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Abstract 

An electron impact ion source equipped with a magnet has been designed for enhancing the ionization efficiency of 

such ion sources with potential applications in Knudsen effusion mass spectrometry or electron impact sources used 

in gas mass spectrometry. This modernized device utilizes the trapping of electrons in parallel electrical and 

magnetic fields with the goal of maximizing the probability of impact between an electron and an atom or molecule 

to be ionized. The influence of magnetic and electrical fields on ions and electron trajectories inside the ion source 

was studied with numerical simulations. Based on the electron and ion trajectories we have modified the classical 

Nier-type ion source and found the optimal geometrical and potential parameters to provide better electron 

ionization and higher ion extraction efficiency. This design has the potential to enhance ionization efficiency by a 

factor of ∼15–20 compared with existing designs.  

 

Keywords: electron-impact ion source; computer simulations; electron ionization; ion extraction efficiency  

 

1. Introduction 

For highly precise isotope-ratio measurements, mass spectrometry is the most widely 

used technique [1]. Most of the instruments are based on a magnetic sector equipped with a multi 

collector data acquisition system. However, one of the key components of these instruments is 

the ion source whose operation determines the sensitivity and resolution parameters. One of the 

most commonly used ion sources in gas mass spectrometers is the Nier-type with ionization 

produced by electron-impact [2]. This type of source has also been used for Knudsen Effusion 

Mass Spectrometry where the sample is introduced in the ionization volume by a molecular flow 

stemming from a Knudsen cell [3]. The molecular flow is entering the ionization chamber where 

it is ionized by electrons emitted from a heated filament. Then, positive ions are accelerated by 

the electric fields of the extraction lenses with the help of a repeller field directed toward the 

extraction lens. The sensitivity of such ion source is largely determined by ionization efficiency 

which is directly related to the ion source configuration [4]. 
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By using numerical simulations of ion and electron trajectories, it has become possible to 

estimate the ionization efficiencies of ion sources and investigate new promising approaches to 

significantly improve ion production and extraction into the mass analyzer. There are numerous 

parameters such as the geometry, the electrical and magnetic potentials, the nature of the vapor 

species and their ionization energies which can be modified and widely varied in all possible 

ranges by using 3-D computer simulations before its manufacturing. Among existing softwares, 

the SIMION program has successfully been used for developing a number of ion sources [5, 6, 7, 

8].  

Previous studies have shown the critical role of the electrical and magnetic field values 

on electron and ion trajectories for optimizing ionization and extraction efficiency [9, 10]. For 

example, in [11] the effect of the magnetic field on the sensitivity has been studied for two types 

of ion sources: the first one with electrons and ions having cross beam flow directions, while the 

second one had a co-axial electron and ion flows. In both cases, the ionization efficiency was 

enhanced by collimation of electrons into the chamber thanks to the effect of the magnetic field. 

A similar system was also studied with computer simulations in [12]. The authors showed an 

increase of the ion signal by a factor of up to 100 by a combination of collimation effect and 

helicoidal motion of electrons due to the applied magnetic field. Yet another design was proposal 

in [13, 14, 15] where the molecular beam was co-axial with the electron beam and the path 

length of electrons was increased with a magnetic field. In this case, the specific goal was to 

reduce background at the expense of a reduced ion yield [13].  

The aim of this work was to find the optimal parameters of electrical and magnetic fields 

which corresponds to the maximum of ionization efficiency for the ion source while keeping its 

size while allowing changes in geometry.  

 

2. Ion Source 

In this study, we have taken as a starting point the ionization chamber which is currently 

used in some Knudsen Effusion Mass Spectrometers as for example described in [3]. The 

geometry of the ion source is given in Fig.1 and the electron and ion trajectories were studied by 

numerical simulations with SIMION 8.1. The ion source is characterized by two filaments 

emitting electrons with a width of 1 mm and a height of about 1 cm. There are two slits in front 

of the filaments used for accelerating the electron beam. The ionization chamber parameters is 
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characterized by the following dimensions. The total ionization volume has an internal volume of 

6×6×10 mm3. The slits in front of the electron emitting filaments (cathodes) have a width of 1.6 

mm. The distance between the cathodes and the slit is 1.2 mm. The slit used for ion extraction 

has a variable width ranging between 4 to 2 mm. Opposite to this extraction slit, there is a 

repeller plate used to enhance ion extraction. The diameter of the window for the inlet of the 

molecular beam is d = 4.2 mm. 

