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Abstract

This report is discussing heat balance in
the SPT Neutralizer Cathode.

Thermal processes during cathode opera-
tion in the Auto mode (with no external
heating) are analyzed for a case when heat
balance exists between the plasma and the
cathode wall (emitter). Principal physical
processes of emitter heating are discussed in
order to prove correctness of the cathode
processes model and of the energy balance
estimate.

Startup thermal mode calculation tech-
nique and outcomes are presented and com-
pared with experimental data.

Introduction

The Neutralizer Cathode is an integral
part of any electric plasma thruster.

The cathode, developed at FAKEL
(Kaliningrad, Russia), using Lanthanum
hexaboride (LaBe) in its emitter, has many
design features which make it more attrac-
tive for space applications that similar Rus-
sian or Western cathodes, such as small size,
resistance to contamination, easy integration
with spacecraft, minimal precautions on or-
bit. Multitudes of tests, including endurance,
have proven its highly reliable and steady
ignition and capability to achieve efficiency
over 50% while operating with the Station-
ary Plasma Thruster.

Lanthanum hexaboride used as the emit-
ter material in the cathode is an effective ma-
terial with unique combination of properties,
which provide it a wide field of application
in electron emitters, both with direct and in-
direct heating. Cathode characteristics are
largely determined by the properties of this
material.

Effective maintenance of electric dis-
charge and neutralization of spatial charge
produced with plasma thruster are in direct

relationship with the thermal condition of
the cathode components (emitter, heater,
getter, electric isolators, etc.), so study of
thermal processes taking place in cathode as
well as other electric propulsion components
is very important.

Cathode thermal design aspects as well as
determination of the equivalent power of
heat dissipation from the emitter surface
during cathode firing were discussed in [2].

Cathode operating in the auto mode
(without heating), when thermal processes
between plasma and cathode wall are in
equilibrium, receives the major heat portion
from the ions generated in the cathode chan-
nel, which gain maximal energy in proxim-
ity of the cathode, and release the energy of
ion recombination with the cathode material.
Thermal equilibrium on the cathode surface
is determined by the following equation:

Ji(AUk+oiXe-pk)=jexpk + qA+ quant
qiT + gBH, ¢))

where: ji — ion current density; ¢k — ef-
fective exit work of the emitter material;
qiT — specific ion heat flux. Besides the en-
ergy equilibrium on the cathode surface, en-
ergy, lost for ionization of part or all mass
flow and atoms produced by ion current re-
combination, should be added.

Je *AU=Bi*Uixe *(jm* J1),  (2)
where (3i — ionization coefficient.
Jm=e*p*v/M;

Equations (1) and (2) are determining the
ionization efficiency and capability to con-
trol the cathode operation.

Certain portion of energy is carried from
the plasma towards the cathode wall with
metastable atoms. Upon their collision with
the wall, potential energy of excitation of
metastable levels is released which density
is proportional to the metastable particle
concentration and the excitation potential:

OM: g ~ nM*(PM,
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Besides the bombardment with ions and
metastable atoms, cathode heating is pro-
duced by emitting excited atoms and ions
and the atom thermal energy qar.

Joule effect also contributes to cathode
heating. With that, heat flux per unit cathode
surface area is:

Qo ~ P/ (Ta* AL, 3)

where p — cathode material specific elec-
tric resistance;

Ar — cathode wall thickness.

Gas temperature in the active zone of the
channel is higher than the wall temperature,
so heat flows from gas to the wall. Gas may
release the energy gained from collisions be-
tween neutral atoms, metastable atoms and
electrons in the active zone inside the cath-
ode.

Generally, external heating of the cathode
may occur due to bombardment of the cath-
ode with high energy ions (200..300 eV)
from the thruster plasma beam as well; how-
ever, emitter shielding prevents these ions
from contributing to its erosion.

Cathode material is evaporated under the
impact of plasma and high temperature.
Power losses for that is as follows:

P5""=Pyarp+ Puen=C M, *(Tp-To)+
C*+Qs*T % xe T, 4)

where Qs, C and D are emitter evapora-
tion heat and constants.

Analyzing expressions (1), (2), (3) and
(4), a conclusion may be made that, in order
to increase the electron current portion (in-
crease ji/j, i.e., in cathode economy and effi-
ciency), heat losses from emitter should be
reduced (which is especially important at
low Ip) and emitter material with low exit
work @k should be selected. Requirements
on potential drop in the cathode proximity
AUk and ion cost Ci are contradictory, as in-
creasing AUk over the cathode sputtering
level results in increasing cathode ion beam
power and, in turn, in emitter sputtering,
while choosing propellant with higher ioni-
zation potential in order to increase the ion
cost results in significant energy losses for
ionization in cathode channel and losing in
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its economy. Optimal combination of those
parameters must be existing.

