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Quadrupole mass filter operation under the
influence of magnetic field

S. U. A. H. Syed, S. Maher and S. Taylor*

This work demonstrates resolution enhancement of a quadrupole mass filter (QMF) under the influence of a static magnetic
field. Generally, QMF resolution can be improved by increasing the number of rf cycles an ion experiences when passing
through the mass filter. In order to improve the resolution, the dimensions of the QMF or the operating parameters need
to be changed. However, geometric modifications to improve performance increase the manufacturing cost and usually the
size of the instrument. By applying a magnetic field, a low-cost, small footprint instrument with reduced power requirements
can be realized.

Significant improvement in QMF resolution was observed experimentally for certain magnetic field conditions, and these
have been explained in terms of our theoretical model developed at the University of Liverpool. This model is capable of
accurate simulation of spectra allowing the user to specify different values of mass spectrometer dimensions and applied
input signals. The model predicts enhanced instrument resolution R>26 000 for a CO, and N, mixture with a 200-mm long
mass filter operating in stability zone 3 via application of an axial magnetic field. Copyright © 2013 John Wiley & Sons, Ltd.
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Introduction

First constructed by J. J. Thomson in 1913, a mass spectrometer
(MS), then called a parabola spectrograph,/' was used to sepa-
rate ions by their different parabolic trajectories in electromag-
netic fields. lons were detected upon striking a fluorescent
screen or photographic plate.

Later, Thomson’s protégé, Francis W. Aston designed an MS
with resolution improved by an order of magnitude, allowing ap-
plications to isotopic analysis.'?! At the same time, A. J. Dempster
also improved the resolution with a magnetic analyzer and devel-
oped the first electron impact source, which ionizes volatilized
molecules with a beam of electrons.”’ Thomson, Aston and
Dempster provided a strong foundation for MS instrument
design and theory for those who followed to develop instruments
capable of meeting the demands of analytical chemists and bio-
logists. An important issue, particularly for chemists, was the need
of an instrument with improved accuracy for the analysis of
elements and small organic molecules." This led to the develop-
ment of four different types of MS instrument: magnetic sector
double focusing,™ time-of-flight,® quadrupole’” and Fourier
transform ion cyclotron resonance™ mass analyzers.

The use of an electrodynamic quadrupole field for mass spec-
trometry dates back to the pioneering work of Wolfgang Paul
and co-workers in the 19505 It is widely used as a mass filter
in a quadrupole mass spectrometer (QMS) instrument, or as an
ion guide or as a linear ion trap.'® Since then, much research
has been undertaken by different researchers to study the perfor-
mance and behavior of the QMS by either experimental methods
or by numerical simulation techniques. In 1962, Von Zahn, a
member of the Paul group, constructed a mass filter of 5.82 m
in length with a reported resolution in the region of 16000
(measured at 50% peak width definition) for high-precision mass
measurements.'" Later, Brubaker and Tull investigated the trans-
mission efficiency and resolution of a QMF as a function of ion

source exit aperture and frequency of excitation; the ion source
exit aperture defines the area of illumination of the QMF and is
usually a fraction of the inscribed QMF field radius (r,)."? It was
concluded that higher resolution is obtained with small aperture
size and higher frequency. In 1971, Holme et al. performed a
series of experiments to investigate the factors which determine
the maximum resolution of a QMS under normal operating
conditions and it was found that the resolution depends upon
the number N of radio frequency (rf) cycles the ion experiences
in the quadrupole field."® In Dawson (1976), the design and
performance of the QMF are described in detail, and it was
reported that resolution R can be represented by R = N"/K, where
n is either exactly or closely equal to 2, and K is a constant which
may be assumed to be 20 for all practical purposes [14, chapter
6]. N further depends upon frequency (f) of the rf signal, length
() of the mass filter, ion injection energy (E;) and mass (m) of
the ion.

There have been many analytical predictions of the behavior of
QMS. In 1987, Batey presented a detailed review of quadrupole
gas analyzers and showed that some features of the behavior
of the QMS could be predicted by tracing the ion motion through
the mass filter.l'® Later, in 1993, Konenkov investigated the influ-
ence of fringing fields on the acceptance of a QMF in the separa-
tion mode of the intermediate stability region."'® Other workers
presented a numerical method which can be adequately used
for mass independent optimization of the performance of quadru-
pole pre-filters.’” It was reported that in the numerical method nei-
ther the effects of fringe fields nor those of initial transverse velocities
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were taken into consideration; however, there was good agree-
ment with the measured transmission data obtained. Muntean
used matrix methods to develop a computer simulation pro-
gram to model ion transmission through the filter by
calculating ion trajectories in rf only quadrupoles."'® Tunstall
et al. described the development of a computer program
designed to simulate the performance of the mass filter in an
ideal QMS."! Their simulation program provided flexible input
parameters to allow the user to investigate the ion trajectories
and transmission efficiency for different operating conditions.