A molecular beam (N0) is entering the ionization chamber 1 which is always at the 

ground potential in our study. The electrons ē generated by the cathodes 2 enter the ionization 

chamber through slits 3 and bombard neutrals forming positive ions N+. The ions are extracted 

from the ionization box through the extraction slit 5 by two lenses (located above the chamber) 

and by repeller potential 4. To improve ionization efficiency it is possible to modify the pathway 

of electrons by applying a magnetic field. For this purpose, two magnet plates 6 are placed 

behind the cathodes. All these species are moving in orthogonal directions: molecules are 

moving along the OZ axis, while the electrons and ions move along the OX and OY axis, 

respectively. 

 

3. Results of numerical simulations 

Electron and ion trajectories were studied by computer simulations for better 

understanding and optimizing the processes of ion production and ion extraction as a function of 

the applied electrical and magnetic fields. Charged particles are characterized by helical 

trajectories due to the combined effects of the electrical and magnetic field.  

 

3.1 Electron trajectories.  

For enhancing the probability of ionization by electron impact of atoms or molecules, two 

electron emitting cathodes were used. In principle, this should at least double the number of ions 

emitted per atom in the vapor comparing with a single cathode ion source. To further improve 

the electron ionization process, two magnets were placed behind cathodes in order to create a 

homogeneous magnetic field inside the chamber. It is a well known technique to modify 

electrons trajectories by increasing the length of their trajectories through the chamber, thereby 

increasing the probability of ionization. One should note however, that by applying a magnetic 

field, the electrons trajectories are modified while their kinetic energies remain constant. This is 
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crucial as the efficiency of ionization by electron impact is strongly dependent on the electron 

energies [16]. Mathematically, this can be described by the following equations:  

The forces acting on the electron can be written as:  

,       (1) 

where r is a vector (x,y,z) describing the position of the electron, qe is the charge of the 

electron, E and B are the electrical and magnetic fields, respectively. Thus, the equation of 

motion of electrons becomes:  

      (2) 

where me is the mass of an electron. The equation for the derivative of the kinetic energy is 

written as: 

   

 (3) 

It becomes obvious based on this equation that the magnetic component of the kinetic 

energy is always equal to zero in this equation as dr/dt is orthogonal to ���� ∧ � and that the kinetic 

energy changes according to variations in the electrical field.  

In order to describe the motion of electrons in the ionization chamber, we have 

considered an idealized view of the ion source by specifying three regions for electrons (see red 

arrows in Fig. 1). In region I, the electrons emitted from the left cathode are influenced by the 

combination of the electrical and magnetic fields: they are accelerated by the electrical field 

created by the potential between the cathode and ionization chamber walls. In this region, their 

trajectories are modified if they have an initial angular velocity component relative to direction 

Ox. In region II which is dominated by the magnetic field, the electrons move at constant kinetic 

energy as there is no accelerating voltage in that region. Then, they enter region III whose 

electrical field causes a deceleration of electrons due to the negative potential of the second 

cathode that ends up repelling the electrons back into the ionization chamber. This process is 

repeated until the electrons hit one of the surfaces: this means that the probability of an electron 

colliding with an atom or molecule of the beam is enhanced. This multi-pass effect is further 

� = �	[���, ��	 + ����∧ ���, ��] 

�	 ������ = �	[���, ��	 + ��
�� ∧ ���, ��]   

�	2 dd� �d�d��
� = �	���, ��	 ∙ ���� + �	 ����� ∧ ���, ��� ∙ ���� 
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enhanced by the gyromotion and collimation of electron trajectories. The system of equations 

that describes the electron trajectories can be derived by integrating equation (2): 

��
 
�!"��� = #$�0�� ± 	'��

�() 																																											
*��� = − ,-�.�/ + ,-�.�/ cos3� + ,4�.�/ sin3�
7��� = ,4�.�/ − ,4�.�/ cos3� + ,-�.�/ sin3�

     (4) 

where ω is the electron cyclotron frequency: 

          (5) 

and Vx, Vy, Vz are the x, y, z components of the electron velocity at the entrance of region II. To 

draw the trajectory of any electron in such a system, one needs to know the initial electron 

energy (depending on the cathode temperature), the cathode potentials, the magnetic field value 

and the angles of the trajectory when the electrons enter region II.  

