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Introduction

Electron capture detectors (ECDs), first introduced
by J.E. Lovelock in 1958 [1], are characterized by
their simple design and low limits of detection in the
pptv range for substances with high electron affinity
such as pesticides or halogenated compounds [1,2].
Thus, ECDs are often used in environmental analytics
[3]. In classical ECDs a radioactive ®3Ni foil is used to
ionize a carrier gas, e.g. nitrogen, generating thermal-
ized electrons. These electrons drift towards a detec-
tor in an electric field resulting in a constant electron
detector current. Analytes with sufficient electron af-
finity capture the thermalized electrons and are
flushed out of the ECD with the carrier gas flow. Thus,
the electron current reaching the detector is de-
creased and a measure for the analyte concentration.
Pulsed operation was later introduced by R.J. Maggs
et al. which increased the linear dynamic range to 10*
[4]. Usually, radioactive ionization sources are used
in ECDs because they require no maintenance and
no additional power supply. However, radioactive ma-
terials are subject to regulations and costs for dis-
posal. Therefore, despite the excellent detection lim-
its for substances with high electron affinities, today,
radioactive ECDs can be rarely found as detectors,
e.g. in gas chromatography (GC).

Existing alternatives to radioactive ionization
sources include non-radioactive electron sources
based on helium discharge and thermionic emission
[3,5-7]. Both methods show comparable results in
terms of detection limits and linearity but could not be
established, e.g. in GC. Helium discharge ionization
sources require additional periphery such as pumps,
helium gas and pulsed power supplies, and the avail-
able thermionic electron emitters cannot operate at
high temperatures needed for most GC applications.

Another approach to replace the radioactive
sources in ECDs is to use the ionizing radiation emit-
ted by low energy X-ray sources. Such X-ray sources
can be operated with an accelerating voltage of less
than 5 kV and are not subject to costly regulatory re-
quirements during operation. However, due to the dif-
ferent radiation characteristic, the ECD reaction re-
gion needs to be adapted.
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Experimental

The classical ECD uses a coaxial structure to form
the reaction chamber, as presented in Fig. 1. Elec-
trode 1 consists of a #Ni foil acting as the ionization
source and Electrode 2 in the middle as the detector
electrode. The carrier gas with the analytes eluting
from the GC column flows axially between the detec-
tor electrode and the ®3Ni foil through the reaction
chamber. For an increased gas flow for faster re-
sponse, or when using helium or hydrogen as carrier
gas, nitrogen can be added as make-up gas before
entering the ECD.

Make-up
4 gas
! |
H e e i
" ! !
> O —® . . VL carrier gas+
. @\, "',- analytes
i f t
' ] e
' 1
i
¥
Reaction
Gas outlet chamber

Reaction chamber of an ECD based on a
3Ni foil (1) with the detector electrode (2).

Fig. 1:

The radioactive 3~ decay of 63Ni generates high en-
ergetic electrons, which ionize the nitrogen mole-
cules. This eventually leads to a high amount of ther-
malized electrons. By applying an electric field by a
negative voltage U pointing from the detector elec-
trode to the 83Ni foil the thermalized electrons are ac-
celerated towards the detector electrode, leading to a
constant electron current on the detector. Now, elec-
tron affine analytes capture the electrons and are
flushed out by the gas flow. Thus, the electron current
decreases and the amplitude of the decrease is pro-
portional to the analyte concentration. The voltage U
can be pulsed to obtain a higher linearity of the ECD
(pulsed operation). Therefore, the measured electron
current is fed to a proportional-integral-derivative con-
troller (PID controller). This PID controller fixes the
electron current to a set point by applying the nega-
tive voltage U with a defined pulse length while
changing the pulse frequency. The Frequency
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change is then directly proportional to the analyte
concentration [1,2,4].

Alternatively, an X-ray source can be used to ionize
the carrier (or make-up) gas via photoionization [8,9]
and thus generating free electrons leading to thermal-
ized electrons. While the %3Ni foil emits high energetic
electrons from the entire inner surface, the X-ray
source just radiates X-rays via a plane outlet window.
Considering the radiation characteristic of the used X-
ray source the reaction chamber of the ECD based
on X-rays contains three ring electrodes while the X-
ray source is attached at one side of the reaction
chamber, see Fig. 2.
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Fig. 2: Reaction chamber of an ECD based on X-rays
with three ring electrodes: pusher electrode
(ring 1), detector electrode (ring 2) and block
electrode (ring 3).

