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A new possibility of improving the resolving power of quadrupole mass filters has been studied theo-
retically in this work. The results show that with the use of two AC excitations, in addition to the main
RF supply, it is possible to modify the first stability diagram for mass filtering by creating a narrow and
long band of stability along the X boundary near the tip of first stability region. These newly developed
stability regions (the X-band) are similar to higher stability regions, and offer high mass resolution and

To the memory of Vladimir Vladimirovich fast mass separation features. This approach overcomes the many limitations of the normal operation of

TITOV. quadrupole analyzers, while retaining the advantages of using the first stability region. The new operation
mode could achieve up to 10,000 mass resolving power with the ion residence time of only 100 RF cycles.
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greater than in the normal operation mode. Furthermore, the new mode features one-dimensional mass
filtering (in the X direction only) that is not sensitive to nonlinear field distortions, which are particularly
problematic for quadrupole mass filters which built with circular rods. Faster mass separation has been
confirmed in simulations and theoretical computations of the exponential increment of the trajectory
instability. Due to the location of the X-band near the tip of the first stability region, the new operation
mode can still have the benefits of traditional techniques (delayed DC ramp) for overcoming the negative
effects of fringe fields and improving the ion transmission efficiency. The theoretical simulations show
that the method of improving the performance of quadrupole mass filters does not require any modi-
fications of mechanical structures, and only needs different and a little more sophisticated method of

electric applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Over half a century has passed since the invention of mass anal-
ysis of ions using the quadrupole radio frequency field by W. Paul
[1]. Nowadays, the different type of ion traps and quadrupole mass
analyzers have been applied in wide fields because of their very
strong analytical capabilities and compact sizes. Quadrupole mass
filters (QMF or quadrupole analyzers) are routinely used in physics
and analytical chemistry as standalone mass spectrometers, a part
of tandem mass spectrometry for parent ion selection, ion guides
forion beam transmission, or collisional cells for precursor ion frag-
mentation. Filtration of ions in a quadrupole mass analyzer system
is based on the properties of the Mathieu equation that describes
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the ion motion in quadrupole fields with a harmonic power sup-
ply [2]. Thus, the quadrupole mass filtering technology requires
a high precision of machining and assembling of electrodes with
micrometer accuracy, and a development of very stable and con-
trollable power supplies for generating high frequency and high
voltage signals (RF supply).

Although quadrupole mass filtering technology has been well
established and investigated both experimentally and theoretically
in the past several decades, a search for new and unusual modes
of operation is on going. Quadrupole analyzers with a distorted
electrode geometry [3,4] and with periodic quadrupole excita-
tions (additional AC power supply with different frequency on top
of main RF) [5,6] have been investigated over many years in D.
Douglas’ laboratory. In spite of the common knowledge that the
efficient ion filtration is only achievable with the use of high quality
quadrupole fields [7-10], it was found that quadrupole analyzers
with significantly modified electrodes can be successfully used for
ion filtration under certain conditions [3]. Moreover, the use of
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additional periodic excitations can overcome the destructive influ-
ence of nonlinear electric field distortions and obtain a comparable
resolving power and ion transmission efficiency with commercial
devices [6].

This paper reports a new possibility of operating a quadrupole
analyzer at high mass resolution. The “high mass resolution” means
the filtering of ions with the mass resolving power significantly
greater than 5000, which is a practical maximum for quadrupole
mass filters when operating in a normal mode. In this paper, we
will first discuss the principle and properties of a normal operation
mode of quadrupole mass filters that leads to some basic limita-
tions and possible ways of overcoming them. We further study the
possibilities for the most appropriate mass filtering by modifying
the stability diagram of ion motion. These modifications are possi-
ble with the use of special periodic excitations that result in new
properties of the ion motion. It will show that the separation of ions
under the new mode occurs much faster than in a normal opera-
tion mode and it allows a high resolution mass separation in spite
of a short residence time of ions inside a quadrupole analyzer. The
proposed mode of operation is verified by direct simulations of ion
motion in a two-dimensional quadrupole field where the resolv-
ing power of a mass separation and ion transmission efficiency are
compared with a normal operation mode under similar conditions.
The result of the faster ion separation rate is explained by greater
increments of trajectory instability from both sides of the stabil-
ity regions, and the increments are computed theoretically. A new
mode of operation is not sensitive to nonlinear distortions of the
quadrupole field, which is confirmed by simulations of the mass
peak shapes in quadrupole analyzers with cylindrical rods. Finally,
the implications of the new operational mode for some modern
mass filtering techniques are discussed.