In addition to the effect of magnetic field, there is another possibility to enhance the 

probability of ionization. The electron entering slits can be exchanged with grids [17] for which 

we assume a transmission coefficient of 0.95, corresponding to commercially available grids. 

This modification reduces the number of collisions of electrons with chamber walls and this 

extends the lifetime of electrons once they are emitted from the cathode. This becomes especially 

relevant since there are multiple passage of an electron inside the ionization chamber thanks to 

the influence of the magnetic field. This means that for each pass between the cathodes 

approximately 2×5% of electrons are lost. Thus, it would take ∼6.6 passes to lose half of the 

electrons on average. Altogether this suggests that the enhancement in ionization could be up to a 

significant factor (>7) relative to the case with no magnetic field. This reasoning can be 

confirmed with a slightly more quantitative approach. One can write a simple conservation 

equation for the number of electrons per unit of volume ne within the ionization volume:  

�8)�� = 9:8 − 9;<�         (6) 

Where ϕin and ϕout represents the average number of electrons produced in the ionization 

volume per unit of time and the number of electrons in the ionization volume lost per unit of 

time.  

The number of electrons lost per unit of time can be expressed with the following equation: 

3 = =>�= 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 

 

9;<� = ∬ 2@̅B C	�1 − E��F = 2@̅C	�1 − E�G     (7) 

Where S is the surface of the grids, @̅ is the average velocity of electrons within the ionization 

volume, σ is the void fraction of the grid (here 0.95). Thus, the mean density of electrons can 

simply be calculated assuming a steady-state situation as:  

C	 = HIJ�KL�MNO�P          (8) 

In the case, when there is no magnetic field, the density of charges can be calculated simply as: 

C	 = HIJKLP           (9) 

Hence, the enhancement in ionization due to the magnetic field is 1/(2*(1–σ))=10.  

An additional factor contributes to enhancing the ionization efficiency: our simulations 

show that the spiral electron trajectory is approximately 1.5 – 2 times longer compared with the 

linear one without a magnetic field. As a consequence, the total increase in the ionization 

efficiency is around a factor of 15-20. It is also clear in this simulation that the electrons cover 

the whole volume of the ionization space providing a maximum ionization efficiency. 

Figure 2 illustrates how the shape of potential lines is modified by introducing grids 

instead of slits. Note that in SIMION simulations, the ideal grids have infinitely small holes 

(there is no field penetration) and are perfectly transparent to electrons with a transmission of 

100% and were at a potential of 0V. In these simulations, the cathode voltage is -40V while the 

extraction lenses are at -400V and ionization box and the repeller are at the ground (0V). The 

introduction of grids produces more parallel potential lines, which is favorable for the extraction 

of ions. The difference in the number of extracted ions is 4% according to our simulations. 

Furthermore, the shapes of the potential lines limit the number of electrons lost to the walls as 

shown below.  

Considering the potential impact of all the modifications described above, we first 

provide a simulation for 1 electron emitted from the center of the cathode in direction with the 

following angular coordinates as an example of a long electron trajectory:  azimuth of 45° and 

elevation of 22°. The initial kinetic energy of 0.215 eV corresponds to thermoelectric emission 

from tungsten cathode at a temperature of 2500 K. In this calculation, the cathode potentials 

were -40 V, and the extraction lenses were at -400 V. Supplementary Fig. S1 shows the electron 

trajectory under these conditions. In the absence of a magnetic field the electron has a linear 

trajectory (Supplementary Fig. S1a). The time of flight in this case is 0.0036 µs. When the 
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magnetic field value at the center is 130 G the electron has a helicoidal trajectory and multiple 

reflections take place (Supplementary Fig. S1b). The reflections are possible because the velocity 

component is not orthogonal to the filament surface where electrons are reflected and is therefore 

too low for the electron to impact the filament before being reflected. In this case, the calculated 

time of flight is 0.6907 µs. Thus, the ratio of the times of flight is TOF(127G)/TOF(0G) = 192. 

