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a b s t r a c t

Precise investigations of phenomena related to generation of the signal in the collector electrode of ion
mobility spectrometer have been conducted. A two-dimensional mathematical model of electric field
considering the structure of the aperture grid has been developed. Based on that model static properties of
the aperture grid–collector system, i.e., the transmittance of the aperture grid as a function of polarisation
potential and shielding efficiency of the grid were estimated. Dynamic effects have also been modeled.
eywords:
on mobility spectrometry
on movement
perture grid

For this purpose, a computer simulation of ionic swarm movement and calculation of the electric field
generated by elements of that swarm have been applied. The procedure enabled estimation of time
dependence of collector current components, and in consequence, determination of a peak shape in the
drift time spectrum.

Results of theoretical considerations and calculations have been verified by comparison with experi-
mental data obtained with ion mobility spectrometer prepared for investigation of structural parameters

effect on output signal.

. Introduction

Detectors used in the ion mobility spectrometry (IMS) can be
lassified as selective ionisation detectors. A classic IMS detector
onsists of an ion reactor, in which a sample is ionised, and a
rift section destined for separation of ions. This technology was
eveloped nearly 40 years ago [1]. Since that time, alternative con-
tructions such as aspiration spectrometers [2] and devices with
igh electric field [3,4] have been studied and used in commer-
ial instruments. However, due to their advantages, classic IMS
etectors are still successfully used in practice. High selectivity is
feature distinguishing those detectors from more modern tech-
ical solutions. It depends mainly on the resolving power defined
s quotient of drift time and width-at-half-height of the peak in
he drift time spectrum. In case of the best detectors the value of
his parameter exceeds 100 [5,6], but usually it is lower, e.g., for
he IMS detector used for this study the resolving power was about
0.

Width of the peak in the drift time spectrum depends on many
actors. Spangler and Collins [7] analysed the most important phe-

omena affecting the shape of the peak. In their model, the shape
f ion concentration distribution in the beginning of the drift sec-
ion is rectangular. Finite width of that distribution is the main
nstrumental factor affecting the peak shape. The most significant
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physical mechanism responsible for peak broadening is diffusion
occurring during movement of ions along the drift section. The
Spangler and Collins’ model allows effective optimisation of the
drift section length and value of electric field, in which drift of ions
takes place. Apart from diffusion, broadening of ion swarm may
be caused by a phenomenon of mutual repulsion, defined also as a
space charge effect [8]. That effect is noticeable when charge den-
sity in an ion cloud is high. A significant effect of that phenomenon
on resolving power was observed for the IMS detector in which
laser ionisation was used [9].

More precise analysis of phenomena occurring in IMS detec-
tors shows that the peak shape in the drift time spectrum depends
on the details of the drift section structure and the construction
of neighbouring elements. Portion of ions is introduced into the
drift region through a shutter grid, constituting a kind of electro-
static valve, which separate the ion reactor from the drift space.
Electric field in vicinity of the grid is not uniform and is variable
in time [10]. If distance between the grid electrodes is comparable
with space covered by ions in time equal to gating pulse duration,
initial distribution of ion concentration significantly differs from
one-dimensional rectangular distribution. Using simple computer
simulations it may be shown that ions are introduced to the drift
section between grid electrodes in form of numerous swarms sep-

arated from each other [11]. Therefore, phenomena taking place
in the neighbourhood of the shutter grid constitute an instrumen-
tal factor influencing the peak shape at the first phase of the drift.
Another often described effect associated with construction of the
IMS detector is non-homogeneity of electric field in the drift sec-
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ion [12,13]. It causes diversity of the drift times for ions moving in
ifferent distances from the axis of the detector.

An enhanced model of phenomena influencing signal shape
rom the IMS detectors was presented by Spangler [14]. Accord-
ng to that model, processes occurring in the last passage of the
rift path, i.e., in the space between the aperture grid and the col-

ector electrode, play a very important role. Here, two mechanisms
f current generation are crucial: electric induction and transfer of
onic charge to the collector. A signal from the detector is already
reated in the time when ions are able to induce the charge on col-
ector surface. In the Spangler’s model [14] electric field produced
y ions affects the collector after ions cross the aperture grid. Ionic
ovement in front of the grid does not influence the value of the

ollector current. Generation of the current ends when all ions are
ollected. Therefore, the shape of the peak resulting from the pre-
iously mentioned effects depends also on the instrumental factor
ssociated with construction of aperture grid and ion collector.

