium condition occurs 

where the addition of an ion requires the loss of another trapped ion.  Accumulation of large 

numbers of ions (on the order of 1 X 10
6
 ions per cm

3
) causes loss of resolution in the mass 

spectrum, improper assignment of mass-to-charge ratio, and the preferential storage of low 

mass ions at the cost of high mass ions
3, 4

.  Loss of mass analyzer performance due to high 

charge density is referred to as the “space charge effect” and has been an issue since the first 

trapping mass analyzers were developed
5
.  Modern commercial instruments provide ion 

current controls (ICC) to limit the maximum number of ions which can be accumulated in the 

trap
6
.  However, these ICC only limits the maximum amount of charge in the trap, and does 

not differentiate between unwanted background and analyte ions.   

3D rf ion traps, such as the Bruker Esquire 3000, store ions in a pseudo potential well, 

the depth of which (    can be calculated as a function of ion trap rf drive frequency ( ), the 

internal radius of the trapping volume in the z-coordinate direction (z0), mass of the ion (m1), 

charge of the ion (e) and the stability parameter (qz) for a particular ion. Equation 6.1 is valid 

only for ions of    <0.4 and with no dc applied to  

  
    

    
   

   
  
  

      
 

     
     

  
 
  

                            Equation 6.1 

   
   

     
     

                                           Equation 6.2 

the ring or end cap electrodes of the trap.  The larger the value of    the more tightly ions are 

held in the center of the trapping volume.  An ion’s    is proportional to the charge (e), and 
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zero to peak amplitude of the rf tapping voltage (V), and inversely related to the mass of an 

ion (m),the internal dimensions of the trap (  
     

  , and frequency of the rf trapping 

voltage ( ).    The pseudo potential well reaches a maximum value at a    of 0.8, prior to 

mass ejection at a    of 0.908.  Because of the inverse dependence of    on mass-to-charge, 

low mass-to-charge ratio ions will be stored with the highest density at the center of the ion 

trap, while higher mass-to-charge ratio ions will have larger ion trajectories which spend less 

time near the center of the ion trap.  As charge increases at the center of the ion trap, ions 

outside of the center are forced farther away.  This phenomenon results in a pushing out of, 

and eventual loss of lower qz ratio ions (higher relative mass-to-charge ratio) as an increasing 

number of low relative mass-to-charge ions accumulate in the center of the ion trap
4
.   

One of the results commonly observed on FAIMS equipped ion traps is >100% ion 

transmission for some ions (Figure 6.6).  Because FAIMS preferentially discriminates against  

 

Figure 6.6 plot of percent ion transmission for G3 FAIMS vs. standard transfer capillary showing >100% ion 
transmission for high mass-to-charge ratio ions due to reduction in space charge effects. 
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low mass to charge ions, an increased number of higher mass-to-charge ratio ions are 

trapped, and the overall signal contribution of higher mass-to-charge ratio ions is increased.  

While this is sometimes advantageous, for the purposes of characterizing the ion 

transmission of a new analytical device it poses an issue.  Determining whether observed 

signal is due to the ion transmission through FAIMS, or improvements in trapping conditions 

in the mass analyzer, requires testing of the FAIMS system with a non-trapping beam type 

mass analyzer.  Therefore the G4.0 was installed on a Bruker Micro ToF-Q instrument.  The 

use of an orthogonal quadrupole time of flight analyzer also improved the mass range over 

which the G4 could be evaluated.    

 

6.2.4 Improved transmission 

Elimination of variables in the measurement of ion transmission due to space charge 

and other effects unique to ion traps made the study of G4 ion transmission more 

straightforward.  With the G4 installed in a Q-ToF instrument ion signal intensities for a 

complex mixture of differing charge and mass ions were determined, and then repeated with 

a standard ESI capillary installed.  The percent ion transmission for the G4 with the 2D 

planar funnel union relative to a standard ESI transfer capillary is plotted in figure 6.7.  

Figure 6.7 demonstrates the high pass filter behavior of passive FAIMS.  Ions which diffuse 

rapidly (low mass-to-charge ratio) are preferentially lost, while those below some maximum 

diffusion rate will have no attenuation.  Ideally the roll off point for the high pass filter action 

of the G4 would be below the minimum mass to charge which the mass spectrometer is 

capable of analyzing.  As is, the roll off point (~300 m/z) is well within the range of most 

mass analyzers. 
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Figure 6.7 Percent ion transmission relative to the standard ESI transfer capillary for the G4.0 (blue diamonds) 
and G3.0 (red circles).  Ion transmission for the G4 over the 100-600 m/z range is improved 2X compared to 
the G3. 

