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•V = required velocity increment

•Vex = exhaust velocity of propellant

•Mo = initial mass of spacecraft

•Mf = final mass of spacecraft

•Mp = mass of propellant

The influence of exhaust velocity

Rockets – How they work 

Konstantin Tsiolkovsky



Chemical propulsion

• Non-cryogenic (e.g. MMH + N2O4), SI ~ 300 s

• Cryogenic (e.g. LH2 + LO2x), SI ~ 450 s

Electric propulsion

• Arc-jet (ammonia),                    < 5 N, ~10 W/mN - SI ~ 500 s

• Magneto-plasma-dynamic < 20 N, ~50 W/mN - SI ~ 3000 s

• Hall Effect Thruster (Xe),          < 350 mN,  ~18 W/mN,    - SI ~ 1,800 s

• Gridded ion thruster (Xe),        < 250 mN,  ~ 28 W/mN, - SI ~ 4,300 s

• FEEP (Caesium), < 1 mN, ~ 100 W/mN, - SI ~ 7,000 s

• Pulsed Plasma Thruster(PPT)  < 4 mN, ~25-170 W/mN- SI ~ 700s

Introduction and comparison of different forms of EP



Hall effect thrusters

Introduction and comparison of different forms of EP

ROS-2000 Photograph 
courtesy of Astrium



PPS-5000 Photograph courtesy of Snecma

Introduction and comparison of different forms of EP



Gridded ion engines

3 types of GIE

• Russia - Kaufman

• USA – Ring Cusp

• Japan – Ring Cusp

• Germany – RIT

• UK – Kaufman

Keeper Power 

Supply

Discharge Power 

Control

Beam Power 

Supply

Accel Grid 

Supply

Propellant

Flow Control

Propellant

Neutraliser 

cathode

Plasma 

formation 

Neutraliser 

keeper

Screen grid

Accel grid

Discharge 

vessel

E
je

c
te

d
 i
o

n
s

Electrons

Introduction and comparison of different forms of EP



8

T5 and T6 Kaufman Thrusters
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Hollow cathodes

12

From Grubisic ‘MICROTHRUSTERS BASED ON THE T5 AND T6 HOLLOW CATHODES’, PhD 
thesis, University of Southampton, 2010



Theory

• Difficult to actually find origin of the name “hollow cathode” but
• Paper by P. F. Little and A. von Engel in 1954 entitled ‘ The hollow-

cathode effect and the theory of glow discharges’, Proceedings of 
the Royal Society of London. Series A, Mathematical and Physical 
Sciences, Vol. 224, No. 1157 (Jun. 22, 1954), pp. 209-227 talks 
about :

• “By exploring the electric field between two plane-parallel cathodes 
with an electron beam, and observing simultaneously the other 
discharge parameters, new information was obtained. A double 
(hollow) cathode was used because in a conventional glow 
discharge the dark space, cathode fall and current density are 
interdependent; here the cathode separation controls the width of 
the dark space. When the separation is sufficiently reduced the two 
negative glows coalesce and the light emitted as well as the 
cathode current density rise greatly. This is the hollow-cathode 
effect.”



Experiment of P. F. Little and A. von 
Engel



‘The hollow cathode effect’ from P. F. 
Little and A. von Engel’s paper 
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Next seminal (and analytical) paper

• “Theory of the hollow cathode arc”,C. M. Ferreira 
and J. L. Delcroix, Journal of Applied Physics  49, 
2380 (1978); doi: 10.1063/1.325126 which 
however give two references to earlier work :
– “Highly Ionized Hollow Cathode Discharge”

L. M. Lidsky, S. D. Rothleder, D. J. Rose, S. Yoshikawa, C. 
Michelson2 and R. J. Mackin Jr. J. Appl. Phys. 33, 2490 (1962); 
http://dx.doi.org/10.1063/1.1729002 and