Gibson and Taylor have also developed computational
methods to determine the trajectories of a large number of ions
injected into the QMS, providing a detailed computer simulation
for both hyperbolic and circular cross-section electrodes.?%?" Du
et al. theoretically modeled peak structures for a QMF operating
in zone 3%, it was suggested that to improve the peak struc-
tures, changes in ion inlet optics or changes to ion detection
geometry were required. Douglas et al. examined the effect of
displacement of QMF electrodes with circular electrodes on
spatial harmonics, and it was concluded that the data can
be useful in designing quadrupole mass filters (QMFs).2*
Other workers performed simulations to determine the
required resolution for the qualitative and quantitative identi-
fication of low mass isotopes in the mass range 1-6 amu.*¥
More recently, Ahn and Park simulated electron and ion
trajectories for an electron-impact ion source coupled to a
QMS. It was shown that computer simulation of electron
and ion trajectories can be utilized for the characterization
and optimization of the electron-impact ion source.?”

Magnetic fields have long been used in quadrupole ion
sources, magnetic sector instruments®® and in ion traps®” to in-
crease the performance or the resolution. However, surprisingly
little work has been done in relation to the application of mag-
netic field to the QMF. Previously published experimental and
theoretical results for QMIF operating in stability zone 1 showed:
the effect of a transverse magnetic field on the resolution of
QMF,? the effect of a static magnetic field on the ion trajecto-
ries®?! and the effect of an axial magnetic field on the perfor-
mance of a QMF.® For QMF operating in stability zone 3,
previous work had shown the effect of transverse magnetic field
on resolution.®" In this paper, therefore, we present new exper-
imental and simulation results explaining the performance of
QMF operating in stability zones 1 and 3 under the influence of
magnetic field in detail. The results presented provide useful
information for the design of novel quadrupole instruments
and/or using an existing QMF with applied magnetic field for
new applications.

Theory of a QMF under the influence of
magnetic field

The force F, exerted on an ion with charge g, moving with
velocity v, through an electric field E, and magnetic field B,
is given by the Lorentz force, F = q (E + v x B).B? If the elec-
tric field is given by conventional quadrupolar potential where
U is the amplitude of dc potential applied to electrodes, V the
amplitude of rf potential, f the frequency of the sinusoidal
field and r, the inscribed radius of the electrodes, for a
general field B = (B,, B,, B,), the coupled equations of motion
are given by:

d* d d
d_‘f)z( = —x (a — 2gcos2¢) + (d—é bs — d_§b2> m
d? d. d
d_;zl = y(a — 2qcos2¢) + (d_z” by — d—§b3> 2)
d*z  [dx dy
(g -2o) 7

In the numerical model, the above equations have been writ-
ten in a dimensionless form where the only dimension that ap-
pears is that of length displacement. The time t has become t =
2&/w where o is the angular frequency equal to 2zf. In the ab-
sence of an applied magnetic field, the direct potential U and al-
ternating potential V are related to a and g as

4eU
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The components of the B field are:
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In this study, we assume that the QMF electrodes in the x-z
plane are supplied with a positive potential and the pair of elec-
trodes in the y-z plane are supplied with a negative potential. The
static magnetic field is projected either axially (along the z plane)
or transversely (along the x-z plane or the y-z plane). For the
transverse case, applying the magnetic field along the x-axis is
equivalent to applying the magnetic field along the y-axis
only with the electrode potentials reversed and the stability
zone quadrant of operation switched.®™ It can be seen from
Egns (1 - 3) that if the magnetic field is taken to be zero
the coupled differential equations reduce to the familiar
Mathieu equations for a linear quadrupole. Solving numeri-
cally, the coupled differential equations give the trajectories
of the ions through the mass filter. From the trajectories, it
is feasible to determine the conditions which give successful
ion transmission for a given mass to charge ratio. This
depends on the values of direct potential U, the rf potential
V, the rf voltage frequency f, the inscribed radius of the quad-
rupole electrodes ry, the magnetic field B, the initial velocity,
initial phase and the ion position. The first four parameters
appear as the variables of a and g in the Mathieu equation
for (B=0).

For B non-zero, there will be a further dependence of ion
stability upon the magnetic field and this dependency is shown
for one specific case (Bx) in Fig. 1. The magnetic field vector
applied transversely along the x-axis causes the stability region
to become narrower for the y stability boundary (Fig. 1).
Increasing the x-magnetic field for given operating conditions
leads to a reduction in the low mass side of the mass spectra
resulting in reduced peak width. Moreover, it can be seen from
the figure that upon application of Bx the tip of the stability dia-
gram changes according to its intensity thus changing the ideal
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Figure 1. Mapped Zone 1 Stability Tip for various B,.

operating point (U/V) ratio for a scan line. A complete analysis for
mapping the stability diagram with an applied magnetic field has
been published recently.>*

Software

A custom software program (QMS-hyperbolic) developed in
Visual C++ environment is used. The program calculates ion tra-
jectories by solving the Mathieu equations using a fourth-order
Runge—-Kutta algorithm. It operates by dividing the ion trajecto-
ries into small time steps and assuming that over the steps the
ion motion in three directions x, y and z is uncoupled. Mass scans
are computed by ramping the values of U and V with fixed U/V
ratio, which sets the resolution of an instrument. An option of
introducing magnetic in all the three directions (B, B,, B,), along
the whole length of the mass filter, is also incorporated. The orig-
inal model®®*" has been upgraded to provide: improved
sensitivity (using a larger number of steps along the mass scale),
to include large number of ions at each point on the mass scale
and to simulate a QMF with a very large number of rf cycles.