   

6.3 Resolution 

Due to the reduced length of the G4 compared to the G3 a decrease in resolution equal 

to approximately a factor of                was expected.  Calculating residence time from   

pumping speed and the volume of the G3 and G4, the resolving power for the G4 would be 

approximately 66% of the G3.  The G3 had shown resolving power of over 30 for several test 

compounds, and by extension the G4 should have been able to achieve a resolving power of 

approximately 20.  Compared to the resolving power of 10-15 typical for cylindrical FAIMS 

devices
7-12

,  a resolving power of 20 seemed an acceptable trade-off for reduced size of the 

G4 device. As with most prototype designs the initial results where discouraging, resolving 

power for the 622 m/z component of Agilent ESI tune mix was 10 (figure 6.8), much lower 

than the initial expectation.   Eventually the importance of careful electrode alignment, never 
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a serious issue in the G3 design, due to the additional length of the electrodes which placed 

screw holes farther apart and aided in alignment, became clear and resolution improved to 

within 66% of the G3.   

6.3.1 Reduced resolution? 

The resolving power of the G4 was evaluated using the Agilent ESI tune mix 

previously used to test the G3 device (figure 4.10).  Updated asymmetric waveform 

electronics were installed to run the G4 which now operated at a frequency of 2.5 MHz, 

while the previous G3 had operated at 1.5 MHz.  The increase in waveform frequency 

increases the calculated effective gap (equation 4.1) by reducing th.  The method of 

generating CV scans had also been modified due to the change in instruments.  Previous CV 

scans had been triggered off the gating of ions into the ion trap. The use of a Q-ToF mass 

 

Figure 6.8 The first CV spectrum acquired by the G4.0. Dispersion voltage for the scan is 1.4 kV, CV scan rate is 
12 V/min.  
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analyzer eliminated the previous trigger source and required the use of a fixed duration clock.  

The first spectra acquired (figure 6.8) shows poor resolving power with a maximum 

resolving power of 10 for 922 m/z.  Attempts to improve the resolution by increasing the 

dispersion voltage meet with disastrous results as discharges within the FAIMS device 

damaged the interior vespel FAIMS holder.  Disassembly and replacement of the vespel 

housing resulted in slightly improved performance. The G4 was disassembled, cleaned, and 

reinstalled to find that resolution was again slightly improved.  Hypothesizing that the 

solution to resolution had been found the G4 was again disassembled and thoroughly 

cleaned.  The device was then reassembled and reinstalled only to find that resolving power 

had decreased back to the level of figure 6.8.   

 It was determined that how the device was reassembled, not the cleaning of the 

electrodes, influenced separation performance.  With every cleaning, gap alignment changed.  

Electrode gap alignment had been assured in the G3 by the long electrodes and the distance 

between screw holes.  With the shorter G4 design locating of the electrodes can only be 

reliably accomplished with the use of a precision gauge inserted into the analytical gap.  

However, using a gauge of 0.3 mm +/- 0.001 mm, gaps vary as much as +/- 3%.   While 

variation in analytical gap across the width of the device should always be minimized, a <5 

% relative error in gap width across the gap has proven acceptable and provides spectra such 

as figure 6.9.   
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Figure 6.9 G4.0 CV spectra after careful alignment of electrodes.  A resolving power of 19.5 matches well to 
the predicted resolution of the G4.  Dispersion voltage is 1.8 kV, CV scan speed is 0.1 V/s. 

6.3.2 Generation 4.1 (G4.1) design 

With an increased understanding of how critical alignment is, and the difficulty of 

aligning the short half cylinder electrodes, design of a G4.1 with improved electrode 

alignment began (figure 6.10).  The device could be assembled using a high precision jig and 

the alignment pins pressed in place.  This design would not allow cleaning or disassembly of 

any kind. While a simple solution, permanent alignment through the use of press fit pins is 

not ideal because the ability to assemble and disassemble the device is necessary in a 

prototype device.  In order to maintain the ability to assemble the G4.1 using screws, while 

improving alignment a new FAIMS outer housing was designed.  The FAIMS electrodes are 

no longer cylindrical, but rectangular.  Rectangular slots cut into ceramic electrode holders 

provide alignment regardless of the torque applied to mounting screws.  The G4.1 also 



136 
 

 

Figure 6.10 side on cutaway drawing of G4.1 with major components labeled.  Dimensionally identical to the 
G4.0, the 4.1 has the addition of a planar funnel dc bias and machined ceramic holders for improved 
alignment of the FAIMS electrodes. 

has improved electrical isolation between the planar funnel and the outer housing.  Isolation 

of the planar funnel allows a potential gradient to be applied along the length of the device, 

which should improve ion transmission for lower mass-to-charge ratio ions.  The components 

for G4.1 are in the process of being machined, and will not ready for installation until late 

October.  

