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Hollow Cathode Life Time Model
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In this paper the latest advances in the hollow cathode lifetime modeling carried out at the University
of Southampton will be presented. A barium oxide insert depletion model and a surface low work
function compounds deposition/depletion model have been already developed by the authors. Here a
procedure to update the plasma parameters relatively to changes of the hollow cathode surface work
function and an end-of-life criterion will be presented. The procedure has been validated with

experimental results and then coupled with the deposition/desorption model already developed by the
authors. The evolution of the surface of the cathode tested for 28,000 hours by Sarver-Verhey has been
simulated and from the data obtained an end of life criterion has been developed. Then using this
criterion the ELT NSTAR discharge cathode has been simulated under the throttling conditions used
during the Deep Space 1 Spare Ion Engine. The lifetimes found are in agreement with the theoretical

expectation.
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1. Introduction

Hollow cathodes (HC) are a critical technology in the
field of electric propulsion and are employed to generate the
relatively high electron currents required for the propellant
ionisation and ion beam neutralisation processes. They are
used as electron emitter and neutralizer in Kaufman thrusters
and Radio frequency Ionisation Thruster (RIT).

During the lifetime of the HC due to evaporation from
the hollow cathode insert the BaO contained inside the insert
is gradually depleted. This depletion will causes changes in
the insert impregnant chemistry that will lead to a reduction of
the evaporation rates and to a consequent reduction on the
deposition rate of low work function compounds on the
surface resulting in a reduction of the area coverage and in an
increase of the overall work function. This process leads to a
reduction of the thermionic current from the emitter that, in turn,
will force the cathode to operate at a higher temperature
increasing the BaO depletion rate. This process will continue up
to the point where the cathode is no longer able to operate.

The lifetime of the cathode is then mainly dependent on the
cathode operating temperature and how this affects BaO
evaporation, the chemistry of the low work function material
deposition, the low work function desorption rate and on how
all these effects interact with the hollow cathode plasma.

Hollow cathodes developed by NASA have to date
demonstrated a lifetime of 30,000 hours in ground testing [1]
and 1,600 hours in orbit, however due to the requirements of
longer lifetimes for deep space mission a large amount of efforts
has been spent in lifetesting, characterization and modelling of
hollow cathodes to ultimately estimate their lifetime [1-12].

In this paper the latest results obtained at the University of
Southampton regarding HC life time modeling will be
presented.

2. BaO depletion and low work function compounds
desorption modelling

In the past the authors have already developed a BaO
insert depletion model [10,11] and a low work function
desorption/deposition model [12].

The BaO evaporation process from hollow cathode inserts
has been already studied and fully characterized by the authors
[9,10]. Starting from the knowledge of the BaO-CaO-Al,O4
ternary diagram [13,14] the evolution of the evaporation rates
of BaO with the local barium oxide content has been obtained
and, using the experimental data published by Roquais [6], the
diffusion coefficient relative to the BaO motion inside the
insert has been derived. The depletion model so obtained has
been tested with the measurements performed on the TS5
cathode by QinetiQ and on the NSTAR cathode at NASA JPL
finding both a qualitative and a quantitative agreement
between computed and experimental data [11].

The deposition and desorption processes that take place
on the insert surface has been already studied by the authors
[12]. Using the measurements reported in [15,16] the main
low work function compound has been identified in Ba;WOq
and the chemical processes leading to its deposition and
desorption has been characterized and quantified [12]. It has
been found that the desorption rates are strongly proportional
to the insert temperature and to the plasma particle density and
sheath voltage drop; the higher are these quantities the higher
are the depletion rates. From the knowledge of these rates the
evolution of the Ba;WOg coverage on the insert surface can be
obtained and from this the cathode work function can be
calculated.

