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Abstract

In process analytical chemistry, mass spectrometry analysis using a soft electron ionization (EI) source
has qualitative advantages. However, the relatively small ionization cross-section of soft EI leads to lower
sensitivity. To address this issue, a novel method has been developed to enhance the sensitivity of soft EI
by utilizing a dual electron repeller and an ionization chamber to form a U-shaped electric field, causing
electrons to oscillate within the field and effectively increasing the electron collision cross-sectional area. By
combining with an electron lens, the virtual cathode effect at low electron energy can be reduced or even
eliminated, thereby improving ionization efficiency. This method has resulted in a significant increase in
signal intensity for m/z 18(H,O), with a factor of 4.2 at an electron energy of 25 eV and a factor of 3.75
at 20 eV, compared to the electron receiving mode. Additionally, it reduces the required emission current,
which is beneficial for prolonging the life of the filament. The proposed technique is expected to expand the
application of soft EI, particularly for rapid online analysis in process analytical chemistry such as catalyst
research and chemical reaction process monitoring.
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1. Introduction

Mass spectrometry (MS) is a widely used technique in process analysis due to its high
sensitivity, specificity, fast detection, and strong qualitative ability. The core of MS analysis is the
detection of ions, which are charged particles formed when molecules, atoms, or atomic groups,
lose or gain one or more electrons. Therefore, ions are essentially another form of molecules, atoms,
or atomic groups, such as molecular ions, protonated molecular ions (M* and [M+H]*), fragment
ions (M} and M7), and adduct ions ((M+NH4]* and [M+Na]"). Since these ions represent the
structural information of the substance, MS has strong qualitative capabilities. Additionally, the
abundant data available in mass spectrometry libraries can be utilized for compound identification.
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When ionization occurs, all substances in a sample are ionized simultaneously. This results
in the entry of ions of varying mass-to-charge into the mass analyser, which poses a significant
challenge for analysis. Due to the potential overlap of molecular ions and fragment ions from
different substances, mass spectrometry may struggle to distinguish between ions from different
sources, making qualitative and quantitative analysis difficult. One way to solve this problem is
to use tandem techniques, such as combining chromatography with mass spectrometry, like gas
chromatography-mass spectrometry (GC-MS). The mixture is first separated by gas chromatography
and then detected by mass spectrometry. However, this method may not be suitable for real-time
detection due to the time required for separation. Another popular way to avoid overlapping is to
use soft ionization technology, which has low ionization energy and detects only molecular ions
without interference from fragment ions. This results in simple and easy-to-distinguish MS peaks,
making it easier to perform qualitative analysis by molecular weight.

Soft ionization technology encompasses various techniques such as Chemical Ionization
(CD [1-4], Electrospray lonization (ESI) [5-8], Atmospheric Pressure Chemical lonization
(APCI) [9-14], Desorption Electrospray lonization (DESI)) [15—17], Direct Analysis in Real Time
(DART) [18-23], Dielectric Barrier Discharge lonization (DBDI) [24-26], and Single Photon
lonization (SPI) [27-31]. However, CI is not suitable for online industrial applications due to
its reliance on a reaction gas and inferior stability compared to EI. Similarly, EST and other
soft ionization technologies are primarily used for polar molecules, making them unsuitable for
detecting nonpolar and weak polar small molecules in online industrial settings. Currently, EI
remains the primary ionization source in online industrial analysis. While EI works efficiently at
70 eV in the hard ionization mode, its ionization energy can be easily adjusted to operate in the
soft ionization mode [32-37]. Nonetheless, as electron energy decreases, the sensitivity of the EI
source also diminishes accordingly.

