Plasma Sources Science and Technology

ACCEPTED MANUSCRIPT

Physics of Thermionic, Orificed Hollow Cathodes. Part 1: Theory and
Experimental Validation

To cite this article before publication: Pierre-Yves Taunay et al 2022 Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-
6595/ac5¢c63

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 140.180.240.10 on 11/03/2022 at 14:17



https://doi.org/10.1088/1361-6595/ac5c63
https://doi.org/10.1088/1361-6595/ac5c63
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6595/ac5c63

Page 1 of 24

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104952.R1

Physics of Thermionic, Orificed Hollow Cathodes.
Part 1: Theory and Experimental Validation

P-Y C R Taunay, C J Wordingham and E Y Choueiri

Electric Propulsion and Plasma Dynamics Laboratory, Pringeton Univeérsity,
Princeton, NJ 08544, USA

E-mail: ptaunay@princeton.edu,cjw4@alumni.princeton.edu

Abstract. A model aimed at illuminating the physics of thermionic, orificed
hollow cathodes is developed and validated with_experimental data. The model
is intended to describe the variation of total’ (neutrals, ioms, and electrons)
static pressure with controllable parameters. | That pressure must be properly
evaluated because it influences important plasma parameters in the cathode such
as the attachment length and the electronstemperature, which directly impact
the lifetime of thermionic inserts. The model, which combines a zero-dimensional
approach to the conservation of energy and momentum'for the combined plasma-
neutral fluid and a charge-exchange-limited ambipolar diffusion model, allows
for the computation of all plasma quantities; including the total fluid pressure.
The model depends on the operating,conditions (discharge current and mass flow
rate), cathode geometry, and the, gas species, along with two non-controllable
parameters: the neutral gas temperature and the sheath potential. Total pressure
data at up to 307 A of.cathode discharge current were obtained experimentally
and were used, along ‘with data from the literature, to validate the model. Good
agreement is obtained for allquantities. The model is used in a companion paper
to clarify the role of magneticiand gasdynamic pressure in the scaling of total
pressure, to derive scaling laws applicable to thermionic, orificed hollow cathodes,
and to propose novel cathode design rules.

Keywords: hollow cathode, thermionie, modeling, experimental validation, electric
propulsion, plasma propulsion,dow-temperature plasma
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1. Introduction

Thermionic, orificed hollow cathodes serve as plasma
sources of electrons and have been used for a variety of
applications, such as surface processing [1H3], neutral
beam injectors for fusion devices [4H6|, and electric
space propulsion [7,[8]. They feature a hollow tube
(made of either a refractory metal or graphite) which
is capped by an orifice plate and in which a low-work-
function thermionic material is inserted. A keeper
electrode is placed around and/or in front of the
cathode to initiate the discharge and to protect the
orifice plate from high-energy ions (hypothesized to be
generated by ion acoustic instabilities in the plume
9]) that are accelerated towards the cathode. An
external heater is used to bring the insert material to
emitting temperatures. The cathode is surrounded by
heat shields to reduce radiative losses. A neutral gas
(e.g., xenon) is then introduced into the tube and a
discharge is established with the keeper or an external
anode.

Because orificed hollow cathodes are the most
promising type of cathodes for future space missions,
their reliable operation is critical. Proposed space
propulsion applications require operational lifetimesiof
up to 100,000 hours (100 kh) [10L11] without servicing,
with estimated total discharge powers in the range of
100-200 kW [12]. This is equivalent to up.to 800 A
of discharge current for a typical Hall-effect thruster
(assuming an efficiency of 100%, a specific impulse of
2,000 s, and xenon gas). Existing thrusters are starting
to approach or exceed this power level [13415]. To date,
however, only cathodes that operate .at low. current
(< 20 A) have undergone life testing/and the lifetime
of high-current (> 100 A) cathodes has only been
estimated to be in the tens of kilo-hours\@ee Figure|l)).
There is a clear need for technologicaldmproévements to
increase cathode performance to acombined range of
discharge current and lifetime that can enable next-
generation missions. High discharge ,currents can be
achieved by scaling the/cathodes to larger sizes. It is
unclear, however, how the cathode lifetime is affected
by an increase in discharge power.

The lifetime of thermionic¢ orificed hollow cathodes
is limited by the erosion’ of lits external surfaces
and, fundamentally;by the/evaporation and sputtering
of the thermionic emitter. Both processes depend
on the behavior of €¢he plasma in the insert region.
Sputtering ofithe emitter material is not a primary
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Figure 1: Demonstrated (solid) and estimated (open)
lifetime of hellow cathodes for given discharge currents.
Original datasfrom [16{{22]. None of the cathodes for
which lifetime testing was conducted reached end-of-
life. © Reproduced from “Pierre-Yves C. R. Taunay,
Scaling Laws in Orificed Thermionic Hollow Cathodes,
PliD. dissertation, Princeton University, 2020.” [23]
Copyright 2020, Pierre-Yves C. R. Taunay.

concern for typical cathode operation, as the sputtering
yield of typical thermionic emitters is low enough
to prevent sputtering of the emitter material (this
is true for sheath potentials of less than 20 V) [24]
25]. To limit evaporation low-temperature (~1000°C)
operation of the emitter is preferable. This can be
achieved by increasing the attachment length (i.e., the
plasma contact with the emitter) to reduce the insert
temperature for a given discharge current [26127]. The
attachment length, or length over which the plasma is
dense enough to “absorb” all emitted electrons, is a
direct measure of the plasma coupling to the emitter.
The attachment length and electron temperature are
affected by experimentally controllable parameters
(e.g., mass flow rate, discharge current) in a complex
fashion. We seek to explain this behavior through
simple models that cover most cathode operating
regimes (i.e., low to high discharge current and mass
flow rate).
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The neutral gas pressure in an orificed hollow
cathode affects physical quantities such as the ratio of
sheath-edge plasma density to average plasma density
and electron temperature [28,29], and, therefore, the
total lifetime of the insert. 1In the insert region,
under the assumptions of charge-exchange-dominated
ambipolar diffusion and spatially constant electron
temperature and pressure, it can be shown that the
electron temperature depends only on the geometry of
the cathode and the neutral gas density (or pressure for
a constant temperature) [29,/30]. These assumptions
are typically valid for orificed hollow cathodes. It is
critical to obtain an accurate value of the neutral gas
pressure to ensure that the lifetime of the thermionic
insert is maximized.

