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Abstract

An electron impact ion source equipped with a magas been designed for enhancing the ionizatificiexcy of
such ion sources with potential applications in #sen effusion mass spectrometry or electron imgpaatces used
in gas mass spectrometry. This modernized devitizest the trapping of electrons in parallel elaztt and
magnetic fields with the goal of maximizing the Ipability of impact between an electron and an atormolecule
to be ionized. The influence of magnetic and eleatifields on ions and electron trajectories ieside ion source
was studied with numerical simulations. Based andlectron and ion trajectories we have modifiesl ¢lassical
Nier-type ion source and found the optimal geornatriand potential parameters to provide bettertreec
ionization and higher ion extraction efficiency.i§hlesign has the potential to enhance ionizatféoiency by a

factor of (115-20 compared with existing designs.
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1. Introduction

For highly precise isotope-ratio measurements, nsaestrometry is the most widely
used technique [1]. Most of the instruments aredas a magnetic sector equipped with a multi
collector data acquisition system. However, on¢hef key components of these instruments is
the ion source whose operation determines thetsetysand resolution parameters. One of the
most commonly used ion sources in gas mass spesteosnis the Nier-type with ionization
produced by electron-impact [2]. This type of seuhas also been used for Knudsen Effusion
Mass Spectrometry where the sample is introducéldenonization volume by a molecular flow
stemming from a Knudsen cell [3]. The moleculanfliis entering the ionization chamber where
it is ionized by electrons emitted from a heatdanfient. Then, positive ions are accelerated by
the electric fields of the extraction lenses witle help of a repeller field directed toward the
extraction lens. The sensitivity of such ion souscéargely determined by ionization efficiency

which is directly related to the ion source confagion [4].



By using numerical simulations of ion and electijectories, it has become possible to
estimate the ionization efficiencies of ion soureesl investigate new promising approaches to
significantly improve ion production and extractiono the mass analyzer. There are numerous
parameters such as the geometry, the electricaheghetic potentials, the nature of the vapor
species and their ionization energies which cambéified and widely varied in all possible
ranges by using 3-D computer simulations beforendsmufacturing. Among existing softwares,
the SIMION program has successfully been useddwekbping a number of ion sources [5, 6, 7,
8].

Previous studies have shown the critical role ef ¢kectrical and magnetic field values
on electron and ion trajectories for optimizingiation and extraction efficiency [9, 10]. For
example, in [11] the effect of the magnetic fieldtbe sensitivity has been studied for two types
of ion sources: the first one with electrons antsibaving cross beam flow directions, while the
second one had a co-axial electron and ion flowsdth cases, the ionization efficiency was
enhanced by collimation of electrons into the chantbhanks to the effect of the magnetic field.
A similar system was also studied with computerutations in [12]. The authors showed an
increase of the ion signal by a factor of up to b§0a combination of collimation effect and
helicoidal motion of electrons due to the applieagmetic field. Yet another design was proposal
in [13, 14, 15] where the molecular beam was cadawith the electron beam and the path
length of electrons was increased with a magnétid.fin this case, the specific goal was to
reduce background at the expense of a reducedetth[$3].

The aim of this work was to find the optimal paraene of electrical and magnetic fields
which corresponds to the maximum of ionizationcédincy for the ion source while keeping its

size while allowing changes in geometry.

2.lon Source

In this study, we have taken as a starting poiatidinization chamber which is currently
used in some Knudsen Effusion Mass Spectrometerf®orasxample described in [3]. The
geometry of the ion source is given in Fig.1 areldlectron and ion trajectories were studied by
numerical simulations with SIMION 8.1. The ion soaris characterized by two filaments
emitting electrons with a width of 1 mm and a heighabout 1 cm. There are two slits in front

of the filaments used for accelerating the electseam. The ionization chamber parameters is



characterized by the following dimensions. Theltmtaization volume has an internal volume of
6x6x10 mm. The slits in front of the electron emitting filemts (cathodes) have a width of 1.6
mm. The distance between the cathodes and this dlif mm. The slit used for ion extraction
has a variable width ranging between 4 to 2 mm.dSpe to this extraction slit, there is a
repeller plate used to enhance ion extraction. diaeneter of the window for the inlet of the
molecular beamis d = 4.2 mm.