The main objective of this work is to describe processes of cur-
ent generation in the collector electrode using a model involving
tructure of the aperture grid. In reality the grid is not an amorphous
lane perfectly shielding the collector but it is made of electrodes
aving definite dimensions and placed in a determined distance

rom the collector. Mathematical model of the system involving
he aperture grid and the collector, fitted to real geometry, cannot
e one-dimensional. In this work a two-dimensional model was
pplied. The model proved sufficient for correct description of phe-
omena occurring in the neighbourhood of the ion collector. Unlike
ne-dimensional models [7,14] in that case it is impossible to per-
orm effective analytical calculations. Therefore, all the presented
heoretical results were obtained by the numerical methods.

. Instrumentation and experimental procedures

Results obtained directly based on the mathematical model of
he IMS detector are multidimensional functions describing spa-
ial or surface distributions of values including electric field, ion
oncentration, or the surface charge density. Unfortunately, exper-
mental verification of that kind of results is very difficult or even
mpossible to accomplish. In practice the only parameter that can
e calculated and measured is the electric current flowing in the
ircuit of the collector electrode. For that reason quantity of exper-
mental data collected in order to verify the mathematical model is
ow.

Measurements were carried out for the detector named Med-
MS. It was built in Military University of Technology in Warsaw
Poland) in order to investigate effect of the detector’s elements
tructure on operational parameters. Total length of this instru-
ent is equal to about 9.5 cm, length of drift section is 4.7 cm and

ts diameter is 2.0 cm. As ionisation source 5 mCi 63Ni is applied.
he outline of the detector structure with the voltage divider used
n measurements is presented in Fig. 1.

Phenomena described in this work take place in vicinity of
he collector and for that reason dimensions of elements in that
egion are of particular importance. The aperture grid is made of
.10-mm-thick etched beryllium bronze plate. Width of grid elec-
rodes is equal to 0.18 mm and the distance between their centres
s 1.00 mm. The grid is separated from the base electrode by 0.5-

m-thick Teflon foil. A distance between the grid and the collector
lectrode surface is about 1.0 mm.

The IMS detector co-operated with self-built electronic instru-

ents, i.e., electrometric amplifier and pulse generator controlling

he shutter grid. An amplifier was constructed on the principle
f the current-to-voltage converter. Its gain may be changed in
he range from 1.0 to 20 V/nA. Time of the amplifier output signal
uild-up (0–90%) for stimulus in form of step function is less than
Fig. 1. MedIMS detector—outline of structure with elements of the voltage divider.

10 �s. In measurements of constant current, the output signal from
the amplifier was measured with a digital voltmeter, whereas the
drift time spectra were registered with the digital scope Yokogawa
DL1620S interfaced with a computer. High voltage necessary for
polarisation of detectors electrodes was supplied from the power
supply ZWN-42 (POLON).

Measurements of constant current and the drift time spectra
were made for different values of voltage Ua–c between the aperture
grid and the ion collector. During the current measurements shut-
ter grid electrodes were shorted what corresponds to “opening” of
the grid. Drift time measurements were conducted at gating pulses
duration, tg, equal to 0.2 ms. Ua–c voltage was adjusted by exchange
of Ra–c resistor in the voltage divider (see Fig. 1). For every Ra–c resis-
tance, the value of supplying voltage UHT was selected in such a way
that the sum of potential drops along the reaction section URS and
the drift section UDS was maintained constant (URS + UDS = 2400 V).
Therefore, changes of the electric field in vicinity of the collector
did not affect the electric field in other regions of the IMS detector.

The Ra–c resistor is shunted with a 100 nF Ca–c capacitor. This is a
common solution which aim is to reject the effect of parasitic capac-
ity existing between the grid and collector on dynamic properties
of current measurement circuit. Existence of the Ca–c capacitor does
not influence significantly the value of the electric field in vicinity
of the collector.

All measurements were carried out at the detector tempera-
ture of 80 ◦C. The air dried with 5 A molecular sieves was flowing
through the reaction and drift sections of the detector. The drift gas
flow rate was 500 ml/min and carrier gas flow rate was typically
300 ml/min.

3. Modeling of phenomena in vicinity of collector electrode

Description of processes occurring in ionised gases requires
calculation of electric field values and distribution of ionic con-
centration. The first of the these problems leads to solution of
Laplace or Poisson’s equation, and the second one to solution of
transport equation defined for the phenomena taking place in the
IMS detectors as, so called, advection–diffusion problem [15]. In
case of analysis of phenomena occurring in vicinity of the collector
electrode, the solution of the non-stationary problems is essential,

because the final goal is to find time dependence of current flowing
from the collector. However, some practically significant properties
of a system consisting of the collector and the aperture grid can be
estimated based on static considerations.
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All the electric field distributions presented in this work were
etermined with Partial Differential Equation Toolbox (PDE-T),

ncluded in the MATLAB software package [16]. Matrixes of the
lectric field potential generated with this software were used for
rawing electric field lines, determination of ion swarm location
nd calculation of the charge induced in the collector. Most of these
perations were completed with a computer program IMS-AG cre-
ted for this purpose in DELPHI 7. Some calculations, e.g., multiple
olutions of Poisson equation in order to calculate the function used
or determination of surface charge in the collector, were carried
ut using more sophisticated MATLAB’s functions.

