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A B S T R A C T   

Stable ionisation vacuum gauges obtain stable sensitivity by controlling both the well-defined electron trajectory 
and electron energy in the ionisation volume. To achieve this goal, a collimated electron beam and large ion-
isation cross-section are required as the electrons enter the ionisation volume. In this paper, a low-energy 
electron source based on carbon nanotubes is designed to realise a collimated electron beam by the addition 
of specialised deceleration and focus electrodes. The experimental transmission is approximately 25%, which is 
in good agreement with the simulation results. Furthermore, a simulation study is carried out combining the 
electron source with the components of a novel stable ionisation gauge. The numerical simulation results show a 
sensitivity of 0.250 Pa-1. It provides an important reference for the development of stable ionisation gauge based 
on the field emission cathode.   

1. Introduction 

Carbon nanotube (CNT) is an ideal electron source material with 
stable physical and chemical properties, high aspect ratio, small radius 
of curvature, and excellent electrical and thermal conductivity [1–3]. 
Electron sources made by CNT have advantages of small size, fast 
response and low power consumption. Such sources have been applied 
in various vacuum electronic devices such as X-ray tubes [4], travelling 
wave tubes [5,6] and electron guns [7,8]. In the past 20 years, many 
scholars have made attempts to replace hot filaments in ionisation 
gauges with CNT electron sources due to the high mechanical strength, 
robustness against thermal effects and excellent field emission charac-
teristics in vacuum environment [9]. In 2004, Dong and Myneni [10] 
used a CNT electron source to replace the hot filament for the first time 
in an extractor gauge, achieving a sensitivity of 0.03 Pa-1 by suppressing 
the thermal effects of hot filament effectively, and the measurement 
errors were ±10% at 10− 6 Pa. Knapp [11] studied CNT electron sources 
with hairy surface structures in Bayard-Alpert (B-A) gauges and the 

sensitivities changed from 0.10 to 0.15 Pa-1. Liu et al. [12] designed a 
CNT electron source with a shielded electrode and applied it to B-A 
gauge, achieving the sensitivity of 0.05 Pa-1. Li et al. [13,14] carried out 
research on the application of CNT electron sources in a B-A gauge and 
an extractor gauge, which improved the performance of the CNT cath-
ode and obtained good measurement linearity from 10− 8 Pa to 10− 4 Pa. 

Recently, Jousten, Jenninger and Bundaleski et al. [15–17] reported 
a novel ionisation gauge with a thermionic emission cathode, and the 
new design obtained predicted sensitivity and good stability, making the 
gauge suitable as a reference standard. The novel gauge has provided a 
practical and feasible scheme for the design of stable gauges. The CNT 
electron source is expected to be used in this kind of gauge to eliminate 
thermal radiation outgassing, thermal disturbance of the gas environ-
ment and electron kinetic energy interference [1,18], which would 
make the gauge more stable and reliable. However, replacing the hot 
filament directly by the CNT electron source in the conventional gauges 
would increase the energy of the electron in the ionisation volume to 
hundreds of electron volts and make the electron trajectories to be 
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dispersed and unpredictable. The high kinetic energy and uncontrollable 
trajectories of electrons could induce variations of the sensitivity. 
Therefore, the study on the CNT electron source with controllable 
electron energy and trajectory is of considerable interest for the stable 
gauges. In addition, the CNT electron sources suffer from long-term 
current instability, which is an important factor why ionisation gauges 
based on field emission sources are still unavailable for commercial 
application [19]. However, we consider that they still have potential for 
application in stable ionisation gauges for the following main reasons. 
Firstly, some research to improve the long-term current stability of CNT 
cathodes continues, with some breakthroughs [20–22]. Moreover, the 
ionisation gauge in this study has nearly uniform electron trajectories 
and energy distributions in the ionisation volume, so that the effect of 
the number of electrons changing on the sensitivity stability can be 
significantly reduced, thus effectively reducing the effect of current 
decay. Furthermore, the easy replaceability of the cathode can further 
reduce the impact of this defect. 