The emitter material requirement should
be considered in wider sense because the
material removal depends both on the beam
power qi~AUKk*ji and the emitter material
evaporation rate which is higher for materi-
als with lower @k (generally, life tests of
cathodes in steady state operation mode
show that removal is roughly equal to evapo-
ration).

So, equations (1) and (2) may be used to
prove correctness of the cathode process
modeling technique and energy balance
components.

Thermal Modes in Cathode Startup
Heating

Emitter temperature defines thermal
emission current, emitter material evapora-
tion .rate, rate of chemical interaction be-
tween cathode components as well as tem-
perature of heater, electric interface, screens
and other components. Study of cathode
temperature mode in the phase of startup
heating is especially important so that emit-
ter was neither under- or overheated, bearing
in mind large number of firings. However,
measurement of temperature and heat flux in
cathode inner components in its standard de-
sign is impossible because the cathode is
small and monolithic. So, in order to deter-
mine temperatures of the major components,
control thermal calculation was made for
cathode, using method of radiation heat ex-
change in closed system of three gray bod-
ies. .
In cathode of the specified design, emitter
is heated by radiation from external heater —
coil, surrounding the emitter. The coil is sur-
rounded with a system of shields. Constant
power N ~150 W is applied to the coil. (The
power value was taken from design specifi-
cation of one of the electric propulsion sys-
tems). The calculation task was to determine
the relationships between time and tempera-
tures of coil, emitter tablet and shields, with
the following assumptions:
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- Residual gas thermal conductivity was
considered negligible;

- Heating coil, emitter tablet and inner
shield were considered closed system of
cylinder surfaces, exchanging heat only
by radiation;

- Edge effects were considered as losses for
heat conductance and radiation from the
edges;

- Physical properties of materials were
considered independent of time and
temperature, specifically, it was assumed
that blacknesses of heating coil, emitter
and shields are the same and equal to
€=0,3;

- Calculation of radiated flux towards tablet
and shield used an assumption that
heating coil temperature is constant. Such
assumption was justified by that, as it will
be shown in calculations, time used to
heat up coil is significantly shorter than
that of emitter and inner shield.

Nomenclature:

6=5,70%10"2 W/cm*°K -Stefan-
Boltzmann constant;

Cp [J/g°K] — heat capacity;

A W/em°K — thermal conductivity;

p g/lem’® — density;

m g — mass,

F cm? — radiating surface area;

S cm? — cross-section area,

oik — angular coefficient of i and k
surfaces;

T sec — time;

R Ohm - electrical resistance;

r cm — radius;

1 cm — length;

Quan - radiation flux;

qF W/cm?® - heat flux per unit surface
area,

ql W/cm — heat flux per unit length;

Am, Ac and A3 — indices "m", "¢" and ">"
mean that value A refers to emitter tablet,
heating coil and shield, respectively;

a=1,1¥10" 1/grad — electrical resistance
temperature coefficient.
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Calculation

Heating coil temperature vs. time was
calculated by the thermal balance equation:
ar

Cpmzl?:

N - eoF T* x(1-@.) %)
where N=const.
Besides, steady state (limit) coil tempera-
ture tc estimate was done, using resistance
variation as well:

R(t0) = R(t0) x[1+ & x (tc — 10)] (6)

where to — initial temperature. Radiation
fluxes within system tablet—shield were
calculated by the following formula:

Qik =

o&i &y,

X {bkiFka4 - bikFiTi4} Q)

where Qik — surface "K" flux, absorbed

with surface "i";
b= QicH(1-e)*( Qi* Q@) (8)

@ - some functions @ik and €i; indices
"i", "k" and "j" were changed to "m", "c¢" and
"3" in calculations of the specified fluxes.

While calculating emitter heating for ap-
proximate solving the problem, the entire
temperature range was divided into sections
where heat flux absorbed with emitter could
be considered constant and method of solv-
ing the cylinder heating problem with con-
stant heat flux could be used as follows:

t(t)=to+qprr/A*(2F,+0,25) ©)

where Fo=(A/Cp*y*r2)*t — Furrier crite-
rion;

q — specific heat fluxes per temperature
range section.

