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1. Introduction 
Ion pumps are often used as pressure gauges, thanks to the well-known dependence of pressure on the 
ion current. 
Unfortunately, some spurious currents, independent of pressure, can arise in the ion pump; at low 
pressures such currents can be comparable to or much higher than the pressure-dependent ion current. 
When this phenomenon occurs, the ion pump becomes useless in pressure reading; in the most dramatic 
case, pressures below 10-7 mbar cannot be read. However, it should be noted that this phenomenon does 
not affect the pumping efficiency at all. 
The occurrence of this phenomenon, usually referred to as "leakage current", has been found to be 
enhanced in triode pumps, particularly when the applied voltage is higher. 
The spurious current can arise from different sources, both internal and external to the ion pump element. 
External sources, such as stray currents due to the power supply, the connecting cable, or the high-voltage 
feedthrough, will not be discussed here. 
Among internal sources, the ceramic insulators becoming metallized during operation is potentially 
responsible for this phenomenon. Metallization of insulators is actually an effective source of leakage 
current; however, it is in part dependent on the pump history and its occurrence can be at least 
qualitatively predicted. 
The most interesting and least welcome phenomenon from which leakage current arises is undoubtedly 
the Field Electron Emission (FEE). 
 
 

2. The Field Electron Emission (FEE) 
 
A simplified, and far from complete, theory of the “Metallic Field Electron Emission" is reported here; it 
was originally formulated by Fowler and Nordheim (Ref. 1). 
 
Let 𝑁𝑁(𝑊𝑊𝑥𝑥)𝑑𝑑𝑊𝑊𝑥𝑥 be the electron supply function or the number of electrons within the metal having energy 
between 𝑊𝑊𝑥𝑥 and 𝑊𝑊𝑥𝑥 + 𝑑𝑑𝑊𝑊𝑥𝑥 and 𝐷𝐷(𝑊𝑊𝑥𝑥) be the electron transmission coefficient, or the probability that 
an electron with an energy 𝑊𝑊𝑥𝑥 escapes the potential barrier. 
Then, the total number of electrons tunneling through the barrier is: 

𝐽𝐽 = 𝑒𝑒 ∫ 𝐷𝐷(𝑊𝑊𝑥𝑥)𝑁𝑁(𝑊𝑊𝑥𝑥)𝑑𝑑𝑊𝑊 

For our purpose (room temperature), this results in the basic Fowler-Nordheim equation: 
𝐽𝐽 = 1.54 ∙ 10−6𝐸𝐸2Φ−1exp (−6.83 ∙ 109Φ1.5𝐸𝐸−1𝑓𝑓(𝑦𝑦)) 

 
where 𝐽𝐽 is in 𝐴𝐴/𝑚𝑚2, when 𝐸𝐸 is the surface electric field in 𝑉𝑉𝑚𝑚−1 and Φ is the work function of the 
emitting surface (3.87 eV for titanium). 𝑦𝑦 is related to 𝐸𝐸 and Φ by: 

𝑦𝑦 = 3.79 ∙ 10−5𝐸𝐸1/2Φ−1 
 

and 𝑓𝑓(𝑦𝑦) is an elliptical function; when 𝐸𝐸~109 𝑉𝑉/𝑚𝑚 it can be fitted by: 
 

𝑓𝑓(𝑦𝑦) = 0.956 − 1.062𝑦𝑦2 
 

An external field of the order of magnitude of 𝐸𝐸~109 𝑉𝑉/𝑚𝑚 is in fact needed to be able to observe FEE 
current. 
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External sources, such as stray currents due to the power supply, the connecting cable, or the high-voltage 
feedthrough, will not be discussed here. 
Among internal sources, the ceramic insulators becoming metallized during operation is potentially 
responsible for this phenomenon. Metallization of insulators is actually an effective source of leakage 
current; however, it is in part dependent on the pump history and its occurrence can be at least 
qualitatively predicted. 
The most interesting and least welcome phenomenon from which leakage current arises is undoubtedly 
the Field Electron Emission (FEE). 
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A simplified, and far from complete, theory of the “Metallic Field Electron Emission" is reported here; it 
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and an intercept (𝑉𝑉 =  ∞, 𝐼𝐼/𝑉𝑉 =  𝑂𝑂): 
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3. Applications to relevant cases 
 
