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ABSTRACT

Kevin Philip Schultze: Advanced System Components for the Development of a Handheld
lon Trap Mass Spectrometer
(Under the direction of J. Michael Ramsey)

This work describes the development and implementation of system components
utilized in a handheld ion trap mass spectrometer (MS). Current state-of-the-art portable
mass spectrometers fall in the 30 to 40 Ib. range due to their large and heavy vacuum
systems. The strategy used in this work to create lighter, handheld instruments is to
eliminate much of the vacuum pumping requirements by operating the entire instrument
under 1 Torr of background pressure, i.e. 3 orders of magnitude higher than conventional
instruments. Reducing the ion trap size by a factor of 20 and operating these miniature traps
at increased RF drive frequencies compensates for the ions’ reduced mean free path, making

mass analysis possible at these elevated pressures.

The first component developed was a novel ion trap geometry. The design is a
modification of the cylindrical ion trap (CIT), using three electrodes to produce an elongated
two-dimensional trapping region capped by planar mesh electrode features on each end. The
SLIT’s increased dimensionality led to a tenfold increase in sensitivity versus a CIT with the
same critical dimensions while maintaining identical resolution. This 5 mm long SLIT with
critical dimensions X, = 500 pum and z, = 650 um represents the smallest linear type ion trap

reported to date and maintains higher resolution than their larger counterparts. SLIT



operation in pressures exceeding 1 Torr of helium, nitrogen, and air buffer gasses also

represents the highest pressure operation reported for linear ion traps.

lon detection at elevated pressures was achieved using a Faraday cup and charge
sensitive amplifier. Mass spectra were collected using both a commercial amplifier and two
custom made amplifiers. The smaller of the two custom Faraday cup amplifiers was
incorporated into a miniature vacuum chamber along with the SLIT mass analyzer and glow
discharge ion source. The operation of this MS system is the first reported miniature
instrument operated without the use of turbomolecular vacuum pumps, and can in fact be
operated with only a simple miniaturized roughing pump. Incorporating the miniature
chamber, pump, and a custom miniature RF system, a prototype MS was developed weighing

2 Ibs. and drawing 8.2 W.

Finally, gas chromatography - mass spectrometry (GC-MS) experiments were carried
out utilizing the newly developed miniature MS instrumentation with a full size GC to
demonstrate the feasibility of a future handheld GC-MS device. Detection of a variety of
organic analytes during 2.5 minute separations was demonstrated in both helium and nitrogen

carrier gasses with limits of detection of 0.056 ng injected on-column.
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CHAPTER 1: MINIATURIZING MASS SPECTROMETERS AND THE
QUADRUPOLE ION TRAP

Introduction

Mass spectrometry (MS) has long been among the most informative of analytical
techniques. Due to its distinctive capability to selectively detect a large variety of analytes
with both speed and sensitivity, MS has found wide-ranging applications in areas such as
trace elemental analysis, biomolecule characterization in highly complex samples, and
isotope ratio determination.! However, the large size, weight, and power consumption
(SWaP) inherent to nearly all MS systems generally confines their use to laboratory settings
rather than in-field analyses. Whether it is the rapid detection necessary for security
applications or in situ analysis required for environmental studies, there exist many
applications in which it is necessary or at least desirable to make these chemical
measurements directly in the field. To meet this need, several successful efforts have gone
into miniaturizing equipment for field work utilizing other analytical techniques such as ion
mobility spectrometry (IMS) and Raman spectroscopy.” However, none of the current
hand-portable instrumentation can offer the combination of speed, selectivity, and sensitivity
that is possible with MS, and the fact that these instruments have found wide use despite their
shortfalls is illustrative of the large impact that a hand portable mass spectrometer would

have.

Not surprisingly, many efforts over several decades have been targeted at achieving

ever smaller mass spectrometers with the eventual goal of hand-portability.



Attempts to miniaturize each of the common types of mass analyzers have been carried out
and a historical treatment of these efforts will be the focus of Section 1.1. Of particular
interest in the field of miniature mass spectrometry is the quadruple ion trap (QIT) for which
a detailed explanation of its operation will be given in Sectionl1.2. And finally, a description
of the current state of the art in microscale ion traps and our laboratory’s focus on their

operation at high pressures will be described in the final section of this chapter.

1.1 Miniaturization of Common Mass Analyzers

All mass spectrometers consist of three core components: an ion source, a mass
analyzer, and a detector. In addition, they also include several peripheral systems such as the
control electronics, vacuum system, and data collection system. Upon initial examination
one might not consider the miniaturization of the mass analyzer to be a vital step in the
shrinking of the overall system since in many instances, the mass analyzer represents only a
small portion of the instrument’s total size and/or weight. However, reducing the mass
analyzer dimensions can impact the SWaP of the peripheral systems in a number of ways.
First, since all mass analyzers utilize electric fields in some manner to guide and separate
ions, lower voltages can be used to create the same field strengths at smaller dimensions,
leading to lower power electronics. Additionally, as the mass analyzer shrinks, so does the
required mean free path for ion-neutral collisions. This reduced mean free path leads to
higher allowable pressures and thus reduced vacuum requirements for all types of mass
spectrometers, albeit to varying degrees. Since the vacuum system is almost always the
largest contribution to a portable instrument’s size and weight, significantly reducing the

vacuum requirements is a necessity.



Sector Analyzers

The magnetic sector was one of the first mass analyzers to receive significant
miniaturization efforts due to its long history and wide use in the field of mass spectrometry.’
The sector MS is a ‘beam type’ instrument in which an ion beam is controlled and separated
by means of a magnetic, and often an electric sector. (Figure 1.1a) Acting as a deterrent for
miniaturization, sectors are larger than most other mass spectrometers due to the large and
heavy magnetic and electric sectors employed. They also require comparatively strict
vacuum requirements, typically 10 Torr or lower . Offsetting some of these challenges to
miniaturization is the fact that unlike other mass analyzers, sectors can employ exclusively
static fields, as in the Mattauch-Herzog geometry.* This property reduces both power draw
and complexity, aiding in the miniaturization of the electronics package. In addition,

miniaturization facilitates the use of small permanent magnets that draw no power at all.

Taking advantage of the ability of the Mattauch-Herzog geometry’s high MS
acquisition rate resulting from simultaneous detection of all ions at the array detector, Sinha
et al. developed an early miniaturized sector MS to interface with a fast gas chromatography
(GC) separation.” This instrument, based on a permanent magnet greater than 10 kg with a
12.7 cm detection plane was able to successfully detect fast eluting peaks of 200-300 ms
from a microbore GC column. Other efforts have gone into packaging a sector of an
alternative geometry into a portable, suitcase sized instrument able to detect a wide variety of
organic compounds at a resolving power around 150.° The weight and power consumption
of 20 kg and 30 W respectively, while impressive for the time period, comes at the cost of
very low throughput and limited run times. Previously, even miniaturized sectors still had

ion flight paths of tens of centimeters, but more recently, microfabrication techniques have

3



been used to create a 2 cm radius miniature sector with crossed electric and magnetic fields

which achieve a resolving power of 106.”

Time-of-Flight

Time-of-flight (TOF) instruments are the most conceptually simple mass
spectrometers consisting of an acceleration region where all ions are accelerated to the same
kinetic energy (KE), a field free drift region where the ions are separated by flight time, and a
high bandwidth ion detector. (Figure 1.1b) Compared to the sector MS, the TOF mass
analyzer is typically much lighter in weight while the control electronics remain
straightforward and draw little power. Challenges to the miniaturization of TOFs include
their similar vacuum requirements to sector instruments as well as the fact that their resolving
power is directly related to flight tube length. However, the precise control of ion kinetic
energies achievable with simple electrode geometries can yield miniaturized TOF analyzers

with resolution comparable to many benchtop mass spectrometers.

By far the largest TOF miniaturization effort has been conducted in the lab of Dr.
Robert Cotter with their ‘Tiny TOF’ project yielding several successful instruments over the
years.2'® This research has progressed in stages, starting with a modest reduction of the
flight tube length from the common 1-1.5 m to 20 cm® and finishing with their smallest sized
TOF with a flight tube of 5 cm.® Their instrument has been targeted towards biological
samples and has a reported resolving power of 330. Knowledge gained from this work was
later used in the development of a suitcase sized TOF MS directed towards first responders.*
Another interesting application for miniaturized TOFs is in space exploration where the

vacuum pumping requirements are far less stringent. To this purpose, a miniature laser



ablation TOF analyzer has been developed by Riedo et al. The prototype system conducts

elemental analyses of solid samples at a resolving power of up to 600.™

lon Cyclotron Resonance

When assessing mass analyzers for miniaturization, Fourier Transform lon Cyclotron
Resonance (FT-ICR) mass spectrometry is possibly the least suited for such an endeavor.
FT-ICR instruments are both the largest of the conventional mass spectrometers due to the
size of the superconducting magnets required as well as having pressure requirements of
several orders of magnitude lower than sector or TOF analyzers. Large mean free paths are
needed to provide adequate time to measure the ions’ cyclotron resonant frequencies, and
thus their mass to charge ratios, within the magnetic and electric trapping fields. (Figure
1.1c) However, FT-ICR instruments routinely achieve resolving powers well into the
millions, making them the highest resolution instruments available. These characteristic
advantages and disadvantages remain upon miniaturization of the FT-ICR, with Dietrich et
al. developing a large suitcase sized instrument with a resolving power of 1000.>*® This
lone example of FT-ICR miniaturization still represents the highest mass resolution obtained
in miniaturized instruments, although significantly reducing its size much further seems

unlikely.

Linear Quadrupoles

Operating in the 10 — 10 Torr pressure range, the linear quadrupole is relatively
pressure tolerant when compared to the previously discussed mass analyzers, and again, even
higher pressures are achieved as the ion path length is reduced in miniaturized instruments.

A linear quadrupole consists of two sets of metal rods with opposing RF and DC voltages on



each pair creating a time varying quadrupolar field between the four rods. (Figure 1.1d)
These voltages are set such that only a narrow range of mass to charge values are passed
through the rods to the detector at a time, and a linked scan of the RF and DC voltages
produces the full mass spectrum. There exist two primary challenges towards the
miniaturizing of the linear quadrupole. The first challenge, having to do with the power
requirements of the large RF voltages, scales favorably with miniaturization as discussed
previously. The second challenge is that machining and alignment tolerances for the rods are
tight enough to pose a manufacturing challenge even for full size instruments. However,
microfabrication and next generation manufacturing techniques such as 3D printing show
promise in overcoming this limitation as well. As such, the miniaturization of the linear
quadrupole has been relatively successful, even finding commercial success as residual gas

analyzers (RGA).

Full-scale linear quadrupole rods ca. 20 cm in length and 10 mm in diameter can be
significantly reduced in size using conventional machining or high precision techniques such
as electrical discharge machining, without sacrificing much in the way of overall
performance. Research along these lines at Inficon, a gas analysis company, has led to a
RGA as small as 1.27 cm long with an inscribed radius, r,, of 0.33 mm.** The resolution of
this device, ~0.9 Th, was found to be relatively constant even up to pressures of 10 mTorr
(~250 times higher pressure than full-scale linear quadrupoles). However, typical of linear
quadrupoles, sensitivity was reduced at higher pressures (~50% reduction at 2-3 mTorr)
caused by ions being lost before reaching the detector due to scattering collisions with the

background gas.



Microfabrication techniques are also being utilized in linear quadrupole construction
to maintain dimensional tolerances as analyzer sizes are pushed ever smaller. As an example,
Taylor et al. fabricated a device using 30 mm long, 0.5 mm diameter metallized glass fibers
mounted on a microfabricated silicon support for alignment.®> While this device resulted in
only modest resolution, it likely merits further study due to the precision and scalable
manufacturing potential of microfabricated devices. Also of note when moving to such
small dimensions, ion throughput and thus sensitivity can be compromised. To ameliorate
this trend, arrays of many linear quadrupoles have been operated in parallel, theoretically
increasing the device sensitivity linearly with each set added.® This is a strategy we will see

repeated with miniaturized quadrupole ion traps.

Quadrupole lon Traps

While the quadrupole ion trap (QIT) has a shorter history, not becoming a viable
mass analyzer until the mid-1980s, they represent the bulk of the research into miniaturized
MS instruments due to their relatively small size, less stringent dimensional tolerances, and
most importantly, pressure tolerance. An in-depth overview of this research on miniature ion
traps and their operation at elevated pressures can be found in Section 1.3. However, as the
remainder of this dissertation deals exclusively with the quadrupolar ion trap, a detailed
description of its invention, development, and theory of operation will first be given in

Section 1.2.



1.2 The Quadrupole lon Trap: Theory and Operation

Qualitative Description of QIT Trapping

Based on initial work by Penning,*” the first ion trapping devices employed a
magnetic field trapping charged species in circular orbits while a cylindrically symmetric
quadrupolar electric field formed a potential well in the axial dimension. This configuration
has the limitation that it must be operated under high vacuum conditions, and as such,

continues to find use only in FT-ICR instruments.

Confinement of ions in the absence of a magnetic field was first reported by Paul and

Steinwedel*®

and was achieved simply by oscillating the quadrupolar electric field of the
Penning trap. Because the field strength increases with the square of the distance from the
center of the trap, where its value is zero, the net impulse over a single oscillation of the field
on an ion is non-zero. Put more simply, an ion will be forced a distance towards the center of
the trap during the attractive half of the cycle and repelled another distance during the
repulsive half. Because the ion is closer to the trap’s center during the repulsive half, the
average repulsive force will be weaker than the original attractive force resulting in a net
movement of the ion towards the trap’s center. The fact that the field is axially attractive

while being radially repulsive and vice versa is of no consequence, as over a period of

oscillation a net focusing impulse is achieved in both directions.

To achieve this cylindrically symmetric quadrupolar field, electrodes are constructed
along isopotential lines. This configuration yields three electrodes with hyperbolic surfaces
consisting of two endcap electrodes with a ‘ring’ electrode sandwiched between them (Figure

1.2). The electrode size is defined by the shortest distance from the center of the trap to the



ring electrode, r,, and the shortest distance from the center to the endcaps, z,. To form an

ideal quadrupolar field, a ratio or r2 = 2z2 is required.

Mathematical Treatment of QIT Operation

Several detailed descriptions of the theory of ion motion in a QIT have been
previously presented,'®?? and the reader is directed to these for reference beyond the
overview provided here. In a purely quadrupolar field, the potential, ¢yy,., at any point
varies quadratically with distance from the origin and can be written in its most simple form

as

Pyyz = AQx* + oy? +yz%) + C (1.1)
where A is a non-zero term including the electric potential applied between the electrodes, C
is a fixed potential applied to the whole system, and A, o, and y are weighting constants
applied to the x, y, and z coordinates, respectively. It can be seen that there are no cross
terms (e.g. xy terms) which has the important implication that the force and thus ion motion
in each coordinate direction can be treated independently. As with all electric fields with
zero volume charge density, it is necessary for the Laplace condition to be met where the

second partial differential of the potential at any point must be equal to zero.

0’¢p 9*°¢p 9*¢ (1.2)
2 — —
v ¢_6X2+6y2+022 =0
From which Eq. (1.2) becomes
VZp=ARA+20+2y)=0 (1.3)

And because A is non-zero



A+o+y=0 (1.4)
Because the QIT is cylindrically symmetric about the z-axis, A and ¢ must be equal leading

to the simplest values for all three coefficients as

A=0o=1, y= -2 (1.5)

Substituting these values into Eq. (1.1) and converting to cylindrical coordinates yields

br, = A(r? —2z3) +cC (1.6)
We now evaluate the general coefficients A and C in terms of the potential within the actual
ion trapping electrodes. First we define ¢, as the potential applied between the ring

electrode and endcaps. Combination of the cases ¢,_, and ¢, leads to the expression

b, = A(r2 + 2z2) (1.7)

Thus solving for A and substituting into Eq. (1.6) yields

2 _ 2
The easiest and most common way to operate a QIT is to apply the desired potential to the
ring electrode and ground the endcaps. Thus we can use the fact that ¢, ,_is equal to zero to
solve for the final coefficient C and substitute back into Eq. (1.8) yielding

o (r? = 227) 20024 (1.9)
brz = (r2 +2z2)  (r2 +2z2)

As noted in the qualitative QIT description, the applied potential, ¢, is oscillating. In
addition, there can also be a DC component applied in series to the ring electrode resulting in

the expression for ¢, of

10



bo = (U+ Vcos Qt) (1.10)
where V is the maximum AC voltage amplitude, U is the DC voltage amplitude, t is time, and
Q is the angular frequency of the AC voltage. Upon substitution into Eq. (1.9) we arrive at
the full equation for the potential inside a QIT as conventionally operated

_ (U+VcosQ)(r? — 2z%) = 2(U + Vcos Q)z3 (1.11)
ne (r2 + 2z2) (r2 + 2z2)

Recalling that forces in each coordinate direction can be treated independently, we will start
with the z dimension. Combining the Lorentz force law for charged particles and Newton’s

second law we can write the expression for the force on an ion, F,, of mass m and charge e as

3 dpy  4(U+VcosQt)z  (d*z (1.12)
F. = _e(dz) ( )

dz (r2 +2z2) M ae
The expression for F; is identical with the exception of the -2:1 relationship given by the
Laplace condition earlier, representative of the fact that the force on an ion is attractive
towards the origin in the z direction while being repulsive in the r dimension and vice versa.
The final equality above represents the differential equation of ion motion ina QIT.
Fortunately, a solution to this form of differential equation was determined by Mathieu in
1868 from his study of vibrating stretched skins.> When Eq. (1.12) is rewritten and

expanded as shown below,

d?z N [ 4eU 4eVcosQt ] 0 (1.13)
dt? m(r3 +2z2) m(r2 + 2z32) 2=

it becomes evident that this is a special form of the Mathieu equation as shown below in its

common form.
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d?u (1.14)
ae + (ay — 2qy cos2§u =0

Where u is a displacement; € is a parameter equal to Qt/2 in this case; and a and q are
dimensionless parameters which in the special case of the QIT are known as “trapping
parameters.” A detailed walkthrough of the transformations made to yield the expressions
for the trapping parameters can be found here,'® but for the purposes of this description they

will simply be given as

L ___ 16U (1.15)
27 m(r2 + 2z2)02
and
8eV 1.16
qz ( )

- m(r3 + 2z3)Q?