This paper shows the development of a new CNT electron source, 
which enables the introduction of a low-energy collimated electron 
beam with uniform and stable trajectories. Then, we combined the CNT 
electron source with the components of the novel gauge proposed by 
Jousten et al. [15]. The well-defined electrons trajectories in the gauge 
were simulated and the sensitivity was studied. This ionisation vacuum 
gauge aims for high stable sensitivity (with an annual uncertainty <1%) 
in the range of 10− 2 Pa to 10− 6 Pa. 

2. Low-energy collimated beam electron source 

2.1. Modelling and simulation 

The structure of the designed electro-optical system based on the 
CNT electron source is shown in Fig. 1. The system includes a CNT 
electron source, an ionisation cage and an electron collector. The CNT 
electron source consists of a CNT cathode, a gate, a deceleration elec-
trode and a focus electrode. The emission region of the CNT cathode 
defined in the simulation is a circular sheet with a diameter of 1.0 mm. 
The gate has square mesh with side length and wire diameter of 0.225 
mm and 0.03 mm respectively. The total diameter of the gate is 1.2 mm. 
The deceleration electrode has the diameter of 1.2 mm and the thickness 
of 0.13 mm. The focus electrode is a conical hole with the entrance 
diameter, the exit diameter and thickness of 1.54 mm, 1.00 mm and 
1.00 mm respectively. The three vacuum gaps between the cathode, the 
gate, the deceleration electrode and the focus electrode are 0.15 mm, 
0.18 mm and 0.20 mm respectively. The ionisation cage is the region 
enclosed by a gas inlet grid, an ion extraction grid and an electron beam 
inlet and outlet. The electron beam inlet and outlet have the same shape 
with the diameter of 1.00 mm and the thickness of 0.58 mm. The elec-
trons are extracted by the gate and subsequently collimated by the 
deceleration and focus electrodes. They then enter the ionisation cage 
and are collected by the electron collector. 

We simulated the electron optical system with SIMION®, a software 
for ion and electro-optical simulations. 1000 initial electrons were 
randomly distributed on the surface of the CNT cathode. The emission 
energy was defined as 0.2 eV and the electron emission half-angle in the 
range of 0◦–30◦, respectively [23]. The voltages of the ionisation cage, 
the gate and the electron collector were respectively set to 0 V, 700 V 
and 10 V. We initially set the cathode voltage to − 70 V, so that the 
electrons passing through the ionisation cage have an energy of 
approximately 70 eV according to the voltage difference between the 
CNT cathode and the ionisation cage. For most gas molecules, the 
electrons have a large ionisation cross section at such energies [24]. The 
ratio of electrons arriving in the ionisation cage to the total emitted 
electrons is defined as the electron transmission efficiency to evaluate 
the influence of deceleration and focus electrode voltage variations on 
the electron trajectories. The radial velocity vr and axial velocity va of the 
electrons along the ionisation cage are applied to description the colli-
mation of the electron beam. 

In the simulation, we found that the high electron transmission ef-
ficiency and excellent collimation characteristics cannot be satisfied 
simultaneously. When both the deceleration voltage (Ud) and the focus 
voltage (Uf) were swept in the range of 0–1000 V, the maximum electron 
transmission efficiency reached 45.5% at Ud = 1000 V and Uf = 280 V, 
but the electrons were not well bunched and collimated as can be seen 
from Fig. 2(a). The electrons are accelerated before entering the focus 
electrode and the fluctuation range of vr is 126.70 m/s to 4985.76 m/s 
with the mean value of 2609.03 m/s and the standard deviation of 
1043.98 m/s, which can explain the divergence of the electron beam. 
Conversely, if the electrons are decelerated by the deceleration electrode 
before entering the focus electrode, vr significantly decreases. As shown 
in Fig. 2(b), when Ud = 0 V and Uf = 5 V, the fluctuation range of vr is 
41.59 m/s to 1907.20 m/s, with the mean value of 650.07 m/s and the 
standard deviation of 432.83 m/s. The collimation of the electron beam 
is significantly improved. In summary, the setup of the deceleration 
electrode and focus electrode in this electron source effectively achieves 
low energy and collimation of the electron beam. 