From the above formulas, provided that 𝑑𝑑 and Φ are known, the slope of the curve provides a measure of 
the 𝛽𝛽 factor, and consequently the intercept provides the value of 𝐴𝐴. This dependence and these formulas 
hold even for more complicated situations (in emitters), because in all situations there exists one or a 
group of emitters that dominate the regime. The cited formulas can be applied to an experimental set of 
values of leakage current, to determine which size of emitters may be responsible for it. 
The experimental values of curves 1 and 2 plotted in Fig. 2 have been experimentally determined on a 
medium size (curve 1) and small size (curve 2) l/s ion pumps, both in triode configuration, after prolonged 
and severe operation; as a hypothesis, the whole leakage current has been considered as due to FEE. 
The nonlinear plot of curve 1 suggests that some other spurious current contributes to the total leakage 
current. 
By supposing that the whole leakage current at 3 kV is due to different phenomena (spurious current) and 
by assuming that this spurious current is proportional to voltage, then by subtracting it from the total 
leakage current at different voltages, curve 3 is obtained (also shown in Fig. 2). 
For these curves, the following values can be obtained: 
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Fig. 2. Fowler-Nordheim 
plot of experimental curves.
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Fig. 3. Dependence of 𝛽𝛽 factor on 𝜆𝜆. 
 
 

4. Dependence of FEE current on relevant parameters 
 

a) Electrode spacing and voltage 
From the former considerations, it follows that two important parameters governing this phenomenon are 
the applied voltage and the electrode spacing. Considering the parameters of curves 1 and 3, namely 𝛽𝛽 
and 𝐴𝐴, the plots of FEE current for varying voltages and spacing are reported in Fig. 4 and Fig. 5. 
Both voltage and electrode spacing are shown to have a dramatic effect on FEE current, causing reduction 
or enhancement of several orders of magnitude. 
Decreasing the applied voltage seems to be the most effective way to decrease FEE current. In fact, 
starting from the actual set of values here discussed, the FEE current for V = 7 kV and d = 6 mm is 𝐽𝐽 =
1.2 ∙ 10−3 A. 
A reduction of V to 5 kV (at the same d) gives 𝐽𝐽 = 1.4 ∙ 10−5 A; a further reduction to V = 3 kV gives 𝐽𝐽 =
9.3 ∙ 10−10 A. 
On the other hand, an increase of d (maintaining V = 7 kV) causes smaller improvements: d = 8 mm
 gives 𝐼𝐼 =  3 ∙ 10−5 A, while d = 10 mm gives 𝐼𝐼 =  8.8 ∙ 10−7 A.  
From these data, it seems possible to conclude that at a voltage of about 3 kV, the FEE current is absolutely 
negligible, even in a quite dramatic situation such as the one discussed. 
If a residual leakage current is observed even at 3 kV, it is most probably due to phenomena other than 
FEE. 
 
Fig. 4. FEE current versus voltage at different electrode spacing (𝛽𝛽 = 2000, A = 2.9E-14 m2). 
 

Fig. 3. Dependence 
of   factor on .

4. DEPENDENCE OF FEE CURRENT ON RELEVANT PARAMETERS
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Fig. 4. FEE current 
versus voltage at 
different electrode 
spacing  
(=2000, 
A = 2.9E-14 m2). 

Fig. 5. FEE current 
versus electrode 
spacing at different 
voltages 
(= 2000,  
A = 2.9E-14 m2).
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Fig. 5. FEE current versus electrode spacing at different voltages (𝛽𝛽 = 2000, A = 2.9E-14 m2). 
 

 
 
 
 
b) Emitting sites shape and dimension 
Emitters of different shape and dimensions can be created on ion pump electrodes (cathodes in particular) 
during pump operation. An ion pump cathode after prolonged operation at relatively high pressure typically 
shows plenty of "whiskers" of various dimensions and shapes that can be observed (for example) by 
means of a scanning electron microscope as shown in Fig.6 
Plots of FEE current vs. voltage at fixed electrode spacing (d = 6 mm) of different emitting sites are shown 
in Fig. 7 and Fig. 8. 
Fig. 7 demonstrates quite clearly that the dependence of FEE on emitting area (whiskers dimensions) is 

Fig. 6. The circles “drawn” on the cathode reflect the shape of the anode cells. A section of the holes dug into the cathode as a 
consequence of the ion pump working (“sputtering”) is shown on the left. A “zoom” image of the cathode structure, obtained 
with a scanning electron microscope (SEM), is shown on the right.

linear, while Fig. 8 shows much steeper dependence on the shape of the whiskers (𝛽𝛽 factor). 
 

