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Abstract. In this paper, we have employed an ion imaging approach to investigate the
behavior of ions exiting from a quadrupole mass spectrometer (QMS) system that
employs a radio frequency octopole ion guide before the QMS. An in-vacuum active
pixel detector (Timepix) is employed at the exit of the QMS to image the ion patterns.
The detector assembly simultaneously records the ion impact position and number of
ions per pixel in every measurement frame. The transmission characteristics of the
ion beam exiting the QMS are studied using this imaging detector under different
operating conditions. Experimental results confirm that the ion spatial distribution
exiting the QMS is heavily influenced by ion injection conditions. Furthermore, ion

images from Timepix measurements of protein standards demonstrate the capability
to enhance the quality of the mass spectral information and provide a detailed insight in the spatial distribution of
different charge states (and hence different m/z) ions exiting the QMS.
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Introduction

lectrospray ionization (ESI) is one of the most widely used

ionization methods for analysis of high molecular weight
species in biological mass spectrometry [1]. ESI allows for
ionization of analytes at atmospheric pressure and often result
in the formation of multiply charged gas-phase ions [2]. It has
been widely interfaced with different mass spectrometer (MS)
instruments such as QMS; time-of-flight mass spectrometers
(TOFMS), and Fourier transform ion cyclotron resonance mass
spectrometers (FTICR-MS). Quadrupoles and octopoles are
the most widely used ion guides for efficient transport of ions
from low vacuum region to high vacuum regions.

Since the invention of the linear quadrupole by Wolfgang
Paul and co-workers in the 1950s [3], many researchers have
investigated the performance and behavior of the QMS by
either experimental methods or numerical simulation tech-
niques. Brubaker and Tuul, investigated the transmission effi-
ciency and resolution of a QMS as a function of ion source exit
aperture and frequency of excitation (/) [4]. It was concluded
that higher resolution is obtained with small aperture size
and higher frequency. Later, Dylla and Jarrell showed
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experimentally that by using an entrance aperture which
spatially separates the radio frequency (rf) and direct
current (DC) fringe fields in a QMS, transmission-
resolution characteristics can be improved [5].

There have been many analytical predictions of the behavior
of QMS. Few examples of analytical investigations include a
detailed review of quadrupole gas analyzers by Batey in
1987. It was shown that the QMS behavior could be
predicted by tracing ion motion through the mass filter
[6]. Later, in 1993, Konenkov investigated the influence
of fringing fields on the acceptance of a QMS in the
separation mode of the intermediate stability region [7].
More recently, it was shown that fringe fields at the
QMS entrance and exit will also affect ion paths, which
have recently been modeled to a high degree of accuracy
[8], where the theoretical predictions agree with experi-
mental observations.

In the past, ion beam properties of QMS have also
been investigated experimentally. Weaver and Mathers,
in their work published in Dynamic Mass Spectrometry
No. 5 (1978) pages 41-54, Chapter 3 “Modulation Tech-
niques Applied to Quadrupole Mass Spectrometry” [9]
imaged the ion beam exiting the quadrupole by
photographing the phosphor of the position sensitive
detector by recording individual events of the peak
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transition for m/z 219. A non-symmetrical cross-like distri-
bution is observed at various positions across the peak.
Birkinshaw et al. investigated focusing properties of ion beam
exiting the QMS with and without electrostatic octopole lens
[10]. A cross-like distribution with extremities pointing to-
wards the QMS electrodes was observed when QMS was used
without an octopole lens; when it was followed by an octopole
lens, a circular distribution was observed. Some workers use
monolayer films to image ion beam exiting the QMS and again
a cross like distribution was observed [11]. Recently, Ferrer
et al. studied the properties of ion beams of three different m/z
ratios (28, 45, and 85m/z) passing through a linear QMS with
special attention to their dependence on the mass resolving
power [12]. As expected significant losses in ion beam were
observed at high resolution settings.

Much of the investigations reported in the literature
were performed by considering the QMS as a residual
gas analyzer and by adopting traditional theory for high
vacuum environments; there are few exceptions where
theoretical treatments of the radial ion density distribu-
tion in the collisional rf multipoles have been reported
by taking into account the fast changing rf field, ion-
neutral collisions, and ion—ion (space charge) interac-
tions [13-16]. The phenomenon observed in [14, 15]
was confirmed experimentally for collisional rf quadru-
poles that are used both for external accumulation and
as ion guides.