2.2. Experiment 

The CNTs used in our experiments were directly grown on oxidation- 
reduction-treated stainless steel substrate with thermal chemical vapor 
deposition (CVD). It was produced at Wenzhou University, China. The 
same production process and detailed analysis was mentioned in our 
previous article [25]. As shown in Fig. 3(a), CNTs with a diameter of 1 
mm were grown on a stainless steel substrate with a diameter of 1.5 mm. 
Fig. 3(b) shows the CNTs with an average diameter around 40 nm ~ 60 
nm have homogeneous tubular structure. 

Before the electron source tests, the CNTs were tested in a diode 
device test the variation of the emission current density under the uni-
form electric field. A molybdenum sheet was used as the electron col-
lector and a ceramic sheet of 150 μm thickness was placed between the 

Fig. 1. Structural model, used for simulation of electro-optical system. 1-CNT cathode, 2-gate, 3-deceleration electrode, 4-focus electrode, 5-electron beam inlet, 6- 
electron beam outlet, 7-gas inlet grid, 8- ion extraction grid, 9-electron collector. 
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CNT and the Mo sheet. The tests were carried out at a pressure of 2 ×
10− 5 Pa. Fig. 4 shows the emission currents of the two tests have a good 
agreement. The macroscopic turn-on field for 10 μA/cm2 is 2.2 V/μm, 
and an emitted current density of 13.2 mA/cm2 was achieved when the 
field strength was increased to 5.8 V/μm. 

According to the Fowler-Nordheim (F–N) theory [26], the field 
emission current density as a function of applied electric field can be 

expressed as 

J =
A
φ

β2E2 exp−
Bφ3/2

βE (1)  

where J is the field emission current density in A/cm2, A and B are 
expressed as the linear constant and exponential factor at room tem-
perature, respectively, with A = 1.54 × 10− 6 A V− 2 eV, B = 6.83 × 107 

cm− 1 V eV− 3/2. Ф is the work function of the emitter, Ф = 4.95 eV for the 
typical multiwall CNT [27]. E is the CNT surface electric field strength, 
defined as the average electric field between the cathode and the 
extractor in V/cm. Since the tips of CNTs are sharp and have a higher 
charge density, there is a significant increase in the local electric filed in 
their vicinity. β is the field enhancement factor, which is defined as the 
ratio of the local electric field around the emitter tip to the macroscopic 
electric field. 

By transforming Eq. (1) and taking the natural logarithm, it can be 
converted into the following linear equation: 

In
(

J
E2

)

= In
(

Aβ2

φ

)

−
Bφ3/2

β
1
E

(2) 

The field enhancement factor β is an important factor for electron- 
emitting materials and can be derived from the slope of the F–N plot: 

β= − B
φ3/2

slope
(3) 

Fig. 2. Electron trajectories and velocity distributions. (a) Ud = 1000 V, Uf = 280 V. (b) Ud = 0 V, Uf = 5 V.  

Fig. 3. (a) Optical photograph of CNT cathode. (b) The SEM image of the CNTs at 100 nm scale.  

Fig. 4. Curve of emission current density as a function of applied electric field 
(J–E) and curve of Fowler-Nordheim (F–N) model of the CNT cathode in diode 
configuration. 

Table 1 
F–N curve fitting and calculated results.  

Test number Slope (V/cm) Intercept R2 β 

1st − 214824 1.335 0.995 3495 
2nd − 217096 1.318 0.963 3465  
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This slope refers to the F–N fitted curve. The results shown in Table 1 
were obtained by curve fitting of Eq. (2) to the data. 

As shown in Fig. 5(a), a low-energy collimated beam CNT electron 
source was fabricated at University of Bern according to the experi-
mental and simulation results above. The CNT arrays were mounted on 
the emitter holder and then assembled with the gate, the deceleration 
electrode and the focus electrode. The gate is a tungsten mesh with a 
wire diameter of 0.03 mm. Spacers made of ceramic are used to control 
the distance and isolate the electrodes. Fig. 5(b) shows the experimental 
setup for testing the electron source. The ionisation cage is a highly 
transparent cylindrical mesh structure with a constant electric field in-
side, and the electron collector is a circular sheet of 8 mm diameter to 
receive the electrons. In this case, the voltage of the decelerating and 
focus electrodes determine the trajectories and transmission efficiency 
of the electrons. 