3. Plasma update procedure
The knowledge of the hollow cathode plasma parameters
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and of the insert temperatures are essential to estimate the
desorption rates and hence the surface coverage of low work
function compounds. To do so the ideal solution will be to
have a plasma model that starting from inputs like total
cathode current, mass flow rate and cathode dimension will
be able to calculate the ion and electron temperature and
density profiles along the insert length together with the
voltage fall and insert temperature profiles. The only model
that at present is able to fit these requirements is the plasma
model developed at JPL [3]. Since we can not have access to
this code an alternative way to obtain such plasma parameters
will be developed.
We will assume quasi-neutrality (n; = n. = n), temperature
equilibrium between the heavy particles and the wall
(T; = T,,) and that given a hollow cathode to simulate with
the model described above, the plasma parameters at the
beginning of life are known by measurements. We will also
assume that the dependency of the plasma parameters from
time and space can be divided in two separate functions so
that is possible to write
AV(t7 Z) :kAv(t) AV(O, Z)

n(t, z) =kn(t) n(0, 2) (1)

T.(t,z) =kt (t) Te(0, 2)
meaning that the shape of the plasma parameters trend will
remain the same with time whereas their values will be shifted
up or down by a multiplicative factor.

We will also assume that the electron temperature will not
vary sensibly due to the change in the surface coverage as its
value has been shown to have small variations over a wide
range of cathode operating conditions [17].

Using the assumptions made above the update of the plasma
parameters has been reduced to the calculation of two time-
dependent multiplicative parameters (kay, ky,)-

To derive these parameters the power balance at the
cathode surface and the total emitted current conservation will
be imposed

/Jth (Gefst 5kTEdA:/Je (¢eff+ 5kTw)dA +
2q 2q )
+/JZ (E7OTI+AV_¢€ff) dA—‘rqu
/(Jth+Ji_Je)dA:ID 3)

During the simulation of the hollow cathode the plasma
parameters will be updated at fixed time steps. The distance
between two consecutive time steps will be defined to obtain
accurate simulations with reasonable computing times and
will be of the order of 10 hours.

At every update Eq. (2), (3) will be solved assuming
constant wall temperature deriving the values of kay and k,,.
It might happen that a solution of these equations cannot be
found. This means that the insert temperature is too low to
provide enough thermionic emission to meet the total current

emission requirements set by the power supply. In this case
the insert temperature will be increased by 10 °C steps until a
solution of Eq. (2) and (3) can be found.

4. Plasma Parameter Update Procedure Validation

In this section the procedure developed before will be tested
with the data available in the literature relative to the same
cathode that will be simulated later.

In [4] and [18] the data relative to NSTAR cathode electron
temperature, ion/electron number density and plasma voltage
have been reported relatively to discharge currents of 7.6
(TH8), 12 and 13.5 A (TH13).

Comparing the densities relative to 7.6 A, 12 A and to 13.5
A of discharge current we can see how these three trends are
quite close even if from TH15 to THS the discharge current
drops to almost half of its value. Since the ion density relative
to 12 ampere of discharge current is the highest between the
measured ones if we assume that the ion density is constant
for all the THs and equal to the one relative to 12A we will
most probably overestimate n; hence overestimating the
desorption rates finally producing conservative estimates of
the surface coverage evolution and of the cathode lifetime.

In Fig. 2 a comparison between the calculated values of
AV and T, and the experimental ones for TH15 and THS
reported in [18] is presented. As it can be seen the computed
data show a very good agreement with the measured one
proving the goodness of the plasma parameters update
procedure. Once this procedure has been validated the plasma
parameters of the remaining throttle levels can be calculated.
The results are reported in Fig. 3. As it can be seen the plasma
voltage tends to increase as the discharge current decrease.
This can be explained noting that the cathode insert always
emits a thermionic current that is in excess of the desired
discharge current value, this means that for every TH the
interaction of electron temperature and voltage fall must
produce an electron flux that counterbalance the excessive
thermionic emission so that total current flowing into the
cathode is equal to the value fixed by the power supply
(discharge current).
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Fig.3 Calculated plasma voltage and temperature
profiles for TH12, THS and THO

Since the variations in electron temperature are small and
the electron density is assumed to be constant, the plasma
voltage will be the parameter that mainly influences the
electron flux. Considering that the electron flux needed at
lower discharge currents is smaller than at the higher ones and
since the higher the plasma voltage the lower is the electron
current, the plasma voltage must be high at low THs and low
at high THs.