 
 

Fig. 6.  
The circles “drawn” on the cathode reflect the shape of the anode cells. A section of the holes dug into 
the cathode as a consequence of the ion pump working (“sputtering”) is shown on the left. A “zoom” 
image of the cathode structure, obtained with a scanning electron microscope (SEM), is shown on the 
right. 
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Fig. 7. FEE current 
versus voltage for 
emitters of different 
dimensions (d = 6 mm,  
 = 400).

Fig. 8. FEE current versus 
voltage for emitters of 
different shape  
(d = 6 mm, A = 1E-13 m2).
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Fig. 7. FEE current versus voltage for emitters of different dimensions (d = 6 mm, 𝛽𝛽 = 400). 
 
 

 
Fig. 8. FEE current versus voltage for emitters of different shape (d = 6 mm, A = 1E-13 m2). 
 
 
 
 
 
 
 
 

5. Leakage current types and low-pressure starting of an ion pump 
 
The leakage current can limit the use of an ion pump as a pressure gauge, especially in low pressure 
applications (<1E-9 mbar).  
In this pressure range, the “pumping” current, proportional to the pressure, is comparable to or, in some 
cases, can be even lower than the leakage current due to FEE.  
Another issue that affects the use of IGPs at low pressure is pump restarting. Usually the ion pump is 
started after a pumpdown; this is carried out by means of a turbomolecular pump, in the 1E-5 to 1E-7 mbar 
range. In this pressure range, when high voltage is applied, the IGP “starts” almost immediately. This 
means that the discharge and the ionization process of the gas happen almost immediately and the 
pumping action begins. 
At 1E-9 mbar or below, if the ion pump is always kept powered with high voltage while the pressure is 
decreasing, the discharge and the pumping mechanism are still present.  
Conversely, if in that pressure range the ion is powered off and then on, the discharge mechanism does 
not start immediately and in some cases, in order to be ignited, the pump needs to be solicited by a gentle 
knock or by heating the pump. In general, the lower the pressure, the lower the probability that the IGP 
can restart without any external help. 
One way to mitigate this effect is to apply to the ion pump the maximum possible voltage, usually 7kV. As 
we have seen, this increases the amount of FEE and hence increases the probability that the electrons 

5. LEAKAGE CURRENT TYPES AND LOW-PRESSURE STARTING OF AN ION PUMP

are trapped inside the cells composing the IGP elements (Penning cells) and consequently increases the 
probability of starting the ionization/sputtering/pumping process. But, this is not always enough to restart 
the IGP, in particular if the pressure is in the 1E-10 mbar range or lower. Moreover, in many cases, external 
“helps” are not acceptable.  
So, on one hand the FEE limits the utility of an IGP as pressure gauge but, on the other hand, it can help 
to restart the IGP at low pressure. This allows us to distinguish between “good” and “bad” leakage 
currents. 
The typical electrical field shape inside a Penning cell is shown in Fig. 9. The electrical field magnitude on 
the cathode surface is not constant. Let us consider the two most indicative points on the cathode surface: 

- Point(s) A, in correspondence with the cell center, at the intersection of the cell axis with the 
cathode; 

- Point(s) B, defined by the projection of the cell on the cathode. 
In the case of B-points, the electrical field can be simply calculated as voltage divided by anode-cathode 
gap. In the majority of Agilent ion pumps this is typically 7 kV/7 mm. For A-points, the E field will be lower, 
because the electrical field line is longer, roughly 7 mm +13 mm = 20 mm (half anode length). So the 
electrical field will be: 

Point A  3.5E+5 V/m 
Point B  1.0E+6 V/m 

 
By assuming to have, at A and B points, the same surface conditions of the cathode, that is to say the 
same protrusions shape, the local FEE current 𝐽𝐽 depends on 𝐸𝐸2 and hence the difference of FEE between 
points A and B is a couple of orders of magnitude. This means that most of the FEE in an IGP is coming 
from B-points. 
The effect of the FEE coming from points A or B is different. The electrons emitted from points A will be 
attracted towards the anode along the electrical field line. So these electrons will have, at a certain point, 
a velocity perpendicular to the magnetic field and hence will be deviated from the anode. The result is 
that most probably the electrons emitted from A-points will be trapped in the Penning cell and will 
contribute to gas ionization (and consequently to titanium sputtering and gas pumping). 
Conversely, electrons emitted from B-points will be accelerated towards the anode with a path and 
velocity parallel to the magnetic field. Hence these electrons will most likely not be trapped in the Penning 
cell and will not contribute to the ionization/sputtering/pumping mechanism. These electrons will only 
contribute to the leakage current. 
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Fig. 9. (a) Sketch of 
the cross-section of 
an ion pump element; 
(b) behavior of the 
electrons emitted from 
A-points.

