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Field imperfections in the quadrupole ion trap (QIT) arise from the presence of holes in 

endcaps and from truncation of the hyperbolic electrodes. To reduce the nonlinear resonance 

effects, commercial 3-D QITs have a stretched axial configuration, which deviates from the 

theoretical z0 by 11%. Furthermore, the use of buffer gas, which helps trap and cool injected ions 

by reducing ion kinetic energy, focuses the ions into the trap center and away from the field 

imperfections. However, the increase in the distance superimposes higher order fields and 

consequently causes nonlinear resonance effects. Previous simulation studies from our lab have 

shown that microscreening the endcap holes could reduce field imperfections in the vicinity of 

the holes.  

Analysis of perfluorotributylamine (PFTBA) fragment ion m/z 69 without buffer gas and 

with stretched geometry showed that an extra peak at m/z 67 increased in intensity. Reducing the 

z0 stretch to the theoretical value and with microscreened endcaps only reduced the “ghost” peak 

at m/z 67, but did not eliminate it. These combined results demonstrated that the compensation 

for stretching the trap may need to be optimized for use with microscreening methods. Among 

the microscreened endcap experiments without buffer gas, the reduced endcap spacing of 7.34 

mm achieved the best overall performance in terms of reducing the ghost peak at m/z 67, 
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although with some unexpected results. Furthermore, nonlinear resonances, which caused these 

ghost peaks to appear, were identified.  

In addition, the potential for buffer gas pressure tailoring in quadrupole ion trap operation 

was investigated. The use of buffer gas during ion injection has beneficial effects, but in other 

events of the mass scan function, having gas inside the QIT can be disadvantageous. During the 

mass isolation and ejection events, fragile ions can collide with buffer gas molecules, causing 

fragmentation and degrading mass resolution. Currently, commercially available QITs maintain a 

constant buffer gas pressure ( around 1 mTorr) that is a compromise. Here a multi-pulsed valve 

system is developed that delivers buffer gas only at points of the scan where it is needed. Results 

on evaluation of the gas profile output are presented as well as an application for the system. 
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CHAPTER 1 
INTRODUCTION 

Background and Significance 

Overview 

The quadrupole ion trap (QIT) in a commercial mass spectrometer is based on the 

solutions to the Mathieu differential, which analytically calculate the masses. However, QIT 

designs with theoretical configuration have problematic mass shifts, which give rise to errors in 

the mass analysis of specific compounds. The modifications made by Finnigan (i.e., stretching 

the geometry) were effective solutions in correcting for these mass shifts and thus, making the 

QIT a successful mass spectrometer; however, it was a global solution for a local problem of the 

field imperfection contributed by the endcap holes. Previous simulation studies in the Yost 

laboratory have found an alternative solution, microscreening the endcap holes that would help 

preserve the linearity of the quadrupolar field. Hence, the motion of ions trapped in the near ideal 

quadrupolar field would be characterized more closely by the Mathieu equation. One focus of the 

research presented here is to evaluate experimentally microscreening endcap holes. A second 

focus was on tailoring buffer gas pressure within the ion trap using pulsed valves. 

In order to understand the basis of the research presented, it is important to review the 

fundamental concepts as well as the history of the QIT. The next section gives a preparatory 

understanding of ion trapping theory, aimed for the novice reader as well as a review of helpful 

concepts for the adept mass spectrometrist.  

History of the Quadrupole Ion Trap 

The QIT along with the quadrupolar mass filter was developed by Paul and Steinwedel in 

1960 [1].  An illustration of the QIT from this patent is shown in Figure 1-1. They proposed that 

in a purely quadrupolar field, a charged particle or an ion can be stored within the confines of the 
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electrodes as long as its motion is stable. The ion motion in the trap is well known to be 

characterized by applying the Mathieu equation. By manipulating the parameters in the equation, 

one can determine experimental parameters to selectively store ions of interest with certain mass-

to-charge ratio (m/z) by making the trajectories of ions stable in the x, y and z planes or 

alternatively r and z in cylindrical coordinates. The ions that have unstable trajectories will either 

be ejected from the trap or hit the walls of the electrodes.  

After the ion trap was developed, there were only a few people who experimented with the 

concept. Among them were Wuerker [2] who worked on storing charged microparticles, and 

Dawson and Whetten [3,4] who investigated on the use of the quadrupole ion trap to discriminate 

between ions of different m/z ratios. During this era, the main mode of operation was to 

selectively store ions of a single m/z ratio, similar to the operation of the quadrupole mass filter. 

Mather et al. used the ion trap as a chemical ionization source for the sector instruments [5]. 

Lawson and coworkers employed a quadrupole mass filter for mass analysis of ejected ions from 

the trap [6]. Still, the ion trap did not gain popularity until 1984, when Finnigan introduced it 

commercially as an inexpensive mass spectrometer coupled to a gas chromatograph [7].  For 

practical reasons, the trap was truncated to a manageable size and holes were added to the end 

caps for the purpose of getting electrons into the trap for internal electron ionization and getting 

ions out of the trap to a detector. The use of a buffer gas (usually helium) at a relatively higher 

pressure than typical vacuum in mass spectrometry was added to make the trap work because of 

its effect on intensity and mass resolution [8] Instead of selectively storing ions as was its 

predecessors’ mode of operation, this mass spectrometer utilized a mass-selective instability 

scan, which consisted of storing all ions and then ejecting them in sequential order. This was 

done by linearly ramping the amplitude of the RF voltage applied to the ring electrode [7]. 
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Another significant modification to the trap was the stretched geometry of the commercial trap, 

which Finnigan held as a trade secret. It was only divulged to the public in 1992 [9] when several 

groups, particularly Traldi et al. [10] found some anomalies in their experiments, which they 

attributed to nonlinear resonances.   

Over the twenty years since the introduction of the commercial GC/MS ion trap, studies 

involving the QIT have increased in number. Coupled with advancement in ion sources and 

vacuum technology, what started as a novelty instrument for physicists to study ions evolved into 

an analytical tool for various modern applications. The list starts from a detector for gas 

chromatography and eventually liquid chromatography, to being used in more complex 

applications such as peptide sequencing, high-throughput metabolomics and drug discovery 

studies, and even mass spectrometric imaging [11-16].  

A notable development in the QIT field is the introduction of the 2-D linear ion trap (LIT), 

which has a geometry more like the quadrupole mass filter than the traditional 3-D quadrupole 

ion trap geometry [17]. While it offers advantages such as improved sensitivity and MSn 

performance when compared to the 3-D ion trap, the fundamental theory behind ion trapping and 

detection is still based on the 3-D model, and the modifications for manufacturing a practical 2-D 

QIT such as stretched geometry are carried over.  

Quadrupole Ion Trap Mass Spectrometer 

A traditional 3-D ion trap consists of three electrodes, two identical endcap electrodes with 

hyperbolic surfaces, entrance and exit holes in the center of each and a hyperbolic ring electrode 

with a radius, r0, between the two endcaps (Figure 1-2). The distance between the apex of the 

entrance endcap to the exit endcap is 2z0.  A quadrupolar field is created by applying a radio 

frequency (RF) voltage to the ring electrode while the two endcaps are held at ground. This 

generated field can trap entering ions. 
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To be able to describe the motion of an ion confined in a quadrupole ion trap, the Mathieu 

equation (Equation 1-1) is applied. 

0)2cos2(2

2

=−+ uqa
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ud
uu ξ

ξ        (1-1) 

where u = r, z describes the ion position in the radial (r) and axial (z) dimensions. The parameter 

ξ  is a dimensionless parameter equal to Ωt/2, where Ω is frequency and t is time. Solving for the 

trapping parameters au and qu will lead to the following solution equations (1-2) and (1-3): [18]. 
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where e is the charge of an electron (1.602 x 10-19 C), U is the DC potential component, V is the 

amplitude of the RF potential component from 0 to peak and Ω is the angular frequency of the 

applied RF. The r0 refers to the radius of the hyperbolic ring electrode and z0 is the distance from 

the trap center to the endcap. qu is directly proportional to the RF amplitude component (V) and 

au is proportional to the DC component (U). Setting these experimental conditions to appropriate 

values determines whether the trajectories of injected ions are stable for successful trapping. 

Mathieu Stability Diagram 

QIT operation involves the stability (or instability) of the ion trajectory within the field. It 

is assumed that the motion of an ion in a pure quadrupolar field is not coupled between the r and 

z directions. The solution parameters, au and qu, in which the ions are stable in both dimensions, 

can be mapped to produce the well-known Mathieu stability diagram (Figure 1-3). The diagram 

is depicted in az and qz values for simplification purposes, as using equations 1-2 and 1-3, would 

give the equivalent values in the r dimension. The iso-beta lines, βz and βr, are on the stability 
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diagram and are related to the frequency of ion motion in the r and z directions. This new 

stability parameter is a complex function of az and qz, and can be used to delineate the stability 

boundaries at βz = 0 and βz = 1 [18]. The βz = 1 stability boundary intersects with the q axis at qz 

= 0.908. The fundamental secular frequencies are given by ω= ½β Ω. Thus, the ions at the 

stability edges βz  = 0 have ω = 0 (moving in one direction, never turning around) and at βz = 1, 

ω= ½ Ω, half the drive frequency, where the motion is unbounded (increases in amplitude). In 

either case the ions are unstable and leave the trap. Most commercial traps do not apply a DC 

component (U) to the ring electrode thus all the ions fall on the az = 0 line. The position of the 

ions within the stability region is thus moved simply by changing the RF amplitude.  

In the Mathieu stability diagram, trapped ions within the quadrupolar field are arranged 

from the highest to the lowest m/z along the az = 0 line, because the value qz is inversely 

proportional to m/z (equation 1-3). The amplitude of the RF voltage determines the lowest m/z 

that can be held within the ion trap (i.e., the lowest m/z ion will be to the left of the qz = 0.908). 

This corresponds to a low mass cut-off (LMCO), which is expressed in terms of m/z for 

simplicity. The ions with an m/z below the LMCO will not have a stable trajectory and 

consequently be lost. Technically, there is no high mass cut-off but considering equation 1-3, 

high m/z ions will be clustered at low qz values (i.e., close ion space) and the ions will be 

inevitably lost due to space charging or a shallow potential well, which exists at low qz values. 

The parameter qz is useful in relating ion injection and ejection for a particular m/z and 

determining the position of an ion (in terms of qz value) on the stability diagram during a scan 

event. Knowing the LMCO and the qz of ejection, the qz position of any m/z can be determined 

by using equation 1-4. 

2211  qmqm =           (1-4) 
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Equation 1-4 was obtained with the assumptions that the other factors in equation 1-3 were kept 

constant. For example, if the LMCO is m/z 69 and the qz ejection = 0.908, m/z 69 is at qz = 0.908 

and m/z 502 would be at qz = 0.125.  

Buffer Gas 

As mentioned previously, the commercial QIT is operated with buffer gas of ~ 1 mTorr. 

During the development of the QIT as a GC detector, the buffer gas that filled the ion trap was 

carrier gas from the GC column output. Using only one small vacuum pump reduced the price 

and thereby increase the commercial viability of the instrument, but meant that the system would 

operate under higher pressure than typical vacuum conditions for other mass analyzers. 

Serendipitously, the improvement in resolution and signal intensity with the presence of buffer 

gas was significant and since that time, the QIT has been almost always operated in this manner 

[19]. Further details on the effects of buffer gas are provided in Chapter 3.  

Instrumentation 

All of the experiments presented in this dissertation were performed with a custom built 

QIT, which was constructed at the University of Florida. Thus, a detailed account of this 

instrument is included in this chapter. This QIT consisted of a large vacuum manifold that 

allowed for easy modifications for varying experiments. The QIT electronics and electrodes were 

from the commercially available GCQ (ThermoFinnigan, San Jose, CA), which is a GC/MS QIT 

instrument.  

The custom built QIT nicknamed SweetP is constructed with a cast aluminum manifold, 

which is separated into three chambers (Figure 1-4). A glass cover was used as a top for the 

manifold. Each chamber is evacuated with its own turbomolecular pump, making it differentially 

pumped. This vacuum technique allowed the use of a high pressure ion source and prevented it 

from interfering with the performance of the low pressure mass analyzer. The first chamber held 
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the GCQ ion source and lenses. The second chamber contained a bent octopole ion guide, which 

directs ions from the ion source to the trap while minimizing the transfer of neutrals. The third 

chamber housed the ion trap electrodes, the conversion dynode and the electron multiplier. 

Ion Source and Ion Optics 

The ion source used was the GCQ ion source, which is mounted to the baffle wall dividing 

the first and second chambers (Figure 1-5). Though the ion source is capable of both electron 

ionization (EI) and chemical ionization (CI), the experiments used only EI. The ion volume, 

which is the center of the source, has three holes on the side of the cylinder. The two opposing 

0.090” holes were designed as an inlet for GC effluent. A heated transfer line went through one 

hole and calibration gas through the other. Through these holes, analytes were introduced for 

ionization. The smallest hole, 0.0015” aperture, served as the inlet for the electron beam from the 

filament, which is located directly above the ion volume. The filament, along with the reflector, 

directed electrons towards the ion volume. It was held at a default value of -70 V relative to the 

ion volume. Thus, the kinetic energy of the electrons produced will be 70 eV, and the flow of 

electrons is controlled by measuring the filament emission current. The default value for the 

current was 250 μA. 