The simulation shows that the electron crossed the center region of ionization chamber 273 times 

(red dots shown in Supplementary Fig. S1b) before impacting a wall. 

In the next step, we performed SIMION simulations using the source geometry shown in 

Supplementary Fig. S1 with the magnetic field taken as a free parameter. The system was 

simulated using 2×50 electrons emitted from 1 mm diameter circle at the surface of both 

cathodes. The initial velocities of the electrons was assumed to have a distribution within a cone 

of 1 degree half-angle. The results of these simulations are shown on Supplementary Fig. S2. 

The space charge has been shown to play a key role in the simulation of electron and ions 

trajectories [10]. This effect due to the accumulation of charges due to the trapping of electrons 

and it was taken into account using the POISSON module in SIMION. This module calculates 

the distribution of charges in a first stage and then recalculates its effect on trajectories iteratively 

using a particle-in-cell method. The input parameter for these calculations was assumed to be a 

1mA total current emitted from 1×10 mm2 cathode. To simulate the effect of space charge, it is 

assumed that each electron carries a fraction of the total current of each cathode (1mA). In this 

case, the current carried by each electron is 20 µA. This is a classical approach describing the 

electron current with ‘super-particles’ that have a charge higher than that of true electrons. All 

other parameter were kept the same as mentioned above. The results obtained for various values 

of the magnetic field are shown in Fig. 3. 

Overall, the effect of space charge is limited for the charge density obtained inside the 

ionization chamber (which is approximately a factor of 15–20 greater when using grids). The 

simulations (Fig. 3) show that the electrons have a slightly broader dispersion than in the case 

without space charge. By calculating the average time of flight (TOF) for electrons it is possible 

to quantitatively estimate the ionization probability depending on magnetic field values. In Fig. 4 

the results of TOF calculations are shown for various values of the magnetic field between 0 and 

350 G. The longest time of flight for electrons is obtained for B = 127 G, which corresponds to 

the greatest probability of ionization. It is also possible to calculate the distribution of the TOF 
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for this particular value of the magnetic field (Supplementary Fig. S3). The results show that the 

TOF follow more or less an exponential distribution. For each simulation, fifty electrons were 

generated from a 1mm diameter circle for each cathode with -40 V potential. The simulations 

were first run with no magnetic field to illustrate the influence of the electrical field on electrons 

trajectories. Using a weak magnetic fields (<80 G) electron trajectories are more confined with a 

smaller angular dispersion in the XY plane. This leads to a higher electron density in the region 

of the molecular beam (shown by the circular section of the electron beam in the XY plane (Fig. 

3). With a magnetic field >100 Gauss, there is a reflection of electrons between the two cathodes 

contributing to a much greater electron density. It was shown that the maximum ionization 

efficiency is obtained for a magnetic field equal to 127 Gauss. 

Our SIMION simulations were also used to test the dependence of electron trajectories on 

the cathode potential. Various cathode voltages were applied while the magnetic field was kept 

constant at B = 127 Gauss (Fig. 5). The simulations clearly show that the ionization efficiency 

has no direct proportional relationship with the cathode potential. As the cathode potential 

increases, it can be seen that the electron trajectories do not remain stable and that instabilities 

leading to the loss of electrons to ionization chamber walls are observed. Such effect has been 

described for electron impact sources using magnet [16] but our simulations shows that this 

effect is not an artifact. If one estimates the ionization efficiency as a function of cathode 

potential, there are interleaving maximum and minimum in ionization efficiency. This effect can 

potentially be eliminated by using an electromagnet system instead of a permanent magnet. With 

an electromagnet it is also possible for the operator to switch it off during the recording of 

ionization efficiency curves [16], which means that no variation in ionization efficiency as a 

function of cathode potential will be seen. Furthermore, by varying the electromagnet potential it 

is then possible to adjust the maximum ion signal. As shown in [11], an electromagnet with fifty 

coils of pure iron at current 4 A would be sufficient to generate the magnetic field intensity of 

160 G. Our simulation assumed a perfect and homogeneous magnetic field and a true 

electromagnet would certainly have fringe effects that should be examined in a real case.  

