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Distortion of ion trajectories in a time-of-flight mass spectrometer:
simulations and experiments with a position sensitive detector
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Abstract

We used a position sensitive detector (PSD) to show the image of an ion packet at the end of a time-of-flight mass-spectrometer. The spread
of the ion packet due to wires in the accelerator electrodes is directly observed on the image. A huge effect on the size and shape of the
ion packet is observed. Experimental results are compared to SIMION simulations performed using a procedure developed to compute the
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rajectories of ions close to wires.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Grids and wires in accelerator electrodes and mirrors in
ime-of-flight mass-spectrometer (TOF-MS) instruments in-
uce small deflections of ions. In addition to reduction in

ransmission, these deflections induce a spatial spread of the
on packet and lower the mass resolving power[1]. This spa-
ial spread also makes it difficult to use grids in a system
uilt to observe the position, shape or energy spread of an

on packet. To avoid this ion spread, high resolving TOF-MS
re built with gridless accelerators and reflectors. Gridless ac-
elerators are well adapted to MALDI-TOF (MALDI: matrix
ssisted laser desorption ionization) apparatus where the ions
re generated on the acceleration electrode at a well defined
lectric potential, but they are difficult to couple to a molec-
lar beam set-up where the ions are generated in a relatively

arge volume and with an initial kinetic energy spread. In
olecular physics, many designs include grids or wires and

he resulting ion spread must be taken into account for high
esolving mass spectrometers, ion imaging or simply to get

a maximum of ions at a detector. In 1989, Bergmann e
[2] proposed a calculation of the trajectory of an ion in
vicinity of a wire and estimated the effects of grids on
mass resolution. The effect on the time-width of a pea
the mass spectrum and on the resolution was experime
demonstrated[3,4] and is also observed[5,6] in SIMION
simulations that take into account real grids or wires[7,8].
Recently, we have coupled a position sensitive detector (
to a TOF-MS to measure the position of a beam in molec
beam deflection experiments. In the present work, we us
detector to observe an ion packet at the exit of the TOF
and to characterize the trajectories of the ions in the T
For the first time, the spread of the ion packet induce
wires is directly observed. Results are compared to SIM
simulations.

2. Experiment

The apparatus is a laser vaporization source coupled
electric deflector and a TOF-MS. It is described in deta
∗ Corresponding author. Tel.: +33 4 72 43 11 32; fax: +33 4 72 43 15 07.
E-mail address:dugourd@lasim.univ-lyon1.fr (Ph. Dugourd).

references[9,10]. A schematic of the TOF-MS is shown in
Fig. 1. It is an orthogonal acceleration linear time-of-flight
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Fig. 1. Schematic of the TOF-MS-PSD instrument. The distance between
the ionization laser axis and the detector is 1.375 m.

system. The MS is perpendicular to the axis of the neutral
molecular beam and to the pulsed ionization laser. It consists
of an extraction region, an acceleration region, two deflection
plates, an electrostatic lens and a free flight region. Parallel
wires are used to define the boundaries of the extraction and
acceleration regions. We used 50�m tungsten wires paral-
lel to theX-axis. The spacing between two wires is 500�m.
They are glued onto a stainless steel plate with an aperture

F nd of th acce
r an ion (see text
A 1485 m e
a tential 0 V).
T

Table 1
Electric fields (FExt andFAcc) in the acceleration and extraction regions of
the time-of-flight for the two sets of experimental acceleration and extraction
voltages (UExt andUAcc)

UExt

(V)
UAcc

(V)
UBeam

(V)
FExt

(103 V m−1)
FAcc

(103 V m−1)
UD

(V)

1 370 3500 3685 20.6 233.3 ±70
2 2764 2303 3685 153.6 153.6 ±40

The value of the voltagesUD applied on the two deflection electrodes and
the voltage at the position of the molecular beam (UBeam) are also given.

of 30 mm× 30 mm. Schematics of the extraction and accel-
eration electrodes and of the electrostatic lens are shown in
Fig. 2. The detector is located 1.375 m downstream of the ion-
ization laser axis. It is a pair of microchannel plates coupled
to two orthogonal delay lines. The detector, its electronic and
the data processing are discussed in[9].