To suppress fluctuations of emission current, extend the lifetime of 
CNT films, and protect the DC power supply [21,28], a 1.24 MΩ ballast 
resistor was connected in series with the CNT cathode. A total of − 175 V 
was applied to the CNT cathode and ballast resistor. The gate voltage 
was adjusted within the range of 0V–720V. The ionisation cage was 
grounded and a voltage of 10 V was applied to the electron collector. 
According to the emission current from the test, we can obtain the 
voltage division at the ballast resistor and the CNT cathode respectively. 

As shown in Fig. 6(a), when Ud and Uf are fixed to 0 V and 5 V 
respectively, both the total emission current and the electron collector 
current increase as the voltage difference between the CNT cathode and 
gate increases. When the voltage difference between the CNT cathode 
and gate reaches 500V, electrons start to be received at the electron 
collector, and the operating temperature of the CNT electron source is 
26 ◦C at this point. When the voltage difference reaches 780 V, the 
cathode emission current is 91.64 μA and the operating temperature of 
the electron source is 34 ◦C. The red curve in Fig. 6(a) corresponds to the 
black squares in Fig. 6(b). It can be seen that as the voltage difference 
increases, the emission current increases and the electron energy de-
creases due to the ballast resistor, during which the electron trans-
mission efficiency gradually increases. When the voltage difference 
reaches the range of 722 V–780 V, corresponding to an electron energy 
of 123 eV–61 eV, the electron transmission efficiency reaches approxi-
mately 25% and stabilises. At this point, the voltage division at the CNT 
cathode varies in the range of − 123 V to − 61 V, and the − 70 V settings 
in the simulations of Fig. 2 are also in this range. Further, a set of sim-
ulations was carried out in conjunction with the CNT cathode voltage 
division obtained experimentally, and the results are shown in Fig. 6(b) 
(red dots). It is observed that the simulated and experimental results are 
in good agreement over the electron energy range of 60–160 eV, and the 
main reason for the large difference in the range of 160–175 eV is the 
measurement error due to the very small current on the electron col-
lector (as shown in Fig. 6(a)). This demonstrates that the introduction of 
the deceleration electrode and focus electrode allows for the bunching 
and collimation of electrons; the low electron energy can be controlled 
by adjusting the voltage difference between the CNT cathode and the 
ionisation cage. However, it should be noted that the simulation has two 

defects: (1) The absence of backscattered electron effects in the simu-
lations leads to a high result. (2) The maximum resolution of 0.05 mm/ 
grid that we can achieve does not accurately describe the shape of the 
gate mesh, where more electrons impact on the grid, resulting in a low 
result. These could also be the sources of discrepancies between simu-
lation and experimental results. 

3. Stable ionisation gauge based on low-energy collimated beam 
electron source 

The low-energy collimated beam electron source is promising to be 
applied in the stable ionisation gauge. To study the performance of such 
new stable ionisation gauge, the optimised low-energy collimated 
electron source was combined with the components of the novel gauge 
reported by Jousten et al. [15,16], and a new model of stable ionisation 
gauge based on a CNT electron source was proposed, as shown in Fig. 7. 
According to the experiments, the gate voltage should be 700 V to ensure 
sufficient electrons to be successfully extracted. The electron collector is 
placed 47 mm far away from the inlet of ionisation cage. The voltages 
are set to 0 V at the CNT cathode, 250 V at the ionisation cage and 800 V 
at the electron collector. The voltages of the ion collector and the 
deflector are both 0 V. The cathode is a CNT array with a diameter of 1 
mm. The field emission electron beam is extracted by the gate, intro-
duced into the ionisation cage after passing through the deceleration 
and focus electrodes, and finally collected by the electron collector. In 
the process, the end of the electron beam trajectory is deflected by the 
deflector, which achieves the separation of the electron collection region 
and the ion collection region so that the X-ray photoelectrons cannot 
reach the ion collector. At the same time, the deflector can attract the 
ions desorbed from the surface of the electron collector and can push the 
secondary electrons back to the electron collector. 