(A)
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Fig. 9. (a) Sketch of the cross-section of an ion pump element; (b) behavior of the electrons emitted from 
A-points. 
 
To summarize, we can say that there is a “good” FEE (electrons that will be trapped in the Penning cell) 
and “bad” FEE (electrons that will not be trapped in the Penning cell). Both contribute to the total leakage 
current. The effect of the “bad” FEE is only to contribute to the total leakage current. The effect of the 
“good” FEE is to increase the electron population trapped in the Penning cell and hence to increase the 
probability of re-starting the discharge at very low pressure; at constant pressure, the higher the number 
of electrons trapped, the higher the probability to have gas ionization. So, in principle, the good leakage 
current should be increased and the bad decreased as much as possible. How can this be accomplished? 
 

6. Technical solutions in the ion pump design 
 

Apart from reducing the applied voltage and increasing the anode–cathode spacing, other technical 
solutions can be implemented in order to reduce as much as possible the occurrence of leakage currents. 
 

a. Ceramic insulators 
The function of ceramic insulators (typically made of alumina) is to allow the assembly of the ion pump 
element (by physically connecting anode and cathode), while simultaneously guaranteeing the electrical 
insulation between them. The design of the ion pump element can be optimized by the use of one or more 
protective “cups” in order to cover and protect the ceramic surface as much as possible. Moreover, the 
design of the ceramic itself can be improved, by extending and “complicating” the conductor path that 
titanium particles should follow to completely cover the ceramic surface. Both technical solutions are 
implemented in Agilent ion pumps, as shown in Fig. 10. 
 

 
Fig. 10. Optimized ceramic design, comprising one (a) or two (b) protective cups and with extended 
conductor path (c), in order to prevent coverage of the whole insulator surface. 
 
 
 
 
 
 

b. SEM element (Agilent “TM”) 
 

6. TECHNICAL SOLUTIONS IN THE ION PUMP DESIGN

Finally, in order to reduce leakage current, a patented (see Ref. 2) anode structure was developed by 
Agilent, in which interstitial cavities between contiguous cells were eliminated, as shown in Fig. 11. 
Studies have shown that a greater number of dendrites (whiskers), which are sources of field emission, 
are created in the interstitial areas between the cells. This optimized element is usually called “SEM 
element” since it is very often employed in scanning electron microscope applications, where the ion 
pump current is used as a pressure set point to protect the microscope gun (filament or microtip electron 
emitters) in case of overpressure. It allows a reliable pressure indication (read from the ion pump current) 
down to the 1E-10 Torr (mbar) range. 
 
 

 Fig. 11. SEM anode.  
 
  

c. Central rod (or igniter) configuration 
 

A possible way to increase the good FEE is to insert a titanium rod along the axis of the Penning cell.  
This rod is connected to ground by the cathodes, changing the electrical field lines as shown in Fig. 12. 
The resulting structure is still a Penning cell and all the trapping/ionization/sputtering/pumping 
mechanisms are still the same. The main changes in this configuration are: 

- a significant percentage of ions will hit the cathode in the middle of the rod. This is why the rod 
is made of titanium, in order to sputter getter material (and not stainless steel for instance); 

- the electrons emitted from the C-points (see Fig. 12), have a velocity that is almost completely 
perpendicular to the magnetic field, corresponding to “good” FEE behaviour. 

