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Abstract. Corona discharge ionization sources
are often used in ion mobility spectrometers
(IMS) when a non-radioactive ion source with
high ion currents is required. Typically, the corona
discharge is followed by a reaction region where
analyte ions are formed from the reactant ions. In
this work, we present a simple yet sufficiently
accurate model for predicting the ion current
available at the end of this reaction region when
operating at reduced pressure as in High Kinetic

Energy Ion Mobility Spectrometers (HiKE-IMS) or most IMS-MS instruments. It yields excellent qualitative
agreement with measurement results and is even able to calculate the ion current within an error of 15%.
Additional interesting findings of thismodel are the ion current at the end of the reaction region being independent
from the ion current generated by the corona discharge and the ion current in High Kinetic Energy Ion Mobility
Spectrometers (HiKE-IMS) growing quadratically when scaling down the length of the reaction region.
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Introduction

Many ion mobility spectrometers (IMS) use corona dis-
charge ionization sources followed by a reaction region

as a non-radioactive ionization source [1–7], a design first
introduced with coronaspray IMS by Hill et al. [8]. The major
disadvantage of a corona discharge ionization source is the
different reaction chemistry compared to radioactive ionization
sources, especially in the negative mode [9–11]. Nevertheless,
a corona discharge ionization source is non-radioactive and
able to generate significant ion currents in the range of several
tens of microamperes at the source, compared to a few hundred
picoamperes when using radioactive ionization sources. Thus,
corona discharge is an interesting ionization source for many
applications, especially for HiKE-IMS [12, 13], in which a
control over the reaction kinetics is possible and high ion
currents are necessary to maintain good sensitivity at reduced
pressures. However, the ion current available at the ion shutter

and not at the source is important for the sensitivity of an ion
mobility spectrometer. Increasing this current increases the
amount of ions that can be transferred into the drift region
and thus the signal-to-noise-ratio of peaks likewise, regardless
of losses inside the drift region.

Thegeneral setupofan ionmobility spectrometerwithacorona
discharge ionization source is shown in Fig. 1, consisting of a
corona needle, an optional counter electrode, a reaction region, a
drift region, an ion shutter separating the reaction region from the
drift region, and a detector. Ions are generated in the discharge
region at the corona needle tip and then travel towards the ion
shutter under the influence of the electric field applied to the
reaction region. While traveling through the reaction region, the
ionbeamexpands radiallydue todiffusionandcoulombrepulsion,
causing ions to be lost at the ring electrodes. At the ion shutter, the
ion beam is chopped into small segments (ion packets) containing
reactant and analyte ions that are subsequently separated inside the
drift region. The resulting ion current peaks at the detector are then
amplified by a transimpedance amplifier and recorded over time,
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leading to the ionmobilityspectrum. It isnoteworthy that this setup
is similar to those used with electrospray or Nickel-63 ionization
sources and thus the model developed here may be transferred to
other ion sources containing a reaction region.

Analytical Model
In order to describe the processes involved, a simple analytical
model is often the most applicable approach, as it reveals the
main relationships and can provide good estimations with little
effort. As a corona discharge is an ionization source with small
volume, being the plasma at the corona needle tip, but high ion
current, often several microamperes, coulomb repulsion can be
expected to be the major effect causing ion beam expansion.
Thus, the simplest approach is a model just considering cou-
lomb expansion of the ion beam while the ions travel through
the reaction region.

Let us consider an infinitesimally thin slice of this ion beam
as indicated by the blue rectangle in Fig. 2 and apply Gauss’
Law. This ion slice travels in-between two adjacent slices with
comparable ion density and diameter, as the ion beam expands
only gradually. Thus, the electric fields of adjacent ion slices in
the direction of travel and vice versa must compensate each
other, causing the electric field of the charge to extend only in
radial direction. This radial electric field at the circumference of
the ion beam Eion can be derived from Gauss’ Law by dividing
the charge inside the infinitesimally thin slice by its radial
surface area and the free space permittivity ε0 as shown by
Eq. 1. The charge per length is given by the ratio of the corona
ion current Icor to the velocity of the ion slice vion. This can be
seen from the current being the amount of charge passing per
time and the velocity being the length covered per time. The
velocity can be expressed through the ion mobility K and the
electric field strength applied to the reaction region ERR. The
radial surface area per length is simply 2π times the radius of
the ion beam r.

