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ABSTRACT 
 

In this paper the state of hollow cathode life time 
modelling at the University of Southampton will be 
reported. Two models have been developed: one for 
BaO depletion from the hollow cathode insert and 
another for low work function compounds deposition 
and desorption. The model developed to predict BaO 
depletion from hollow cathode insert will be presented 
together with some comparison between experimental 
and numerical data to prove its validity. 
A model for low work function compounds deposition 
and desorption will also be presented. This model will 
be used to simulate the NSTAR cathode showing a 
very conservative estimate of the cathode life due to 
conservative character of the hypotheses made in the 
model development and due to the chosen criteria for 
the end of life. 
 

I.  INTRODUCTION 
 
Hollow cathodes are a key component in the electric 
propulsion field. They are used as electron sources and 
neutralizers inside ion thruster and Hall’s effect 
thrusters and in the next future probably as stand alone 
microthrusters [1], [2] therefore their lifetime and 
performance are key elements in all the application 
mentioned above. 
The performances and the lifetime of hollow cathodes 
are closely linked to the thermionic emission from the 
emitter surface. 
Hollow cathodes have demonstrated the ability of 
providing 30000 hours of functioning [3] whereas no 
experimental data exists above this limit. 
The importance of hollow cathode lifetime is a 
growing issue for deep space mission using propulsive 
systems based on Ion or Hall effect Thrusters that may 
require longer lifetimes than those demonstrated up to 
now or that may require operations at conditions that 
differ from those of the long duration tests. 
To address these concerns about hollow cathode 
lifetime and to prove the suitability of an ion thrusters 
based SEP subsystem for future high impulse mission 
such as the Bepi-Colombo mission QinetiQ and the 
University of Southampton have started a project to 
study and model the main processes responsible of 
lifetime limitation in hollow cathodes. 
During normal operation of the cathode the work 
function of the emitter surface is lowered form the 
typical value of the emitter material (for tungsten φ = 
4.5 eV) down to about 2 eV thanks to the evaporation 
of BaO from the emitter core and its subsequent 

deposition on the emitting surface resulting in the 
formation of low work function compounds. 
During cathode life the evaporation rate of BaO from 
the insert tends to decrease due to the gradual 
depletion of BaO, hence the low work function 
deposition rates will decrease as well resulting in a 
reduction of the area covered by low work function 
compounds and in an increase of the overall work 
function. This process leads to a reduction of the 
thermionic current from the emitter up to the point 
where the cathode is no longer able to operate. 
It is then clear how the understanding of the 
evaporation, deposition and desorption processes 
involving BaO and the surface low work function 
compounds are key in predicting the lifetime of the 
cathode. 
In this paper the results obtained up to present at the 
University of Southampton will be presented. Firstly 
the chemical model for BaO desorption from a hollow 
cathode insert will be presented [4] then the model for 
low work function deposition and desorption will be 
reported [5]. 
 

II.  BARIUM OXIDE DEPLETION MODEL 
 
The barium oxide content inside the insert is depleted 
due to the effect of BaO evaporation from the insert 
surface. This evaporation depends on the compounds 
formed by BaO with CaO and Al2O3 and causes a 
concentration gradient between the insert surface and 
the insert core. This gradient will give raise to a 
diffusion motion that will replenish BaO at the insert 
surface. 
In this model both the dependencies of BaO 
evaporation rate form the chemistry of the BaO-CaO-
Al2O3 system and the diffusion processes bringing 
BaO from the insert core to the surface will be 
included. 
The chemistry of the BaO-CaO-Al2O3 system will be 
modeled using the data contained in the ternary 
diagram reported below 
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Fig. 1  BaO-CaO-Al2O3 ternary diagram at 1250  °C [6] 

 
In this diagram the letters A, B and C stand for Al2O3, 
BaO and CaO respectively. Each of the three corners 
represents a mass concentration of 100% of one of 
these three fundamental compounds (the one displayed 
near the corner). 
Each point of the diagram represents a state of the 
system where the concentration of A, B and C are 
inversely proportional to the distance of the point from 
each corner. 
 