Moreover, the FEE from C-points, is increased by the reduced distance between anode and cathode. In an 
Agilent standard cell, the rod diameter is usually 5 mm, anode diameter is 20 mm. Hence, at 7 kV, the 
electrical field is 7 kV/7.5 mm: 

Point C  0.9 E+6 V/m 
similar to the bad FEE values: 

Point B  1.0 E+6 V/m 
and greater than in the standard configuration: 

Point A  3.5 E+5 V/m 
The central rod acts as an “igniter” of electrons in the most convenient position inside the Penning cell. 
That’s why this solution is also called “with igniter”. It has been proven that this cell structure improves 
low-pressure starting.  
However, it raises the concern of whether the total leakage current will be higher compared to a standard 
diode cell geometry. 
Two simple comparative tests have been performed in order to evaluate the behavior of three different 
versions: 

- Version 1: standard diode without central rod; 
- Version 2: diode with central titanium rod (igniter), whose surface is flat (average roughness is 

about 0.8 Ra); 
- Version 3: diode with Ti threaded (M5 standard pitch) central rod (igniter), as shown in Fig. 13. 
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Fig. 10. Optimized ceramic design, comprising one 
(a) or two (b) protective cups and with extended 
conductor path (c), in order to prevent coverage of 
the whole insulator surface.

Fig. 11. SEM anode.
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Fig. 12. Sketch of the 
cross-section of an ion 
pump element with 
additional (igniter)rod.

Fig. 13. Picture showing the titanium threaded (M5 standard pitch) central rod (igniter) used for tests. 
 
The goal of this version is to increase electron emission. 
 
Three samples for each version, of the same pump size (10 l/s), have been built and tested. 
Standard Agilent construction and bakeout processes have been used. At the end of the bakeout process, 
all the pumps were in the mid 1E-11 mbar range.  
The external leakage current due to the power supply and the cable have been always measured and 
subtracted.  
The data in Table 1, where the test results are reported, are the net external leakage. 
 
 
 
 
 
 
 
 
 
 
 
 

TEST 1 Low pressure startup 
- pump with magnets; 
- power at 3 kV; 
- wait 1 minute and read the current; 
- then gently heat the body and see how the current increases: 

o with spike or step (pump not started) 
o without spike or step (pump already started). 

Version Current after 1 
minute 

Heat up Start up without 
help? 

1: standard, no 
central rod 

2-3 nA Always a spike or a step 
in current. 

Never 
 

2: with flat Ti 
central rod 

5-6 nA 80% of attempts: no 
spike or step in current. 

80% 

3: with threaded Ti 
central rod 

5-6 nA 100% of attempts: no 
spike or step in current. 

100% 

TEST 2 Leakage current 
- pump without magnets; 
- power at 3 kV; 
- wait 30 seconds and read the current; 
- mount the magnets and read the current after 30 seconds; 
- remove the magnets, wait 30 seconds and read the current; 
- switch off the high voltage. 

Version Leakage current 
without 

Total current 
with magnets 

Leakage current 
removing 
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Fig. 13. Picture showing the titanium threaded (M5 standard pitch) central rod (igniter) used for tests. 
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Version Leakage current 
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Total current 
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TEST 1

LOW PRESSURE STARTUP:     –  pump with magnets;
–  power at 3 kV;
–  wait 1 minute and read the current;
–  then gently heat the body and see how the current increases:

• with spike or step (pump not started)
• without spike or step (pump already started).

Version Current after 1 
minute Heat up Start up without 

help?

1: standard, no 
central rod 2-3 nA Always a spike or a step in 

current. Never

2: with flat Ti 
central rod 5-6 nA 80% of attempts: no spike or 

step in current. 80%

3: with threaded Ti 
central rod 5-6 nA 100% of attempts: no spike 

or step in current. 100%

TEST 2

LOW PRESSURE CURRENT:     –  pump without magnets;
–  power at 3 kV;
–  wait 30 seconds and read the current;
–  mount the magnets and read the current after 30 seconds;
–  remove the magnets, wait 30 seconds and read the current;
–  switch off the high voltage.

Version Leakage current
without magnets

Total current
with magnets

Leakage current
removing
magnets

1: standard, no 
central rod 2-3 nA 2-3 nA

No spike or step. 2-3 nA

2: with flat Ti 
central rod 2-3 nA 5-6 nA

Few times remains 2-3 nA. 2-3 nA

3: with threaded Ti 
central rod 20-30 nA 5-6 nA

Always! 20-30 nA

Table 1.
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Fig. 13. Picture showing 
the titanium threaded (M5 
standard pitch) central rod 
(igniter) used for tests.

magnets magnets 
1: standard, no 
central rod 

2-3 nA 2-3 nA 
No spike or step. 

2-3 nA 

2: with flat Ti 
central rod 

2-3 nA 5-6 nA 
Few times remains 2-3 
nA. 

