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A B S T R A C T   

Hot cathode ionisation gauges are the only reliable pressure measurement devices suitable for both high and 
ultra-high vacuum measurement. These devices are characterized by low accuracy that is hardly better than 20%. 
The sources of loss of accuracy are documented in the literature although their quantification and details are not 
fully understood. In the present work, simulations of Bayard-Alpert and extractor gauges were performed under 
the influence of uniform magnetic fields up to 30 Gs. Results are in qualitative agreement with measurements 
taken previously with the Bayard-Alpert gauge. Both gauges are sensitive to low intensity magnetic fields which 
may be present in vacuum chambers. However, the extractor gauge proved to be more stable in the presence of a 
magnetic field due to its ring-shaped cathode.   

1. Introduction 

Ionisation vacuum gauges are indispensable pressure measuring 
devices at high vacuum and lower pressures, both in industry and 
research [1]. In spite of its significance, accurate pressure measurement 
in this range remains to be a challenge. Common ionisation gauges, such 
as Bayard-Alpert (BA) or Penning type, have typical uncertainties for 
nitrogen up to 20% [2–7]. The situation is clearly worse for other gases 
[3,7,8], compromising pressure measurements with the accuracy 
required in different applications beyond metrology. 

Hot cathode ionisation gauges lack robustness of their construction 
(e.g., anode and particularly ion collector of BA gauges are both made of 
very thin wires), causing changes of its geometry during the operation 
and transportation. The latter appears to be one of the major reasons for 
the uncertainties in hot cathode ionisation gauges, due to their influence 
on the mean electron path length inside the ionisation volume [7]. In 
addition, measurements are affected by different particle-electrode in-
teractions, such as X-ray emission, electron stimulated desorption and 
electron backscattering from the anode, as well as ion induced second-
ary electron emission from the ion electrode [7,9]. The majority of these 
phenomena contribute to the low pressure limit of ionisation gauges, 
thus affecting the measurement accuracy at low pressures. Besides, any 
change of electrodes’ surface will decrease the measurement repeat-
ability and reproducibility. 

A few ionisation gauges were developed with an improved design to 
reduce the measurement limitations. One is the extractor gauge, in 
which the ion collector is hidden from the anode, reducing the fraction 

of anode area with which the collector has direct line of sight. Such a 
construction strongly reduces the contribution of X-rays to the ion col-
lector current [10,11]. The design of this gauge also reduces consider-
ably the collection of desorbed ions released on the anode due to their 
higher energy in respect to gas phase ions [11,12]. Although with 
reduced sensitivity, these features extend its application towards lower 
pressures well in the UHV and XHV ranges (ultra-high and extreme 
vacuum). Low influence of secondary particles on its operation also 
contributes to the long-term stability of 2.5% [3], being a considerable 
improvement with respect to the BA gauges type. Another solution is the 
Stabil-Ion gauge, which is a BA-type gauge with more robust construc-
tion providing well-defined and stable geometry [2]. The latter is 
characterised with significantly increased accuracy with respect to 
common BA gauges (~4%), although showing a long-term stability 
somewhat lower than that of the extractor gauge [3]. 

Recently, a novel ionisation gauge suitable as a reference standard in 
the 10− 4-10− 8 mbar range was developed in the frame of the European 
project 16NRM05 ‘Ion gauge’ (EMPIR programme) [13]. Apart from a 
very good repeatability (<0.05%) and reproducibility (<1%) for 
different gases, even after cathode replacement, this gauge even pro-
vides predictable sensitivity within 1.5% [14]. These outstanding results 
are achieved by a design in which an electron beam makes a single pass 
throughout the ionisation volume, ending inside of a Faraday cup 
without a direct line of sight with the ion collector. Authors found that 
weak magnetic fields can have strong influence on its operation (in some 
directions, magnetic field of only 2 Gs disables the gauge), which is why 
Mu-metal shielding is recommended [13]. 
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Conventional hot cathode ionisation gauges can hardly operate in 
magnetic fields of the order of hundreds of Gs, which can even affect the 
filament shape [15]. Similar problems in the same range of the magnetic 
field were observed in quadrupole mass spectrometers [16]. These issues 
motivated a development of the ASDEX gauge suitable for fusion re-
actors, which are characterized by strong magnetic fields [17]. Having 
this in mind, one may ask: what would be the influence of a small 
magnetic field of a few tens of Gauss on the operation of conventional 
ionisation gauges? Since magnetic fields of several Gs already affect 
electron trajectories with a few hundred eV of energy, this influence is 
inevitable in common ionisation gauges. 