 
Fig. 2  Particular of the BaO-CaO-Al2O3 ternary diagram 

[7] 
 
Each of the areas in which the diagram is divided 
represents a particular state of the system i.e. which 
compounds are present. 
The empty areas stand for states in which the 
compounds stoichiometric coefficients are fixed while 
the filled ones stand for states in which the 
stoichiometric coefficients changes with the 
composition. 
In most of these compounds we can find that the 
barium oxide can be partially substituted by calcium 
oxide because of their similar atomic configuration, 
when this happens we will refer to these compounds as 
solid solution (s.s.). 
 

Table 1  Compounds Present in Each Area of the Ternary 
Diagram 

Area Compounds 
1 B3A s.s. and B4A s.s. 

2 AB3 s.s., AB4 s.s. and CAB3  
3 B3A s.s. and B3CA s.s. 
4 C, AB3 s.s. and B3CA s.s. 
5 B4A s.s. and B8A s.s. 
6 B and B8A s.s. 
7 B, AB4 s.s. and AB8 s.s. 

8 B, C and AB4 s.s. 
9 C and AB4 s.s. 

10 C, AB4 s.s. and CAB3 s.s. 

11 C and CAB3 s.s 
12 C, B3A and BA 
13 C, BA and C3A 
14 AB, C3A and CA 

The barred formulae refer to a well-defined composition 
of the corresponding solid solution. [7], [8] 

 
Once we know which compounds are present and 
which are their stoichiometric coefficients, using the 
conservation of atomic species we can calculate the 
final composition. 
For example a 2:1:1 composition (that in mass fraction 
corresponds to: 50% BaO, 25% CaO, 25% Al2O3) 
corresponds to area number 12 of the diagram so the 
compounds present are C, B3A and BA. 
Using the conservation of atomic species the final 
composition is found to be 2C+B3A+BA or the 
equivalent 2CaO+Ba3Al2O6+BaAl2O4. 
Once the exact composition has been determined using 
the data in Table 2 the barium oxide pressure can be 
calculated as 
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where the index i is used to label the pressure relative 
to the i-th compound. 
 

Table 2 Most Important Reactions in Barium Oxide 
Evaporation 

Reactions ΔH, 
eV 

ΔS, 
J/mol 

BaO(s)→BaO(g) 4.3224 137.85
1/5 Ba8Al2O11(s) →BaO(g)+ 1/4 

Ba4Al2O7(s) 4.4267 130.72
Ba4Al2O7(s) →BaO(g)+Ba3Al2O6(s) 4.5789 122.76

1/2 Ba3Al2O6(s)→BaO(g)+ 
1/2BaAl2O4(s) 4.6615 125.28

6/5BaAl2O4(s)→BaO(g)+1/5BaAl12O19(s) 5.6095 124.86

Decomposition of solid solution ΔH, 
eV 

ΔS, 
J/mol 

Ba8-0.2Ca0.2Al2O11 4.4267 130.47
Ba4-1.1Ca1.1Al2O7 4.5789 122.05

Ba3-0.75Ca0.75Al2O6 4.6615 122.93
ΔH and ΔS represent the enthalpy and entropy of the 

reactions. [6], [9] 
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From Eq. (1) the mass flow rate can be obtained 
through the Knudsen-Hertz-Langmuir formula [6]  
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Using Eq. (2) and starting form a 4:1:1 composition 
the evolution of the BaO mass flow rate with the BaO 
content (assuming constant CaO and Al2O3 content) 
can be calculated. 
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Fig. 3  BaO mass flow rate trend with local BaO content [4]  
 
As it can be seen the mass flow rate trend is strongly 
non linear showing the importance of the knowledge 
impregnant composition in the calculation of the BaO 
evaporation rate. 
From the knowledge of the trend of the mass flow rate 
with barium local concentration a model for barium 
oxide depletion from the insert can be formulated. 
Assuming that all the diffusion processes that concur 
in bringing BaO from the core of the insert to the 
surface can be represented with a single diffusion 
coefficient Da, the BaO depletion process from a 
cylindrical insert can be mathematically described as 
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where ρ indicates the local BaO density and where at 
the boundaries the mass flow rate of BaO calculated 
with Eq. (2) is imposed. 
Solving Eq. (3) numerically and performing a 
sensitivity analysis on the value of the diffusion 
coefficient to match the computed depletion profiles 
with those measured by Roquais [10] the trend of the 
diffusion coefficient with insert temperature (T) and 
porosity (Π) has been derived. 
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III.  BARIUM OXIDE DEPLETION MODEL VALIDATION 