Again, the expressions for ar and g, are identical after accounting for the -2:1 ratio. The
parameters ay and qu are seen to be of particular interest as they are functions not only of an
ion’s mass to charge ratio, but of all the relevant instrumental parameters. Thorough
examination of the solutions to the Mathieu equations as they relate to the QIT, again shown
in detail elsewhere,° reveal several regions in the a-q space where ion motion is stable and
periodic. Figure 1.3 shows both the r-stable regions (upward pointing) and the z-stable
regions (downward pointing). An ion which resides in one of the several overlapping regions
will undergo stable motion in both dimensions and will thus remain trapped. The practically
useful region of ion stability near the a-q origin is shown in Figure 1.4. The regions of
stability are bound by lines corresponding to the 3 parameter equal to 0 and 1 for the r and z

dimensions. This new parameter will now be described below.
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Motion of Trapped lons in the QIT

There remain a few aspects of ion motion in the QIT left to consider. Recall from the
qualitative description that for each RF cycle, a net force acts upon the ion toward the trap’s
center. The aggregate of these forces can be accurately modeled as the ion residing in a
parabolic pseudopotential well in which the ion undergoes stable simple harmonic motion.
The frequency of this motion can be expressed by a new trapping parameter, 4, which is a
complex function of a and g given by the continued fraction

2 Q% (1.17)

Bi=ay+ 2
(Bu + 2)2 —ay — du q2
(Bu + 4‘)2 —dy — <

While this is straightforward to solve computationally, Hans Dehmelt, who shared the 1989
Nobel Prize in Physics with Paul for the development of the QIT, developed an

approximation valid for g, << 1 shown below.?*

2 (1.18)

This equation was verified experimentally to be valid within 1% for g, < 0.4 by Wuerker et
al.?? Owing to B being a dimensionless frequency, it can be converted to an ion’s real
fundamental frequency of motion within a QIT which we will refer to as the ion’s secular

frequency, w, by the following relationship

13



B, Q (1.19)

Because £ varies between 0 and 1 for a trapped ion, we can see that an ion’s secular
frequency of motion can vary between zero and half the RF drive frequency depending on
the trapping parameters. Again turning to the theory of the simple harmonic oscillator, the
depth of the pseudopotential well, D, can be derived® to be

b = eV q,V (1.20)
7 4mz202 8

for the ideal case of r2 = 2z2.

Higher Order Fields

To this point, the discussion of the QIT has assumed a perfect cylindrically symmetric
quadrupolar field. In practice however, truncated hyperbolic electrodes, holes for ion
injection/ejection, and machining tolerances produce deviations from the ideal. A more
general approach to solving Laplace’s equation for a system with axial symmetry is given

here,? the result of which yields an expanded equation for the potential in the ion trap.

3 A Al r? — 2z 3r2z — 223 (1.21)
q)r,z - q)o 0 1 r, 2 ng 3 21‘3

3r* — 24r?z2 + 8z* A 15r%z — 40r?z3 + 8z°
* 8r¢ > 8r3

where the coefficients Ao, A1, Az, A3, A4, etc. are the weighting factors given to the monopole,
dipole, quadrupole, hexapole, octopole, etc. components respectively. For an ideal

quadrupolar field, all coefficients other than A2 become zero, resulting in an equivalent form

14



of Eq. 1.8 derived earlier. In a real trap, the coefficients change based on the geometrical

imperfections introduced.

Inspection of Eq. 1.21 reveals several ‘cross terms’ in the higher order field
components. This has the important consequence that we can no longer consider the motions
in the r and z dimensions as strictly uncoupled in a real world device. However, due to the
higher order nature of these fields, the quadrupolar field remains dominant near the center of

the trap. This becomes an important point when performing mass spectrometry with a QIT.

The OIT as a Mass Spectrometer

Considering the substantial academic and commercial success of the QIT, it is
somewhat surprising that it took 30 years after the initial invention of the QIT for it to find
wide use as a mass spectrometer. Following the initial report™ and patent® by Paul, the QIT
was used primarily by physicists to study fundamental ion properties and ion-neutral
interactions. During this period there were some initial attempts to use the new device as a
MS starting with the realization by Dawson and Whetten that ions could be ejected through
holes drilled in the endcaps and detected with an electron multiplier.””*® This same work
pioneered the use of mass selective storage to generate mass spectra. This method sets the
RF and DC values so that a single mass to charge ratio (m/z) is trapped at the apex of the a-q
stability diagram before being ejected by a DC pulse on an endcap. This process is repeated
for each m/z generating the full mass spectrum. While this was an important step in QIT
development, this method offered little advantage over the already prevalent linear

quadrupole mass filter.
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The QIT remained relatively obscure as a mass analyzer until the early 1980s when
George Stafford conceived of a novel method of mass analysis, leading to the successful
commercialization of the QIT by the Finnigan Corporation.” This method of mass analysis,
known as the mass selective instability scan, traps ions using only an RF voltage so that all
the ions exist on the a, = 0 axis in descending order of m/z. The RF amplitude is then
ramped linearly causing each ion’s Q; to increase as per Eq. 1.16 until it reaches the stability
boundary at g, = 0.908, upon which it will be ejected from the trap in the z direction. In this
manner, ions are ejected in order of m/z from low to high values. While this method of
generating mass spectra worked comparatively well, two more important contributions came

out of Finnigan’s research before a successful commercial instrument was realized.

Even the most pressure tolerant instruments at that time saw deterioration in
performance when background pressures increased much above 10 Torr, and the same was
also expected of the QIT. However, because the goal of Finnigan’s QIT project was to
produce an inexpensive GC-MS detector, the QIT’s performance was evaluated at increasing
helium pressures. Unexpectedly, upon introduction of ca. 1 mTorr of He background gas,
both the resolution and sensitivity were drastically improved. It was eventually realized that
the many ion collisions with the He buffer gas reduced the kinetic energy of the ions,
‘cooling’ them into a very small area in the center of the trap. From here, the ions could be
ejected far more efficiently out of the endcap to the detector. Additionally, with the ions
cooled very near the center of the trap where the quadrupolar term dominates, any effects of
higher order fields from non-ideal electrodes are largely mitigated. This leads to alignment
and machining tolerances being much less stringent than in the closely related linear

quadrupole.
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Even with buffer gas cooling effects, the Finnigan researchers found that large field
deviations from the endcap holes and truncated electrodes caused unpredictable mass shifts
for certain ions. An evaluation of the possible effects of higher order fields on mass analysis
led them to try increasing the ring-endcap distances symmetrically, introducing even term
(octopolar, dodecapolar, etc) higher order fields. They found that a 10.4% stretch in the z
dimension adequately compensated for the inherent electrode non-idealities and solved the

mass shift problem. Most of the QITs today still feature this type of modification.

This final breakthrough allowed for the successful commercialization of the QIT as
both a GC-MS instrument (1984) and a standalone research instrument (1985) with both
using the now standard trap size of r, =1 cm. No longer being limited to a few
instrumentation labs, research into applications and development of the QIT exploded. Its
ruggedness, low cost, ability to interface with multiple ion sources, and ability to perform
multiple stages of mass spectrometry (MS/MS) efficiently has secured its place as a

workhorse MS even today.

1.3 Miniature lon Traps and High Pressure Operation

As stated in Section 1.1, ion trapping instruments have received the most attention in
terms of miniaturized MS. This section covers the benefits and challenges of using ion traps
as miniature mass analyzers as well as some of the strategies to overcome some of these

challenges.

The Cylindrical lon Trap

A major challenge when miniaturizing the QIT is maintaining adequate tolerances for

30-31

the hyperbolic electrodes at ever smaller scales. Both conventional machining and more
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recently developed additive manufacturing techniques® have been utilized to recreate
hyperbolic trap surfaces at r, around 2 mm, representing a 5x decrease in size from the
conventional QIT. This however appears to be near the current limit in the ability to create
these precisely shaped electrodes. In response, much work has gone into the development of
a simplified geometry in which flat surfaces are used for the endcap electrodes and a straight
cylindrical surface is used as the ring electrode as shown in Figure 1.5b. This cylindrical ion
trap (CIT) is far easier to manufacture by both conventional and microfabrication techniques

down to scales that are several orders of magnitude smaller than the conventional QIT.

The CIT was patented by Langmuir et al. as a simple ion storage device in 1962,
which of course predated the mass selective instability mode of operation. It took until 1998
for the use of a CIT as a mass analyzer to be explored.** In this work, a “full size’ CIT of
I, =1 cm was used to generate mass spectra with better than unit mass resolution and an
upper mass limit of 600 Th, which is comparable in performance to a QIT with hyperbolic
electrodes. As shown in Figure 1.5, the quadrupolar field of the QIT is well approximated by
the CIT in the center of the trap where the ions reside. This allows the CIT to be operated in
exactly the same manner as the QIT without much loss in performance. Building on
information learned from the initial CIT work, the Cooks group from Purdue University soon
after developed an entire miniaturized MS system based on a 1/4 scale CIT (o = 2.5 mm).*
% performance was adequate with resolving power of ~100 and a 250 Th mass limit, even
employing a membrane inlet system for atmospheric sampling. This initial system was
relatively large at 55 kg including a 20 kg battery but represented an important first step

toward designing a battery-powered miniature MS around an ion trapping instrument.
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These initial results spawned several subsequent generations of miniature trapping
instruments, culminating in the ‘Mini 10’ instrument weighing in at 10 kg and drawing 70 W
of power.*” The group was able to maintain performance in terms of mass resolution and
range while iteratively reducing the size of the various instrumental components with each
generation. This approach to miniaturization, consisting of starting with a laboratory scale
instrument and systematically reducing component size while retaining performance, has

been termed the “top-down approach.”®

Microscale Cylindrical lon Traps

The top-down approach to miniaturizing instruments has the major benefit of
retaining much of the performance of their benchtop counterparts, but this high performance
typically accompanies higher costs and lower durability. For these reasons, high performing
portable instruments such as these have yet to find their way into general use. The
alternative, deemed the “bottom-up approach” to miniaturization, starts with a microscale
mass analyzer and designs the system around this element. This method seeks to produce
smaller instruments of modest performance while taking advantage of the inherent low cost
of microfabricated devices. The end goal is a low cost, durable, hand-portable device that

can bring mass spectrometry into a variety of new fields.

The research into microscale CITs has varied in scale considerably from r, values in

39-43

the 500 um range®™ ™™ that can be made with conventional machining or microfabrication,

down to the tens of microns and below***®

which can require advanced microfabrication
techniques. The first attempt at operating a CIT with critical dimensions below 1 mm was by

Ramsey and coworkers utilizing a ‘sandwich’ technique where thin sheets of metal with the
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requisite endcap and ring electrode holes were separated by insulating sheets to maintain
electrical isolation and achieve proper electrode spacing.*® Using this same trap, they also
described a method of double resonance ejection which improved signal intensity and
resolution in microscale traps.”® It had long been useful to interact with and even eject
trapped ions by employing an AC signal on the endcaps at the ion’s secular frequency,”” but
Ramsey et al. demonstrated improved performance by setting this frequency to a non-linear

resonance of the trap, taking advantage of the increased presence of higher order fields.

An obvious consequence of smaller CITs is that they hold fewer ions, leading to poor
sensitivity. In fact, simulations predict that once r, values reach ca. 1 um, this capacity falls
to a single ion.*> However, utilizing arrays of many CITs operated in parallel, one can gain
back this sensitivity and even hold more ions than a single trap occupying the same footprint.
Geometrically, when r, is reduced by a factor of n, it is possible to fit 2" traps in the same
footprint. Additionally, it has been simulated that the number of ions a trap can hold scales
with r¥ with x = 1.55 (and even lower as the drive frequency is increased).*® This results in a
net increase in ions stored in a given footprint as the trap size is reduced but comes with the
caveat that to maintain resolution all traps must be made identical to tight tolerances. This
concept has been utilized in microfabricated trap arrays of 256 and 2304 elements, each of
which is a CIT with r, = 20 um.** The mass spectrum of xenon shown, while modest in
resolution, represents the operation of the smallest mass analyzer to date. Blain et al. utilized
state of the art microfabrication techniques to construct CIT arrays withr, =1, 2, 5, and
10 um but several issues including high device capacitance and exposed dielectric material

near the traps prevented their use as mass analyzers.*® However, traps of this size range meet
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the theoretical requirements for operation at atmospheric pressure, and therefore successful

operation at this scale is a future goal of the field.

High Pressure Operation of CITs

As mentioned earlier, operation at higher vacuum pressures, allowing the elimination
of heavy and power hungry vacuum pumps, is vital for the development of a hand-held mass
spectrometer. Because ion traps already operate at background pressures several orders of
magnitude higher than other mass analyzers, they have the greatest potential for achieving
small handheld size. Several theoretical papers have explored CIT operation at elevated
pressures.*®>° Out of this work, a simple relationship between pressure, P; drive frequency,

Q; and resolution, Am/m of

Am P (1.22)
— M J—
m Q

The equation above shows peak widths in the mass spectrum increase linearly with pressure
while raising the drive frequency has the opposite effect. This relationship is qualitatively
reasonable; the increased number of ion-neutral collisions when the pressure is raised starts
to compete with the electric field for control of ion motion leading to wider MS peaks. On
the other hand, increasing the frequency along with the pressure so that the number of
collisions per RF cycle stays relatively constant keeps the ion motion RF-dominated, leaving

the resolution unchanged.

To date, there has been little reported in the way of experimental verification of the
above relationship, save for one study that evaluated performance of an ion trap up to
50 mTorr in air buffer gas.>™>? The results gained from these experiments were concerning

for those attempting to develop the field of high pressure mass spectrometry. The peak
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widths of about 2 Th at 50 mTorr were used to model the predicted peak widths at 250 mTorr
as ca. 10 Th. Mass spectrometry at 1 Torr background pressures represents a reasonable
benchmark for developing a device with small, lightweight pumps, but it is clear that a mass
analyzer with this pressure dependence would be quite useless with peak widths near 40 Th

at this pressure.

However, there are several reasons to have optimism in the face of this study. First, it
is unclear how the authors determined the pressure inside the MS as there was only indirect
measurement and back-calculations of pressures are very dependent on the assumptions
made. More importantly, the trap used was relatively large (critical dimensions near 4 mm)
and was operated using a low RF frequency of 1.08 MHz. From Eq. 1.22, we know that
increasing the RF frequency will reduce peak widths. However, the RF voltage requirements
scale with Q as seen in Eq. 1.16, necessitating a corresponding decrease in trap dimensions
to keep the voltages in an attainable range. This relationship between RF drive frequency,
pressure, and trap size outlines a clear path towards MS instrumentation capable of operation
under ever lower vacuum conditions. The goal of our laboratory is to utilize small, high

frequency ion traps to facilitate their operation at pressures at or exceeding 1 Torr.
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1.4 Figures
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Figure 1.1: Diagrams of several different mass analyzers that have been subject to
miniaturization efforts including (a) sector, (b) time-of-flight, (c) linear quadrupole, and (d)
ion cyclotron resonance mass analyzers. Reproduced with permission from Mass
Spetr(imetry Principles and Applications by de Hoffmann and Stroobant, Wiley and Sons,
2007.
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Figure 1.2: A 3D exploded view (left) and 2D cross section (right) of a quadrupole ion trap
showing the hyperbolic ring and endcap electrodes. Spacing and alignment is typically
achieved via precision ceramic spacers (not shown).
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Figure 1.3: Mathieu regions of stability for an ideal 3D quadrupolar field. The regions of
stability in the r and z dimensions are seen as identical save the -2:1 relationship stemming
from equation 1.5. Stable ion trapping in both dimensions occurs in regions of overlap, of

which the two principal areas are indicated as A and B.
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Figure 1.4: A zoomed in view of the principal region of stability near the origin in which all
ion traps operate with iso-beta lines shown in light blue. Green circles represent ions of
different masses lying along the a, = 0 line corresponding to the normal RF only mode of
operation. lons are scanned to higher g, values until they reach 0.908 at which point they
become unstable in the z dimension and are ejected from the trap.
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CHAPTER 2: THE STRETCHED LENGTH ION TRAP

Introduction

Quadrupole ion traps remained largely unchanged from their commercialization in
1984 until 2002, when the first linear ion trap (LIT) was reported by Hager" and improved by
Schwartz et al. later that year.? Shown in Figure 2.1a, the LIT is simply a linear quadrupole
with hyperbolic faces split into three segments. lons are contained in the x and z dimensions
by the RF potential as in the linear quadrupole but are now also contained along the y axis by
holding the outer sections at a higher DC potential. lons are scanned out of the trap in the
same manner as the QIT, with ramping of the RF amplitude until ions become unstable and
are ejected through slots cut into the rods. The symmetry of the electrodes results in ions
being ejected in both x and z dimensions simultaneously so a resonant AC voltage is added to

one rod pair, directing ejection only in the z dimension.

The linear trapping geometry operates under similar pressures as the QIT, and in
addition has several major advantages over QITs. The most obvious advantage is that due to
trapping of ions along a line rather than a point, the total ion capacity is greatly increased
(near 40x for a commercial LIT),> making the LIT less sensitive to space charge effects.
Second, by operating with opposite phase RF on each electrode pair, the potential along the
y-axis is zero. Therefore, ion injection along this axis can be near 100% efficient. This isin

stark contrast to the QIT where external ion injection is only a few percent due to its
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dependence on RF phase. Lastly, because the ion source is orthogonal to ion detection, an
electron multiplier detector can be placed at each of the two exit slots, making it possible to
detect all ejected ions rather than just 50% as occurs in the QIT. All three of these benefits
lead to the LIT being a more sensitive mass analyzer with a greater linear dynamic range than
the QIT. The chief disadvantage is that fabrication and alignment tolerances are much tighter
for the LIT because electric field variances across the whole of the y-dimension lead to

deterioration of resolution.

The advantages of linear trapping soon led to the design of miniaturized LITs. Like
the CIT approximates the QIT’s hyperbolic surfaces, an analogous simplification can be
made with the LIT to yield the rectilinear ion trap (RIT) shown in Figure 2.1b. The RIT uses
four flat electrode surfaces to replace the hyperbolic rods of the LIT while using two
additional flat plates with ion injection holes to cap the ends. The ion ejection slots are
located far enough from these end plates that fringing fields do not affect the ejected ions.
The RIT, first developed by the Cooks lab at Purdue,® quickly replaced the CIT as their
focus for several generations of miniaturized mass spectrometers. The RIT combined with a
pulsed inlet system* has led to a 5 kg mass spectrometer (external computer not included),
albeit with low throughput.”® However, compared to miniaturized CITs, the RIT used was
relatively large with interelectrode distances in the 4-5 mm range. As outlined in Chapter 1,
these large dimensions necessitate the use of low buffer gas pressures (ca. 1 mTorr) and
turbomolecular pumps. Without substantial further miniaturization of the RIT to ease these

vacuum requirements, it is unclear how an RIT based MS can be made significantly smaller.

Constructing a microscale RIT with its six electrode structure presents a much greater

challenge, as its geometry does not lend itself to planar fabrication and ‘electrode sandwich’
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construction like microscale CITs.” Even so, several attempts have been made to miniaturize
the RIT and RIT arrays to sub-millimeter scales using conventional construction,® metal
plated polymer,®™* or printed circuit boards.'” These efforts have resulted in traps as small as
Xo = 1.3 mm with modest performance. Unfortunately, the diminishing performance in terms
of resolution upon further miniaturization suggests that these techniques will be unsuccessful
down to the scales necessary for high pressure operation. Several other geometries and
advanced fabrication techniques have been used to miniaturize linear type traps,*° but to

date there have been no reports of these traps with critical dimensions below 1 mm.