To estimate the mneutral gas pressure, both
the total pressure and ionization fraction can be
used.  Multiple approaches exist to estimate the
total pressure, many of which are used within the
context of a zero-dimensional cathode model: empirical
relationships, designed for a mercury hollow cathode
[31436] or based on the available data from the
literature [37], isentropic [38] or isothermal [39]40]
flow approaches, Poiseuille flow theory [30,41,/42], a
modification of Poiseuille flow theory [43]44], @nd
an “equivalent temperature” or modified specific gas
constant taking into account the ionization fraction
[39:40L45/46]. We have shown in [37] that the.empirical
relationships developed in [31H36] do not generalizeto
other cathodes and that the assumptions of isentropic,
isothermal, or viscous Poiseuille flow are invalid in the
flow regime in which cathodes operate. The empirical
relationship we proposed in [37] coversravailable data
from the literature but may not generalize tosnew
designs unless they are similar to_cathedes included
in the analysis used to derive the relationship. It is
also limited by its data-driven approach {which does
not explain the physical phenomena‘governing the total
pressure in orificed hollow cathodes.

A two-dimensional computational approach may
be used to evaluate the plasma  quantities within
hollow cathodes. This type of approach include two-
dimensional fluid [47-52], eoupled plasma-thermal [53],
hybrid-particle in cell /(PIC) . [54,[55], and full PIC
models [56457]. Such framework can provide the spatial
variation of all simulated guantities and may be used
for detailed/ecathode design and derivation of scaling
laws. However, scaling laws may also be derived from
simpler approaches. Through well-justified simplifying
assumptions, we provide an alternative approach
to the calculation of plasma quantities to describe
the variation of the total pressure with controllable
parameters and, ultimately, develop scaling laws
applicable. to hollow cathodes. To the authors’
knowledge, no idealized approach such as the one we

present here has been (i) applied to a Wide range of
cathode operating conditions, or () used to study
the scaling of the total pressure (assS8hown im,oeur
companion paper).

We have shown in 28] that existing 0-D models
[30351,38},411-46[5865] canriot be appliedito.cathodes
that are different from the design for which they were
originally developed. It is therefore mot possible to
use those models for a wide variety of eathodes and
operating conditions.

We propose in this' work to aise the combination
of zero-dimensional, veolume-averaged, conservation
equations for all species  (fonss electrons, neutrals)
present in the cathode and a two-dimensional charge-
exchange-limited, ambipolar/ diffusion model for the
electrons, which“igysolved analytically. The latter
model was presented in [29]. We then discuss the
required assumptions' 'we make and delineate the
theoretical model.w»We finally demonstrate that the
results | of the model agree with experimental data
of total \pressure, electron temperature, attachment
lengthpand wall temperature on a variety of cathodes
that span aramge of 1-307 A of discharge current, 3.7—
109 sccm of mass flow rate, and multiple gases and
geometries.

2. Experiment

2.1. Cathode configuration

The Princeton large hollow cathode (PLHC) is a 20 cm
(8 in.) long cathode with an inner bore of 3.26 cm
(1.284 in.). The cathode material is AXM-5Q POCO
graphite. The PLHC features two 2.715 cm inner
diameter, 4.02 cm long lanthanum hexaboride (LaBg)
inserts for a total of 8.04 cm length. The inserts are
heated via an external graphite heater described in [66].
The heater is insulated from the cathode with a set
of boron nitride (BN) insulator rings. A heat shield
made of multiple layers of 200pm (0.008 in.) thick
grafoil and of 50 pm (0.002 in.) thick molybdenum is
used to reduce radiative heat loss. The cathode has a
tungsten orifice plate which is 1.5 mm thick and which
has a 5.6 mm (7/32 in.) diameter orifice. The cathode
is mounted on a block of 253MA stainless steel and is
held in place by a clamp ring of the same material. The
clamp ring is fastened to the cathode base with 1/4”-
20 screws. Interfaces between materials are sealed with
grafoil gaskets. Downstream of the cathode orifice are
a 6.35 mm (1/4 in.) thick graphite keeper plate with a
9.52 mm (3/8 in.) diameter orifice and a water-cooled,
aluminum anode. The keeper plate is held in front of
the cathode with a combination of stainless steel and
ceramic posts. The keeper is attached to the stainless
steel posts with #6-32 screws. The ceramic posts are
fastened to the cathode base with #6-32 screws and to
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the stainless steel post with #6-32 threaded rods.

Gas flows through the cathode through a stainless
steel compression tube fitting (Swagelok-to-NPT
fitting) mounted on the side of the cathode base. A
pressure tap is drilled into the cathode base opposite
the gas inlet and provides a direct connection to a
Baratron gauge situated outside the vacuum facility.
Both gas inlet and pressure tap fittings are sealed with
an anti-seizing compound. The seal on the back of
the cathode is provided by a grafoil gasket between
the cathode base and a structure (“diagnostics pod”)
that houses additional plasma diagnostics not used
in this study. Design details of the diagnostics pod
can be found in . Figure [2| shows an exploded
view of the cathode assembly (without fasteners) as
rendered by a computer-aided design (CAD) software,
along with a table showing the materials used for each
component. Both a CAD drawing and cutaway view of

Graphite gaskets e
A‘\e&
) 6
Clamp ring y
Cathode tube Orifice
plate

Pressure
tap

Cathode base

Keeper Géramic posts
Heater insulator
Stainless steel

posts

Component Material

Cathode AXM-5Q POCO graphite
Keeper AXM-5Q POCO graphite
Keeper posts Cerarnic and stainless steel
Heater (not shotvn) AXM-5QPOCO graphite
Heater electrical/insulator Boron nitride
Orifice plate Tungsten
Gaskets Grafoil (graphite)
Inserts Lanthanum hexaboride
Cathode base Stainless steel 253MA
Clamp ring Stainless steel 253MA

Figure 2: Exploded view of the cathode assembly
without heater, fasteners, and heat shields. Repro-
duced from| “Pierre-Yves C. R. Taunay, Scaling Laws in
Orificed Thermionic /Hollow Cathodes, Ph.D. disserta-
tion, Princeton University, 2020.” Copyright 2020,
Pierre-Yves C.‘R. Taunay.

the cathode without heater, heat shields, and fasteners
eanlibe found in Figure [3] and Figure [4] respectively.

Weshow in Figure 5| a schematic of the experimental
setup and in Figure [6a] a photograph of the actual

12.7 ¥
Q.64 3.81

16.0

20.56

30.5

(b) Right view.