5. 28,000 hours cathode simulation

The cathode reported in [2] by Sarver-Verhey has been
tested for 28,000 hours at 12 A of discharge current assuming
that its insert temperature profile and plasma parameters are
the same as those reported for the NSTAR cathode at 12A.

Using this assumption the cathode surface has been
simulated for 28,000 hours. During this simulation the plasma
parameters have been updated every 50 hours assuming the
electron temperature to be constant during the whole
simulation of the cathode. This assumption can be justified
noting that the plasma temperature has shown small variations
over a wide range of discharge currents and emitted currents
(Fig. 2, 3) whereas the plasma voltage has shown to be
strongly dependant on the emission and discharge currents.

Regarding the ion density we can note that if the
thermionically emitted current drops below the discharge
current value the ion flux from the plasma to the surface must
become big enough to overcome the electron flux providing
the additional current needed to reach the discharge value.
Hence a reduction in the emitted current due to a reduction in
the surface coverage will result in an increase of the ion
density (to increase the ion current) and in an increase of the
plasma voltage to decrease the electron current that,
otherwise, since quasi-neutrality has been assumed, will
increase proportionally to the ion flux.

The computed Ba;WOg surface coverage and the work
function evolution are reported in Fig. 4 and 5.
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Fig.4 Ba;WOg surface coverage — 12A
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Fig.5 Surface work function — 12A

As it can be noted in the Fig. 4 and 5 the low work function
compounds depletion starts at the downstream end of the
cathode and then slowly moves upstream. This is due to the
fact that the desorption rate is proportional to ion density and
plasma voltage and that these two parameters are maximum at
the downstream end of the cathode.

Looking at Fig. 5 we can see how even when all the
Ba;WOyg has been removed from the surface the work function
is still below the bare tungsten value. This is due to the
presence of barium oxide in the pores that contributes to the
overall emission hence lowering the average work function
value of the surface.

The evolution of the plasma voltage and ion/electron
density with time is represented in Fig. 6 where he values of
the parameters k,, and kay as defined in Eq. (1) are reported.

The periodic oscillations in the values of these constants are
the effect of the hypotheses made in the procedure
development. In fact we have assumed the insert temperature
profile to be constant with time whereas changes in the
surface coverage will definitely affect its value. The insert
temperature has been updated only when no solution to Eq.
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(2) and (3) can be found meaning that the thermionic emission
from the surface is too low to reach the required discharge
current. The update procedure consists in increasing the insert
temperature value by steps of 10°C until a solution can be
found.

time [h]
Fig.6 k, and kay trend with time — 12A

In the real functioning of the cathode the insert temperature
will vary gradually together with the plasma voltage and ion
density. Forcing the temperature to increase only when the
cathode has reached a critical condition (emitted current too
low to reach the required discharge current as for example
after 1000 hours in Fig. 6) will produce an overestimation of
the plasma voltage since the cathode, not being able to get
more current from the thermionic emission increasing the
insert temperature, will try to increase the ion current and to
decrease the electron one to meet the required discharge
current hence increasing both the value of AV and n. Since
the plasma voltage is overestimated this will produce
conservative estimates on the surface coverage and ultimately
on the cathode lifetime.

When a critical condition is going to be reached the plasma
voltage will increase and the ion density will decrease
reducing the value of the electron current so that the total
discharge current can be obtained by the sum of the
thermionic emitted current and of the ion current [19]. This
explains the behaviour of kay and k,, just before the “steps”
in Fig. 6.