In vacuum pixel detectors that allow for position- [17, 18]
and time-resolved [18-20] photoelectron and ion imaging have
been increasingly used in the past few years in biological,
biomolecular, and biomedical MS imaging (MSI). Previously,
the use of the Timepix detector with other MS technologies
such as secondary ion mass spectrometry (SIMS) [21] and a
TOF instrument [22, 23] has been demonstrated for MSI with a
spatial resolution of few micrometers. In this paper, the imple-
mentation of a Timepix detector system on a QMS with a
cooling octopole ion guide is presented. The Timepix was
employed to study the spatial distribution of mass-selected
transmitted ions from a QMS. The detector was also used to
study the transmission characteristics of different ion entrance
conditions imparted via the octopole placed before the QMS,
through the examination of the spatial distributions of the ions
exiting the system.

Theory

QMS theory has been published in detail in [24]; however, it is
reproduced here in brief for completeness. The QMS electrode
assembly can operate either in mass selective ion transmission
mode or high-pass mass filter mode (rf only) depending on
applied voltages. When driven by the correct combination of
DC and rf voltages, the QMS operates in mass selective ion
transmission mode. With the voltage applied on the x elec-
trodes @, , and voltage applied on the y electrodes &, defined
in Equations 1 and 2, the behavior of the ions as they pass

through the QMS can be defined by the Mathieu Equation 3
[24].

D, = (U—Vcoswt) (1)
D, =—(U—Vcoswt) (2)
d*u

d_(:z + (au - 2%005(25))” =0 (3)

Where V' is the zero-to-peak amplitude of rf voltage oscil-
lating with angular frequency ® (expressed in radians per
second), U is the applied DC voltage, u = x or y, £ is a
dimensionless modified time (f) parameter given by & = ot/ 2,
and (a, g) are the dimensionless stability parameters. The stabil-
ity of solutions to Mathieu’s equation when plotted in a-g space,
results in overlapping transition curves representing regions of
stability in two dimensions (x and y). This plot is commonly
referred to as the Mathieu stability diagram [24, 25]. The stabil-
ity parameters (a, g) are given by:

8elU

o= (i) <4>
—4el

9y = 49x = ~4y, = <mr%w2> (5)

where e is the charge on the ion in coulombs, m is the ion’s mass,
and ry is the inscribed QMS field radius. Under normal operating
conditions, the mass filtering action of the QMS is controlled by
electrode voltages U and V. The ratio of the voltages U and V'
controls the QMS resolution setting and the voltage V sets the
mass scale.

When operated in rf only mode, the DC voltage is set to zero
(i.e., a = 0) and the QMS is operated along the ¢ axis of the
stability diagram and the QMS acts as high-pass filter with the
low mass cut off given by Equation 6 [26]:

B 4eV
~0.9080%r7

min

(6)

Experimental
The Medipix/Timepix Detectors

Developed by the Medipix collaboration and hosted by CERN
(Medipix collaboration, www.cern.ch/medipix), the Medipix2
[27, 28)/Timepix [29] chips are active pixel detectors. The
Medipix/Timepix family has found its way into high perfor-
mance MS for imaging and diagnostic purposes of TOFMS
instruments [22, 30]. lons exiting the mass analyzer can be
detected on Timepix chip by placing microchannel plates
(MCPs) in front of the read-out chip [31]. Impact of ions on
the MCPs produces electron showers, which are then detected
by the readout chip. The dimension of an individual Medipix/
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Timepix chip is 1.4 x 1.6 cm?. The major characteristics of this
application-specific integrated circuit (ASIC) are 256 x
256 pixels of 55 x 55 um each per chip, low electronic noise,
and pixel level functionality. In the work reported, we have
employed an array of 2x2 Timepix chips.