A heated source block is placed around the ion volume and filament assembly. Through 

this block, the ion source temperature can be controlled from 50 to 225 °C. For the experiments, 

the ion source was maintained at 200 °C, as was the heated transfer line, to minimize 

condensation of sample analytes on the ion source region and to prevent variation in ionization 

efficiency. Initially, this instrument was connected to a GC, but the experiments reported here 

did not require chromatography, thus the heated transfer line was sealed off. A Pfeiffer-Balzers 

TPH 240 turbomolecular pump was installed for the ion trap chamber and the pressure was 
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monitored by a Granville-Philips ion gauge. Depending on the experimental conditions, the base 

pressure was 2 x 10-7 Torr without any sample being introduced.  

Located in front of the ion volume were three electrostatic lenses composed of stainless 

steel and insulated with hard-anodized aluminum spacers. These ion lenses served to extract, 

focus and gate ions from the ion volume and into the octopole ion guide. The heaters from the 

source block are extended to heat these ion lenses. The potentials for the lenses can be set from -

130 V to +130 V and were tuned to give the optimal peak signal intensity of a sample analyte ion 

under buffer gas conditions. Since the QIT is a pulsed mass analysis instrument, there is a need 

to inject the ions into the trap at specific scan function portions (i.e. ionization). The third lens 

(the last lens before the octopole ion guide) is the gate lens, which has a potential that is switched 

back and forth between two values, +100 V for the closed state and -100 V for the open state (for 

positive mode). Only during the open state were the ions are allowed to pass into the octopole 

ion guide. 

The octopole ion guide is installed in the second (middle) chamber. Its length is 9” and it 

has an r0 of 0.11”. It also has a 10º bend in the center to keep neutral compounds from entering 

into the trap. These neutral compounds may cause ion/molecule reactions inside the trap and 

interfere with mass analysis. A Thermo TSQ 45 lens power supply is used to set the amplitude of 

the octopole RF potential. Values of  200-500 V0-p for the amplitude, and 2.475 MHz for the 

frequency were used to transmit the entire m/z range that can be analyzed by SweetP. The 

octopole potential is offset from the ion source by +/- 30V, which is also controlled by the TSQ 

45 lens power supply. This chamber is pumped by a Pfeiffer Balzers TPH 170 turbomolecular 

pump and the pressure is not monitored.  
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Ion Trap and Detector Chamber  

The third chamber held the ion trap electrodes along with the conversion dynode and 

electron multiplier. There are three stainless steel electrodes for the 3-D QIT: a hyperbolic ring 

electrode and two endcap electrodes (Figure 1-6). The ring electrode has an r0 = 7.07 mm. Silicon 

nitride ring spacers were used to separate the electrodes to secure the electrode positions and to 

serve as electrical insulators. Each spacer has a width of 13.65 mm to give an equivalent distance 

of z0 = 7.85 mm. The holes in each endcap are 1.5 mm in diameter. The three electrodes are 

secured to the baffle wall by two non-conducting posts passing through the endcaps and held by 

a spring washer and nut on each post. Analyte ions enter the mass analyzer through the entrance 

endcap electrode, which is seated next to the end of the octopole ion guide. 

Electrical feedthroughs are connected through the manifold to link the electrodes to the 

supply of respective potentials. An RF voltage at a frequency of 1.03 MHz is applied to the ring 

electrode via a ceramic-insulated feedthrough with a spring-loaded pin; the RF amplitude has a 

range of 0 -8.5 kV0-p. With these available RF values, the instrument has an upper mass limit of 

m/z 1000, which is sufficient for the range of compounds amenable to GC analysis. Resonant 

ejection is used during mass analysis by applying a supplementary (alternating current) AC 

waveform with a frequency of 476.375 kHz that corresponds to a qz ejection at 0.901643, which 

is below the stability boundary. This method of ejection was done to enhance resolution of the 

mass peaks [20]. 

By default, a DC trap offset of -10 V is applied to the ion trap electrodes with respect to the ion 

source to determine the kinetic energy of ions when entering the mass analyzer. This value was 

kept constant throughout the experiments unless otherwise noted. An exit lens is attached outside 

of the exit endcap electrode. The purpose of this lens was to isolate the ion trap from the strong 

potential field emitted by the dynode. It was set at ground potential, which was the default value.  
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The detector for the instrument is composed of a conversion dynode and a DeTech 

continuous dynode electron multiplier, which are both positioned off-axis from the ion trap. For 

positive ions, the dynode is set at -15 kV. Ions ejected from the trap are accelerated towards the 

dynode and emit secondary ions and electrons. The multiplier, which is set at -1.8 kV, receives 

the secondary emission and converts it to current with enough gain for measurement. This signal 

is received and processed by the microprocessor on the GCQ electronics board and recorded by 

the instrument computer as a mass spectrum. 

The trap chamber has a Pfeiffer Balzers TPH 240 turbomolecular pump attached, with the 

chamber pressure monitored by a Granville-Philips ion gauge. Similar to the commercial 

analogue, helium is delivered directly into the ion trap through a hole in the endcap. The helium 

flow is controlled by having a head pressure of 5 psi behind a 6” fused silica capillary with an 

i.d. of 0.050 mm, keeping the He pressure at 1 mTorr inside the ion trap. The typical pressure for 

this chamber with the buffer gas normally leaked into the system was 2.5 x 10-6 Torr. 

The SweetP QIT uses electronic boards that were taken from the GCQ QIT. For 

compatibility reasons, GCQ software from Thermo Finnigan was used to control the ion trap 

operation. A development kit that enabled experienced users to modify the software was also 

supplied. Using a Visual Basic interface, the instrument source code can be changed to add 

features that are not available in the commercial version. This allows parameters such as adding 

zoom scan and altering the qz ejection to be changed by programming. 

The instrument calibration is routinely done before the start of every experiment presented 

here. Diagnostics were also checked daily to maintain the RF frequency of the trap, specifically 

whenever ion trap configurations were changed. Calibration was performed using the GCQ Tune 

software, with perfluorotributylamine (PFTBA) in EI positive mode.   
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Scan Function 

The scan function is a representation of the sequence of events that take place to obtain a 

mass spectrum. To perform a mass spectrometric analysis, the sample has to be ionized and the 

analyte ions must be guided into the trap, cooled and then ejected for detection. This series of 

steps involves the critical timing of various potentials to the lenses, QIT electrodes and electron 

multiplier. The scan function is embedded in the software that controls the QIT instrument; some 

values can be changed by the user. Figure 1-7 shows a typical scan function for the quadrupole 

ion trap. The steps are arbitrarily classified into 4 major categories: pre-injection, injection, post-

injection and detection events. Each step has a particular time period, which may differ from 

scan to scan, depending on the user settings. Values for typical scan event duration times are 

shown in Table 1-1. 

The pre-injection event initializes the electrode potentials to ensure the same starting 

values on each scan. Particularly, the gate lens, as well as the multiplier, is turned off to prevent 

ions from being injected into the trap and being detected erroneously. This step is important 

when the user needs to do certain functions (e.g. triggering a pulsed valve) prior to ionization, 

thus, any commands related to that can be inserted in this step. The duration for pre-injection 

event is usually set at 1 ms (Table 1-1). 

The injection event involves turning on the filament and the gate lens to inject subsequent 

ions into the trap. The duration of this scan function portion depends on whether the user is using 

automatic gain control (AGC) or fixed ionization method. AGC is used to prevent the ion trap 

from overfilling with ions, in order to avoid space charging [21]. The AGC method adjusts the 

injection time by pre-sampling with a fixed injection time and fast scan out, comparing the 

resulting current with a preset target value and adjusting the injection time based on the 

difference. The default maximum injection time is set at 25 ms. The post-injection event involves 
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the cooling phase, which comes immediately after the end of injection. This event serves to give 

time for the kinetically energetic ions to cool down by colliding with buffer gas inside the trap, 

increasing the chances of trapping. The commercial setting fixes the post- injection event 

duration at a default constant value of 3 ms. For the experiments, the development kit allow the 

user to change this value. 

During the detection event, the trapped ions are ejected sequentiallyin order of increasing 

m/z from the trap for detection. The trapped ions begin at a low qz, then are moved to the qz 

ejection for detection by ramping up the RF amplitude. The multiplier is also warmed up by 

placing a voltage on it and allowing it to stabilize for a short time. SweetP QIT uses resonant 

ejection, which applies an auxiliary waveform across the endcaps to eject ions at a qz value below 

the qz  = 0.908 stability edge . Using resonant ejection during detection gives better mass 

resolution and sensitivity [22]. The chosen qz ejection value for the research instrument is qz = 

0.901643.  

The RF amplitude value is controlled by a digital-to-analog converter (DAC), which in 

turn is calibrated to a range of mass assignments. To ensure the stability of the RF amplitude 

ramp, a number of backsteps (6 by default) is subtracted from the starting DAC value that is 

assigned for the LMCO ion to allow the RF potential to stabilize before the start of the LMCO 

ion ejection. 

Study Overview 

The purpose of this research was to evaluate novel modifications in ion trap operation that 

would improve performance.  Chapter 2 presents a novel solution to the field imperfections local 

to the endcap holes. Another solution, which is microscreening of endcap holes, is compared to 

the current solution, which is increased endcap-to-endcap spacing.  This chapter also reports 

practical method for such experimentation without having the burden of manufacturing 
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numerous sets of electrodes. Chapter 3 describes a novel system for delivery of buffer gas to the 

ion trap chamber. This chapter describes a multi-valve system design to tailor the buffer gas 

pressure to deliver buffer gas only when it is required. Performance of this system is compared to 

that of the traditional constant-pressure mode. Chapter 4 presents conclusions about the research 

conducted and offers future perspectives on the use of these systems in conjunction with 

quadrupole ion traps. 
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Figure 1-1.  The 3-D quadrupole ion trap illustration from the patent, which also described the 
quadrupole mass filter [1]. The center ring electrode (A) is in between two matching 
endcap electrodes (B) along the z-axis.  
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Figure 1-2. Cross sectional view of the QIT, showing the three electrodes and their assembly. 
The r0 dimension is defined as the inner radius of the ring electrode and the z0 
dimension is the distance from the trap center to the endcap. Adapted from Murphy 
[23]. 

Spacer

Exit 
Endcap

Entrance 
Endcap 



 

28 

 

Figure 1-3. The Mathieu stability diagram plotted in a and q space. The iso-βr and the iso-βz 
lines are depicted. The βz = 1 boundary intersects the qz axis at qz = 0.908, marked by 
the red dot. Adapted from March [18].  

qz = 0.908 
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Figure 1-4. Research instrument SweetP. Side view. Shown are the three chambers separated by 
baffle walls for differential pumping. Adapted from Murphy [23]. 
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Figure 1-5. Layout of the GCQ ion source with the main parts shown. No modifications were 
made when it was integrated into the custom built QIT instrument. Adapted from the 
GCQ instrument hardware manual. 
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Figure 1-6. The GCQ ion trap electrodes mounted on a bracket. For SweetP, the electrodes are 
attached to the baffle wall that separates the second and the third chamber. Adapted 
from the GCQ instrument hardware manual. 
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Figure 1-7. Typical scan function for the QIT, which is categorized into four divisions: A) pre-
injection, B) injection C) post-injection and D) detection event. Also shown are the 
potentials associated with each step. The traces are not to scale. Adapted from Yates 
[24]. 
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Table 1-1. Typical scan event times for the research instrument SweetP 
Scan event Duration (ms) Notes 
Pre-injection 1  
Injection  25 With AGC, varies 
Post-injection 3  
Ramp time 1  
Multiplier warmup  2  
Backsteps 1.08  
Scan time 108 m/z 50-650, 0.180 ms/m/z 
Post scan time 1  
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CHAPTER 2 
MICROSCREENED ENDCAP HOLES  

Introduction 

As mentioned in the first chapter, successful commercialization of the ion trap was 

dependent on modifications of the ion trap configuration to improve mass spectrometric 

performance. The first of these modifications was the change to the “stretched” configuration, 

[9]. wherein z0 was increased by 0.78 mm , and the second was the use of He buffer gas, [7]. 

which reduces the kinetic energy of ions with collisions (further details on buffer gas effects is 

found in Chapter 3).The stretched geometry was an empirical solution made by Finnigan to 

compensate for problematic mass shifts of certain compounds (e.g. nitrobenzene) [9,19,25]. 

However, this stretch introduces superpositions of positive higher-order multipole fields, creating 

a non-ideal field within the QIT [26]. It is inconsistent to have chemical shifts in the trap with 

theoretical geometry and purely linear fields, while chemical shifts are removed in the trap with 

stretched geometry. Thus one must conclude that there are existing higher order fields in the 

theoretical geometry ion trap to begin with, where stretching the z0 is needed to compensate for 

the effects of these existing higher order fields.  