This chapter describes a novel ion trapping geometry that combines several beneficial
properties from both the cylindrical and rectilinear ion traps. It is essentially a modification
of the CIT in order to trap ions linearly, gaining sensitivity while retaining the favorable
manufacturing properties of the CIT. This geometry has led to the construction of the first
micrometer scale linear type ion trap to be successfully fabricated and operated. The
following is a detailed description of this work including the design, construction, and
characterization of this novel ion trap at pressures up to and exceeding 1 Torr, i.e. the target

pressure necessary for operation without turbomolecular pumps.
2.1 Concept

The new linear ion trapping geometry shown in Figure 2.2 is similar in construction
and operation to the CIT but with the trapping volume stretched along a line orthogonal to
the rotational symmetry axis. The resulting stretched length ion trap (SLIT) consists of a
center electrode rectangular void that is truncated on each end by half-cylindrical voids. An

RF potential is applied to this central electrode, trapping ions along the entire length of the
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trap. In this manner, ions are confined along the y-axis by the same RF pseudopotential well
confining ions in the x and z dimensions rather than by the DC potential well used in other
linear traps. Due to its similarity to the CIT, the SLIT’s central electrode will still be referred
to as the “ring” electrode and the remaining two electrodes as the “endcaps.” One option for
SLIT endcap electrodes is to make the analogous modification to the CIT endcaps; that is, to
make use of narrow slots for ion ejection. However, as alignment is already a concern for
miniaturized CITs, the added alignment constraints from this configuration would be
undesirable. Therefore, in place of ejection slots, planar mesh electrodes are used which
require no alignment. Mass analysis can be carried out as with the CIT, by ramping the RF

potential to sequentially eject ions from low to high m/z.

The many-fold increase in ion capacity is not simply due to the SLIT’s larger volume
but rather to its greater efficiency in ion storage. Thus even when using an array of CITs (a
common method of increasing storage capacity) of the same footprint as a SLIT, the SLIT
still holds significantly more ions. This efficiency increase stems from the relatively small
size of the ion cloud when compared with the trapping volume, shown schematically in
Figure 2.3. While there is debate over ion cloud size and density, since these parameters can
change with RF frequency among other variables,? it is clear that as long as the ion cloud
radius is significantly smaller than the trap radius (as it must be for a useful MS), the SLIT
design can contain several times more ions than an equivalent footprint CIT array. What’s
more, just like the CIT, many SLITs can be operated in a parallel array to increase ion

storage even further.
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In summary, the increased dimensionality of the SLIT yields higher storage capacity
than the CIT while the three electrode design maintains the same ease of fabrication and thus

potential for extreme miniaturization, including arrays of trapping features.

2.2 General Operation

Instrumentation

A major limitation to conducting mass spectrometry at high pressures is ion detection.
Nearly all MS instruments detect ions with an electron multiplier (EM) due to their high gain
(~10") and large bandwidth. Unfortunately, EMs begin to fail at pressures much above
10 mTorr due to autoionization of the background gas and they are therefore unsuitable for
HPMS. High pressure ion detection will be the subject of Chapter 3, but for the initial SLIT
work an electron multiplier was used inside a custom differentially pumped chamber. The
chamber was designed such that the detection volume containing the EM can be pumped
separately and kept to a lower pressure than the mass analysis volume. In this configuration,
shown in Figure 2.4, the ion trap electrodes act as the gas conductance limit between the two
chambers. The ‘trap side’ vacuum chamber was pumped using a TPS Bench pumping
system (Agilent Technologies) consisting of a small turbomolecular pump (Turbo-V 81)
backed by a dry scroll roughing pump (SH110). A similar system, the TPS Compact

(Turbo-V 81, IDP-3, Agilent Technologies), was used to pump the detector chamber.

The instrument uses typical in-trap electron ionization (EI) to form and trap ions in
which electrons from a heated filament (yttria coated disk emitter, ES-525, Kimball Physics)
are guided and accelerated into the trap with sufficient energies to ionize neutral analyte

molecules. The formed ions are then stably trapped in the pseudopotential well created by
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the applied RF potential. After a set period of ionization, the electron beam is gated off with
a mesh electrode in between the filament and trap. The ions are then allowed time to cool
(via ion-neutral collisions) to the center of the trap before the RF voltage is ramped, ejecting
the ions from the trap towards the electron multiplier detector (2300, DeTech). A timing

diagram outlining this operation is shown in Figure 2.5.

A more complete control diagram showing the relevant inputs, outputs, and power
supplies is given in Figure 2.6. All control voltages and data input/processing are handled
via custom written LabVIEW software controlling National Instruments hardware
(NI PX1-6733, NI PXI-6122). Starting with the ionization source, the filament current supply
provides between 1.7 and 2.2 A of current to heat the filament to the point of electron
emission. This filament is biased to typically -70 V relative to the trapping electrodes by
another DC power supply to give the electrons enough kinetic energy for ionization. Both
the electron gate electrode and the EM detection voltage are controlled by a custom high
voltage pulsing circuit. The RF trapping signal is generated with an RF signal generator
(HP8648A, Hewlett-Packard), amplified first by an RF preamplifier (603L, ENI), second by
a custom built RF power amplifier (AR305), and finally voltage amplified up to as much as
1000 Vy., by a resonant tank circuit using an external inductor and the ion trap as the tank
circuit capacitor. The axial RF voltage, up to 10 V in amplitude, is used directly from an
arbitrary function generator (AFG3022, Tektronics). The current resulting from the EM
amplification is then converted to an easily measurable voltage by a current-to-voltage

preamplifier (SR570, Stanford Research Systems) at a gain of 200 nA/V.

Introduction and measurement of the sample and buffer gasses were controlled by a

separate system. Sample gasses were introduced into vacuum via a precision leak valve
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(ULV-150, MDC Vacuum Products) to pressures in the 10® Torr range. These pressures
were measured via a combination Pirani/cold-cathode ionization gauge (FRG-700, Varian)
and are reported as uncorrected values. Buffer gasses of helium or nitrogen were introduced
via a mass flow controller (FMA5408, Omega) to pressures ranging from a few mTorr to

1 Torr. The buffer gas pressure was measured directly by means of a capacitance manometer

(627D, MKS) with a 0.12% rated accuracy.

Initial SLIT Construction and Performance

The ring and endcap electrodes were fabricated by a combination of chemical etching
and conventional machining. Copper sheet stock (800 um thick) used for the middle
electrode and beryllium copper sheet stock (250 um thick) used for the endcap electrodes
were patterned and chemically milled to the general shapes pictured in Figure 2.7. Ring
electrode voids were then manually machined with endmills of various diameters yielding
traps up to 6 mm long with X, values in the 500 um range. The endcap support electrodes
were milled out to a wider diameter than the ring electrode void before 80 lines per inch,
woven stainless steel mesh was soldered across the opening. A spacing of 250 pum between
endcap and center electrodes was achieved with Kapton® polyimide washers yielding traps

of z, = 600 um including the thickness of the mesh.

After confirming that this new trap design did indeed function as a mass analyzer (the
green trace in Figure 2.8), the first step taken was to determine the optimal geometrical
characteristics, most notably the z./X, ratio. The analogous z,/r, ratio for the CIT has been

7,17-18

studied previously and not surprisingly has been found to be different than the ideal

value for a QIT of 0.707. Prior studies all report values greater than or equal to unity while
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our own laboratory’s CIT research suggests the optimal ratio is near 1.3. To determine an
optimal ratio for the SLIT geometry, traps with varying z,/x, ratios were fabricated by
machining three separate ring electrodes to X, values of approximately 585, 500, and 470 pum.
All three were machined to a length, 2y,, of 6 mm and constructed such that z, = 600 pm,

yielding z,/x, ratios of 1.03, 1.20, and 1.27, respectively.

Xenon gas was used to characterize trap performance because its distinctive stable
isotope pattern can be used to qualitatively and quantitatively evaluate trap resolution. All
three traps were run under similar conditions in 10 mTorr helium buffer gas and 0.055 mTorr
xenon sample gas with 1 ms of ionization at an emitter current of 1.7 A. The RF frequency
was held constant at 6.4 MHz while axial RF conditions were adjusted for each trap to
maximize resolution but was always near the hexapolar resonance (~1/3 the RF drive
frequency) shown to work the best with a CIT. Mass spectra were collected as averages of
1000 individual scans, low pass filtered at 50 kHz to remove high frequency noise associated
with electron multipliers, and manually mass calibrated by choosing two peaks of known
mass. The resultant data shown in Figure 2.8 clearly shows an improvement in resolution as
the zo/X, ratio is increased up to 1.27 at which all seven stable isotopes of Xe are able to be
distinguished. This shows that the optimal ratio is very similar to that of the CIT and also

agrees quite well with the zo/%, ratio determined for the RIT of 1.25.

Xenon is an atomic ion and cannot therefore undergo fragmentation due to leftover
energy from ionization which occurs for the majority of molecular analytes. Fragmentation
can complicate the characterization of mass analyzers because the fragmentation patterns can
change based on experimental conditions. For this reason, xenon is the analyte of choice for

the majority of data presented in this chapter. However, the narrow mass range of the xenon
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isotope peaks could possibly mask issues with mass biases or non-linear mass scans, so
spectra of organic analytes with fragmentation patterns covering a wider mass range were
also taken. Shown in Figure 2.9 is an example, a spectrum of methyl salicylate (MES)
chosen due to its relevance as a chemical warfare simulant. This spectrum was taken with
the higher resolution (z./x, = 1.27) trap under identical experimental conditions as above
save for the wider mass range. The spectrum serves as evidence that the SLIT can detect
ions over a useful mass range for ambient organic analysis, also demonstrating that the same
mass fragments as in the NIST standard spectra appear, but not necessarily at the same
relative intensities. This is not unexpected since the rates of fragment ion formation depend
on the energetics of the ion source and experimental time scale, which are different for the
linear quadrupole instruments used to generate the NIST data. It should be noted that
performance of the SLIT while analyzing a much broader variety of organic analytes will be

presented in Chapter 5.

The final experiment of the initial SLIT characterization explored the ion trapping
capacity versus SLIT length, which is expected to follow a linear trend. In this case, SLITs
with z,/X, ratios of 1.27 machined to lengths (2y,) of 2, 3, 5, and 6 mm were operated under
identical conditions in order to directly compare signal intensities from 0.15 mTorr of xenon
analyte in 10 mTorr of helium buffer gas. The integrated signal from each trap plotted as a
function of trap length shown in Figure 2.10 indeed shows a linear dependence with a
R? = 0.9944. This data further illustrates the promise of the SLIT as a microscale ion trap; it
suggests that as the traps are made ever narrower in width, the relative gain in signal of a
SLIT versus a CIT with the same critical dimensions will continue to increase, assuming a

constant trap length, y,. Again, it should be recalled that moving to ever smaller dimensions
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and correspondingly higher frequencies in greater pressure tolerance and/or higher

resolution.

Performance Improvements and Comparison to CIT

While the initial performance of the SLIT was promising, the peak widths were wider
than the typical sub 0.5 Th widths obtained with CITs operated under similar conditions.
This result was most likely due to electrode fabrication imperfections in both the ring and
endcaps. To improve ring electrode fabrication, the central feature was milled with a
precision CNC Micro Mill followed by wet sanding with high grit sandpaper to remove any
remaining burrs. The improvements, especially in the semicircular end features, can be seen
in comparison to the manually machined electrodes in Figure 2.11. Also shown is the third
method of fabrication explored, wet chemical etching. The most notable difference is the
cusp feature formed inside the etched electrode void as a result of the isotropic nature of the
etching. Interestingly, prior work in our lab with etched CITs suggests that this cusp feature
might actually result in higher performance.™® This is fortunate as chemical etching can be
low cost due to batch processing and is the preferred method for making trap features much

smaller than 500 pm.

An important improvement was also made to the mesh endcap electrodes. The initial
woven mesh used produced a rough surface relative to the scale of the trap and made it
difficult to maintain a precise flat surface while soldering to the support electrode. To
alleviate these issues, new endcap electrodes were designed with a simple 5 mm diameter
hole in the center and were then sent offsite to have 200 line per inch electroformed, non-

woven copper mesh stretched and bonded to them by means of electrodeposition (Precision
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Electroforming). A close up view of the resulting electrodes in Figure 2.12 shows a flat and
uniform surface. Additionally, this mesh has a greater percentage of open area than the
original woven mesh, leading to greater electron and ion transmission and resulting in

improved sensitivity.

The fabrication improvements result in creation of a more precise trapping field,
leading to improvements in resolution. Using the CNC machined electrodes and
electroformed mesh endcaps, the SLIT was able to achieve comparable resolution to a CIT as
shown in Figure 2.13. The SLIT (2y, =5 mm) and CIT in this comparison had identical
critical dimensions of z, = 650 um and X, = r, = 500 um, a ratio of 1.30. Additionally, the
same set of electroformed mesh endcaps were used for both traps to obtain as direct a
comparison as possible. Xenon was again used as the sample and was leaked in to a pressure
of 0.10 mTorr in 35 mTorr of helium buffer gas. Identical ionization and mass analysis
conditions were used with the exception of tuning the axial RF to slightly different values to
obtain maximum resolution for each trap. Very near baseline resolution was obtained with
both traps for all seven stable isotopes of xenon corresponding to average peak widths of
0.41 Th and 0.44 Th for the SLIT and CIT, respectively. Also of note in this data is the
higher signal-to-noise ratio for the SLIT spectrum. This illustrates the sensitivity increase

stemming from the greater trapping capacity of the SLIT.

The increased sensitivity of the SLIT over the CIT was quantified as well. The same
experimental conditions previously used to compare the resolution of the two traps were
repeated, but this time spectra were taken with each trap while increasing the xenon pressure.
The integrated signal taken across all xenon peaks was plotted versus xenon pressure to yield

a calibration curve for each trap shown in Figure 2.14. The sensitivities of the SLIT and CIT
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were 5.4 and 0.52 pV-s/Torr, respectively, making the SLIT 10X more sensitive in this case.
To consider experimental variance, this experiment was repeated at a single xenon pressure
(0.12 mTorr) for three traps of each type. This data agreed well with the original calibration
curves generated, with a signal increase of 10.4 + 3.8 times for the SLIT as shown in the

Figure 2.14 inset.

High Pressure SLIT Operation

As discussed in Chapter 1, a vital aspect of a handheld mass spectrometer is the
ability to conduct mass analysis at high background pressures in order to reduce vacuum
pumping requirements. CIT operation at pressures up to and exceeding 1 Torr have been
previously demonstrated in our laboratory?® and peak widths have been found to be directly
proportional to pressure as expected from eq 1.22. Again, it is expected that the SLIT
geometry should closely follow the CIT performance as pressure is increased due to their

similarities.

Before SLIT performance could be studied as a function of increasing pressure, an
instrumental modification was required in order to maintain a suitably low pressure for the
electron multiplier. The relatively small endcap apertures used with the CIT (0.4 mm
diameter) acted as a strong gas conductance limit, restricting the detector pressures to a few
mTorr when the trapping pressures were 1 Torr. Comparatively, the large gas conductance
offered by the SLIT with its mesh endcaps results in detector pressures in the hundreds of
mTorr range. To maintain greater differential pressure, a 5 mm long, 200 pum wide slot
feature was machined into a blank endcap electrode and placed directly behind the rear

endcap of the SLIT. In this manner, ejected ions are allowed to pass through to the detector
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while the narrow slot provides enough of a conductance limit to maintain low detector
pressures as the trap pressure is raised. While this configuration almost certainly reduces the
trap’s sensitivity due to some population of the ejected ions being lost to this new electrode,

its effect on resolution, the parameter of interest, should be negligible.

A 5 mm long, X, =500 um SLIT run at 6.4 MHz RF frequency was used with the
above conductance modification to acquire xenon spectra at buffer gas pressures ranging
from 200 to 1000 mTorr of helium. It should be noted that the buffer gas pressure was
increased by adjusting the flow of helium into the chamber rather than restricting the
pumping speed. This adjustment keeps the number density of analyte molecules constant
while decreasing the concentration in terms of parts per million. Another requirement for
performing high-pressure mass spectrometry is the adjustment of filament emitter conditions
as increased buffer gas pressure drastically reduces the amount of ionizing electrons in the
trap. This reduction is due to the increased buffer gas collisions cooling the filament electron
emitter (emission is proportional to temperature squared) as well as scattering of the emitted
electrons before they reach the trap. These effects are compensated for by respectively
increasing the filament current to increase its temperature and by increasing the magnitude of
the filament bias to -250 V, resulting in a stronger field to guide ionizing electrons towards
the trap. Due to these conflating factors, it is difficult to separate their individual effects on
signal intensity and thus no attempt was made in these experiments to keep the number of
trapped ions constant. Therefore the signal-to-noise ratios of the resulting spectra shown in
Figure 2.15 should be understood to be the result of factors other than the buffer gas pressure.

When considering the effect of pressure on spectral resolution, the data show deterioration
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similar to that of the CIT as expected, ranging from the sub 0.5 Th peak widths seen in

Figure 2.13 to the ~1.5 Th FWHM peak widths at 1 Torr.

All the data presented thus far has been taken using helium buffer gas which is
exclusively used in ion trapping instruments due to its low mass. Because all organic
analytes are at least several times the mass of helium, each individual collision in the trap has
a relatively small effect on the motion of an ion and the multitude of random collisions as a
whole can thus be modeled well as a drag force, efficiently cooling the ion motion to the
trap’s center. However, helium is not readily available in the field and thus its use
necessitates the addition of a high pressure tank to a portable instrument. A much more
desirable buffer gas for portability would be nitrogen as it is readily extracted from ambient
air. The ideal case would be to use ambient air as a buffer gas which requires no purification
and has the added benefit of making sample introduction straight forward. A possible
concern for the use of air rather than nitrogen is that the more reactive oxygen might undergo
in-trap ion-molecule reactions causing unknown and possibly unpredictable peaks to arise in
the mass spectra. Fortunately, our laboratory’s research into MS in air has thus far showed
no evidence of this phenomenon, finding spectra taken in air and nitrogen buffer gasses to be
functionally identical. However, as the mass of nitrogen (and the approximate average mass
of air) is 7X higher than that of helium, significant peak broadening was seen to occur due to

increased ion scattering from collisions with the buffer gas.

A similar setup to the high pressure helium work, including the same trapping
electrodes, was used to study SLIT performance in nitrogen buffer gas. However, because
electron multipliers are even less pressure tolerant with respect to nitrogen, the EM was

replaced by a simple Faraday cup detector with a commercial charge sensitive amplifier
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(“CoolFET” A250CF, Amptek). This and other Faraday cup detector systems are the subject
of Chapter 3 and will be covered in detail therein. In this experiment, the analyte mesitylene
(1,3,5-trimethylbenzene) was leaked into the chamber to a pressure of 0.11 mTorr before
nitrogen buffer gas was introduced to a pressure of 9 mTorr. After collecting spectra at this
pressure, the vacuum pumping speed was reduced incrementally by means of a conductance
limiting valve to achieve pressures of 89 and 1000 mTorr. The increase in peak width upon
moving from helium to the heavier nitrogen buffer gas is apparent from the resulting spectra
shown in Figure 2.16. These peak widths are again found to be similar to that of a CIT

operated at the same pressures.

Clearly, these large peak widths on the order of 6 Th stemming from the use of
nitrogen buffer gasses will result in a mass spectrometer of less utility than its benchtop
counterparts. However, operation in nitrogen or air buffer gasses remains a necessity for
creating the smallest, most portable instrument possible. A tradeoff between portability and
performance is a common theme to this research and while some amount of utility is lost
with miniaturization, this level of performance is already on par with competing miniaturized
instrumentation, namely IMS. However, efforts are already underway to reclaim some of the
lost selectivity that comes with the lowered resolution in the form of GC separation prior to
mass analysis and resolution improvements by increasing the RF frequency, both of which

will be discussed later in this dissertation.