Eion ¼ I cor d

vion

1

2πr d
1

ε0
¼ Icor

2πr ε0 KERR
ð1Þ

In the next step, the radial motion of the ion slice’s circum-
ference will be considered. It is the time derivative of the radius
of the ion beam and depends on the ions’ mobility and the
radial field generated by the ions as given by Eq. 2.

dr

dt
¼ KEion ¼ I cor

2πr ε0 ERR
ð2Þ

Solving this differential equation by separation of variables
leads to Eq. 3, which specifies the radius of the ion beam as a
function of time t.

r tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Icor t

π ε0 ERR

r
ð3Þ

Assuming that the ion current is equally distributed across
this radius leads to Eq. 4 specifying the current density J
inside the ion beam. The calculated radius of the ion beam
may extend beyond the actual radius of the reaction region.
In this case, the outer ions are discharged at the ring elec-
trodes. However, as the detector usually has a smaller diam-
eter than the reaction and drift region, this should not affect
the ions actually being detected. It is especially noteworthy

Figure 1. Schematic setup of an IMS with a corona discharge ionization source

Figure 2. Depiction of the ion beam expanding from the coro-
na needle
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that the corona discharge current cancels out, as a larger ion
current leads to equally larger repulsion.

J ¼ Icor
π r2

¼ ε0 ERR

tRR
ð4Þ

The time tRR spent inside the reaction region with length LRR
can be calculated using the reduced mobility K0, leading to Eq.
5. The first factor can be expressed through a constant c = ε0K0

N0, while the second factor can be rewritten to include the
reduced field strength E/N. This is a more useful notation, as
practically all gas phase ion processes depend on the reduced
field strength and not on the electric field strength.

J ¼ ε0K0N0
ERR

2

N LRR
¼ c

ERR

N

� �2 N

LRR
ð5Þ

The interpretation of Eq. 5 leads to several important con-
nections. First, as already noted, the ion current at the end of the
reaction region is independent from the corona discharge

current. This will of course only hold for corona discharge
currents high enough to lead to an ion beam larger than the
detector through expansion by coulomb repulsion. As soon as
the reduced field strength is high enough to guide all ions to the
detector, the ion current obviously cannot rise any further.
Second, the ion current grows quadratically with increasing
reduced field strength, as the ion beam has less time to expand
by coulomb repulsion and the higher ion velocity reduces the
ion density. This agrees well with the experimental results of
Tabrizchi et al. [1] and An et al. [14], who both observed a
quadratic increase in ion current with increasing applied volt-
age. Third, in HiKE-IMS, where the reduced field strength E/N
is an experimental parameter used to control the ion chemistry,
the pressure inside the device is inversely proportional to the
length at a constant available voltage [15]. Thus, reducing the
length and increasing the pressure in HiKE-IMS would result
in a quadratically increasing ion current at the same reduced
field strength E/N.

So far, only the ion transmission through the reaction region
has been considered. However, for a complete model, the
transmission through the ion shutter grids also has to be taken
into account. On the one hand, this of course depends on the
opening duration and mobility discrimination. These are most-
ly operational parameters of the ion shutter. On the other hand,
ion shutters in the open state are practically metallic grids. The
transmission through such grids also leads to losses, causing
the ion current transmitted through the ion shutter even in the
open state to be lower than the current arriving at the ion
shutter. A good estimation developed in previous models is
the transmission being the product of a transparency factor
ctrans (which is not the optical transparency) and the ratio of
the electric field behind the ion shutter to the electric field in
front of the ion shutter [1, 16, 17]. This leads to Eq. 6. It is
assumed that the ion loss when passing the ion shutter mini-
mizes further ion beam expansion by coulomb repulsion inside

Figure 3. Current density at the end of the reaction region for different corona discharge currents (left) and different pressures (right)

Table 1. Operational parameters

Parameter Value

Reaction region length 41, 77, 91, 127 mm
Drift region length 41, 77 mm
Corona discharge current 5–30 μA
Reaction region reduced field 20–125 Td
Drift region reduced field 20–150 Td
Operating pressure 6.5–80 mbar
Drift gas flow 10 ml/min

(at 1013 mbar/20 °C)
Drift gas dew point −90 °C

(90 ppbv water vapor
concentration)

Operating temperature 25 °C
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the drift region due to reduced ion density. Thus, all ions
transmitted through the ion shutter would arrive at the detector.

J det ¼ ctrans
EDR

ERR
J ¼ ctrans c

ERR

N

EDR

N

N

LRR
ð6Þ

Experimental Setup
Two different experimental setups were used to verify Eq. 5
and Eq. 6. First, the detector was placed directly in front of the
ion shutter in order to measure the ion current arriving at the ion

shutter at the end of the reaction region under different exper-
imental conditions. Second, a drift tube was added behind the
ion shutter to measure the ion current after ion loss caused by
the ion shutter.