Magnetic fields of some tens of Gs are commonly present in vacuum 
systems, e.g., in the vicinity of ion pumps or Penning gauges. As an 
example, the measured distribution of magnetic field along the sym-
metry axis of the Penning gauge (model IKR 251, Pfeiffer) is presented in 
Fig. 1. Even at a distance of 20 cm from a Penning gauge, one can expect 
a significant change on the electron trajectories [13]. Consequently, 
knowing that gauges with accuracy of about 5% are commercially 
available, the influence of magnetic fields on their operation can hardly 
be ignored. To the best of our knowledge, there is only one publication 
with systematic studies of the influence of magnetic field in this range on 

the operation of ionisation gauges [18]. The aim of this study is to fill 
this gap to some extent. 

In the present work we discuss the influence of uniform magnetic 
fields, up to 30 Gs, on the operation of BA and extractor ionisation 
gauges. For that purpose, a previously developed simulation tool for 
studying ionisation gauges, based on the well-known software for 
charged particle optics, SIMION ver. 8.1, was used [19]. In this previous 
work, authors have shown a very good agreement with other simulation 
tool and corresponding experimental measurements [19,20]. In addi-
tion, the same tool was used to simulate deflection of the primary 
electron beam by the magnetic field in the novel ionisation gauge, 
allowing to determine its geometric profile. The simulated beam profile 
agrees very well with the experimental one, demonstrating capability of 
the simulation tool to successfully model the effect of a uniform mag-
netic field [21]. 

In 1981, H. C. Hseuh carried out an exhaustive test of a BA operation 
in the presence of weak magnetic fields [16]. A modified Granville 
Phillips series 274 was tested at magnetic fields between 5 and 60 Gs for 
different directions. The ion current was measured as a function of the 
magnitude of B and magnetic fields were generated by two permanent 
magnets. The distance between magnets was varied between 10 and 25 
cm to change the magnitude of B in the volume of BA. Due to the method 
used, the homogeneity of B varies up to ±30% within the grid volume. 

In the present work, simulation results are compared with experi-
mental measurements obtained by H. C. Hseuh for the case of BA gauge. 
A similar work for the extractor gauge was not found. 

Although the comparison is mainly of a qualitative nature, due to 
different geometries of the two BA gauges, quantitative agreement was 
also achieved to a large extent. The same approach provides a novel 
insight into the operation of an extractor gauge, suggesting a smaller 
influence of magnetic fields <30 Gs on the sensitivity as compared to the 
BA gauges. 

2. Methods 

The influence of magnetic field on the operation of ionisation gauges 
was studied. SIMION was used to study the influence of a weak magnetic 
field (<30 Gs) on two different ionisation gauges - the BA gauge 
(manufactured at CERN, see Ref. [20]) and the extractor gauge 
(following the geometry of the Inficon manufacturer). The geometry and 

Fig. 1. Measured magnetic field distribution along the axis of the Penning 
gauge IKR 251 Pfeiffer. The magnetic field is directed along the Penning gauge. 
Distance of 0 cm corresponds to the position of the connecting flange. 

Fig. 2. Geometry of simulated ionisation gauges: Bayard-Alpert (left); extractor (right).  
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potentials of these gauges are illustrated in Fig. 2. 
The BA gauge consists of 2 filaments, an anode made of thin wires 

forming a cylindrical shape, two modulators to subtract the influence of 
X-rays and an ion collector in the form of a filament of 50 μm in diam-
eter. In the simulation the gauge was mounted inside of a metallic tube 
with a diameter of 63 mm (envelope) at a potential of 0 V. 

The extractor gauge has a ring-shaped filament that surrounds the 
anode. In this sensor, the ion collector is hidden from the anode in the 
center of a hemisphere, which serves as a reflector to focus ions on the 
collector. The gauge was assumed to be mounted inside of a grounded 
metallic tube with 38 mm in diameter. Dimensions and potentials of the 
gauges’ electrodes are summarized in Table 1. 

The simulation approach is similar to that in Ref. [19]. Briefly, the 
ion current in a hot cathode ionisation gauge will be given by the 
expression 

Ii = Ie⋅S⋅p (1)  

where Ie represents the electron emission current, p the gas pressure and 
S a constant commonly named sensitivity [7]. This quantity character-
izes the gauge in terms of its efficiency in ionizing and collecting the 
created ions. The approximate value of this constant is given by 

S=
〈L〉⋅σ
kB⋅T

⋅Pc (2)  

where 〈L〉 represents the mean value of the electron path length L, σ the 
electron impact ionisation cross section, T the gas temperature and Pc 
the probability of collection of an ion once ionisation occurs [7]. The 
above expression is based on the assumption that the electron energy is 
constant along its trajectory. 