A second program (lonSrc) allows entry conditions for large
number of ions (typically 108), to be specified, which are subse-
quently supplied to the mass filter calculation engine to simulate
individual trajectories in each case. The lonSrc program assumes
a uniformly illuminated ion distribution across a user-defined ion
source exit radius. Each ion is injected into the QMF with random
phase with respect to the rf at the time of entry. Finally, Matlab
and Microsoft Excel were used to post process the data and for
the generation of graphical results. From the mass spectra
obtained experimentally or by numerical simulation, the resolu-
tion R was found by using the equation R=M/AM" where M
is the mass of the given spectral peak and AM is the width of
the mass peak measured at 10% of its height.

QMF in the first stability zone with magnetic
field applied

Effect of transverse magnetic field on the performance of a
QMF operating in zone 1

Experimental results

Reported here are the experimental mass peaks for “He*, “°Ar*
and Xe* ions with and without a transverse magnetic field. A con-
ventional single filter QMS instrument supplied by MKS Spectra

Products (Crewe, UK) was used. The QMF length was 100 mm
with an electrode diameter of 6.35 mm and field radius of 2.76
mm, excited at 1.8342 MHz. The instrument was operated in Far-
aday only mode and in this configuration is typically used as a Re-
sidual Gas Analyzer (RGA). The QMS was housed in a stainless
steel vacuum chamber pumped by a turbo pump, backed by a
diaphragm pump providing a residual gas pressure of 7 x 107
torr. After admitting the sample gas into the vacuum chamber, the
working pressure was raised to about 2 x 107" torr. The transverse
magnetic field was applied through the use of bar magnets fixed
on a steel yoke around the mass filter. For the experiments
mentioned, the magnetic field was increased by reducing the
distance between the bar magnets and was measured using a Hall
Effect sensor. The ion energy was set at 5 eV, this gives an apprecia-
ble ion current signal. The emission current was set to 0.3 mA and
the electron energy in the QMS ion source was set at 70 eV. The
magnetic field extended 70% of the length of QMF. To demonstrate
the effect of magnetic field in the x direction on resolution of the
QMF, “He*, “°Ar* and Xe®, mass peaks were obtained with and
without the magnetic field B, applied.

Effect of Bx on “He"

Figure 2a shows typical mass peaks obtained experimentally
from the QMS for “He* with and without magnetic field. As
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Figure 2. (a) Mass peaks obtained experimentally from the QMS for *He*
with and without magnetic field; (b) Behavior of the resolution of ‘He" as
a function of transverse magnetic field.
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seen from Fig. 2a, an increase in resolution (defined as R=M/
M at 10% peak height) is clearly observed upon application
of magnetic field. The resolution improvement arises from a
reduction in peak width with applied magnetic field which oc-
curs on the low-mass tail of the mass spectra. Figure 2b
shows the behavior of the resolution as a function of trans-
verse magnetic field. The resolution increases by up to a fac-
tor of 5 as Bx is varied between 0 and 0.021 T (approximately
from R=4 to R=21), and then decreases as it is varied be-
tween 0.021 and 0.025 T, indicating that the QMF resolution
will not increase indefinitely with Bx. This is because as Bx in-
creases, the peak shape eventually degrades because of de-
crease in sensitivity (peak height).

Effect of Bx on “CAr*

Figure 3a shows typical mass peaks obtained experimentally
from the QMS for “°Ar* with and without magnetic field. From
Fig. 3a, the following observations are made:

(i) There is an improvement in resolution in all cases in which
the magnetic field is applied compared with Bx=0T. How-
ever, for the case Bx=0.015T, there is an increase in both
transmission and resolution.
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Figure 3. (a) Mass peaks obtained experimentally from the QMS for
“OAr*with and without magnetic field; (b) Behavior of the resolution of
“OAr* as a function of transverse magnetic field.

(i) For larger values of magnetic field >0.015T, transmission
through the QMF decreases as magnetic field increases.

(iii) The resolution of the mass peak for the case Bx=0.025T is
higher than for the case Bx=0.0275T.