 
The model derived in the section before has been 
validated simulating the T5 Artemis cathode by 
QinetiQ [11] and the NSTAR cathode from he Deep 
Space 1 Spare Ion Engine [3]. 
The T5 Artemis has been successfully tested at 
QinetiQ accumulating 15000 hours of operation at 2.6 
A of discharge current; the test has been terminated 
voluntarily. 
The cathode has then been sectioned and analyzed 
with EDX technique to derive the profile of BaO 
depletion. 
The results of the analysis of the downstream end of 
the cathode is reported below 
 

 
Fig. 4  EDX mapping of Barium L α line, showing 435 μm 

of depletion from the downstream face after 15,000 hours of 
operation[11] 

 
where dark zones represent areas where BaO has been 
depleted whereas bright area represent undepleted 
conditions. 
The cathode tube has also been inspected finding BaO 
deposition on its interior surface meaning that BaO 
evaporation occurs also from the insert external 
surface. 
The T5 cathode has then been numerically simulated 
for 15000 hours using the measured insert temperature 
profile and assuming that evaporation occurs from the 
inner and outer insert surface and from the upstream 
surface. An initial flat BaO content inside the insert 
has also been assumed. 
The BaO depletion colormap relative to the same 
region presented in Fig. 4 is reported below where the 
values on the colormap indicate the local percent of 
BaO remaining with respect to the initial value (1 
means that no BaO has been depleted, 0 means all the 
BaO has been depleted). 
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Fig. 5  Simulated BaO depletion profile 
 
Unfortunately the data reported in Fig 4 are only 
qualitative since no absolute data relative to the BaO 
content has been reported. Hence only a qualitative 
comparison is possible. 
The comparison between the experimental depletion 
profile derived from Fig 4 (white line) and the best 
fitting iso-depletion line from Fig 5 (blue line) is 
reported below. 
 

 
Fig. 6  Direct comparison between experimental and 

numerical results 
 
The agreement between the iso-depletion line and the 
experimental depletion profile is satisfactory with the 
iso-depletion line following the experimental result 
very closely in his top part. 
The NSTAR cathode has also been simulated using 
the temperature profile reported in Ref [12]. 
The NSTAR cathode has been tested for 30000 hours. 
The test has been voluntary interrupted and the 
cathode has then been sectioned and analyzed [3]. 
This cathode has been simulated assuming a series of 
different boundary conditions and assuming gaps 
between the outer insert surface and the cathode tube 
of 25, 50, 75 and 100 μm. The best result has been 
obtained assuming BaO evaporation to occur form all 
the insert surfaces except the orifice plate surface and 
assuming that the gap between the outer insert surface 
and the cathode tube is 75 μm [13]. 
The comparison between numerical and experimental 
data is reported below. 
 

0 100 200 300 400 500 600

5

10

15

20

Radial position from IDS μm

B
a/

W
 R

at
io

 

6.5 mm from OP
1.5 mm from OP

 
(a) 

0 100 200 300 400 500 600

5

10

15

20

Radial position from IDS μm

B
a/

W
 R

at
io

 

13.5 mm from OP
23.5 mm from OP

 
(b) 

Fig. 7 – Comparison between numerical and experimental 
BaO depletion values. (a) downstream end (b) upstream 

end[13] 
 