A molecular beamN?) is entering the ionization chamber 1 which is afe at the
ground potential in our study. The electrahgenerated by the cathodes 2 enter the ionization
chamber through slits 3 and bombard neutrals fagrpiositive ionsN™. The ions are extracted
from the ionization box through the extraction Sliby two lenses (located above the chamber)
and by repeller potential 4. To improve ionizatefficiency it is possible to modify the pathway
of electrons by applying a magnetic field. For thisrpose, two magnet plates 6 are placed
behind the cathodes. All these species are movingrihogonal directions: molecules are
moving along the OZ axis, while the electrons aodsi move along the OX and OY axis,

respectively.

3. Results of numerical simulations

Electron and ion trajectories were studied by campusimulations for better
understanding and optimizing the processes of rodyxtion and ion extraction as a function of
the applied electrical and magnetic fields. Chargedticles are characterized by helical

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

3.1 Electron trajectories.

For enhancing the probability of ionization by e¢tea impact of atoms or molecules, two
electron emitting cathodes were used. In princighles, should at least double the number of ions
emitted per atom in the vapor comparing with a lsirggthode ion source. To further improve
the electron ionization process, two magnets wéaeep behind cathodes in order to create a
homogeneous magnetic field inside the chambers laiwell known technique to modify
electrons trajectories by increasing the lengtlhefr trajectories through the chamber, thereby
increasing the probability of ionization. One shibnbte however, that by applying a magnetic

field, the electrons trajectories are modified wttheir kinetic energies remain constant. This is



crucial as the efficiency of ionization by electrionpact is strongly dependent on the electron
energies [16]. Mathematically, this can be descrime the following equations:
The forces acting on the electron can be written as
F = q,[E(r,t) +E
dt , (1)
wherer is a vector (x,y,z) describing the position of #ectron,qe is the charge of the
electron,E and B are the electrical and magnetic fields, respelgtiv€hus, the equation of

motion of electrons becomes:

2
m, = = q.[E(rt) + 2 AB(r,1)]

2)
where m is the mass of an electron. The equation for #e@vative of the kinetic energy is
written as:

m, d |dr|® Ero S (drAB t) dr
2 dtlar) = CEMD G\ B )
3)

It becomes obvious based on this equation thatrthgnetic component of the kinetic
energy is always equal to zero in this equatiodr&dt is orthogonal t%%/\ B and that the kinetic

energy changes according to variations in the idatfield.

In order to describe the motion of electrons in tbaization chamber, we have
considered an idealized view of the ion source®cgying three regions for electrons (see red
arrows in Fig. 1). In region |, the electrons eadttfrom the left cathode are influenced by the
combination of the electrical and magnetic fielt®ey are accelerated by the electrical field
created by the potential between the cathode amdation chamber walls. In this region, their
trajectories are modified if they have an initiaalar velocity component relative to direction
Ox. In region Il which is dominated by the magnédigtd, the electrons move at constant kinetic
energy as there is no accelerating voltage in tbégion. Then, they enter region Il whose
electrical field causes a deceleration of electrdus to the negative potential of the second
cathode that ends up repelling the electrons baitkthe ionization chamber. This process is
repeated until the electrons hit one of the sudattés means that the probability of an electron

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



enhanced by the gyromotion and collimation of etacttrajectories. The system of equations

that describes the electron trajectories can hgeatkeby integrating equation (2):

eEt?

2m,

V,(0) | V,(0)
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x(t) =V, (0)t +

y(t) = os wt + V”T(O) sin wt (4)

z(t) = DO _ B0 o5 wt + 2D sin wt
w w w
wherew is the electron cyclotron frequency:
w=—
Me (5)
and \,, Vy, V; are the x, y, z components of the electron vejaaitthe entrance of region Il. To
draw the trajectory of any electron in such a systene needs to know the initial electron
energy (depending on the cathode temperaturegatmde potentials, the magnetic field value
and the angles of the trajectory when the electeorsr region 1.

In addition to the effect of magnetic field, thaseanother possibility to enhance the
probability of ionization. The electron enteringskcan be exchanged with grids [17] for which
we assume a transmission coefficient of 0.95, spoeding to commercially available grids.
This modification reduces the number of collisiasfselectrons with chamber walls and this
extends the lifetime of electrons once they ardtechfrom the cathode. This becomes especially
relevant since there are multiple passage of atrefeinside the ionization chamber thanks to
the influence of the magnetic field. This meanst ttea each pass between the cathodes
approximately 5% of electrons are lost. Thus, it would tdk&6 passes to lose half of the
electrons on average. Altogether this suggestshieatnhancement in ionization could be up to a
significant factor (>7) relative to the case witbh magnetic field. This reasoning can be
confirmed with a slightly more quantitative approa©ne can write a simple conservation

equation for the number of electrons per unit dbirree n, within the ionization volume:

dne
d_t = Qin — Pout (6)

Wheredi, andd,, represents the average number of electrons prddodée ionization
volume per unit of time and the number of electronghe ionization volume lost per unit of
time.