Thus, our simulations show that there would be a considerable advantage in using an 

electromagnet rather than a permanent magnet, when the ionized molecules are characterized by 

an optimal value of electron impact energies that are not constant. In this case, there has to be a 

double optimization of the cathode potential and magnetic field: the magnetic field should be 
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adjusted to the optimal value similarly to what is shown in Fig. 3 and this value is itself 

dependent on the optimal value of the cathode potential, specific to each molecule vapor species. 

 

3.2. Ion extraction 

3.2.1. Extraction slits 

In order to extract ions from the ionization box, an extraction potential is applied in the 

direction of ion propagation. The ability to extract ion efficiently will depend on the shape of the 

potential lines inside the ionization volume and on the shape of the electrodes at the exit. In this 

study, we tested both the effect of the shape of the extraction slit, the potential of the repeller and 

the extraction voltage. For these parameters, we attempted to determine the optimal extraction 

yield by following the trajectories of individual ions and counting those that passed through the 

extraction slit. A more comprehensive simulation would require applying these simulations to a 

specific mass spectrometer with a defined lens stack in order to determine the transmission of the 

ion beam through the lens stack to the entrance slit of the mass spectrometer. Extraction 

efficiency coefficient kext was calculated as a ratio of extracted ions Next to initially generated 

ions Ngen: 

kext = Next / Ngen         (10) 

The space charge effect of the ion beam was taken into account for extraction 

simulations. It was assumed 500 generated ions create an ion current of 10-9 A which is a typical 

value of ion currents in mass spectrometer experiments. 

First, two shapes for the ion extraction slit were investigated. The extraction yields for a 

‘V-type’ (see Fig. 6a) and a ‘∧-type’ shape (see Fig. 6b) were compared. Five hundred ions were 

generated within the ionization area inside the chamber. To extract the ions two plates located 

above the exit slit at a distance of 3 mm were used. The extraction potential was -400 V and the 

repeller plate was set at ground potential. This corresponds to an electrical field of approximately 

1.3 V/m at the center of ionization chamber. Fig. 6 shows the ion trajectories and potential lines 

inside the chamber for different shapes of extraction slits. The orientation of the Λ-type slit (Fig. 

6b) changes significantly the shape of potential lines near the exit slit. As a result it leads to a 

better focused ion beam and a better extraction. The simulations gave the following statistics for 

the extraction yields for V-type and Λ-type slits: 80 % and 84 % respectively. Thus, the Λ-type is 

a more efficient shape for ion extraction. Furthermore, the effect of the potential gradient in the 
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center of the ionization volume was also tested and it was found that the maximum extraction 

was obtained for an electrical field of 1.6 V/mm (Supplementary Fig. S4) for a repeller potential 

of 2 V. This has implications for the energy dispersion of ions in the mass spectrometers since 

the region from which the ions are extracted will then define their energy dispersion. 

 

3.2.2. Extraction efficiency as a function of the repeller potential 

In a classical Nier-type source, the ionization chamber is at ground potential and the 

repeller plate is set at a positive potential. In this study, we investigated a wider range of 

potentials for the repeller plate. To obtain the optimal parameters, we varied the repeller voltage 

from -4 V to +10 V and calculated the extraction efficiency for each value using the method 

described above. Extraction potential was fixed at -400 V (corresponding to a field of 1.6 V/mm 

at the center of the ionization volume). The results of these simulations are presented in Fig. 7. 