In a more realistic approach, the electron energy is changing along its 
trajectory, which brings us to a more general expression for the ionisa-
tion gauge sensitivity: 

S =

〈 ∫L

0

σ(E)dl〉
kB⋅T

⋅Pc (3)  

in which the variation of the energy dependent cross section is consid-
ered. This expression can be further simplified assuming Pc approaching 
1 inside the anode volume, and 0 in the rest of the volume. This 
assumption is justified for the BA gauge [20] and extractor gauge [22] 
gauges. This condition is maintained even in the presence of a magnetic 
field <60 Gs as used in the present work, since ions are much slower 
than electrons. Therefore, expression (3) can be rewritten as follows 

S=
∫

insideσ(E)dl
kB⋅T

(4)  

where ionisation cross section is integrated only along the path inside 
the anode volume. 

In the presence of a magnetic field, electrons trajectories will change, 
having direct consequence on the gauge sensitivity due to different path 
lengths within the anode volume. Relative change of gauge sensitivity 
due to changed electron trajectories (caused by different reasons 
including the magnetic field) can be expressed as 

ΔS
S
=

Δ <
∫

insideσ(E)dl >
<

∫

insideσ(E)dl >
(5) 

To model gauges in SIMION, their geometry was defined in CAD 
software and imported into SIMION using the SL Tools utility, con-
verting each electrode into a PA file (potential array file). Resolution 
used for the conversion was 0.05 and 0.1 mm/gu (gu = grid unit) for BA 
and extractor gauge, respectively. These resolutions were selected to not 
significantly compromise simulation results due to discretisation and, on 
the other hand, not to make the simulation excessively heavy. To 
calculate the potential distribution with SIMION, by solving the Laplace 
equation, a convergence limit of 10− 6 V was defined. A smaller 
convergence limit did not influence the simulation results. 

In simulations we follow the relative change of sensitivity, calculated 
according to expression (5), as a function of the external magnetic field. 
The magnetic field in the simulations was uniform and oriented along 
the x, y and z axes (cf. Fig. 2). The field intensities were changed in the 
range from 0 to 30 Gs, with a step of 1 Gs. In each simulation, 5000 
electron trajectories were calculated. Electrons were uniformly emitted 
from the filament surface into a solid angle of 2π with a constant initial 
energy of 0.1 eV. Preliminary simulations revealed that the influence of 
the initial conditions is negligible doe to the strong field accelerating 
electrons towards the ionisation volume. The energy dependence of the 
cross section for electron impact ionisation of N2 was taken from the 
NIST database [23], the latter being based on the BEB method [24]. 

3. Results and discussion 

3.1. BA gauge 

In the case of the BA gauge, magnetic field was applied along the 3 
axes of the Cartesian system presented in Fig. 2. In Fig. 3 shows the 
variation of the sensitivity as function of a field along the x-axis (i.e., 
along the direction of electron acceleration), revealing a steady decrease 
down to 14% for 15 Gs followed by a rise up to 9% at 30 Gs. The cor-
responding results of an experiment, performed on other BA gauge in the 
range 10–30 Gs (solid line), show the same general tendency in the 
range of 15–30 Gs (dotted linear line) [18]. It should be emphasized that 

Table 1 
Dimensions (mm) and potentials (V) of the gauges’ electrodes.  

Gauge Electrode Dimension Wire Diameter Potential 

BA Anode grid Ø 35 × 45 Ø 0,13 150 
Filament Height 30 Ø 0,18 50 
Modulator Length 42 Ø 0,7 150 
Collector Length 42 Ø 0,05 0 
Envelope Ø 63 – 0 

Extractor Anode grid Ø 14 × 24,70 Ø 0,3 220 
Filament Ø 18 Ø 0,15 100 
Filament support Ø 21 Ø 0,5 100 
Collector 4,5 Ø 0,3 0 
Reflector R7 – 205 
Envelope Ø 38 – 0  

Fig. 3. Relative change of BA sensitivity as a function of magnetic field in-
tensity along the x-axis: simulation – dots; empirical – line [18]. 
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good agreement cannot be expected due to different BA geometries and 
the inhomogeneity of the magnetic fields and directions in the mea-
surements. Nevertheless, both results show that relative sensitivity 
change up to 20% can be expected in this range of magnetic field. 