where OP and IDS stand respectively for orifice plate 
and internal diameter surface. 
As it can be seen from Fig. 7 there is a good 
quantitative agreement between experimental and 
theoretical data. 
The numerical results relative to 1.5 mm in Fig 7 (a) 
show a flat profile with a value close to the average of 
the measured values. The fact that the computed 
profile is flat is due to the high temperature in the 
downstream region that, increasing the value of the 
diffusion coefficient, tends to “flatten” the depletion 
profile. 
The fact that the experimental profile does not show 
the same flat trend could be due to W deposition on 
the downstream end that, chugging the insert pores, 
will hinder BaO evaporation. 
Regarding the data relative to 6.5 mm from the OP it 
can be noted that the experimental trend is quite 
unusual showing a peak of barium content at one 
quarter of the insert thickness. If we neglect the point 
relative to 6.5 mm from the OP and to 200 μm from 
the IDS the computed data are in good agreement with 
the experimental ones. 
Looking at the data relative to 13.5 and 23.5 mm from 
the OP we can note how they show a good agreement 
with the experimental measurement. 
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In conclusion the model developed to simulate BaO 
depletion from hollow cathode inserts is able to 
produce numerical results that are both in qualitative 
and quantitative agreement with the experimental 
measurement including both the dependence of the 
mass flow rate from the local BaO content and the 
diffusion motion of BaO inside the insert. 
 
IV.  LOW WORK FUNCTION COMPOUNDS DEPOSITION 

AND DESORPTION MODELLING 
 
After the BaO depletion from the hollow cathode 
insert has been successfully modelled a model for the 
low work function compounds deposition and 
desorption on the insert surface has been developed. 
Before developing such a model the chemistry of the 
system composed by tungsten, barium, calcium and 
oxygen will be qualitatively presented starting from 
the data in Ref [14], [17] and [18]. 
The work function of the most important barium-
tungsten compounds have been studied by 
Bondarenko [14] and are reported below 

 T
dT
dφ

φφ += 0  (4) 

 
Table 3 Barium – tungsten compounds work function[14] 

BaO:WO3 Compound φ [eV]  
T=1100°C 

φ 0 
[eV] dT

dφ
 

 [eV ·K-1] 
5 : 1 Ba3WO6 2.00 1.33 6.09·10-4 

3 : 1 Ba3WO6 2.42 1.02 12.72·10-

4 
2 : 1 Ba2WO5 2.76 1.85 8.27·10-4 
1 : 1 BaWO4 3.34 2.27 9.72·10-4 

 
The hollow cathode overall work function trend with 
temperature has been reported to be [15] 

 T410541.1 −⋅+=φ  (5) 
This trend is very close to the one of Ba3WO6 relative 
to the highest BaO content. 
If we consider that in normal conditions a cathode will 
operate at temperature below 1300 °C the maximum 
difference between the work function measured at JPL 
[15] and the one relative to Ba3WO6 is about 0.1 eV 
equivalent to the 4% of the measured value. 
From this we can infer that this is the compound 
responsible for work function lowering on a hollow 
cathode emitter surface. This is in agreement with the 
observation made by Sarver-Verhey [16] where 
Ba3WO6 has been found in the “active” area of the 
emitter surface. 
To understand how this compound is formed and its 
resistance to temperature we will refer to the phase 
diagrams presented in Fig. 8-10. 
The phase diagrams of all the possible combination of 
tungsten, oxygen, tungsten oxide, barium oxide and 
calcium oxide are presented below 

 
Fig. 8  Phase diagram BaO-WO3 [17]  

 
Fig. 9  Phase diagram CaO- WO3 [18] 
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Fig. 10  Phase diagram BaO-CaO-WO3  section at 1200°C 

[17] 
 

Looking at Fig. 8 Ba3WO6 seems to be stable up to 
1600 °C. In spite of this in Ref [9] it has been found 
that Ba3WO6 does not evaporate directly but tend to 
decompose in BaWO4 and then this dissociates in 
WO3 and gaseous BaO at about 1500 °C. 
These temperatures are far above the normal working 
temperatures of a cathode and, in fact, later it will be 
shown that the main low work function compounds 
desorption mechanism is not thermal evaporation but 
ion bombardment. 
The reaction involving Ba3WO6 and BaWO4 are 
reported below [7], [9] . 
 