In SIMION simulation with cubic mesh, we simulated at 0.09 mm/ 
grid, 0.08 mm/grid, 0.06 mm/grid, and 0.05 mm/grid resolutions and 
observed that the results converge below 0.08 mm/grid. Taking a res-
olution of 0.05 mm/grid for simulation, the number of grid units is 1.17 
× 109 at this point. In order to visualise the effectiveness of the opti-
misation of the electron source, we simplified the electron collector to a 
flat disc to obtain the simulation results of the electron trajectories in 
Fig. 8(b) and Fig. 8(c). The CNT cathode is described as a flat plate 
emitter, and 1000 electrons randomly distributed on the surface of the 
CNT cathode during the simulation. We analysed the influence of 
deceleration and focus electrodes, as shown in Fig. 8(b). The electrons 
disperse rapidly after passing through the inlet frame when only the 
conventional CNT cathode and gate were assembled as electron source, 
resulting in an angular distribution of 0◦–8◦ along the outgoing direction 
of the electron beam and an average radius distribution of 5.910 ±
0.029 mm as the electrons reach the electron collector. However, as 
shown in Fig. 8(a) and 8(c), the optimised structure of the low-energy 
collimated electron source was used, an average radius distribution 
was only 1.816 ± 0.023 mm with significantly less dispersion in the 47 
mm path, and the electron beam angle distribution is 0◦–2◦. At this 
point, the voltages of deceleration and focus electrode are 500 V and 

Fig. 5. (a) CNT electron source. (b) Experimental setup.  
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1000 V respectively. Thus, as depicted in Fig. 8(d), the electron paths in 
the stable ionisation gauge with low-energy collimated electron source 
have considerable collimation characteristics and the electrons are 
collected in beam by the electron collector after being deflected. 

To analyse the energy consistency of electrons emitted from different 
sites in CNT array, 10 electrons are randomly distributed on the CNT 
cathode and electron energy is recorded along the entire Z-axis. Fig. 9(a) 
shows that the electrons have a stable energy distribution within the 
ionisation volume (Z = 17.65 mm to Z = 64.65 mm), where the electron 
energy reduction in the range 17.65 mm–35.9 mm is caused by the 
electric field at the grounding potential of the ion collector. The energy 
of electrons passing near the ion collector is in the range 65 eV–250 eV, 
which has a large collisional ionisation cross section for most gas mol-
ecules [24]. 

Ten simulations of the emission are carried out (1000 electrons 
randomly distributed on the CNT cathode). The electron transmission 
efficiency can be obtained by dividing the recorded number of electrons 
entering the ionisation cage by the number of emitted electrons, and the 
electron collection efficiency can be obtained by dividing the number of 
electrons reaching the electron collector by the number of electrons 
entering the ionisation cage. The results are shown in Fig. 9(b), the 
electron transmission efficiency is around 24% and the electron collec-
tion efficiency is 100%, which meets the design requirements of the 
well-defined electron trajectories and the stable electron energy distri-
bution for a stable ionisation gauge. 

According to the defining equation [29] of the sensitivity of the 
ionisation gauge, the mean sensitivity calculated by the discretization 
method [30]: 

S=
Lσ
kT

=

∫
σ(l)dl
nkT

=

∑

i
(Δli⋅σi)

nkT
(4)  

where n is the number of electrons entering the ionisation cage and L is 
the length of the effective electron trajectory. σ represents the ionisation 
cross section of an electron colliding with a gas molecule or atom. k is 
the Boltzmann constant and T is the temperature of background gas in 
the ionisation volume. The sensitivity for N2 is 0.250 Pa-1 with a stan-
dard deviation of 7.67 × 10− 5 Pa− 1. Jousten et al. reported 0.297 Pa-1 for 
the simulated sensitivity of the novel ionisation gauge, while 0.280 Pa-1 

to 0.295 Pa-1 for the experimental sensitivity [15,16]. The simulation 
results of the both are in good agreement. The differences between the 
simulation results are mainly caused by variations in ionisation volume 
length, electron energies and the method of calculations for sensitivity 
simulations. 