The fundamental principle of EI source is to accelerate electrons that overflow from a hot
cathode under the influence of an electric field. These electrons then collide with molecules in
the gas phase, leading to their ionization. This interaction between electrons and molecules is
a fundamental process in collision physics. Due to its significance in collision dynamics and
practical applications, numerous theoretical and experimental studies have been conducted on this
process. For instance, at the end of the 20th century, Ehrhardt [38] and Straub [39—41] carried
out experiments on electron energy and collision cross-sections with various gas molecules. In
2000, Deutsch summarized the progress in theoretical calculations of electron impact ionization
cross-section area [42]. The results indicated that the effective collision cross-section of electrons
and gas molecules decreases when the electron energy is low, reducing the probability of gas
molecule ionization and ionization efficiency. This phenomenon occurs because EI source operates
in a low-energy mode, resulting in a reduced collision cross-section area and weakened ionization
efficiency. Consequently, soft EI applications in mass spectrometry are rarely reported.

The collision cross-section is the parameter for a single collision between each electron and
molecule. Increasing the number of collisions between electrons and molecules is equivalent to
increasing the collision cross-section of a single electron. Consequently, increasing the number
of collisions can enhance the probability of electron collision ionization, thereby improving the
utilization rate of electrons and consequently, the ionization efficiency.

This research proposes a novel method for developing a soft EI source with enhanced sensitivity.
The proposed approach employs a U-shaped electric field to oscillate electrons back and forth
within the ionization chamber, thereby extending the length of their motion path. This increases the
probability of collisions between electrons and gas molecules, effectively increasing the collision
cross-sectional area of electrons, and consequently improving the sensitivity of mass spectrometry.
However, as electron energy decreases, the electric field force acting on electrons weakens, causing
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their velocity to diminish. Consequently, electrons fail to reach the anode, forming a spatial barrier
near the surface of the hot cathode known as the "virtual cathode" [43—48]. This virtual cathode
significantly impedes the movement of electrons towards the interior of the ionization chamber,
adversely affecting ionization efficiency. In this study, the impact of virtual cathode was eliminated
by incorporating an electron lens. This led to a substantial enhancement in signal intensity for
m/z 18 (H20), with a factor of 4.2 at an electron energy of 25 eV and a factor of 3.75 at 20 eV, as
compared to the electron receiving mode. This technology can significantly improve ionization
efficiency at low electron energies, making soft EI more practical.

2. Experimental section

The experiment is based on a custom-built fast online mass spectrometer [49] (Fig. 1). The EI
source features a cross-beam structure with dual filaments where the two filaments are positioned
relative to each other. Each filament is equipped with an electron repeller that propels electrons
towards the ionization chamber. Two magnets are respectively placed outside the two filaments to
form a magnetic field coaxial with the direction of electron motion. The profile of the EI source is
shown in Fig. 2.
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Fig. 1. Structure diagram of custom-built fast online mass spectrometer.

Fig. 2. Structure diagram of the EI source.

These two filaments do not operate simultaneously. While one filament is active, the other
can function in either the electron reception mode or the electron repulsion mode. In the electron
reception mode, the electron repeller is grounded, and a microampere meter is connected in series
to measure the received electrons. The movement of electrons is simulated using SIMION 2020,

355


https://doi.org/10.24425/mms.2024.149696

Z.-J. Huang et al.: IMPROVING THE EFFICIENCY OF SOFT ELECTRON IONIZATION BY USING THE OSCILLATORY ...

and the results indicate that in this mode, electrons are emitted from the activated filament and
spiral along the direction of the magnetic field before being received by the receiving electrode.
The single-electron movement simulation diagram and electron trajectory diagram are presented
in Fig. 3a and Fig. 3b, respectively.

Fig. 3. a) Simulation diagram in the electron reception mode. b) Trajectory diagram of a single electron in the electron
reception mode. ¢) Simulation diagram in the electron repulsion mode. d) Trajectory diagram of a single electron in the
electron repulsion mode.