Possible reasons for these observations are given. Observation
(i) could be due to leakage flux from the permanent magnet af-
fecting the ion source. A small amount of leakage flux into the
source will cause increased electron path lengths this results in
increased ionization and hence increased ion injection into the
mass filter for a given electron emission current. A similar kind
of effect was observed by Sringengan et al.'** However, for larger
magnetic field intensities (observation (ii)), transmission
decreases because of the following possible reasons:

(1) At high magnetic field intensities, more electrons remain
confined or trapped close to the ionization region. The
resulting negative space charge has the effect of impeding
electrons from reaching the ionization chamber. The ion
source geometry and the magnetic field direction with re-
spect to the QMS head axes can contribute significantly to
the onset of this effect to the extent that it causes a reduc-
tion in the number of ions injection into the QMF.

(2) Increased Bx intensity leads to increased instability ®*' and
hence more ions are rejected.

(3) Increased magnetic fields may affect the detector efficiency
as fringe fields caused by the magnetic field near the detec-
tor cause ions to be lost resulting in reduced sensitivity.

Figure 3b shows the behavior of the resolution as a function
of transverse magnetic field for “?Ar* ions. The resolution in-
creases by more than a factor of 2, approximately from R=39
at Bx=0T to R=100 at Bx=0.025 T, and then decreases as Bx
is varied between 0.025 and 0.0275 T, since peak shape eventu-
ally degrades.

Effect of Bx on Xe*

Figure 4a shows typical mass peaks obtained experimentally
from the QMS for Xe* with Bx=0T, whereas Fig. 4b shows typical
mass peaks obtained experimentally for Xe™ with Bx=0.045T.
Xenon has nine naturally occurring stable isotopes. As seen from
Fig. 4a, in the absence of magnetic field, the isotopes of xenon
between 128 and 132 amu are not completely separable from
each other. The application of magnetic field (Fig. 4b) ensures
that the minimum resolution required to distinguish the isotopes
has been achieved. Although such instrument resolutions are low
in comparison with more sophisticated instruments (e.g. triple
filter QMFs), this experimental result illustrates the resolution
enhancement provided by transversely applied magnetic field.

Simulation results

The effect of U/V ratio on the performance of QMF with applied
magnetic field in the x direction

Reported in Fig. 5 are the simulated mass peaks for “?Ar* ions
generated using the computer software. All the simulations used
150 steps across the mass range, with 2.5 x 10° ion trajectories
simulated at each point. Mass peaks for “’Ar* are generated for
a hyperbolic QMF with length (/) of 100 mm. The inscribed radius
of the QMF was taken to be 2.6 mm. The frequency of the rf
voltage used in the simulation was 4 MHz and the ion energy
was set at 5 eV. The ion source exit radius (r;,,) was set at 0.5 mm.
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Figure 5. (a) shows the dependency of resolution on U/V ratio with and without transverse magnetic field in the x direction; (b) set of peaks for “art
within a hyperbolic QMF at different values of U/V ratio with magnetic field (Bx = 0.02 T) applied in the x direction; (c) set of peaks for “OAr* within a
hyperbolic QMF at different values of U/V ratio with no magnetic field applied.
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transmission by more than a factor of 4 (5525 to 23 813) is clearly
observed in the presence of magnetic field applied if we compare
Bx =0.02T, U/V = 99.3% with Bx =0T, U/V = 99.99%. These results
are in accordance with®* where an ultimate increase in resolu-
tion of ~75% was predicted when applying a B, field (against B
= 0) for a given set of simulation conditions and for yielding
the same percentage transmission for each case.

The effect of magnetic field in the x direction on the resolution of
QMF

Figure 6a shows the behavior of the resolution as a function of
transverse magnetic field for U/V ratio 99.5%, where 100% corre-
sponds to the intersection of the scan line with the apex of the
Mathieu stability zone 1. The resolution increases as Bx is varied
between 0 and 0.02 T, and then decreases. This result is in agree-
ment with our experimental study and shows that for any fixed
value of U/V ratio (the limit of which depends upon operating
conditions) there is a reduction in peak width by simply applying
transverse magnetic field to the body of the mass filter.

Figure 6b shows a set of “?Ar* mass spectral peaks for a hyper-
bolic QMF at different values of magnetic field applied in the x
direction. Reduction in the low mass tail of the spectra is clearly
observed up to a magnetic field of 0.02 T at the expense of reduc-
tion in number of ions transmitted.
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Figure 6. (a) The effect of magnetic field on resolution of “ar applied
in the x direction for U/V 99.5%, (b) simulated mass peaks for “OAr* with
and without magnetic field for U/V 99.5%.

Figure 7 shows a set of mass spectral peaks for “°Ar" at differ-
ent values of magnetic field for U/V ratio 99.99%. As seen from
Fig. 7, upon application of very small magnetic fields, the mass
spectrum suffers from a post cursor peak, degradation in the
peak and loss of sensitivity. The ideal operating point is different
in the presence of magnetic field in the x direction because
the tip of the stability diagram alters (Fig. 1). Moreover, the
effect of the magnetic field also depends upon the operating
parameters of the QMF which are explained in the following
sections of this paper.