In the Timepix chip, each pixel can be individually selected
to operate in one of three modes: (1) the Medipix mode (i.e., the
counting mode) in which each pixel counts the number of
impinging particles; (2) the Timepix mode, in which the arrival
time of one impinging particle is measured with respect to an
external trigger/shutter signal; (3) the time-over-threshold
(TOT) mode, in which the time is measured during which a
fired pixel stays over a certain detection threshold. Different
pixels can be operated in different modes. The chip is con-
trolled via a dedicated acquisition and control software and
graphical user interface, “Pixelman” [32]. In this investigation,
all the results are produced using the Timepix chip operating in
Medipix mode (the counting mode).

Mass Spectrometer

Figure 1a shows the 3D exploded view of the ESI octopole ion
guide-quadrupole mass spectrometer (O-QMS) instrument setup;
Figure 1b shows corresponding 2D schematic with visualization
of different potentials used in the system. The MCP/Timepix
detector, mounted on a vacuum flange, is placed inside the
vacuum chamber 8 cm from the exit side of the quadrupole mass
filter (QMF) (Quadrupole ABB Extrel; Extrel, Pittsburgh, PA,
USA) as shown in Figure la. Ions are created by electrospray
ionization (ESI). In all the experiments reported in this paper, the
analyte was a 10 uM solution of bovine cytochrome ¢ (Sigma
Aldrich, Zwijndrecht, Netherlands) in 50/50 water/methanol (by
volume) with 0.1% formic acid to aid protonation.

The octopole is used to interface the ESI ion source and the
quadrupole mass spectrometer. The octopole has an electrode
diameter of 6 mm, length 170.5 mm, and an inscribed field
radius of 4.5 mm. The rf potential on octopole was maintained
at 50 Vo_pcak and the rf was set at 1 MHz. The kinetic energy of
ions entering the QMS will be influenced mainly by the DC
bias applied to the octopole. lons from the octopole travels into
the quadrupole mass filter, which can either operate in trans-
mission only mode (rf only mode) or mass-selective ion trans-
mission mode. There is an ion lens assembly between the
octopole and QMF, an exit electrode to the octopole, and an
entrance electrode to QMF, which were all maintained at
ground potential. The aperture diameter of both lens electrodes
is 2 mm. The QMF has a mass range of up to 4000m/z, a length
of 210 mm, an electrode diameter of 9.525 mm, an
inscribed field radius of ~4.17 mm, and an operating
frequency of 880 kHz. The pressure at the octopole
section was 5.0 x 10 mbar and the operating pressure
of the QMF section was 6.4 x 10°® mbar.

A chevron MCP stack (F2225-21N290; Hamamatsu Pho-
tonics Deutschland GmbH, Herrschingam Ammersee, Germa-
ny; active area ® =4 cm, 12 pm pores, 15 pm pitch) is placed
in front of the Timepix chip array. lons exiting from the
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Figure 1. (a) 3D exploded view of the ESI based O-QMS

instrument; (b) Corresponding 2D schematic presentation with
visualization of absolute potential distribution of the system

quadrupole will impact on the MCPs and the resultant electron
shower is projected on the Timepix chips. The front MCP was
maintained at —1850V, the back MCP at —400 V, and the
Timepix detector was at ground potential. Timepix data is then
acquired by the dedicated Pixelman software package. With
this setting, for each ion impact 6 x 10° electrons are generated,
which are projected on about four detector pixels. A detector
pixel requires about 600 electron charges to register one count.
This means that for one impacting ion, four pixels are activated,
and the spatial resolution is then 0.1 mm. The Timepix
detector accumulates data during an integration time of
100 ms and the accumulated data is then read out by the
dedicated Pixelman software.

Data and image analysis were performed using software
developed in Matlab-R2011b (Mathworks, Natick, MA,
USA). The QMS assembly was controlled with the in-house
developed AWG software [33], with a fully automated data
acquisition electronic drive unit for scanning of the mass filter
electrode voltages. To obtain a mass spectrum, the QMS scan
steps and the Timepix integration/read-out times were synchro-
nized. The scan rate of the QMF was set to a low value of 100 s
across a mass range of 400-1400 Da. An acquisition time of
100 ms per frame was used and 1000 frames were recorded.
The data of every measurement frame is saved in a separate
sparse data file that contains the pixel address and the corre-
sponding ion hits recorded by each pixel. Mass spectra are built
by using the summed signals per frame. The spectrum is mass-
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calibrated using the set mass range of the QMS. The settings, as
described, are intended to give one integration point per 1 Da. It
should also be noted that the QMS has mass resolution of
approximately 2.3 Da full width at half maximum (FWHM).
The U/V ratio was set at =<0.168. The mass resolution is limited
due to finite number of rf cycles the ion experiences in the
quadrupole field.