Conversely, in the electron repulsion mode, the electron repellers of both filaments are short-
circuited. The electron repeller has a lower voltage compared to the inner wall of the ionization
chamber, creating a U-shaped electric field. However, a mere U-shaped electric field is to weak to
enable electrons to oscillate back and forth within it efficiently. The motion direction of electrons
will become increasingly divergent if it is not restricted, and they will soon collide directly with the
walls of the ionization chamber and disappear. However, under the influence of a magnetic field,
electrons are confined within a spiral radius and move in a spiral motion along the direction of the
magnetic field. Simulation results show that the spiral radius is on the micrometre scale, so it can
be considered that electrons move linearly along the magnetic field. Under the combined influence
of the U-shaped electric field and the magnetic field, electrons undergo oscillatory motion until
they eventually collide with the ionization chamber and flow through the electrode. The movement
of a single electron in the ionization chamber is depicted in Fig. 3¢ and Fig. 3d, which show its
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trajectory and simulation diagram. The results indicate that the electron oscillates numerous times
within the chamber, with hundreds of cycles observed. The speed at which the electron moves
within the chamber is illustrated in Fig. 4, showing acceleration, constant velocity, deceleration,
and then reversing these movements until it ultimately collides with the chamber walls and flow
through the electrode.
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Fig. 4. Schematic diagram of electron motion within the ionization chamber.

At low electron energy, the virtual cathode causes a rapid decrease in sensitivity. To eliminate
or even reduce the effect of the virtual cathode, an electron lens is incorporated between the
filament and the ionization chamber, featuring a circular aperture at its centre. By adjusting the
working voltage applied on the electron lens, electrons can enter and pass through the ionization
chamber normally. Subsequently, under the influence of the reverse accelerating electric field
applied on the nonworking filament electron repeller, electrons return to the ionization chamber.
The resulting oscillation of electrons back and forth within the ionization chamber enhances
ionization efficiency.

The mass filter is a quadrupole with @6 mm X 115 mm. Following this, there is a continuous
channel electron multiplier equipped with a Faraday cup.

The application of the low electron energy EI source is one of the important ways to eliminate
gas chromatography. As a result, fast and direct real-time analysis of gas samples or real-time
detection of residual gases can be obtained. In order to reduce the fluctuations in measurement
data caused by the unstable airflow in the injection system, the experiment is mainly conducted in
a closed vacuum chamber with a background gas consisting mainly of residual water vapor.

3. Results and discussion

3.1. Experimental comparison of electron oscillation and non-oscillation at an electron
energy of 70 eV

The variation of the MS peak intensity of m/z 18 (H,O) with changes in filament emission
current under electron reception the mode (< 18.5 minutes) and the electron repulsion mode
(> 20 minutes), with an electron energy of 70 eV, is shown in Fig. 5a. When the nonworking
filament operates in the electron receiving mode, the intensity of m/z 18 gradually increases with
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the filament emission current. Upon reaching a filament emission current of 520 uA, the intensity
of m/z 18 reaches its maximum value of 640 mV. If the filament emission current continues to
increase, the MS peak intensity will not increase but slightly decrease. In contrast, when the
nonworking filament operates in the electron repulsion mode, only a few microamperes of emission
current are required to achieve a MS peak intensity of 920 mV.
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Fig. 5. a) The curve of the filament emission current and m/z 18 intensity at 70 eV (electron receiving mode (< 18.5 min)
and electron repulsion mode (> 20 min). b) Comparison of MS peak intensity in the electron receiving mode and the
electron repulsion mode (70 eV).

The aforementioned process is attributed to the fact that, in the electron repulsion mode, the
nonworking filament creates a reverse accelerating electric field for the electrons, which slows
them down after they pass through the ionization chamber. Subsequently, the electrons enter the
ionization chamber once more, undergoing reverse acceleration and oscillating back and forth
between the electron repellers of the two filaments. This phenomenon significantly enhances the
probability of collision between the electrons and gas molecules, thereby improving the utilization
efficiency of the electrons.
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Figure 5a also illustrates that the signal intensity of the mass spectrum obtained when the
electrons oscillate in the electric field is approximately 35% higher than that observed when they
do not, as shown in Fig. 5b. During the actual oscillation process, the electrons gradually deviate
from the central axis, expanding the effective ionization space and allowing for the ionization of
more molecules, resulting in a stronger MS peak.