J. S. Luce, Proc. 2nd Int. Conf. Peaceful Uses At. Energy,
1958, p. 31 (unpublished).

http://scitation.aip.org/content/contributor/AU0484300
http://scitation.aip.org/content/contributor/AU0484301
http://scitation.aip.org/content/contributor/AU0289879
http://scitation.aip.org/content/contributor/AU0484303
http://scitation.aip.org/content/contributor/AU0484304
http://scitation.aip.org/content/contributor/AU0484306
http://dx.doi.org/10.1063/1.1729002


L. M. Lidsky, S. D. Rothleder, D. J. Rose, S. Yoshikawa, C. 

Michelson2 and R. J. Mackin Jr. abstract

• A hollow cathode discharge (HCD) is described that produces a 
highly ionized steady‐state plasma (ne ≈1013−1014/cm3) at a 
temperature 1–10 eV, in a volume as large as 104 cm3, with 
background neutral gas density ≈1013/cm3. The HCD is generated by 
the prescription: gas flow (H2, He, A, or N2) 0.05–2 cc STP/sec 
through a refractory metal hollow cathode tube into a vacuum; any 
anode; 20–200 V dc applied. An axial induction 100–1000 G is used 
to collimate the discharge and to aid in starting by rf excitation. 
The HCD runs from the cathode interior, deep enough that p0 d≈1 
cm×mm Hg. Current range is 2.0–300 A. Various electrode 
configurations and a wide range of operating parameters have been 
studied. The external plasma density and temperature were 
measured by Langmuir probes. A discussion is given of the 
confinement mechanism and of the energy balance, both in the 
external plasma and in the region of the cathode itself.

http://scitation.aip.org/content/contributor/AU0484300
http://scitation.aip.org/content/contributor/AU0484301
http://scitation.aip.org/content/contributor/AU0289879
http://scitation.aip.org/content/contributor/AU0484303
http://scitation.aip.org/content/contributor/AU0484304
http://scitation.aip.org/content/contributor/AU0484306


Cathode types

• Basically all of EP hollow cathodes are the 
same with two different types of inserts:

– Dispenser consisting of a porous tube of tungsten 
( the dispenser) impregnated with barium calcium 
carbonate and aluminate salts( and some 
scandium, different recipes)

– Solid lanthanum hexaboride(LaB6)( polycrstalline
or single crystal)









Thermionic emission

where A is a constant with a value of 120A/cm2K and 𝜙

wf is the work function. 



Work function and operating 
temperature

Figure 3.1 Current density as a function of temperature (Dan M. Goebel 

and Emily Chu, “High Current Lanthanum Hexaboride Hollow Cathodes for High Power Hall 
Thrusters”, IEPC-2011-053, 32nd International Electric Propulsion Conference, Wiesbaden, Germany, 
September 11 – 15, 2011



Lifetime

• Requirements

– Operating times of 10s of thousands of hours

– Number of start cycles thousands

– Dual mode operation ie high current and low 
current( eg HET for orbit raising 40A, station 
keeping 3A)



Life issues

• Hollow cathodes:

• Dispenser degradation

• Tip orifice erosion

• Keeper plate erosion

• Heater element embrittlement

25



Dispenser degradation

• BaO – depletion of barium

• LaB6 evaporation of the solid material
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Figure 19. Modelled T5 insert barium oxide depletion profile after 15,000hours for the measured 

temperature profile at 2.6A – All surface opened 

 

 
Figure 20. Modelled T5 insert barium oxide depletion profile after 15,000hours for the measured 

temperature profile at 2.6A – All surface opened but the orifice plate 

 

The presence of evaporation from the orifice plate changes drastically the depletion profile. This can be justified 

noting that the orifice plate is the area with the highest temperature of the whole insert. 

The profile obtained with the orifice plate surface closed are found to be in better agreement with the 

experimental results showing the characteristic “tongue” shape at the downstream end. 

 

 
Figure 21. Computed barium depletion in the same region as that shown in Figure 7 
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Figure 22. Direct comparison between experimental and numerical results 

 

In Figure 21 the numerical depletion profile corresponding to the experimental one of Figure 7 is presented and a 

good qualitative agreement between them can be found. 

In Figure 22 a closer comparison is presented showing together with the experimental depletion contour an iso-

depletion line (blue line) relative to the numerical data that best fit the experimental contour. 