A glycine–tryptophan (Gly–Trp,M = 261) or alanine–
tryptophan (Ala–Trp,M = 275) molecular beam was pro-
duced by vaporizing a rod made of 66% of cellulose and
33% of Gly–Trp or Ala–Trp (purchased from Bachem). The
neutral beam is collimated by two 0.35 mm slits before en-
tering the extraction region of the TOF-MS. The distances
between the two slits, the second slit and the MS, are 0.6
and 1 m. The diameter of the ionization laser (λ = 266 nm,
φ ∼ 10 mJ cm−2) is 3 mm. Experiments were performed at
two sets of extraction and acceleration voltages (the voltages
and electric fields are summarized inTable 1). Mass spectra
recorded for the Gly–Trp molecular beam are shown inFig. 3.
The first set of voltages corresponds to the Wiley–McLaren
ig. 2. (a) Left: schematic of the extraction and acceleration regions a
egions are 18 and 15 mm. In SIMION simulations, the trajectory of
n example of ion trajectory in these regions is plotted (M = 261 amu,v =
cceleration electrode. (b) Schematic of the electrostatic lens. Equipo

wo examples of ion trajectories are also plotted.
e deflection plates of the TOF–MS. The lengths of the extraction andleration
close to a wire is calculated using a specific potential array instance).

s−1, UExt = 370 V,UAcc = 3500 V,UD = ±70 V). Right: schematic of th
lines in theXZplane and theYZplane are shown (the lines are separated by 10
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Fig. 3. TOF mass spectra recorded for Gly–Trp (M = 261). (a)UExt = 370 V,
UAcc = 3500 V. (b)UExt = 2764 V,UAcc = 2303 V. The peaks on the left
correspond to fragments.

condition of time focusing[11]. The most intense peak in
the mass spectrum (Fig. 3a) corresponds to Gly–Trp+ ions.
The peaks at 117 and 131 correspond to fragmentation prod-
ucts. These fragments may be assigned to indole derivatives:
C8H7N (the indole molecule) and C9H9N (indole + CH2).

The ion deflection depends mainly on the spacing between
the wires and on the difference of the electric fields on the
two sides of the wire layer[2]. To study the influence of
the electric fields on the ion spread, a second set of voltages
was chosen that produced equally large electric fields in the
extraction and in the acceleration regions (FExt = FAcc). In
both cases, the ions have the same kinetic energies at the exit
of the acceleration region for both sets of voltages (UBeamin
Table 1). For the second set of voltages (Fig. 3b), the mass
resolution is low and broad peaks are observed in the time-
of-flight mass spectrum.

Fig. 4a and b showX–Y images of the Gly–Trp ion packet
obtained at the detector for the two sets of voltages. The width
of the ion packet inXdirection is similar in the two plots. This
width reflects the initial width of the molecular beam. The
ion packet is much wider inY direction. In particular, with
the Wiley–McLaren conditions, i.e. the first set of voltages
in Table 1, no peak is observed on theY-axis. The ions are
regularly distributed along this axis. At the second set of
voltages, a broad peak is observed inYdirection. The width of
t e
f ring
w n the
t cond

Fig. 4. Two-dimensionalX–Y images of the Gly–Trp ions on the detector
obtained withULens= 0 V. The projections on theX-axis andY-axis are also
plotted. (a) Experimental results at the first set of voltages (Wiley–McLaren
conditions, 513 ions were recorded). (b) Experimental results at the second
set of voltages (1989 ions were recorded). (c and d) Results of SIMION
simulations performed at the two set of voltages using experimental initial
conditions. In (c), the initial ion packet used for the simulation is shown in
the center of the image.

set of voltages and, as expected, the experimentally observed
spread is smaller.

Fig. 5a and b show images recorded for similar exper-
imental conditions with the magnifying lens switched on
(ULens = 2500 V). The lens magnifies (and shifts) the im-
ages inX direction with only a small effect inY direction.
This lens is important for imaging applications. It was de-
signed to increase the width of the ion packet inX direction
to increase the resolving power in molecular beam deflection
experiments.