To summarize the initial SLIT characterization, the stretched length ion trap provides
an order of magnitude higher sensitivity than the CIT while showing similar resolution

through the entire pressure regime studied in both helium and nitrogen buffer gasses.
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2.3 Alternative SLIT Configurations and Tolerance Studies

This section presents research exploring trap configurations beyond that of a single
element SLIT. To further increase the ion storage capacity and thus sensitivity, SLIT arrays
and serpentine configurations were explored. This research led to a more detailed

investigation of how ion storage and ejection are affected by geometry.

SLIT Arrays and Serpentine Traps

Like the CIT, it is straightforward to construct arrays of SLIT elements to be operated
in parallel with the aim of further increasing charge capacity. This objective was
accomplished by simply machining several SLIT elements adjacent to one another in the
same central electrode with a single mesh electrode forming an endcap for each trapping
volume. Theoretically, as long as equal numbers of ions are formed in each trap, an array
with N traps should have a signal intensity increase of N times the signal of a single trap.
However, this assumption only holds if each array element is identical. Trap to trap
variability will cause ion ejection at slightly different points in time for each trap element
leading to deterioration in both resolution and signal intensity. This limitation makes

fabrication tolerances much more important for arrays than for single traps.

Another concern for ion trap arrays is that individual trap elements will all contain
differing numbers of trapped ions due to variations in the ionizing electron flux across the
array. Space charge effects that occur when many ions are simultaneously trapped can shift
ion ejection based on the amount of charge stored, thus again deteriorating signal intensity
and resolution for arrays storing varying amounts of charge. A modified SLIT geometry in

which SLIT array elements were connected end to end in a serpentine pattern was developed
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in response to this concern. The idea behind this serpentine trap is that as ionization occurs
unevenly, the ions are free to redistribute through the entirety of the trap volume resulting in
a uniform charge density. Thus any effects due to space charging occur evenly throughout
the trapping volume so as not to deteriorate resolution. Images of both the SLIT array and
serpentine trap can be seen in Figure 2.17 in addition to xenon spectra of each taken in low
pressure (30 mTorr) helium to illustrate the traps’ resolution. Both trap geometries exhibited
similar peak widths that are similar to those obtained with a single element SLIT from

Figure 2.13, near 0.5 Th FWHM.

For the serpentine trap to have any advantage over a SLIT array, ions must freely
distribute along the trap’s length on a timescale relevant to the mass spectrometry
experiment, that is less than a few milliseconds. An experimental setup shown in Figure 2.18
was developed in order to explore this ion travel. As depicted, a grounded copper electrode
was placed between the ion source and the trap to prevent ionization from occurring in the
bottom two thirds of the trap. A second grounded electrode was placed between the trap and
the detector to neutralize ejected ions from the top two thirds of the trap. With this
configuration the only way to observe ions at the detector is for ions to be formed in the top
third of the trap and travel to the bottom third before being ejected. A mass spectrum of
xenon in 30 mTorr helium taken in this manner is shown in Figure 2.18. No difference in the
spectra was observed upon varying the time between ionization and ion ejection from 10 ms
down to 1.6 ms, suggesting that the ions effectively distribute themselves across this 15 mm

of trap length faster than 1.6 ms.

While the serpentine trap performed as expected, little further work was attempted

with this geometry for two main reasons. First, there was concern for the long, unsupported
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electrode areas between the trapping channels creating a cantilever effect, reducing the trap’s
durability. More importantly, further research has shown that even up to the space charge
limit of the traps, the changes in resolution or ejection times observed have remained small,
especially when compared to the peak broadening effects of high pressure. Therefore, the
simpler SLIT array geometry was found to be a more appropriate way to increase trapping
capacity. The discussion on the serpentine trap research above was included largely because
it illustrates in a simple manner how ions can move freely and rapidly along a linear type

trap’s central axis.

SLIT Tolerance Considerations

As mentioned earlier, dimensional tolerances are tighter for the linear ion trap
compared to 3D traps due to the requirement that all four rods must be strictly parallel to one
another. This issue is somewhat reduced in the case of the SLIT as the electrode surfaces
defining the x-dimension are locked in a parallel configuration since they are machined into
the same electrode. Additionally, the mesh electrodes eliminate several degrees of freedom,
namely x and y linear movement and z-axis rotation. Therefore there is only a single
parameter left to consider upon trap construction, the degree to which the ring electrode and
endcaps are parallel to one another, i.e. the z, dimension uniformity. As with all quadrupole
trap tolerances, the squared dimension terms in equations 1.15 and 1.16 result in even minor

dimensional variations having significant effects on trap resolution.

An example of how a variation in z, across a SLIT array can affect the spectra
generated can be seen in Figure 2.19 where once again xenon analyzed in 30 mTorr helium

buffer gas was used to qualitatively access trap resolution. In the first spectrum shown, care
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was taken to construct the three element SLIT array such that the electrode stack was as close
to parallel as possible (matched Kapton spacers and equal torque applied to mounting
screws). The second spectrum was generated by taking this same trap and simply
over-tightening the upper screw as indicated. This introduced a slant in the endcaps relative
to the ring electrode so that the z, dimension decreases across each of the three trap elements.
The result is that the normal xenon spectrum from the parallel endcap trap splits into several
distinct xenon spectra in the slanted endcap trap due to ions being ejected at different
voltages in each trap element. The difference in z, between the array elements can be
estimated from the peak splitting distance to be on the order of 5 um. These results illustrate
how dimensional variations across array elements can lead to significant deterioration in

resolution.

In a similar manner to arrays, variations in z, across a single SLIT should also lead to
poor resolution. The previous experiment was repeated for a single SLIT with similar
tightening of one mounting screw in order to vary the z, across the trap’s length. However,
the expected peak broadening was not observed from this ~5 um slant. The endcaps were
then further slanted to a total z, change of ~80 um by the addition of extra Kapton spacers as
indicated in Figure 2.20, but the resulting spectrum remained identical to that of a trap with
parallel endcaps. This puzzling lack of sensitivity to z, variation across the length of the trap
led to the conclusion that ions must not be ejecting evenly across the trap’s length, rather
they eject from a narrow enough portion of the trap across which the z, variation is not
significant enough to degrade resolution. This hypothesis was tested by using a grounded
electrode between the trap and detector to block ion ejection from each half of the SLIT

independently and comparing the resulting spectra. Figure 2.20 is the result of these

51



experiments. A spectrum from the unmodified SLIT with parallel electrodes (top) is
compared with spectra resulting from traps with slanted endcaps (middle). Even though ion
ejection is blocked from the right half of the slanted traps, the signal intensity and resolution
are nearly equivalent to the parallel trap. This suggests that the vast majority of the ions are
ejected from the left half of the trap no matter the endcap slant. This is confirmed by moving
the blocking electrode to cover the left half, resulting in no spectra observed for the bottom
trace in Figure 2.20. In other experiments, ion ejection continued to occur from the same
half of the ring electrode when it was rotated relative to the endcap, suggesting that this

localized ejection is a result of some property of the ring electrode as opposed to the endcaps.

In summary, ejection of ions from a SLIT follows the well-established quadrupole
trapping equations (egs 1.15 and 1.16) as evidenced by shifting of the ejection voltage with
varying z, dimensions. However, ions are observed to eject from a narrow area of the SLIT,
causing ions to eject with good resolution even as trap dimensions vary across the length of
the SLIT. As this is a fairly interesting phenomenon, a new experimental apparatus was

developed in order to further study ion ejection profiles from linear type traps.

lon Ejection Profiling

In order to efficiently study ion ejection profiles from various traps, a new
experimental setup was devised to precisely measure the ion ejection profile across the
entirety of the trap length without the need to break vacuum. In contrast to the experiments
described thus far, this setup was built in a single 6” ConFlat vacuum chamber in which ion
source, trap, and detector were all held at a single pressure. This chamber was chosen so that

the apparatus depicted in Figures 2.21 and 2.22 could be constructed easily on a single 6
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flange. The operative portion of this setup is a thin, grounded electrode placed between the
trap and detector, spanning the length of the ion trap. This electrode is solid with the
exception of a 1 mm slot that can be slid across the trap’s length, allowing ions ejected from
each small segment of the trap to reach the detector independently. This electrode is able to
slide freely back and forth by means of a miniature cart and rail system mounted above the
trap (9829K1 and 9829K11, McMaster-Carr). The cart position is in turn controlled by a
rack-and-pinion structure (57655K61 and 57655K13, McMaster-Carr) mechanically linked
outside the vacuum chamber by a 1/4 brass shaft and Ultra-Torr vacuum fitting. Thus by
rotating this shaft from outside the vacuum chamber, the cutout portion of the grounded

electrode slides across the entire trap length.

With the aim of determining how different buffer gas conditions affect the spatial
distribution of ion ejection, experiments were conducted in helium and nitrogen buffer gasses
at both low and high pressures, and general conditions for each will now be described.
Xenon was once again used as the analyte due to its narrow mass range and absence of
fragmentation. For all experiments, the trapping RF voltage and the maximum RF ramp
voltage remained the same and were produced at a frequency of 6.51 MHz. For helium
buffer gas experiments, a hot cathode electron emitter was used for ionization as before,
while a glow discharge electron source was used for the nitrogen buffer gas experiments.
The glow discharge source provides a greater flux of electrons at high pressures than a
filament emitter and will be discussed in further detail in Chapter 4. An electron multiplier
was used for low pressure experiments, and the same Faraday cup detection system
referenced in Section 2.2 was used for the high pressure experiments. In each profiling

experiment, a spectrum was taken with the center of the 1 mm electrode void at a position of
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-2.5 mm relative to the SLIT’s center. Spectra were then taken after translating the electrode
void 0.625 mm for each spectrum until the final position of 2.5 mm relative to the SLIT’s

center was reached, yielding nine spectra collected across the trap’s length.

The first traps profiled were several conventional, i.e. X, = 500 pum, SLITs in low
pressure helium (30 mTorr) in an attempt to reproduce the localized ejection observed in
Figure 2.20. Results indicate that although all traps were fabricated using the same
procedure, each trap exhibited differing ion ejection profiles including single ejection
location, bimodal distributions, or more uniform ejection across the trap. However, when
operated in more relevant 1 Torr nitrogen buffer gas conditions, these traps all exhibited
roughly the same uniform ion ejection across the trapping length. This change in ejection
distribution is attributed to greater ion scattering due to the larger mass of nitrogen. An
example of a SLIT ion ejection distribution converting from a bimodal distribution in low
pressure helium to a uniform distribution in high pressure nitrogen can be seen in
Figure 2.23a. The ejection ‘hot spots’ observed in low pressure helium are not entirely

surprising as full size linear type traps with poor tolerances have also exhibited this behavior.

Although it would be beneficial to control the ion ejection location, these initial
experiments made no attempt to do so. As evidenced by the ‘endcap slant’ experiments of
the previous section, a trap design that consistently ejected ions from a small portion of the
SLIT would be much more tolerant to variations in trap dimensions due to construction
inconsistencies. As prior evidence suggests that ejection distributions were produced by ring
electrode imperfections, a modification was made to the SLIT, purposefully introducing a
ring electrode artifact by enlarging one end as pictured in Figure 2.23b. The resulting ion

ejection profile indeed shows ~90% of the total ion signal being ejected near the electrode
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artifact for low pressure helium. However as with the unmodified SLIT, upon switching to
nitrogen buffer gas a similar ejection distribution smoothing effect was seen. As shown, the
strong spatially specific ejection was moderately suppressed at low pressure nitrogen

(15 mTorr) and was suppressed to a greater extent in high pressure nitrogen (1 Torr),

reducing the effect of the SLIT modification.

Several other modifications to the SLIT geometry were studied with the trap profiling
setup to varying degrees of success. One geometry yielded particularly interesting results in
high pressure nitrogen and will be discussed here. In place of the standard SLIT ring
electrode, a 10% tapered ring electrode design was fabricated in which the x, dimension
varied linearly from 500 um on one end of the SLIT to 550 um on the opposite end. The ion
ejection profile shown in Figure 2.24 exhibits a large preference for ejection from the narrow
end of the SLIT with a decrease in intensity moving toward the wider end. There are two
possible explanations for this behavior with the first being that ion storage density in the trap
mirrors the ejection distribution, and the ions are simply ejected from their storage location.
The second explanation is that trapped ions are able to freely move along the trap’s length,
rapidly sampling the entire trapping area. This mobility still leads to preferential ejection
from the narrow end because as the trap dimensions change along its length, an ion’s q, value
becomes location dependent, and ions will simply eject from the portion of the trap in which
its q; is first equal to the ejection point (g, = 0.908), i.e. the narrow end of the tapered

electrode.

In order to determine the correct explanation an experiment was conducted to discern
the distribution of trapped ions prior to ejection. In this case, the ions were held at a constant

RF trapping potential and positive DC pulse with fast rise time (~100 ns) was applied to the
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front endcap, rapidly ejecting all ions in the location in which they were stored. The ejection
profile of this experiment (Figure 2.24) shows a symmetric distribution about the center of
the SLIT. This provides good evidence that the second explanation is correct, that stored
ions rapidly sample the entire trap area and preferentially eject from the location in which
their g first reaches 0.908. Since there is a limited time in which g, > 0.908 on the narrow
end of the trap and g, < 0.908 on the wide end (~100 ps), it is clear that ions must regularly
traverse the trap distance on the order of this timescale. This agrees well with the data from
ion travel in the serpentine trap presented earlier. It should also be noted that this distribution
remains unchanged when varying the trapping RF potential, suggesting that the
pseudopotential well depth the ions are trapped in has little effect on their y-dimension

motion within the trap.

To summarize this section of trap profiling experiments, it is possible to control the
ion ejection ‘hot spots’ in a SLIT by making geometrical modifications to the ring electrode.
However, when moving from low pressure helium to high pressure nitrogen buffer gas, the
ejection profiles are largely smoothed out, making this strategy less effective under the most
desired operating conditions, high-pressure operation. Finally, ions appear to be stored
relatively evenly throughout the trap but can still be preferentially ejected from one location
over another due to their movement through the trapping area being rapid in relation to the

experiment timescale.
2.4 Conclusions
The novel stretched length ion trapping geometry is an effective design for the

fabrication of linear type quadrupole ion traps in the microscale regime. The SLIT
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geometries exhibited a tenfold increase in sensitivity over cylindrical ion traps with the same
critical dimensions, and arrays of SLIT features can be used to increase device sensitivity
even further. The SLIT spectral resolution under low and high pressure buffer gasses of both
helium and nitrogen was also consistent with previously characterized CIT performance.
Modifications to the ring electrode geometry have the ability to effectively control ion
ejection location under low pressure buffer gas conditions, possibly leading to devices with
wider fabrication tolerances. However, as this ability to control the ejection location is
greatly diminished when moving to high pressure nitrogen or air buffer gasses, standard

geometry SLIT arrays remain the trap of choice for a hand portable instrument.
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2.5 Figures

lon Trap

(a) '_°L"inTe'::’ (b) - Rectilinear

Figure 2.1: Graphical depictions comparing (a) the linear ion trap and (b) rectilinear ion
traps. The relationship between the LIT and RIT is analogous to that of the QIT and CIT
depicted in Figure 1.5 where the complex hyperbolic electrode shapes are replaced by flat
electrode surfaces in order to facilitate miniaturization. Both of these traps utilize a DC
potential well in order to trap ions along their axis and an RF pseudopotential well created by
applying 180° out of phase RF voltages to adjacent electrodes to trap ions in the other two
dimensions. Red arrows depict where ions are typically injected.
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Y-Dimension Stretch

*Endcap Electrodes

Figure 2.2: Graphical depiction of the formation of the stretched length ion trap formed by
taking the CIT geometry and stretching the trapping volume along a direction perpendicular
to the z-axis, greatly increasing the ion trapping capacity. In contrast to the RIT, the SLIT is
constructed of three rather than six electrodes making it possible to be miniaturized even
further. An RF potential is applied only to the middle ring electrode forming a trapping field
in combination with the grounded endcaps. Electrons are injected along the z-axis, forming
ions inside the trap as in CIT operation. Trapped ions are free to move along the y-axis
inside the trap but are confined at the ends by the same RF trapping field as the x and z
dimensions.
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Figure 2.3: Graphical depiction of the increased ion trapping efficiency of the SLIT vs. a
CIT array of equal footprint. The orange area represents an ion cloud of half the radius of the
trap while the blue area represents an ion cloud of one quarter the radius of the trap. As the
ion cloud radius shrinks from 0.5 r, to 0.25 r,, the relative trapping efficiency of the SLIT
over the CIT array increases from 2.28X to 4.3X. Actual ion cloud radii vary based on
conditions such as operating pressure and RF frequency. lon clouds are also not of uniform
density, making this graphic a simplified illustration of how a linear geometry more
efficiently stores ions.
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10 mTorr

(c)

(b)

Figure 2.4: An exploded view of the differential pressure chamber used to conduct the SLIT
testing showing (a) a thermionic electron emitter for ionization with the mesh gate electrode
omitted for clarity, (b) the SLIT electrode stack with Kapton spacers, and (c) the electron
multiplier detector. The vacuum pumping of the chamber is such that the ion source and ion
trap region on the left can be held at up to 1 Torr of background pressure while still
maintaining the low pressures needed for electron multiplier operation on the right.
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Ionize  Cool Mass Ramp Clear