The number of electrons lost per unit of time carekpressed with the following equation:



Pout = ffs 20n.(1 — o)ds = 2vn,(1 —0)S (7)
WhereS is the surface of the gridg, is the average velocity of electrons within theization

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

simply be calculated assuming a steady-state mituas:

_ Pin (8)

€ " 25(1-0)S
In the case, when there is no magnetic field, #resdy of charges can be calculated simply as:

n, =2n (©)
Hence, the enhancement in ionization due to thenetagfield is 1/(2*(1-6))=10.

An additional factor contributes to enhancing tbeization efficiency: our simulations
show that the spiral electron trajectory is apprately 1.5 — 2 times longer compared with the
linear one without a magnetic field. As a consegegrthe total increase in the ionization
efficiency is around a factor of 15-20. It is aldear in this simulation that the electrons cover
the whole volume of the ionization space providingiaximum ionization efficiency.

Figure 2 illustrates how the shape of potentiaédins modified by introducing grids
instead of slits. Note that in SIMION simulatiortee ideal grids have infinitely small holes
(there is no field penetration) and are perfeathngparent to electrons with a transmission of
100% and were at a potential of OV. In these sitrans, the cathode voltage is -40V while the
extraction lenses are at -400V and ionization bod the repeller are at the ground (0V). The
introduction of grids produces more parallel patdrines, which is favorable for the extraction
of ions. The difference in the number of extractexs is 4% according to our simulations.
Furthermore, the shapes of the potential linest lthe number of electrons lost to the walls as
shown below.

Considering the potential impact of all the modifions described above, we first
provide a simulation for 1 electron emitted frone ttenter of the cathode in direction with the
following angular coordinates as an example ofraylelectron trajectory: azimuth of 45° and
elevation of 22°. The initial kinetic energy of @®2eV corresponds to thermoelectric emission
from tungsten cathode at a temperature of 2500nkthis calculation, the cathode potentials
were -40 V, and the extraction lenses were at M0Bupplementary Fig. S1 shows the electron
trajectory under these conditions. In the abserica magnetic field the electron has a linear

trajectory (Supplementary Fig. Sla). The time adhfi in this case is 0.003@6s. When the



magnetic field value at the center is 130 G theted@ has a helicoidal trajectory and multiple
reflections take place (Supplementary Fig. S1bg Hilections are possible because the velocity
component is not orthogonal to the filament surfabere electrons are reflected and is therefore
too low for the electron to impact the filament dref being reflected. In this case, the calculated
time of flight is 0.6907us. Thus, the ratio of the times of flight is TOF{®@/TOF(0G) = 192.
The simulation shows that the electron crossedénéer region of ionization chamber 273 times
(red dots shown in Supplementary Fig. S1b) befmyaicting a wall.

In the next step, we performed SIMION simulatiosghg the source geometry shown in
Supplementary Fig. S1 with the magnetic field takena free parameter. The system was
simulated using %50 electrons emitted from 1 mm diameter circle fe¢ surface of both
cathodes. The initial velocities of the electroresvassumed to have a distribution within a cone
of 1 degree half-angle. The results of these sitimna are shown on Supplementary Fig. S2.
The space charge has been shown to play a keyirrdlee simulation of electron and ions
trajectories [10]. This effect due to the accumalabf charges due to the trapping of electrons
and it was taken into account using the POISSONuteomh SIMION. This module calculates
the distribution of charges in a first stage arehthecalculates its effect on trajectories iterdyiv
using a particle-in-cell method. The input paramébe these calculations was assumed to be a
1mA total current emitted fromx1L0 mnf cathode. To simulate the effect of space chatgs, i
assumed that each electron carries a fractioneofdtal current of each cathode (1mA). In this
case, the current carried by each electron igi20This is a classical approach describing the
electron current with ‘super-particles’ that haveharge higher than that of true electrons. All
other parameter were kept the same as mentionea.abbe results obtained for various values
of the magnetic field are shown in Fig. 3.