3.2. Experimental comparison of electron oscillation and non-oscillation at an electron
energy of 35 eV

To investigate the impact of electron oscillation on ionization efficiency in the low-energy
mode, the electron energy is reduced to 35 eV, and the experiment described in Section 2 is
repeated. The experimental findings are presented in Fig. 6a, with the electron receiving mode
occurring before 40 minutes and the electron repulsion mode occurring after 44 minutes.
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Fig. 6. a) The curve of the filament emission current and m/z 18 intensity at 35 eV (electron receiving mode (< 40 min)
and electron repulsion mode (> 44 min). b) Comparison of MS peak intensity in the electron receiving mode and the
electron repulsion mode (35 eV).
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When the nonworking filament operates in the electron repulsion mode, the emission current
tended to achieve the biggest MS peak decreases, consistently with the experiment conducted at
an electron energy of 70 eV. This result suggests that electron oscillation occurs. However, the
emission current needed for maximum MS peak intensity is approximately 380 A in the electron
receiving mode and approximately 35 @A in the electron repulsion mode. As the electron energy
decreases from 70 eV to 35 eV, a higher emission current is required to achieve optimal ionization
efficiency due to the weakened electric field force, causing the electrons to diverge more easily.
Consequently, the number of oscillating electrons decreases. Additionally, as shown in Fig. 6b, the
maximum value of the MS peak obtained during electron oscillation is about 30% lower than that
without electron oscillation, which differs from the results observed at 70 eV.

3.3. Experimental comparison of electron oscillation and non-oscillation at an electron
energy of 15 eV

Next, the electron energy is further decreased to 15 eV and the experiment is repeated. The
findings are presented in Fig. 7, with the electron receiving mode occurring before 97 minutes and
the electron repulsion mode occurring after 98 minutes.
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Fig. 7. The curve of filament emission current and m/z 18 intensity at 15 eV (electron receiving mode (< 97 min) and
electron repulsion mode (> 98 min).

As the electron energy decreases to 15 eV, the overall abundance of the MS peak further
diminishes, and in the electron receiving mode, the stability of the MS peak abundance deteriorates.
The maximum value of the MS peak fluctuates significantly, particularly when the emission current
is relatively high. This phenomenon arises from the fact that lower electron energies result in
slower speeds, reducing their ability to pass through the ionization chamber. Additionally, as
the electric field weakens, the angle at which electrons deviate from the central axis increases,
leading to a more divergent distribution of electron clouds. Consequently, repeatability suffers. In
the electron repulsion mode, the stability of MS peak abundance is comparatively better, but the
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difference between the repulsion mode and receiving mode regarding the required emission current
for maximum MS peak intensity further decreases. This outcome stems from the decreased number
of electrons passing through the ionization chamber. The aforementioned experiments indicate that
while electron oscillation can enhance electron utilization, there is an evident downward trend in
electron utilization with decreasing electron energy. This reduction is primarily due to the reduced
ability of electrons to traverse the ionization chamber as their energy decreases. These findings
are also reflected in the experiment presented in Fig. 8. The decrease in electron energy results
in a reduced number of electrons that can be received by the receiver. This is likely due to the
decreased speed and ability of the electrons to traverse the ionization chamber.
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Fig. 8. Curve of the emission current and receiving current at low electron energy.

The primary cause is the reduction in electron energy, which results in a slower speed of
electron flight. Consequently, some electrons fail to reach the anode, leading to the accumulation
of space charge and the formation of a plane with a natural potential of 0, known as the virtual
cathode. To confirm the existence of a virtual cathode, the electron energy was set to 10 eV, and
a stable emission current mode was employed. The emission current was set to 64 uA, and the
actual emission and reception currents were measured, as presented in Table 1. It can be observed
that as the voltage of the ion repeller decreases, its impact on the electric field at the filament
diminishes. As illustrated in Fig. 9, not all the electrons emitted from the filament are fully received,
and some accumulate space charges between the electron repeller and the ionization chamber.