(a) Front view.

tap

(d) Isometric view. The gas
inlet (hidden in this view)

(CNEOp view. is situated opposite of the
pressure tap.
Figure 3: CAD rendering of the cathode without

heater, fasteners, and heat shields. Dimensions are
in cm. Reproduced from “Pierre-Yves C. R. Taunay,
Scaling Laws in Orificed Thermionic Hollow Cathodes,
Ph.D. dissertation, Princeton University, 2020.” [23]
Copyright 2020, Pierre-Yves C. R. Taunay.

cathode, anode, and heater. The cathode, with keeper
and heat shielding installed, is shown in Figure [6b]

2.2. Facilities

The cathode is installed in a 2 m diameter by 5 m
long fiberglass vacuum vessel evacuated to less than
7 x 1075 Torr (0.01 Pa, 1 mbar) without gas flow, or
2 x 107* Torr (0.03 Pa, 3.2 mbar) at the maximum
tested flow rate (8.6 mg/s or 290 sccm of argon), by
a pair of 1.2 m (48 in.) diameter diffusion pumps
backed by a roots blower and two roughing pumps. The
graphite heater is powered by a 13.3 kW power supply
with a maximum output of 32 V or 400 A. In all of
our experiments the cathode operates in triode mode
(cathode, keeper, anode). The cathode discharge is
sustained by a 30 kW welding power supply configured
for a maximum output of 150 V or 500 A. The total
current from the power supply is controlled with a
manual dial. An electrical diagram of the setup is
shown in Figure[7]

The anode and keeper current are provided by
the same power supply. Our heater is able to provide

Page 4 of 24
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Inserts Cathode tube

Gas inlet

Figure 4: Cutaway view of the cathode assembly
showing the location of the installed inserts and gas
inlet. Reproduced from “Pierre-Yves C. R. Taunay,
Scaling Laws in Orificed Thermionic Hollow Cathodes,
Ph.D. dissertation, Princeton University, 2020.” [23]
Copyright 2020, Pierre-Yves C. R. Taunay.

Type C _ BN
Thermocouple insulator
E N

Keeper Base‘plate
To
baratron
Anode j
Stainless steel
lead TypeK
Thermocouple
Figure 5: Schematic sof the' cathode apparatus

(top view) showing the location of temperature
measurements. [ Adapted ¢fromy, “Pierre-Yves C. R.
Taunay, Scaling Laws in Orificed Thermionic Hollow
Cathodes, Ph.D. dissertation, Princeton University,
2020.” Copyright 2020, Pierre-Yves C. R. Taunay.

enough power t0 ensure that the ignition voltage falls
below" the maximum voltage of the 30 kW power
supply. A 50i2 resistor is used in series with the keeper
toplimit the total keeper current to 3 A.

The experimental circuit features resistor shunts
R4 Ry, R, and Rj that are used to measure the

Heater

P \
J Cathode 9

Figure 6: Princeton large hollow cathode (a)
without and (b) with heat shields. Adapted from
“Pierre-Yves C. R. Taunay, Scaling Laws in Orificed
Thermionic Hollow Cathodes, Ph.D. dissertation,
Princeton University, 2020.” Copyright 2020,
Pierre-Yves C. R. Taunay.

current flowing through the cathode, anode, keeper,
and heater, respectively.

2.83. Measurement system

Pressure  We measure the total pressure upstream
of the cathode with an MKS 622C baratron gauge
connected to the stainless steel support block through
a 3/8 in. NPT fitting. The pressure tap is located
approximately 22 cm (8.75 in.) from the upstream
surface of the cathode orifice. The gauge is situated
outside the vacuum tank, another 1.2 m away
from the pressure tap. A National Instruments
(NI) data acquisition system is used to perform a
differential voltage measurement across the Baratron
gauge output.
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Figure 7: Electrical diagram of the experiment. Repro- w rate (mg/s)
duced from “Pierre-Yves C. R. Taunay, Scaling Laws in (2)
Orificed Thermionic Hollow Cathodes, Ph.D. disserta- 54 r hd
tion, Princeton University, 2020.” Copyright 2020,
Pierre-Yves C. R. Taunay. v
19
@ °
Temperature During operation, we measure the  n— 10L
temperature of the cathode tip and of one of the tabs of 95’
the heater with C-type thermocouples that are.in direct % ]
contact with either surface. A K-type thermocoupleis &
used to evaluate the temperature of the stainless steel 3oL °
base. The location of the temperature. measurements ’
is shown in Figure @
244 - e
x x x
2.4. Total pressure measurements \’% VD% %A

Figure @ shows pressure measurefients wespetformed

with and without the cathode discharge. ¢Without a

plasma, the pressure increases linearly with mass flow

rate as is expected from"a choked orifice. During

operation the pressure increasesyboth with mass flow

rate and discharurrent, a behavior similar to other
69].

cathodes

3. Theory

8.1. Assumptions

We make the following assumptions:

(i) In the insert and orifice regions, the ionized species

aré treated as a continuum fluid.

(ii) The heavy-particle stagnation temperature in
both zegions is constant and is a free parameter.

(iil) The flow in the orifice is frozen.

(iv) /The total static pressure is constant in the insert
region.

Discharge current (A)
(b)

Figure 8: Total pressure measurements: (a) with cold
gas only (300 K, no discharge: I; = 0 A); (b) during
cathode operation, at 109 sccm of argon, and discharge
current of 100-307 A. Adapted from “Pierre-Yves C. R.
Taunay, Scaling Laws in Orificed Thermionic Hollow
Cathodes, Ph.D. dissertation, Princeton University,
2020.” Copyright 2020, Pierre-Yves C. R. Taunay.

(v) The flux of ions to the walls is equal to the Bohm
flux and is not modified by the presence of an
emitting sheath.

(vi) The fluid is inviscid.
(vii) The electron temperature is constant in each
region.
(viii) The electron inertia is negligible compared to that
of the heavy species.

Page 6 of 24
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(ix) Inelastic collisions other than direct ionization and
ground-state excitation are ignored.

(x) Steady-state conditions are reached.

Our first assumption is justified in the insert region of
cathodes with a small orifice-to-insert diameter ratio
(i.e., most orificed hollow cathodes) [37]. The Knudsen
number is generally less than 1 for those cathodes. This
assumption is invalid when the flow becomes
transitional, such as in the cathode orifice, in cathodes
that have an orifice-to-insert diameter ratio close to 1
(i.e., tube cathodes), and in cathodes with a sufficiently
low mass flow rate (depending on the orifice size [30],
p-270). We will use empirical corrections to compensate
for transitional flow effects at the orifice outlet. The
second assumption implies that the ion and neutral
static temperatures are equal, which is justified for
heavy species that have a large cross section for
resonant charge exchange (e.g., noble gases). We specify
the static temperature in the orifice region and calculate
the stagnation temperature under the assumption of an
adiabatic flow. This assumption is used in 0-D cathode
models [30, B8, 41, 42| 58-61, 63, 64, 70, 71] and the
model we describe here is not sensitive to the value of
the neutral gas temperature in the range of 2,000-44000
K. Some 2-D computational models [48-50] also assume
that the ion and neutral temperatures are identical. The
results of other two-dimensional computational models
[49,52] show that the temperature of the heavy species
is not identical for every spatial location: the heavy
species may not only have a different temperature, but
also have a spatial temperature variations For example,
numerical results from [52] indicate that the on-axis
neutral temperature varies from 3,000 K to 2,550 K
upstream of the orifice over a range equal to the insert
radius (0.2 cm). However, the voluime-averaged neutral
and ion temperatures are near-identical: in the active
region upstream of the orifice, ‘the results from [52]
indicate that they are equal to 2,490-K and 2,480 K,
respectively (assuming an’ emission length, to first
order, equal to the insertradius: LogaS 7). In general, it
is challenging to experimentally obtain the temperature
of the neutral particles or ions in either the insert or
orifice regions, and " it ise‘therefore difficult to
unambiguously eévaludte the walidity of the second
assumption. This assumption nonetheless simplifies the
theoretical approach.

