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Motivation: Ionization Gauges
Typical application of cathodes with 1 mA emission current and the question: 

What is better?

Ionization gauge with thermal (hot filament) or field emitter cathodes (Spindt-type [1], CNT-FE [2], SS [3])

Hot 
filament

Electron
source
with
CNT-FE

Spindt-type cathode of Leti



Electron Emission Efficiency - Definition



Fowler Nordheim (FN) plot 
Standard use: measurement and calculation of field enhancement factor ß

Fig. 2  Fowler-Nordheim plot (FN plot) of FE measurements in Fig. 1. 
and with graphic presentation of slope m for ßCNT calculation [2]:

[1] W. Knapp, D. Schleussner, “Field-emission characteristics of carbon buckypaper”, JVST B 21 557-561 (2003).

[2] W. Knapp “Field-emission investigations of micro-structured stainless steel 1.4301 (ASTM 304) for extended use of vacuum components as very large FE cathode 
arrays.” Poster, IVNC 2017.
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Fig. 1  Field-emission (FE) characterization of three stainless steel 
samples SS1, SS2 and SS3, and CNT Buckypaper with the same area for 
comparing [1]. For sample SS3 the current density value J = 30 µA/cm2 

lies significantly below  the saturation characteristic. ßCNT = - (B ∙ Φ3/2) / m
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Fowler Nordheim (FN) plot 

Text

FN plot with constant characteristics based on an operating point 
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FN plot of HF cathode with increasing emission efficiency, cf. inside IE/PHeat = f(PHeat) 

Fowler Nordheim (FN) plot 
1st FN plot with hot filament characteristic
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Lit.: F. Charbonnier: Developing and using the field emitter as a high intensity electron source, 
Applied Surface Science 94/95 (1996), p. 26-43.

Comparison of field (FE) and thermal (TE) cathodes 
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FN plot of TE and FE cathodes

Comparison of field (FE) and thermal (TE) cathodes

FN plot comparision of field (CNT-FE) and thermal TE cathodes (HF of BAG)
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Lit.: [1] Amplifier tubes, catalogue BEST OF reichelt 8/2019, S.18/19 (or: www.reichelt.de)    

Comparison of field (FE) and thermal (TE) cathodes
Vacuum tubes with indirectly heated cathodes
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Lit.: [1] Amplifier tubes, catalogue BEST OF reichelt 8/2019, S.18/19 (or: www.reichelt.de) 

Comparison of field (FE) and thermal (TE) cathodes
Vacuum tubes with indirectly heated cathodes

Selected vacuum tube: PC900  (single hot filament, IH = 300 mA, IE = 20 mA) [1]  
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Lit.: [1] Amplifier tubes, catalogue BEST OF reichelt 8/2019, S.18/19 (or: www.reichelt.de) 

Comparison of field (FE) and thermal (TE) cathodes
Vacuum tubes with directly heated cathodes

Selected vacuum tube: DC70 (single hot filament, IH = 200 mA, IE = 20 mA)  
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Ref.:   [1] W. Knapp, D. Schleußner: Special features of electron sources with CNT field emitter and micro grid. 
Applied Surface Science 251 (2005) 164–169.

Comparison of field (FE) and thermal (TE) cathodes

Schemes of triodes with compared FE and TE cathodes (Uanode = 100 V)
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Comparison of field (FE) and thermal (TE) cathodes
Electron source with CNT field emission cathode for IE = 1 mA (DC)

(reference source of Knapptron GmbH)

Layout of electron source :

1

1. CNT field emission cathode with MWCNT [1]   

SEM image [10 µm]                              TEM image 1 [200 nm]                    TEM image2 [20 nm]    Distribution of dMWCNT (TEM measurement)

3. Micro grid [2]

Examples of micro grid Electron field emission:  I = f(U)    and Fowler Nordheim (FN) plot

3
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Lit.: Data sheet PC900:  https://cdn-reichelt.de/documents/datenblatt/A300/PC900_DB-EN.pdf (Januar 1970) 

Comparison of field (FE) and thermal (TE) cathodes
Vacuum tube PC900 (triode) with indirectly heated oxid cathode

Text

Pf = 1,17 W

Pf = 1,17 W   and Ik = 20 mA

Emission efficiency::  Ik /Pf = 0,0171
Fictive voltage:  U*extr = 58,5 V
Actual price:  1,80 € (Germany)

https://cdn-reichelt.de/documents/datenblatt/A300/PC900_DB-EN.pdf
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Comparison of field (FE) and thermal (TE) cathodes 

FN plot comparision of field (CNT-FE) and thermal TE cathodes (indirectly heated)
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Comparison of TE and FE Electron Emission Efficiency
Different trends in dependence on physical parameters T or U
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Lit.: Data sheet DC70:   https://cdn-reichelt.de/documents/datenblatt/A300/DC70_DB-EN.pdf

Comparison of field (FE) and thermal (TE) cathodes 
Vacuum tube DC 70 (triode) with directly heated hot filament cathode

Text

Pf = 0,25 W

Pf = 0,25 W   and Ik = 20 mA

Emission efficiency::  Ik /Pf = 0,08
Fictive voltage:  U*extr = 12,5 V
Actual price:  5,35 € (Germany)

https://cdn-reichelt.de/documents/datenblatt/A300/DC70_DB-EN.pdf
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Comparison of field (FE) and thermal (TE) cathodes 

FN plot comparision of field (CNT-FE) and thermal cathodes (hot filament of DC70)
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Text

FN plot analysis of TE (hot filament) with three significant curve sections and
corresponding trends of electron emission efficiencies at higher temperature T (right).