When the critical condition is finally reached the insert
temperature is suddenly increased increasing the thermionic
emitted current hence allowing the cathode to reduce the
plasma potential and to increase the particle density bringing
them to a value close to the one they had before the critical
condition was approached. This explains the trend of kay
and k,, just after the “steps” in Fig. 6.

Since the ion current is directly proportional to the ion
number density the electron current will be reduced mainly
increasing the plasma voltage hence justifying the bigger
variation in kay than in k,, as reported in the figure above.

6. End of Life Criterion Development

Once the evolution of the surface coverage has been
derived we can now develop and end of life criterion.
Commonly in hollow cathodes operation the end of life is

assumed to occur when the cathode cannot be started within
the power supply capabilities. This means that the cathode is
sentenced to be dead when the ignition voltage goes beyond
the maximum voltage that can be produced by the power
supply.

A detailed modelling of the ignition process from first
principle will require a full three-dimensional electrical
transient simulation of the hollow cathode. In the literature the
development of such a model has never been tried hence the
problem will be solved in a semi-empirical way. The voltage
needed to cause the break down discharge in the cathode can
be assumed to be inversely proportional to the electron density
inside the cathode and in the cathode — anode region.

Such electron density is certainly proportional to the
emission from the cathode walls and hence from the
thermionic emission from the insert.

1 1

A‘/br’eakdown X — X = (4)
Ne Jth

The thermionic emission at the start-up is proportional to
the surface coverage that can be achieved at the end of the
start up process. If we assume that the start up phase start at
tstart and lasts for Atgq+ seconds and that the insert is kept
to a temperature T.,,+ during the start-up phase the total
barium mass evaporated from the insert and the total mass
needed to reach a full coverage are respectively

Atstart
MBawO evap = / /
0 S,

MBaO needed = [e(tstaTt)Sinserl‘,H + SOP] 0 BaO

mBaO [Ta PBaO (tsta'rt)} dsS dt

insert

)

If we assumed that the start up time is 10 minutes and that
the temperature is 1100 °C the trend of Mpeo evap and
MBaO needed With time is reported in Fig. 7.

Once the needed and deposited mass are know the average
coverage can be calculated as

M BaO evap
Gstartup - e(tstart) +

(6)

From this value of the coverage the average work function
can be calculated [8] and so the thermionically emitted
current.

MPBaO needed

x 10
BaO mass needed for a
= full monolayer coverage
X 1 BaO mass evaporated from the insert -
P | | |
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E |
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Fig.7 BaO mass needed for a full coverage at startup

and evaporated mass during startup T, =1100
°C-12A
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Since from Eq. (4) we only know that the voltage is
proportional to 1/Ji, we can define a voltage breakdown
amplification factor as

_ JJthO )
th(6)
where J;j0 is the emission current relative to the temperature
Tstart and to a full surface low work function coverage. The
calculated trend of the amplification factor for the cathode
tested by Saver- Verhey [2] is reported in Fig. 8, whereas the
one derived from the experimental measurements is in Fig. 9.
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Fig.8 Calculated voltage amplification factor
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Fig.9 Experimental voltage amplification factor [3]

Comparing the data in Fig. 8 and Fig. 9 it can be seen how
both the time values and the amplification values are out of
scale. In spite of this the shape of the experimental and
numerical § curves are quite close showing a phase were the
start up voltage stays constant, a phase of quick increase of the
voltage, and then a phase of slower constant rate increase.

The shift in the timescale can be explained noting that in the
model a lot of conservative hypotheses have been done
resulting in a voltage increase (cathode death) that for 1100
°C happens much before than in reality. The difference in the
amplification values can be explained noting that Eq. (4)
represents only a very easy interpretation of the relation
between surface coverage and start up voltage.

The qualitative similarities found between these two trends
give us an evidence of the goodness of the model stressing its
conservative nature and give us also a clear end of life

criterion.