Overall, the effect of space charge is limited thoe charge density obtained inside the
ionization chamber (which is approximately a faabérl5-20 greater when using grids). The
simulations (Fig. 3) show that the electrons hawdightly broader dispersion than in the case
without space charge. By calculating the average of flight (TOF) for electrons it is possible
to quantitatively estimate the ionization probapitiepending on magnetic field values. In Fig. 4
the results of TOF calculations are shown for ussigalues of the magnetic field between 0 and
350 G. The longest time of flight for electronsolstained for B = 127 G, which corresponds to

the greatest probability of ionization. It is algossible to calculate the distribution of the TOF



for this particular value of the magnetic field fplementaryFig. S3). The results show that the
TOF follow more or less an exponential distributiéior each simulation, fifty electrons were
generated from a 1mm diameter circle for each clthweith -40 V potential. The simulations
were first run with no magnetic field to illustratee influence of the electrical field on electrons
trajectories. Using a weak magnetic fields (<80e(&ktron trajectories are more confined with a
smaller angular dispersion in the XY plane. Thedeto a higher electron density in the region
of the molecular beam (shown by the circular sectibthe electron beam in the XY plane (Fig.
3). With a magnetic field >100 Gauss, there isfieecgon of electrons between the two cathodes
contributing to a much greater electron densityw#ts shown that the maximum ionization
efficiency is obtained for a magnetic field equalle7 Gauss.

Our SIMION simulations were also used to test thpethdence of electron trajectories on
the cathode potential. Various cathode voltage® weplied while the magnetic field was kept
constant at B = 127 Gauss (Fig. 5). The simulatmaarly show that the ionization efficiency
has no direct proportional relationship with thehoale potential. As the cathode potential
increases, it can be seen that the electron tosjestdo not remain stable and that instabilities
leading to the loss of electrons to ionization chamwalls are observed. Such effect has been
described for electron impact sources using mafidt but our simulations shows that this
effect is not an artifact. If one estimates theization efficiency as a function of cathode
potential, there are interleaving maximum and munimin ionization efficiency. This effect can
potentially be eliminated by using an electromagystem instead of a permanent magnet. With
an electromagnet it is also possible for the opertd switch it off during the recording of
ionization efficiency curves [16], which means timat variation in ionization efficiency as a
function of cathode potential will be seen. Furthere, by varying the electromagnet potential it
is then possible to adjust the maximum ion sigAalshown in [11], an electromagnet with fifty
coils of pure iron at current 4 A would be suffiti¢o generate the magnetic field intensity of
160 G. Our simulation assumed a perfect and honsmgen magnetic field and a true
electromagnet would certainly have fringe effebtst should be examined in a real case.

Thus, our simulations show that there would be @sid®rable advantage in using an
electromagnet rather than a permanent magnet, thieeionized molecules are characterized by
an optimal value of electron impact energies thatret constant. In this case, there has to be a

double optimization of the cathode potential andyn&dic field: the magnetic field should be



adjusted to the optimal value similarly to whatsisown in Fig. 3 and this value is itself

dependent on the optimal value of the cathode patespecific to each molecule vapor species.

3.2. lon extraction
3.2.1. Extraction dlits

In order to extract ions from the ionization bor, extraction potential is applied in the
direction of ion propagation. The ability to extramn efficiently will depend on the shape of the
potential lines inside the ionization volume andtlo@ shape of the electrodes at the exit. In this
study, we tested both the effect of the shapeegttiraction slit, the potential of the repelledan
the extraction voltage. For these parameters, veenated to determine the optimal extraction
yield by following the trajectories of individuabms and counting those that passed through the
extraction slit. A more comprehensive simulationudorequire applying these simulations to a
specific mass spectrometer with a defined lenkstaorder to determine the transmission of the
ion beam through the lens stack to the entrandeo$lthe mass spectrometer. Extraction
efficiency coefficientke,; was calculated as a ratio of extracted ibRg to initially generated
ions Ngen

Kext = Next / Ngen (10)

The space charge effect of the ion beam was takém account for extraction
simulations. It was assumed 500 generated ionsecagaion current of IDA which is a typical
value of ion currents in mass spectrometer expetisne

First, two shapes for the ion extraction slit waneestigated. The extraction yields for a
‘V-type’ (see Fig. 6a) and a\‘type’ shape (see Fig. 6b) were compared. Five taghibns were
generated within the ionization area inside themdbexr. To extract the ions two plates located
above the exit slit at a distance of 3 mm were u$beé extraction potential was -400 V and the
repeller plate was set at ground potential. Thisesponds to an electrical field of approximately
1.3 V/m at the center of ionization chamber. Fighéws the ion trajectories and potential lines
inside the chamber for different shapes of extoacslits. The orientation of the-type slit (Fig.
6b) changes significantly the shape of potentiadinear the exit slit. As a result it leads to a
better focused ion beam and a better extractioa.sliulations gave the following statistics for
the extraction yields for V-type anitype slits: 80 % and 84 % respectively. Thus,/AHgpe is

a more efficient shape for ion extraction. Furtherey the effect of the potential gradient in the



center of the ionization volume was also tested iameas found that the maximum extraction
was obtained for an electrical field of 1.6 V/imnugplementary Fig. S4) for a repeller potential
of 2 V. This has implications for the energy digien of ions in the mass spectrometers since