.1. Electric field in the system of detector’s electrodes

The IMS detector can be considered as a set of metal electrodes
urrounding space, where ions are moving. Electric potentials of
articular electrodes are determined by connecting them to the
oltage source with a suitable voltage divider. Metal electrodes pro-
uce the electric field Eme in the space inside the detector. If swarms
f ions are present in that space, they become a source of additional
eld Eion. Total electric field is the sum of those two components:

= Eme + Eion (1)

In typical constructions the electric field Eme produced by
etal electrodes of the drift section in the IMS has the value of

00–400 V/cm. It is nearly uniform and directed along the detector
xis.

Electric field Eion generated by the charge of ions has different
roperties than field Eme. If we assume that ionic cloud injected
hrough the shutter grid to the drift section of the detector has
iameter of 2 cm and thickness of 0.2 cm, then, for ion concentration
qual to 107 cm−3 the maximum intensity of the electric field Eme

s less than 2 V/cm. That value is much smaller than intensity of
he field generated by metal electrodes. Therefore, for analysing
henomena occurring in the drift space, it can be assumed (with
ood accuracy) that ionic movement occurs under the effect of the
eld Eme only. In more precise analyses of resolving power of the

MS detectors, effect of mutual repulsion related to the field Eion is
lso considered [8]. Electrostatic repulsion effect was neglected in
alculations carried out in this work because of a great difference
n intensities of both field components.

The electric field Eion is not homogeneous. If the disc-shaped
loud of the ions is placed far from the collector then the field
n vicinity of this electrode has axial symmetry and its intensity
trongly depends on the distance between the ionic swarm and the
ollector. When ions are very close to the collector, i.e., the dis-
ance between edge of swarm and collector is much smaller than
he diameter of the swarm, the electric field can be calculated using
at, two-dimensional geometry.

The most important feature distinguishing both components of
he electric field is that the field Eme is constant in time, while the
omponent Eion depends on the position of ionic swarm, so it is
ariable in time. It causes the induction of variable electric charge
n surfaces of electrodes surrounding the moving swarm of ions.
his effect occurs also in the collector and results in generation
f induced current being a component of the signal from the IMS
etector. Problems of signal generation are discussed in details in
ection 3.2.

Electric field produced by metal electrodes Eme in vicinity of the
ollector was computed by solving the Laplace’s equation for geom-
try presented in Fig. 2a. Boundary conditions for that problem

orrespond to the constant value of the electric field far from the
rid and to defined potentials of the grid and the collector. Because
f symmetry of the problem, zeroing of normal component of the
lectric field for remaining planes can be assumed. Distribution of
he electric potential value ϕme depends on dimensions of discussed
Fig. 2. Method of electric field calculation: (a) geometry and boundary conditions
and (b) illustration of superposition rule.

electrodes system, the electric field far from the grid Einf, and differ-
ence of potentials between the grid and collector Ua–c. In order to
avoid the necessity of solving the Laplace equation for each change
of the electric field Einf or the grid polarisation voltage Ua–c one can
take advantage of the fact that the considered problem is linear
and the rule of superposition is in force here. The resultant elec-
tric potential ϕme is a linear combination of potentials generated
by the electric field of the drift space and the voltage polarising the
aperture grid:
ϕme = Einf

(Einf )E
(ϕme)E + Ua–c

(Ua–c)G
(ϕme)G (2)

where (ϕme)E and (ϕme)G are the solutions of the Laplace’s equation
obtained for special boundary conditions. The potential (ϕme)E is
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3.2. Components of the current in collector electrode

Signal of the IMS detector, i.e., a time-dependent current flowing
in the collector electrode circuit is a result of two phenomena. The
ig. 3. Electric field lines for three different Ua–c voltage values polarizing the grid.

alculated for Einf = (Einf)E = 1 V/cm and Ua–c = 0 V and the potential
ϕme)G for Einf = 0 V/cm and Ua–c = (Ua–c)G = 1 V. The potential distri-
utions (ϕme)E and (ϕme)G are characteristic for given geometry and
re independent of the potentials of the aperture grid, the collector
nd the electrodes in the drift section.

The method for calculation of the resultant field based on the
ule of superposition is illustrated in Fig. 2b. Three-dimensional
raphs of potential distributions enable prediction of ionic move-
ent direction. Positive ions move always along decreasing

otential. Shape of the resultant potential indicates that, in the
resented case, ions moving towards the collector electrode will
ypass the grid electrodes. Analysis of ionic trajectories for flat,
wo-dimensional geometry can be effectively completed using
raphs of the electric field lines. Graphs for the grid constructed
f rectangular-cross-section wires are presented in Fig. 3. Elec-
rode dimensions taken for calculations were similar to real
ize of the aperture grid electrodes in the MedIMS detector,
.e., 0.18 mm × 0.10 mm. The plane passing through centres of
lectrodes was 1.05 mm away from the surface of the collector
lectrode. It was assumed that electric field value at appropriate
istance from the grid was 275 V/cm.