3. Simulations

The trajectories of the ions were simulated using SIMION
3D version 7.0[8]. For the full system simulation, five sepa-
rate arrays were used in order to keep a good scale factor
(between 0.1 and 0.5 mm per grid unit) even for simula-
tions of widely asymmetric regions. The exact shapes and
thicknesses of the different electrodes were modeled in the
simulation. Three potential arrays were used for the extrac-
tion, acceleration and deflection regions separated by grids
which ensure convenient boundaries conditions. The over-
all enclosure of the TOFMS has been taken into account
he peak is∼12 mm. The spread on theY-axis results from th
ormation of small electrostatic lenses between neighbo
ires. These lenses disappear when the electric fields o

wo sides of the wires are equal as is the case for the se
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Fig. 5. 2DX–Y images of the Gly–Trp ions on the detector obtained with
ULens= 2500 V. The projections on theX-axis andY-axis are also plotted. (a)
Experimental results at the first set of voltages (Wiley–McLaren conditions,
495 ions were recorded). (b) Experimental results at the second set of volt-
ages (2379 ions were recorded). (c and d) Results of SIMION simulations
performed at the two set of voltages using experimental initial conditions.

for realistic simulations of fringing fields of the electrostatic
lens.

Wire scattering effects have been modeled with the ap-
proach described by Colby et al. for the simulation of grid
lensing using instance hopping[7]. Based on the user pro-
gram proposed by Colby, we developed a new program in
which the real trajectory is taken into account when the ions
fly near the wires and not only there is change in the direction
but also its kinetic energy. This part of the trajectory is calcu-
lated in the non-ideal wires potential array (seeFig. 2). This
potential array with a scale factor of 0.008 mm per grid unit
enables us to properly describe the very small and closely
spaced wires used in the experimental set-up.

The simulations were performed for an initial ion packet
corresponding to the intersection of a rectangular (1.4 mm×
5 mm) molecular beam and a 3 mm diameter laser spot. The
intensity profile of the beam inX direction is defined by the
width and spacing of the slits. The initial packet used in the
simulations is shown inFig. 4c). The existing experimental
conditions were used to define the initial velocity of the ions
(v= 1485 ms−1 ±2.5% with an angular spread of 0.5◦). Three
thousand initial ions were used in each simulation. The off-
axis of the experimental image and the position shift induced
by the lens were reproduced in the simulations by including
very small rotations of the acceleration and extraction elec-
t ◦ ◦
a h
o

4. Results and discussion

Results of the simulations are shown inFigs. 4c and d, 5c
and d. All the experimental images with and without magni-
fying lens are qualitatively well reproduced. First, we discuss
the wire effect inYdirection then the size of the image inX
direction. The initial width of the ion packet inY direction
is given by the laser diameter (3 mm). InFig. 4d, the width
of the calculated image is∼15 mm, which is in relatively
good agreement with the experimental width (∼12 mm). At
the Wiley–McLaren conditions, the size of the simulated im-
age is∼60 mm. This corresponds to an angular spread <15◦.
This width is larger than the aperture of the detector, which
is in agreement with experimental results. The dramatic in-
crease inY spread with different fields on the two sides of
the acceleration electrode is well reproduced by the simula-
tion. This confirms the validity of the approach that we are
using to simulate the wires effect. We want to emphasize that
the spread induced by wires (or grids) is dramatic and that a
small fraction of the initial ions hits the detector. No spread
is expected inX direction. The initial width of the molecu-
lar beam is∼1.4 mm. Without a lens (Fig. 4), the X size of
the experimental image varies from∼3 mm (set 1) to∼4 mm
(set 2) which is in relatively good agreement with the simula-
tions (from∼2 to 2.5 mm). The difference between the initial
i the