The best agreement has been found using the line relative to a 25% depletion. At the current stage of model 

development, the model has demonstrated a good agreement (at least qualitatively) with experimental data.  The 

next phase will involve application of the model to simulate T6 cathode depletion. 

IV. Additional Hollow cathode lifetime projection studies 

In recent years there has been a growing number of experimental evidence to suggest that the current state-of-

the-art dispenser cathodes can last in excess of 50,000hours under current engine thrust demands. Specifically here 

we mention 

 1) The NSTAR long duration test which accumulated 30,372hours before voluntary shut down3, where the 

subsequent dispenser analysis showed ample barium remaining in the matrix and was estimated to have another 

25kHrs left (i.e. total life of 55,000 hours).  

2) The small amount of depletion observed on other shorter lifetests such as the Life Demonstration Test (LDT) 

cathode (8,200 hours)4 and Artemis T5 cathode Lifetest (15,000hours). 

3) The small amount of depletion observed on the T6 cathode after 4000hours and the fact that the operating 

dispenser temperatures measured and reported elsewhere6 were 35oC to 126oC lower than NSTAR. 

Current life estimation is based on extrapolation of experimental results3, modeling and comparison using the 

similarity with vacuum device cathodes5, 8, 9, 10 (with a demonstrated 130,000hours)11. However, operators require 

verification of compatibility to lifetime requirement by test. To conduct a test of >30,000 requires a great 

expenditure of effort, man power and expense. A de-risking strategy prior to these lifetests is required and empirical 

studies need to form an integral part of these strategies to ensure accurate prediction. Hence, QinetiQ has undertaken 

a series of novel experimental studies to project hollow cathode lifetime and to determine a cathode ultimate life and 

end of life condition.  

A. Accelerated T6 lifetest 

Barium evaporation and loss from the emissive dispenser is considered to be the main life limiting mechanism in 

hollow cathodes. It has been shown by several authors that the rate of barium evaporation is solely dependant on the 

emitter’s surface temperature11, 12, 8. This is exactly the situation found in similar dispenser cathodes used in vacuum 

tubes for applications ranging from traveling wave tubes, vacuum electronic devices, microwave tubes etc.. This 

enables direct comparison of ion thruster hollow cathodes with such devices which have been intensively 

investigated and have demonstrated lifetimes of 130,000 hours.  It is possible to calculate the expected depletion-

limited life time of hollow cathodes from available vacuum cathode data as long as the dispenser surface 

temperature is known11. 

The depletion life dependence on temperature comes about due to the fact that the processes involved all scale 

with temperature such as: chemical supply reactions, transport, diffusion, desorption and evaporation processes13. 

From the large volume of data, a simple “rule of thumb” has emerged; that the dispenser life doubled for every 

‘Emitter Depletion measurement and modeling in the T5&T6 Kaufman-type Ion Thrusters’ , IEPC-2007-256, Presented at the 30th 
International Electric Propulsion Conference, Florence, Italy September 17-20, 2007, Ismat M. Ahmed Rudwan and N.C. Wallace, 
Michele Coletti and Stephen B. Gabriel 



Calculated lifetimes versus current for NSTAR dispenser cathode (BaO) and a 3.8 
mm ID (8mm cathode OD) LaB6 cathode



Tip orifice erosion
• Ion bombardment of the orifice plate causes 

sputter erosion

• Erosion rates depend on ion fluxes, energies  
and direction of ion impact

‘Emitter Depletion measurement and modeling in the T5&T6 Kaufman-type Ion Thrusters’ 
IEPC-2007-256, Presented at the 30th International Electric Propulsion Conference, Florence, Italy September 17-20, 2007, 
Ismat M. Ahmed Rudwan and N.C. Wallace, Michele Coletti and Stephen B. Gabriel 
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                                    (a)                (b) 

 

Figure 15. Photo showing condition of T6 keeper plate post 4000 hour test (a) downstream face (b) upstream 

face 

 

Figure 16 shows the condition of the T6 4000hour cathode tip, note that the machining marks can still be seen 

and the very good condition of the orifice chamfer. There is visual evidence of light levels of erosion to the stainless 

steel cathode casing (seen as a halo around the Tantalum tip in the photo). The cathode orifice was measured from 

both the upstream and downstream directions and found to be nominal. 