Placed at the center axis, the X-ray source can ra-
diate into the whole reaction chamber. Therefore, the
inner diameter of the ring electrodes corresponds to
the size of the X-ray outlet window of the source. The
carrier gas, here nitrogen, containing the analytes is
directed through a capillary reaching into the reaction
chamber and enters the reaction chamber at the mid-
dle of ring 2. Due to the geometry of the chamber and
the opposing make-up gas flow entering at the X-ray
source, the analytes are flushed out through the gas
outlet. The X-ray source ionizes the carrier gas or the
make-up gas respectively and thus the required ther-
malized electrons are generated. By applying the
negative voltage U at the outer rings an electric field
pointing from the pusher electrode (ring 1) and the
block electrode (ring 3) to the detector electrode (ring
2) is generated. Thus, the thermalized electrons drift
against the analyte gas flow towards the middle of the
chamber, as shown in Fig. 2. Here, the electrons can
be captured by the analytes, resulting in a decreased
electron current at the detector electrode. Since the

" mls/min (milliliter standard per minute): mass flow at ref-
erence conditions 20° C and 1013 mbar.
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voltage U is applied at the block electrode the elec-
trons are prevented to be flushed out with the gas
flow.

The ionization capability of the X-ray source de-
pends on the energy density of the X-rays. Therefore,
the accelerating voltage Uacc and the filament current
s can be adjusted to set the energy density. A de-
tailed description of the dependency of the energy
density on the acceleration voltage and the filament
current can be found in [8,9].

To characterize the ECD using an X-ray source,
1,1,2-Trichloroethane (1,1,2-TCE) was chosen as a
model analyte. 1,1,2-TCE was mixed with nitrogen
and flushed through the reaction chamber with a flow
rate of 5 mls/min'. In addition, nitrogen was used as
the make-up gas with a flow of 10 mls/min, which re-
sults in a total flow of 15 mls/min through the reaction
chamber. For the following experiments, the voltage
U was typically set to an amplitude of =32 V. The
electron current was amplified by a transimpedance
amplifier [10], developed and adapted at our institute,
and read out by a Keysight 34461A multimeter with
an averaging time of 200 ms. The temperature of the
reaction chamber was 80 °C. The acceleration volt-
age was set to a constant value of Uacc = 4.9 kV and
the filament current to /i = 530 mA.

Results and Discussion

For a first benchmarking, the reached limit of detec-
tion and linearity of the ECD based on X-rays for
1,1,2-TCE were compared to classical ECDs. For
pulsed operation, the optimum pulse width and ampli-
tude U had to be determined at which most of the
electrons reach the detector, but no negative ions.
The maximum electron current difference was deter-
mined by varying U with and without an analyte in the
ECD.

However, the first measurements showed a posi-
tive detector current, which cannot be caused by elec-
trons or negative ions. To investigate this effect, the
X-ray source was disabled and the pulse frequency
was varied between 10 kHz and 200 kHz. With in-
creased pulse frequency an increased detector cur-
rent could be measured. This current is caused by a
parasitic capacitive effect due to the design with par-
allel ring electrodes leading to a significant displace-
ment current. This displacement current is directly op-
posite to the electron current, thus superimposing the
measurement signal.

Therefore, in order to reduce this displacement cur-
rent, the design was modified to resemble the classi-
cal radioactive ECD as shown in Fig. 3. Therefore, the
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analyte inlet capillary is connected to the transimped-
ance amplifier and thus used as the detector elec-
trode. The rings 1-3 are short-circuited and connected

to the voltage U as the pusher electrode.
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Fig. 3: Modified reaction chamber of the X-ray based
ECD with the analyte inlet capillary as the detec-
tor electrode.

Using the shown structure, the displacement cur-
rent is reduced to a negligible value and thus the elec-
tron current is measurable.

Now, the optimum pulse width and amplitude of U
using this improved setup were determined as de-
scribed above to U = =15V with a pulse width of
0.5 ps. These values are used in the following. The
resulting frequency change depending on the
1,1,2-TCE concentration is measured and shown in
Fig. 4 (orange dots).
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Fig. 4: Frequency change depending on the 1,1,2-trichlo-
roethane concentration using the X-ray ECD setup from
Fig. 3.

The linear regression for lower concentrations is
shown as blue dashed line. Using this regression, a
detection limit of about 4.5 ppby at an averaging time
of 200 ms is reached for 1,1,2-TCE, which is compa-
rable to the detection limit of radioactive ECDs for
1,1,2-TCE [11]. Furthermore, an approximately linear
behavior can be seen over a range from the detection
limit of 4.5 ppbv to a concentration of about 480 ppbv.
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This just results in a limited linear dynamic range of
about 102.

Conclusions

In this work we present preliminary results of an
ECD based on X-rays. A commercially available X-
ray source was chosen and operated at low acceler-
ating voltage of less than 5 kV avoiding costly regula-
tory requirements during operation. A detection limit
of about 4.5 ppby at an averaging time of 200 ms is
reached for 1,1,2-trichloroethane, which is compara-
ble to the detection limit of radioactive ECDs for
1,1,2-trichloroethane [11]. In terms of linearity, a lin-
ear dynamic range of 102 from 4.5 ppbv to 480 ppbv
has been achieved which in comparison to radioac-
tive ECDs is less by two orders of magnitude. Increas-
ing the linear dynamic range is part of ongoing re-
search.
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