The attributes in the design of a practical ion trap that are identified [26]. as the sources of 

higher-order fields are: 1) truncation of the trap electrodes and 2) presence of holes in the 

endcaps. Truncation of the trap is required to limit the size of the device and to avoid a voltage 

arc between the RF ring and grounded endcap electrodes as they approach each other 

asymptotically (the maximum RF voltage can be achieved in the GCQ is 8500 V0-p). It was 

understood that stretching the geometry was implemented to negate the effects of higher order 

fields caused by truncation, but calculations suggested that the contribution does not warrant the 

degree of increase in the spacing of the endcaps [27].  Another major factor to be considered as a 
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source of negative higher order fields is the presence of endcap holes. The RF field penetrates 

out of the endcap holes and affects ions during injection as they approach the ion trap, thus 

reducing injection efficiency [28]. Also during cooling and detection, areas near the endcap holes 

have a weakened RF trapping field; thus, ions that have a large axial excursion from the trap 

center would be affected as well as during ejection. Generally after being collisionally cooled by 

the buffer gas, trapped ions reside near the center of the trap where they experience an almost 

pure quadrupolar field. Stretching the endcap spacing further places the ions further from the 

areas with field imperfections, thus improving the performance. However, this stretch 

superimposes higher order fields within all of the QIT; hence, stretching the trap can be viewed 

as a global solution to a local problem (field imperfections in the vicinity of the holes). This non-

ideal field causes nonlinear resonances and unexpected ion ejections that complicates the mass 

spectrum [29,30]. Note that 2-D linear ion traps (LIT) [17].are also stretched in one dimension to 

counteract the effects of the slits in two of the rods, also have the problem of superimposed 

higher order fields. 

As an alternative to increasing the endcap spacing, other researchers have modified the 

hyperbolic angle, which also adds higher order fields; the resulting  nonlinear resonances are 

used to enhance ion ejection [31].  

Nonlinear Resonance Effects 

Some notable investigations about nonlinear resonances include the works of Dawson and 

Whetten where they observed peak splitting and peak shape distortions that were potentially 

caused by unstable ion trajectories due to resonances in the ion trap [32]. Within a perfect field, 

ions would have stable trajectories and be limited in amplitude. They applied the theory of 

nonlinear resonances in a quadrupolar field to the three dimensional ion traps to determine the 

resonance locations in the Mathieu stability diagram. Based on their numerical simulation 
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experiments, they concluded that those errors in electrode shape, spacing, or harmonics in the RF 

field can cause these resonances. Beaty reported his work on the effects of truncation of the ring 

and end cap electrodes on trap performance [33]. His results showed that it is possible to have 

truncated electrodes with the harmonic character of the trap still preserved.  

Wang and coworkers postulated a general condition for nonlinear resonances caused by 

superposition of weak multipole fields on the quadrupolar field [34].  They classified nonlinear 

resonances as coupling (difference and sum) resonances and non-coupling (r- and z-) resonances. 

They also added that the main contributors of nonlinear resonances were the low-order multipole 

fields (hexapole and octopole), since the magnitude of multipole fields decreases dramatically 

with increasing order. Resonance conditions can be expressed by trapping parameters, βr and βz, 

which can be translated back to az and qz, and the frequency of the RF voltage placed on the ring 

electrode.  

Several groups have tried to map the resonance lines in the Mathieu stability diagram. 

Shown in Figure 2-1, Eades et al [35,36]. and Alheit et al. [37]. have mapped “black canyons” 

connoting inefficient storage of ions at specific az and qz values. These corresponded to βz = 2/3 

(hexapolar qz =0.78 at az = 0), βz = 1/2 (octopolar qz =0.64 at az = 0), and βz = 1/3 (dodecapolar 

qz =0.45 at az = 0). Mo et al. reported that some ions were ejected before reaching the βz = 1 

boundary when the RF voltage is ramping through a qz  value corresponding to a nonlinear 

resonance on the stability diagram [38]. For example, the CF3
+ m/z 69 fragment ion of 

perfluorotributylamine formed under electron ionization can be partially located at m/z 60-61 

(ghost peak) because of the hexapolar resonance βz = 2/3. Kocher et al. affirmed that under space 

charged conditions and with nonlinear resonances, ghost peaks can even occur at higher m/z 

values when using extended mode, ejecting at βz=1/3 (qz =0.45) [39]. 
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Currently, the QIT in a commercial mass spectrometer is operated under the premise that it 

utilizes an ideal quadrupolar field to trap the ions, using the solutions to the Mathieu differential 

equation to analytically calculate the masses. The modifications made by Finnigan (i.e. 

stretching the geometry) were effective solutions in making the quadrupole ion trap a successful 

mass spectrometer, but it was a global solution for a local problem of field imperfection near the 

end cap holes. Previous simulation studies in the Yost laboratory [40]. have found a replacement 

solution that in the end would preserve the linearity of the quadrupolar field. Hence the motion 

of ions trapped in the closer to ideal quadrupolar field can be characterized more closely by the 

Mathieu equation. The goal of this research was to evaluate the local solution that would repair 

the problem at the end cap holes.  

Simulation Studies 

 Before modifications can be made to the ion trap electrodes to reduce the field 

imperfections local to the endcap holes, it is prudent to do computer modeling simulations to 

map the field strength profile around the area and establish some fundamental views. The electric 

(RF) field gradient was used as the primary criterion during the evaluation. The experimental 

design was started with SIMION version 7.0 (SIS, Ringoes, NJ), and was continued with version 

8.0 for the computer simulations [40]. Models of the Finnigan GCQ QIT using ideal and 

stretched geometry were created. Voltages were set for the ring and endcap electrodes, 

reproducing typical MS parameters and electro-potential contours. The RF electric field was 

plotted near the endcap of ion traps with both stretched and theoretical geometries and with 

different hole modifications. Results were exported to an ASCII file and Excel (Microsoft, 

Redmond, WA) was used for graphing.  

Figure 2-2A shows the three hole modifications used for the computer simulations, along 

with the standard (STD, one hole) design and ideal (no hole) design. These SIMION studies used 
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cylindrical symmetry along the z axis to work within the computer resources’ limits and to 

minimize computation lag time; simulated mesh designs were limited to concentric circles 

corresponding to the concentric rings of holes. Both endcap apertures were modified to be the 

same. The voltage between ring and endcap electrodes was set to 8500 V, the maximum V0-p for 

GCQ QIT and electric field data (resolution) was taken at every 0.05 mm.  

To evaluate the effect of the holes on the RF field gradient, the electric field (in V/mm) 

was plotted vs. the distance from the center of the trap (normalized so that the endcap is at 

100%).  The electric field for the theoretical geometry trap is plotted for the endcap electrode 

with the standard hole and the ideal (no hole), shown in Figure 2-3.  As both electric field 

strengths were compared from the distance of 0% to 69% away from the trap center, the electric 

field deviation of the STD hole was less than 1%. As the distance increases further, the electric 

field with the STD hole deviates significantly such that at 99.3% distance, the field fell to 43% 

less than that of the ideal (no hole). The RF field gradient is distorted in the vicinity of the hole, 

allowing the field to leak out. 

In Figure 2-4, several hole designs were chosen (ideal, STD hole and three mesh types) 

and plotted their electric field strength as affected by distance from the trap center with stretched 

geometry QIT (z0 = 7.85 mm). The illustrations of the meshes are found in Figure 2-2A. Mesh 1 

has a hole diameter of 1.5 mm and consisted of three concentric rings that are 0.05 mm thick and 

spaced 0.15 mm apart. For mesh 2, the hole diameter was 1.5 mm and consisted of 5 concentric 

rings that are 0.001 mm thick and spaced 0.15 mm apart. The depths of these meshes were 0.5 

mm. Mesh 3 has a smaller hole, 1.4 mm diameter and consisted of three concentric rings that are 

0.05 mm thick and 0.15 mm apart. For this mesh, the depth was 0.1 mm.  
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Comparing the ideal (no hole) with the STD hole design, there was an improvement when 

using the stretched geometry in preserving the field strength, with the field strength deviation 

less than 1% from 0-79% distance from trap center. Using a mesh design, the electric field was 

significantly improved, producing an electric field profile much closer to that of the ideal (no 

hole) design. In this case, the most significant improvement was observed with mesh 2 design.  

The electric field was also evaluated by plotting the field at displacement of 0.05 mm 

(99.3% trap center distance) above the outermost electrode surface vs the off axis (Figure 2-5) 

for the ideal (no hole), STD hole and three mesh designs, all for the stretched geometry trap. 

Again, with the STD hole design, it is observed that the field dropped significantly to 43% less 

than that of the ideal (no hole). With the use of any of the mesh designs, the field strength profile 

is brought closer to the ideal profile. The wavelike patterns of the meshes’ electric field were due 

to the presence of the concentric ring electrodes inside the hole, rising when approaching 

towards and dropping when retreating from an electrode. It should be noted also that the last data 

point (at 99.3% normalized distance from trap center) from Figure 2-3 are the same 

corresponding data that is found at offaxis distance = 0 mm. These results are in agreement with 

the work of Plass and coworkers where it was found that the field potential leaks out near the end 

cap holes, thereby, weakening the field [26]. With the field deviating from the ideal, ions with 

large amplitude oscillations in the z-direction will be affected and will not behave as predicted 

by the Mathieu equation. 

Experimental Section 

Design and Construction of Microscreened Endcap Holes 

The mesh designs used for simulations consisted of concentric circles floating in space to 

form the mesh; those designs were dictated by the cylindrical geometry employed in the 

simulation. This type of design is physically impossible to manufacture; thus a different 
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approach was required. An array of small individual holes arranged in concentric rings is the 

closest approximate to the simulation designs. Another factor to consider is the manner of 

constructing the endcaps with meshes. The ideal method for the construction would be to 

machine endcap electrodes by the same procedure as the commercial standard electrodes are 

manufactured, but with multiple small holes could be laser cut instead of machine-drilled to 

prevent distortion of the hyperbolic surface. Several sets of electrodes could be machined to 

permit various combinations of size and number of holes to be evaluated. A more efficient 

approach would be to modify single set of modified endcaps with interchangeable microscreened 

inserts for the holes. For the studies reported here, a set of standard GCQ endcaps (Thermo, San 

Jose, CA) was modified. This approach was selected as the least resource-intensive that allowed 

for the investigation of the impact of endcap hole modifications non-linear resonances in the ion 

trap. 

The specifications and design of the interchangeable mesh insert is shown on Figure 2-6A. 

It consists of three pieces with stainless steel as the material of choice. The top piece (frame) 

keeps the mesh from falling into the trap with the knife edge shoulder. Its outer frame (the 

surface exposed to the inside of the trap) was machined to have a similar profile to that of the 

hyperbolic surface of the endcap electrode, which was calculated to be 7° at 4 mm from the 

center of the electrode. The middle piece is the selected mesh sandwiched between the top piece 

and the bottom piece (chock). The curved edge of the chock touching the mesh will push the 

mesh outwards towards the trap, making it conform to the juncture of the frame and chock. This 

procedure will compensate for the depth that is inherent in putting a top piece over the mesh. As 

shown in Figure 2-6B, The three-piece unit was inserted into a 4 mm diameter hole machined 

into the center of the endcap (where the original 1.5 mm diameter hole is in the standard endcap). 
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Microscreens: Pattern and Size 

There are several commercially available meshes made with different materials and 

methods. Stainless steel was the material of choice since it is unreactive, durable, and does not 

easily distort when machined. Perforated mesh was preferred because the surface is smoother 

than that of wire mesh. A sample mesh product (70 μm thick) from VACCO (South El Monte, 

CA), shown in Figure 2-6C, a mesh manufacturing company, was obtained; and two designs on 

this sample were selected for the microscreen patterns. A third design consisting of one 1.5 mm 

diameter hole (the same diameter as the standard endcap electrode), was made as a control to 

determine whether the junction of the endcap and the microscreen insert design significantly 

affects performance compared to the standard endcap.  

Evaluation of the Microscreened Endcap Holes 

For the choice of analytes, commercially available perfluorotributylamine (PFTBA, CAS# 

311- 89-7) was selected because it forms stable and well known fragment ions under electron 

ionization. PFTBA was leaked into the ion source via a needle valve and an electronically 

controlled shut-off valve. It was ionized using electron ionization at 70 eV. The chemical 

structure and a list of various fragment ions of PFTBA and their exact m/z value is shown in 

Figure 2-7. Automatic gain control (AGC) was turned off in all of these cases except when 

noted. Each mass spectrum is an average of 100 scans. The instrument was mass calibrated with 

PFTBA using the standard GCQ software under normal operating buffer gas pressure. The RF 

frequency was 1030 kHz and the amplitude range was from 0-8.5 kV0-p. Resonant ejection at 

qz=0.901643 (βz=0.92499, frequency= 476.374 kHz) was used. The QIT was always retuned and 

calibrated with buffer gas for every change in trap configuration.  
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Without collisional cooling, ions would tend to have larger trajectories from the trap center 

and would be more affected by the field perturbations close to the endcap holes. In this manner, 

ghost peaks will be more evident at nonlinear resonance positions for experiments without buffer 

gas. Thus, experiments were done with and without the presence of buffer gas. With buffer gas 

leaked in, the optimal pressure was 2.6x10-6 Torr (uncorrected); after the He flow was shut-off, 

the pressure was 2.0x10-7 Torr (uncorrected). Pressures in the source and trap chambers were 

measured with Granville-Philips ion gauges. Comparison among the different designs of 

microscreened holes and the standard electrode was carried out by monitoring the PFTBA 

fragment ion at m/z 69. The performance of each design was evaluated in terms of identification 

of the nonlinear resonances causing the prevalent ghost peaks, number and intensity of ghost 

peaks, as well as mass resolution and intensity of the real peaks. 