The effect of magnetic field in the x direction on ion trajectories

Figure 8 shows typical behavior of the ion trajectories calculated
using the theoretical model for ions transmitted with and without a
transverse magnetic field applied. The corresponding traces shown
in the figure are for the same ion injected into the mass filter at the
same point in time (rf phase) and space and at the same point on
the mass scale (m = 39.91 amu). The upper trace of the figure is
for the case with no field applied and lower trace with B, of 0.02 T.

lon motion in Fig. 8 originates at x = 7.77 x 10 ° mand y = 8.7
x 107> m with an initial velocity of 4.90 x 10® m/s. In the lower
trace, due to the additional magnetic field component of the
Lorentz force®®? provided by B,, the amplitude of ion trajectory
in y direction increases; however, ion trajectory in the x direction
remains unaffected. The application of magnetic field therefore
displaces the ion in the y direction so that the ion is lost through
impact with the electrodes (r, = 2.6 mm). It should be noted that
ion motion in the x direction (parallel to field) is virtually
unaffected; it is ion motion in the y direction (perpendicular to
the field) which is modified.

The effect of frequency on resolution of QMF in the presence of
magnetic field in the x direction

Figure 9 shows the effect of frequency on resolution in the pres-
ence of a magnetic field. With a transverse magnetic field
applied, the effect of frequency of the rf signal on resolution is
different to that normally observed for a conventional QMF. The
resolution decreases with increase in frequency and transmission
increases. This effect is due to the increased Lorentz force
provided in the transverse direction by the magnetic field.
Figure 9a shows the dependence of resolution on frequency
with an applied magnetic field; whereas, Fig. 9b shows mass
peaks for “PAr* at different frequencies with an applied
magnetic field of Bx = 0.02 T.

6000
—Bx =0T

B 5000¢ Bx=0.0025 T
£ —Bx=0005T
@ 4000 —Bx=0.01T
©
= 3000+
(72}
§
2 2000¢
o
S 1000

0 Za

395 40 405

Mass(amu)

Figure 7. Simulated mass peaks for “Ar" with and without magnetic
field for U/V 99.99%.
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The effect can be best demonstrated by examining individual
ion trajectories in the presence of a transverse magnetic field at
different frequencies of applied rf voltage (V). Figures 8 and 10
show trajectories of ions transmitted with and without magnetic
field, at frequencies of 4 and 10 MHz, respectively. The corre-
sponding traces shown in the figures are for the same ion
injected into the QMF at the same point in time (rf phase) and
space and at the same point on the mass scale (m = 39.91
amu). In both figures, the upper trace is for the case with no field
applied and lower trace with B, of 0.02 T. In Fig. 8, the ion was not
transmitted as its position exceeded the field radius.

In Fig. 10, the ion motion also originates at x = 7.77 x 10> m and
y =8.70x 10> m with the same initial velocity of 4.90 x 10> m/s. It
can be observed from the figure that increase in frequency has a
significant impact on behavior of ion trajectories in the presence
of magnetic field. It can be seen that ion motion in the x direction
remains unaffected and the increase in amplitude of ion motion
along y-axis is less compared to Fig. 8b (less than ro = 2.6 mm). There-
fore, the ion was successfully transmitted in the presence of the
magnetic field at the higher frequency of 10 MHz. In this case,
although the magnetic field is the same as Fig. 8 (B, = 0.02 T), the
mean ion velocity in the y direction increases since the frequency
is greater. Therefore, the magnetic component of the Lorentz force
experienced by an ion in the x direction reduces at higher frequen-

ciessince F = gBy, /vZ — vf,. It can be concluded that for a QMF with

magnetic field applied in the x direction, the effect of magnetic field
on resolution enhancement is more profound at lower frequencies.

The effect of ion energy on resolution of QMS in the presence
of magnetic field in the x direction

Experimental results

Figure 11 shows the effect of ion energy on resolution in the
presence of a magnetic field. With a transverse magnetic field
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applied, the effect of ion energy on resolution is different to that
normally observed in a conventional QMS. The resolution
increases with increase in ion energy from 4 to 7 eV and then
decreases. This effect is attributed to the increased Lorentz force
experienced by higher energy ions. The minimum ion energy was
set at 4 eV to get a measurable signal and then increased in steps
of 1 eV. Figure 11a shows the dependence of resolution on ion
energy with an applied transverse magnetic field; whereas,
Fig. 11b shows measured spectra for “°Ar* at different ion
energies with applied magnetic field of Bx = 0.02 T.

Simulation results

Figure 12 shows the effect of ion energy on resolution in the
presence of a magnetic field via simulations. The trend is similar
to that observed experimentally (Fig. 11). The resolution
increases with increase in ion energy from 2 to 5 eV and then
decreases. Figure 12a shows the dependence of resolution on
ion energy with an applied magnetic field; whereas, Fig. 12b
shows measured spectra for “?Ar* at different ion energies with
applied magnetic field of Bx = 0.02 T.