6.4 Applications 

The G4 has been used to analyze a number of samples and demonstrates the ability to 

perform many of the same functions as the G3 such as filtering of complex mixtures to 

reduce spectra complexity and improving limits of detection.  The G4 also is capable of 

separations of isobaric (same mass within the accuracy of the mass spectrometer but different 

composition) and isomeric (same composition differing structure) mixtures.  These 
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applications highlight the complementary nature of FAIMS to mass spectrometry, as a high 

speed gas phase ion separation technique, and a tool for structural selection.  

  Mature technologies such as gas chromatography and liquid chromatography can in 

many cases perform separations of much higher resolution than FAIMS on identical samples.  

However, the G4 device provides three advantages over more mature separation techniques:  

1) The G4 compared to bench top chromatography systems takes up no additional space, 

requires no additional setup, and uses no additional consumables.  The design of the G4 

device has no real cost to the user other than the initial purchase of the device and 

electronics.  2) Separations in the G4 occur on the order of milliseconds and full (from 0 to 

40V CV) high resolution scans are acquired in less than ten minutes. 3) The G4 can produce 

CV scans similar to chromatograms, or isolate a single analyte in a static filtering mode.  

Once the conditions to transmit an analyte of interest have been determined the G4 has the 

ability to operate at 100% duty cycle when selecting for a single analyte. 

 In the following sections data is presented demonstrating the capabilities of the G4 

device.  Work to this point has been focused on optimization of the device design rather than 

the identification of unique applications in which to show the analytical strength of the G4, 

and these spectra are simple test systems. Dynamic range and resolution over a range of 

analytes for the G4 has yet to be fully evaluated, but from the preliminary data presented here 

the G4 should prove a higher performance analyzer than any currently commercially 

available FAIMS analyzer.   

6.4.1 Atmospheric pressure ion filter  

The most common application for FAIMS is high speed atmospheric pressure ion separation 

of complex multi component mixtures
8, 10, 12-15

.  To demonstrate the ability of FAIMS to 
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rapidly separate complex mixtures, and improve the limits of detection for mass analyzers, a 

sample of 1 picomolar brain natriuretic peptide (BNP) in fetal bovine serum was analyzed. 

BNP is a hormone biomarker associated with heart failure.  Concentrations in the human 

blood above 35 picomolar are considered to be a sign of heart failure
16

.   Typically the 

analysis of BNP is carried out using LC-MS, which has detection limits of picomolar levels 

and moderate speed, the instruments performing this analysis are limited to about 50 samples 

per day
17

.  Figure 6.11a shows the CV scan of the sample, the high intensity black solid line 

is the total ion signal, the red line of low intensity which peaks at a compensation voltage of 

4.8 V is an extracted ion chromatogram for BNP+5.  Comparison of the total ion intensity to 

that for BNP shows that 99.6% of the ion signal is of background ions while only 0.4% of ion 

signal is from BNP.  In the absence of the FAIMS the signal for BNP is not observed (figure 

6.11b), due to the elevated background, making BNP undetectable.  With the selection of 

BNP by application of the optimal DV and CV the background signal is decreased to only 

81% of the total spectrum while BNP represents 19% of total ion signal.  The increase is 

BNP signal relative to back ground is even more impressive than the 40X increase in relative 

abundance might first indicate.  Because the background signal is spread across all 

mass-to-charge ratios while the BNP is at one mass-to-charge ratio, the increase relative 

abundance leads to an increase in signal-to-noise ratio on the order of 500X with the G4 

present compared to without FAIMS.  The increase in BNP signal relative to background 

produces the mass spectrum seen in figure 6.11c, demonstrating clear detection of 1 

picomolar BNP.  The time required for this analysis, including sample preparation was less 

than 15 minutes.  
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Figure 6.11 CV spectra for mixture of 1 picomolar BNP in fetal bovine serum sample at a DV of 1.09 kV A) 
Spectra of sample acquired using the standard ESI capillary with arrow marking the position of the +5 peak of 
BNP B) and a mass spectra taken at optimal CV for BNP C).  

