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Abstract

Ion mobility spectrometers (IMS) are able to detect ppty-level concentrations of substances in gasses and in liquids within
seconds. Due to the continuous increase in analytical performance and reduction of the instrument size, IMS are established
nowadays in a variety of analytical field applications. In order to reduce the manufacturing effort and further enhance their
widespread use, we have developed a simple manufacturing process for drift tubes based on a composite material. This composite
material consists of alternating layers of metal sheets and insulator material, which are connected to each other in a mechanically
stable and gastight manner. Furthermore, this approach allows the production of ion drift tubes in just a few steps from a single
piece of material, thus reducing the manufacturing costs and efforts. Here, a drift tube ion mobility spectrometer based on such a
composite material is presented. Although its outer dimensions are just 15 mm X 15 mm in cross section and 57 mm in length, it
has high resolving power of R,, = 62 and detection limits in the ppty-range, demonstrated for ethanol and 1,2,3-trichloropropane.
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Introduction

Ion mobility spectrometers (IMS) are compact analytical in-
struments, mainly for the rapid detection of volatile and semi-
volatile substances at trace levels in the range of ppty (parts-
per-trillion by volume) within a few seconds [1, 2]. Equipped
with electrospray ionization, IMS are also used for measuring
larger molecules in liquids [3—5]. Drift tube IMS separate ions
in the gas phase under the influence of a homogeneous electric
field. A basic setup of a drift tube IMS is shown in Fig. 1. For
analysis, the sample is ionized by an ionization source. The
ionized sample is then injected into the drift region.
Subsequently, driven by the electric field, ions move along
the axis of a drift tube through a neutral drift gas and are
separated according to their ion mobility. At the end of the
ion drift tube, the ions discharge at a detector, often a Faraday
plate, and the resulting ion current is recorded over time giving
an ion mobility spectrum. At low electric fields, the ion

P< André Ahrens
ahrens @geml.uni-hannover.de

Institute of Electrical Engineering and Measurement Technology,
Department of Sensors and Measurement Technology, Leibniz
University Hannover, Appelstr. 9A, 30167 Hannover, Germany

mobility K is a constant. It is defined as the proportionality
factor between the drift velocity v, of the ions and the electric
field strength £ [6]. As shown in Eq. (1), the ion mobility can
thus be derived from the length L of drift tube, the drift voltage
U, and the drift time ¢,.
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(1)

According to the comprehensive theoretical studies of
Mason and McDaniel [7], the ion mobility depends mainly
on the ion-neutral pair collision cross section and the ion mass.
Typically, for comparable results, it is given as reduced ion
mobility K (see Eq. (2)). To correct the influence of a chang-
ing number of neutral gas molecules per volume due to pres-
sure or temperature variations, the ion mobility is normalized
to the standard temperature 7, = 273.15 K and the standard
pressure py = 1013.25 hPa [6].

T
Ko=K.--2. 2 2)

T po
Two major performance factors of IMS are the detection
limits and the resolving power R,,. Here, the latter is defined
according to the time-of-flight mass spectrometry definition
[8] as the drift time #; of a peak in an ion mobility spectrum,
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divided by the full peak width wzy, at half of its maximum
(see Eq. (3)).

tq
R, = 3
i r— 3)

Furthermore, detection limits often are given based on the
3¢ definition. In particular, the detection limit of a substance is
a calculated concentration giving a signal amplitude three
times higher than the standard deviation of the zero signal
noise.

Due to their fast response times in the range of a few sec-
onds, IMS are used in a variety of applications, including the
environmental, medical and, in particular, safety and security
sector [9—15]. Monitoring large areas, buildings or crowds of
people usually requires a larger number of devices to obtain
fast and broad situational awareness. However, acquisition
costs increase with the number of devices. One major cost
factor is the ion drift tube. In particular, drift tubes often con-
sist of a large number of individual components that have to
be manufactured and assembled, such as multiple drift elec-
trodes and insulators. These electrodes are usually arranged at
equal distances and are applied to defined electric potentials
by means of a resistive voltage divider.