Table 4  Low work function compounds reactions 

Reaction ΔH 
[eV] 

ΔS 
[kJ/mol]

)()(2)( 463 sBaWOgBaOsWOBa +⇔  11.39 320.11 
)()()( 34 sWOgBaOsBaWO +⇔  12.34 137.98 

 
Where the BaO pressure (in atmospheres), that is 
directly proportional to the Ba3WO6 / BaWO4 
desorption rate, produced by these reactions can be 
expressed as 

 BaOR
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and where ξBaO represents the stochiometric 
coefficient of BaO in the reactions. 
Looking at Fig. 8, 9 a strong similarity between the 
two phase diagrams can be found. BaO and CaO tend 
to form exactly the same kind of compounds with 
WO3 because of their similar atomic structure. The 
only difference is that the compounds formed by CaO 
have a much higher resistance to temperature. 
Looking at Fig. 10 is possible to see how solid 
solution between BaO and CaO compounds can occur 
with partial substitution of barium oxide with calcium 
oxide. 

The work functions of calcium-tungsten compounds 
have not been found in the literature.  
Considering the similarities in atomic structure and 
work function between calcium and barium it is safe to 
assume that the work functions of the solid solutions 
Ba3-xCaxWO6 and Ba1-xCaxWO4 will not be sensibly 
different from the ones relative to Ba3WO6, BaWO4 
reported in Table 3. 
From these observations the presence of CaO inside 
the impregnate can be justified as follows. 
BaO is a low work function compound that evaporates 
at relatively low temperatures, once evaporated it 
deposits on the tungsten surface creating low work 
function compounds (mainly Ba3WO6) whereas CaO 
evaporation rate is much lower and its compounds can 
resist to much higher temperatures than the BaO ones. 
Therefore a partial substitution of BaO with CaO will 
generate high temperature resistant low work function 
compounds. 
The function of BaO is, thanks to its relatively high 
evaporation rates, to provide the “base material” 
needed to build as many low work function 
compounds as possible; the function of CaO is, 
substituting a small fraction of BaO, to give to these 
compounds resistance to temperature. 
Considering all this the usual 4:1 ratio between BaO 
and CaO can be qualitatively explained. 
 
Deposition Modelling 
 
Deposition of barium on the emitter surface is the 
results of the reactions reported in Table 4 when these 
proceed from right to left. To predict the exact 
behaviour of deposition with time the forward and 
backward reactions constants would be needed. 
Unfortunately these data has not been found in the 
literature; the only data available are relative to the 
equilibrium constant of the reactions. 
From the definition of equilibrium constant we have 
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Hence if Kp >>1 the reaction will be shifted to the right 
whereas if Kp <<1 the reaction will be shifted to the 
left. The values of the Kp are reported in Table 5 
 

Table 5  Reactions equilibrium constant at 1100 °C 

Reaction Kp  
)()(2)( 463 sBaWOgBaOsWOBa +⇔  8.91·10-26 kf <<kb 

)()()( 34 sWOgBaOsBaWO +⇔  8.95·10-39 kf <<kb 
 
As can be seen in Table 5 the equilibrium constant for 
these two reactions are very small meaning that the 
reactions are completely shifted to the left. From this 
we can infer that barium oxide react with tungsten 
very easily and quickly to form BaWO4 and then 
Ba3WO6. 
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Based on this we can formulate the hypothesis that all 
the barium oxide that evaporates from the insert 
deposits on the emitter surface creating Ba3WO6. 
From this assumption the deposition rate of low work 
function compounds per unit area is 

 
BaO
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WOBa m

m
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Where BaOm&  is the mass flow rate of BaO from the 
insert per unit area calculated from the chemical 
model in Sec. II. 
 
Desorption Modelling 
 
Desorption of low work function compounds is the 
results of the reactions reported in Table 4 when these 
proceed from left to right. As shown before the 
equilibrium constant of these reactions is very small 
hence we will expect the desorption rates due to 
thermal evaporation to be really low. 
Using Eq. 6 the desorption rates per unit area relative 
to thermal evaporation are 
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A comparison between this two desorption rates is 
presented in Table 6. 
 