6.4.2 Separation of isobars 

Isobars are compounds which have nominally identical mass but different 

composition.  In some cases isobaric peaks can be separated with high resolving power mass 

analyzers but such high resolution instruments are expensive to own and operate
18

. 

Alternatively isobars can be detected in tandem mass spectrometry experiments due to 

unique fragmentation patterns for each isobar
19, 20

,  however this requires instruments which 

are capable of tandem mass analysis.   FAIMS has the ability to separate isobars prior to 

mass analysis, allowing analysis of isobaric mixtures by low resolution instruments.  Figure 

6.12 shows a series of CV scans for the compounds mianserine (264.365 m/z) (figure 6.12a) 

tetracain (264.363 m/z) (figure 6.12b) and a mixture of the two compounds of approximately 

equal concentration (figure 6.12c&d).  Although the two compounds are nearly identical in 

mass (Δm = 0.002 da), the center of the peaks differ in the G4 CV scan by three volts. In the 

case of the G4 a relatively modest resolving power of 10 is adequate to separate these two 
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peaks.  In comparison to separate the peak of these two isobars in a single stage mass 

analyzer would require a resolving power of over 100,000.   

 

Figure 6.12 CV scans of a 2µM solution of mianserine A) 2µM tetracain B) and a mixture of 2µM mianserine 
and tetracain C&D.  Plot C contains the CV scan of the mixture, while D contains the mixture with CV scans of 
the pure compounds overlaid for comparison.  Separations where carried out at 1.8 kV DV, with 0.1 V/s scan 
rate.  

6.4.3 Separation of protein conformations 

Protein conformations have traditionally been analyzed through nuclear magnetic 

resonance
21-24

 and x-ray crystallography
25

.  However the speed and sensitivity of mass 

analysis has provided strong motivation to develop means of studying protein conformations 

in the gas phase
26

.  Unfortunately the ability of mass spectrometers to isolate and interpret 

three dimensional structure is limited.  Ion mobility spectrometry (IMS)
27, 28

, and FAIMS
9
 

have provided tools for the isolation of structure prior to mass analysis.     
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The performance of the G4 in separation of protein conformations was evaluated by 

separation of the conformations for the +13, +12, and +11 charge states of bovine ubiquitin 

figure 6.13.  Previous studies using IMS
29-34

, H/D exchange
35

, and FAIMS
36-38

 have focused  

Figure 6.13 CV spectra for the +11 (780 m/z), +12 (715 m/z), +13 (660 m/z) charge state of ubiquitin.  Of 
interest is the overlap of the maxima are for the +13 peak, with the lower CV component of the +12 and +11 
indicating structural similarity, an observation supported by H/D exchange experiments

35
.    

on the elongated structures for these higher charge states due to the presence of multiple 

conformations for each charge state.  Analysis of the +11 through +13 charge states of 

bovine ubiquitin are in excellent agreement with H/D exchange data
35

.  In both cases two 

structures are clearly present for the +11 and +12 charge state.  Also matching is that as 

charge state increases from +11 deuterium incorporation decreases, implying a structure 

which is less open.  Similarly in the CV scans shown increasing charge states decrease in 
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CV, an atypical trait for proteins of increasing charge.  These results indicate that the G4 can 

be used as a tool for the separation of protein conformations prior to further structural 

investigation. 

6.5 Summary 

The G4.0 device is the first successful in capillary FAIMS device constructed to date.  

The G4.0 device is capable of 100% ion transmission for ions above 300 m/z due to reduced 

length and an improved planar flare between the FAIMS electrodes and ESI transfer 

capillary.  Resolving power of ~20 is achievable with the G4 device, with CV scan rates on 

the order of 0.1 V/s.  The G4.0 device has shown value in improving limits of detection 

through eliminating background noise, the separation of isobaric compounds, and the 

separation of conformations for gas phase protein ions.  Future development of the G4.0 is 

aimed at further reductions in dead volume to improve the useful mass range of the device, 

and to improve resolution through improved control of electrode alignment.  
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Chapter 7 

Summary and Future Directions 

7.1 General Summary  

 The previous chapters have described the development of a complete high field 

asymmetric ion mobility system from design and construction of the power supply used to 

produce high amplitude asymmetric waveforms (Chapter 2) to the latest planar FAIMS 

device which can be installed on any mass analyzer using an ion transfer capillary (Chapter 

6).  Results from the third generation (G3) (Chapter 4) FAIMS device show performance 

equal to or exceeding any FAIMS device published to date when operating with a 100% 

nitrogen carrier gas composition.  Results presented in Chapter 6 show potential 

applications for the fourth generation (G4) FAIMS device, including improving limits of 

detection for ions in complex matrixes, and the separation of isobaric and isomeric 

compounds.  This chapter is intended to summarize the results from each of the preceding 

chapters and suggest directions for future work.  