The optimum ratio between drift electrode width and insu-
lating space has already been investigated by Bohnhorst et al.
[16]. Another challenge in the construction of ion drift tubes is
a gastight design to ensure that no contaminants from outside
enter the system and affect the measurement results. To
achieve this, either drift electrodes and insulators are stacked
and each element is sealed against each other or they are
installed in a gastight tube [17-19].

In the past, various designs have been published, how com-
pact drift tube IMS can be manufactured with less effort.
These attempts include the processing of drift electrode-
insulator structures on low temperature co-fired ceramics
(LTCCs) or standard printed circuit boards (PCBs) [16, 20].
Aiming for less components, IMS based on resistive glass
tubes (RGTs) and resistive-coated ceramic tubes have also
been reported [21, 22]. Another approach for a small and easy
to manufacture drift tube IMS is soldering bended metal strips
on a PCB [23, 24].

In order to reduce the number of production steps and thus
the manufacturing costs of ion drift tubes, we present a novel
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Fig. 1 Basic setup of a drift tube
IMS (left) and an exemplary

approach, which allows to manufacture ion drift tubes from a
block of a composite material in only a few simple steps [25]. In
the production process, structured metal sheets (e.g. stainless
steel sheets) and an insulation material are layered alternately.
The insulation material can e.g. be a solidified thermoplastic that
has adhered to the metal at melted stage or an epoxy resin that
bonds the metal when cured. First measurements using an IMS
with a composite material based ion drift tube show high resolv-
ing power of R, = 62 and detection limits in the ppty-range for
ethanol and 1,2,3-trichloropropane as a model substances.

Experimental

IMS drift tubes are often composed of a stacked, alternating
arrangement of drift electrodes and insulators. With this struc-
ture in mind, we have developed a manufacturing approach
based on a composite material for ion drift tubes that reduces
the high production effort by eliminating the need to manu-
facture and assemble multiple individual parts. In this ap-
proach, the composite material already provides the alternat-
ing layer structure. For its production, metal sheets and insu-
lation material are alternately layered and joined in a gastight
manner. Subsequently, a bore orientated normal to the alter-
nating layers forms the drift region. A step-by-step sequence
of the individual production steps from the very first design to
the complete drift tube IMS is depicted in Fig. 2.

Step 1 - material

First of all, the materials for the later drift tube and hence for
the composite material to be produced are determined. The
composite material characteristics should meet the require-
ments for high analytical performance of IMS drift tubes, al-
low easy machining, and provide sufficient mechanical
strength. In detail, the requirements for an ion drift tubes are
a gastight construction as well as materials, which are chem-
ically inert and have low outgassing rates. Additionally, the
drift electrodes must be electrically conductive and the insu-
lator material must have a sufficient dielectric strength. Thus,
stainless steel is particularly suitable for the drift electrodes.
The insulation material can consist of any suitable plastic ma-
terial, which is capable of wetting the metal layers at one time
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Fig. 2 Production steps to manufacture a composite material based ion drift tube

and thus forming a gastight bond after curing or solidification.
Nowadays, for example the high-performance plastic
polyether ether ketone (PEEK) can be deposited on stainless
steel by flame spraying or electrophoretic deposition. Both
materials have been used successfully for IMS manufacturing
in the past[23, 26]. But also less complex to process materials,
like commercially available adhesives, are suitable. In this
work, a heat-curing adhesive (DELO MONOPOX AD 066
by Delo, Windach, Germany) is used as insulation material.

To support easy machining and to create sufficient mechan-
ical strength, the metal layers can be pre-structured with cut-
outs. Today, this is done cost-effectively by laser cutting, water
jet cutting or milling. Figure 3, left shows a detailed sketch of
the cutout pattern on a drift electrode used in this work.