Table 6  Ba3WO6 and BaWO4 thermal desorption rates at 
different temperatures 

Compound 900°C 1000°C 1100°C 1200°C 
Ba3WO6 2.69·1010 2.14·1012 9·1013 2.27·1015 
BaWO4 9.71·10-20 1.35·10-15 4.6·10-12 5.32·10-9 

 
As can be seen the BaWO4 desorption rates are 
smaller than the ones relative to Ba3WO6 and are also 
smaller than unity meaning that BaWO4 desorption is 
absolutely negligible since it will take more than one 
second to remove one low work function molecule per 
meter squared. 
Another important desorption mechanism is ion 
bombardment from the hollow cathode plasma. This 
desorption rate can be written as 
 ( ) sputtthi

bomb YvnN ϑΠ−=− 1&  (11) 

Where thv  is the sputtered particle thermal velocity 
that can be expressed as 

 
m

kT
vth π2

=  (12) 

and Ysputt is the sputtering yield of Ba3WO6 or BaWO4 . 
Unfortunately no data regarding the sputtering yield of 

these two compounds have been found in the 
literature. 
The theories that are commonly used to calculate the 
sputtering yield are based on data that are currently 
unknown for these compounds like surface binding 
energy and collision cross sections. 
The sputtering yield will be then calculated starting 
from the theory developed by Langmuir[19]. 
In this theory the sputtering process is explained as 
follows: “…an ion striking on the cathode surface will 
drive the cathode atom it strikes into the surface 
creating a local depression…” the ion is then been 
reflected and after the reflection “the ion may have 
enough momentum to know off a cathode atom around 
the edge of the depression” [19]. 
Starting from this and applying the conservation of 
kinetic energy and the conservation of momentum to 
the first and the second collision Langmuir found that 
the energy transferred by the impacting ion to the 
cathode atom in the second collision is 
 0EEtrans α=  (13) 
Where E0 is the initial kinetic energy of the impacting 
ion and α is a coefficient defined as follows 
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Where mc and mg are respectively the mass of the 
impacting ion and of the cathode molecule. 
Once we know the energy transferred from the ion to 
the cathode surface the probability that a cathode atom 
is sputtered is related to the ratio between the 
activation energy needed for the cathode atom 
evaporation process and the energy transferred by the 
impacting ions. 
If the energy of the impacting ions is of the order of 
some eV the sputtering yield will certainly be smaller 
than unity hence we can assume Ysputt to be equal to 
the exponential of the ratio between the activation 
energy and the energy transferred to the cathode 
surface. 
In formula 

 0E
E

E
E

sputt

act

trans

act

eeY α
−−

==  (15) 
The activation energies of the decomposition 
processes relative to Ba3WO6 and BaWO4 are 
unknown. These energies are certainly higher than the 
free Gibbs energies [20] relative to the reactions 
reported in Table 4 hence the assumption 
 STHGEact Δ−Δ=Δ=  (16) 
will produce higher values of the sputtering yield and 
of the desorption rates therefore giving a conservative 
estimation on the low work function surface coverage 
evolution. 
So substituting Eq. 15 and 16 into Eq. 11 and 
assuming that the voltage drop is much higher than the 
ion temperature expressed in eV we get the final 
expression of the sputtering related desorption rate 



 - 8 -

 ( ) sheat

act
V

E

thi
bomb evnN Δ

−
− Π−= αϑ1&  (17) 

As already done with the thermal desorption rate we 
can compare the sputtering ones for Ba3WO6 and 
BaWO4. The results are reported in Table 7 
 

Table 7 Ba3WO6 and BaWO4 sputtering desorption rates 
at different temperatures 

ni ΔVsheath Π ϑ  
1020 5 V 80% 1 

Compound 1000 °C 1100 °C 1200 °C 
Ba3WO6 7.21 ·1019 9.7 ·1019 1.32 ·1020 
BaWO4 2.32 ·1017 2.82 ·1017 3.42 ·1017 

 
As we can see also in this case the desorption rates 
relative to BaWO4 are much smaller than the one 
relative Ba3WO6. The implication of this will be 
discussed later.  
 