7.2 FAIMS waveform generators 

A power supply was designed and developed in the UNC Department of Chemistry 

for the production of high amplitude asymmetric waveforms through the sum of sinusoidal 

waves (Chapter 2).   This power supply differs from all other asymmetric waveform 

supplies currently used with FAIMS due to the use of two separate tunable LC resonant 

circuits to produce sinusoidal waves, which can then be summed across the analytical gap of 

a FAIMS device to produce the desired asymmetric waveform.  There are several advantages 
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to this design, such as the capability to produce  high amplitude asymmetric waveforms 

(dispersion voltage may exceed 8 kV as compared to the 5 kV max for most other designs), 

increased flexibility via the ability to tune the LC resonant circuits independently, low power 

consumption, and low cost of construction.  The UNC-developed waveform supply has 

shown < 2% RSD drift over days of operations without retuning.  It has also proven to be 

versatile enough to power four different FAIMS analyzer designs over a range of frequencies 

from 750 kHz to 2.5 MHz.  All FAIMS separations presented in this dissertation have been 

achieved using this asymmetric waveform power supply design.    

Work continues on the development of these power supplies through the 

collaboration between the Glish lab and Bruker Daltonics.  New versions of the high 

amplitude asymmetric waveform power supply incorporate computer controlled amplitude 

and phase, the combination of electrospray ionization potential with the asymmetric 

waveform, and modifications to allow low voltage waveform monitoring.  The result is a 

more user-friendly supply that retains the major features of the original design.   Future 

development of this supply will need to focus on built in auto tune and feedback control of 

the waveform, as the current design requires some knowledge of how to build the 

asymmetric waveform from properly scaled and phased sinusoidal waves.   

7.3 Modifications to conventional planar FAIMS devices and the use of carrier gas blends 

Chapter 3 focused on the use of the UNC-developed high amplitude asymmetric 

waveform generator to power a FAIMS analyzer designed by the Pacific Northwest National 

Labs (PNNL). The PNNL-designed FAIMS device demonstrated the ability to separate 

conformations of proteins in single charge states, but proved to lack sensitivity and was 

frustrating to use due to an inability to transmit ions in a “passive mode”.  Modifications to 



148 
 

the PNNL device to improve ion transmission resulted in a 2X improvement in ion signal.  

Further attempts to improve resolution by cooling the PNNL FAIMS device proved more 

difficult, and the lowest temperature achieved was 0 °C.  Reducing the temperature in the 

PNNL FAIMS device by 20°C led to a shift in the population of conformations present in the 

+6 charge state of ubiquitin, favoring ion structures which transmitted at higher 

compensation voltage.  However, overall resolution did not improve, and temperatures will 

need to be significantly reduced to shift the entire population of ions in the +6 charge state to 

a single ion structure. 

In addition to cooling FAIMS devices, the compensation voltage at which an ion is 

transmitted at may be changed through the use of different carrier gas compositions.  The use 

of argon, carbon dioxide, and helium in various mixtures with nitrogen was investigated in 

using the G3 analyzer in Chapter 5. Argon and carbon dioxide showed only slight increases 

in compensation voltage when used in low percentage blends. Addition of helium lead to 

increases in compensation voltage and corresponding improvement in resolving power for 

the compounds tested in all blends evaluated. However, high percentage blends of helium 

with nitrogen result in increased diffusion losses for low mass-to-charge ratio ions.  To 

maximize sensitivity and resolution a method of scanning gas composition in conjunction 

with compensation voltage is proposed.  This would not only reduce ion losses for low 

mass-to-charge ratio ions, but also allow improved use of the compensation voltage range, 

and provide enhanced resolving power. 