Three graphs shown in Fig. 3 correspond to different values of
he Ua–c voltage between the grid and the collector. If the value of
hat voltage is not too high (Fig. 3a), then most of the electric field
ines end on the surface of the grid electrodes. Field lines are good
pproximation of ion trajectories, therefore it can be concluded that
he most of the ions will transfer their charge to the grid electrodes.
ncreasing the Ua–c voltage causes that more and more ions reach
he collector. The electric field lines presented in Fig. 3b were drawn
or specific case, i.e., for situation when the electric field in the drift
ection Einf is approximately equal to quotient Ua–c/la–c, where la–c is
distance between the plane passing through the centres of the grid
lectrodes and surface of the collector. For a very high difference
f potentials between the grid and the collector ionic trajectories
ypass the grid electrodes (Fig. 3c).

Analysis of the electric field lines course allows calculation of the

rid transmittance, i.e., the ratio of ions flux reaching the collector
nd ion flux in front of the grid. Relation between transmittance
nd voltage Ua–c is presented in Fig. 4a. Calculations were made
or grids placed in a distance of 0.55 and 1.05 mm from the col-
f Mass Spectrometry 298 (2010) 55–63

lector. In both cases dimensions of the grid electrodes were the
same as for calculation of field lines course. Values of the aperture
grid transmittance measured for the MedIMS detector are also pre-
sented in Fig. 4a. Measurements were made for an “open” shutter
grid. Voltage between the aperture grid and the collector electrode
was adjusted using the voltage divider presented in Fig. 1. Quotient
of constant current measured in the collector electrode circuit at
given Ua–c voltage and the current measured at a very high value
of that voltage (120 V) was accepted as the experimental value of
transmittance. As it is shown, experimental data are close to results
of theoretical calculations obtained for the distance la–c of 1.05 mm.

Measurements of the electric charge carried by the reactant ions
in dependence of Ua–c voltage were also conducted. During those
measurements the shutter grid was working in a normal mode,
i.e., it was periodically opened for a short time. Charge of ions was
calculated by means of integration of the peak in the drift time spec-
trum. Obtained results were compared with values of the current
measured for open shutter grid (Fig. 4b). The correlation between
both quantities, i.e., the charge of ions in the swarm creating the
peak and the current being a measure of transmittance, is excellent.
Relationships presented in Fig. 4 show that application of relatively
high values of Ua–c voltage is advantageous from the point of view
of signal magnitude.
Fig. 4. Calculated and experimental values of the aperture grid transmittance (a)
and correlation between current measured for “open” shutter grid and the charge
carried by ions creating reactant ions peak (b).
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rst one is electrical induction caused by ions moving in the drift
ection and the second one is transfer of ionic charge to the collector
lectrode. Two components of the collector current i correspond
o these two phenomena. They are called induced current iind and
irect current idir, respectively.

(t) = iind(t) + idir(t) (3)

Induced current iind(t) results from the fact that the electric field
ion generated by ion swarm varies in time. According to Gauss’ law,
he charge density on the surface of the collector is dependent on
he value of electric field in the closest vicinity of the surface:

ce = −εEce = −εEme,ce − εEion,ce (4)

here ε is permittivity constant of gas, in which movement of ions
ccurs and Ece, Eme,ce and Eion,ce are values of electric fields E, Eme

nd Eion on the surface of the collector electrode, respectively. Total
lectric charge Qce produced in the collector can be calculated using
ntegrals of the surface charge density over the collector area Sce.
urrent flowing in the collector circuit is time derivative of total
harge. If we define the current flowing out from the collector as a
ositive one, then the expression for the current induced by ionic
ovement will have the following form:

ind(t) = − d

dt
Qce(t) = ε

d

dt

∫
Sce

Ece(t)dSce = ε
d

dt

∫
Sce

Eion,ce(t)dSce (5)

The electric field Eme is constant in time, therefore it does affect
he induced current value. However, it is necessary to realize that
or different values of the Eme field, movement of ions in the drift
ection can be slower or faster. Therefore, time dependence of the
on-generated field varies.

In practice, the charge induced by swarm of ions in the collector
ppears when those ions are relatively close to the aperture grid
nd the collector. Initially that charge increases because ion swarm
pproaches to the collector and the value of Eion field on its sur-
ace is growing. Ions reaching the collector and other electrodes
ecome discharged. As a result, the number of ions producing the
eld Eion decreases and induced charge begins to decrease. Consid-
ring movement of positive ions towards the collective electrode,
nduced current is initially positive and than negative. The charac-
eristic feature of the induced current is that the time integral of
his value equals to zero.