F ze of
t and
a
±
b with
w s
with ideal grids (an ideal grid in SIMION simulations allows one to fix a
potential without any ions spread and a transmission of 100%). (d) Typical
grid with quadratic openings (round wires of 16�m diameter and a spacing
of 368�m). The transmission through the extraction and acceleration plates
is stated for each system.
rodes (0.28 around theY-axis and 0.5 around theX-axis)
nd of the lens (−0.12◦ around theY-axis) relative to eac
ther.
on packet in the extraction region of the TOF-MS and

ig. 6. Comparison of the influence of wire and grid effects on the si
he ion packet.X–Y images have been simulated for different extraction
cceleration electrodes (Gly–Trp ions,UExt = 370 V,UAcc = 3500 V,UD =
70 V, ULens = 0 V). (a) Electrodes with wires (diameter: 50�m, spacing
etween two wires: 500�m) as used in the present work. (b) Electrodes
ires (diameter: 50�m, spacing between two wires: 400�m). (c) Electrode
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image on the detector is due to a lens effect intrinsic to the
acceleration region of the TOF. The uncertainty in the size
of the initial ion packet, the spatial resolution of the detec-
tor, and a possible small divergence of the ion beam induced
by space charge could explain the difference between the
experiments and the simulations. The simulations (Fig. 5c
and d) confirm that the magnifying lens has almost no ef-
fect in Y direction and increases the size of the image inX
direction.

Fig. 6 compares the size of the ion packets at the end of
the TOF-MS obtained in SIMION simulations for different
spacing (400 and 500�m) of the wires on the acceleration and
extraction electrodes. A decrease in the spacing between the

F
U
o
f
a
i
a
a

wires reduces the ion spread on theY-axis. It also decreases
the transmission of the plates. By reducing both the diameter
and the spacing of the wires, it is possible to decrease the
Y spread without change in transmission. For example, for
16�m diameter wires and a spacing of 160�m, one would
obtain an image of 26 mm on theY-axis and a transmission
of 0.81. The use of grids instead of wires (Fig. 6d) would
cause spreads on both axes. This figure clearly demonstrates
that the initial size or shape of the ion packet is totally mixed
up by the grids. It also confirms that it is possible to image
the initial position or shape of the molecular beam in one
direction by replacing the grids by wires.

Finally, Fig. 7 displays experimental and calculated
mass spectra for Ala–Trp+. The spectra are magnified to
illustrate the mass resolution.Fig. 7c shows a calculated
spectrum obtained with ideal grids to divide the extraction
and acceleration regions in SIMION simulations instead of
wires (definition of the voltages without ion spreads). The
dashed line inFig. 7b corresponds to the same spectrum
obtained with wires in the simulation (the arrival time of
all ions are taken into account to construct the spectrum).
The comparison of the two spectra (dashed lines in Fig.
7b and 7c) shows that the spread of the ions by the wires
drastically lowers the mass resolution; this is in agreement
with previous publications. The size of the detector is smaller
t line
c ount
i ctor.
T ood
r red.
I ing
p ns is
d early
a t a
r
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ig. 7. TOF mass spectra of Ala–Trp+ ions (UExt = 370 V,UAcc = 3500 V,

D = ±80 V,ULens = 2500 V). (a) Experimental. (b) Simulation—full line:
nly the ions that hit the detector are included in the simulation (504 ions

or 3000 initial ions), dashed line: all the ions that are passing through wires
re included (2435 ions for 3000 initial ions). (c) Simulation with ideal grids

nstead of real wires (an ideal grid in SIMION simulations allows one to fix
potential without any ions spread and a transmission of 100%, 3000 ions
re used for the simulation).

e the
i The
s or is
d ment
w de-
v and
g ation
p beam
i

A

ex-
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f

han the ion packet at the end of the detector. The full
orresponds to the spectrum obtained by taking into acc
n the calculation only the ions that impinge on the dete
he ions with the shorter trajectories are observed. A g
esolution, in agreement with the experiment, is recove
t is important to notice that this relatively good resolv
ower is obtained because only a small fraction of the io
etected. The ion spread induced by wires or grids is cl
limiting factor of the resolution for a TOF-MS withou

eflector.

. Conclusions

We have used a position sensitive detector to observ
mage of an ion packet at the end of a linear TOF-MS.
pread of the ion packet due to wires in the accelerat
irectly observed on the image. This spread is in agree
ith SIMION simulations performed using a procedure
eloped to compute the trajectory of the ions near wires
rids. The use of wires on the extraction and acceler
lates allows us to image the position and shape of the

n X direction with a good mass resolution.
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