Because the mean free path for inelastic electron-
neutral collisiens is much larger than the orifice size,
and because the residency time is smaller than the time
between inelastie collisions for neutral particles in the
orifice; the assumption of frozen flow (assumption is
justified, for'typical operating conditions. The ratios of
mean free path to orifice length L, and inter-collision

time to residency time for the neutrals aregiven by:

< 1
A= ———r——— 1
neo (Tey) Lo’ @)
and
v _ Uy ~
7= 12 ne (o (o) o)) ™ = 23, @
respectively. In Equations and , ne ds the

electron density, o is the inelastic collision cross
section, T,y is the electromptemperature in eV, vy is
the local sound speed, and v, is the electron thermal
velocity. Figure [9] shows the two ratios for xenon
and two orifice aspect ratios A4 (orifice length over
orifice diameter), where We assume a gas temperature
of 2,000 K to calculatethe speed of sound. The electron
temperature is calculated from the neutral gas density
using the ambipolar-diffusion model from [29]. The
total excitation cross section is the sum of the ground-
state exeitation cellision cross sections. The mean
free path for imelastic collisions is much longer than
the orifice length for all neutral densities of interest.
Asgdindicated by the variation of the ratio of inter-
collision timego neutral gas residency time, the frozen
flow approximation may be challenged for large orifice
aspect, ratios. The likelihood that a neutral atom
undergoes many inelastic collisions before exiting the
orifice channel is then very high. In general, however,
this'approximation allows us to provide a bound on the
flow variables.

Assuming a constant total static pressure (as-
sumption in the insert region is justified because
pressure gradients are small in the insert region for
cathodes with small orifice-to-insert-diameter ratio.
Pressure gradients, however, can exist far from the ori-
fice inlet, where the flow is constricted, as has been
demonstrated by 2-D simulations [49[57]. The flow
gains dynamic pressure at the expense of static pres-
sure in this region. The pressure difference between
the upstream section and the orifice plate results in an
additional force which increases the momentum flux
through the orifice |72]. Ignoring this effect should re-
sult in an under-prediction of the total pressure. This
result is also a consequence of our usage of volume-
averaged quantities. Because our control volume is
drawn near the orifice inlet, and because pressure gra-
dients exist near the orifice inlet, a volume average will
likely yield a value which is below that of the upstream
one.

It is necessary to estimate the flux of ions to the
walls to include particle effects in the fluid model.
Assuming that ions achieve the Bohm velocity at the
edge of an emitting sheath (assumption is not
necessarily justified [28] but it is a common assumption
to most cathode models (including 2-D computational
models [51]). Using the model from [73] it is possible
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Figure 9: Ratio of (a) mean free path to orifice
length for total inelastic_eleetron-neutral collisions,
(b) inter-collision timé to meutral gas residency
time. Reproduced from “Pierre-Yves C. R. Taunay,
Scaling Laws in Orificed Thermionic Hollow Cathodes,
Ph.D. dissertation, Princeton University, 2020.” [23]
Copyright 2020, Piercé-Yves C. R. Taunay.

to estimate the modification of the Bohm velocity by
an emitting sheath:

(T YO om0\ P -
on 1 M 1—Jb )

where 7. ='¢s/T,y is the normalized sheath voltage,
Jor=yjb/jc, Where jp is the emitted beam current and

Jje is the electron saturation current:

Je = nee (eTTfLV) (210)*°. (4)

For cathodes that have a smally orifice-to-insert-
diameter ratio, the ion current through, the/sheath
is negligible as compared to 4he emitted, electron
(beam) and electron saturation currents because of low
sheath voltages (n. o 1) and high plasma densities
(102°-10%! m~=3) [30]. In.this case, the ratio of the
beam current to the electron saturation current is
typically negligible (J, & 1), and, therefore, so is the
modification to the Bohmwvelocity. However, under
certain circumstamnces, the presence of an emitting
sheath may modify the Bohm velocity by up to 20%.
We consider in this case that the sheath boundary
is situated farther away from the wall at a location
where the Bohm velocity is reached. Because the size
of the sheath (ocjun)ds much smaller than the scale of
the system (o< em) this increase of the effective sheath
size does not affect the diffusion characteristics of the
solution.

Throughga dimensional and statistical analysis of
experimental data, the study in [37] showed that the
gasdynamic and plasma effects can account for most
of the wariation in the total pressure within hollow
cathodes. We therefore neglect the effect of viscosity on
the total pressure gradient. We caution that viscosity
may nonetheless affect other quantities, such as the
neutral flow velocity profile (see, e.g., Fig. 7 in [49]), and
that our approach cannot capture effects beyond
volume-averaged ones. Viscosity can nonetheless be
implemented by considering that most of the viscous
losses come from the feed system.

Experimental measurements of the pressure data
we used are gathered upstream of the insert region
(sometimes multiple cathode lengths away, see, e.g.,
[43]). This means that the viscous pressure drop
within the feed system contributes to the measured
total pressure. In most cases, feed-system losses are
negligible. Feed-system losses are estimated to be less
than 0.01% of the measured pressure for Domonkos’s
cathodes (see [43], p. 26). Using a Poiseuille flow
model upstream of the active zone and assuming an
upper bound for the temperature of 1,000 K, the feed-
system loss can be estimated to be, on average, 3%,
for the NSTAR, NEXIS, JPL 1.5 c¢m, PLHC, and
Salhi’s cathodes. For those cathodes, the pressure
measurement point is situated less than 20 cm away
from the cathode active zone. A Poiseuille flow
assumption is justified in the section upstream of the
plasma (as suggested by [49] for the NSTAR cathode
and a single operating condition) and within the
feed system: the flow is neutral, isothermal, viscous,
laminar, incompressible, fully-developed, and not near
a constriction. We use the heavy-particle temperature

Page 8 of 24
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as the effective gas temperature when estimating the
viscous losses in the feed system.