The effect can be evaluated by considering individual ion
trajectories in the presence of a transverse magnetic field at
different ion energies. Figures 13 and 14 show trajectories of ions
transmitted with and without magnetic field, at ion energies of 2
and 5 eV, respectively. The corresponding traces shown in the
figures are for the same ion injected into the QMF at the
same point in time (rf phase) and space and at the same
point on the mass scale (m = 40.00 amu). In both figures,
the upper trace is for the case with no field applied and lower
trace with B, of 0.02 T.

lon motion in Fig. 13 originates at x = —4.84 x 10 *mand y =
7.45 x 10~* m with initial velocity of 3.10 x 10 m/s. It can be seen
from the figure that in the presence of magnetic field at lower ion
energy (2 eV), ion motion in y direction is affected; however, the
increase in amplitude of ion trajectory in the y direction is not
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sufficient for the ion to be rejected by exceeding the field radius.
In Fig. 14, the ion motion also originates at x = —3.35 x 10~ * m
and y = 1.64x 10°* m with the same initial velocity of 4.90 x
10° m/s. It can be observed from the figures that increase in ion
energy (5 eV) has a major impact on behavior of ion trajectories
in the presence of magnetic field. The amplitude of ion trajectory
in the y direction increases so far that the ion is lost as the field
radius is exceeded. It can be concluded that for a QMF with
magnetic field applied in the x direction, the effect of magnetic
field on resolution enhancement is greater at higher ion energies
because of increased Lorentz force.

Effect of an axial magnetic field on the performance of a QMF
operating in zone 1

The effect of axial magnetic field on the mass spectrum is some-
what different compared with that of transverse, as there is
reduction in low mass tail as well as high mass tail upon applica-
tion of the magnetic field. Our previous work>® described the ef-
fect of Bz on performance of a QMF in detail. With axial magnetic
field, the mass filter can be operated close to the tip of stability
zone 1. Figure 15 reproduced from®% shows results for the effect
of axial magnetic field on resolution and mass spectra. All the
simulations used 99.99% as U/V ratio. Figure 15a shows the be-
havior of the resolution measured at 10% peak height as a func-
tion of axial magnetic field for three different lengths of QMF. For
L=100mm, the resolution increases as Bz is varied between
0 and 0.035 T and then decreases as it is varied between 0.035
and 0.06 T, indicating that the QMF resolution will not increase in-
definitely with Bz. This is because as Bz increases, the peak shape
eventually degrades. A similar effect is seen for shorter and lon-
ger QMFs: resolution rises with applied Bz reaching a maximum
value, then decreases. For the case of L =200 mm, the predicted
value of resolution is in excess of 3000 which if achieved in
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practice would allow specialist high resolution residual gas anal-
ysis (RGA) applications.

Figure 15b shows a set of “’Ar" mass spectral peaks for a
hyperbolic QMF at different values of magnetic field (Bz) with
electrode length L =100 mm. An increase in resolution is clearly
observed up to a magnetic field of 0.035T. Transmission through
the QMF decreases as magnetic field increases, which results in
reduction of QMF resolution at higher values of magnetic field
0.045 - 0.06 T. A low-amplitude structure is present across the
low mass and high mass sides of the mass peaks, due to minor
changes in the acceptance of the QMF as the position of the mass
scan changes. This is because the initial phase space positions of
a large number of ions are very close to the QMF acceptance
boundary, resulting in small local variations of transmission
as the mass scan traverses the mass peak. This observed
structure on the mass peak is an artifact of the simulation
and can be reduced by increasing the number of ions
although at the expense of increased simulation time.2”
Moreover, it was found that the effect of axial magnetic field
is more pronounced as the number of rf cycles is increased.

Quadrupole mass spectrometer in the third
stability zone with magnetic field applied

Simulation results

Effect of transverse magnetic field on the resolution of QMF operat-
ing at the upper tip of stability zone 3

The effect of transverse magnetic field on the performance of a
QMF operating at the upper tip of stability region 3 has been
described in detail previously. Figure 16, reproduced from"
illustrates the effect of transverse magnetic field on the perfor-
mance of a QMF operating at the upper tip of stability zone 3.

Figure 16a shows the behavior of the resolution, measured at
10% peak height as a function of transverse magnetic field for
two different values of U/V ratio, 104.81% (solid line) and
104.82% (dotted line). The details of the Mathieu stability zone
3 is shown in Figure 16¢, where a U/V ratio of 100 % corresponds
to g = 3.0 and a = 2.8 which is near the centre of the stability
region. With increasing U/V ratio, the scan line approaches the
upper left tip of stability zone 3, such that a U/V ratio of
104.82% corresponds to the scan line operating very close to
the upper tip (U/V = 104.8315%) of the stability region. The reso-
lution increases as Bx is varied between 0 and 0.0035 T; however,
the QMF resolution will not increase indefinitely with Bx. This is
because as Bx increases, the peak shape eventually degrades. In
the case of U/V ratio = 104.82 %, the predicted value of resolution
is in excess of 5000. This result shows that for any fixed value of
U/V ratio, there is a resolution enhancement by simply applying
transverse magnetic field to the body of the mass filter.