Different z0 Spacing 

The effects of varying z0 spacing with the use of microscreened holes were investigated. If 

microscreening the endcap holes removed all the field imperfections, then the ideal spacing 

would be the theoretical geometry. Upon review of the simulation results, however, the field 

perturbations were only minimized instead of removed, since small holes were still present and 

electrodes are still truncated. Currently, the commercial GCQ ion trap has a spacing of 7.85 mm 

from the center of the trap to the endcaps, which is defined  to a 11% stretch from the theoretical 

spacing of 7.07 mm. These two spacings and two other distances in between were tested by using 

modified spacing rings with the standard and modified electrodes.  

Results and Discussion 

Several materials were considered for the mesh. Given the dimensions required for the 

holes in the mesh (≤ 0.5 mm), it would be difficult to fabricate them by classical machining 

approach. However, manufactured mesh produced by electroforming and photochemical etching 
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is commercially available. The material has to be conductive to allow the endcap potential to be 

maintained. Physical attributes such as malleability and resistance to heat expansion were also 

considered.  

The shadow masks that are used inside a television were initially considered. The material 

commonly used for these masks is Invar, an Fe-Ni alloy that is excellent in resisting heat 

expansion. The shadow mask has a flat smooth surface with perforated holes, as opposed to wire 

mesh, which has an irregular surface inherent to the design.  Upon examining the shadow mask, 

the mesh was found to be too pliable and that the holes in the mesh easily got deformed, thus 

posing a problem later when cutting disks to use. Another issue with this kind of mesh was that 

different sizes and patterns for the holes were not readily available.  

A second candidate was transmission electron microscopy (TEM) grids that are used to 

hold samples for electron microscopy. Common materials for this type of mesh are copper, 

molybdenum, nickel, gold, and titanium. Different patterns and sizes for the holes are also 

readily available. However, the thickness of the TEM grids was less than 50 μm and posed a 

problem for cutting out disks. 

Lastly, companies offering perforating services and vending perforated products were 

considered. A sample of mesh was obtained from VACCO, a company that has the capability of 

perforating materials with the use of photochemical etching (Figure 2-6B). Their stainless steel 

mesh products can withstand the requirements of machining. The mesh sample was examined 

under a microscope with a millimeter ruler to measure the size and spacing of the holes (Figure 

2-8). Figure 2-8A to E shows the mesh samples examined under an optical microscope. Notice 

the holes were uniform made and had a smooth surface. Different patterns such as hexagonal or 
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squared shaped holes (not shown) were also available. Figure 2-8F shows the hole (1.5 mm 

diameter) of a standard endcap.  

Mesh E from Figure 2-8E was installed into the modified endcap, as shown in Figure 2-9B, 

for microscreening; 3.8 mm diameter piece of the mesh was mounted in the chock and frame 

design in Figure 2-6A. The outer diameter of the insert was 4 mm and the inner diameter of the 

chock with the exposed microscreened holes was 2 mm. The hole area of the STD hole is 1.7 

mm2 and the mesh E open area was calculated to be 1.2 mm2. It is important that the insert is 

flush with the endcap electrode surface. 

Analysis of PFTBA  

Initial test with the mesh inserts consisted of using the one hole insert design shown in 

Figure 2-9D. Under buffer gas conditions and stretched geometry, the performance of the one 

hole design was similar to the STD hole design. It was concluded that the field imperfections 

created by the junction of the inserts and endcap electrode were minimal compared to the field 

imperfection contributed by the hole. 

 Figure 2-10A shows the comparison of PFTBA fragment ion m/z 69 spectra with buffer 

gas used, using a stretched geometry (z0 = 7.85 mm) and STD hole design; in this mass range, 

the spectrum includes the m/z 68.9 ion (CF3
+, accurate mass 68.995) and the 13CF3

+ peak at m/z 

69.9 (at 1.1% relative abundance).  With helium buffer gas and stretched endcap spacing, QITs 

can be operated without significant nonlinear resonance effects. The absolute intensity for this 

peak was 4.8x106 counts The trap chamber pressure reading was around 2.0x10-6 Torr 

(uncorrected) with buffer gas introduced; when the buffer gas supply to the trap was shut off, the 

chamber pressure dropped to 2.0x10-7 Torr and a drastic reduction in ion signal intensity was 

observed due to inefficient trapping and cooling of the ions (Figure 2-9B). Without buffer gas, 

peaks at m/z 64.5 and 66.9 appeared, and the peak at m/z 66.9 was higher that the peak at m/z 
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68.9. There was also a need to increase the ionization time from 1 to 10 ms to observe the m/z 69 

peak with an intensity of 6.9x105 counts. As there is no possible fragmentation pathway for a 

loss of 2 from m/z 69 (CF3
+), it was concluded that the peak at m/z 66.9 (nominally m/z 67) was a 

“ghost” peak of the m/z 69 (CF3
+) fragment ion. Another method to test this conclusion would be 

to prolong the cooling time. If the intensity of the “ghost” peak decreased, it would suggest that 

cooling the ions towards the center of the ion trap simply reduced the effect of field 

imperfections. On the other hand, if the intensity of the “ghost” peak increases, it would be an 

indication of an ion-molecule reaction. The intensity decreased as the cooling time was increased 

from 3 ms to 100 ms, further supporting the conclusion that that peak at m/z 67 was a ghost peak 

of the ion at m/z 69. 

Since the m/z 69 peak was resonantly ejected at qz = 0.901643, the other peaks can be 

assigned qz values relative to the main peak, and qr = -1/2qz values. βz and βr are defined by a 

continued fraction expression [18]., thus a custom program that was written in Visual Basic by 

Finnigan engineers was used to calculate βz and βr from the qz and qr
 values. The calculated βz 

and βr values were compared to reported nonlinear resonance [41].  The peak at m/z 67 has a qz 

value of 0.875, corresponding to βz = 0.83046 and βr = 0.33310; thus corresponds to a hexapolar 

nonlinear resonance with βz+ 1/2βr=1. As shown in Figure 2-10C, reducing the endcap spacing 

to theoretical dimensions (z0 = 7.07 mm) without repairing the imperfection caused by the 

endcap holes showed extra ghost peaks in the spectrum even with the use of buffer gas. In the 

absence of buffer gas, the theoretical spacing yielded several relatively abundant ghost peaks 

(m/z 60.3, 61.7,64.5 and 66.9), with low absolute intensities (m/z 68.9 peak at 9.5x105 counts). 

Comparing the spectra without buffer gas in figures 2-10B and 2-10D, it is shown that the ratio 
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of the m/z 67 ghost peak to the real peak at m/z 69 was reduced with the theoretical compared to 

the stretched configuration, but other ghost peaks appear. 

Data from experiments with mesh E for microscreening and theoretical endcap spacing are 

shown in Figure 2-11. With buffer gas, the mass spectrum obtained using microscreened endcaps 

was similar compared to with using standard endcaps (Figure 2-11A; the intensity for m/z 68.9 

peak was 9.3x105 counts. Without buffer gas, the intensity was lowered by two orders of 

magnitude for m/z 68.9 peak (1.1x103 counts) and various ghost peaks appeared (peaks at m/z 

59.9, 64.8, 66.0, and 67.2). A notable feature of this mass spectra was the ratio of ghost peak at 

m/z 67 (found at m/z 67.2) to the real peak at m/z 68.8 was lower than that of using standard 

endcaps. Another observation is the large peak at m/z 59.9, which was not previously 

predominant with the other endcap configuration. This peak was concluded to be caused by the 

mesh insert after interchanging for several times.     

Endcaps with another mesh (type D, Figure 2-8D) were constructed and evaluated for 

performance, shown in Figure 2-12. The main difference between mesh D and mesh E is the 2x 

larger diameter hole and the less open area available for the passage of ions. The open area for 

this mesh with 0.6 mm diameter holes was calculated to be 0.985 mm2. After tuning and 

calibration, it was concluded that the mass spectra shown in Figure 2-12B and C, have similar 

intensities with slight ly improved resolution when compared to the mass spectra taken using 

mesh type E (Figure 2-10), with and without buffer gas.  

Different z0 Spacing 

Plots of absolute ion intensities (log) and normalized intensities as a function of endcap 

spacing using endcaps with the STD hole design are shown in Figure 2-13. The data in figures 2-

13A and B were taken with buffer gas while the data in figures C and D were taken without 

buffer gas. The intensities in Figure 2-13B and D are relative to m/z 68.9 = 100. The peaks at m/z 
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60.3 and 60.8 are the same peak, as well as for m/z 64.7 and 64.5 peaks, just shifted due to a 

combination of factors, such as space charging and mass calibration. It should be also noted that 

the listed masses were an average of m/z peaks that were identified to be the same among the 

different trap configuration. For example, mass spectra with the trap configurations of z0 = 7.07, 

7.34, 7.59 and 7.85 mm and without buffer gas have peaks at m/z 60.3, 60.1, 60.3 and 60.4 

respectively. The m/z assignments were averaged to a value of m/z 60.3. 

With helium buffer gas (Figure 2-13A and B), the "ghost" peaks are lower in intensity by 

at least 2 orders of magnitude compared to m/z 68.9, regardless of endcap spacing. After shutting 

off the buffer gas supply, however, the conventional stretched configuration at z0 = 7.85 mm has 

the ghost peak at m/z 66.9 of greater intensity than the m/z 68.9 peak. Returning to theoretical 

geometry (z0 = 7.07 mm) the ghost peak intensity at m/z 68.9was lower but still present. The 

lowest peak intensity at m/z 68.9was achieved by reducing the stretch to z0 = 7.34 mm, but with 

the side effect of a new ghost peak at m/z 60.3. This m/z 60.3 peak had a qz = 0.786, which 

corresponded to hexapolar resonance line at βz = 2/3 (Table 2-1). 

The mass assignments (at az = 0) for the major intensity peaks found and their 

corresponding qz and calculated resonance equations are listed in table 2-1. Using the βz and βr 

values to obtain the equation and comparing with reported resonance equations by Wang and 

Franzen [27]., the peaks were described as follows: m/z 66.9 and 60.3 peaks were caused by 

resonance with a hexapolar field and m/z 64.5 by a dodecapolar field. The hexapolar resonance 

effect with βz = 2/3 have been always experimentally observed [10,35,36].; however, 

observation for the hexapolar resonance with βz +1/2βr =1 have been limited [41]. The peak at 

m/z 66.0 was not successfully identified with a resonance equation. The cause may be due to 
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splitting of the peak at m/z 66.9 especially at low pressures with inelastic collisions, which was 

reported by Plass [26]. 

Absolute ion intensities (log) and normalized intensities vs axial distance were also 

graphed for data taken using microscreened endcaps with mesh E (Figure 2-14). Same as in 

Figure 2-13, the data in figures 2-14A and B were taken with buffer gas while the data in figures 

C and D were taken without buffer gas. The intensities in Figure 2-14B and D are also 

normalized to m/z 68.9 = 100. The peaks at m/z 67.1 and 66.9 from these figures are the same 

peak. The peak at m/z 60.3 from Figure 2-13 is  identified as the same peak as m/z 60.1 peak in 

Figure 2-14. Comparing data taken with buffer gas between figures 2-13B and 2-14B, the 

relative intensity of the ghost peak at the best spacing for microscreened (7.07 mm) is 

significantly lesser than for the standard single hole endcap at its best spacing (7.85 mm). 

Without buffer gas, the relative intensity of the m/z 66.9 peak is consistently smaller at all 

geometries. Unfortunately, the less intense ghost peaks at lower m/z are increased.  

Upon removal of the buffer gas, the best overall performance (lowest abundance for all 

ghost peaks) was achieved when using the z0 = 7.34 mm stretch for both standard and 

microscreened endcap. This may be due to the field imperfections caused by the repeated 

replacement of microscreened holes. 

Conclusions 

The experimental evaluation of microscreening the endcap holes have been presented. 

Using mesh inserts was a practical method of evaluating the solution of repairing the field 

imperfection, local to the vicinity of the endcap holes. With the use of buffer gas, ghost peak 

intensities were significantly lower than that of the real peak, for any of the trap configurations. 

On experiments without buffer gas, the reduced endcap spacing of 7.34 mm achieved the best 

performance in terms of reducing the ghost peak at m/z 66.9 for both standard (one hole) and 
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microscreened endcaps. However, field imperfections contributed by the microscreened endcaps 

were also encountered, as peaks not present with standard endcaps appeared with microscreened 

endcaps.  

The practical solution employed by Finnigan from a commercial standpoint is enough for 

most applications. For some applications, however, the use of buffer gas is a problem (e.g. space 

exploration where carrying He is unappealing, or in cases where ion-molecule reactions with 

impurities such as water in the buffer gas are problematic.) In such cases, using the QIT with the 

z0 = 7.85 mm spacing would be problematic as the spectra it produces will be complicated with 

ghost peaks due to nonlinear resonance.  

Another significance of this research is that it should also apply to the 2-D LIT. The X-

rods, where the slits are located and the ions are ejected, were also stretched by 0.75 mm; the 

same way as the endcaps to compensate for the field imperfection in the vicinity of the slits [17]. 