Experimental data [22,82,40,74,[75] for mercury,
argon, and xenon gas suggest that the gradients of
the electron temperature in the active zone of the
insert and orifice regions are negligible, which indicates
that assumption is appropriate. In effect, this
assumption means that the fluid is isothermal in
each individual region. Because the emitter electron
return current is proportional to the Boltzmann
factor (jo oc exp (—¢s/T.)), assumption vii introduces
possible errors in the numerical evaluation of the return
current. However, those errors do not seem to impact
the evaluation of the emitter temperature. It is also
difficult to evaluate the exact nature of the errors
introduced in our model because, to the authors’
knowledge, no experimental measurements of either
the sheath voltage or the return electron current in
the active zone of cathodes exist.

3.2. Fluid model

We use the two-dimensional axisymmetric momentum
equations for each species, applied to the geometry
shown in Figure Boundaries II, III, and
IV are chosen to be at the sheath edge. The
effective attachment length (or “emission length™),
Leg, is the length over which the plasma is able to
support temperature-limited thermionic emissioni»We
approximate this length with the plasma density decay
length scale in the axial direction, as calculated in [29].
As defined, it is a likely lower bound to the attachment
length. The emission length, L.g, is smaller,than the
insert length, Ley, and we consider ghat the fluid is
neutral upstream of the emission zone.

The momentum equations for each 'species are
summed to provide a simpler single-fluid dramework.
Under the assumptions delineated in the previous
section, we obtain:

V-(p'vv)+VP:V-Q, (5)

where v is the mean, mass velocity of the combined
fluid, p its density, and B the magnetic stress tensor.
P is the total static pressure.. Equation may also
be written as

V - (Mnyvnvast Mnevvi) + VP =V - 3, (6)

where the | subscripts\ n, e, and ¢ denote neutral,
electron,_and ion quantities, respectively. n, and vy
are thé number density and velocity of the species z,
respectively. M is the mass of the heavy particles.

To satisfy conservation of mass, ions return to the
control volume as neutrals after having recombined on
any of:the sheath-facing surfaces (II, ITI, and IV). The

flux of each species is therefore equal in magnitude and
opposite in direction:

(7)
where n] is the electron density at the sheath edge.

An upper-bound on the magneti¢ypressure on
surfaces III and V can be obtainediby considering that
the magnetic field B on these surfacesis,due only to the
current flowing through theforifice, which is assumed
to be purely axial. The magnetic field is then purely
azimuthal:

B = (073970)(

_ s
NpUp = —NUB,

(8)

The magnetic stress tensor can then be expressed as
[76):

70,2)

—B2/2u0 0 0
B= 0 Bj [2pupr* 0 ; 9)
= 0 0 —B2/2u

where pg is the permeability of vacuum. The azimuthal
compoénent of the’ magnetic field can be estimated
by further,assuming constant current density in the

orifice: I.
*% ifr>nr,
By = " (10)
— Hold r ifr<r
272 ¢

where r, is the orifice radius and Ij is the discharge
current.

We integrate Equation @ over the volume shown
in Figure and apply Gauss’s theorem. In the z-
direction, we obtain:

2P 4 (r2 — 1) [p - Mt (” + 1)]
n 1

n
ol 3 re 1
— In — 4+ - 11
47 (n To + 4)’ (11)
where r, is the insert radius and v, is the fluid velocity

on the surface V. To obtain Equation we further
assumed that

+ g [pul + Py, =

e the upstream (Surface I) momentum flux ([pvf]l)
is negligible as compared to the static pressure
contribution ([P];),

e for surfaces I, III, and V, surface quantities
other than the magnetic field (i.e., the pressure
and momentum terms) are constant over their
respective surfaces,

e the heavy particles have equal tangential velocity
on each surface, and

e the radial velocity of the heavy particles on surface
V is much smaller than the axial one.
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Lcm

Cathode tube

2r. 1.

Insert / Emitter

~

Figure 10: Fluid control volume considered in the analysis. Adapted from “Pierre-Ywves C. R. Taunay, Scaling
Laws in Orificed Thermionic Hollow Cathodes, Ph.D. dissertation, PrincetonyUniversity, 2020.” Copyright

2020, Pierre-Yves C. R. Taunay.

The first assumption is justified by using the continuity
equation: pv? = (n'z/m"f)Q 1/p. The density, p can be
approximated using the experimental pressure and an
assumed gas temperature: p ~ MPr/(kpT,) Using
the experimental cathode database presented in ,
we can compare pv? to the measured (static) total
pressure. The term pv? represents at most 0.3% of the
static pressure. This assumption cannot be performed
at the outlet (Surface V) of the control volume because
the flow is assumed to be sonic on this surface: Using
a simple isentropic flow approach, the ratio of statie to
total pressure at the sonic point is given by:

P _ ,}/+1 —v/(y=1) (12)
Ptotal 2 ’

where 7y is the ratio of heat capacitiessFor.a monatomic
gas (v = 5/3) we obtain ﬁ ~7 0.5. /The total force
on the downstream surface (Surface/V), therefore, is
comprised of both the statieyconttibution (mr?2 [P]y,)
and the momentum flux term(rr> [pvﬂv) as neither
can be neglected.

The second assumption »is mot required on
surfaces II and IV, as all terms in the momentum
balance in the z direction, vanish on those surfaces.
Because the surfaces are oriented perpendicular to
the axial direction, s#he pressure» and the magnetic
field components simply <vanish in the vector dot-
product. AS demonstrated below, the dyad product
also vanishes, even before the surface integration is
performeds:

The third .assumption, combined with the flux
condition given|in Equation @, causes the cross-term
in the ‘dyad product to vanish. For example, on
surface II, the cross-term resulting from the momentum
balancerin the axial direction is:

S
S = Mniv; yvi » + Mng,vp yUn 5.

Because the particle fluxes normal to the wall are equal
in magnitude and in opposite direction (Equation @),
weshave:

S = Mnjug @i)z — Upz) -

Thelassumption of equal tangential velocity, motivated
by frequent collisions between ions and neutrals,
implies that v; ., = v, . on this surface. The dyad
terms then simplify to zero. [

Outlet (surface V) The frozen-flow approximation
allows us to define the Mach number and specific heat
ratio 7. Under this assumption, the flow is choked
and becomes sonic at the exit of the orifice because it
expands into a vacuum. The flow velocity is therefore
given by the local speed of sound a for the combined
fluid:

Vv =a= /YRy (T + oT,), (13)

where R, is the specific gas constant of neutral
species, « is the ionization fraction, and 7, and T,
are the neutral and electron temperatures in Kelvin,
respectively. This expression can be readily derived
for an ideal gas where a = \/vP/p. The ionization

fraction is defined as:
L (14)

Ne + Ny
Using the conservation of mass,
i (pu.)y = .