Direct current is defined by ion flux reaching a collector. The
alue of the flux can be calculated on the basis of ionic charge den-
ity �ce and their velocity vce in the neighbourhood of the collector
urface. If we consider only one kind of ions with mobility coef-
cient of K, the formula for the direct current has the following

orm:

dir =
∫

Sce

�cevcedSce = K

∫
Sce

�ceEcedSce ≈ K

∫
Sce

�ceEme,cedSce (6)

In typical conditions of IMS detector operation, electric field pro-
uced by ions is low compared to the field generated by metal
lectrodes and for this reason the approximation applied in the
ormula (6) is justified.

Movement of ions in vicinity of the collector electrode shielded
y the aperture grid is illustrated in Fig. 5. When ions are in front
f the grid (Fig. 5a), their influence on the collector is low because
ajority of ion-produced electric field is screened by the grid. Low,

ncreasing current is generated in the collector. After first ions pass
hrough the grid (Fig. 5b), induced current rapidly increases up to

he time when ions fill the whole space between the grid and the
ollector. Then the induced current decreases and direct current
tarts to flow. In most cases, width of the ionic swarm is greater
han the distance from the grid to the collector. During the time in
hich the space between the grid and the collector is filled by ions
f Mass Spectrometry 298 (2010) 55–63 59

(Fig. 5c), induced current is not very high and direct current value
results from spatial ion concentration distribution and velocity of
ionic movement. In the next phase, number of ions in the space
between the grid and the collector quickly decreases. As a result,
induced current becomes negative. A schematic course of induced
charge, induced and direct current and total current are shown in
Fig. 5d.

3.3. Shielding efficiency

Purpose of applying the aperture grid is to limit the region from
which ions effectively interact with the collector. An ideal aper-
ture grid should completely eliminate induction of current by ions
positioned in front of the grid. In reality, as it is shown in Fig. 5d,
ions moving in the drift space generate some small signal. As a
result, specific ionic peak is preceded by some relatively slowly
growing current. That undesirable signal is lower when shielding
of the collector by the grid is more effective. If the total electric
charge induced in the collector without the grid is equal Q0 and
introduction of the grid reduces that charge by �Q, then quotient
of �Q/Q0 can be accepted as a measure of grid shielding properties.
That value may be referred to as shielding efficiency. Calculations
were carried out in order to determine the relationship between
shielding efficiency and width of the grid electrodes as well as the
distance between the grid and the collector. It was assumed that
the source of electric field is a 0.25-cm-thick layer of space charge
of 1.6 × 10−12 C/cm3 placed in front of the grid. Dimensions and
boundary conditions for the space, in which solution of Poisson’s
equation was sought, are presented in Fig. 6a. The surface charge
was calculated from the Gauss’s law on the basis of electric field in
the vicinity of the collector surface.

If no grid is present in the system we obtain a one-dimensional
problem for which the calculation of the electric field is very easy
to be accomplished. Value of the electric field on the right side of
ionic cloud in Fig. 6a is constant and equal to 4.52 V/cm. Surface
charge density �ce0 corresponding to that value of electric field
is −0.4 pC/cm2. Presence of the grid causes non-homogeneity of
electric field between the grid and the collector. Therefore, sur-
face charge density depends on y coordinate and for calculation of
shielding efficiency an average surface charge density �ce,av should
be applied:

shielding efficiency = �ce0 − �ce,av

�ce0
= 1 − 2

�ce0d

d/2∫
0

�ce(y)dy (7)

A relationship between shielding efficiency and width of the
grid electrodes hap, calculated for different distances la–c between
the grid and collector is presented in Fig. 6b.

3.4. The shape of current pulse—theoretical considerations

In order to estimate the shape of current pulse in the collector
electrode circuit, time dependencies of induced and direct current
have to be calculated. Calculations may be based on Eqs. (5) and (6),
but time-dependent distributions of charge density must be deter-
mined previously. That task consists in quite complicated solution
of advection problem in two-dimensional geometry. Description
of a simple numeric method for solution of the problem of the cur-
rent pulse shape calculation is presented below. The fundamental

idea of the method consists in finding the time relationships of the
average charge density �ce,av(t) and direct current idir(t) for spe-
cific initial conditions and then using the convolution of functions
to obtain the solution for real initial condition given by the charge
density distribution in large distance in front of the grid.
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Fig. 5. Mechanism of generation of the co