In addition, the influence of the following factors on the reliability of 
the simulation results was analysed:  

1. Collision rebound of electrons on the electrodes. 

The main reason for the 24% electron transmission efficiency in the 
simulation is that the actual transmission efficiency of the gate is only 
30%. Therefore, only about 6% of the electrons will impact at the 
deceleration electrode and focus electrode. Meanwhile, due to the strong 
potential field between the focus electrode and the inlet of the ionisation 
cage and the conical hole structure of the focus electrode, only few of the 
electrons enter the ionisation region after the elastic collision bounce. As 
well, according to the principle of the gauge, the individual electrons 
entering the ionisation cage have nearly uniform Δl⋅Δσ, so that small 
changes in the number of electrons will not significantly affect the 
sensitivity results.  

2. Trajectory deviation due to collision of a few electrons with gas 
molecules. 

This effect mainly affects the upper measurement limit of the gauge. 
A few electrons are deflected by collisions with gas molecules and thus 
not collected by the collector. Based on the maximum achievable elec-
tron collection efficiency W = 1 − p⋅S in the Reference [17], this effect is 
estimated to result in an upper measurement limit of approximately 
10− 2 Pa. The sensitivity calculation will be significantly affected when 
the pressure exceeds 10− 2 Pa.  

3. Secondary electrons produced on the electron collector and ion 
collector. 

Due to the large potential difference of 800 V between the deflector 

Fig. 6. Results of Electron Source experimental tests. (a) Variation of total emission current, electron collector current and transmission with the voltage difference 
between CNT cathode and gate. (b) Variation of transmission with electron energy in experiments and simulations. 

Fig. 7. Structure of prototype of stable ionisation gauge we are developing.  
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and the electron collector and the shape of their respective structures, 
the escape probability of secondary electrons or backscattered electrons 
is very low. 

However, the secondary electrons from the ion collector cannot be 
eliminated in this type of gauge. Therefore, the main focus to ensure the 
accuracy of the gauge is to stabilise its secondary electron yield induced 
by ions. It is noted that the formation of a uniform and sufficiently thick 
hydrocarbon layer on the electrode material could be expected to sta-
bilise the secondary electron yield [31]. This process requires specific 
experiments to evaluate and fails to be quantified in the simulation.  

4. ESD effect introduced by 24% electron transmission efficiency. 

The ESD effect is the most significant influence on the lower mea-
surement limit in the design of this structure and can have an adverse 
effect even greater than the thermal degassing and thermal radiation 
effects of the hot cathode. Besides the ESD effect at the electron col-
lector, we note that about 70% of the electrons are lost in the process of 
inducing electrons by the gate, so we need to continue the research in 
two aspects: (a) Improve the electron transmission efficiency by opti-
mising the gate structure. (b) Electrode material selection or material 

Fig. 8. (a) Structure of the electron source. (b) Electron trajectories before optimisation. (c) Electron trajectories after optimisation. (d) Electron trajectories 
throughout the gauge. 

Fig. 9. Simulation results for stable ionisation gauge. (a) Energy consistency of ten electrons along Z-axis. (b) Calculation results of ten simulations.  
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coating to reduce the ESD effect. 

4. Conclusion 

In this paper, a low-energy collimated beam electron source based on 
the CNT cathode is designed. Simulations and experimental verification 
show that bunching and collimation of the electron beam can be ach-
ieved in this electron source using the deceleration and focus electrodes, 
and that the electron energy can be determined by the voltage difference 
between the CNT cathode and the ionisation cage. The electrode struc-
ture and voltage of this electron source were specifically optimised to 
meet the requirements of a stable ionisation gauge. The simulation re-
sults showed that the gauge realises a stable energy distribution of the 
electrons and well-defined electron trajectories in the ionisation volume. 
The theoretical sensitivity of the gauge is calculated to 0.250 Pa-1 with a 
standard deviation of 7.67 × 10− 5 Pa− 1, providing an important refer-
ence for the development of a stable ionisation gauge based on CNT 
electron source. 

In addition, the electron source has the advantages of simple struc-
ture and easy replacement. It can be applied to other types of ionisation 
gauges to eliminate defects of hot filament such as easy deformation, 
thermal radiation, thermal degassing and thermal evaporation. The CNT 
electron source provides a new research method for improving the 
sensitivity stability for ionisation gauges and for the measurement of 
high vacuum. 
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