Figure 16b shows a set of simulated mass spectral peaks for
“OAr* from a hyperbolic QMF at different values of magnetic field
applied in the x direction. An increase in resolution is clearly
observed up to a magnetic field of 0.0035T at the expense of
reduction in number of ions transmitted. There is also a reduction
in the low mass tail of the mass spectra with a magnetic field, a
similar observation as zone 1.

Effect of axial magnetic field on the resolution of QMF oper-
ating at the upper tip of stability zone 3

Mass spectral studies of CO* and N3 mixture

All the simulations are carried out in zone 3 and use 150 steps
across the mass range, with 9 x 10° ion trajectories simulated
at each point. Mass peaks for CO™ and N3 mixture are generated
for a hyperbolic QMF with length (L) of 200 mm. The inscribed
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radius of the QMF was taken to be 2.5 mm and the ion energy
was chosen as 5 eV. The ion source radius (r;,,) was selected as
0.5 mm. The operating point (U/V ratio) was selected as
104.83%. The difference in mass between the two species is
0.0034 amu, requiring a minimum resolution of 8265 at 10% peak
width definition for mass discrimination.

Figure 17a shows a set of peaks obtained with and without an
applied axial magnetic field (B,) for CO* and N,* mixture within
a hyperbolic QMF at a frequency of 5 MHz. An increase in resolu-
tion is clearly observed with an applied magnetic field of 0.001 T,
howbeit at the expense of sensitivity. Figure 17b shows a set of
peaks obtained with and without an applied magnetic field of
0.00075 T for CO* and N, " mixture at a frequency of 8 MHz. From
Fig. 17a, it can be seen that there is a clear improvement in reso-
lution at 10% peak height with magnetic field applied, from
approximately R=13338to R = 15562 (~16.7% increase) for the
CO* and N," mixture. Whereas, from Fig. 17b, it can be seen that
upon application of magnetic field, the resolution increases

approximately from, R = 21546 to R = 26676 (~23.8% increase).
Moreover, it should be noted that a lower value of magnetic field
was required at higher frequency to increase the resolution; this
effect is explained later in the paper. The obtained resolutions are
far higher than the minimum resolution required to separate the
two species; this simulation result clearly illustrates the resolution
enhancement provided by axial magnetic field in stability zone 3.

The effect of magnetic field in the z direction on the resolution
of QMF

The simulated mass peaks for “?Ar* ions using the computer soft-
ware are shown in Fig. 18. All the simulations used 150 steps
across the mass range, with 9 x 10° ion trajectories simulated
at each point. Mass peaks for “’Ar* are generated for a hyperbolic
QMF with length (L) of 100 mm. The inscribed radius of the QMF
was taken to be 1.5 mm. The frequency of the rf voltage used in
the simulation was 5 MHz and the ion energy was chosen as 5 eV.
The ion source radius (r;,) was selected as 0.5 mm and the exit ra-
dius was chosen as 3 mm. The operating point (U/V ratio) was se-
lected as 104.82%. Figure 18a shows the behavior of the
resolution (measured at 10% peak height) as a function of axial
magnetic field; the resolution increases as Bz is varied between
0 and 0.002 T and then decreases as it is varied between 0.002
and 0.0075 T.

Figure 18b shows a set of “°Ar* mass spectral peaks for a
hyperbolic QMF at different values of magnetic field (Bz). An
increase in resolution is clearly observed up to a magnetic field
of 0.002T. Transmission through the QMF decreases as magnetic
field increases, which results in reduction of QMF resolution at
higher values of magnetic field 0.003 - 0.0075 T. A shift in mass
peak is observed at higher values of magnetic field. Even with
B =0, this is a common feature observed for a QMF operating in
stability zone 3.

The effect of magnetic field in the z direction on ion trajectories

Figure 19 shows typical behavior of the ion trajectories calculated
using the theoretical model for ions transmitted with and without
the axial magnetic field applied. All the simulations were carried
out in stability zone 3. The corresponding traces shown in the
figure are for the same ion injected into the mass filter at the
same point in time (rf phase) and space and at the same point
on the mass scale (m = 40.00 amu). The upper trace of the figure
is for the case with no field applied and lower trace with B, of
0.0015T.

lon motion in Fig. 19 originates at x = —1.78 X 10"* m and y=
1.64 x 10~® m with initial velocity of 4.90 x 10> m/s. In the lower
trace, due to the additional magnetic component of the Lorentz
force provided by B,, the amplitude of ion trajectory along the
y direction increases. The application of magnetic field therefore
displaces the ion in the y direction so that the ion is lost through
impact with the electrodes (r,=1.5mm).