It would be beneficial to know if microscreening would have more favorable effects in 2-D LIT, 

judging that the aperture slits spans across the center rods. The slits are 0.25 mm wide, which is 

significantly smaller that that of the 3-D trap. An idea for microscreening would be to separate 

the slits into smaller segments.   
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Figure 2-1.  Previously reported nonlinear resonances. The red circles indicate the resonances 
caused by higher order fields in the Mathieu stability diagram along the az = 0 line. 
Adapted from Eades [36]. 
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Figure 2-2.  SIMION drawings of GCQ and endcap hole types. A) Hole modifications used for 
simulation in SIMION 8.0 B) A SIMION construct of GCQ QIT electrodes and ion 
lenses. Shown here is the stretched geometry and STD hole endcaps. 
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Figure 2-3. Plot of the electric field strength vs distance from the trap for theoretical 
(unstretched) geometry QIT. The field strength for the no hole (ideal) and the STD 
hole designs were compared. From the 0% to 69% away from the trap center, the 
field strength deviation of the STD hole was less than 1%. At 99.3%, the field fell to 
43% less than that of the ideal (no hole).    
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Figure 2-4.  Plot of the electric field strength vs distance from the trap for the stretched geometry 
QIT (z0 = 7.85 mm).with a close up of the plot (B), boxed in Figure A, to give better 
details on the electric field. Comparing the ideal (no hole) with the STD hole design, 
there was an improvement when using the stretched geometry in preserving the field 
strength, with the field strength deviation less than 1% from 0-79% distance from trap 
center. Using a mesh design, the electric field was significantly improved, bringing 
the field profile closer to the ideal(no hole) profile. In this case, the most significant 
improvement was observed with mesh 2 design.  
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Figure 2-5. Plot of the electric field strength vs off axis distance (displacement across the hole) 
for the stretched geometry QIT of 0.05 mm (99.3% trap center distance) above the 
outermost point of the electrode.    
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Figure 2-6.  Mesh insert design, parts and materials. A) Interchangeable mesh insert design for 
microscreening the endcap hole. A special tool was used to cut 3 mm disks of the 
mesh. B) The insert is installed in the endcap hole that was drilled to size. The 
drawing is unscaled for emphasis. C) A commercially available sample mesh 
acquired from VACCO. Photochemical etching was used to create the holes for these 
sizes. Mesh types labeled D and E were chosen for the investigation  
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Chemical Formula Exact Mass, Da 
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+ 68.995 
C2F4
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C2F5

+ 118.992 
C3F5

+ 130.992 
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C4F9
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C9F20N+ 501.971 
C12F24N+ 613.965 
C12F26N+ 651.962 

  

Figure 2-7. The PFTBA calibrant compound. A) Structure of perfluorotributylamine PFTBA, 
(C4F9)3N, with fragment cleavages. B) Fragment ions of PFTBA and their exact 
masses [23]. 
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Figure 2-8. Mesh samples from Figure 2-6C under a microscope. Meshes with irregular-shaped 
holes were not considered. A) square spacing of 0.2 mm, hole size is 0.3 mm. B) 
square spacing of 0.5 mm, hole size is 0.3 mm. C) square spacing of 0.3 mm, hole 
size is 0.3 mm. D) hexagonal spacing of 0.4 mm, hole size is 0.6 mm. E) hexagonal 
spacing of 0.2 mm, hole size is 0.3 mm. The circle outline shows the 2 mm exposed 
area after mesh installation on the insert F) standard endcap, hole size is 1.5 mm.  
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Figure 2-9. Photographs of mesh inserts. A) Mesh E installed on the modified end cap electrode. 
B) An endcap electrode with the microscreened holes. C) Horizontal view of the same 
microscreened holes. D) An insert with a 1.5 mm diameter hole (same hole size as the 
STD hole endcap).   

 

 

1 mm

A B 

C D 



 

59 

50 55 60 65 70 75 80
m /z

0

20

40

60

80

100

R
el

at
iv

e
A

bu
nd

an
ce

6 8.9

50 55 60 65 70 75 80
m /z

0

20

40

60

80

100

R
el

at
iv

e
A

bu
nd

an
ce

6 8.9

50 55 60 65 70 75 80
m/z

0

20

40

60

80

100

Re
la

tiv
e 

Ab
un

da
nc

e

6 6.9

68.9

64 .5

50 55 60 65 70 75 80
m/z

0

20

40

60

80

100

Re
la

tiv
e 

Ab
un

da
nc

e

6 6.9

68.9

64 .5

50 55 60 65 70 75 80

m/z

0

20

40

60

80

100

Re
la

tiv
e

Ab
un

da
nc

e

68.8

50 55 60 65 70 75 80

m/z

0

20

40

60

80

100

Re
la

tiv
e

Ab
un

da
nc

e

68.8

50 55 60 65 70 75 80
m/z

0

20

40

60

80

100

Re
la

tiv
e

Ab
un

da
nc

e

68.5

66.9

61.7 64.5
60.3

66.0

50 55 60 65 70 75 80
m/z

0

20

40

60

80

100

Re
la

tiv
e

Ab
un

da
nc

e

68.5

66.9

61.7 64.5
60.3

66.0

 

Figure 2-10. Comparison of the mass spectra of m/z 69 (CF3
+), a fragment ion of PFTBA, with the standard one-hole endcap in 2 

different geometries with and without the use of buffer gas. A) Stretched endcap spacing (z0 = 7.85 mm) with buffer gas. 
B) Stretched endcap spacing without buffer gas. C) Theoretical endcap spacing (z0 = 7.07 mm) with buffer gas D) 
Theoretical endcap spacing without buffer gas. 
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Figure 2-11. Mass spectra of PFTBA fragment ion CF3
+ with microscreened insert (Mesh E) and 

theoretical geometry (z0 = 7.07 mm). A) Experiment with buffer gas. B) Same sample 
after shutting off the buffer gas supply.  
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Figure 2-12. Microscreened hole (Mesh D) and results. A) The mesh insert with Mesh type D 

from Figure 2-8D. B) Mass spectra of PFTBA fragment ion CF3
+ with microscreened 

insert (Mesh D) and theoretical geometry (z0 = 7.07 mm). A) Experiment with buffer 
gas. B) Same sample after shutting off the buffer gas supply.
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Figure 2-13. Plots of absolute ion intensities (log) and normalized intensities vs. axial distance and using standard endcaps (STD hole 
design) for the PFTBA fragment at m/z 69 and its ghost peaks. The intensities in B and D are relative to m/z 68.9 = 100. 
The peaks at m/z 60.3 and 60.8 are the same peak, as well as for m/z 64.7 and 64.5 peaks, just shifted. Plots A and B are 
data taken with buffer gas while plots C and D are without buffer gas. 
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Table 2-1.Major peaks found and their corresponding m/z. 

m/z qz qr βz βr 
Resonance 
equation  

Higher order 
field 

68.9 0.90164 -0.45082 0.92499 0.33310   
66.9 0.87547 -0.43774 0.83036 0.32254 βz+ 1/2βr=1 Hexapolar 
66.0 0.86369 -0.43184 0.79901 0.31781 Undetermined Undetermined 
64.5 0.84406 -0.42203 0.75917 0.30997 1/2βz+ 2βr=1 Dodecapolar 
60.3 0.78910 -0.39445 0.67284 0.28822 βz =2/3 Hexapolar 
List of mass assignments for the major peaks found and their corresponding qz and calculated resonance 
equations [34,41] 

 

 

 



 

64 

0

50

100

150

7.07 7.34 7.59 7.85
z0 distance, mm

R
el

at
iv

e 
in

te
ns

ity

m/z 68.9
m/z 66.9
m/z 64.9

1.0E+00

1.0E+03

1.0E+06

1.0E+09

7.07 7.34 7.59 7.85
z0 distance, mm

In
te

ns
ity m/z 68.9

m/z 66.9
m/z 64.9

0
50

100
150
200
250

7.07 7.34 7.59 7.85
z0 distance, mm

R
el

at
iv

e 
in

te
ns

ity

m/z 68.9
m/z 67.1
m/z 66.0
m/z 60.1

1.0E+00

1.0E+03

1.0E+06

1.0E+09

7.07 7.34 7.59 7.85
z0 distance, mm

In
te

ns
ity

m/z 68.9
m/z 67.1
m/z 66.0
m/z 60.1

 

Figure 2-14. Plots of absolute ion intensities (log) and normalized intensities vs axial distance and using microscreened endcaps (Mesh 
E) for the PFTBA fragment at m/z 69 and its ghost peaks. The intensities in B and D are relative to m/z 68.9 = 100. Plots A 
and B are data taken with buffer gas while plots C and D are without buffer gas. The peaks at m/z 66.9 and 67.1 were 
identified as the same peak.  
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CHAPTER 3 
BUFFER GAS PRESSURE TAILORING 

Overview 

Buffer gas in QITs cools injected ions by reducing the ions’ kinetic energy, thereby 

enhancing trapping efficiency, and serves as the collision gas for CID in tandem mass 

spectrometry. However, during other events of the analytical scan, having gas inside the QIT can 

be disadvantageous. During the mass isolation and ejection events, fragile ions can collide with 

buffer gas molecules with enough kinetic energy to cause fragmentation and degrade mass 

resolution. Currently, commercially available QITs maintain a constant buffer gas pressure of ~1 

mTorr, a compromise between efficient cooling and limiting possible fragmentation of ions. 

Previous research has shown significant improvement of mass spectrometric analysis when 

pulsed buffer gas introduction techniques have been employed, [42-45]. but all these studies 

have employed single gas pulses from  a single pulsed valve. This pulsed technique, however, is 

not used commercially due to the added costs and complexity of operation. Furthermore, precise 

control of buffer gas pressure cannot be achieved by a single valve alone. This chapter explores 

the potential of using multiple pulsed valves to tailor the buffer gas pressure during each segment 

of the MS scan function.  

Role of Buffer Gas in Ion Trap Operation 

Original Discovery 

In the 1950s when Paul and Steinwedel invented the quadrupole ion trap and the 

quadrupole mass filter [1],  the use of buffer gas was not even considered in their design. It was 

only in 1984, when the quadrupole ion trap was initially presented as a commercial detector for 

GC, that the use of buffer gas was introduced.  The presence of 1 mTorr of  helium in the trap 

was not by design, but rather the result of GC carrier gas introduced (along with the compounds 



 

66 

eluting from the GC column) directly into the trap with limited vacuum pumping ( a 60 L/s turbo 

pump) to minimize the size and price of the instrument. The ability of this lightweight gas 

(helium or hydrogen) to enhance mass resolution and sensitivity was (unexpectedly) observed, as 

shown in Figure 3-1 [7,8]. At that time, the reasons behind the improvement had not been fully 

explained, but it was suspected that the buffer gas had a major effect on ion injection and 

trapping [19].  

Ion Injection and Trapping Efficiency: Role of Buffer Gas 

Buffer gas plays a key role in trapping ions, especially those which are created externally 

and injected into the trap. Before the importance of using buffer gas was established, ions were 

created within the cavity of the ion trap. This ion-generation technique did not allow for the 

flexibility of coupling ionization sources such as electrospray ionization (ESI) or matrix-assisted 

laser desorption ionization (MALDI). On the other hand, externally creating ions away from the 

ion trap prevents or reduces ion-molecule reactions inside the trap. With neutral (sample) 

molecules being introduced outside (rather than within) the ion trap volume, the population of 

neutrals inside the trap can be minimized, thereby reducing ion-molecule reactions during 

trapping and mass analysis steps. Several groups have looked into the fundamentals of trapping 

externally created ions; the general finding in those studies was that reduction of the kinetic 

energy of injected ions was necessary for trapping [46-49].  This kinetic energy, which is needed 

in order for the ions to penetrate the trap RF field, is also sufficient enough to allow them to 

escape. A number of collisions with a low-molecular weight gas can reduce the kinetic energy. 

Within a short period after ion injection, the displacement of ions collapses to the trap center. 

The center is where field imperfections are at a minimum, thus diminishing ion losses due to 

nonlinear resonances [26].  
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On the other hand, having a pressure of buffer gas that is too high can be detrimental to ion 

trap performance.  The real problem as shown in Figure 3-1A, is the loss of resolution due to 

collisional broadening of the peak (in time) during the mass-selective instability ejection. A tight 

packet of ions (of a particular m/z) being ejected toward the detector can experience collisions, 

delaying the ejection time and resulting in peak broadening [50].  

Another reason for peak broadening is ion fragility, which has been previously reported to 

be a cause of mass shifts [23,51-53].  As the name suggests, fragile ions tend to dissociate easily 

into fragment ions.  Ion fragility becomes more problematic in ion trap mass spectrometry during 

resonant ejection, when the fragile ions approach the border of the stability diagram. The ions 

gain kinetic energy, experience more energetic collisions with the buffer gas, and if fragile, can 

dissociate into fragment ions prior to ejection. The fragment ions are already beyond the border 

of the stability diagram and thus will be ejected earlier than the fragile parent ion. The resulting 

effect on the mass spectrum is peak fronting or mass shift to lower apparent mass, which is 

intensified  with the increase in the resonance voltage amplitude [53]. Ion fragility can also lead 

to ion losses during mass isolation for MS/MS. 