Ionization

RF Amplitude / —

Detector
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Figure 2.5: Timing diagram of a typical MS experiment showing the four phases of
operation and associated control signal changes with time. The relative lengths of these
phases vary with the type of experiment but their sum is typically on the order of 10 ms.
During the ionization phase, electrons are accelerated into the trap to ionize analyte
molecules, the RF amplitude is kept at a trapping potential where a wide range of ions can be
trapped, and the detector high voltage is kept off to avoid detector saturation. The detector is
turned on during the cooling phase to prepare for ion detection during the mass ramp. After
the RF amplitude ramp is complete, the RF level is dropped below the trapping potential to
clear any remaining ions from the trap before starting the cycle over again. The optional
axial RF voltage, used to improve signal level and resolution, can be run in pulsed mode as
shown or run continuously.
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Figure 2.6: Complete control diagram of the instrument used with the pink highlighted
section representing components inside the custom vacuum chamber.*®
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Figure 2.7: Photographs of early versions of the beryllium copper endcap electrodes and
SLIT copper ring electrode (a) showing the soldered stainless steel endcaps. Also pictured is
a fully constructed SLIT (b) with Kapton spacers, nylon mounting screws, aluminum trap
mount, and soldered pins for electrical connections.
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Figure 2.8: Spectra of 0.055 mTorr xenon gas in 10 mTorr helium buffer gas taken using an
RF frequency of 6.4 MHz and SLITs with z,/r, ratios of 1.03 (green), 1.20 (blue), and 1.27
(black). The NIST standard spectrum for the major xenon isotopes is shown for comparison.
The best resolution occurs at a z,/r, ratio of 1.27, agreeing well with prior data for cylindrical
ion traps.
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Figure 2.9: An example spectrum of an organic analyte, methyl salicylate, compared to its
NIST standard spectrum (in red) taken with the highest performing SLIT from Fig. 2.8. The
three main peaks from the NIST spectrum are observed with the SLIT with an additional
peak at 149 Th believed to be a contaminant in the MES sample. As the fragment ion
pathways are dependent on experimental timescale, it is not surprising that the ion trap data
shown here does not follow the same fragment ion intensities since the NIST data is taken on
a linear quadrupole which conducts mass spectrometry at a different timescale.
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Figure 2.10: Plot of integrated signal intensity for 0.15 mTorr xenon in 10 mTorr helium vs
SLIT length (2y,) showing a roughly linear increase (R? = 0.9944) in the number of trapped
ions with increasing length. Error bars are the standard deviation from the replicates of each
data point taken sequentially.
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Figure 2.11: Images of SLIT ring electrodes at 100X magnification fabricated via manual
machining (a), CNC machining (b), and wet chemical etching (c). The manually machined
electrode exhibits visible roughness on the inside surface, a widening of the end portion due
to jitter in the milling, and a burred surface protruding from the edge of the machined
portion. Both the CNC milled and the etched electrodes have much smoother surfaces with
their only apparent difference being the cusp formed as the result of the isotropic etch.
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Figure 2.12: Photograph of a constructed second-generation SLIT incorporating the
improved CNC milled ring electrode and the flat, electroformed copper mesh shown in the
zoomed in portion. These two improvements result in a more uniform field and thus greater
resolution and reproducibility.
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Figure 2.13: Spectra comparing the resolution between a CNC machined SLIT (blue) and
CIT (green), both with the same critical dimensions (z, and X./r,). Xenon was analyzed in 30
mTorr of helium buffer gas under identical conditions save for adjustment of the axial RF
signal for maximum resolution. The average peak width of the five major isotope peaks was
0.41 Th and 0.44 Th for the SLIT and CIT, respectively. Additionally, one can see a higher
signal to noise ratio for the SLIT, indicating its ability to trap and analyze a greater number
of ions than a CIT with the same critical dimensions.
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Figure 2.14: Calibration curves comparing the sensitivity of a CNC machined SLIT (black)
and CIT (blue), both with the same critical dimensions (z, and X./r,). Horizontal error bars
represent the uncertainty in the measure of the xenon pressure while vertical error bars are
the standard deviation of the integrated signal over three replicates taken sequentially. The
slopes of a linear fit are 5.4 and 0.52 pV*s for the SLIT and CIT respectively, showing an
order of magnitude increase in sensitivity for a5 mm long SLIT over a CIT with identical
critical dimensions. The bar graph is the result of this same experiment being run at a single
xenon pressure (0.12 mTorr) for each of three individual traps each of the SLIT and CIT
geometries. This shows greater variability but with the same result of a 10.4 £ 3.8 times
signal increase for the SLIT.
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Figure 2.15: Spectra of xenon taken with increasing helium buffer gas pressures. Increasing
the helium pressure to 1000 mTorr resulted in peak width increases up to ~1.5 Th FWHM
using a 500 pum X,, 5 mm long SLIT. This deterioration in peak widths corresponds to that
observed for a CIT operated under similar conditions.* It should be noted that ionization
conditions were adjusted at each pressure to maintain adequate signal intensity and thus
relative signal to noise levels should not be directly attributed to the variation in buffer gas
pressure.
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Figure 2.16: Mass spectra of mesitylene (1,3,5-trimethylbenzene) demonstrating SLIT
performance at elevated pressures of nitrogen buffer gas. Mesitylene at 0.11 mTorr was
detected with a 500 pm X, 5 mm long SLIT under 9, 89, and 1000 mTorr nitrogen pressures
yielding peak widths of 2.3, 4.6, and 6.2 Th, respectively.
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Figure 2.17: Proof of concept spectra for two alternative SLIT geometries pictured, SLIT
arrays and serpentine traps. Xenon spectra taken in 30 mTorr helium buffer gas conditions
for both geometries showed comparable resolution to that of a single SLIT element trap.
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Figure 2.18: Experimental setup and resulting data showing ion travel in a serpentine
geometry ion trap. The serpentine trap graphic is shown with the front endcap half cut away
to show the positioning of the two black “blocking electrodes.” These were placed in such a
way that ions detected by ejection from the bottom third of the trapping volume must have
been formed in the top third, demonstrating that ions rapidly distribute throughout the
trapping volume after formation. A spectrum of xenon in 30 mTorr helium buffer gas taken
in this configuration is shown.
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Figure 2.19: Spectra demonstrating ion ejection variation across a three SLIT element array
of differing z, values in 30 mTorr helium. The xenon spectrum in black taken with a trap
constructed with all three mounting screws tightened evenly leading to parallel endcap
electrodes and good resolution. The blue spectrum is a result of over-tightening one
mounting screw and introducing an approximately 5 pum variation in z, between traps leading
to peak splitting. It is believed that spectra from only two of the three trapping elements
were observed due to ionizing electron flux differences across the trapping area.
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Figure 2.20: A summary of the single SLIT element tolerance study showing xenon spectra
generated from both parallel and slanted endcap electrodes. The slant was introduced by
changing the interelectrode spacing as indicated by adding additional 125 um Kapton spacers
on either the right side (green trace) or left side (blue trace). The spacing in um is indicated
next to each mounting screw hole. In either case, the trap’s resolution was maintained. This
was due to the ion population being ejected from only the left side of the trap as shown and
was confirmed by way of introducing blocking electrodes shown in black to sample ions
ejected from only one half. When ions were blocked from ejecting from the left side (black
trace) no ion signal was observed under any conditions.
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Figure 2.21: A simplified mechanical drawing of the SLIT profiling apparatus for low buffer
gas pressures showing the setup’s moving parts. The shaft and spur gear in red can be turned
via an indicating knob outside the vacuum chamber. This action causes the green cart and
attached electrode support to slide back-and-forth along the stationary rail shown in purple.
The profiling electrode is attached to the green support and is thus made to slide behind the
ion trap electrode stack, exposing the detector to different areas of ion ejection. This low
pressure setup uses an electron multiplier (blue) for detection and a thermionic electron
emitter (teal) as an ion source.
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Figure 2.22: Photographs of the SLIT profiling setup. The full setup (left) is identical in
operation to that depicted in Figure 2.21 but now uses a glow discharge electron source for
ionization and a faraday cup detector for ion detection (not able to be seen behind the trap
holder. A close up of the cart and rail linear motion system (right) shows the thin profiling
electrode mechanically attached to the cart. Motion of the cart allows the 1 mm slot cut into
the profiling electrode to be slid back and forth behind the SLIT electrode stack. In this way,
ion ejection from each section of the SLIT can be observed without the need to break
vacuum.
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Figure 2.23: An example of xenon ion ejection profiles (with connecting curves to guide the
eye) from (a) a conventional SLIT geometry and (b) one in which the geometry has been
modified to induce the majority of ion ejection from one section with the shape of the ring
electrodes shown in gray. In the conventional SLIT, a modest amount of localized ejection
was seen at low pressure helium and was believed to be due to minor ring electrode
imperfections. However, in both the conventional and modified SLITs, the localized ejection
was greatly suppressed when the buffer gas was changed to high pressure nitrogen. This is
due to the increased scattering effect due to nitrogen’s higher mass relative to helium.
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Figure 2.24: lon ejection and ion storage profiles (with connecting curves to guide the eye)
obtained from a tapered SLIT in which the x, was varied from 550 um (-2 mm side of graph)
to 500 um (+2 mm side). The ion ejection profile (black) was taken of xenon mass analyzed
in the normal manner of a linear RF ramp and demonstrated a preference for ejection from
the narrow end where an ion’s q; first reaches 0.908. By contrast, the ion storage profile
(blue) was obtained by means of a rapid DC pulse, ejecting ions from wherever they
happened to be stored at that moment. The combination of the two profiles suggests that ions
are stored symmetrically and rapidly traverse nearly the entire trapping volume. Then they
are simply ejected whenever their g, reaches 0.908, which happens first at the narrow end of
the tapered trap studied here.
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CHAPTER 3: FARADAY CUP SYSTEMS FOR ION DETECTION AT HIGH
PRESSURES

Introduction

With the exception of Fourier transform instruments that detect ion image currents,
all modern mass spectrometers use some form of electron multiplier (EM) detection. In
general, these detectors consist of a resistive glass tube across which a large voltage is
applied to create a constant accelerating field for electrons. To be detected, an ion must hit
the tube’s surface (or the surface of a separate dynode) with enough velocity to cause the
emission of secondary electrons from the specially coated surface. These electrons are then
accelerated down the tube gaining enough velocity to eject further electrons upon each
impact, thereby creating an electron avalanche whose current is collected and amplified. The
EM detector’s high gain of greater than 10° enables single ion detection with detector noise
as low as 1 count per second and pulse widths as narrow as 1 ns for some geometries.! Large
gain combined with a dynamic range of 6-8 orders of magnitude makes the EM an ideal
detector for nearly all mass spectrometers. However, at pressures much above 107 Torr,
EMs start to experience ion feedback, where the secondary electrons ionize background
gasses which go on to form further secondary electrons. This cyclic feedback creates large
continuous currents causing the detector to fail prematurely. Laboratory based mass
spectrometers are not susceptible to feedback failure modes due to their low operating

pressures, but as discussed in the two prior chapters, it is desirable to operate portable mass
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spectrometers at pressures up to 1 Torr. This high pressure operation necessitates the

development of pressure tolerant ion detectors.

With the absence of any high voltages, a Faraday cup (FC) detector is an example of
an ion detector able to operate under any pressure conditions. It consists of a simple metal
electrode upon which ions strike and lose their charge, yielding a signal that can be
subsequently amplified. Faraday cup detectors suffer in comparison to electron multipliers in
almost every figure of merit but they still fit some niche applications in modern mass
spectrometry. In isotope ratio mass spectrometry in which RSDs of 0.001% are typically
necessary, several Faraday cups can be used in parallel to simultaneously monitor several
isotopes of interest in a sector mass analyzer.? Electron multipliers are too unstable for this
work due to deterioration of their emissive surface over time. Another shortcoming of EMs
is their inability to detect very large m/z ratios due to the ion’s low impact speeds failing to
emit secondary electrons. Since Faraday cups are a direct measure of charge, no such mass
biases exist and FCs have been utilized in TOF instruments to detect ions as high as
300,000 Th.> Most recently, and most relevant to the work presented here, Faraday cups
have started to see use in miniaturized instruments using FC arrays in ion dispersive mass
analyzers*™ and single element FCs in ion mobility instruments operating at or near

atmospheric pressure.®”
3.1 Feasibility of Faraday Cups as lon Trap Detectors

Very sensitive current amplifiers such as picoammeters rely on large value feedback
resistors for their sensitivity, making them slow on the timescale of an ion trap experiment

(e.g. with mass ramp of several ms). Thus, the major challenge of utilizing Faraday cups as
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ion trap detectors is in the development of charge sensitive amplifiers that have adequate
sensitivity while maintaining enough bandwidth to avoid peak distortion. For the
miniaturized ion traps of interest, the required bandwidth falls in the 5 — 30 kHz range
depending on the MS peak widths (lower bandwidths for the wide peak widths at high
pressure and higher bandwidths for the narrow peak widths at low pressure). As will be
demonstrated in this chapter, the amplifiers require sufficient sensitivity to detect MS peaks
made up of 10s to 100s of charges. Furthermore, the RF voltage and DC pulses necessary for
ion trap operation create an electrically noisy environment in which to place the Faraday cup
detector. This noise is combatted by shielding of the Faraday cup and amplifier components
and by spectral averaging, the latter of which creates a tradeoff between sensitivity and

measurement time that will be further discussed in detail in Chapter 5.

Custom CTIA Faraday Cup Amplifier

The stretched length ion trap (SLIT) from Chapter 2 aids in the implementation of a
Faraday cup detector for microscale ion traps because the increase in the amount of trapped
ions afforded by the SLIT lowers the sensitivity requirements of the FC amplifier. To
demonstrate this property, spectra from a single element SLIT and a 19 element CIT array
were compared using the same Faraday cup detector. The CIT array data was taken from
earlier work done in our laboratory® with a single channel Faraday cup amplifier system
developed by collaborators at The University of Arizona, based on their previous work with
Faraday cup arrays.® This initial Faraday cup characterization in low pressure helium buffer
gas was conducted in the same isobaric cube vacuum chamber as the SLIT profiling
experiments described in Section 2.3. A simplified depiction of the experimental apparatus

can be found in Figure 3.1, with the most notable feature being the added box surrounding
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the Faraday cup for electromagnetic shielding. This box was held at ground potential to
shield the FC from noise stemming from the RF trapping potential and other electronic noise
sources while the mesh grid in between the ion trap and FC could be biased in order to guide
ions through the mesh to the detector. This mesh grid was also connected to the shielding
box by a bypass capacitor to provide a low impedance path to ground for any RF noise.
Experiments were completed with Faraday cup systems in which the FC and amplifier were
both housed in the shielding box and with systems in which the amplifier was operated

outside the vacuum chamber with only the Faraday cup electrode inside the box.

The Faraday cup system used in the SLIT/CIT array comparison was a second
generation capacitive transimpedance amplifier (CTIA), built on the same PCB board that
housed the Faraday cup input electrode. Both FC and amplifier were operated inside the
shielding box in this case. A simplified schematic and photograph of the CTIA can be found
in Figure 3.2. The CTIA consists of a differential input to reduce common mode noise. A
10 fF capacitor integrates the charge impinging on the FC during the ion trap mass ramp and
can be cleared for the next ramp by shorting this capacitor in between spectra. The output is
also differential in nature so any noise picked up post amplification can be eliminated by
subtracting the two signal outputs from one another. The FC and amplifier circuitry were
biased to attract the ions ejected from the trap, and the bias circuitry and the means of
decoupling the signal from this bias is described thoroughly elsewhere.?® Since the output is
an integrated spectrum, post processing was applied, first differentiating to obtain a
traditional mass spectrum and then low pass filtering at 40 kHz to remove high frequency

noise.
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The SLIT (5 mm long, X, = 500 pum) and the CIT array (19 elements, r, = 500 pum)
were both operated under similar conditions in 30 mTorr helium buffer gas except for the
xenon sample pressure which was 2.6 x 10® Torr and 5.9 x 10 Torr, respectively. The
shielding grid, the FC, and the amplifier were all biased to -100 V to attract the positive ions
ejected from the trap. A relatively long ionization period of 15 ms at 1.7 A of emitter current
was used in order to achieve the signal to noise ratios shown in Figure 3.3. As can be seen,
when accounting for the sample pressure difference, the SLIT has similar signal to noise
ratios (55 vs. 25) as the 19 element CIT array. This is promising for FC detector
development as the SLIT achieves similar signal to noise values while occupying 1/5" the
footprint of the CIT array. Additionally, the resolution is improved for the SLIT which is
attributed to dimensional variations among the 19 CIT elements leading to peak broadening.
Because of the higher signal levels afforded by the SLIT, this geometry was chosen for the

majority of the work presented in this chapter.

Commercial FC Amplifier Testing

The CTIA detector contained a custom fabricated IC, contributing to the CTIA’s high
cost and long lead times. For these reasons, the performance of a commercially available
charge sensitive amplifier was also explored. A suitable candidate was found in Amptek’s
A250CF CoolFET amplifier. Compared to the CTIA, the A250CF operates in a slightly
different manner than the CTIA and will be described breifly due to the differences the

operation causes in how the spectra are collected and analyzed.

A simplified electrical diagram of the A250CF is shown in Figure 3.4. Like the

CTIA, the input from the Faraday cup charges a small feedback capacitor. The resulting
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voltage acts as the gate on a FET which is thermoelectrically cooled to -50°C to reduce
electronic noise. Finally, the current from the FET is amplified by the A250 amplifier IC to a
voltage suitable for the computer DAQ. Instead of shorting the feedback capacitor in
between spectra, the A250CF uses a large drain resistance to let the input charge slowly
clear. This slow charge dissipation results in a pseudo-integrated spectrum where detected
peaks appear as a pulse with a fast rise time (2.5 ns) and a decay time of 100s of ms. This
time disparity has two consequences for its use as an ion trap detector. The first is that the
signal after a MS peak in the differentiated spectra will always fall slightly below baseline in
proportion to the height of the preceding peak. In most cases it has been a minor effect and
its correction was only found necessary for some of the GC data presented in Chapter 5. The
second consequence is that the detector is always actively integrating charge, leading to the
presence of a massive influx of charge being detected during the ionization portion of the
scan function. Due to the detection scheme, the ion cooling portion of the scan function has
to be lengthened from the typical 2-3 ms to 6-10 ms to allow the detector time to recover

prior to the analytical scan.

To determine if the A250CF could detect ion peaks with sufficient resolution to be a
useful MS detector, xenon spectra were taken in the usual manner and compared to xenon
spectra gathered with an electron multiplier and the CTIA detector using the same SLIT
described in the prior section. In this case the A250CF was operated outside the vacuum
chamber with a shielded coaxial cable transferring the signal from the Faraday cup through to
the amplifier. Example spectra of 3.5 x 10™ Torr xenon in 30 mTorr helium from each
detector can be seen in Figure 3.5. The two Faraday cup spectra are seen to have nearly the

same resolution as the electron multiplier spectrum, with the peak widths of the A250CF
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being slightly wider. Because peak widths are narrower than we could expect to see in a
handheld MS operated at high pressures, we can be confident moving forward that the two

FC detectors studied here have sufficient bandwidth for that purpose.

3.2 High Pressure Faraday Cup Operation

As an essential step towards development of a handheld system, an attempt was next
made to collect Faraday cup detector spectra at high buffer gas pressures to ensure that
sufficient numbers of ions could still be collected to yield a strong signal. This work was
initially attempted using the low pressure apparatus from Section 3.1; however, it was found
that signal was greatly diminished with increasing pressure. This decreased signal was
attributed to scattering of the ions from buffer gas collisions over the several centimeters of
distance the ions must travel between the trap and the FC. To alleviate this issue, a newly
developed miniature vacuum chamber was used in order to lower the distance to several
millimeters while also eliminating the need for a separate shielding box for the FC, both of
which improved signal intensity. This apparatus was used in the remainder of the
experiments presented in this chapter. A fully miniaturized system is the subject of Chapter
4 and mechanical drawings specific to the Faraday cup interface can be found there in Figure

4.5.

Performance of a Miniaturized Faraday Cup Amplifier

While the A250CF amplifier proved to be a good commercial option for FC ion
detection, there are some significant disadvantages to using this amplifier relating to SWaP.
Measuring in at 12 in.® and 300 g, it would represent a greater percentage of the overall size

and weight of a handheld instrument than desired. Of greater concern is that because of the
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Peltier cooling elements, its power draw is 5.28 W, which is again a large portion of the total
instrument power draw goal (< 20 W). For these reasons, our collaborators at 908 Devices
Inc. developed a miniaturized version of the A250CF without any cooling elements. By
giving careful consideration to electrical component selection and design of the printed
circuit board to reduce noise, a detector was developed with improved SWaP while
maintaining similar performance levels. Animage comparing the 4™ generation of miniature
detector amplifier (DA - 4) and the A250CF can be found in Figure 3.6. The volume and
weight of the DA - 4 are now 1.5 in.> and 60 g, respectively, while the power draw has been

reduced by ~99% to 54 mW.