Results and Discussion

Spatial Distribution of lon Beam Exiting the ESI
O-OMS

The QMS was operated in rf only mode and the ampli-
tude of rf voltage was set to 1000 Vg pca. With these
settings, ions with m/z >800 are transmitted, allowing the
dominant charge states of cytochrome ¢ to pass through.
The octopole DC bias voltage was set at 24 V. For every
measurement, 200 Timepix frames were acquired and
integrated with a 100 ms acquisition time per frame.
Figure 2a shows the spatial distribution of the ion beam
exiting the QMF as acquired by the Timepix. The pro-
jection of the ion beam on the detector has the shape of
the slightly deformed ring. The ion intensity in the center
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Figure 2. (a) Timepix measured ion beam spatial distribution of
the O-QMS instrument operated in rf only mode; (b) lon density
distribution with increasing radius from the beam center

of the beam is very low. It should also be noted that the
diameter of the diverging beam on the Timepix detector
is measured as =~7.5 mm. Figure 2b shows the averaged
radial intensity distribution with increasing radius from
the center of the ion beam. To calculate the radial
intensity distribution, concentric rings of one pixel on
the Timepix chip with increasing radius are selected
and the summed intensity of ions impacting the pixels
on the concentric ring is calculated. It should be noted
that the intensity distribution is normalized and smoothed
using simple moving average (SMA) method.

The result observed in Figure 2 is different from what you
expect from a central introduction of ions in a QMS at a low ¢
value, where ions might be expected to be concentrated around
the central axis. At low ¢ values, ion trajectories can make large
excursions from the axis for several reasons. The most impor-
tant parameters are the entrance conditions (e.g. X, y position
and energy) and ion density leading to space charge effects. To
a first approximation, at low g values, the amplitude of the ion
motion in the QMS equals the x or y position at the entrance of
the QMS. In this view, we conclude that the observed ion beam
shape reflects the entrance conditions and that the beam shape
is defined by the octopole and the space charge and/or hydro-
dynamics effects in the source region. It is well known that ion
concentration on the axis is weak in an octopole, which can
easily lead to a “ring”-shaped ion distribution exiting the octo-
pole. This phenomenon was observed in computer simulations
[15] for all multipoles and was confirmed experimentally for
collisional rf quadrupoles used both for the external
accumulation and as ion guides [34]. The theoretical
treatment has also been reported in detail in the literature
[14—16] where it is mentioned that under heavy loading
conditions, the ions will have a radial distribution with a
radius increasing with m/z.

Effect of DC Bias Applied to Octopole on Total lon
Transmission

The 2D ion distribution shown in Figure 2 was obtained with a
bias voltage on the octopole of 24 V. An increase of octopole
bias voltage from 2 to 24 V results first in a decrease of the total
ion current followed by a gradual increase up to 24 V. This
result is plotted in Figure 3. It should be noted that the ion
current is expected to increase further with increase in DC bias
voltage; however, the electronics is tuned to supply a maxi-
mum of 25 V. Furthermore, in Figure 3 the dependence of the
ion beam spatial distribution as a function of the bias voltage is
presented. Changing the bias voltage from 2 to 10 V leads to a
decrease in beam diameter concomitant with a decrease
in total ion current. Further increase in bias voltage from
10 to 24 V leads to an increase in beam diameter with
an increase in total ion current.

The effect of the octopole bias voltage on the ion beam
diameter and total transmitted ion current cannot be explained
quantitatively. The voltage difference between octopole and
QMS, in combination with the ion lens between the octopole
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and QMS, determine the ion injection parameters for the QMS,
together with the RF fringe fields.