* '

00°0C
—2
&

16,00

d *
* 20,00

-] —

Fig. 3 Left: Detailed layout of a single drift electrode with cutouts for
easy layer alignment and drilling (a), thread insulation (b), and
mechanical strength incensement (c). The final outer shape (15 mm x
15 mm) after machining of the ion the drift tube is given by the dashed
line (d). Right: Spacer for insulation layer

Here, the individual cutouts fulfill various tasks. The cutout
of the later drift region (see Fig. 3(a)) is necessary to align the
metal layers in step 2. If the detector and reaction chamber at a
later stage are attached by screws to the drift tube, it must be
taken into account that metal screws are unsuitable due to their
electrical conductivity. They would short-out the individual
drift electrodes during IMS operation and thus, cause an inho-
mogeneous electric drift field. To avoid this, either plastic
screws can be used or the metal layers can be cut out at the
points where threads are formed later, as shown in Fig. 3(b).
This way the threads are cut completely into insulation mate-
rial and are thus insulated against the electrodes. Cutouts as
depicted in Fig. 3(c) are for increased mechanical strength of
the composite material by forming an inner skeleton in order
to absorb the forces occurring during the mechanical process-
ing like drilling or milling. The latter type of cutouts also has
an additional positive effect on the mechanical strength of the
drift tube during operation.

The thickness of a metal layer corresponds to the width ofa
later drift electrode. Similarly, the thickness of the insulation
layer corresponds to the later distance between the drift elec-
trodes. In order to ensure a constant insulation layer thickness
during assembly, simple spacers are designed in addition to
the drift electrodes, see Fig. 3 (right). The spacers in this work
consist of simple frames whose inner cutout is slightly larger
than the later outer dimensions of the ion drift tube. Thus, the
spacers will be automatically removed in step 4 by milling the
outer shape.

In this work 29 stainless steel sheets (type 1.4301 corre-
sponding to DIN EN 10027-2) with a thickness of 1 mm
according to the cutout pattern in Fig. 3 are used to form the
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composite material. The spacers are also made of stainless
steel with a thickness of 0.3 mm. All stainless steel parts are
laser cut and purchased from Laserhub GmbH, Stuttgart,
Germany.

Step 2 - stacking

After cleaning of all metal layers with isopropyl alcohol to
ensure good adhesion of the insulation material, the metal
layers and spacers are alternately threaded onto a threaded
rod. In the end of this step, the threaded rod is used for press-
ing the composite material block together during the curing
process. The gaps formed by the cutouts in each metal layer
are periodically filled with insulation material. Since the insu-
lation material used is liquid during processing, it is recom-
mended to provide the first and the last metal layer without
any cutouts than the one in center. These two additional layers
will be removed in step 4. The leakage of liquid insulation
material at the sides of the block is prevented by the spacers
due to their frame shape forming a chamber. After positioning
the last layer, the block of material is fixed to the threaded rod
with two nuts. Due to this pressure, the final insulation layers
are approximately at the same thickness as the spacers. At last,
curing is carried out for 60 min at 100 °C in an oven. When
using a thermoplastic insulation material, the procedure is
more complex, since metal layers and insulation material must
have the right temperatures for a reliable bound and melted
plastics are more difficult to handle.

Step 3 - composite

A material block of the composite material is created.
Although the process for a single drift tube is described in this
paper, the manufacturing process can be easily transferred to
several drift tubes in parallel. For this, only the metal
layers and spacers have to be adapted during the design phase
in step 1. As an example, a metal layer composed of four by
four parallel drift tubes is shown in Fig. 4. This illustrates the
massive reduction in manufacturing effort, since steps 1 to 3
are the same for a single one or sixteen drift tubes at once.