Comparison of field (FE) and thermal (TE) cathodes 
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FN plot comparision of all investigated FE and TE cathodes

Comparison of field (FE) and thermal (TE) cathodes 



Extended use of Fowler Nordheim plot Energetic evaluation of charge transfers
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Charge transfers:
1 - leakeage
2 - field emission
3 - glow discharge
4 - micro arc (transition)

operation compass

Q/E maximum.

transitions:

     3 - 4

     2 - 3

     1 - 2

For novel investigations of the transition from field emission 
to stable plasma discharges an extended use of FN plot is 
proposed. 

For this the inverse voltage (x-axis of the FN plot) is 
extended with factor 1 (= I∙t / I∙t):

1/U = I∙t / U∙I∙t = Q/E (1),

where U is the voltage, I the current, t the time, 
Q the sum of all transported charges and 
E the energy required for this. 

The ordinate of Fowler-Nordheim plot will be unchanged.

The relation Q/E is a possible option for energetic 
evaluation.

The operation compass is important for basic orientation.

The direction Q/E maximum (red arrow or x-axis: 1/U) is the 
direction of energetically optimal charge transfer. 

It can be seen in Fig. 1 and Fig. 2 (next slide) that the 
micro-arc discharge has 
the highest charge transfer with the least energy input.

Fig. 1.    FN plot of presented measurement SS3 [1] with smooth 
transitions. UGD is the constant voltage of normal glow discharge.

[1] W. Knapp “Field-emission investigations of micro-structured stainless steel 
1.4301 (ASTM 304) for extended use of vacuum components as very large FE 
cathode rrays.” Poster, IVNC 2017.
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Extended use of Fowler Nordheim plot Energetic evaluation of charge transfers
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RS = 100 kΩ, FE-cathode: stainless steel SS3 [1]                                RS = 10 MΩ, FE-cathode: array of Si-tips [2]

Fig. 1.    FN plot of presented measurement SS3 [1] with smooth 
transitions. UGD is the constant voltage of normal glow discharge.

Fig. 2.   FN plot for energetic evaluation of the transition from
field electron emission to plasma discharges, as presen-
ted and detailed explained in [2, 3], with: 1 – leakage
current, 2 – field emission, 3 – normal glow discharge, 

3 - 4 – glow-to-arc transition, 4 – micro-arc discharge.
[1] W. Knapp “Field-emission investigations of micro-structured stainless steel 1.4301 
(ASTM 304) for extended use of vacuum components as very large FE cathode 
arrays.” Poster, IVNC 2017.

[2] W. Knapp, C. Langer, C. Prommesberger, M. Lindner, R. Schreiner, “Investigations 
of the transition from field electron emission to stable plasma discharge in a micro 
electron source at vacuum pressure.” Poster contribution, IVNC 2017.

[3] D. Wenger, W. Knapp, B. Hensel, S. T. Tedde, „Transition of Electron 
Field Emission to Normal Glow Discharge“,  IEEE Transaction on Electron 
Devices 61 (11), p. 3864 (2014).
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Conclusion and outlook

1. An extended use of FN plot is proposed for comparison of electron emission 
efficiency, in particular for field (FE) and thermal (TE) cathodes.

2. For this the inverse extraction voltage of field emission (x-axis of FN plot) is extended 
with factor ⁄𝐼𝐼𝐸𝐸 𝐼𝐼𝐸𝐸 ∶

𝟏𝟏
𝑼𝑼𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

= 𝑰𝑰𝑬𝑬
𝑷𝑷𝒆𝒆𝒆𝒆

.

3. The relation 𝐼𝐼𝐸𝐸/𝑃𝑃𝑒𝑒𝑒𝑒, easy to measure (e.g. for TE is 𝑃𝑃𝑒𝑒𝑒𝑒 = 𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒), is therefore a simple 
criterion reflecting the electron emission efficiency, independent of the kind of 
electron emission mechanism.

4. The comparison of different electron emission mechanism is based on the calculation 
of a fictive extraction voltage, e.g. for thermal emission:   𝑼𝑼𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

∗ = ⁄𝑷𝑷𝒉𝒉𝒆𝒆𝒉𝒉𝒆𝒆 𝑰𝑰𝑬𝑬. 
5. First  comparison results of emission efficiency of FE and TE cathodes are:
- For higher current 𝐼𝐼𝐸𝐸: TE has an increasing and FE has a decreasing emission efficiency!
- The cross-over point X of characteristics has a current value e.g. of 𝐼𝐼𝐸𝐸_𝑋𝑋 = 117 µ𝐴𝐴. 
- For 𝐼𝐼𝐸𝐸 > 𝐼𝐼𝐸𝐸_𝑋𝑋 TE (hot filament cathode of vacuum tube DC70) becomes more efficient.
- For currents 𝐼𝐼𝐸𝐸 < 𝐼𝐼𝐸𝐸_𝑋𝑋 FE cathodes (investigated with CNT emitter) are more efficient.
- FE requires more voltage 𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 for higher emission current 𝐼𝐼𝐸𝐸. With higher voltage a 

transition to plasma discharge are more likely to take action, if 𝐼𝐼𝐸𝐸 > 1.0 𝑚𝑚𝐴𝐴.
6. The influence of power loss on the emission efficiency must be investigated more!  

Knapp, Wolfram: „Using Fowler-Nordheim plot for the comparison of electron emission efficiency of field (FE) and thermal emission (TE) cathodes.
7th ITG International Vacuum Electronics Workshop (IVEW) 2020 and 13th International Vacuum Electron Sources Conference (IVeSC) 2020 , planned for
Physikzentrum Bad Honnef (PBH), Germany (virtual conference/Thales AVS France), May 26-29, 2020, Lecture IVEW23, May 26, 2020, 3:30 pm MESZ.



Thank you very much
for your attention!

Thank you very much
for your attention!
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