In calculation of inner shield heating,
similarly to the emitter temperature calcula-
tion, temperature range was divided into sec-
tions where thermal energy is approximately
constant and shield temperature variation At
for time At was found by the following for-
mula:

Q=Cp*m*At*Ar, (10)

where: Q=Q1-Q2-Q3 - thermal energy
used for shield heating;
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Q1 — heat from heating coil and emitter;

Q2=AxS*At/Al — losses for heat conduc-
tance to case via shield;

Q3 — losses for radiation via shield sys-
tem.

1
Q3: T n= F

o Fl 1
2~ gt
( f;)x;Fz 8F2

xoeFT*  (11)

where "1" — shield number.

Outer shield heating calculation was the
same as that for inner shield. In such case,
formula is the following:

Q=Qi/-Q (12)

where: Q'~Q3 — heat received by outer
shield from the inner;

Q2'=gxo*F*T" — heat radiated by outer
shield.

Calculation Results

Calculated angular coeflicients are as
follows:

Pmm=0 Pem=0,25 @sm=0,15
Pmc=0,5 @cc=0,25 ¢a3¢=0,3
om»=0,5 @ca=0,5 0=0,55

Fig. 1a shows relationship emitter heating

coil temperature and inner and outer
cathode shield temperature vs. time at the
coil temperature Tc=2200°C. Experimental
data on outer shield and emitter heating
during startup are also provided (measure-
ment with tungsten-rhenium thermocouple
1 mm, recorded with oscilloscope). It can
be seen that coil heating up to temperature
level Tc=2300°C takes about 3..5sec. Tc
calculation by the formulas (5) and (6) gave
the same value ~2300°C. Experimental data
of outer shield temperature lie between the
calculated curves for temperatures
Tc=2200°C and 2400°C, experimental emit-
ter temperature curve is closer to the calcu-
lated at the heating coil temperature 2200°C,
when emitter heats up to ~1650°C in
~40 sec. Relationship heat flux absorbed
with emitter and inner shield vs. their tem-
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perature at the constant heating coil tem-
perature is provided in Fig. 1b at
Tc=2000..2600°C, and Fig. 1c shows emit-
ter heating with constant heat flux. Assum-
ing operating emitter temperature ~1700°C,
power consumed with emitter at Tc=2200°C
is 20 W.

Thermal calculation has proven correct-
ness of startup heating time and startup
heater power requirements ~50 sec ~150 W,
respectively, besides, temperatures of major
cathode components and approximate distri-
bution of startup heating power were esti-
mated as well. Outer shield (~24 W), gas
inlet. (~20 W), isolator (~35 W) and emitter
(~20 W) are the major heat consuming com-
ponents, the remaining components con-
sume between 1 and 10 W,
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Fig.1c Emitter heating by steady flow

So, having analyzed the calculation out-
comes, it can be concluded that the cathode
design, as developed, is fully satisfying the
startup power output, startup time and heat
loss requirements during the cathode startup
and, respectively, thruster startup.

Cathode Thermal Mode during Thruster
Operation (Auto Mode)

Investigation of steady state thermal
mode of cathode during its operation in auto
mode is of great and special interest. Cath-
ode thermal mode with self-heating is main-
tained due to equilibrium of heat fluxes di-
rected towards it and out of it via other com-
ponents by thermal conductance and by ra-
diation into space. Heat exchange between
the cathode parts also exists. In order to
solve the problem of determining the cath-
ode thermal field in steady state mode, val-
ues and distribution of heat input had to be
specified, which depend upon the gas dis-
charge mode and parameters. Cathode ther-
mal losses for electron generation were
found by probe measurement of plasma po-
tential. That figure was proven by direct
measurement of cathode thermal emission,
determined by temperatures measured in
nine points on the cathode. As temperatures
were averaged by specific cathode
components during determination of the heat
emission, and significant error might occur
during selection of blackness €, the results
were verified as follows: by varying the
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startup heater power, thermal mode was se-
lected so that cathode temperature profile
was almost the same as observed in auto
mode, and startup heater power was com-
pared with heat emission calculated for such
mode. Difference between heater power
found this way and calculated emission with
cathode operating in auto mode was no
greater than 15%. Depending on thruster
mode, cathode heat emission varies suffi-
ciently little, for instance, increasing thruster
discharge power in two times resulted in in-
creasing the cathode thermal losses by only
23%.

So, for the purpose of cathode thermal
field calculation, it was assumed that
N=40 W is emitter over the length of emitter
channel. Cathode temperature field calcula-
tion used both uniform distribution and
emission of all power in single point. Distri-
bution of emitted heat flux depends on cath-
ode temperature distribution and is not
known until solving this problem. Reradi-
ated flux distribution and magnitude is also
unknown. So, serial approximation method
was used for solving the problem.