Let us consider a narrow and flat layer of ions with the con-
tant charge density �0 placed at the time t = 0 along the plane x = x0
ocated in large distance in front of the aperture grid (Fig. 7). In suc-
essive moments of time the ion cloud moves towards the aperture
rid and the collector. The shape of the cloud changes simultane-
usly. On the final stage of the movement, ions reach electrodes
f the aperture grid and the collector. For the time t = 0, the layer
an by divided into small elements with cross-section of �x × �y.
f the electric field and mobility coefficient of ions are known, the
osition of each element of the layer can be tracked in time. Algo-
ithms for determination of successive positions of elements may
e different but in the simplest case for the short time steps �tl a
elationship between the consecutive positions of i-th element can
e expressed by the following formulae:

xi(t + �tl) = xi(t) + KEme,x(xi, yi)�tl

yi(t + �tl) = yi(t) + KEme,y(xi, yi)�tl

(8)

here Eme,x and Eme,y are components of the electric field produced
y metal electrodes. For successive time steps the electric field and
he charge induced on the collector surface by all elements of the
ayer can be calculated. However, this kind of calculation is compli-
ated and time-consuming because solving the Poisson’s equation
s necessary for each time step and for each element of layer. In
his work another method of calculation of the surface charge was
sed. It is based on a specifically defined function s(x,y) assigning to

ach point of space in vicinity of the aperture grid and the collector
special ability to induce an electric charge on the surface of the

ollector. A brief explanation of the s(x,y) function is given below.
A space charge with the density of �(x,y) contained in a small

lement having dimensions of �x × �y causes induction of a charge
current components in the IMS detector.

with density of ��ce(y) with average value of ��ce,av. The function
s is defined as the quotient of average surface charge density and
the linear charge which induces that surface charge:

s(x, y)
def= lim

�x,�y→0

��ce,av

�(x, y)�x�y
(9)

Similarly to potentials (ϕme)E and (ϕme)G used for calculation of
the electric field according to Eq. (2), function s(x,y) depends only
on geometry of the system, i.e., it depends on dimensions of grid
electrodes, spacing between them and the distance between the
grid and the collector. Knowledge of the s(x,y) function for a given
system of electrodes is very useful because it facilitates calculation
of the average surface charge density for a given distribution of the
charge density in the vicinity of the electrode.

�ce,av(t) =
d/2∫

0

xce∫
0

�(x, y, t)s(x, y)dxdy (10)

Calculations of the s(x,y) function were carried out for the same
electrode system as considered in Section 3.1 for determination of
the field lines course. Those calculations consisted in multiple (400
times) solution of the Poisson’s equation for electric field potential
generated by a charge placed in a small volume. For each position
of the charge, the value of the electric field on the collector sur-
face was computed and then, based on the Gauss’s law, the charge

induced on surface was determined. Boundary conditions for the
Poisson’s equation were as shown in Fig. 6a. Obtained shape of the
s(x,y) function is presented in Fig. 8a. It is noticeable that the s(x,y)
function is in practice constant in the space in front of the grid, if the
distance from the grid is greater than the distance between elec-
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ig. 6. Geometry assumed for calculation of shielding efficiency (a) and relationship
etween the collector-grid distance and shielding efficiency (b).

rodes. It is an obvious result of the assumed boundary conditions.
onstancy of the s(x,y) function means that independently from the
istance from the grid a swarm of ions induces a constant charge

n the collector. It is justified for ideally flat geometry, which is a
ood approximation for small distances between the ionic swarm
nd the grid. Generally rather strong relationship between the elec-
ric field generated by ions near the surface of the collector and a
istance should be taken into account. For the MedIMS detector
he calculations of the electric field generated by the disc-shaped
onic swarms were carried out. Those calculations showed that

hen the centre of ionic swarm is placed 0.5 cm from the aperture

rid, induced charge is equal to about 14% of the maximum value.
or 1.0 cm distance it is only 3%. We found that the relationship
etween the induced charge and the distance may be approximated
y cubic function. Therefore, an appropriate correction of s(x,y) was

ig. 7. Movement of ion layer elements in vicinity of the collector electrode—an
llustration of the method of peak shape calculation.
Fig. 8. A function describing a relationship between position of the charge and the
average charge induced in the collector electrode. (a) s(x,y) function defined by Eq.
(9), (b) values of s(x,y) function after correction given by Eq. (11).

applied:

scor(x, y) = 0 for x ≤ x0

scor(x, y) =
(

x − x0

xag − x0

)3

s(x, y) for x0 < x ≤ xag

scor(x, y) = s(x, y) for x > xag

(11)

where xag is a position of the aperture grid, x0 the smallest value of
the x coordinate, for which induction of the charge in the collector
electrode should be taken into account. A beginning of the x-axis is
located in the middle of the shutter grid. For the MedIMS detector
the “constructional” value of xag is 4.595 cm. The selected value of
x0 is 3.60 cm. The course of the corrected s(x,y) function is shown
in Fig. 8b.