Insert low work function coverage calculation 
 
From the analysis of the deposition and desorption 
rates the calculation of the low work function 
compound surface coverage and of the effective insert 
work function can be carried out. 
Assuming that for a full coverage every tungsten atom 
that was originally on the surface is bonded with 
barium and oxygen to form Ba3WO6 the rate of change 
of the surface coverage can be expressed as 
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Where mW and σw are the atomic mass and the surface 
density of tungsten. 
In Eq. 18 the desorption rates of BaWO4 have been 
neglected considering they are at least two order of 
magnitude smaller than the one relative to Ba3WO6. 
Equation 18 can be rewritten as follows 
 YX += ϑϑ&  (19) 
The evolution of ϑ  with time can be then calculated 
analytically as 
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The value of ϑ  so found is relative to the coverage of 
the tungsten surface of the insert, we must consider 
that also the BaO present in the pores will contribute 
in lowering the average work function hence the 
effective surface coverage will be 
 ( ) )()(1)( ttt BaOeff ρϑϑ Π+Π−=  (21) 

Where ρBaO  is the BaO relative density inside the 
pores and is one of the outputs of the chemical model 
described in Sec II. 
Once the value of effϑ  is known the work function can 
be calculated using the formula proposed by Longo 
[21] including the Schottky effect 

 

0

1

1

4
1

)(

πεφ
φ

φ

φ
φ

φϑφ

ϑ

ϑ

w

Ba

m
Ba

Ba

m
meff

qE
eff

eff

−
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Γ
−+

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Γ
=

Γ−

Γ−

Γ

 (22) 

Where φm is the bare metal (maximum) work function, 
Γ is a coefficient determined finding the zero of the 
first derivative of Eq. 22 given the minimum work 
function (Eq. 5), and where Ew is calculated according 
to Siegfried and Wilbur[22]. 
 
ELT discharge cathode simulation 
 
The model developed up to know will be tested on the 
NSTAR cathode from the Deep Space 1 Spare Ion 
Engine. The insert chemistry of this cathode has been 
already successfully simulated as shown in Sec. III. 
During the extend life test the discharge cathode has 
been used at different throttle levels as reported in 
Table 8 
 

Table 8  ELT discharge cathode throttle settings 

TH level Accumulated hours Discharge Current
12 500 9.9 
15 4800 13.5 
8 10500 7.6 

15 15500 13.5 
0 21500 4.9 

15 25500 13.5 
5 30000 6.9 

 
To simulate the cathode the values of ΔVsheath , Tw , φm 
and ni for each TH level and their evolution with time 
are needed. 
The maximum work function value φm will be set 
equal to the work function of BaWO4 reported in 
Table 3. This will be justified later on. 
The values of the plasma parameters, when possible, 
will be taken from the literature (Ref. [23]-[27]) when 
these are not available they will be derived from the 
published data scaling the plasma parameters so that 
the heat balance equation at the cathode surface is 
satisfied and the total current flowing to the cathode 
surface will be equal to the nominal value of the 
discharge current. 
To do so two different hypotheses will be used: 
constant ion density among all the TH levels or 
constant ΔVsheath. 
The cathode has then been simulated for 31000 hours 
assuming that the initial surface coverage is equal to 
one. 
The surface coverage and work function for different 
times and for the two different hypotheses are reported 
below 
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Fig. 11   Surface coverage along the insert for different 

times assuming  ΔVsheath =const 
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Fig. 12  Work function along the insert for different times 

assuming  ΔVsheath =const 
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Fig. 13 Surface coverage along the insert for different times 

assuming  ni=const 
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Fig. 14  Work function along the insert for different times 

assuming  ni=const 

 
As can be seen from Fig 11 and 13 the time needed to 
have a spot on the insert where all the Ba3WO6 has 
been removed is not shorter than 1000 hours. Noting 
that the desorption rates for BaWO4 are about 100 
times smaller than the ones relative to Ba3WO6, as 
reported in Table 7, we can safely state that BaWO4 
removal will happen only on much larger timescales 
(hundreds of thousands of hours). 
Therefore the possibility of having areas of the insert 
where no low work function compound exists (neither 
Ba3WO6 nor BaWO4) is really small hence the 
assumption according to which the maximum value of 
the work function of the insert can be set equal to the 
value relative to a full coverage of BaWO4 can be 
justified. 
Looking at the figures above it can be seen how the 
surface coverage of low work function compounds 
decrease with time almost everywhere on the cathode 
surface. It can also be noted from the ϑ  profiles at the 
beginning of life and after 10000 hours, and after 
20000 and 3000 hours how this process tends to slow 
down with time. 
Looking at the work function evolution it must be 
noted that, even when all the Ba3WO6 has been 
depleted the work function value is still below 3.5 eV 
thanks to the remaining BaWO4 on the surface and 
thanks to the barium oxide content inside the pores. 
Regarding the difference between the two hypotheses 
made to derive the plasma parameters (ni=const and 
ΔVsheath=const) it can be seen how with the first one 
the evolution of ϑ  and φ presents a smooth trend 
along the insert length with higher work function 
(lower coverage) downstream that gradually decreases 
(increase) moving upstream; whereas the second 
hypothesis produces a trend where the downstream of 
the insert is characterized by a low coverage (high 
work function) while the upstream region presents an 
high coverage (low work function) and where the 
transition between this two region is quite sharp. 
From the calculated trend of the surface coverage and 
work function the thermionically emitted current 
evolution with time can be calculated. 
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Fig. 15  Emitted and nominal current with time assuming  