For repeller potentials ranging between 2 V to +10 V, the extraction yield decreases.  The highest 

extraction efficiency was obtained around 2 V. Thus, the highest extraction efficiency is obtained 

when the repeller and ionization box potential differences are low. This fact is consistent with the 

results described by Ahn and Park [18]. Based on their computer simulations, these authors 

modified a Nier-type ion source by setting the same voltage (+30 V) on both the ionization 

chamber and repeller and also obtained better ion extraction. The shape of potential lines plays 

an essential role in controlling the extraction yields as shown in Fig. 8. If the repeller is at a high 

positive voltage, the generated ions are accelerated to a larger kinetic energy and this means that 

the angular dispersion of some ions cannot be fully corrected to go through the exit slit of the 

ionization chamber. Thus, these ions are lost by collisions with the walls of the chamber or of the 

extraction lenses. The ion beam becomes more spread by increasing the repeller potential (see 

the ion trajectories in Fig. 8). In contrast, when the repeller potential is only slightly positive, the 

ions are less accelerated compared with previous cases, which results in a better focusing into the 

exit slit. However, the better focusing could in fact be explained by the shapes of potential lines. 

The ions start moving perpendicularly to the potential lines inside the chamber and then there is a 

crossing point of their trajectories near the edge of the ionization volume. The extraction 

efficiency depends on the angles between ion trajectories and extraction direction axis (OY) 

before the crossing point. In the case of positive voltages of the repeller the potential lines are 

more flattened in the direction of the axis of extraction. This leads to defocusing of the ion beam 
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with a greater dispersion at the extraction slit. In contrast, for slightly positive repeller potential 

the ion beam becomes more focused due to more elongate shapes for potential lines in the ion 

extraction direction. 

 

3.2.3 Effect of the magnetic field influence on the ion trajectories and extraction 

When the ions are generated inside the ionization volume and are accelerated towards 

extraction lenses, they are submitted to the Lorentz force which can modify their trajectories. As 

the ions masses are much larger than those of electrons, this influence is much weaker compared 

with electrons. Nevertheless, it is worth checking that the mass discrimination effect due to 

source magnetic field is not significant compared with other effects of mass fractionation. For 

example, Caro et al. [19] had shown that the source magnet used to deflect electrons in a thermal 

ionization mass spectrometer could have an influence that needed to be corrected for high 

precision Nd isotope measurements at the ppm level. Here, we have examined whether the 

source magnet could produce a significant mass fractionation using a simulation of ion extraction 

with Mg isotopes.  We generated 3 types of ions, 24Mg+, 25Mg+, 26Mg+ from the same starting 

point and had them flying with an extraction field of – 400 V at a 3 mm distance from the 

ionization box and with a magnetic field of 170 Gauss which is close to the maximum of 

ionization probability values. It was found that there was no significant difference in their 

position after extraction. The maximum spatial deviation between the isotopes 24 and 26 was 3 

microns, compared with the width of the extraction slit of 1.5 mm. In order to estimate the 

possible differences in extraction efficiencies, the extraction of 5×500 ions of each isotope was 

simulated. All the generated ions were properly focused into the extraction slit and there was no 

measurable effects on the ion trajectories. The influence of magnetic field on ions became 

observable when its value was 10 times higher. The maximum deviation was 50 microns (1 % 

difference in extraction efficiency for the 24Mg+ and 26Mg+ ions) at 1630 Gauss of magnetic field, 

which is far from the optimal value as shown in the previous section.  

 

4. Conclusions  

This study was focused on numerical simulations of an electron-impact ion source for 

specific applications in the field of Knudsen Effusion Mass Spectrometry with the goal of 

optimizing a number of parameters for the source design. Compared with existing electron 
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impact sources, the results of our simulations show that by using a configuration with two 

filament source facing each other (instead of a trap), it is possible to produce a trap for electrons 

that greatly enhances the ionization yield of the source. This effect has been succinctly described 

in the literature, however our more comprehensive simulations permit to identify the key 

parameters for this type of source. In particular, it was found that there is an optimal value of the 

magnetic field for each cathode voltage, which means that for optimizing the electron energy for 

a given molecule, a new feature of this source is that the magnetic field has to be tuned for best 

ionization yield. This suggests that using a tunable electro-magnet would be better for this type 

of source. Our simulations also show that using grids instead of slits in front of the electron 

emitting filaments results in a longer confinement of the electrons in the trap. Altogether this 

configuration results in an increase of the ionization yield by a factor of ∼15–20 compared to the 

case with a single filament. 