To characterize the DA - 4 at the target pressure of 1 Torr air, a 7 element CIT array
(ro =500 um) that was previously tested in a full-scale differential chamber was installed in
the new miniature vacuum chamber. Since the buffer gas was ambient air leaked into the
chamber, sample introduction was accomplished by simply holding a vial of analyte near this
inlet. A comparison of the performance of the DA - 4 versus the A250CF was performed
with mesitylene (1,3,5 — trimethylbenzene) as the analyte and can be found as 1000 scan
averages in Figure 3.7 (black and blue traces). As designed, both the resolution and the
signal to noise levels are comparable between the two. In addition, since the gain of the
A250CF is known from the data sheet to be 0.64 pV/charge, the total charge detected from
the 105 Th peak can be estimated at 800 charges, meaning with these spectra, each individual
CIT element is trapping between 100 and 200 charges. With the atmospheric inlet it
becomes simple to rapidly switch between various analytes and results from several other
substituted benzene analogs; toluene, o-xylene, and p-xylene; are also shown in Figure 3.7.

This demonstrates how the MS can use fragmentation patterns to differentiate between
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analytes with similar structures. The last point to emphasize is that now that the entire
instrument is operated at high pressure, a turbomolecular vacuum pump is no longer needed.
To the best of our knowledge, this work done by our laboratory and our collaborators
represents the first example of an ion trap mass spectrometer operated solely with a roughing

pump (and most likely the first modern mass spectrometer of any kind).

Finally, the DA - 4 was used to directly compare a CIT array and SLIT array with
equal footprints. The same experimental apparatus described above was used under identical
conditions for both the CIT array (7 element, r, = 500 um) and SLIT array (3 Element,
2y, =3 and 4 mm, X, =500 um). To maintain a constant sample concentration, the inlet
drew in gas from a Tedlar bag filled with mesitylene diluted to ~10 ppm in N,. As seen in
Figure 3.8, the spectra resulting from 1000 scan averages from the two traps show a much
larger signal with the SLIT array with a correspondingly higher signal to noise ratio as
expected. This data represents a direct example of the greater ion storage efficiency of the
SLIT versus the CIT at the desired operating pressure of 1 Torr. The peak near 74 Th is
attributed to a contaminant from the Tedlar bag because it is not seen when mesitylene is

introduced without the bag.

Signal Dependence on FC Distance and Bias

In order to maximize the number of ions collected by the FC, an experiment was
devised to determine the optimal distance between the ion trap and FC as well as the optimal
bias voltage used to attract the ions. The apparatus consisted of a Faraday cup attached to a
vacuum feedthrough linear positioner (VF - 108, Huntington) with a positional precision of

10 um. Again, a Tedlar bag was used for constant sample introduction with 1 ppm toluene in
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this case. Spectra were taken under identical ionization conditions with the Faraday cup at
different positions relative to the trap. This series of experiments was then repeated at
increasing bias voltages. The results of all these experiments is presented in Figure 3.9 with
the total integrated signal plotted versus trap - FC distance at several different bias voltages.
To summarize the data shown, detected signal decreases from its peak value as the Faraday
cup is moved away from the trap. However, the peak signal level can be maintained as long
as the bias voltage is raised in proportion to the FCs distance from the trap. This
demonstrates that the trap - FC distance is not a critical parameter when designing a

miniature ion trap system.

3.3 Faraday Cup Application: Study of Convective Gas Flow Through lon Traps

The majority of the work on microscale ion traps in our laboratory has been
conducted using the full-size differentially pumped vacuum systems presented in Chapter 2
so that mass analysis could be conducted at high pressure while an electron multiplier
detector could be used at low pressures. It is obvious that the pressure differential across the
ion trap results in some amount of net convective flow of the buffer gas through the trap, but
as long as the detector remained an electron multiplier, there was no way to isolate the
variable of trap flow to study its effects on the mass spectra. However, successful operation
of the Faraday cup detectors at low and high buffer gas pressures described above creates the
possibility of studying mass spectrometry at 1 Torr while varying the flow through the trap
from zero net flow up to the maximum throughput possible. In addition, to the best of our
knowledge no ion traps have ever been operated with the intentional introduction of gas flow

through the electrodes.

93



In this work, a 7 element CIT array (r, = 500 pm) was used as the sole gas
conductance limit between the ion trapping chamber and the detection chamber. Shown in
schematic form in Figure 3.10, a rough pump, turbo pump, gas inlet, and two valves were
used to control the pressures in the two chambers. The ion trapping chamber was held at a
constant 1 Torr of N, by means of a needle valve inlet being fed by a bag of 10 ppm
mesitylene diluted in nitrogen. The detection chamber pressure (and thus the flow through
the trap) was varied between 1 Torr and 0.04 Torr by adjusting the turbo pump valve

between fully closed and fully open, respectively.

Spectra of mesitylene taken with varying pressure differentials are shown in Figure
3.11a with the 105 Th ion’s peak height versus pressure differential plotted in Figure 3.11b.
This data shows that the signal level increases rapidly as small amounts of gas flow are
introduced but levels off to a maximum level when the pressure differential is approximately
2:1. The increase in signal level is attributed to several possible causes. The first possible
explanation is that the net flow towards the detector causes the majority of trapped ions to be
ejected through the detector endcap side rather than 50% in each direction. Since this would
only account for a doubling in signal, there must be additional factors in play. Other possible
effects of the flow could be that the flow guides ions more efficiently through the exit endcap
once they become unstable or that the flow leads to an increase in flux of electrons/ions into
the trap during ionization, leading to a greater number of trapped ions. In any case, this data
clearly shows that for maximum sensitivity, one should design the vacuum system to induce

some amount of flow through the trap.

Bruno Coupier, a staff scientist in the Ramsey lab, has worked to develop a

cylindrical ion trap simulator (CITSIM) program specifically designed to meet the
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laboratory’s needs of microscale ion traps operated at high pressures. CITSIM takes
advantage of a GPU to solve the program’s highly parallelizable algorithms leading to much
faster calculations than can be done using commercial software. This program was used to
simulate the previously described trap flow experiment under the same conditions. The
resulting spectra in Figure 3.11c show a similar increase in intensity with increasing trap
flow. Because the simulated ions were already generated inside the trap and were ‘detected’
upon their immediate exit, these simulations suggest that at least a portion of the signal
increase observed experimentally is a result of a greater proportion of trapped ions being
ejected towards the detector rather than from ion trapping differences or ions being better
guided towards the detector post-ejection. It should be noted that the simulations program is
still in its infancy, thus these results should be considered with a certain amount of caution.
The signal increase depicted in Figure 3.11b also follows the calculated gas throughput (Q)
for choked flow, the flow regime into which this configuration’s dimensions and pressures
fall.'® Shown in Figure 3.11d, the curve for gas throughput is seen to rise sharply with little
flow introduced and levels off at a pressure ratio of 2:1, just like the experimental signal
intensity. This is good evidence that the signal increase is due to the gas flow through the
trap and not any other causes such as ionization fluctuations. The trap flow experiments
were also conducted with helium buffer gas and yielded similar sensitivity increases with

flow but to a lesser extent due to the low mass of helium relative to nitrogen.
3.4 Conclusions

By using a SLIT with high ion storage capacity, the Faraday cup becomes a viable
detector for a handheld ion trap mass spectrometer. Several Faraday cup amplifier systems

were used to collect mass spectra with the SLIT. These included a custom fabricated CTIA
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amplifier, a commercial A250CF amplifier, and a miniaturized version of that commercial
amplifier. The demonstrated ability to detect ions at pressures from a few mTorr up to 1 Torr
allowed for the study of ion trap performance with varying amounts of buffer gas flow
through the trap, resulting in larger signal intensities with increasing flow up to the maximum

flow possible.

96



3.5 Figures

Figure 3.1: Simplified schematic of the isobaric vacuum chamber apparatus used for Faraday
cup characterization showing (a) the thermionic electron emitter, (b) the ion trap electrode
stack, (c) the Faraday cup, and (d) the charge sensitive amplifier. The Faraday cup and
amplifier are housed inside a grounded shielding box to combat noise from the trapping RF
voltage, although in some configurations the amplifier is located outside the vacuum
chamber completely. Because integrating amplifiers were used in all cases, the resulting
signal can be differentiated to produce the desired mass spectrum.
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Figure 3.2: A photograph (a) of the custom CTIA detector inside the metal shielding box
with the front panel of the box removed to make the full circuit board visible. The copper
Faraday cup located in the middle connects through to the back of the PCB where the custom
fabricated IC is located. A simplified schematic diagram of the detection circuitry (b) is
located to the right. The Faraday cup is attached to one of the two differential inputs and any
common mode noise is thus eliminated from the final signal. The two outputs are subtracted
from each other prior to data acquisition to subtract any common noise introduced post
amplification.
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Figure 3.3: Spectra generated from detection of 5.9 x 10™ Torr xenon detected with a 19
element CIT array (blue) and 2.6 x 10 Torr xenon detected with a single element SLIT
(black) with drawings of each ring electrode used. The CIT array and SLIT spectra have
signal to noise ratios of 55 and 25, respectively, demonstrating that once the difference in
sample concentration is accounted for, the SLIT shows similar signal to noise levels as 19
CITs while achieving higher resolution.
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Figure 3.4: A simplified electrical schematic of the A250CF CoolFET charge sensitive
preamplifier. This amplifier has three different FETSs, two of which act as backups in case of
damage. All three are cooled to -50°C in order to lower the amount of electrical noise. This
circuit layout results in a pseudo-integrating detector in which an input of charge yields an
output pulse with a fast, nanosecond scale rise time and a slow, millisecond scale decay time.

100



7 Amptek A250CF

Z5 B8
G) -
N i
© ]
£ 15-
= ]
< ) CTIA Detector
T 40
D |
n ]

0.5-

] } Electron Multiplier
0.0 1

1200 130 140 150 160 170 180 190
m/z (Th)

Figure 3.5: Direct comparison of xenon spectra taken in 30 mTorr helium with three different
detectors: the commercial A250CF Faraday cup amplifier (green), the custom CTIA Faraday
cup amplifier (blue), and a standard electron multiplier (black). From this comparison, one
can see that the two Faraday cup amplifiers show poorer resolution than the electron
multiplier but still resolve enough of the isotope peaks to yield identifiable xenon spectra.
The low frequency noise in the CTIA spectrum is mechanical noise from the turbo pump
demonstrating how the sensitive electronics used for Faraday cup amplification are sensitive
to even slight mechanical noise.
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Figure 3.6: Photograph comparing the size of the commercial CoolFET amplifier to the
miniaturized version (DA - 4) from 908 Devices Inc. The miniature vacuum chamber
interface is also shown for each. The total SWaP for the two detectors is 12 in.?, 300 g, and
5.28 W for the CoolFET, and 1.5 in., 60 g, and 0.054 W for the DA-4. The large decrease in
power draw for the DA - 4 is due to the elimination of the high-power Peltier cooling
element present in the larger amplifier.
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Figure 3.7: Spectra demonstrating Faraday cup detection of various benzene analogs in

1 Torr nitrogen buffer gas. The black and blue traces represent a direct comparison between
the commercial A250CF Faraday cup amplifier and the custom miniaturized version

(DA - 4), respectively, demonstrating similar performance. The remaining traces were taken
using the DA - 4 to demonstrate that the mass of the peaks detected as well as their relative
intensities can be used to discriminate between various chemically similar analytes.
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Figure 3.8: Spectra directly comparing CIT and SLIT arrays of equal footprint. For each
trap, spectra were taken under identical conditions of 10 ppm mesitylene in nitrogen buffer
gas. The large increase in signal intensity and signal to noise ratio is indicative of the SLIT’s
ability to store a greater amount of ions in the same footprint when compared to the CIT. It
should be noted that the peak at 74 Th is a contaminant from the Tedlar sample bag and is
otherwise not present.
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Figure 3.9: Graph plotting integrated signal intensity for detection of 1 ppm toluene in
nitrogen versus Faraday cup - ion trap distance for several different Faraday cup bias
voltages. As the Faraday cup is backed away from the trap, the detected signal drops.
However, this can be compensated for by simply increasing the detector bias to increase the
attractive force imparted on the ions.
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3.10: Simplified schematic diagram of the vacuum chamber used to vary the amount of gas
flow through the ion trap during MS scans with gas flows marked by red arrows. To
accomplish the desired flow, the two valves shown in blue were adjusted so that the chamber
housing the ion trap on the left always remained at 1 Torr while the chamber housing the
Faraday cup detector to the right was varied between 1 Torr and 0.04 Torr causing varying
amounts of gas flow to proceed through the trap electrodes. Pressure gauges shown in green
were calibrated to a capacitance manometer accurate to 0.12%.
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3.11: Experimental and simulations data demonstrating the rise in signal intensity upon
introduction of gas flow through a microscale ion trap. Experimental mesitylene spectra (a)
show an approximate 3X increase in signal intensity. The plot of peak height versus pressure
differential (b) for the experiment shows a large increase upon introduction of low amounts
of trap flow up to a maximum level when the pressure differential is ~2:1. Simulations of the
same experimental conditions (c) again show a rise in signal intensity with flow but to a
lesser extent. The peak shifting in this data was not observed experimentally and is possibly
an artifact of a simulations package in its early stages of development. Finally, the
magnitude of the signal increase seen experimentally seems to correspond well with the
calculated gas throughput (d), showing a sharp rise followed by a leveling off of signal at a
pressure differential of 2:1.
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CHAPTER 4: DEVELOPMENT OF A MINIATURIZED PROTOTYPE MASS
SPECTROMETER

Introduction

Prior development of portable mass spectrometers has largely taken the top-down
approach in which the components of benchtop instruments are made smaller in an iterative
fashion while retaining most of the full-size system performance.” Because the mass
analyzers used are still relatively large (within an order of magnitude of their conventional
counterparts) and ion detection is carried out with electron multipliers, all current
miniaturized mass spectrometers rely on turbomolecular vacuum pumps to achieve the low
vacuum pressures necessary (10 Torr and lower).>*® The bottom-up approach, which builds
an MS system around a microscale mass analyzer, has also received significant attention;*" 2

although to date, there have been no fully miniaturized mass spectrometry systems based

around these microscale mass analyzers.

The combination of the stretched length ion trap and Faraday cup ion detectors
described in the previous two chapters led to the first operation of an entire ion trapping
instrument at a buffer gas pressure of 1 Torr, eliminating the need for high SWaP
turbomolecular vacuum pumps. This pump elimination opens the door for development of
truly handheld ion trap mass spectrometers since the heavy and power hungry vacuum pumps
can be replaced with lightweight, low power roughing pumps. Traditionally, the high voltage

RF system also draws a large fraction of the instrument’s power, but as described earlier, the
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microscale trapping dimensions ease the ion trap’s RF voltage requirements, thus lowering
its power usage. This chapter describes the development of a prototype handheld mass
spectrometer with the focus on the hardware designed around the core MS components, i.e.

the ion source, trap, and detector.

To properly frame the context of this chapter, the approximate goal specifications at
the outset of this project will be described. The desired full size of the device is in the
approximate range of a large digital multimeter (150-200 in®) with a weight of around 5 Ibs.
in order to be easily carried for long periods of time by a single person. The power draw
should be 20 W or less (approximately the power usage of an ultraportable laptop) in order to
maintain a battery life of 8+ hours with a reasonably sized battery. Finally, the target for the
gas throughput is in the 1-3 sccm range. This gas flow is a compromise that limits the gas
load on the vacuum pumps while leaving enough of a throughput to be able to use a GC as

the MS inlet in a future miniaturized GC-MS instrument.
4.1 Description of Miniaturized Vacuum Chamber

The design goal of the miniaturized vacuum chamber was to create a very small
chamber for the miniature instrument prototype while still maintaining a high level of
flexibility for experimental design. The chamber is made up of three sections in which each
of the major ion trap components (source, trap, and detector) are held. For flexibility, this
was a modular design in which any one of these sections can be swapped for one of a
different design. This modularity was most commonly used to interface several different ion

detectors with the instrument with no additional changes to the rest of the mass spectrometer.

110



An example of a fully assembled miniature vacuum chamber can be found in the
lower right portion of Figure 4.1 along with the corresponding exploded view showing all the
vacuum connections. Viton O-rings of various sizes were used for all vacuum seals as they
are reusable and able to hold the relatively low vacuum conditions this chamber was
designed for. Both the vacuum and electrical feedthroughs were made interchangeable for
maximum flexibility by the use of 1/4-36 UNS threads. The vacuum feedthroughs end in a
simple 1/4” O.D. aluminum tube making them compatible with several types of vacuum
fittings and are used for both vacuum pumping and as ports for vacuum gauge measurement.
For electrical feedthroughs, it was discovered that with the addition of a properly sized
O-ring, an off-the-shelf SMA RF bulkhead connector (901-9841, Amphenol) held vacuum
well enough for the moderate ~1 Torr experiments. Either sealing the vacuum side of the
connector with Torr Seal brand epoxy or using vacuum grease on the atmospheric side was
found sufficient to reach lower pressures if desired. Using these custom and non-traditional
feedthroughs proved to be beneficial as nearly all commercial vacuum feedthroughs are too
large for this application and can require soldering or welding, making them non-ideal for a
flexible design. The successful use of these components led to the overall result, shown as a
sectioned view and photographs in Figure 4.2, of a vacuum chamber that took up less than
30 cm® with an internal volume of 5 cm® in the smallest configurations. In the following

sections the ion source, trap, and detector components will be covered in greater detail.

Glow Discharge lon Source

Hot cathode electron emitter ion sources are not ideal for high pressure mass
spectrometry in helium and nitrogen buffer gasses due to the low electron flux generated.

Their oxidation upon exposure to oxygen also makes them incompatible with air buffer gas.
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Lastly, the power draw of these filaments is quite high at around 5 W due to the high
constant currents needed to maintain thermionic emission. For these reasons it was decided
to develop a glow discharge (GD) electron source to perform electron ionization (EI) at high
buffer gas pressures. In fact, GD-E| has previously been used in miniaturized instruments®*
23 due to its long lifetime and lower power draw (~0.1 W) resulting from it being a pulsed

technique, only drawing power during the short ionization period of each scan function.

The design of the glow discharge electron source was based off the well-known
discharge characteristics given by Paschen’s Law which describes the voltage to achieve
discharge between two parallel plates versus distance and pressure.?* To achieve a glow
discharge at the lowest voltage for 1 Torr of air or N, the ion source plates shown in Figure
4.2a were set to al cm distance apart via a Teflon spacer. The cathode plate (trap side) was
set to a constant -250 V potential in order to accelerate the generated electrons towards the
ion trap to perform EIl. The anode was pulsed to a positive potential during the ionization
period to yield a total AV typically between 350 and 600 V with the higher potentials
yielding a greater flux of ionizing electrons. A photograph of the visible glow due to the
source’s operation can be seen in Figure 4.2c. The entire GD source doubles as part of the
vacuum chamber to prevent any unwanted discharge to the walls of a surrounding chamber.
For a vacuum seal, the cathode was sealed to the ion trap chamber with an oversized O-ring

in order to ensure electrical isolation.