Studies using gases other than helium as a buffer gas have been conducted. The addition of 

small amounts of heavy target gases (neon, argon, krypton or xenon) to the helium buffer gas 

improves trapping efficiency of cesium iodide cluster ions of high mass-to-charge ratio as well as 

improving performance in collision-induced dissociation [54]. Other researchers have attempted 

to replace helium entirely with air or argon as a buffer gas. The use of heavier gases was found to 

improve sensitivity and collision-induced dissociation efficiency at the expense of mass 

resolution [55]. 
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Collision-Induced Dissociation: Role of Buffer Gas 

Another aspect of QIT MS that highlights the importance of buffer gas is tandem MS, 

wherein structures of ions can be further elucidated by fragmentation using collision-induced 

dissociation [56]. The technique involves isolation of mass-selected ions after ionization, and 

resonant excitation of those ions via the application of a supplementary sinusoidal potential 

across the endcaps. This potential, which is called the resonant excitation or tickle voltage, has a 

frequency that is tuned to the selected ion’s fundamental secular frequency. The amplitude of the 

tickle voltage is small enough just to move the ions away from the trap center but not to be 

ejected. In this way the ions acquire kinetic energy from the RF drive potential and collide with 

neutral buffer gas. The resulting collisions, if energetic enough, produce fragment ions, which 

are trapped and then analyzed in the detection step. Effective fragmentation requires both the use 

of a buffer gas and application of the tickle voltage, as shown in Figure 3-2. Since it is 

straightforward to optimize the tickle voltage, there have been a few attempts to optimize the 

buffer gas pressure for higher CID efficiency. Furthermore, the optimum pressure for CID is 

limited to a few mTorr  because higher pressures during other events in the scan function can 

compromise mass resolution and sensitivity [23].   

Another disadvantage of higher buffer gas pressures for CID is lower internal energy 

deposition, which becomes a problem for CID experiments of larger m/z ions of biomolecules 

[50]. Higher m/z ions typically require greater energy deposition to induce fragmentation, which 

is difficult to achieve at higher pressures. Increased buffer gas pressure lowers the distance of 

travel before a collision can occur, thereby lowering the number of energetic collisions. 

While it is practical to use the existing buffer gas as the CID gas, some studies have shown 

advantages of using gases heavier than helium for more effective fragmentation [43]. Typically, 

CID is carried out at qz values between 0.2 and 0.6 for high fragmentation efficiency [54,56]. 
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Fragmentation of higher mass ions, such as a peptide ions, is often performed at lower qz values 

in order to trap the parent ions and observe lower m/z fragment ions, but at the expense of lower 

excitation energy. A study showed that peptide ion CID fragmentation efficiency was increased  

when heavy gases, such as argon and xenon, were introduced via a pulsed valve during CID [43].  

It was also noted that the use of a pulsed valve for CID gas delivery was important to avoid 

negative impact of heavy gases as buffer gas during other periods in the ion trap scan function.  

Reagent Gas: Use of Pulsed Valves  

Applications for reagent gases introduced directly into the ion trap for targeted ion-

molecule reactions have been reported; these applications take advantages of the QIT’s ability to 

isolate analyte ions and serve as a reaction chamber for gas-phase reactions [57,58]. Pulsed 

introduction of reagent gas into a QIT was reported by Emary as a method for enhancing control 

over reactions occurring inside the trap [45]. Unwanted ions can be removed by using mass-

isolation techniques, but elimination of neutral molecules required a different approach. Neutrals 

can only be eliminated by the pumping action of the high vacuum pump. In their investigation to 

locate the positions of carbon-carbon double bonds in alkenes, ionized alkenes were isolated 

prior to injecting neutral reagents. In this way, ion-molecule reactions were more controlled and 

therefore, reduced product ion complexity [59].  Another application is the differentiation of 

enantiomers within the QIT by mass-selecting chiral reactant ions and generating Diels-Alder 

reaction products [60].  Although it was reported to be inconclusive of enhanced chiral 

selectivity, the importance of having reproducible means of injecting neutral reagents into the 

trap was pointed out as well as consideration for increased pressure in the QIT.   

For all of the different roles of gases in the ion trap, a common theme is that different 

events in the scan function would require different pressure (or even different gases). The 

continuous introduction of gases, particularly buffer gas, is a compromise between the 
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requirements of trapping and detection. Moving to a more dynamic approach would permit 

optimization of the pressures for the individual events in the scan function. The tailoring of 

buffer gas pressure is proposed to maximize the efficiency of each event in the analytical scan.  

Pressure Tailoring Concept 

A typical scan function for obtaining a full mass spectrum with the ion trap mass 

spectrometer, also known as the timing diagram, has been described in Chapter 1. As shown in 

Figure 3-3, the simplified scan function includes 4 events: pre-injection , injection , post-

injection , and detection events. The major timed components are also listed. Another timed 

parameter, buffer gas pressure, has been added to the scan function in this Figure. This proposed 

parameter can be treated like a potential that can be turned “on” and “off”. It can be anticipated 

that the time constant for the buffer gas pressure will be longer for than an electric potential, as 

the rate of pressure changes will be limited by “impedances” such as limited conductance into 

and out of the ion trap, limited pumping speed and response time for opening and closing the 

pulsed valve. 

When ions are created externally and then injected into the trap, they must be injected with 

enough kinetic energy to penetrate the RF field within the QIT. Once inside the trap, however, 

the ions need to be slowed down in order for them to be successfully trapped. During ion 

injection, therefore, the presence of buffer gas inside the QIT is critical to effectively reduce the 

ions’ axial and radial motion by collisional cooling; thus the buffer gas must be turned “on” for 

this event, as shown in Figure 3-3. At the post-injection event, buffer gas is turned “off” and a 

delay time is added to pump away the buffer gas before detection. In the detection event  where 

the ions are sequentially ejected from the QIT,  buffer gas presence is not needed and can even 

be detrimental to the analysis because collisions with gas molecules can promote fragmentation 

of fragile ions during mass-selective ejection, affecting mass resolution and mass assignment 
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[51]. Thus, it is kept turned off until the next scan. Clearly, there are potential advantages to 

having buffer gas present during some portions of the scan function and absent during others.  

A typical MS/MS with CID scan function has the same events as the full MS scan 

function, plus additional events for mass isolation and CID after ion injection and cooling. Thus, 

the buffer gas pressure parameter could be adjusted accordingly (Figure 3-4).  The post-injection 

event (C) for the MS/MS CID scan function has three steps in addition to cooling the injected 

ions,  (C1): isolation (C2) and excitation (C3) of precursor ions for fragmentation, and then (C4) 

cooling the fragment ions before scanning them out for detection.   For collision-induced 

dissociation and cooling (C3 and C4), the buffer gas pressure is raised then lowered prior to 

detection.  

Previous studies in our laboratory have investigated the effects of pulsed introduction of 

buffer gas on ion storage and detection efficiencies in a QIT [44].  These studies determined 

strategic points within the scan function where the presence of buffer gas is important, and 

monitored the effects on ion signal intensity as the presence and pressure of buffer gas were 

varied. These previous experiments have all been performed on ion trap systems using internal 

ionization. They demonstrated that a higher ion signal can be obtained by using the pulsed 

introduction of buffer gas as compared to operation at a constant pressure. However, with a 

single pulsed valve, control of the pressure and pulse duration is limited to the supply pressure 

applied to the pulsed valve and the valve open time. There are several limitations to this 

approach, as discussed below. 

First, the amount of gas that can be delivered will be limited by the supply flow. The valve has 

only two states, open and closed, wherein only two levels of buffer gas flow can be achieved. 

Secondly, the amount of gas delivered is not proportional to the valve open time, because of the 
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pressure build-up during the times when the valve is closed. As a result, the longer the valve is 

opened, the higher the apex of the gas pulse instead of having a longer gas pulse of the same 

height [61]. 

The gas pressure profile from the pulsed valve has similarities to a sinusoidal peak, and in 

concept could be combined with other peaks to produce another gas profile. This method is 

similar to combining multiple sinusoidal waveforms to form a square wave. Figure 3-5 illustrates 

this concept, using two pulsed gas profiles from different sources of varying supply pressures, 

which are then combined to produce a new profile.  For example, valve 1 outputs a single gas 

pulse (Figure 3-5A) while valve 2 is opened twice to produce a gas profile that has two smaller 

peaks, one before and one after the first peak with a particular interval between (Figure 3-5B).  

Summing both valves’ profiles will produce a new profile (Figure 3-5C) that is only attainable 

by combination of two valves. The dotted lines in Figure 3-5C shows the outline of the intended 

gas profile. The various combinations can provide the means to tailor the buffer gas pressure 

with more flexibility than employing just a single valve. 

Experimental Section 

The quadrupole ion trap used for this study was a research-grade QIT (nicknamed SweetP) 

with a customized differentially pumped vacuum chamber and controlled with Finnigan GCQ 

electronics, as shown in Figure 3-6. For clarity, Figure 3-6 shows only one valve installed. A 

second valve was installed in the same manner. The pulsed valves used were 3-Way High 

Performance Series 9 from General Valve (Fairfield, NJ) with an orifice of 0.060”. The pulsed 

valve has three connections: a common input to which the gas supply is connected, and two 

outputs between which the valve switches during open and closed states.  

There were two different connections to the common (Cin) input arranged during the course of 

the research. The first pulsed valve’s common input was connected to the same supply as the 
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continuous helium buffer gas supply. Shutoff valves leading to the continuous and the first 

pulsed valve lines were installed to select the supplies without venting. For example, during 

instrument calibration and tuning, a continuous supply of helium is needed.  This supply passes 

through  a 1/16” i.d. stainless steel tubing and is inserted into the vacuum chamber through a 

1/8” bored-through Swagelok (Solon, OH) O-seal connector. This supply input flow was 

regulated using a pressure regulator valve (Porter Instruments Company, Hartfield, PA) 

connected to a capillary restrictor. The second valve’s Cin was connected to a helium gas tank 

with 1/8” i.d. stainless steel tubing and with a Granville-Philips (Boulder, CO) Series 203 

variable leak valvel; the He supply pressure was controlled with a Matheson (Montgomeryville, 

PA) 2-stage pressure regulator on the cylinder.  

The normally closed (NC) outputs for the pulsed valves were also connected to the ion 

traps with different configurations. As shown in Figure 3-6B, the continuous buffer gas supply is 

typically connected through the outer edge of an endcap where there is a 1/16” hole leading to 

one side of the hyperbolic surface. Thus, the first valve was connected in the same way, but 

using a 2.5” x 1/8” i.d. Teflon tube with a stainless steel adapter. The second valve’s NC was 

connected to the ion trap using a 2.5” x 1/4” i.d. Teflon tube, which is anchored by a PEEK 

adapter (1/8” i.d.) and mounted in a hole bored into a Delrin endcap spacer. This later 

configuration was also implemented on the first valve during the multi-pulse experiments.  

Unless specified otherwise, both valves’ normally-open (NO) outputs were connected 

together and coupled to an Alcatel mechanical pump with  1/8”  i.d. stainless steel tubing passing 

through a welded 1/4" bored-through connector on the flange on the vacuum chamber; the flow 

rate to the pump was regulated by a Granville-Philips variable leak valve. In this manner, the 

amount of buffer gas could be controlled by varying the setting on the variable leak valve.  
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The Custom Tune software (Thermo, San Jose, CA) was used to allow software control of the 

transistor-transistor logic (TTL) signal generated by the GCQ processor. This TTL signal, taken 

from the GCQ main board U68 pin#, was sent to the trigger input of an SRS Model DS345 

(Sunnyvale, CA) function generator, in which a customized waveform allowed for setting the 

multiplier warm-up time (2 ms) and ramp time (1 ms), ion/detect time was calculated to be 10.3 

ms. To help the reader understand better, the ion/detect event could be treated similar to a 

sampling window that is used when measuring waveform signals, and ion/detect time is the 

sampling resolution.  The concept is that the gas pulse has the same temporal profile for each 

repetition, and since it is periodic, by shifting tdelay sequentially across the gas profile one can 

sample the pulsed gas profile by monitoring the product of the charge-exchange reaction, in this 

case, the N2
+ ion at m/z 28 (Figure 3-7B). The series of data were then extracted from the files 

and plotted in Excel for the reconstruction of the gas profile. Post scan times were lengthened to 

1000 ms to ensure no carry over of pulsed gas between scans. 

Pulsed Helium Buffer Gas Effects 

In this series of experiments, evaluation of the ability of the pulsed valve system to create 

different gas profiles for use of helium as buffer gas was carried out.  The PFTBA fragment ion, 

CF3
+ at m/z 69, was selected due to its stability and its ready formation in EI.  The effects of the 

pulsed He buffer gas on the intensity of injected CF3
+ ions (without He, the ions are not 

efficiently trapped; see Figure 3-1B) was monitored.  Another target was to create new gas 

profiles from synchronized operation of the two pulsed valves.  Individual valve gas profiles, as 

well as combined gas profiles, were monitored similar to the Ar+/N2 charge-exchange 

experimental method.  