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

3.2.2. Extraction efficiency as a function of the repeller potential

In a classical Nier-type source, the ionizationmohar is at ground potential and the
repeller plate is set at a positive potential. lis tstudy, we investigated a wider range of
potentials for the repeller plate. To obtain théirapl parameters, we varied the repeller voltage
from -4 V to +10 V and calculated the extractioficgéncy for each value using the method
described above. Extraction potential was fixee480 V (corresponding to a field of 1.6 V/mm
at the center of the ionization volume). The resaftthese simulations are presented in Fig. 7.
For repeller potentials ranging between 2 V to ¥1the extraction yield decreases. The highest
extraction efficiency was obtained around 2 V. THhhe highest extraction efficiency is obtained
when the repeller and ionization box potentialetiginces are low. This fact is consistent with the
results described by Ahn and Park [18]. Based @ir tbomputer simulations, these authors
modified a Nier-type ion source by setting the sarokage (+30 V) on both the ionization
chamber and repeller and also obtained betterxtnaaion. The shape of potential lines plays
an essential role in controlling the extractiongseas shown in Fig. 8. If the repeller is at ahhig
positive voltage, the generated ions are accekktata larger kinetic energy and this means that
the angular dispersion of some ions cannot be ftdlyected to go through the exit slit of the
ionization chamber. Thus, these ions are lost tiismns with the walls of the chamber or of the
extraction lenses. The ion beam becomes more sgmeatcreasing the repeller potential (see
the ion trajectories in Fig. 8). In contrast, whka repeller potential is only slightly positivagt
ions are less accelerated compared with previosesscavhich results in a better focusing into the
exit slit. However, the better focusing could ictfae explained by the shapes of potential lines.
The ions start moving perpendicularly to the pagiines inside the chamber and then there is a
crossing point of their trajectories near the edfethe ionization volume. The extraction
efficiency depends on the angles between ion t@jes and extraction direction axis (OY)
before the crossing point. In the case of posiigkages of the repeller the potential lines are

more flattened in the direction of the axis of extron. This leads to defocusing of the ion beam

10



with a greater dispersion at the extraction stitcbntrast, for slightly positive repeller potehtia
the ion beam becomes more focused due to more atispapes 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 ionizatmome and are accelerated towards
extraction lenses, they are submitted to the Laréorte which can modify their trajectories. As
the ions masses are much larger than those of@hscthis influence is much weaker compared
with electrons. Nevertheless, it is worth checkthgt the mass discrimination effect due to
source magnetic field is not significant comparathwther effects of mass fractionation. For
example, Caro et al. [19] had shown that the sonragnet used to deflect electrons in a thermal
ionization mass spectrometer could have an infleethat needed to be corrected for high
precision Nd isotope measurements at the ppm lé¥ele, we have examined whether the
source magnet could produce a significant massidretion using a simulation of ion extraction
with Mg isotopes. We generated 3 types of idfidlg®, >°Mg*, *Mg* from the same starting
point and had them flying with an extraction fiedfl — 400 V at a 3 mm distance from the
ionization box and with a magnetic field of 170 Gauwhich is close to the maximum of
ionization probability values. It was found thattd was no significant difference in their
position after extraction. The maximum spatial déen between the isotopes 24 and 26 was 3
microns, compared with the width of the extract&it of 1.5 mm. In order to estimate the
possible differences in extraction efficiencies #xtraction of 8500 ions of each isotope was
simulated. All the generated ions were properlyugsd into the extraction slit and there was no
measurable effects on the ion trajectories. Theuente of magnetic field on ions became
observable when its value was 10 times higher. mhgimum deviation was 50 microns (1 %
difference in extraction efficiency for thiéMg* and**Mg" ions) at 1630 Gauss of magnetic field,

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

4. Conclusions
This study was focused on numerical simulationgmfelectron-impact ion source for
specific applications in the field of Knudsen Effus Mass Spectrometry with the goal of

optimizing a number of parameters for the sourcsigte Compared with existing electron