Spatial Distribution of Selected lons Exiting the ESI
O-OMS

Figure 4a shows an example ESI mass spectrum of the protein
cytochrome ¢ using the Timepix detector. The mass spectrum
shows the charge state distribution, from [M + 18H]'*" to [M +
11H]'""". Figure 4b shows 2D spatial distribution of [M +
18H]'®" charge state. The cross-like pattern obtained is com-
parable to the one observed by Weaver and Mathers [9]. It has
to be noted that these distributions are recorded under selective
ion transmission conditions, where the ion trajectories are close
to their instability limit. This means that you can expect a large
beam diameter. Furthermore, the radial velocity of the ions is
very small in the vicinity of the quadrupole electrodes. This
means that the chance to exit the QMS at positions towards the
x- and y-electrodes is much larger (about five times) than
leaving the QMS at the center. From the spatial information
obtained the magnification of the beam from the exit lens of
QMS was found to be approximately 2.5.

In an ideal situation, the spatial distribution of the ion beam
exiting the QMS should be independent of m/z (e.g., for iden-
tical injection parameters) at the entrance of the QMS. How-
ever, since the cooling octopole ion guide is known to provide

radial stratification of ions based on different m/z ratio, we have
studied the radial distribution of different m/z ions of Figure 4a
in detail. Figure 5a shows zoomed in 3D contour maps for each
charge state. For better illustration of the radial distribution
effect, we have zoomed in on the central intense area of the
ion beam and the diameter of the zoomed in area is 7.5 mm. It
should be noted that the distributions are normalized with
respect to the intensity of [M + 15H]">". Furthermore, it has
to be realized that the observed ion distribution depends criti-
cally on the proper setting of the QMS. Small deviations from
the optimal rf and DC setting lead to differences in ion intensity
distribution in the x-coordinate relative to the y-coordinate as a
consequence of the change to the (a, q) coordinates of the ions.
In Figure 5a the effects described above can be observed. The
ion distributions show maxima on the regions close to the four
electrodes axis and show a minimum at the center. For higher
charge states 15+ to 18+ the ion intensity along the x-
coordinate is visible. The lower charge states 11+ to 14+ have
a very low intensity at the center.

Figure 5b shows the radial ion density distribution of dif-
ferent m/z charge states with increasing radius from the center
of the ion cloud. An area of a pie-slice 315° to 25° along the
positive x-coordinate was selected. It should also be noted that
the ion density profile is smoothed using SMA, and normalized
to the total ion count 1 with respect to the intensity of charge
state 15+ for better illustration of the effect. The radial ion
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distribution of the peak highlighted in (), [M + 15H]'®*

density distribution of different m/z values of cytochrome ¢
clearly illustrates the change in radial distribution with increase
in m/z ratio. The peak intensity shifts with increase in m/z. For
the observed radial distribution the same explanations given for
rf only mode with respect to the influence of exit beam distri-
bution from octopole on exit beam profile of QMS stands true
for selective ion transmission mode.

Effect of Octopole Bias Voltage on Selective lon
Transmission

Figure 6a shows mass spectra obtained at three different values
of applied octopole DC bias (2, 12, and 24 V), and Figure 6b
shows the corresponding spatial distribution of the highlighted
mass peak (m/z = 820, [M + 15H]"").

The same trend as earlier observed for the total ion beam
transmission was found for the transmission of the selected ions
[M + 15H]"". From the obtained measurements, the intensity
has a minimum at 10 V octopole bias voltage and a maximum
at 24 V, and is expected to increase further with increase in bias
voltage. The ratio of the ion intensities at bias voltages are
comparable to the ratios observed for the total ion current
transmissions presented in Figure 3. This is not surprising

because the [M + 15H]"" ions constitute a major part of the
total ion intensity.

Conclusions

A novel instrument consisting of a QMS coupled with a
position-sensitive active pixel detector for imaging of ions
exiting a QMS has been presented. Experimental studies using
the developed instrument were performed to study the trans-
mission characteristics of the QMS operated in both rf only and
mass scanning mode.

The fundamental insight into ion motion observed with the
help of the Timepix detector suggests that ion beam entrance
conditions and entrance spatial distribution will have a
direct impact on transmitted beam characteristics as ex-
pected. Also, our experimental findings confirm the pre-
dicted theoretical trends in literature for ESI-based in-
struments. Through this work, we have provided an
unrivalled illustration of these well-known effects and
with this new detector researchers can systematically
investigate, visualize and directly measure the fine details
of these points in a way and to accuracy that no previ-
ous researchers have been able to do so.
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