Heat flux withdrawn via structure com-
ponents from the Ti temperature boundary
towards element with temperature T* were
found with the following formula:

Qu=(Ti-T")*MS=(Ti-T")/R., 13)

where A, S, I, RA — thermal conductivity,
cross-section, length and thermal resistance
of heat conducting elements, respectively.
Radiated heat exchange from element I to
element II was found as follows:

BN A | R B

where AS, T, C — areas, temperatures and
radiation coefficients of elements I and II,
respectively; r — distance between centers of
these elements; and ¢l and @Il — angles be-
tween perpendiculars to these elements and
straight line connecting their centers. Total
heat flux for j element was determined as
follows:

1E( (LY (L) | comaxcosy o (15)
Q,—,,Z[c{m] a(moj]x B asuss

i=l A
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Where all elements directly visible from
i™ element are summated. Radiated heat flux
was recorded as equivalent conducted heat
flux:

Qi =(Tj_T'3KB)/ Rkjaxn, ( 1 6)

where T*3KkB — some equivalent tempera-
ture and RAjskB — equivalent thermal resis-
tance.

The following assumptions were adopted
for solving this problem: simpler cathode
configuration (profile shown in Fig. 2), heat
flux reflected from thruster structure was
considered negligible, calculation of reradia-
tion of cathode components used only planes
directly opposing each other and concen-
trated heat removal via fixture was replaced
with equivalent heat removal that precluded
azimuthal non-uniformity of the field.

The problem was solved by combined
method including modeling the temperature
distribution and numeric calculation of
boundary conditions.

Results of the calculation are represented
as temperature fields on simpler cathode pro-
file in Fig. 2. In the schematic, the field is
described with a discrete node temperature
value set which number was about 370. As
it was expected, emitter center is the hottest
point (1920..2080 K). Overall drop across
emitter is relatively small (about 30...60°C in
transversal and 150..230°C in longitudinal
directions). Significant temperature gradi-
ents were found in thin walls of cathode

shields.

Fig. 2 Cathode temperature field

Total removed heat flux from cathode was
Nots=40.3 W at set Nmoags=40 W.

Major heat removal takes place, as seen
in the table, by radiation from cathode case
surface (about 70% of total flux). Heat ex-
change inside cathode is primarily conduc-
tive. Estimates showed that current system

|[EPC-99-128

of inner shielding in cathode almost pre-
cludes radiated heat exchange towards outer
surfaces. The results obtained give full and
specific picture of cathode temperature field
during auto mode operation and provide for
estimating life of emitter, heater and
structure, analyzing their chemical interac-
tion as well as calculating thermal expansion
and stress in structure.

Table 1
Heat Flux \%Y%
1. Applied flux 30
2. Radiation from tablet into 0.4

chamber (space)

3. Radiation from tablet on inner 3.0
shields

4. Radiation from cylinder on 1.6
inner (shields)
5. Radiation from tablet on tube 1.6
pin (and gas inlet)

6. Radiation from case into
chamber (space)

7. Radiation from inner shield on | 0.5
supply tube pin
8. Radiation from cylinder into 1.9
chamber (space)
9. Heat removed via isolator 0.7

2.76

21.2

10. Heat removed via inlet tube,
including radiation from its

surface

11. Heat removed via fixture 2.38
12. Radiation from isolator 1.8
13. Total flux withdrawn 30.44

Conclusion

1. Heat application and withdrawal proc-
esses in cathode during its operation in auto
mode (without external heating) are dis-
cussed for a case when thermal equilibrium
exists between plasma and cathode wall. It is
shown that cathode is heated mostly with
ions generated in its channel.

Evaporation process is determining emit-
ter material removal in steady state mode.

2. Cathode thermal mode is calculated for
startup heating. It is shown that, at cathode
heater power ~150W, heating coil is heated
up to temperature ~2300°C in 3...5 sec, and
emitter — up to ~1650°C in ~40 sec, with
emitter power consumption ~20 W.

Heat is primarily absorbed by cathode
outer shield (~24 W), gas inlet (~20 W),
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isolator (~34 W) and emitter (~20 W), re-
maining parts absorb 1 to 10 W.

3. Steady state temperature field of cath-
ode is calculated, both uniformly distributing
power 40 W along its channel and concen-
trating that power in one point. It is shown
that temperature difference across emitter is
30..60°C in transversal and 150..230°C in
longitudinal directions. Heat is mostly re-
moved by radiation from cathode surface
(70% of total flux).
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