Sample and Buffer Gas Inlet

Absent from the diagrams in Figures 4.1 and 4.2 are any indicated inlets for analyte

and/or buffer gas. This lack of specialized sample inlets is because the most common
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practice was to simply use a needle valve (SS-SS4, Swagelok) connected to one of the 1/4”
vacuum ports to leak in a mixture of buffer gas and analyte. This mixture was either ambient
air with a vial of analyte held near the inlet or a Tedlar bag with a known concentration of
analyte in a specified buffer gas. While this method is effective for many experiments, it
creates a significant amount of dead volume leading to a slow response time of several
seconds, an undesirable quality in a final miniaturized instrument. For this reason, capillary
inlets were also implemented using PEEKSIl tubing, that is fused silica tubing coated in
PEEK polymer. The gas input can be controlled by the length of the capillary with a 50 pm
I.D. tube cut to a length of 1.65 cm yielding an inlet flow rate of ~1.5 sccm at 1 Torr. The
capillary inlets were potted (353ND, EPO-TEK) inside larger diameter tubing to introduce
gas directly into the GD region or through one of the 1/4” vacuum ports as shown in

Figure 4.3. No noticeable delay in detection was observed upon sample introduction unlike

the several second response times observed with needle valve sample introduction.

lon Trap Related Hardware

Several minor modifications were made to the ion trap construction described in
earlier chapters. The footprint of the electrodes was reduced in order to fit inside a
miniaturized chamber, the mounting scheme was changed to a four screw design rather than
three so electrical connections matched the electrical feedthrough pattern, and custom made
one-piece spacers cut from Kapton or Teflon film were used to facilitate simpler trap
construction and provide more consistent spacing across the traps. Figure 4.4 shows an
exploded view of this trap assembly along with a front view of a trap inside the aluminum
miniature ion trap vacuum chamber. The trap is constructed on top of a removable mount so

that traps can be rapidly swapped and tested without the need for disassembly. In addition to
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containing the alignment pin holes for alignment of non-mesh endcaps, the mounts provide
the proper spacing to align the trapping electrodes with the SMA pins for soldered electrical

connection or spring fingerstock pressure connection.

Detector Modules

The greatest variation in design of the miniature vacuum system can be found in the
detector module since a separate design was made for each of the Faraday cup detection
systems as well as an electron multiplier; the design of all three can be seen in Figure 4.5.
Figure 4.5a shows an exploded diagram of the simplest of the detector systems, a simple
chamber housing a Faraday cup soldered to an SMA feedthrough. The A250CF amplifier
described in Chapter 3 is then connected to the SMA on the outside of the chamber. The
interface with the DA-4 detector, again described in Chapter 3, is shown in Figure 4.5b
where the joint amplifier and Faraday cup are plugged into the back of the vacuum chamber
by means of a radial O-ring seal. Both of these Faraday cup interface designs place the
Faraday cup within a few millimeters of the ion trap and contain ports for vacuum pumping

and pressure measurement.

While the focus of our lab has been the operation of the entire MS at 1 Torr of buffer
gas pressure, there are several reasons to continue the development of electron multiplier
based instruments that necessitate lower pressures. It has been found during prior research in
our lab that electron multipliers can be operated at previously unreported pressures of
100 mTorr helium or 30-40 mTorr nitrogen/air by lowering the operating voltage to 1200-
1400 V in order to prevent discharge. This suggests that moderate improvements in pumping

technology could open the possibility of a handheld MS with electron multiplier detection.
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In addition, applications where maximum portability is not the highest priority might be able

to tolerate the higher SWaP from a small turbomolecular vacuum pump.

For these reasons, an additional detector module shown in Figures 4.5c and 4.5d was
designed to accommodate an electron multiplier. The EM was held in place by a polymer
front bracket and an aluminum rear bracket which also served to ground the rear connection
of the multiplier to the chamber. The high voltage and signal connections were again made
with SMA feedthroughs with spring fingerstock soldered to the SMA pins. It was found that
pumping through a 1/4” vacuum port, even with a turbo pump, yielded pressures that were
too high for EM operation, thus the pumping port size was increased as shown to
accommodate a KF-16 vacuum port connection (0.69” I.D.). To limit the gas load to the
detector chamber, the ion trap was limited to a single CIT (r, = 500 pum) with 400 um
diameter endcaps or a 7 element CIT array (r, = 500 um) with 200 um diameter endcaps.
This setup was able to maintain detector chamber pressures in the 10-40 mTorr range while

the ion trap chamber remained at 1 Torr.

As a final note, it should be mentioned that since initial development of this
miniaturized vacuum chamber system, other laboratory members have expanded its
capabilities by designing and implementing additional ion source modules. One module is a
platform to rapidly test microfabricated cold-cathode ionizers under development, and
another is an atmospheric interface to transport externally generated ions into the ion trap.
These developments further illustrate the utility and flexibility of this miniature chamber

design.
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4.2 Demonstration of Miniaturized Vacuum Chamber Operation

One of the benefits of the miniature chamber described in the previous section is the
reduction of the capacitive load that the RF system has to drive. This reduction is due to the
smaller footprint trapping electrodes and the elimination of cabling inside the vacuum
chamber present in the full size differential systems. A smaller capacitance for the RF tank
circuit makes it possible to achieve even higher RF frequencies. As described in Chapter 2,
operating microscale ion traps at higher frequencies is an effective way to mitigate peak
broadening arising from operation at high buffer gas pressures. To demonstrate the ability of
performing MS at higher frequencies, mass spectra of o-xylene were taken at 1 Torr air using
the miniature chamber at RF frequencies ranging from 6 to 10 MHz. The spectra, shown in
Figure 4.6, were taken with a 7 element CIT array (r, = 500 um) using the DA-4 (biased to -
75 V) as the detector. In this case, only a modest decrease in peak width was observed from
6.6 Th FWHM at 6 MHz to 5.9 Th at 10 MHz (possibly due to CIT array variability).
However, the ion trap’s well depth was seen to improve with frequency as expected (~7 V to
12 V at g, = 0.4), evidenced by the improved trapping of the low mass 77 Th peak. Further
work by others in the laboratory have taken advantage of the miniature system’s low
capacitance (~25 pF) to obtain spectra at RF frequencies as high as 60 MHz. The similarity
of the spectra presented in Figure 4.6 to those previously observed in the full size differential
chambers (Figure 2.16 for example) suggests that there are no adverse effects on the data

upon the system’s miniaturization.

Despite the higher complexity of the electron multiplier module as well as concerns
about the high voltages required, the miniature vacuum chamber was successfully operated

with EM detection. The comparison of spectra taken with the EM and DA-4 modules shown
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in Figure 4.7 illustrates some of the motivation for continuing with EM development. The
most important difference is an improved signal to noise ratio (65 versus 22) observed with
the electron multiplier. The post-peak baseline shifting observed in the Faraday cup
spectrum due to the DA-4’s amplification scheme is also absent in the EM spectrum,
eliminating data processing needs for baseline correction. Signal to noise values were
determined for a known concentration of toluene (10 ppm) in nitrogen to be as high as 420
for a 500 scan average, extrapolating to a limit of detection of 71 ppb at 3X the signal to
noise level. LOD data for Faraday cup based systems were determined with a GC inlet and

are presented in Chapter 5.

4.3 Miniaturized Prototype Mass Spectrometer

After successful miniaturization of the vacuum chamber and the associated MS
components, a project was undertaken to miniaturize the remaining components of the mass
spectrometer to create a functional prototype that could be operated with a laptop computer.
Because the path to miniaturization of all the DC components (detector power supply, pulsed
GD supply, etc.) is relatively straightforward, the focus of the work was largely on the
vacuum pumping and RF voltage systems. Because of the high operating pressure of the
MS, it was possible to use a small prototype scroll pump from Air Squared as the only

vacuum pump. This pump was able to achieve 1 Torr of pressure while drawing only 3.4 W.

The miniature RF system, a diagram of which can be found in Figure 4.8, was
designed in collaboration with RF consultant Harry Chase. The class D amplifier used was
built around the IRF510 power MOSFET and feeds into a resonant tank circuit as with the

full sized instruments. To save space, a compact ferrite-wound inductor was used in place of
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the large air-core inductors used in previous miniature ion trap instruments.” * % Operated at
7.63 MHz, this RF system consumes an average of 4.8 W. Combining the miniature vacuum
chamber, vacuum pump, and RF system, a handheld prototype was constructed weighing
only 2 Ibs and drawing 8.2 W from the onboard components. An image of the prototype can
be seen in Figure 4.9. The instrument is controlled by a laptop computer connected to a
small USB DAQ (NI1-6363, National Instruments). The MS components included a capillary
atmospheric inlet, 3 element SLIT array, and DA-4 based Faraday cup detection. An
example of detection of an ambiently sampled organic compound, mesitylene, can be seen in

Figure 4.10.

As mentioned before, the cables running to the prototype seen in Figure 4.10 consist
of the signal out cable and DC signals that are straightforward to miniaturize. For the sake of
completeness, the different signals are as follows: two glow discharge electrode voltages,
square wave RF frequency input, RF modulation input, +12 VV RF power supply, +4.5V

vacuum pump supply, -50 V FC bias supply, and +/- 3.3 V FC power supply.
4.4 Conclusions

An engineering effort has been made to package the components of a microscale ion
trap into a miniaturized vacuum chamber. The result was a modular design that retained
maximum experimental flexibility while still remaining small enough to be used in a
miniaturized prototype MS. With the addition of a miniature RF system and vacuum pump,

a functional prototype was constructed weighing just 2 Ibs with a power draw of only 8.2 W.
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4.5 Figures

Vacuum Electrical
Feedthrough > Feedthrough

Figure 4.1: Exploded and constructed views of the modular miniature vacuum chamber
showing the three major components; the ion source module (a), the ion trap module (b), and
the detector module (c). The interchangeable electrical and vacuum feedthroughs can also be
seen. This design allows for flexibility in both number and type of feedthroughs in the trap
and detector modules.
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Figure 4.2: Sectioned view (a) of the miniature chamber from Figure 4.1 showing the types
of O-ring vacuum seals as well as the relative positions of the source, trap, and detector. A
photograph of the constructed chamber (b) is given for scale. Upon operation, the glow
discharge (c) can be observed by a faint blue light emitted between the electrodes.
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Figure 4.3: Images of the two methods of buffer gas and sample introduction with a capillary
inlet. A 1.65 cm long, 50 um 1.D. PEEKSIl capillary was potted into 1/8” tubing and placed
to introduce sample/buffer gas into the glow discharge region (a) or through one of the 1/4”

vacuum ports in the trap or detector modules (b).
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Figure 4.4: Images showing the detail of trap module construction. The exploded view
demonstrates how the compact trapping electrodes and custom cut Kapton spacers attach to
the removable trapping mount. The constructed view shows the close proximity of the SMA
feedthrough pins to the trapping electrodes which facilitate soldering for electrical

connection.
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(d)
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Figure 4.5: Graphic renderings of the various ion detector modules. The A250CF interface
module (a) consists of a simple Faraday plate soldered directly to the pin of an SMA which
then connects to the A250CF amplifier. In the DA-4 module (b), the DA-4 FC amplifier
plugs directly into the back of the vacuum chamber with a radial O-ring seal. The electron
multiplier module (c) with the associated exploded view (d) shows how the EM is held in
place with a PEEK front spacer and an aluminum rear spacer which grounds the rear of the
EM. The signal out and high voltage electrical connections are made by SMA feedthroughs
with finger spring connections as shown. Because the EM must remain at lower pressure
than the FC modules, a larger pumping port was drilled out of the bottom of the module and
pumped with a turbomolecular pump to increase pumping speed.
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Figure 4.6: Spectra of o-xylene taken at increasing RF frequencies using the miniature
vacuum chamber with DA-4 based Faraday cup detection. Due to the potential well depth
increase, the lower mass 77 Th ion is more effectively trapped at the higher RF frequencies.
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Figure 4.7: Comparison of 0-xylene spectra taken using the miniaturized vacuum chamber
with the electron multiplier and Faraday cup (DA-4) modules. The signal to noise ratios are
65 and 22 for the electron multiplier and Faraday cup spectra, respectively. The electron
multiplier spectrum also shows no baseline artifacts that are present in the Faraday cup
spectrum.
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Figure 4.8: The layout of the miniature RF amplification system. Low voltage signals (in
blue) are fed into the amplifier circuits. The DC modulation signal and square wave of the
proper RF frequency are combined and amplified by the class D amplifier. This is fed
through a bifilar 2:1 power transformer and resonant tank circuit to yield modulated trapping
RF voltage.
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Figure 4.9: Photograph of the miniature prototype with the major components marked.
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Figure 4.10: Mass spectrum of ambiently sampled mesitylene taken using the miniature
prototype mass spectrometer from Figure 4.9. Performance is roughly equivalent to the full
size mass spectrometers used previously.
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CHAPTER 5: HIGH PRESSURE MASS SPECTROMETRY DETECTION FOR GAS
CHROMATOGRAPHY

Introduction

Previous chapters have described the development of miniaturized ion trap MS
instrumentation made possible by operation at unconventionally high pressures ca. 1 Torr. A
consequence of high pressure operation is a decrease in ion trap resolution leading to a
reduction in instrument selectivity; that is, the ability to which the instrument can identify an
analyte in the presence of other compounds in a matrix. There are several strategies to regain
selectivity, one of which is to increase the RF drive frequency of the ion trap in order to
regain lost resolution. This method is currently being successfully implemented by others in
our laboratory on benchtop instruments. However, it is currently unclear if these high
frequencies can be generated by hardware with low enough SWaP for a handheld instrument.
The subject of this chapter is another strategy to improve the selectivity of HPMS, adding a

gas chromatographic separation step prior to mass spectrometry.

Gas chromatography (GC), first demonstrated in 1952, uses a gas mobile phase and a
liquid/polymer phase to separate a mixture of analytes prior to detection. While this first
demonstration used a large diameter packed column, open tubular columns were eventually
found to give higher performance in terms of chromatographic resolution and analysis
times.>® A further increase in performance came with the introduction of fused silica

capillary columns.* Nearly all modern GC instruments utilize one of these narrow bore fused
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silica capillary columns, typically between 50 and 500 um in internal diameter and 5 to 30 or
more meters in length, that are held in a temperature controlled oven. This open tubular
column is coated with a thin layer (0.1 - 10.0 um) of a high molecular weight polymer
stationary phase. The sample is introduced through a heated inlet causing the analytes to
vaporize and be swept down the column by the carrier gas, usually He, H, or N,. While
travelling down the column the analyte partitions between the gaseous mobile phase and the
liquid stationary phase, with analytes that spend more time in the stationary phase having a
slower effective velocity through the column. This partitioning is determined by the physical
properties of each analyte and causes the mixture to separate into different bands as it moves
down the column, eventually being detected in the order in which the bands elute. In
general, analytes with higher boiling points take longer to elute. In order to shorten run times
and elute narrow peaks for analytes with a wide range of boiling points, the oven temperature

is usually increased with time analogous to mobile phase gradients in liquid chromatography.

The majority of the SWaP associated with benchtop GC instrumentation comes from
the oven in which the GC column is housed. A large physical size (typically several cubic
feet) is needed to accommaodate the up to 60 m long loosely coiled fused silica column while
convective heating in the oven draws a very large amount of power (greater than 3000 W for
fast temperature ramps) and requires long cooling times in between runs.” On the surface,
these specifications portray GC as an undesirable candidate for portable instrumentation;
however, it has long been realized that the fused silica GC column itself represents a low
thermal mass and could be temperature controlled via relatively low power direct resistive
heating.® In fact, low power methods that do not rely on bulky convection heating have been

key in creating field portable and even handheld GC instrumentation.’
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To avoid large power draws from temperature ramping, early portable GC systems
utilized ambient temperatures®® or isothermal heating,™ limiting analysis to a narrow range
of analyte volatilities. Later work incorporated temperature ramps by heating the capillary
with resistive wire in contact with the column®* or direct resistive heating of metal clad
columns.*® These heating methods were efficient enough to be used under battery power.
GC columns based on microelectromechanical systems (MEMS)), i.e. chip-based columns,
are another means to create low thermal mass columns with the added benefit of being able
to incorporate column heating and cooling into the MEMS device. The first chip-based
column was demonstrated in 1979*2 with further work continuing through today.*** These
devices require much lower power (25 W or less average power) and even open the
possibility of unconventional GC operation such as introduction of temperature gradients
along the column for peak focusing.”*** Microfabrication techniques have progressed to the
point where several components such as preconcentrators, columns, and detectors can all be

integrated into a single MEMS device.?®

Because the analytes exit the column already in the gas phase, GC pairs well with
mass spectrometry (MS) detection. This inherent compatibility was confirmed by the fact
that tandem GC-MS operation was first realized in 1957%* (although not published until
1959), shortly after the invention of GC. Although this first example paired GC with a time-
of-flight (TOF) mass analyzer, the majority of early GC-MS work was conducted with sector
instruments. Over the years, GC-MS has become the gold standard in analysis for numerous
industries and applications.?® The most common mass analyzer for GC-MS is a single
quadrupole, however, more powerful analytical methods are provided by tandem mass

spectrometry (GC-MS/MS) performed by triple quadrupole or quadrupole-TOF instruments.
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Relevant to this work, ion traps also enjoyed a long period of use in GC-MS instruments
partially due to the preferred GC carrier gas, helium, also being the ideal ion trap buffer gas.
Recall from Chapter 1 that the first appearance of a commercial ion trap mass analyzer was

as the detector in @ GC-MS system.?®

Not surprisingly, several research efforts have attempted to design portable GC-MS
systems. Because of the long history of interfacing sector mass spectrometers with early
GCs, the first portable GC-MS instrument utilized a miniaturized sector analyzer to achieve a
suitcase-sized instrument.?” Other early applications involved space exploration®® where
SWaP is one of several concerns including automation and reliability. Research and
development of fieldable GC-MS systems has led to several commercial instruments,
including the linear quadrupole based Hapsite GC-MS from Inficon and several ion trap
based instruments (Griffin 400, FLIR; and Tridion, Torion Technologies; Guardion, Smiths
Detection).?® While these instruments retain most of the analytical capability of their
laboratory counterparts, their miniaturization has plateaued in the 30 to 40 Ib. range. The
weight of these systems combined with short battery lives of only a few hours limits the
applications of current portable GC-MS instruments. Starting with a mass spectrometer
weight in the range of 4-5 Ibs., a HPMS based system opens the possibility of a handheld

GC-MS that can be comfortably carried and operated for long periods of time in the field.
5.1 GC-MS Instrumentation

In addition to the performance goals previously described for the handheld mass
spectrometer (5 Ib. weight, 20 W power draw, etc.) there are several specification goals for

the proposed GC-MS instrument. First, a GC flow rate of 1-3 mL/min is desirable in order to

134



be compatible with the current HPMS instrumentation without having to use split flow for
detection. In order to keep the analysis time short, 1 minute GC separations are targeted with
peak widths in the 1 second range. This analysis time constrains the MS data acquisition
speed to the limit of what has previously been done with HPMS instruments. In general, a
minimum of 6 MS data points is required to adequately define the GC peak, resulting in an
MS acquisition rate of 6 Hz (167 ms per scan). Therefore, to maximize the signal to noise
ratio, the MS scan function should be as short as possible in order to average as many MS

scans in that time frame as possible.