The corona voltage was supplied by a FUG HCP-35-
20000 power supply operated in current-controlled mode.
All other voltages were supplied by homemade power sup-
plies. The setup was evacuated by a Pfeiffer MVP 040
membrane pump and the resulting pressure was monitored
using a Pfeiffer CMR 362 pressure gauge. The ion current

Figure 4. Current density at the end of the reaction region for different lengths, pressures and corona currents. The blue dashed line
shows a fit to all measurement values, while the dotted red line is calculated from Eq. 5

Figure 5. Different values of the constant c calculated from
each single measurement in Figure 4 as a function of the re-
duced field strength

Figure 6. Relative ion transmission through the open ion shut-
ter depending on the ratio of the reduced field strength in the
drift region to the reduced field strength in the reaction region.
The blue dashed line is an estimation for a linear ion
transmission
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was amplified using a FEMTO DLPCA-200 current ampli-
fier set to a bandwidth of 10 Hz, as only DC currents need to
be measured. All other operational parameters are summa-
rized in Table 1.

Results and Discussion
The left-hand side of Fig. 3 depicts the measured ion current
density at the end of the reaction region for six different corona
currents. For all measurements, a reaction region length of 77 mm
and a pressure of 15 mbar were used. The reduced field strength
was swept from 30 Td to 125 Td. No analytes were introduced
and thus all ions correspond to the reactant ion species generated
by the corona discharge. The x-axis is scaled according to Eq. 5,
which should align all measurements onto a single straight line
through the origin. It can be seen that all measurements agree very
well with Eq. 5 without any dependence on the corona discharge
currents.Most likely, there is aminimum corona discharge current
required for the presented model to be valid; however, lower
corona discharge currents could not be used as the power supply
was not able to run a stable corona discharge at lower currents.

Furthermore, measurements at six different pressures were
compared as shown on the right-hand side of Fig. 3. A reaction
region length of 77mm and a constant corona discharge current
of 15 μAwere used. The reduced field strength was swept from
25 Td to 120 Td. Again, the normalization remains valid across
the whole measurement range.

Having verified Eq. 5 with respect to the corona discharge
current and pressure, all measurements were repeated using
four different reaction region lengths. The results are shown in
Fig. 4. Measurements with the same reaction region length
have the same color. In total, 151 measurements are shown in
Fig. 4. While slight variations between all the different mea-
surement parameter permutations occur, the agreement be-
tween all the measurements is still excellent.

Furthermore, both a linear fit through all the measurements
(cmeas) and a graph (ccalc) calculated according to Eq. 5 with a

reduced mobility of K0 = 2.2 cm2 V−1 s−1 [12] are shown. The
fitted constant is 4.65E + 10 AV−2 m−2, while the calculated
value is 5.23E + 10 AV−2 m−2, which is an error of just 12%.
The spread of the measured values around the linear fit is also
within ±15%. Considering the simplicity of the usedmodel, the
agreement is impressive. Nevertheless, one factor not taken
into account so far is the ion mobility changing at high reduced
field strengths.

Figure 5 shows the values of the constant c calculated from
each single measurement from Fig. 4 and plotted against the
reduced field strength. It can be seen that all values fit more or
less to a common function, indicating that the error is indeed a
function of the reduced field strength. The most likely candi-
date is, as stated before, the field dependence of the reduced
mobility.

So far, only the ion current at the end of the reaction region
was studied. Now, these measured current values were com-
pared withmeasured current values at the end of the drift region
under the same conditions. The ratio of both ion currents,
corresponding to the ion transmission through the ion shutter,
is shown in Fig. 6. As predicted, the ion transmission through
the ion shutter initially increases linearly with the ratio of the
reduced field strength in the drift region to the reduced field
strength in the reaction region. However, for higher values of
EDR/ERR, the transmission starts to saturate. Nevertheless, Eq.
6 should predict the ion current density at the detector up to
high ratios of EDR/ERR with an acceptable error.

As shown in Fig. 7, this is indeed the case. When normal-
ized according to Eq. 6, all measurements show low deviation
from the linear fit. Thus, even the transmission through the ion
shutter is predicted reasonably by the model.

Conclusion
In this paper, we present a simple yet sufficiently accurate
analytical model for predicting the ion current of ion mobility
spectrometers operated at low pressure, both at the ion shutter

Figure 7. Current density at the detector for different pressures and corona currents. The blue dashed line is a linear fit to all
measurement data
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at the end of the reaction region and at the detector at the end of
the drift region. These findings apply primarily to High Kinetic
Energy Ion Mobility Spectrometry (HiKE-IMS) or most IMS-
MS instruments with ionization sources that require a certain
reaction region length. In particular, the model considers the
ion current generated by a corona discharge source, ion losses
in the reaction region due to ion beam expansion caused by
coulomb repulsion and ion losses at the ion shutter. Both
qualitative and quantitative predictions are possible, being a
useful tool for instrument design. Especially for the optimiza-
tion of HiKE-IMS, the model gives important information, as it
predicts a quadratically growing ion current with system
miniaturization.
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