 

 
Figure 16. Photo showing condition of T6 cathode orifice post 4000 hour test 

III. Depletion modeling 

Data from the depletion studies reported above in addition to dispenser temperature measurements reported 

elsewhere6, will be used as inputs to a depletion model currently under development at Southampton University. The 

data from the Artemis endurance test will be used as a validation technique prior to the model's application to the 

T6. This is made possible because the T5 and T6 cathodes, in spite of having different dimensions and operating 

conditions, share the same insert technology. A brief description of the model is presented here the reader is referred 

to reference [7] for more details. 

A. BaO Depletion Model 

Barium oxide diffusion and evaporation from an insert has been numerically modelled7 starting from the 

knowledge of the behavior of the ternary system BaO – CaO – Al2O3 
15, 16,1 7. 



Keeper plate erosion
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Figure 9: Photo showing condition of T5 Artemis moly keeper plate post 15,000 hour test  

 

 

 
Figure 10.  Illustration of measured T5 keeper plate condition post 15,000 hour test 

 

Limited erosion damage observed on the cathode tip. Figure 11 illustrates the nominal (red) and the profile 

observed after 15,000 hours. The upstream end of the orifice plate still maintained its nominal diameter of 0.224mm. 

The downstream end 45o chamfer on the orifice plate had disappeared. The orifice diameter at the downstream end 

is now 0.396mm. This erosion had no impact on the cathode functionality.  

 
Figure 11 Illustration of measured T5 cathode orifice plate condition post 15,000 hour test 

B. T6 800hours and 4000hours tests 

Some short duration endurance tests were carried out on the T6 cathode to establish a depletion trend that can be 

later extrapolated. The T5 cathode although operating at a fraction of the T6 discharge currents actually operates 

hotter than the T66. The T5 and T6 cathodes share the same dispenser technology and use exactly the same materials 

and processes. Hence, the Artemis test depletion data (scaled for the temperature difference) can be used in the 

extrapolation of the T6 data to an end of life condition. Due to programmatic constraints, the tests were only limited 

to 800 and 4000hours from which it was hoped a depletion trend will emerge. 
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Figure 11 Illustration of measured T5 cathode orifice plate condition post 15,000 hour test 

B. T6 800hours and 4000hours tests 

Some short duration endurance tests were carried out on the T6 cathode to establish a depletion trend that can be 

later extrapolated. The T5 cathode although operating at a fraction of the T6 discharge currents actually operates 

hotter than the T66. The T5 and T6 cathodes share the same dispenser technology and use exactly the same materials 

and processes. Hence, the Artemis test depletion data (scaled for the temperature difference) can be used in the 

extrapolation of the T6 data to an end of life condition. Due to programmatic constraints, the tests were only limited 

to 800 and 4000hours from which it was hoped a depletion trend will emerge. 



Heater embrittlement

• Thermal cycling can cause embrittlement of 
the tungsten rhenium wire.

• This is particularly important since it can 
result in potential failures during vibration 
testing when this is performed after the 
cathode has been subject to thermal cycling 
(as it is the case if the HC has been operated 
to confirm its performances)

• T6 cathode has two heaters



Heaterless hollow cathode

3 phases:
1) breakdown(Paschen’s law)
2) Glow discharge(heating)
3) Low voltage high 

current(‘arc’)

Challenges:
1) Power supplies and fast transitions
2) Low erosion ( diffuse versus spot 

attachment)



Conclusions

• EP hollow cathodes can reliably provide amps to tens 
of amps for tens of thousands of hours

• Smaller, mAs and larger, 100s of Amp cathodes have 
not been developed yet

• Heaterless cathodes currently under development but 
remain unproven

• Numerical models developed but usually propriety 

• Models( analytic?) needed for life prediction

• How to do accelerated testing?

• Dual mode cathodes as yet unproven