Comparing Fig. 7 and Fig. 8 we can note how the voltage
increase happens when the evaporated barium oxide mass
becomes less than the needed one hence and end of life
criterion can be state as:

“Given the temperature and the duration of the start up
procedure the end of life of a cathode is reached when the
barium oxide mass evaporated from the insert during the start
up phase is not enough to provide a full monolayer coverage
over all the internal cathode surfaces”.

Using this criterion we will now change T+ until the end
of life of the cathode reported in [3] matches the experimental
value of 28,000 hours. The experimental value is matched
when the start up temperature is 1150 °C, the relative graph of
the evaporated and needed mass is reported below

BaO mass needed for
a full monolayer coverage

BaO mass evaporated from the insert

N

[Kal

BaO mass

t [ x 10°
Fig.10 BaO mass needed for a full coverage at startup and
evaporated mass during startup T=1150 °C— 12A

8. NSTAR Discharge Cathode Life Time Prediction
The ELT discharge cathode has been simulated for the
using the throttle level history relative to the Deep Space 1
flight spare ion engine test reported in Table 1.
The data relative to BasWOg coverage and work function
are very similar to the one reported in Fig. 4, 5 and hence will
not be presented.

Table 1 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

Looking at Fig. 11 we can note how after 30,000 hours the
cathode has still not reached the end of life. This is in
agreement with the real test of the cathode that has been
voluntary stopped after 30,000 hours. The estimate of the
lifetime of the cathode of course depends on the throttle level
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the cathode will be run at from 30,000 hours on.

As it can be seen in Fig. 11 during the time when the
cathode is run at TH15 we have a net reduction of the
evaporated mass while during the other TH levels we have
even an increase in the evaporated mass.

x107°
BaO mass needed for a
:cs full monolayer coverage
= 41 BaO mass evaporated |1
@ from the insert
©
S
(@)
©
m
0 | |
0 1 2 3

t [ x 10°
Fig.11 BaO mass needed for a full coverage at startup
and evaporated mass during startup T=1150 °C—
NSTAR

This increase can be explained noting that the evaporation
is proportional not only to the temperature but also on the
local BaO concentration as demonstrated in [11].

When the cathode moves from TH15 to a lower throttle
level the insert temperature will decrease. A lower
temperature means a lower evaporation rate hence a higher
possibility that by diffusion the BaO depletion at the surface
can be replenished.

This at the beginning will result in a local increase in the
BaO concentration that will lead to an higher evaporation rate
explaining while at the beginning of THS8 (4,800h),
TH5(15,500h) and THO (21,000h) the total deposited BaO
mass increase with time.

After some time this higher evaporation rate will bring the
system to an equilibrium between diffusion and evaporation
(THS8 7,500 h) and then to a gradual reduction of the surface
BaO density with a subsequent decrease in the evaporation
rate (TH8 7,500-10,000 h).

It can be useful to estimate the lifetime of the cathode
assuming that the operating conditions from 30,000 hours on
will reflect those used until 30,000 hours. To do so the trends
in Fig. 11 have been extrapolated up to 100 thousands hours.

BaO mass needed for a

| full monolayer coverage

! BaO mass evaporated
from the insert

BaO needed mass
interpolation interpolation
BaO extrapolated

mass interpolation

BaO mass [Kg]

t ] x 10°

Fig.12 Extrapolation of the deposited and needed BaO

mass T=1150 - NSTAR

From this extrapolation a life time of 100,000 hours can be
predicted. The lifetime so predicted might seem too long
considering that the lifetime of the cathode in [2] was 28,000
hours and that this cathode was run at 12 A. This can be
explained calculating the average discharge current of the
cathode using the nominal current of each TH level weighted
with the time that each TH level has been used for. The value
so obtained is 8 A (very close to the current of TH8) and so
definitely lower than 12 amperes. The lifetime of 100,000
hours is then valid if the cathode is run at THS from 30,000
hours onward or if the throttle history reported in Table 1 is
repeated for other 70,000 hours keeping the same ratio
between the various throttle levels but using smaller time
intervals so that the overall trend will get closer to the average
one.