For these experiments, two pulsed valves were used with two different helium gas 

supplies. The first valve’s supply was from a helium gas tank controlled by a pressure regulator 
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(Porter Instruments Company, Hartfield, PA) followed by a 6” long fused silica capillary (0.050 

mm i.d.). The second valve’s supply was from another helium tank via a Granville Philips 

variable leak valve (GP). Both valves’ NC outputs were connected to the ion trap via 2.5” x 1/4” 

i.d. Teflon tubing through holes drilled in the endcap spacers with PEEK adapters. Both valves’ 

NO outputs were connected together inside the vacuum chamber using 1/8” copper tubing and a 

Tee union, and then connected to a mechanical pump outside the vacuum chamber via another 

Granville Philips variable leak valve (GL). 

Each valve had its own triggering circuit, composed of an SRS function generator that was 

coupled with a custom-built amplifier. This arrangement was used to that each valve could be 

operated independently, in terms of timing and pulse width. The general settings for the function 

generators were as follows: mode = arbitrary/burst mode with point value format, amplitude = 10 

V peak to peak, frequency = 10 kHz, trigger mode =positive in (triggers on the rising edge). 

With these settings, pulse widths in increments of 0.1 ms  with an amplitude of 5 V0-p could be 

created (data point values 1000 is equivalent to 5 V). 

Pressure Effects on Fragile Ions 

The benefit of using buffer gas pressure tailoring is most evident in the analysis of fragile 

ions. N-butylbenzene (m/z 134) has been reported to produce fragile ions [51,53]. It was 

purchased from Sigma Aldrich (St. Louis, MO) and was chosen to monitor the behavior of 

fragile ions in terms of both intensity and mass shifts when using pulsed helium buffer gas. Static 

pressure effects were investigated by increasing the head pressure of the static buffer gas supply. 

For the pulsed valve experiment, the first valve was used with helium supply (2.5 psi head 

pressure, from the continuous buffer gas supply) and the peak signal intensity and mass shift 

were monitored.   
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Results and Discussion 

An important aspect of using the pulsed valve system was to evaluate the valve 

performance in terms of its ability to produce a gas peak. A single scan time for the ion trap MS 

from the pre-ionization to post-scan events is around 150 ms from m/z 50-650 scan range, as 

observed in the SweetP QIT.  The events where gas is required (ion injection and cooling) 

typically have durations  from 1-25 ms. On the other hand, the duration of the events where gas 

is not needed (ion ejection and detection) is approximately 100 ms.  From these times, the ideal 

gas pulse width is seen to be approximately 10-30 ms FWHM (matching the maximum ion 

injection time) in order to be used practically in MS experiments. For example, in detecting a 

typical chromatographic peak with a peak width of 1 s, having a 150 ms scan duration would 

give 6 data points across the peak. Increasing the scan duration would lower the number of data 

points and thus result in a loss of resolution for the chromatographic peak.  

Optimization of the Gas Pulse Profile 

The Ar/N2 charge-exchange reaction was used for the experiments to characterize the 

output of a single pulsed valve. Initial configuration of the pulsed valve was with the NO output 

capped with an SS plug, thus converting the 3-way into a 2-way pulsed valve. The NC output 

was connected to the trap via the same entrance used for the static buffer gas, i.e. through one of 

the endcaps.  The continuous helium gas supply line leading to the ion trap was split with a tee 

union and connected with shut-off valves, which enabled it to be connected to the pulsed valve 

and to the ion trap at the same time. With the shut-off valve configuration, the continuous supply 

and pulsed supply could be used independently, while sharing the same source.  Initially, a 

nitrogen gas tank was connected as the source, but even with the lowest setting  on the pressure 

regulator(0.5 psi), neither ion signal for N2
+ nor Ar+ was obtained, leading to the conclusion that 

nitrogen gas at least at the pressures used was not a suitable buffer gas. As noted previously, N2 
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and other more massive buffer gases are not commonly used with QITs.  To overcome this 

problem, residual nitrogen (< 0.01%) in the helium gas supply was monitored instead. The 

advantage of using residual N2 in the helium buffer gas was it provided a low-mass buffer gas 

(He) plus the target charge-exchange gas (N2). This may have also allowed a lower pressure of 

N2 in the trap when compared with using pure N2, even at the lowest head pressure setting.  

Mass spectra for the residual N2
+ ion were obtained and the peak width of the pulsed gas as 

affected by the head pressure of the pulsed valve is shown in Figure 3-8A. As the Figure showed, 

control of the head pressure only did not reduce the peakwidth significantly, with the average 

FWHM peakwidths at > 100 ms.  The absolute intensities for the 5, 2.5 and 1.5 psi peaks at 

100% peak height were 3.1x106, 2.5x106 and 3.4x106 counts, respectively.  

The next setup that was attempted to shorten the peakwidth was to unplug the NO output 

and let the gas supplied to the valve during the closed valve states be discarded into the vacuum 

chamber (the right hand chamber in Figure 3-6). This setup was designed to reduce the pressure 

behind the poppet of the pulsed valve. However, the continuous leak of He from the NO output 

raised the overall trap chamber pressure to > 1x10-5 Torr. Therefore, the gas supply connection 

was changed to helium gas supply with a variable leak valve in front of the fused silica 

restriction (head pressure set to 2.5 psi) for finer control of the supply pressure.  

Data for this experimental setup are shown in Figure 3-8B. Having the NO output 

uncapped did not allow the pulse valve to build up enough backing pressure, thus explaining the 

slower rise times (70 ms to reach 100% ion intensity as compared to 10 ms from the previous 

setup) of the gas pulse. Another reason for the slower rise time was the impedance brought about 

by the small diameter orifice used by the continuous supply to put buffer gas inside the trap 

(Figure 3-6B). It was also noted that the signal intensity for the pulsed N2
+ was only 1.5x higher 
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than the baseline signal of N2
+ (from the  N2 from the NO output into the chamber). The setting 

on the variable leak valve could not be increased too high as it would raise the overall trap 

chamber pressure too high, which would pose a problem for the turbo pumps.  It was concluded 

from these initial experiments that as a compromise, a restriction between the NO output and a 

vacuum source would provide for better control of the gas pressure behind the valve.  

The following changes were therefore made to the valve setup: 1) connecting the gas 

supply to the valve Cin inlet via a variable leak valve with no capillary restrictor in between, 2) 

connecting the NO valve output via another leak valve to a mechanical pump instead of dumping 

into the vacuum chamber, and 3) increasing the conductance of the connecting tubing between 

the valve and the ion trap. The previous tubing (2.5”x1/8” i.d. that was connected to a 1/16” hole 

through the endcap (refer to Figure 3-6B for the location) was replaced with Teflon tubing that 

was 2.5” long with an i.d. of 1/4”. As shown in Figure 3-6B, a hole was drilled into the one of 

endcap spacers and a PEEK tube with screw threads was attached to the hole in order to 

accommodate the larger diameter tube. Using a larger diameter tube should increase the 

conductance of the pulsed gas inlet and thereby decrease the rise times. Figure 3-8C shows the 

data with the preliminary settings of this setup. The parameter GP is the setting for the inflow 

leak valve and GL is the setting for the outflow leak valve. Notice that with less supply flow and 

more leak flow (GP 30, GL 100) the pulse profile signal did not rise much from the baseline 

signal. On the other hand, decreasing the outflow restriction improves the pulse profile rise time. 

After evaluating several combinations for both settings, it was concluded that the smallest pulse 

width achieved was ~100 ms FWHM, with GP setting of 40 and GL setting of 200.  

Until the gas pulse profile can be reduced to around 10 ms, which is the average cooling 

time and excitation time for CID, the pulsed valve system can only be used for limited research 
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applications. The ion trap scan function can be adjusted to accommodate time intervals suited for 

the current gas pulse width, but scan times will be longer by 500 ms more, which is not practical 

for applications such as LC-MS or GC-MS experiments where faster scan rates are needed to get 

better chromatographic data. Nevertheless, the current setup permits proof-of-principle 

demonstration of pressure tailoring. 

Multi-Pulse Experiments 

Experiments were performed to investigate the reproducibility of the gas pulses within 100 

ms and determine if the gas pulses from a valve could be added. The experimental setup was 

similar to that of the single pulse experiment; multiple pulses from the same valve were used in 

the scan function. Signal intensity of the PFTBA fragment ion at m/z 69 was monitored versus 

delay time, as this will show the intensity as a function of the amount of pulsed gas. As shown in 

Figure 3-9, the function generator was configured to produce two pulses, with the second pulse 

70 ms after the first one. Experimental data from a single pulse experiment were used to create a 

projected two-pulse profile and plotted to compare with the experimental data for two pulses. It 

can be concluded from the agreement between these two plots that two pulses for a single valve 

provide the pressure one would expect. The next step in the development was to implement 

control of two independent pulsed valves.  

The results from the two-valve experiment are shown in Figure 3-10. The two pulsed 

valves were triggered simultaneously or with 100 ms delay between them. The CF3
+ ion profile 

was measured in separate experiments for each valve; those profiles were summed to generate 

the projected profile to compare the data when both valves were triggered. The trigger pulse 

from the MS was connected to two function generators. The first valve’s supply head pressure 

was set to 2.5 psi. For the second valve’s supply settings were set to GP= 40 and GL=200 with a 

head pressure of 10 psi. The delay time for opening each pulsed valve was adjusted with its 
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function generator. Each data point in the profile was an average of 30 scans. Post scan time was 

reduced from 1000 ms to 500 ms to speed up data gathering.  

For the data in Figure 3-10A, both valves were triggered at time 0 ms. The profiles for 

each valve are plotted as well as the projected profile (sum of the CF3
+ ions of two valves) for 

comparison. The intensity for the experimental data was ~25% lower than the projected profile. 

This is readily explained by recalling the effect of buffer gas pressure on ion intensity shown in 

Figure 3-1B. At lower buffer gas pressures, the signal intensity increases approximately linearly 

with increasing buffer gas pressure. However, at higher pressures, the increase in the signal 

intensity drops and eventually the signal reaches a maximum. 

In Figure 3-10B, a delay of 100 ms was set for the 1st valve relative to the timing of the 

2nd valve. Again individual profiles for each valve as well as the projected profile were plotted 

with the experimental profile. The experimental profile has good agreement with the projected 

profile. With the delay of 100 ms, most of the gas from the 2nd valve was already pumped away 

and thus, the pressure contributed by both valves remains in the linear range for ion intensity in 

Figure 3-1B. 

Pressure Effects on Fragile Ions 

For this study, the M+ ion of n-butylbenzene (m/z 134) was chosen as a model since it has 

been studied previously and classified as a fragile ion [51]. The SweetP QIT was set to the 

commercial configuration (standard endcaps and z0 = 7.85 mm) and calibrated using PFTBA 

under normal buffer gas conditions. The analyte was put into a 1/8” i.d.x 3” long glass tube and 

the vapor headspace was admitted into the ion source via a Granville-Philips Series 203 variable 

leak valve to yield ion gauge pressures of 5x10-6 to 1x10-5 Torr. All data points in the graphs 

were averaged from 100 scans.  
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Zoom scan mode [62]was used to take the mass spectra. Zoom scan is defined as a method 

of taking mass spectral data with slower mass scan rates, thus having more data points defining 

the mass peaks, resulting in higher mass resolution.. The normal mass scan rate of the GCQ is 

0.180 ms/ amu, whereas in the zoom scan mode, the scan rate is slowed down ten times to 1.8 

ms/amu. The zoom scan method is not an inherent function in the GCQ tune software, but the 

Custom Tune software has advanced feature controls to change the mass scan rates. Furthermore, 

the mass assignments in the spectra needed to be calibrated after the data were taken, as the 

default mass calibration was done with different conditions.  

Figure 3-11A shows the effects of variation of helium buffer static gas pressure on signal 

intensity and shift of mass assignment of the n-butylbenzene M+ ion. As shown in Figure 3-1A, 

the signal intensity increases as more buffer gas is available in the QIT for higher trapping 

efficiency. But it was also observed that at higher pressures of buffer gas, the mass assignment 

shifted downward as collisions with buffer gas led to increased dissociation of the fragile ion and 

thus earlier ejection of fragment ions. The mass spectrum of n-butylbenzene is shown with its 

major fragment ion at m/z 91 in Figure 3-11B. In this case, the mass shift is slightly toward the 

left, as buffer gas pressure was at adequate levels. 

Figure 3-12 shows the effect of pulsed buffer gas during the detection event in the scan 

function. Cooling time is defined as the length of time after ion injection and before the RF 

amplitude is ramped for detection. Post scan time is defined as the length of time after the end of 

the RF amplitude ramp before the start of the next scan function. In these experiments, the first 

pulsed valve was used and operated with a pulse width of 1.9 ms. The helium head pressure 

behind the valve was set to 2.5 psi. Each data point was an average of 30 scans. The ion injection 

time was fixed to 1 ms. 
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The conditions for the data in Figure 3-12A were set to have buffer gas present during both the 

ion injection and the detection event in the scan function. The cooling time was set to 1 ms and 

the post scan time was set to 1000 ms to ensure that the pulsed gas for each scan did not carry 

over to the next scan. It was observed that the m/z 134 ion intensity profile followed the pulse 

gas profile; in contrast, the mass shift decreased at longer delay times as the amount of buffer gas 

during detection event decreased. In Figure 3-12B, the cooling time was set to 1000 ms, which 

allowed the buffer gas that was introduced during injection to be pumped away before starting 

the detection event. Results showed that there was minimal mass shift of the n-butylbenzene ion, 

even at the highest buffer gas level (indicated by the signal intensity profile). 