2-3 nA 

3: with threaded Ti 
central rod 

20-30 nA 5-6 nA 
Always! 

20-30 nA 

Table 1. 
 
These data indicate that “good” leakage can be increased to high values (compared to the total current) 
and that this leakage will disappear when magnets are mounted again. So all the good FEE will be trapped 
and participate in the ionization/pumping mechanism. 
This “good” leakage current cannot of course be increased without limit. During our tests we have seen 
in fact that above 50 nA the total current is affected. 
 

 
Fig. 12. Sketch of the cross-section of an ion pump element with additional (igniter)rod. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

7. Suggested best practices  
 
The primary suggestion to avoid or reduce as much as possible the occurrence of leakage current due to 
FEE is to operate the ion pump in accordance with some best practices, of which we provide a general 
overview. 
We will also examine here possible technical solutions that can be implemented in order to increase, 
whenever desired, the occurrence of “good” leakage current. 
 
a) Starting pressure 
Rough pumping down to a pressure equal or lower than 1E-5 Torr (mbar) for the Diode/Noble Diode ion 
pumps – 1E-4 Torr for StarCell (Triode) ion pumps – is recommended for the most rapid starting and in 
order to preserve pump lifetime. The maximum suggested starting pressure for the StarCell version is one 
order of magnitude higher with respect to Diode/Noble Diode, because thanks to the Triode design the 
ions are prevented from bombarding the system and the pump walls while starting. This reduces the 
pressure rise that can be associated with the starting phase and the consequent temperature increase. 
Typically, the pressure level suggested here can be easily and quickly achieved by means of a 
turbomolecular pump, supported by a primary pump, preferably not oil-lubricated. The ion pump can in 
principle also be started at higher pressure, but this prolonged practice can lead to leakage currents, thus 
affecting pump lifetime. In the past the need to start the ion pump at high pressure was due to the fact 
that the ion pump was directly connected to the primary pump; thanks to the introduction of 
turbomolecular pumps, this is no longer necessary.  
 
b) Bake out 
For every ultra-high vacuum (UHV) application, where ion pumps are typically used, it is necessary to bake 
the whole vacuum system in order to reach the ultimate pressure. This is done by heating the pump and 
all the components in the system and it is generally necessary to quickly achieve base pressure less than 
1E-8 mbar. The heating must be as even as possible on all surfaces or evaporated water will condense on 
the colder surfaces resulting in an incomplete bakeout and preventing achievement of UHV vacuum 
pressure. This is the reason why insulation with aluminum foil is often used. 
Note that it is possible to perform the bakeout in two ways, that is to say with the ion pump on or off. In 
the second case, which is recommended whenever possible, an external turbo pump, connected to the 
system through a bakeable isolation valve, is necessary. The ion pump should be switched on when the 
system is still at the bakeout temperature, then the turbo pump should be insulated and the system should 
be kept at high temperature for the final part of the bakeout process, until the ion current begins to 
decrease. The bakeout with the ion pump off gives the best vacuum performance, since the outgassed 
species are not sorbed by the ion pump (inside which they will otherwise remain), but they are removed 
from the vacuum system by the turbomolecular pump. This helps to preserve the ion pump lifetime and 
effectively reduces the occurrence of leakage currents that may appear after a bakeout performed with 
the ion pump on. 
 

7. SUGGESTED BEST PRACTICES
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c) High-potting 
 
A possible way to reduce the field emission current is commonly referred to as "high-potting".  
This term is used to describe the application of higher than normal operating voltage (typically 8 kV AC, 
max. 50 mA) for the purpose of burning off "whiskers" (sharp edges) on the pump cathodes. High-potting 
should be done under vacuum and preferably without pump magnets installed, in order to reduce the 
drawn current. 
High-potting must be done carefully and in voltage steps, since uncontrolled arcing inside the pump could 
cause permanent damage. The HV cable used for high potting must of course be resistant to the applied 
voltage.  
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than the leakage current). This is possible due to the fact that the electrons originating the good FEE are 
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7. Suggested best practices  
 
The primary suggestion to avoid or reduce as much as possible the occurrence of leakage current due to 
FEE is to operate the ion pump in accordance with some best practices, of which we provide a general 
overview. 
We will also examine here possible technical solutions that can be implemented in order to increase, 
whenever desired, the occurrence of “good” leakage current. 
 