7.4 Development of planar FAIMS devices for high ion transmission, resolution, and speed 

Four generations of planar FAIMS devices were designed and developed through the 

collaboration between the Glish Lab and Bruker Daltonics.  While the first two generations, 
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designed to replace the electrospray transfer capillary, proved unsuccessful the G3 (Chapter 

4) and G4 (Chapter 6) have shown the ability to perform a number of applications with ion 

transmission, resolution, and speed of analysis matching or exceeding all commercially 

available FAIMS designs.  Most FAIMS analyzers designs to date have sought to increase 

resolution at the cost of analysis speed.  Increasing residence time of ions in the FAIMS 

device also increases losses due to diffusion.  In contrast the G3 and G4 designs have 

improved resolution through the use of reduced analytical gap dimensions (0.3 mm for both 

the G3 and G4) which allow increased  electric fields relative to larger devices due to 

Paschen’s Law (Chapter 4). Higher electric fields provide a means of improving resolving 

power, while decreasing residence time, analysis speed, and ion losses due to diffusion.    

FAIMS designs continue to evolve.  Generation 4.1 (G4.1 Chapter 6) will include 

the ability to create low amplitude axial electric fields to change the residence time of ions in 

the FAIMS device.  Future electrodes may be made of resistive material to allow potential 

gradients along the length or width of the analytical gap to improve ion focusing.   In 

addition the analysis speed of the current generation will be retained, allowing for future 

applications in which FAIMS devices are placed between chromatography and mass 

spectrometry to provide an added dimension of separation.   

7.5 Future direction 

 This dissertation has focused on the development of FAIMS instrumentation for high-

speed gas phase separations and the study of biological molecular ion structure.  A few 

simple examples demonstrate the usefulness of FAIMS-based ion selection coupled to mass 

spectrometry, but the work described here only begins to demonstrate the versatility and 

unique capabilities of this technique.  Further, an interesting challenge is to develop 
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experiments that can improve the understanding of the fundamentals of FAIMS, as there is a 

lack of theoretical tools that model and predict ion behavior in FAIMS systems.  Hopefully 

the instruments developed during the course of this work will prove useful tools in the future 

research of the Glish Lab. 

        

 



 

 

 

Appendix 

 

In this section I will just paste the front panel to the CV scan VI, provide the schematics for 

triggering the CV scan, and include the mechanical drawings for FAIMS analyzers.   

 

 

 

 

 

 

 

This is the front panel of the CV scan software.  Start value is the initial CV value, end is the last 

CV, number of spec per step is the number of scans you average in the Esquire acquisition 

software.  Add reverse scan scans the CV back to the start value after reaching the end value. 



152 
 

 

 

 

CV Trigger Interface for Esquire 3000  
 

 

 

 

Desciption: Pin 26 is connected to an open collector.  

  The states can only be: ground or open. 

  To get a TTL signal a pull-up resistor is needed (1000 ohms) 

The trigger out goes to the NI 6211 card and serves as the trigger for changes in CV to control the 

timing of this trigger.  

Auxilliary Interface 

1000 ohms 

Pin 26 (signal out) 

Pin 28 (+5 volts) 

Trigger out 
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Conductance limit apertures for PNNL FAIMS 

 

Holder which mounted to mass analyzer source and PNNL FAIMS press fit into, this design lacks any vacuum 
tight seals 
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Rear cover plate for PNNL FAIMS, again no seals 

 

FAIMS electrode on the ion source side of the PNNL analyzer 
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PEEK outer housing for the ESI source side of the PNNL analyzer 

 

PEEK holder for side of PNNL FAIMS opposite the ion source 
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ESI source curtain plate for PNNL FAIMS analyzer 

 

FAIMS Electrode opposite ESI source in PNNL analyzer 
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The PNNL FAIMS assemble prior to modification with collinear ion source or peliter cooling 
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Modification to outer housing of PNNL designed FAIMS to allow installation of Peltier thermoelectric coolers 

 

Colinear ESI curtain plate holder for PNNL FAIMS analyzer 
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Modification to the PNNL FAIMS outer housing on the side which previous held the ESI source, to eliminate 
the source and attempt to improve gas tight sealing 

 

Replacement electrode for the ESI side of the PNNL FAIMS to eliminate the hole previously used for 
orthogonal ion injection 
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Heatsink for transformers used in the UNC high amplitude asymmetric waveform power supply 

 

Transformer mount for the UNC high amplitude asymmetric waveform power supply 

 

Alternative to the multiholed inlet used with the PNNL FAIMS.  This inlet uses a single aperture but has a flare 
to increase the effective sampling area 
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Adaptor to use the G3 device on the FAIMS-QEB instrument 

 

Adaptor to allow the use of the G4 FAIMS on the FAIMS-Q-EB instrument 
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Spacer to allow use of source door on Bruker Esquire 3000 when using the G3 FAIMS 

 

 