Step 4 - ion drift tube

After the insulation material is cured or solidified, the com-
posite material block is machined. In detail, the drift region of
the ion drift tube is formed by drilling a hole along the axis of
the threaded rod, which thus is removed at the same time.
Additionally, threads are cut for mounting the reaction cham-
ber and detector as well as a hole for the waste-capillary is
drilled. Also the auxiliary structures such as spacers and first
and last metal layer (see step 2) are removed. If several parallel
drift tubes are manufactured (as depicted in Fig. 4), they will
be separated in this step.
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Fig.4 Exemplary milled metal layer (1 mm in thickness) with a pattern of
four times four single drift electrodes, forming sixteen ion drift tubes
when processed to a composite material block

Step 5 - IMS

In this step, a detector and a reaction chamber necessary for
the operation of a drift tube IMS are assembled. Finally, Fig. 5
shows an exemplary IMS with a drift tube manufactured of
such a composite material, a PEEK reaction chamber and a
detector based on a PCB. The entire IMS has outer dimensions
of only 15 mm % 15 mm in cross-section and 57 mm in length.

The ionization source, used in this work is a tritium source
with an activity of 130 MBq. Once a gaseous sample is ion-
ized, the ion cloud is transferred from the reaction chamber to
the drift region by a field switching shutter [27]. For this, an
injection field 0f 282.5 V/mm and a blocking field of —0.25 V/
mm and 0.45 V/mm in positive ion mode and in negative
ion mode is used, respectively. The drift length of the IMS is
L =38.1 mm by counting 29 layers. With a metal layer thick-
ness of | mm and an insulation layer thickness of 0.3 mm a
drift length of 37.4 mm is expected. Nevertheless, the differ-
ence is caused by manufacturing tolerances of the composite
material block. The detector, a Faraday plate, at the end of the
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Fig. 5 Compact IMS with a drift tube made from a composite material

(DELO MONOPOX AD 066 as insulation material). Outer dimensions
are only 15 mm x 15 mm in cross-section and 57 mm in length
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drift region is made from a common PCB and has been taken
from an earlier measurement setup, like the reaction chamber
with slight modifications and also the ionization source [23].

The drift region is continuously flushed by 120 mly/min
(mass flow reference conditions 20 °C and 1013.25 hPa) pu-
rified, dry (dew point of =90 °C) air as drift gas. The sample
carrier gas flow is 10 mly/min. A gas mixing system connected
to a permeation oven (Dynacalibrator Model 150 by Vici
Metronics Inc., Poulsbo, WA, USA) is used to set the sample
concentration in the sample carrier gas. This system allows
further dilution of defined fractions of the permeation oven
gas flow with purified gas in a controlled manner to obtain the
desired concentrations. Mass flow controllers (EL-FLOW
SELECT by Bronkhorst, Kamen, Germany) are used to con-
trol the gas flows. The permeation oven is loaded with home-
made permeation tubes filled with chemicals purchased from
Sigma-Aldrich with a purity of >99%. The masses of the
permeation tubes are monitored over days up to weeks, as
there is just a slight mass reduction over time. Due to the very
low concentration of compounds in the sample carrier gas,
surface adsorption effects need to be considered. Depending
on the adsorption characteristics of the respective compound,
the setting times for each concentration ranges from a few
minutes for highly volatile substances to several hours and
even days for sticky, semi-volatile substances. Further errors
in gas dosing result from the errors of the mass flow control-
lers and the scale to measure the mass of the permeation tubes.

Since the drift electrodes are accessible from the outside
due to the composite material in this setup, the individual
electrodes are electrically connected through direct soldering
on a PCB containing a resistive voltage divider. This easy
electrical connection to the electronic driver circuit leads to a
drift tube integration similar to surface mounted device