To eliminate the virtual cathode, an electron lens was incorporated between the filament and
the ionization chamber. To assess its impact, the voltage of the electron lens was set to OV. The
resulting electric field distribution is depicted in Fig. 9c. The emission current and reception
current were measured again, as presented in Table 2. It can be observed that, following the
addition of the electron lens, the actual emission current of the filament aligns with the set value,
and no space charge is present. The virtual cathode vanishes, significantly enhancing the ability
of electrons to traverse the ionization chamber.

361


https://doi.org/10.24425/mms.2024.149696

Z.-J. Huang et al.: IMPROVING THE EFFICIENCY OF SOFT ELECTRON IONIZATION BY USING THE OSCILLATORY ...

(a) (b) ©
Fig. 9. Distribution of electric field in the ionization chamber: a) The ion repeller was +50 V, while the filament and

electron repeller was —10 V, and without the electron lens; b) The ion repeller was 0 V, filament and electron repeller was
—10 V; ¢) The ion repeller was +5 V, the filament and electron repeller was —10 V, and an electron lens is added.

Table 1. Relationship between the voltage of the electron repeller and the emission and reception currents.

Ion repeller Setting emission Actual emission Reception Electronic
voltage current value current value current value reception rate

V) (A) (nA) (uA) (%)

50 64 64 38 59.38
40 64 64 38 59.38
30 64 64 32 50.00
20 64 52 20 38.46
10 64 38 14 36.84

Table 2. Relationship between the voltage of the electron repeller and the emission and reception currents.

Ion repeller Setting emission Actual emission Reception Electronic
voltage current value current value current value reception rate

V) (A) (LA) (uA) (%)

50 64 64 40 62.50%
40 64 64 42 65.63%
30 64 64 44 68.75%
20 64 64 46 71.88%
10 64 64 48 75.00%

To further enhance the collisions between electrons and gas molecules, the nonworking filament
operates in the electron repulsion mode, with the voltage of the electron lens slightly higher than
the electron repeller. This allows low-energy electrons to oscillate back and forth within the electric
field until they eventually collide with the walls of the ionization chamber and flow through it. The
integration of electron lenses and electron oscillations significantly improves ionization efficiency
at lower electron energies compared to when electron oscillations are absent. As demonstrated in
Fig. 10, the MS peak intensity of m/z 18 increased to 4.2 times at 25 €V and to 3.25 times at 20 eV.
However, it is also observed that as the electron energy decreases, the attenuation of the MS peak
abundance also decreases rapidly. Therefore, in practical applications, a compromise should be
made between the ratio of molecular ions to fragments and sensitivity for the selection of electron
energy.
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Fig. 10. Enhancement of MS peak intensity at low electron energy by the electron lens and electron oscillation: a) 20 eV
and b) 25 eV.

4. Conclusions

In the low electron energy mode, the ionization efficiency of the EI source decreases due to
a reduction in collision ionization cross-section. This process significantly impacts the practicality
of soft EI. By employing a U-shaped electric field, electrons oscillate back and forth within the
ionization chamber, thereby increasing the number of collisions between each electron and gas
molecule, effectively enhancing the collision cross-sectional area between them. However, at
low electron energies, the emergence of the virtual cathode significantly reduces the number of
electrons entering the ionization chamber. The introduction of an electron lens greatly improves
or even eliminates the virtual cathode effect, resulting in a significant increase in the number of
electrons entering the ionization chamber. When combined with electron oscillation technology,
this enhances the ionization efficiency of soft EI, making it more practical and applicable for
various purposes, particularly rapid online analysis in process analytical chemistry such as catalyst
research and chemical reaction process monitoring. However, the sensitivity at low electron energy
in this study still has some gap at the conventional electron energy of 70 eV. Therefore, a lot of
theoretical research, experiments and construction work is still needed.
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