a) Starting pressure 
Rough pumping down to a pressure equal or lower than 1E-5 Torr (mbar) for the Diode/Noble Diode ion 
pumps – 1E-4 Torr for StarCell (Triode) ion pumps – is recommended for the most rapid starting and in 
order to preserve pump lifetime. The maximum suggested starting pressure for the StarCell version is one 
order of magnitude higher with respect to Diode/Noble Diode, because thanks to the Triode design the 
ions are prevented from bombarding the system and the pump walls while starting. This reduces the 
pressure rise that can be associated with the starting phase and the consequent temperature increase. 
Typically, the pressure level suggested here can be easily and quickly achieved by means of a 
turbomolecular pump, supported by a primary pump, preferably not oil-lubricated. The ion pump can in 
principle also be started at higher pressure, but this prolonged practice can lead to leakage currents, thus 
affecting pump lifetime. In the past the need to start the ion pump at high pressure was due to the fact 
that the ion pump was directly connected to the primary pump; thanks to the introduction of 
turbomolecular pumps, this is no longer necessary.  
 
b) Bake out 
For every ultra-high vacuum (UHV) application, where ion pumps are typically used, it is necessary to bake 
the whole vacuum system in order to reach the ultimate pressure. This is done by heating the pump and 
all the components in the system and it is generally necessary to quickly achieve base pressure less than 
1E-8 mbar. The heating must be as even as possible on all surfaces or evaporated water will condense on 
the colder surfaces resulting in an incomplete bakeout and preventing achievement of UHV vacuum 
pressure. This is the reason why insulation with aluminum foil is often used. 
Note that it is possible to perform the bakeout in two ways, that is to say with the ion pump on or off. In 
the second case, which is recommended whenever possible, an external turbo pump, connected to the 
system through a bakeable isolation valve, is necessary. The ion pump should be switched on when the 
system is still at the bakeout temperature, then the turbo pump should be insulated and the system should 
be kept at high temperature for the final part of the bakeout process, until the ion current begins to 
decrease. The bakeout with the ion pump off gives the best vacuum performance, since the outgassed 
species are not sorbed by the ion pump (inside which they will otherwise remain), but they are removed 
from the vacuum system by the turbomolecular pump. This helps to preserve the ion pump lifetime and 
effectively reduces the occurrence of leakage currents that may appear after a bakeout performed with 
the ion pump on. 
 
c) High-potting 
 
A possible way to reduce the field emission current is commonly referred to as "high-potting".  
This term is used to describe the application of higher than normal operating voltage (typically 8 kV AC, 
max. 50 mA) for the purpose of burning off "whiskers" (sharp edges) on the pump cathodes. High-potting 
should be done under vacuum and preferably without pump magnets installed, in order to reduce the 
drawn current. 
High-potting must be done carefully and in voltage steps, since uncontrolled arcing inside the pump could 
cause permanent damage. The HV cable used for high potting must of course be resistant to the applied 
voltage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8. Conclusions 
 
We have offered evidence that increased applied voltage and decreased electrode spacing may have a 
significant negative effect on the phenomenon of leakage current.  
While minimizing the electrode spacing is definitely needed in order to improve the performance of the 
pump, this is not completely true for the increased applied voltage. In fact, a hypothetical increase in 
electrode spacing, e.g., 10 mm instead of 6 mm, will cause a total increase of more than 15 mm in ion 
pump dimensions (4 electrode spacings); besides the obvious decrease in pumping speed per unit volume, 
this will cause a decrease in absolute pumping speed, due to the lowered magnetic field in the increased 
gap. 
On the other hand, a decrease of applied voltage seems to be allowable, since it does not affect the ion 
pump performance (or it can even cause a small positive effect), while allowing to reduce the leakage 
current due to field electron emission of several orders of magnitude. 
With regard to FEE, we have distinguished between “bad” and “good”; the latter is a source of a leakage 
current that can generate an inverted behavior of the ion pump (meaning that the total current is lower 
than the leakage current). This is possible due to the fact that the electrons originating the good FEE are 
most likely trapped into the Penning cell and they will increase the ionization/pumping mechanism. 
In addition, we have reviewed some operating best practices and some technical solutions, such as the 
SEM anode, that can be implemented in order to reduce the probability of developing sources of “bad” 
field emission. Finally, we have also described the use of rods (igniters), whose implementation allows a 
repetitive and secure restart of the ion pump at very low pressure, not affecting or limiting the use of the 



18

IGP as a pressure gauge. 
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