Table 1 Dimensions and operating parameters of the IMS
Parameter Value

Ionization source Tritium

Ionization source activity 130 MBq

Ionization source active diameter 10 mm

Field switching injection field 282.5 V/mm

Field switching blocking field —0.25 V/mm and 0.45 V/mm
Dirift length L 38.1 mm

Drift region diameter 8 mm

Drift region field 63.5 V/mm
Repetition rate 40 Hz

Drift gas flow 120 mlg /min
Sample carrier gas flow 10 mly/min

Dew point of drift gas and sample gas ~ —90 °C

Inner IMS pressure p 996 hPa — 1046 hPa
IMS operating temperature 7’ 23 °C-25°C
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Fig. 6 Positive (top) and negative (bottom) reactant ion Peak (RIP) in
purified, dry (dew point —90 °C) air. Measuring parameters see Table 1
(and p =996 hPa, T =25 °C)

(SMD) components. In addition, the exposed drift electrodes
offer direct heat transfer from an outer heat source into the
drift tube if required. However, this has been omitted for mea-
surements in this work.

The dimensions and operating parameters of the IMS are
summarized in Table 1.
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Fig. 7 Ion mobility spectrum of 530 ppty ethanol in purified, dry air.
Parameters see Table 1 (and p = 1046 hPa, 7' = 23 °C); monomer K, =
1.89 cm?/(Vs); dimer K = 1.73 cm?/(Vs)
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Results and discussion

To characterize the drift tube, the resolving power and the
detection limits of ethanol and 1,2,3-trichloropropane are de-
termined. In the following measurements, purified dry air
(dew point of =90 °C) is used as drift and sample carrier gas.

The resolving power of the IMS is determined based on the
positive reactant ion peak (RIP) mainly consisting of protonated
water clusters H*(H»0),, under the used operating conditions [6,
28]. Figure 6 top shows the ion mobility spectrum of purified
dry air in positive ion mode. The resolving power of the dom-
inating positive RIP at a drift time of #;,=2.77 ms is Rp = 62. The
reduced ion mobility of the positive RIP is Ky = 1.95 em?/(Vs).

Similarly, Fig. 6 bottom shows the ion mobility spectrum
of purified dry air in negative ion mode. The resolving power
of the dominating negative RIP at a drift time of z;=2.58 ms is
Rp = 60. Its reduced ion mobility is Ky = 2.1 cmz/(Vs).

As mentioned above, ethanol and 1,2,3-trichloropropane
have been used as exemplary substances. An ion mobility
spectrum of 530 ppty ethanol is shown in Fig. 7. To determine
the detection limit of ethanol, the peak amplitude of the etha-
nol monomer is recorded while varying the concentration of
ethanol in the sample gas between 20 ppty and 530 ppty. In
Fig. 8 left, the measured peak amplitudes are plotted against
the concentration of ethanol in the sample gas.

Taken into account a noise level of o = 1.8 pA for an aver-
aging time of one second, detection limits of 50 ppty and 550
ppby for the ethanol monomer and dimer are calculated based
on the 3¢ definition. The calibration curve for the ethanol
monomer is shown in Fig. 8 (left).

Similarly, the detection limit of 1,2,3-trichloropropane is
determined. The calibration curve of 1,2,3-trichloropropane
is shown in Fig. 8 (right). Again, for an averaging time of
one second, the detection limit of 1,2,3-trichloropropane is
calculated to 200 ppty.

Conclusion

In this work, we presented a novel approach for easy and cost-
reduced manufacturing of drift tubes for IMS based on a
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composite material consisting of alternating layers of metal
sheets and insulator material, which are connected in a me-
chanically stable and gastight manner. As a first benchmark, a
high-performance drift tube IMS with 38.1 mm drift length,
only 15 mm x 15 mm cross-section and 57 mm in overall
length (outer dimensions) has been realized using such a com-
posite material. This demonstrator shows high resolving pow-
er of R, = 62 and detection limits for the ethanol monomer of
50 ppty and the ethanol dimer of 550 ppty, measured in puri-
fied dry air with an averaging time of one second.
Additionally, a detection limit of 200 ppty for 1,2,3-
trichloropropane has been determined, again measured in pu-
rified dry air with an averaging time of one second. The pro-
posed composite material allows the production of a single
drift tube, but also the parallel production of several drift tubes
in one process.
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