Because the Knudsen number in the orifice,
Kn, is within the range of 0.1 — 10 the flow is
considered transitional. We therefore estimate Py
with a molecular flow correction. We use a similar
framework to [78180]. Under the justifiable assumption

that the pressure downstream of the cathode orifice

we also have

Page 10 of 24
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(vacuum vessel pressure) is much smaller than the exit
plane pressure, the stagnation pressure P is given by

P* _ Q

\ )
(0C,, +(1—-0)C,)

where Q is the total throughput and Cy, is the total

aperture conductance. The latter is given by:

Cio = (0C,, +(1-6)Cy), (16)

where C,,, and C, are the molecular flow and viscous
flow aperture conductances, respectively. The linear
weight 6 is a function of the Knudsen number. The
expression proposed in [78] can be written as suggested
by [79] and [80]:
kgKIl
o koKn + 1 ’
where kg = 28. This value of ky corresponds to equal
weighing of molecular and viscous flows (6 ~ 0.5)
when the average pressure in the orifice is equal to the
midpoint pressure of the transition range [78]. This
corresponds to Kn ~ 0.04. The throughput and the
conductance of the orifice aperture for the flow are
given by:

(15)

(17)

. k 1

Q = MBTn (7—2’_) m, and (18a)
1\ kT,

Ca =735 (7;) 2 bl (180)

respectively. The (y+1)/2 term comes fromithe
conversion from static to stagnatign quantities inm
the insert region. Because the throughput is
referenced to upstream stagnation quantities, the
plasma contribution to the sound [speed does»not

appear in Q. The molecular _and »wviscous flow

conductances are [78}(79]
9 1/2
Cm - Ca E—— s and 19a
(7+ 1) (19
9\ G/ 2

Ov =2 - Ca, 195

var (v (=55) (190

respectively.  The_static, pressure on surface V is

retrieved from the definition of.the stagnation pressure
at a Mach number ofd:

2 v/(—1)
Py=P5 | ~— . 20
V=1 (£2]) (20)

We _showhin Figure the total conductance of
a thinfaperture ‘as obtained with Santeler’s approach
[78] (Equation’ (16)) normalized by the molecular
flow conductance of an aperture (Equation ) as
a function of Knudsen number, and compare it to
experimental and numerical results for argon, helium,
and(krypton from [81] and [82], respectively. Because
the experimental and numerical results only consider

two quiescent volumes separated by a thin aperture,
the upstream stagnation and static quantities are
identical and we do not consider the termn(y=+1)/2
(conversion from static to stagnation quantities in
the insert region) in the above équations for this
comparison. The discrepancy observed at low. Knudsen

1.82

110+

Knudsen number

Figure 11: Comparison of transition flow model to
experimental and numerical results from [81] and [82],
respectively.

numbers stems from the fact that we did not include
the discharge coefficient (estimated to be =~ 0.835
[81,[82]) in the calculation of the conductance in the
viscous regime. In the range of Knudsen number of
interest (0.1-10), the empirical relationship features a
relative error of less than 12% and 10% as compared to
both experimental and numerical results, respectively.

Orifice plate (surface III) Because we have assumed
a constant total pressure in the insert volume, the total
static pressure on the orifice plate is equal to that at
the inlet: P = P

Total pressure  We reorganize Equation to obtain
an expression for the total (static) pressure:

P:Pmag+Pgd+me+Pexit (21)

where Prag, FPyd, Pmy, Pexit are the magnetic
pressure on surfaces III and V, gasdynamic pressure
contribution, orifice plate momentum flux, and orifice
outlet exit pressure, respectively. These quantities are
defined as:

B pol? re 1
Pmag - 471_27% (hl E + Z ) (22a)
m
P =% 1Ry (To + 0 T), (220)
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’1"2 i ns
Py = (g - 1) en.Tey (1 + e) , and (22¢)
TO n
5 \O-D
Pt = P [ —— , 92d
o (v+ 1) 220

respectively. Pp,r, nl and T,y are calculated using
insert-region quantities. The speed of sound of the fluid
appearing in the gasdynamic pressure is computed with
orifice-region quantities. «, denotes the ionization
fraction in the orifice. Equation states that the
total static pressure upstream of the cathode emission
zone is the balance between the particle momentum
leaving the volume, the magnetic pressure, and the
downstream static pressure.

The total pressure in the absence of plasma effects
(Pt = Ppag = 0) for a continuum flow (6 = 0) is:

P:m\/M(l—&-i). (23)

2
o
This expression is different from the one that would be
obtained with an isentropic flow relationship:

m 1 ,y+ 1 v/(v=1)
VYR T — | ——— . 24

]Disentropic = p)
7TTO

For a monatomic gas, the constants (1+ 1/v) and
1/ ((v+1) /2’7 that appear in Equations
and are equal to 1.6 and 1.23, respectively. The
discrepancy comes from the assumption that the static
pressure on the orifice plate (surface I11) is equal to the
upstream total pressure. This assumption of a pressure
force on the orifice plate is fundamentally inconsistent
with the derivation of isentropic flow, relationships,
as the use of the momentum balance combined with
this assumption over-determines theSystemnof flow
equations. In practice, isentropic flow relationships are
derived from the energy and continuum equations, with
the momentum balance being used to find the total
pressure force on the control volume (or|the thrust,
for nozzle flows). In the absénce of a plasma, simple
isentropic flow relationships should be directly used to
estimate the total pressuresinside the/ecathode.

3.8. Plasma model

To close the system of equations, estimates of the
degree of ionization,/ neutral density, and electron
temperature are required/ for both the insert and
orifice regions.  In the insert region an estimate
of the attachment length, or length over which the
plasma is.dense enough to support temperature-limited
thermionic emission, is also required. Because the
ionization fraction may not be negligible (especially
in the orifice region) we do not employ the typical
approximation a < 1; we retain all terms in the
resulting _equations in both regions. For all of our
calculations, the collision frequencies are computed
using Maxwellian-averaged collision cross sections.

8.8.1.  Electron temperature and attachment length
We employ the method delineated in [29] to ealculate
the electron temperature in both ingert and orifice
regions, as well as the attachment length. The method
is based on a charge-exchange-limited ambipolar
diffusion model of the plasma._ Application’ of this
method gives an analytical approximatiom, of the
attachment length and the electron temperature in
both regions as functions“of\ the neutral-pressure-
diameter product only. We define the “attachment
length,” more specifically, as the plasma density decay
length-scale for the first-order eigenmode of the full 2-D
solution in the insert. The insertelectron temperature
is not sensitive tb thedfeutral gas temperature in
that region; westherefore ran the 2-D solution with
an assumed neutral, gasstemperature of 3,000 K in
the insert region. Theyorifice electron temperature,
however, can wvary by up to 20% with a change in
neutral gas temperature. The solution is therefore
calculated with multiple neutral gas temperatures.