ni=const 
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Fig. 16  Emitted and nominal current with time 

ΔVsheath=const 
 
As it can be noted in both Fig. 15, 16 the emitted 
current drops below the nominal one after about 15000 
hours. If this is taken as a criteria for the hollow 
cathode end of life the lifetime prevision so obtained is 
very conservative. This can be explained noting the 
many conservative assumptions made and noting the 
fact that chemical model presented in Sec II at present 
does not take into account CaO evaporation hence 
neglecting the increase in temperature resistance of the 
low work function compounds due to the partial 
substitution of BaO with CaO. 
However the fact that the emitted current drops below 
the cathode nominal current does not necessarily mean 
that the cathode is not any more able to provide the 
required current (resulting in a cathode failure) since 
ion reduction at the cathode wall and secondary 
emission could provide a significant fraction of the 
total current. 
 

V.  CONCLUSIONS AND FUTURE WORKS 
 
In the last two years a model for BaO depletion from 
hollow cathodes insert and low work function 
deposition and desorption of insert surfaces has been 
derived at the University of Southampton. 
The BaO depletion model takes into account both the 
chemistry of BaO-CaO-Al2O3 system and its influence 
on the BaO evaporation rate, and the diffusion motion 
of BaO inside the insert. 
The model has been compared to the experimental 
data relative to the T5 Artemis cathode from QinetiQ 
and to the NSTAR cathode from the Deep Space One 
Spare Ion Engine showing both a qualitative and a 
quantitative agreement between the numerical and the 
experimental measurements. 
A low work function compounds desorption and 
deposition model has also been developed starting 
from data found in the literature about the chemistry of 
the Ba-Ca-W system. The processes involved in BaO 
deposition and desorption have been described and 
quantified as well as possible (given the chemical data 

present in the literature) producing a simple model for 
deposition and desorption. 
Barium oxide has been found to react very quickly 
with the tungsten surface suggesting the assumption 
that all the evaporated barium oxide from the insert 
goes to form low work function compounds. 
Two different desorption mechanism have been 
studied: thermal desorption and ion sputtering. The 
influence of thermal desorption mechanism has been 
found to be several order of magnitude lower than that 
of ion sputtering hence stressing the importance of the 
knowledge of the plasma parameters evolution 
relatively to the low work function surface coverage 
changes. 
Once the desorption and deposition rates have been 
derived a surface coverage model has been formulated 
and analytically solved. 
The model has then been tested with the NSTAR 
cathode. Assuming that the end-of-life of a cathode 
occurs when the thermionic current from the emitter 
surface drops below the nominal current imposed to 
the cathode by the power supply the life time predicted 
by this model is of about 15000 hours. 
This prevision is very conservative since the NSTAR 
cathode has demonstrated 30000 hours in ground 
testing; this has been explained noting the 
conservative character of assumptions made. 
It must also been noted how, to improve the lifetime 
prediction, an ignition model will be needed since the 
end of the life of a cathode is normally identified with 
the impossibility of starting it within the power supply 
capabilities. 
Since the most important desorption mechanism has 
been found to be ion bombardment from the plasma to 
improve the accuracy of the model a plasma solver 
might be coupled to the deposition/desorption 
calculations to include the effects that a variation in 
the surface coverage will have on the plasma 
characteristic.  
A life time model able to include both the plasma 
characteristics change due to surface coverage 
evolution and a description of the ignition process is 
currently under development at the University of 
Southampton. 
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