2. The normal mode of quadrupole mass filter operation
and its limitations

2.1. A quadrupole mass filter and equations of ion motion

A conventional quadrupole mass filter is composed of four con-
ducting rods with an ideal hyperbolic cross section [1]. They are
arranged parallel to the commonZ axis and are equally spaced by
a distance ry from the center. An RF voltage V(t) is connected posi-
tively to one pair of the rods (the X rods) and negatively to another
pair of the rods (the Y rods), resulting in the quadrupole field among
the rods:

X2 _y2
rzy . 1)

0

D(x,y)=V(t):
For a mass analysis, the applied voltage V(t) has both DC(U) and

radio-frequency (V) components:

V(t)=U -V -Cos(2t + ). (2)

Here, £2 is the angular frequency of the RF power supply and « is
its initial phase. An ion motion in such field is usually expressed in
terms of dimensionless variables:
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M is the ion mass and e is its charge.

2.2. Stability diagram and mass filtering

Both Egs. (3.a) and (3.b) are linear, second order differential
equations with periodic coefficients known in literature as the
Mathieu equations [11]. Note that the parameters of Eq. (3.a)
are taken for a basis while parameters for the Y motion have an
opposite sign. The Mathieu equation appears in physics as a math-
ematical model for a description of a parametric resonance, but
there are some regions of a and q parameters for which the para-
metric resonance does not occur and which correspond to a stable
motion. The graphical description of these regions on a plane of
a and q parameters is termed as “a stability diagram”. Ions can
be transmitted through a quadrupole analyzer if only both X and
Y motions are stable simultaneously. The regions where the stabil-
ity diagrams of the X and Y motions overlap are called the regions
of common stability or “stability zones”. There is an infinite number
of such regions. The first zone of the common stability, called “the
first stability region” (see Fig. 1 ), is usually used for conventional
quadrupole mass filtering.

Itis evident from Eq. (4) that for ions of different mass-to-charge
ratio, a and g parameters appear at the same “operating” linea =
A -q,where A = 2U/V.The a and q parameters are inversely propor-
tional to the ion mass, so heavy ions have parameters (“working
point”) located closer to the origin of the diagram. By an appro-
priate selection of the U/V ratio, the operating line can be located
so that it crosses the tip of the first stability region, as shown in
Fig. 1. The mass filtering method in quadrupole analyzers is evi-
dent — only ions that have mass-to-charge ratio within some range
[Mpin, Mmax ] will have stable motion inside a quadrupole mass
filter. When a beam of ions of different mass-to-charge ratios is
injected into a quadrupole analyzer, the heavier ions experience
instability in the Y direction and are ejected by the Y rods, while
the lighter ions are unstable in the X direction. Only the ions that
have working points within a stable zone will be transmitted to the
end of the quadrupole analyzer and then detected by an ion detec-
tor. The mass selection using a stability triangle at the tip of the first
stability region is referred further as “a normal” or “a conventional”
mode of the quadrupole analyzer operation.

2.3. The resolving power of a mass selection in a normal mode of
operation

The mass resolution is defined by the width of a transmitted
mass range AM = Mmax — My, and is usually expressed in Thom-
son unit which has been introduced by Prof. G.Cooks [12] as an
appropriate measure of the mass-to-charge ratio, 1 Thomson equals
1 Da mass unit 1.66053873-10~27 kg divided by the electron charge
1.602176462-10~19C. The mass resolving power, R, is a dimen-
sionless measure that is equal to the ratio of the nominal mass,
Mnom = (Mmin + Mmax) /2, and the transmitted mass range, AM:

_ Mnom
R= M (5)

In practice, quadrupole analyzers, are operated by scanning RF
voltage amplitude, while keeping the U/V ratio fixed (when scan-
ning in a wide mass range, the U/V ratio is adjusted slightly in order
to keep a similar resolution at each mass) and recording ion current
at a detector. The mass assignment is obtained from the RF voltage,
V, using a definition of g parameter from Eq. (4):

4e 1%
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Mnom = (6)
Here, g; = 0.705996 is the coordinate value of the stability tip. In
experiments, the mass resolution, AM, is defined for ion species of
similar mass as the peak width measured at some level of the peak
maximum (usually 10%).
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