11



impact sources, the results of our simulations shiost by using a configuration with two
filament source facing each other (instead of p)tri& is possible to produce a trap for electrons
that greatly enhances the ionization yield of therse. This effect has been succinctly described
in the literature, however our more comprehensiveukations permit to identify the key
parameters for this type of sourte particular, it was found that there is an optin&lue of the
magnetic field for each cathode voltage, which rsdlat for optimizing the electron energy for
a given molecule, a new feature of this sourcéas the magnetic field has to be tuned for best
ionization yield. This suggests that using a tueadéctro-magnet would be better for this type
of source. Our simulations also show that usingiggrnstead of slits in front of the electron
emitting filaments results in a longer confinemehthe electrons in the trap. Altogether this
configuration results in an increase of the ionarayield by a factor of115-20 compared to the
case with a single filament.

In a second step, the conditions of ion extractvene also explored and it was found that
the shape of the exit slit for the ions can beroed using a\-shape instead of a V-shape,
which was classically used. Next, our simulationgveed that the potential of the repeller has to
be slightly positive to obtain the best extractioeld. Last, our results also show that the value
of the maximum magnetic field needs to be checkeal/bid mass discrimination of ions during
their extraction to the mass analyzer but that apémal value should not cause a mass
discrimination < 1%. for magnesium isotopes.

Overall, the proposed design based on this ele¢tegnshould greatly enhance electron
impact source with applications in noble gas massctsometry, Knudsen effusion mass

spectrometer or gas source mass spectrometerganssotope 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 KEMfalysis. The ionization volume
has a symmetric configuration: 1 — ionization chamB — cathodes; 3 — electron passing slits; 4
— repeller; 5 — ion extraction slit; 6 — magnett@da Electron motion in parallel electric and
magnetic fields is shown by red arrows. For theted® motion from left to right: | — zone of
magnetic and electric field (acceleration for al@es moving from left to right) influence; Il —
magnetic field only; Ill - zone of magnetic andatte field (deceleration) influence.

Fig. 2. Potential contours (red lines) and gradient carstgblue lines) for ionization chamber

with slits (a) and grids (b) for electrons. The @pmate differences between potential lines are:
at the bottom of the box 0.1V, at the center 0.aWlgve the box 12.6V. The potential lines
diagram highlights the more regular contours in ¢thse of grids, which favors a better ion
extraction.

Fig. 3. Electron trajectories in the ionization chambeadsnction of the magnetic field, with
the effect of space charge due to electron trapping

Fig. 4. Average electron time of flight as a function bétmagnetic field. Cathode voltage was
set at -40 V in this simulation. Solid line corresds to calculations including the effect of space
charge. Dashed line shows the electron time dfiflig the absence of space charge. The value B
= 127 G corresponds to the greatest probabilitpmization.

Fig. 5. Number of crossings of the center of ionizatiomrober by electrons as a function of
cathodes potential with a magnetic field equal2@ G. This parameter should be proportional to
the density of charge in the ionization volume aadh therefore be used as a proxy for the
ionization efficiency. Solid line corresponds toctdations with the effect of space charge.
Dashed line shows the results without space charge.

Fig. 6. lon extraction with different slit shapes:- V-type; b - A-type. A-type slit changes the
potential lines shape near the edge area, makimgoth beam more focused and giving 4%
difference in the extraction yields.

Fig. 7. Extraction efficiency as a function of the repelioltage for a -400 V extraction
potential. The maximum extraction efficiency copesds to 2 V for the repeller.

Fig. 8. lon trajectories and potential lines for differeapeller voltages. The ion extraction is

better for low negative values of the repeller @ledmpared with positive values due to the more
elongated potential lines in the extraction dir@cti
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Supplementary materials

Supplementary Fig. S1. Electron trajectories from the cathode center iralpe electrical and
magnetic fields: (a3 = 0 G; (b)B = 127G.

Supplementary Fig. S2. Electron trajectories in the ionization chambeadgnction of the
magnetic field, without the effect of space charge.

Supplementary Fig. S3. Electron time of flight distribution for a magnetield, B = 127 G.
Shaded columns — space charge calculations; uhfiiithout space charge effect. The vertical
red lines mark the average values of the TOF: dwialis for a case with space charge and the
dashed one is in the absence of space chargen@hsion of space charge results in a shorter
residence time, yielding a lower ionization effiooy.

Supplementary Fig. $4. lon extraction efficiency as a function of the étecpotential 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.