In a second step, the conditions of ion extraction were also explored and it was found that 

the shape of the exit slit for the ions can be optimized using a Λ-shape instead of a V-shape, 

which was classically used. Next, our simulations showed that the potential of the repeller has to 

be slightly positive to obtain the best extraction yield. Last, our results also show that the value 

of the maximum magnetic field needs to be checked to avoid mass discrimination of ions during 

their extraction to the mass analyzer but that the optimal value should not cause a mass 

discrimination < 1‰ for magnesium isotopes.  

Overall, the proposed design based on this electron trap should greatly enhance electron 

impact source with applications in noble gas mass spectrometry, Knudsen effusion mass 

spectrometer or gas source mass spectrometers used for isotope ratio measurements.  

 

(Video files showing an example of these simulations from different view axis are 

available in on-line version). 
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Fig. 1. Electron-impact ion source model designed for KEMS analysis. The ionization volume 
has a symmetric configuration: 1 – ionization chamber; 2 – cathodes; 3 – electron passing slits; 4 
– repeller; 5 – ion extraction slit; 6 – magnet plates. Electron motion in parallel electric and 
magnetic fields is shown by red arrows. For the electron motion from left to right: I – zone of 
magnetic and electric field (acceleration for electrons moving from left to right) influence; II – 
magnetic field only; III - zone of magnetic and electric field (deceleration) influence. 
 
Fig. 2. Potential contours (red lines) and gradient contours (blue lines) for ionization chamber 
with slits (a) and grids (b) for electrons. The approximate differences between potential lines are: 
at the bottom of the box 0.1V, at the center 0.2V, above the box 12.6V. The potential lines 
diagram highlights the more regular contours in the case of grids, which favors a better ion 
extraction. 
 
Fig. 3. Electron trajectories in the ionization chamber as a function of the magnetic field, with 
the effect of space charge due to electron trapping. 
 
Fig. 4. Average electron time of flight as a function of the magnetic field. Cathode voltage was 
set at -40 V in this simulation. Solid line corresponds to calculations including the effect of space 
charge. Dashed line shows the electron time of flight in the absence of space charge. The value B 
= 127 G corresponds to the greatest probability of ionization. 
 
Fig. 5. Number of crossings of the center of ionization chamber by electrons as a function of 
cathodes potential with a magnetic field equal to 127 G. This parameter should be proportional to 
the density of charge in the ionization volume and can therefore be used as a proxy for the 
ionization efficiency. Solid line corresponds to calculations with the effect of space charge. 
Dashed line shows the results without space charge. 
 
Fig. 6. Ion extraction with different slit shapes: a - V-type; b - ∧-type. ∧-type slit changes the 
potential lines shape near the edge area, making the ion beam more focused and giving 4% 
difference in the extraction yields. 
 
Fig. 7. Extraction efficiency as a function of the repeller voltage for a -400 V extraction 
potential. The maximum extraction efficiency corresponds to 2 V for the repeller. 
 
Fig. 8. Ion trajectories and potential lines for different repeller voltages. The ion extraction is 
better for low negative values of the repeller plate compared with positive values due to the more 
elongated potential lines in the extraction direction. 
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Supplementary materials 
 
Supplementary Fig. S1. Electron trajectories from the cathode center in parallel electrical and 
magnetic fields: (a) B = 0 G; (b) B = 127G. 
 
Supplementary Fig. S2. Electron trajectories in the ionization chamber as a function of the 
magnetic field, without the effect of space charge. 
 
Supplementary Fig. S3. Electron time of flight distribution for a magnetic field, B = 127 G. 
Shaded columns – space charge calculations; unfilled – without space charge effect. The vertical 
red lines mark the average values of the TOF: solid line is for a case with space charge and the 
dashed one is in the absence of space charge. The inclusion of space charge results in a shorter 
residence time, yielding a lower ionization efficiency.  
 
Supplementary Fig. S4. Ion extraction efficiency as a function of the electric potential gradient 
at the center of ionization chamber. 
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Highlights 

A new magnetic electron-impact ion source for Knudsen effusion mass spectrometry has been 

designed.  

The optimal geometrical parameters, electrical and magnetic fields magnitudes were determined 

by computer simulations for the maximum of ionization efficiency. 

The effects of space charge and mass discrimination in the ion source have been analyzed. 