Rather than developing miniaturized GC instrumentation, the data presented in this
chapter was generated with a full size commercial GC in order to demonstrate the feasibility
of a miniaturized GC-MS operated at high MS pressure. The instrument chosen was an
Agilent 7890 Gas Chromatograph mainly due to the 6890 and 7890 series history of being
one of the most common and reliable instruments available. It was also flexible enough to
suit the needs of this project with the ability to handle multiple sources and columns using

both nitrogen and helium carrier gasses.

A schematic of the general configuration of the GC and GC-MS experiments
described in this chapter can be found in Figure 5.1. Two identical columns connected to
separate inlets were used in order to compare the HPMS detector with the commercial flame
ionization detector (FID). Briefly, an FID works by burning the effluent of the GC with a
hydrogen/oxygen flame. A series of reactions occur from combustion of organics present to
generate ions that are subsequently detected electronically. Because the FID column outlet
was at atmospheric pressure while the HPMS outlet was under vacuum, the same column

head pressure would yield different flow rates and analyte retention times for the two
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columns. For the most direct comparison, conditions for the two columns were chosen in
order to have the same average linear velocity for the two columns so that analyte retention

times were very nearly equivalent.

The interface between the GC column and the miniature MS vacuum chamber
described in Chapter 4 can also be seen in the schematic in Figure 5.1 and images of the
interface can be found in Figure 5.2. The capillary connection is made with a 1/16” capillary
fitting with a 0.5 mm adapter ferrule going to a 1/4” tube (ZLTAA41, Vici). This tube was
tapped to the same pitch as the miniature vacuum chamber’s standard 1/4” vacuum ports so it
could be attached with Teflon tape to create a vacuum seal. To prevent any cold spots on
which analyte could condense, this 1/4” tube was wrapped in heating cord and sheathed in a
larger diameter Teflon tube. Lastly, a hole cut through the GC oven wall including insulation
so the transfer line could be threaded through to outside the GC oven. The transfer tube
heating cord was kept at 70°C using a temperature controller in all experiments. Detailed
descriptions of all MS configurations used can be found in Chapter 4, thus only brief
descriptions of the MS components used will be given in this chapter for each experiment

described here.

5.2 GC-MS Operation with Electron Multiplier Detection

Due to greater sensitivity in comparison to Faraday cup (FC) detectors, it was decided
to use an electron multiplier (EM) detector in the first attempts to gather GC-MS data. The
pressure limitations set by the EM required both pumping with a turbomolecular vacuum

pump and the use of a single element CIT with r, = 500 pm and 400 pum diameter endcaps.
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The trap was operated at 7.1 MHz RF frequency with boundary ejection for all experiments

described in this section.

Initial Proof of Concept GC-MS Experiments

A simple mixture of six benzene analogs (benzene, toluene, ethylbenzene, p-xylene,
o-xylene, and mesitylene) in GC grade hexanes was made so that a 0.5 pL split injection
yielded 50 ng of each analyte on-column. A 30 m column [Agilent HP-5, (5% phenyl)-
methylpolysiloxane, 320 um I.D., 0.25 um film thickness] was cut in half to yield two
identical 15 m columns. The minimum obtainable flow rate for the MS column was
3 mL/min of N carrier gas due to the outlet of the relatively wide bore column being under
vacuum. This configuration resulted in a slightly higher than desired pressure of 1.5 Torr for
the MS. The resulting linear velocity in both columns of 93 cm/s and an oven ramp of

25°C/min after a 0.3 min hold at 40°C resulted in all six analyte peaks eluting in 1.65 min.

Chromatograms comparing the uMS detector to the commercial FID detector for
these conditions can be found in Figure 5.3. This initial GC-MS data was encouraging,
having an ample signal to noise ratio with 15 MS scan averaging and no noticeable GC peak
broadening compared to the FID data. However, the slow MS data acquisition rate is
apparent as only ~2 MS data points are present for each GC peak. This slow acquisition was
partially due to the rudimentary software written to gather this initial data. Further data with
these experimental conditions can be found in Figure 5.4, showing selected mass spectra
taken from selected GC peaks. It is clear that sampling this mixture with the MS only would
yield many overlapping peaks making it impossible to identify or quantify the different

components. This shows the necessity for the GC separation prior to MS analysis. With the
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GC separation it is possible to differentiate between compounds, such as p-xylene and

ethylbenzene, which exhibit identical mass spectra.

GC-MS Improvements

After the promising initial GC-MS data, further steps were taken to improve
performance and further test the capabilities of the GC-MS with EM detection. The first
change was a hardware modification, switching the 320 um diameter column for a new
column of 250 um diameter [Restek, Rxi-5ms, (5% diphenyl)-dimethyl polysiloxane,

0.25 pm thick film). Moving to this narrower bore column while maintaining the 15 m
length reduces the minimum possible flow rate. Now the GC column was operated at a

2 mL/min flow rate (76 cm/s) which yielded the target MS pressure of 1 Torr. Additionally,
in collaboration with William Gilliland, the data acquisition and analysis software was
overhauled for greater flexibility and faster data acquisition. Instead of averaging a set
number of spectra and saving the averaged spectrum to disk, each individual MS scan was
saved in RAM as a linked list and only saved to disk at the end of the GC separation,
eliminating dead time due to writing to disk during data acquisition. This method also
improved the flexibility of data analysis, allowing one to choose how many spectra to
average after the data is collected. Unfortunately, the individual MS scan acquisition rate
was somewhat limited by the USB DAQ (NI-6363, National Instruments), having a 10 ms
dead time in between spectral acquisition. Because the MS scan functions were 10 ms
themselves, the maximum rate to acquire individual MS scans was 20 ms, meaning that a 15
scan average took a total of 300 ms whereas it would only take a total of 150 ms with

improved hardware.
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An example GC-MS chromatogram with these improvements, once again compared
to FID detection, can be found in Figure 5.5. In this case a more complicated mixture of 15
organic analytes, including several chemical warfare simulants, was analyzed. Sample was
injected such that 100 ng of each analyte were injected on-column. A slightly faster
temperature ramp of 35°C/min was used in order to elute all 15 analytes in 2.5 minutes. As
with the previous data, the GC-MS chromatogram compares well with the FID generated
chromatogram and the number of MS data points per GC-MS peak shows improvement over
Figure 5.3. All the peaks detected in the FID chromatogram are present in the uMS
chromatogram, although peak tailing is observed in some of the later eluting peaks. Plate
counts for the benzene peak in the FID and uMS chromatograms were calculated to be
35,300 and 31,000, respectively. Much like Figure 5.4 is an example of the utility of the GC
separation, Figure 5.6 demonstrates the benefit of MS detection. The GC peak at 4.5 minutes
is the result of two analytes coeluting, dimethyl methylphosphate (DMMP) and 2,6-lutidine.
By comparing the mass spectra detected during the first and second halves of this peak, one

can observe a distinct spectrum from each compound.

5.3 GC-MS Operation with Faraday Cup Detection

Due to the desire to operate the entire MS at 1 Torr of buffer gas pressure for
handheld instruments, GC-MS operation was explored using a Faraday cup ion detector. It
was initially unclear whether adequate sensitivity could be achieved with a Faraday cup due
to the limited signal averaging imposed by the GC time scales. However, the sensitivity
gains (~7X over CIT arrays) observed when using SLIT arrays, demonstrated in Figure 3.8,

suggested that a Faraday cup based GC-MS system was feasible.

139



Faraday Cup versus Electron Multiplier for GC-MS Detection

The uMS with Faraday cup was used as a GC detector under the same conditions as
described for Figure 5.5. The mass spectrometer operated at 1 Torr N, used a 3 element
SLIT array (X, =500 um, 2y, = 3 and 4 mm) for ion trapping and the A250CF Faraday cup
detector apparatus described in Chapter 3; with all vacuum pumping occurring on the
detector chamber, inducing flow through the trap for maximum sensitivity. Again, 100 ng of
each analyte was injected on-column. Because of the higher levels of background noise with
Faraday cup detection, 30 scan averages were used for this chromatogram rather than 15.
The comparison of GC-MS data taken with the Faraday cup versus electron multiplier and
FID chromatograms is shown in Figure 5.7. When directly comparing the GC-MS
chromatograms using FC and EM detection, they seem quite similar except for the slightly
wider GC peaks (peak #2 for example) in the case of the FC, which are most likely due to
higher signal averaging. The signal to noise ratio for FC detection is slightly worse, but the
fact that it is on the same order as the EM data is evidence of the many more ions trapped and

analyzed by the SLIT arrays.

GC-MS with Helium Buffer Gas

Helium is preferred as a GC carrier gas to nitrogen because separations using helium
can be run in shorter times while retaining the same resolution. In addition, as shown in
Chapter 2, the resolution in in HPMS is drastically improved with the use of helium buffer
gas rather than nitrogen. The major drawback of using helium in a portable GC-MS
instrument is the need to bring a helium source out into the field. However, it is likely that

for some applications the performance gains afforded by the use of helium are worth the
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addition of a portable helium tank. Therefore, the performance of the GC-MS

instrumentation with Faraday cup detection was explored utilizing helium.

Because helium has different discharge characteristic than nitrogen, several changes
had to be made to the glow discharge source. A pressure of 1 Torr and an electrode spacing
of 1 cm results in trying to operate the glow discharge to the left of the minimum in
Paschen’s curve® leading to prohibitively high voltage requirements. To lower the voltage
required for discharge, either the operating pressure or the electrode spacing must be
increased. Both methods were attempted and stable glow discharge was achieved either at a
pressure of 2 Torr with 1 cm spacing or at a pressure of 1 Torr with 3 cm spacing. Other than
these modifications, the GC-MS was run under identical conditions as the prior Faraday cup

experiments with nitrogen.

Figure 5.8 compares chromatograms taken with helium carrier/buffer gas (under both
1 and 2 Torr conditions) to a chromatogram using nitrogen. It should also be noted that a
new organic analyte mixture was made for these experiments with the addition of methyl
salicylate, another chemical warfare simulant. Upon inspection, the first observation is that
the 1 Torr helium chromatogram has a lower signal to noise ratio with the peaks for DMMP;
2,6-lutidine; and dichlorobenzene being almost or completely absent. On the other hand, the
2 Torr data actually achieved a better signal to noise ratio than the nitrogen chromatogram,
albeit with the m-toluidine peak being absent. This inconsistent performance with helium is
most likely due to difficulty in obtaining stable glow discharge in helium, an issue that has
been encountered by others in our laboratory as well. Unfortunately, progress in creating a
glow discharge source that is tailored specifically to helium has been slow. When comparing

the mass spectra generated, the peak widths seen in helium are narrower than nitrogen as
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expected, measured at 3.8 Th and 5.9 Th FWHM, respectively. However, from the data
presented in Chapter 2, peak widths between 1 and 2 Th would be expected for operation in
helium. Recent data from our collaborators shows that even small amounts of air
contamination in helium buffer gas causes significant peak broadening and it was suggested
that air contamination from small vacuum leaks might be behind the wider than expected

peaks in this helium GC-MS data.

5.4 Sensitivity and LOD Determination for GC-MS

After GC-MS operation was successfully demonstrated in several configurations, the
next step was a thorough study of the system’s sensitivity to determine parameters
influencing sensitivity, and to find an overall system limit of detection (LOD). These tasks
were completed for the optimal case of nitrogen as the carrier gas and Faraday cup based MS

detection.

Signal to Noise Ratio and MS Averaging

Ideally, signal averaging reduces the amount of random noise in a measurement by
the square root of the number of spectra averaged. This is certainly the case for the stand
alone HPMS systems, but for measuring transient signals such as those from a GC, one must
take into account the time necessary to obtain the averaged signal. The signal to noise ratio
(S/N) for detection of a GC peak increases with a small number of spectra averaged,
plateaus, and then begins to decrease as a greater portion of the spectra that are being
averaged are no longer near the highest intensity portion of the GC peak. The S/N curve for
the FC based GC-MS data from Figure 5.7 is shown in Figure 5.9 and was generated using

the standard deviation of the noise. It shows a relatively constant S/N level between 10 and
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20 averaged scans. With this data in hand, one would most likely choose to utilize scan
averaging between 10 and 15 in order to collect more MS data points per GC peak with only
a slight reduction in S/N. Additionally, recall that the acquisition time of a single mass
spectrum is currently hardware limited to twice as high as it should be. The use of a higher

quality DAQ would shift the S/N plateau up and to the right, improving performance.

Sensitivity versus lonization

The number of ions generated and trapped is a function of both how long the
ionization portion of the scan function lasts and of the magnitude of the voltage difference
between the glow discharge plates. It should also be apparent that sensitivity is also a
function of the ionization conditions. Therefore, calibration curves were generated with
increasing concentrations of aniline at several different ionization conditions. The results,
seen in Figure 5.10 show a linear dependence with the amount of analyte injected on the
column. The slope of this line, i.e. the sensitivity, is also greater with increased ionization as

expected.

From the highest intensity set of data points (displayed in green) the LOD (3X
standard deviation of the noise) of the GC-MS system was estimated to be 0.056 ng injected,
or 248 ppb gas concentration. This represents a good initial system LOD, but several
straightforward improvements can be made to get this number well under 100 ppb. First,
making the upgrade to a higher quality DAQ will double the acquisition rate, leading to twice
the spectral averaging; second, work is currently underway on a Faraday cup amplifier with

half the noise of the current amplifier; and finally, a minor redesign of the trap electrodes and
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chamber could allow for several more SLIT elements to be added to the array to improve

sensitivity.

Linear Dynamic Range of GC-MS System

The data plotted in Figure 5.10 was intentionally taken within the instrument’s linear
dynamic range (LDR). Unfortunately, when concentrations much higher were studied (e.g.
the black set of data points in Figure 5.11) the signal level quickly plateaus. The log-log
plotted data of Figure 5.11 illustrates the narrow LDR of the current GC-MS system of
approximately one order of magnitude. This LDR limits quantification to a very narrow
range of analyte concentrations, although useful qualitative information can still be obtained
over a much wider concentration range. To alleviate the issues ion traps have with LDR, all
commercial instruments implement some form of automatic gain control (AGC) in which the
amount of ionization is varied depending on the number of ions detected in the previous scan.
Changing the ionization conditions covers different ranges of concentrations as shown in
Figure 5.11, thus AGC implementation on this system could increase the LDR to two or three
orders of magnitude. In addition, the strategies to improve LOD discussed in the previous
section would also widen the LDR, leading to an instrument that can provide both qualitative

and guantitative information effectively.

It was found that working at concentrations much above the LDR of the mass
spectrometer led to poor chromatographic resolution and increased peak tailing. By
collecting data within the LDR and by applying additional heating to the MS chamber,
improved chromatographic data was obtained. Figure 5.12 is another separation of 15

organic compounds (10 ng of each on column) taken with FC detection and N carrier gas.
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This data represents the highest quality GC-MS chromatogram to date, showing
chromatographic resolution equal to that of the FID detector while still exhibiting large S/N.
The equivalent resolution can be easily observed by comparing the partially resolved GC

peaks (#4 and #5) between the two chromatograms.

5.5 Conclusions

The use of a miniaturized ion trap mass spectrometer as a GC detector for fast
separations (< 2.5 min) was demonstrated using both an electron multiplier based and
Faraday cup based MS systems. Nitrogen rather than helium carrier gas was used for the
majority of the experiments due to its applicability to portable instrumentation. However,
proof of concept data was also collected using helium. Chromatographic resolution achieved
with the pMS detector was equal to that obtained with a commercial FID detector. The
largest current performance limitation is with the low linear dynamic range, but
implementation of automatic gain control would help to increase the LDR without any

further hardware modifications.
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5.6 Figures
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Figure 5.1: Schematic diagram of the GC and GC-MS used to compare the experimental
MMS detectors and the commercial FID detector. In all cases, identical injectors and
columns were used under conditions to yield identical average velocities in both columns.
Also shown is the heated uMS transfer line traversing the insulating oven wall.
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Figure 5.2: Images of the heated uMS transfer line. A 1/4” tube adapter fitting screws
directly into the miniature vacuum chamber. This tube is wrapped with heating cord and
kept in place by a 3/4” Teflon tube.
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Figure 5.3: Chromatographic separations of six benzene analogs comparing the performance
of the commercial FID detector to that of a uMS detector using an electron multiplier. A
flow rate of 3 mL/min nitrogen through a 320 um, 15 m long column was used to separate
the compounds in approximately 1.6 min. Each chromatographic data point was the result of
an average of 15 MS scans taken at 1.5 Torr background pressure. The large, unlabeled
peaks prior to 0.5 min are due to solvent (hexanes mixture).
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Figure 5.4: Selected mass spectra from the same GC-MS chromatogram (left) presented in
Figure 5.3. The mass spectra demonstrate the utility of the GC as these spectra would be
indistinguishable from one another using only mass spectrometry.
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Figure 5.5: GC detector comparison with an improved separation of 15 organic compounds.
A narrower bore, 250 um diameter column resulted in a lower flow rate of 2 mL/min N, and
a 1 Torr MS pressure while improved data acquisition software resulted in a higher MS
sampling rate. The separation successfully detected all 15 compounds with only 2
overlapping peaks. Slight retention time differences are attributed to differences in column
lengths between the FID and pMS columns.
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Figure 5.6: Two distinct mass spectra from different sections of the same GC peak
demonstrating the ability of the uMS detector to differentiate more than one compound from
a coeluting GC peak.
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Figure 5.7: Comparison of a Faraday cup based GC-MS detector to that of an EM based
GC-MS detector and a FID GC detector for the detection of a 15 component mixture. Upon
transitioning to a FC based MS, detection of the all the same compounds was achieved with
only slightly lower S/N.
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Figure 5.8: Comparison of GC-MS chromatograms taken under 1 Torr N, buffer gas
conditions with those taken under 1 and 2 Torr He buffer gas conditions. Several peaks in
the 1 Torr helium data have a lower S/N ratio with several peaks being almost or completely

absent. The 2 Torr data on the other hand has the highest S/N of all three. This
inconsistency is attributed to the difficulty of obtaining a stable glow discharge in helium.
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Figure 5.9: Plot of S/N ratio versus number of MS scans averaged for a single GC-MS data
set. Arise in S/N is initially observed followed by a plateau and a decrease as a greater
portion of the spectra that are being averaged are no longer near the highest intensity portion
of the GC peak.
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Figure 5.10: Calibration curve of GC-MS detection of aniline using several glow discharge
ionization conditions with the noise level indicated in red. This data demonstrates that the
sensitivity of the uMS detector varies with the ionization conditions with an increase in
ionizing electrons leading to an increase in sensitivity. Error bars for the black data set
represent the standard deviation of three separate GC runs.
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Figure 5.11: Log-log plots of the calibration curve data from Figure 5.10 with an added data
point at 100 ng injected on-column. With the 100 ng data point representing the maximum
signal that the uMS can obtain, this data demonstrates the limited linear dynamic range of
this detector. However, the blue and green data sets demonstrate that this range can shift
based on ionization conditions leading to an overall wider LDR if automatic gain control is
implemented.
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Figure 5.12: High resolution GC-MS chromatogram taken with a FC based puMS detector in
nitrogen buffer gas (black) compared to the commercial FID detector (green). A mixture of
10 ng each of 15 organic species was injected on-column. This represents the best

chromatographic data taken with any of the uMS detectors, demonstrating chromatographic
resolution equal to that of the commercial FID detector while still exhibiting enough S/N to

identify each peak.
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