We use the following approximations for the insert
and' orifice electron temperature,
Y tio

Tinsert _ 4+ ti , 254
44 (nnkBTn (27'(:))1&7”1 2 ( )
i to 0
Topice = ’ + 10,3, 25b
¢ (nnkBTn (27ﬂc))tm1 + to,2 2 ( )
and for the attachment length,
L lo+ 4 (26)
eff = Te )
° 7 (nuksT, (2r0))?

respectively. The coefficients ¢; 5, to%, and [ for
xenon and argon gases are shown in the Appendix
(Table . In all cases, the pressure-diameter product
that appears in the denominator is in Torr-cm. The
above expressions for the insert electron temperature
and attachment length are compared to experimental
data for a variety of cathodes in the companion paper.

The dependence of the electron temperature and
electron density profile on the neutral pressure (i.e.,
the neutral density for a fixed neutral temperature) and
geometry can be seen in the eigenvalue equation that is
obtained from the ambipolar diffusion framework. In
1-D, the electron density, n., is obtained with:

&Pn. ldn. v,
o Te By 27
a? “rar TDe T 27)

where n. is the plasma density, v;, is the ionization
rate, and D, is the ambipolar diffusion coefficient.
Assuming a Dirichlet boundary condition at the wall
(i.e., zero plasma density) in a cylindrical geometry,
the following eigenvalue equation is obtained from
Equation 27] (see, e.g., [30] pp. 6365, [83] p. 165, [34]
pp. 135-144):

2
Te [8el .y
nYiz T - Da - 0, 28
<)\01> mn0iz (Tev) ™m (28)
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where Mg is the first zero of the Bessel function
of 0% order. Because of the inverse relationship
between the ambipolar diffusion coefficient and the
neutral gas density n,, for charge-exchange-dominated
plasmas found in cathodes, it can be shown that, using
Equation 28] the electron temperature depends only on
the neutral density-radius product (i.e., the pressure-
diameter product for a fixed temperature). In the more
general 2-D case treated in [29], a Robin boundary
condition is used across a range of pressure-diameter
products. The Robin boundary condition yields a
transcendental equation that is similar to Equation
and that is tabulated for a range of pressure-
diameter products for a given gas.

3.8.2. Insert region The conservation of charge in the
insert region gives the total discharge current I as:

Id :Ii+Iem _Ir7 (29)

where I;, I.,, and I, are the ion, thermionic, and
random electron currents, respectively. Assuming that
all ions created in the volume go to the insert wall, the
ion current is either given by its volumetric definition,
or by its value at the sheath edge,

I = enpne < 0,0 > WLefsz

= engvp2n7reLef, (30)
where o;, is the ionization cross-section. Using
Equation (30]), we obtain the sheath-edge density:

ns — NnNe < 0iz0 >Te __ Q n? < o> re. (31)
2up l-a 2up

We use this result to define f,, the ratio between the

sheath-edge and the volume-averaged glectron density,

as a function of volume-averaged quantities:

o ng Ny <00 > N )
fs_n o 2R ' (32)
e

The random electron currentscan also be expressed in
terms of volumetric quantities, by using the definition
of the sheath-edge density. (Equation ):

4 \ ™m
X €Xp (_st/TeV) 5 (33)

where m is the mass of the electromand ¢, is the sheath
potential.

We intégrate the electron energy equation over a
cylindrical wolume of length L. and radius r. with
the facedfluxes estimated using a zeroth-order upwind
scheme as suggested in [30] (p.259). We obtain:

1 /8M\Y
I, =e- <8) Ny < T,V > ﬁLeffrg

5
Iem(bs + Rplg = qea + Ii€i + §TeVId

+ (2TeV + qbs) Ir7 (34)

whetre ¢, is the total power loss due to radiative
transitions from ground-level, ¢; is the ionization

energy of the species of interest, and R,is.the plasma
resistance. The power loss due to radiative transitions
from ground level is given by the total€xcitationrate
in the volume multiplied by the average energy of each
transition:

2
Qex = NNy, < OezV > TLefT €caft (35)

The excitation cross section in Equation is the
total cross section for alllsground-state excitation
reactions. The excitation.energynis computed as the
average of all excitation energies weighted by their
respective Maxwellian-averaged reaction rates. The
plasma resistance is/given by:

m Leff -
o2 2 (Vei en ) (36)

R, =
where v.; and v,, are the electron-ion and electron-
neutral collision frequencies, respectively.

We use the, conservation of charge (Equation
) to eliminate the thermionic current terms from
the electron energy equation. This removes the
dependeney of the model on the chosen insert material
and assumed wall temperature, although it introduces
the unknown sheath potential, which we use as a free
parameter. The resulting equation is expressed in terms
of the ionization fraction and the neutral gas density by
replacing the electron density with the definition of the
ionization fraction (Equation ) This yields a
quadratic expression for the unknown ionization
fraction:

ira® +ija +ig = 0. (37)

The coefficients i, are functions of the cathode
geometry, neutral gas density, sheath potential, and
neutral gas temperature. They are given by:

b9 = eni < 04,0 > FLefng
1 /8M\"?
X <€i + ¢s + 2Ty — () exp (7¢s/TeV)
4 \ ™m

+ en2 < OegV > 7TLeﬂ‘7”2€ez

mLeg 3/2 5
+7T2201 n AT Id(2 V-@)
mLcﬁ
— —r — 12 < Oenv >, (38a)
L
11 =14 (;TeV - ¢S> - “ EHCI ATeVS/QI?l
mchf
+2—— Id < Oenv >, and (38b)
mr2e?
. mLeff
= — I < Oen >, 38
19 = 5 < Oenv (38¢)

where C' = 2.9 x 107!2, and In A ~ 10 is the Coulomb
logarithm.  o0¢, and o., are the electron-neutral
cross sections for elastic and excitation collisions,
respectively. €., is the average electron excitation
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energy. We use data from the Hayashi database [85] as
retrieved from the LXCat website [86] for the electron-
neutral, ionization, and excitation cross sections.

3.8.3. Orifice region In the orifice, the energy equa-
tion can be considerably simplified by neglecting
thermionic emission and electron backstreaming be-
cause of the higher sheath voltages due to the lower
neutral densities than in the insert region. We again
obtain a quadratic equation from the orifice energy bal-
ance:

0202 + 010409 = 0, (39)
where the coefficients oy, are:

2 2 2 2
02 =en, < 0,0 > TLoroe; +eny, < 0egV > TLoT €cy

+ %ClnATeﬂ 2z Lo I3 < ooy >

_ §Id( Toy — Ti%) (40a)
01 = gId (Tov — T'%) - 2L Cln AT */*12

+ 2o mL" 13 < Genv >, and (40)
00 = :ZfeQ I3 < env > . (40¢)

L, is the orifice length and T2 is the insert electron
temperature.