Having known the s(x,y) function and positions of particular ele-
ments of ionic layer from Fig. 7 it is easy to calculate the time
dependence of the average surface charge density induced by all
elements of the layer. If the number of elements in the layer
is Nl and the width of each element is equal to its height, i.e.,
�x = �y = d/(2Nl), then the average induced charge density �(1)

ce,av(t)
can be expressed by the following formula:

�(1)
ce,av(t) ∼=

(
d

2Nl

)2

�0

Nl∑
i=1

scor(xi(t), yi(t)) (12)

Let us assume that the space charge density in the drift sec-
tion at the moment t = 0 depends only on x coordinate and can be
described by function �(x,0) different from zero only in the range

x0–xswarm < x < x0, where xswarm is the width of ionic swarm. For the
initial condition defined that way, the average density of the charge
induced on the collector surface is determined by convolution of the
solution for single layer given by the formula (12) and the space
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files.
Time dependencies of the induced charge and components of

the current are presented in Fig. 9. Those graphs were prepared
for two values (5 or 40 V) of voltage Ua–c between the grid and the
2 J. Puton, B. Siodłowski / International Jou

harge density at the moment t = 0:

ce,av(t) = 2Nlv
�0d

tmax∫
0

�(1)
ce,av(t − �)�(x0 − v�, 0)d� (13)

here vdrift = KEinf is ion velocity in the drift section and
max = xswarm/vdrift is the time during which ions cover the distance
qual to the swarm width. Eq. (13) can be written in the form of the
um, convenient for conducting the numerical calculations:

ce,av(t) ∼= 2Nlvdrift

�0d
�tc

Nt∑
j=0

�(1)
ce,av(t − j�tc)�(x0 − vdrift j�tc, 0) (14)

here Nt = tmax/�tc is the number of time steps and �tc is the length
f the time step used in calculation of the convolution of functions
y numerical integration.

Differentiating of the surface charge density described by Eq.
14) with respect to time gives the average density of the induced
urrent. Total induced current can be obtained from the following
ormula:

ind(t) = Sce
d�ce,av

dt
(15)

Calculation of direct current is very easy. Tracking the move-
ent of elements of a thin ionic layer from Fig. 7, a number

f elements nk reaching the collector in k-th time step can be
stimated. Multiplying that value by the charge contained in the
lement and dividing by time step duration the value of the direct
urrent i(1)

dir
(t) generated by the ions contained initially in the nar-

ow flat layer is obtained:

(1)
dir

(t) ∼= Sce
1

�tl

d

2N2
l

�0nk for (k − 1)�tl ≤ t < k�tl (16)

Total direct ion-generated current, for which the initial charge
ensity distribution was described by function �(x,0), can be cal-
ulated in the way similar to the surface density of the induced
harge. The formula analogous to Eq. (14) has the following form
or the direct current:

dir(t) ∼= 2Nlv
�0d

�tc

Nt∑
j=0

i(1)
dir

(t − j�tc)�(x0 − vj�tc, 0) (17)

.5. Practical calculations of the peak shape and comparison of
esults with experimental data

Calculations of relationships between time and the charge
nduced in the collector and the direct current were carried out with
he IMS-AG program. Input data used for further calculations were

atrixes containing the values of functions (ϕme)E, (ϕme)G and scor.
hey are characteristic for given dimensions of electrodes shaping
he electric field in the vicinity of the collector. Those data were
alculated with the MATLAB software. User-changed parameters
n the IMS-AG program are: the mobility coefficient K, value of the
lectric field in great distance from the aperture grid Einf, potential
ifference between the grid and the collector Ua–c, duration of time
tep �tl and gating time of the shutter grid tg. It was assumed that
he space charge density �(x,0) in the ionic cloud in front of the
perture grid can be described by difference of error functions. The
quation, according to which calculations were carried out, was

btained after suitable transformations of the well-known formula
rought out by Spangler and Collins [7]:

(x, 0) = �0

2

[
erf

(
x − x1

�xdyf

)
− erf

(
x − x2

�xdyf

)]
(18)
f Mass Spectrometry 298 (2010) 55–63

where x1 = x0 − 2�xdyf − vdrift tg , x2 = x0 − 2�xdyf , �xdyf =
2
√

DLt0 are the width of the edge of distribution, DL the longi-
tudinal diffusion coefficient, t0 = x0/vdrift the time of ions’ drift
from shutter grid to position x = x0, �0 are the space charge density
directly after the injection of ions into the drift section.

Value of the diffusion coefficient DL was estimated from the Ein-
stein’s formula based on ion mobility coefficient. All calculations
were made for the space charge density �0 of 1.6 × 10−12 C/cm3.
It is easy to show that the charge density described by Eq. (18) is
practically different from zero only in the range x0–xswarm < x < x0,
for the width of the swarm of xswarm = 4�xdyf + vdrifttg.