Simulations do not provide clear correlation between changes of 
trajectories and sensitivity with magnetic fields. The field is aligned with 
the electron velocity in the first few millimetres, forcing the electrons to 
have a helical path along the x-axis. However, once they pass through 
the anode grid, their paths diverge from the x-axis, creating a swarm of 
electrons to which we cannot ascribe representative paths. 

When applying the field along the gauge axis (y-axis in Fig. 2), the 
sensitivity change is more pronounced, as shown in Fig. 4. Both, the 
simulation and the experiment, demonstrate a decrease in sensitivity 
down to approximately 40% for 30 Gs. However, there is a pronounced 
maximum of about +20% between 10 and 15 Gs. 

Fig. 5a) shows the effect of a magnetic field on a typical electron 
trajectory. In the absence of field, the projection of the electron trajec-
tories on the xz plane have a typical triangular shape as a result of the 
field distribution produced by the anode, the ion collector and the outer 
envelope (at 0 V) [19]. When the magnetic field is applied, it always 
bends the trajectories towards the anode, not allowing electrons to 
penetrate deeply into the useful ionisation volume. More importantly, 

such trajectories increase their frequency of passage through the anode 
and consequently the probability of collision with this electrode. This 
causes a decrease of the mean electron path length and, therefore, of 
sensitivity. The local sensitivity maximum at 13 Gs is related to the 
construction details of the anode grid. The latter consists of two rela-
tively thick rectangular frames to which the Ø 0.05 wire is spot welded 
(cf. Fig. 2). It appears that when the field is close to 13 Gs the electron 
beam is guided in such way that it systematically avoids the vertical 
pillars of the rectangular frames. This results in a significant increase in 
the mean path length, as it can be seen in Fig. 5b). Despite the smaller 
length of each passage inside the anode, the overall sensitivity is 
considerably increased since the number of passages is highly increased. 
This local sensitivity maximum seems specific to this version of the 
Bayard-Alpert gauge and should not be generally expected. 

Applying magnetic field along the z-axis also reduces the gauge 
sensitivity, which is confirmed by the previous experiments [18]. With a 
field intensity of 30 Gs the sensitivity is reduced by about 35%, as 
illustrated in Fig. 6. Although the final result is the same, the simulation 
shows an inverted behaviour between 8 and 18 Gs when compared with 
the experiment of H. C. Hseuh. Trajectories plotted in Fig. 7 provide the 
reason for the observed decrease in sensitivity. Similarly to the previous 
direction, the electrons have initial velocities perpendicular to the 
magnetic field. This causes intense bending of the trajectories leading to 
an increase in the frequency of passage through the anode. Again, the 
trajectories in the ionisation volume of interest are shortened due to the 
increased probability of anode impact, yielding in the decreased 
sensitivity. 

Simulation results above show a generally good quantitative and 
qualitative agreement with experimental measurements. Observed dif-
ferences are most probably caused by geometry and construction details, 
as it was illustrated in the case of the intense sensitivity maximum at 13 
Gs along y-axis. These results confirm that the used simulation model is 
suitable for predicting the influence of magnetic fields on the operation 
of ionisation gauges. It also provides insight on the reason for the 
changes in sensitivity and adds what can be expected for B < 6 Gs. 

3.2. Extractor gauge 

In the case of the extractor gauge, the simulations were carried out 
with magnetic fields only along the radius (x axis) and along the gauge 
axis (y axis) due to its cylindrical symmetry. This symmetry plays an 
important role concerning the magnetic field influence. In extractor 
gauge, the electrons’ initial velocity is radial and it has different di-
rections along the cathode, contrary to what happens in BA, where all 
electrons have initial velocities with similar directions. 

Fig. 4. Relative change of BA sensitivity as a function of magnetic field in-
tensity along the y-axis: simulation – dots; the continuous line is plotted with 
data taken from Ref. [18]. 

Fig. 5. Simulation of the electron trajectories inside the BA gauge: a) two trajectories of the same electron, with 30 Gs along y-axis and without magnetic field, blue 
and black lines, respectively; b) trajectory of one electron with magnetic field of 13 Gs along the y-axis. 
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Fig. 8 shows that, when the magnetic field is applied along the radial 
direction, the sensitivity tends to decrease, but the actual relative drop is 
significantly smaller than in the case of the BA gauge for any field di-
rection. Indeed, this drop is below 10% up to 25 Gs, reaching only 17% 
for 30 Gs. 