If the cathode is run at THIS5 the lifetime is going to be
around 35,000 hours (hence compatible with the
measurements in [4]) whereas if the throttle level used is
lower than THS8 the lifetime will be in excess of 100,000
hours.

9. Conclusions

In this paper the hollow cathode lifetime modeling
research carried out at the University of Southampton has
been presented. The developed lifetime model is composed by
a barium oxide insert depletion model, a deposition/desorption
model for low work function compounds on the insert surface,
a plasma parameters update procedure and by an end-of-life
criterion.

The BaO depletion model is the first model that takes
into account both the dependence of the BaO evaporation rate
on the insert chemistry and the BaO diffusion process form
the insert core to the surface. This model has been validated
by comparison with experimental results showing both
qualitative and quantitative agreement.

The plasma update procedure has been tested with
experimental values showing a good agreement and coupled
with the deposition/desorption model.

The use of these models together with the developed end-
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of-life criterion results in the one of the most advanced hollow
cathode life time model present in the literature.

This model has been tuned using the lifetime data in [2]
and then used to predict the lifetime of the NSTAR discharge
cathode. The computed lifetimes are in agreement with the
expectations and with the measurements confirming the
validity of the model.

References

[1] A. Sengputa,, 29th International Electric Propulsion Conference,
IEPC-2005-026, 2005.

[2] T.R. Sarver-Verhey, NASA/CR—2000-209420, 2000

[3] LG Mikellides , 1. Katz, D.M. Goebel, J.E. Polk, J. of App.
Physics, vol. 98, 2005

[4] 1G Mikellides , 1. Katz, D.M. Goebel, J.E. Polk, “Theroretical
Model of a Hollow Cathode Plasma for the Assesment of Insert
and Keeper Lifetimes”, 41° AIAA Joint Propulsion Conference,
Arizona, 2005

[5S] J. Polk, A. Grubisic, N. Taheri, D. Goebel, R. Downey, S.
Hornbeck, ATAA-2005-4398

[6] JM. Roquais, F. Poret, R. le Doze et al., Applied Surface Science
215, 2003, pp 5-17

[71 R.T. Longo, Journal of Applied Physics, Vol 94, No 10, 2003

[8] I Katz, etal., IEPC-2003-0243,2003.

[91 Goebel, D.M. et al., AIAA-2004-5911, Space 2004 Conf. and
Exhibit, 2004.

[10] M.Coletti, S.B. Gabriel, IEEE Transaction on Plasma Science,
Vol. 37, Iss. 1, Pag 58 — 66, Jan. 2009

[11] M. Coletti, S.B. Gabriel, submitted to AIAA Journal of
Propulsion and Power and currently under review.

[12] M. Coletti, S.B. Gabriel, 46th AIAA Aerospace Sciences Meeting
and Exhibit, Reno, Nevada, USA, January 2008

[13] Wolten GM., SD-TR-80-67, Space Division, Air Force System
Command, Los Angeles, October 1980

[14] R.A. Lipeles, HK.A Kan, Application of Surface Science 16,
1983, pp. 189-206

[15] E.R.Kreidler, Vol 55, n 10, 1972, pp 514-519

[16] B.V. Bondarenko, E.P. Ostapchenko, B.M. Tsarev, Radiotekh.
Elektron, Vol 5, 1960, pp 1246-1253

[17] D..M. Goebel, K. Jameson, 1. Katz, 1.G. Mikellides, IEPC-2005-
266, 29" International Electric Propulsion Conference, Princeton,
31 October — 4 November , 2005

[18] K. Jameson, D.M. Goebel, RM. Watkins, IEPC-2005-269, 29"
International Electric Propulsion Conference, Princeton, 31
October — 4 November , 2005

[19] A. Salhi, P. J. Turchi, “Theoretical Modelling of Orificed
Hollow Cathode Discharges”, Journal of Propulsion and Power,
September 1994.

1601