Successive positions of the layer elements were calculated based
on Eq. (8). The surface charge of the collector and the direct current
generated by moving ions from the narrow layer were calculated
from Eqs. (12) and (16). Eqs. (14) and (17) were used for calculation
of the total charge and the direct current. Those results constitute
output data from the IMS-AG program and may be saved in text
Fig. 9. Induced charge, current components and total current for lowered (5 V) and
normal (40 V) voltage between the aperture grid and the collector (a). Experimental
results of collector current measurements (b).
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ollector. The higher value of voltage corresponds to normal polar-
sation of the grid, guarantying appropriately high transmittance
about 80%). Pulses of the induced and direct currents have high
mplitude and are relatively short. For Ua–c voltage equals to 5 V
mplitude of the induced current is lower because changes of the
urface charge occur more slowly. Amplitude of the direct current
s also lower, which is caused by low grid transmittance (26%). An
nteresting phenomenon occurring for small voltages polarising the
rid is presence of two peaks in the drift time spectra. Explanation
f that effect is relatively simple. For high values of Ua–c voltage,
he drop of the induced current resulting from filling of the space
etween the grid and the collector by ions is compensated by fast

ncreasing direct current, which is generated by almost all the ions.
f the Ua–c voltage is low, then the direct current does not compen-
ate the drop of induced current because most of the ion charge is
ransferred to the grid electrodes.

Drift time spectra of reactant ions in the air measured with the
edIMS spectrometer for two different values of Ua–c voltage are

resented in Fig. 9b. It is noticeable by analysing graphs a and
that the proposed theoretical model allows prediction of basic

ffects evident from measurements. As Ua–c voltage increases the
mplitude and the area of the peak increase as well. That effect is
bviously associated with the relationship between transmittance
nd Ua–c voltage. Another phenomenon is shifting the peak maxi-
um towards the shorter drift times with increasing Ua–c voltage.

t is evident from both theoretical and experimental data.
The exact comparison of peak shapes obtained from measure-

ents and calculations is impossible because calculations were
ade for arbitrarily assumed distribution of space charge in a

warm in front of the grid. Furthermore, modeling was carried
ut for one kind of ions only, while there are three ionic species
ammonium, NO+(H2O)n and hydronium) in the experimental drift
ime spectra. However, theoretical calculations allow predicting
wo characteristic peak shape-related effects. Firstly, presence of
wo maxima in the drift time spectra, shown in Fig. 9a as a result
f calculations for small values of Ua–c voltage is experimentally
erifiable. That is clearly visible in Fig. 9b for Ua–c = 2.3 V and also
an be found in experimental data from the literature [17]. The sec-
nd qualitative effect associated with generation of current in the
ollector electrode is a slow increase of the current preceding a
haracteristic peak. That effect can be observed in results of calcu-
ations as well as in the experimental data. For both kinds of results
ntensity of the current preceding the peak is independent on the
a–c voltage.

. Conclusions

Phenomena occurring in the system of the aperture grid and
he collector electrode in the IMS detectors significantly influence

agnitude and shape of peaks in drift time spectra. The model of
rocesses related to generation of signal in the collector electrode
resented in this paper allows correct prediction of current pulse

hapes and estimation of signal parameters.

Development of a model of such accuracy required consider-
tion of two mechanisms of the collector current generation, i.e.,
lectrostatic induction and collection of ions. Those phenomena
ad to be described for aperture grid of determined structure with

[
[

f Mass Spectrometry 298 (2010) 55–63 63

electrodes of defined shape and dimensions, located in a defined
distance from the collector. It was necessary to solve mathemat-
ical problems in two-dimensional geometry. That approach gave
proper explanation of amplitude and the peak area relationships
with voltage between the grid and the collector. Determination of
shielding efficiency for different dimensions of the grid electrodes
was also possible.

Of course, every mathematical model is only an approxima-
tion of a real system. Complex three-dimensional models can also
be created for the ion collector and the aperture grid in the IMS
detector. Models of that kind may be justified for shapes of metal
electrodes in the drift section. Usually those electrodes have form
of rings with axis of symmetry perpendicular to the grid elec-
trodes. Calculations carried out for three-dimensional geometry are
much more complicated and analysis of obtained results is more
difficult. In the present study we have avoided those problems
using suitable correction for calculation of the charge induced in
the collector by ions moving deep in the drift section. Therefore
it was possible to determine shape of the initial part of current
pulse.

Effect of aperture grid and collector electrode structure on peak
width, i.e., on the resolving power, was not studied. It is possible to
perform such investigations by “computer experiments” with use
of IMS-AG program. Results obtained that way could be applied for
optimisation of construction of IMS detectors.
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