These findings confirm that the buffer gas is needed during ion injection in order to 

efficiently trap injected ions, while the presence of buffer gas during ion detection can affect 

analysis of fragile ions and cause mass shifts. Implementing a pulsed valve system allows the gas 

pressure to be tailored for different events in the scan function. Unfortunately, the current pulsed 

valve system does not provide a narrow enough buffer gas pulse to tailor the pressure without 

adding delays in the scan function. 

Summary and Conclusions 

The potential of tailoring buffer gas pressure with the use of multiple pulsed valves has 

been demonstrated. Buffer gas, when introduced at the right point in the scan function, can 

enhance the trapping of injected ions, as well as increasing the fragmentation efficiency for CID 

and MS/MS. With tailored buffer gas pressure, the possibility of using increased pressure during 

trapping and CID events without the detrimental effects of buffer gas during detection can be 

achieved. The effects are highlighted in the analyses of fragile ions.  

The gas pulse was profiled by a technique using the QIT as a pressure gauge. Even though 

the pulse can be reproduced and tailored, the narrowest gas peak width achieved was 100 ms 
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FWHM, five times the ideal peak width of 20 ms. Thus, applications for the current setup are 

limited. The scan function can be lengthened to accommodate the wide buffer gas pulse, but scan 

rates will be decreased below practical speeds for GC/MS and LC/MS. Nevertheless, improved 

ion trap performance with pulsed buffer gas tailoring may justify the added complexity in QIT 

operation. 
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Figure 3-1.  Pressure effects on signal intensity and mass resolution in the quadrupole ion trap. 
A) Resolution vs pressure was plotted. Optimum resolution was achieved at ~1 
mTorr. B) Signal intensity vs pressure was plotted. Intensity increases with buffer gas 
pressure. Adapted from Stafford [7]. 
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Figure 3-2.  Mass spectra showing the effect of buffer gas and resonant excitation on CID of the 
M+ ion of nitrobenzene (m/z 123).  A) Without helium and no resonant excitation. B) 
With helium and no resonant excitation. C) Without helium and with resonant 
excitation. D) With helium and resonant excitation.  Adapted from Louris [56]. 
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Figure 3-3. Simplified QIT scan function for a full scan MS using the mass selective instability 
technique with the proposed buffer gas pressure tailoring scheme. It can be divided 
into 4 general events A) pre-injection, B) injection C) post-injection and D) detection. 
This scan function includes the concept that the buffer gas pressure could be added as 
another parameter varied during the scan function, rather than kept constant, as is 
typically done. Buffer gas pressure scales are approximate values based on the 
minimum and maximum level readings for the SweetP QIT. In this scan function, 
buffer gas pressure is increased only during ion injection. 
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Figure 3-4. Simplified QIT scan function for MS/MS scan with CID. Similar to the full MS scan, 
it is divided into 4 general events but with some changes: A) pre-injection , B) 
injection C) CID version of post-injection (cooling C1, isolation C2, excitation C3, and 
cooling C4) and D) detection. This scan function shows the proposed variation of 
buffer gas pressure during different portions of the scan function. Buffer gas pressure 
scales are approximate values based on the minimum and maximum level readings 
for the SweetP QIT. 
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Figure 3-5. Simulated profile of using two pulsed valves with varying gas pulse patterns to 
generate a “square” gas pulse profile. Similar to constructing a square wave from sine 
waves, timed gas pulses from A and B can be combined to form C, a new gas pulse 
profile.  An overlay of the desired square pulse profile is shown (dashed line). 
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Figure 3-6. Pulsed valve placement in the QIT. A) Diagram of a 3-way pulsed valve placement 
inside the vacuum chamber of the SweetP QIT. The normally closed (NC) output was 
connected to the QIT with Teflon tubing  (2.5”x 1/4” i.d.) that passed through a hole 
drilled in one of the nonconductive spacers between the trap electrodes. The normally 
open (NO) output was connected to a mechanical pump via a variable leak valve. The 
common (Cin) input was connected to a helium gas supply via another variable leak 
valve. The head pressure on the helium supply was controlled by a pressure regulator. 
B) Picture(and cross section view) of the trap showing the continuous supply line 
connected to the side of the endcap (in circle). 
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Figure 3-7.  Diagrams showing how the tdelay is inserted into the scan function and its operation. 
A) A scan function that shows the timing of opening the valve for ion molecule 
reactions between Ar+ ions and N2 introduced via a pulsed valve. Using 24 VDC to 
drive the pulsed valve, the minimum pulse time to open the valve was 1.9 ms. As 
shown on the diagram, tdelay was set at 10 ms. B) N2

+ signal intensity as a function of 
pressure. This can be interpreted as a neutral gas profile (in red) with a series of 
ion/detect times overlayed on the profile. This shows how the gas profile is sampled 
across its peak by shifting  tdelay sequentially. 

A 

Main RF voltage

Axial modulation

Ion gate voltage

Valve trigger

Multiplier

B 

Valve trigger

Ion/detect time

Gas profile

tdelay Ion/detect 
time 

tdelay 



 

91 

 

0

20

40

60

80

100

0 50 100 150 200 250 300 350
Time, ms

R
el

at
iv

e 
in

te
ns

ity 5 psi
2.5 psi
1.5 psi

 

 

50%

100%

-50 0 50 100 150 200 250 300 350
Time, ms

R
el

at
iv

e 
in

te
ns

ity

GP 48
GP 40

 

0.0E+00

5.0E+06

1.0E+07

1.5E+07

2.0E+07

2.5E+07

0 20 40 60 80 100 120 140 160

Time, ms

In
te

ns
ity

 
Figure 3-8. Preliminary data for gas pulse optimization, showing intensity of N2

+ (m/z 28) 
formed by charge exchange with Ar+ as a function of delay time. The pressure for the 
common (Cin) inlet was varied by controlling the head pressure or setting of the GP 
leak valve. A) NO closed and varying head pressure B) NO open and varying GP 
supply (head pressure 2.5 psi) C) NO and C with variable leak gauges. GP = setting 
for the supply restriction, GL= setting for the leak restriction (head pressure 10 psi) 
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Figure 3-9. Gas profile of the multi-pulse experiment, measured by monitoring the CF3
+ ion with 

buffer gas pulsed into the ion trap. Experimental data for a single pulse were taken 
and used to create the projected two-pulse data and plotted with the experimental 
two-pulse data. The pulsed valve was triggered twice with the second pulse 70 ms 
after the first. The experimental data for the two-pulse delivery of buffer gas followed 
a trend that is similar with the projected profile, indicating reproducibility of the 
pulsed gas profile. Shown above the figure is the pulse trigger timing that was sent to 
the pulse valve. 
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Figure 3-10.  Gas profile of 2 pulsed valves operated synchronously as measured by monitoring 
the CF3

+ ion intensity as function of delay time. The first valve’s supply head 
pressure was set to 2.5 psi. The second valve’s supply settings were set to GP= 40 
and GL=200 with a head pressure of 10 psi. A) Both valves were opened at time 0. B) 
The 1st valve had a delay time of 100 ms in relation to the 2nd valve. 
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Figure 3-11. Static buffer gas experimental results.A) Effects of static buffer gas pressure on 
signal intensity and mass assignment of the M+ ion of n-butylbenzene (m/z 134). The 
mass placement shifted downwards as the static pressure was increased. B) Full scan 
MS of n-butylbenzene at 2.5 psi buffer gas head pressure.     
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Figure 3-12. Experiments using pulsed buffer gas introduction and its effect on analysis of 
fragile ions. The intensity and mass assignment of the M+ ion (m/z 134) of n-
butylbenzene is plotted vs delay time: A) Cooling time was 1 ms and post scan time 
was 1000 ms B) Cooling time was 1000 ms and post scan time was 1 ms. 
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CHAPTER 4 
CONCLUSION AND FUTURE WORKS 

The quadrupole ion trap (QIT) was developed by Paul in the 1950’s using the Mathieu 

equation to describe the stability of an ion’s trajectory. This equation was the basis for the mass-

selective instability method, which transformed the QIT into a successful mass spectrometer. 

Currently, all commercial QITs have a stretched axial (z0) configuration, which deviates from the 

theoretical z0 by 11%. This modification was made to superimpose higher order fields, which 

counteract the effects of field imperfections caused by the endcap holes and truncation of the 

practical trap. Truncation is needed to limit the size of the device and avoid a voltage arc 

between the RF ring and grounded electrodes. The endcap holes are needed to admit ions into 

and eject them from the trap. Furthermore, the use of buffer gas, which helps trap and cool 

injected ions by reducing ion kinetic energy, focuses the ions into the trap center and away from 

the field imperfections. However, the increase in the z0 distance superimposes higher order fields 

and consequently causes nonlinear resonance effects. Previous SIMION studies from our lab 

have shown that microscreening the endcap holes reduces field imperfections in the vicinity of 

the holes.  

The goal of this research was to experimentally evaluate the microscreening of the endcap 

holes that would correct for the field imperfections brought about by the features of the practical 

trap. Using the PFTBA fragment ion CF3
+ at m/z 69 as a monitor ion, mass spectra were taken 

with and without buffer gas using stretched endcap spacing and standard endcaps. Without buffer 

gas ions tend to have larger excursions from the trap center, and therefore are more likely to 

experience field imperfections near the trap end caps. With non-linear resonance, an ion’s 

stability is no longer dependent on its m/z value, as the ions of a specific m/z can have multiple 

parameter values at which they are ejected, resulting in ghost peaks of that particular ion. The 
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intensity of the ghost peak of m/z 69 that appeared at m/z 67 was decreased by reducing the 

endcap spacing from stretched (10%) to theoretical (0%) dimensions. This peak intensity was 

reduced even further when coupled with the use of microscreened endcaps. The intensity of the 

ghost peaks at m/z 67 and 64.5 is even lower with the use of microscreened endcaps than with 

standard endcaps, even under buffer gas conditions.  

The practical solution employed by Finnigan from a commercial standpoint is sufficient 

for most applications. For some applications, however, the use of buffer gas is a problem (e.g. 

space exploration where carrying He is unappealing, or in cases where ion-molecule reactions 

with impurities such as water in the buffer gas are problematic.) In such cases, using the QIT 

with the z0 = 7.85 mm spacing would be problematic as the spectra it produces will be 

complicated with ghost peaks due to nonlinear resonance.  

Using mesh inserts was a practical method of evaluating the solution of repairing field 

imperfections in the vicinity of the endcap holes. However, field imperfections contributed by 

the microscreened endcaps were also encountered, as peaks not present with standard endcaps 

appeared with microscreened endcaps. Wear and tear of the modified endcaps from repeated 

interchanges of the inserts may be the cause. Thus, this method may not be used as a permanent 

solution. An alternative, but not practical answer to this problem is to manufacture endcaps with 

incorporated microscreened holes. This method will avoid the possibility of performance 

degradation due to repeated interchanges.  

This research can be applied to the 2-D linear ion trap. The X-rods, where slits are located 

through which ions are ejected, are also stretched by the manufacturer in the same manner to 

compensate for field imperfections in the vicinity of the slits. The slits are only 0.25 mm wide, 

which is significantly smaller that that of the 3-D trap. A future study would be to evaluate the 
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performance of the linear ion trap without buffer gas to determine the prevalent nonlinear 

resonance existing within this type of ion trap and then to evaluate microscreening if it would 

improve the performance in the same way as in the 3-D ion trap. 

Buffer gas has always been used since the commercialization of the QIT mass 

spectrometer. The current He buffer gas pressure of 1 mTorr is a compromise between signal 

intensity and mass resolution. Adequate buffer gas pressure is needed to reduce the kinetic 

energy of externally created ions through collisional cooling with buffer gas. On the other hand, 

having too high buffer gas pressure leads to loss of mass resolution. Single pulsed valve 

experiments have shown key points in the analytical scan function where the presence of buffer 

gas is important and where it should be reduced. However, buffer gas pressure control with 

single valves is limited because it only offers two states, closed and open with constant pressure 

behind the valve.  

The concept of tailoring buffer gas pressure with the use of multiple pulsed valves was 

presented with goal of achieving more control over the flow of buffer gas. With tailored buffer 

gas pressure, the possibility of optimizing a buffer gas pressure level for injection and trapping, 

while allowing another pressure level to be set  for CID events without the detrimental effects in 

detection can be achieved. Data have shown that different gas profiles can be created.   

Using the QIT as a pressure monitor, the produced gas pulse was profiled to be 100 ms 

FWHM. The scan function can be extended to accommodate the wide gas peak width but it is not 

be practical for most applications. There are several approaches that may shorten the gas peak 

width. Increasing the conductance out of the trap is one method. Currently, there are only four 

conductance holes in the endcap. Holes can be drilled in the endcap spacers to increase the 

conductance. Another way is to decrease the distance of the valve from the trap while increasing 
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the connecting tube diameter. This approach will shorten the rise time of the gas peak. Another 

consideration to shorten the gas peak width is to use an array of micromachined valves, which 

have faster response times than the solenoid valves used in this work. These valves can be 

manufactured smaller in size, which would be advantageous in placing an array of valves closer 

to the ion trap.  
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