Fig. 9 presents the beginning of many electron trajectories starting in 
different position on the filament (before their end i.e., interrupted 
trajectories) in order to make the general trends more visible. Trajec-
tories show symmetry in their modification by the radial magnetic field - 
Lorentz force acting on electrons emitted from opposite sides of the ring- 
shape filament will have the same intensity but opposite sign. Similar to 
what happened in the BA gauge simulation, with the magnetic field 
along the z-axis (normal to the initial electron velocity), the presence of 
a magnetic field increases the probability of impact on the anode, thus 
contributing to the reduced electron mean path within the ionisation 
volume. That effect should be taking place in the extractor gauge for 
electrons emitted from most of the filament when the initial trajectories 
are not collinear with the magnetic field. For those electrons that are 
emitted collinearly with the magnetic field, the effect on the path length 
inside the anode should be smaller. Since part of the emitted current is 
always much less affected by the magnetic field, the variation in sensi-
tivity is less pronounced in the presence of a radial magnetic field. 

As depicted in Fig. 10 if the magnetic field is applied along the gauge 
axis the sensitivity decreases for about 15% at 28 Gs, reaching about 
26% at 30 Gs. The reason is clear from the interrupted trajectories 
presented in Fig. 11. The Lorentz force acts on all electrons in the same 
way, bending their trajectories in the plane. In the top view, we notice 
that most trajectories are bent counterclockwise while in the absence of 
field both bending directions are seen. As in the case of the BA gauge, the 
magnetic field increases the frequency of passage through the anode 
mesh, decreasing the length of its trajectory. 

These simulations shows that sensitivity of the extractor gauge is less 
affected by the magnetic field than a BA gauge, whichever is its direc-
tion. Possibly, the main reason for the greater stability of the extractor 
gauge is related with the cathode geometry. The ring-shaped cathode 
leads to a lower influence of a magnetic field on the electron trajectories, 
thus reducing its effect on the sensitivity. 

The trend that more uniform trajectories, with less divergence in the 
velocity directions, impose higher impact of magnetic field on gauge 
operation is rather general. A very good example is the recently pro-
posed ISO gauge with primary electrons in the form of a beam [13], in 
contrast to the gauges considered in this study that operate with swarms 
of primary electrons. Despite the superior accuracy of the ISO gauge, it 

Fig. 6. Relative change of BA sensitivity as a function of magnetic field in-
tensity along the z-axis: simulation – dots; the continuous line is plotted with 
data taken from Ref. [18]. 

Fig. 7. Electron trajectories in the presence of a 30 Gs magnetic field intensity 
along the z-axis. 

Fig. 8. Relative change of extractor gauge sensitivity as a function of magnetic 
field intensity along the x-axis. 
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cannot even operate under a magnetic field of only 2 Gs perpendicular to 
the gauge axis without proper shielding. The same field changes the 
sensitivity of a BA or extractor gauge for about 5% or less. 

4. Conclusion 

In this study, numerical simulations were carried out in order to 
investigate the influence of weak magnetic fields on the operation of two 
frequently used hot cathode ionisation gauges: BA gauge and extractor 
gauge. Results indicate that fields up to 30 Gs, which may be present in 
vacuum chambers, can introduce measurement errors of 5–30%. This 
should be considered whenever magnetic circuits are nearby and when 
accurate pressure measurements are required. 

Simulation of a BA gauge shows similar tendencies to those measured 
on a BA gauge, with somewhat different geometry, performed by 
Ref. [18]. Sensitivity change in both gauges is comparable, while the 
details of the sensitivity vs. magnetic field dependence are determined 
by the details of each geometry. 

In the case of the extractor gauge, experimental data were not 
available to compare with. However, simulation results clearly suggest 
higher stability of this gauge than a BA. A main reason appears to be 
related with the increased radial symmetry (which includes also the 
cathode) which cancels the sensitivity change due to modified electron 

Fig. 9. Interrupted simulation of the electron trajectories inside the extractor gauge: a) without magnetic field; b) with magnetic field of 30 Gs along the x-axis.  

Fig. 10. Relative change of extractor gauge sensitivity as a function of mag-
netic field intensity along the y-axis. 

Fig. 11. Interrupted simulation of the electron trajectories inside the extractor gauge: a) without magnetic field; b) with magnetic field of 30 Gs along the y-axis.  
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trajectory under magnetic fields. 
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