The effect of ion energy on resolution in the presence of magnetic
field in the z direction

Figure 20 shows the dependence of resolution on ion energy for
“0Ar* with and without magnetic field applied. As can be seen
from Fig. 20, in both cases, resolution decreases with increase
in ion energy. However, it can also be observed that percentage
increase in resolution with magnetic field decreases as ion energy
increases. It should also be noted that in the presence of
magnetic field of same intensity the resolution is poorer at
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operation). Moreover, the behavior of the peak shape for sta-  applied of Bz = 0.0015 T for Ez = 2 eV. Whereas, Fig. 21b
bility zone 3 contributes to this effect. Figure 21a shows mass  shows mass peaks for “°Ar* with and without an axial mag-
peaks for “°Ar" with and without an axial magnetic field netic field applied of Bz = 0.0015 T for Ez = 20 eV.
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As seen from Fig. 21a at low values of ion energy (i.e. large
number of rf cycles), the shape of the mass peaks predicted are
high quality with very low amplitude of high mass tail, which is
a common feature of mass peaks obtained for a QMF operated
in zone 3. Figure 21b shows mass peaks at a high value of ion en-
ergy (i.e. low number of rf cycles); the shape of the mass speak is
poor as the amplitude of the high mass tail is very high.

The effect of frequency on resolution in the presence of magnetic
field in the z direction

Figure 22 shows the dependence of resolution on frequency for
“0Ar* with and without magnetic field applied. As can be seen
from Fig. 22, in both cases, resolution increases with increase in
frequency. For the case Bz = 0T, resolution increases with in-
crease in frequency because the number of rf cycles increases!;
and the resolution enhancement will eventually saturate as the
number of rf cycles is increased as explained in.** A similar trend
is observed with Bz applied. However, it can also be observed
that percentage increase in resolution with applied magnetic
field increases as frequency increases. This effect has been ob-
served previously where the percentage increase in resolution
is higher for a larger number of rf cycles with axial magnetic field
applied.P” Moreover, as discussed in the previous subsection,
the behavior of the peak shapes for stability zone 3 contributes
to this effect. Figure 23a shows mass peaks for “°Art with and
without an axial magnetic field applied (Bz = 0.0015 T, f = 4
MHz). Whereas, Fig. 23b shows mass peaks for “°Ar* with and
without an axial magnetic field applied (Bz=0.0015 T, f = 8 MHz).

As seen from Fig. 23a at low values of frequency (i.e. low num-
ber of rf cycles), the shape of the mass peak is poor as the
amplitude of high mass tail is high. This contributes to small in-
crease or a decrease in resolution depending on the value
of magnetic field, due to the peak degradation as sensitivity
decreases and also due to the presence of an increased am-
plitude high mass tail. Figure 23b shows mass peaks at a high
value of frequency (i.e. large number of rf cycles); high quality
peak shapes (low tailing of the peak) give an increase in res-
olution with the magnetic field applied (resolution measured
at 10% peak height).

Conclusions

In this work, experimental results are presented for a QMS
instrument showing an increase in resolution when a static
magnetic field is applied along the mass filter length for opera-
tion in stability zone 1. The resolution enhancement observed
experimentally has been simulated theoretically using custom

software developed at the University of Liverpool. The model pre-
dicts an ultimate increase in resolution which cannot be achieved
by adjustment of the U/V ratio alone. The effects may be
explained by considering the fact that, in the presence of a static
magnetic field in addition to the alternating quadrupole field, an
ion experiences an additional magnetic component of Lorentz
force which modifies its motion. This results in rejection of ions
in the low mass tail and/or high mass tail depending on the ori-
entation of the magnetic field vector giving reduced peak widths
for a set of operating conditions. A comprehensive simulation
study has been carried out to show the effects of different input
parameters such as variation of ion energy and drive frequency
under the influence of magnetic field. As a result of applying
magnetic field, high resolutions (R > 3000) are predicted for a
QMF of length 200 mm operating in stability zone 1 allowing
wider instrument application.

Simulation studies have been carried out using the software to
show the possibilities of achieving enhanced resolution under the
influence of static magnetic field applied in both axial and trans-
verse directions for QMF operation in stability zone 3. For a QMF
of length 200 mm, the model predicts instrument resolution
R>26000 for a CO, and N, mixture via application of an axial
magnetic field. These features suggest wider applications than
hitherto for such QMS instruments (e.g. applications in which
extremely high QMS resolution and/or high abundance sensitivity
are required). These include identification of gaseous species with
nominally overlapping mass peaks for conventional QMS.

Future work will endeavor to investigate the effect of the
magnetic field experimentally on the QMS instrument operating
in stability zone 3. Furthermore, experimental results obtained
hitherto have been for a relatively low-resolution QMS and verifi-
cation of performance enhancement for a high-resolution instru-
ment is necessary.
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