To obtain a relationship between the ionization
fraction and neutral density, we use the conservation
of mass applied to the sonic condition at the orifice
outlet. This results in a quadratic equation for the
ionization fraction,

m = 7r? 1 L npMA/YRg (T, + ade). N (41)
-«

Solving this equation and selecting the root for which
@, < 1 gives an expressionforrthe ionization fraction,

1 -
a:1+2_(1— 4v(1+T)+1), (42)
v
where T' = T,,/T, andwd is given by
1 i N2
U . 43
v YR,T, (71'7‘ nnM) (43)

The orifice energy equation (Equation ) and the
solution for ghe ionization fraction from conservation of
mass (Equation ) are combined to obtain a single
equationdor the;unknown neutral density in the orifice.

4. Implementation

4.1. Algorithm

Both the gas temperature and sheath voltage are free
parameters. Three major advantages exist in using the

sheath voltage as a free parameter as opposed to the
wall temperature: (i) the solution does not depend on
the choice of emitter material, (%) the sheath potential
can be bounded, and (%) the resulting  solution
algorithm is more stable because the thermionic
current, which has a strong ‘mon-linear dependence on
the wall temperature, has been eliminated from the
volume-edge current balande (Equation ) In
general, the sheath potential depends nenlinearly on
the local plasma parametersiand operating conditions
through an elliptic PDE{ The sheath potential problem
is, therefore, non-local; and a self-consistent sheath
model would therefore require.a2-D approach: this is
beyond the scope of this work. The expression for the
sheath-edge density ratio (Equation ) is used in the
pressure balance (Equation ) to form an expression
that depends only on arand n,:

P:Pmag+Pgd

re
+ (T2 )fs — nvLeTeV <1+<1_ )fs>

4+ Pt (44)

To solve this%quation, we use the perfect gas law to
compute the total static pressure:

P =kpgn,T, +

1 — nneTeV +
Becatise we have used surface-integrated quantities
when deriving the pressure balance, but re-expressed
these terms using volume-averaged quantities, there
are (at least) two possible choices for the definition
of the total static pressure. Assuming constant total
pressure in the insert region, we can either use the
sheath-edge density or the volumetric value of the
density to compute this pressure. We choose the latter
option because the sheath-edge terms balance the
corresponding ones on the upstream portion, leaving
only the pressure contribution on the orifice inlet.
Solving the system of equations resulting from the
combination of the pressure balance (Equation ),
the perfect gas law (Equation ), and the insert
power balance (Equation ) yields the solution for
both n, and a;. We combine the expressions into a
single equation for the unknown neutral density which
we then solve using the bisection method to avoid
solving the original multivariate nonlinear system.
For each proposed insert neutral density and sheath
potential, we solve for the ionization fraction in the
insert using the insert power balance (Equation (37)).
The insert electron temperature is then obtained using
the correlation in Equation . The orifice neutral
density is calculated using the orifice power balance
(Equation (39)), mass continuity (Equation (42)),
and the insert electron temperature. The electron
temperature for the orifice is then obtained using
Equation , and the ionization fraction for the

Y kpT,. (45)
_—
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orifice is computed with Equation . Finally, the
total pressure results calculated using the momentum
balance (Equation (44)) and the perfect gas law
(Equation ) are compared. If both results agree,
the algorithm has converged and the solution is
reported.

For a given geometry and gas, the orifice quantities
depend on the mass flow rate, the discharge current,
and the insert neutral density through the insert
electron temperature. = The orifice quantities can
therefore be pre-computed and stored as a lookup table
for faster computation. The upper bound for the
orifice neutral density can be obtained by imposing the
conditions that a, > 0 and that the neutral density
in the insert is greater than that in the orifice. We
check that both conditions are satisfied for each orifice
neutral density found.

4.1.1. Wall temperature While the emission current
has been eliminated from the model equations, the wall
temperature may be retrieved from the total emitted
current and the conservation of charge (Equation
(29)). The elimination of the emitted current from the
model equations also removes the dependence of the
pressure on the choice of emitter material, excluding
any indirect dependence due to the temperature of the
heavy species.

The emitted current is first estimatedsfrom the
input discharge current and the computed ion and
electron return currents, I; and I,., respectively.
Without the Schottky effect, the totallemitted current
is given by Richardson-Dushman’s law,

kT,

where Dgp is the Richardson—Dushma} constant, T,
is the emitter temperature, and ¢,, is" the work
function. Because we have assumed that the emission
length is defined such that the thermionic emission is
thermally limited inside the active zone, the current
extracted is not modified by space-charge limitation.
Because the control volume we chose is limited to the
plasma “active zone,” the computed wall temperature
corresponds to thé average insert temperature over a
length equal to that of the@mission length.

The attachment length provided by the ambipolar
diffusion framework from [29] is a lower bound to
the true attachment length. Because the emission
area and, therefore, emission current, scales with the
attachiment length (I.,, o Leg), the obtained wall
temperature will be an upper bound of the average
active zone insert temperature. Uncertainties in the
work function of some materials (e.g., LaBg [53])
mayralso_result in an over-estimation of the wall
temperature. The evaporation rate of a given material
will therefore also be over-estimated, and any lifetime

I, = 27TLEHTCDRDTC2 exp < Pw ) , (46)

calculations that can be conducted with éurdramework
will provide a conservative estimate of the‘evaporation-
limited lifetime of the emitter.

4.1.2. Sheath potential The sheath potential depends
nonlinearly on the local plasma parameters and
operating conditions (e.g., discharge currenty anode
voltage) through an elliptic. PDE.“As_opposed to
2-D computational models, ‘oursapproach is unable to
uncover such dependency:” However, our algorithm
may nonetheless be used as andindirect method to
compute an average valueof the sheath potential. The
total pressure calcilated usingithe pressure balance
(Equation (44)) can bedevaluated for multiple sheath
potentials, and the intersections of the resulting family
of pressure curves with the experimental pressure data
can be used, to estimate, the variation of the sheath
voltage over the,experimental parameter range.

4.2. Comparison to experimental data

Werwvalidate the results of our numerical approach
t0 (i) sexperimental wall temperature from both the
NSTAR discharge cathode [87] and Salhi’s cathode
[40] foperating on argon at mass flow rates of 0.21
and 0.39 mg/s (0.5 and 0.93 equivalent-amperes, 7
and, 13 sccm), (74) experimental measurements of both
the ‘electron temperature and attachment length for
the latter cathode operating on xenon and for the
JPL 1.5 cm LaBg cathode [22], and (iii) measured
total pressure for our own hollow cathode, the NSTAR
discharge cathode [49,[87] and for the NEXIS cathode
[68,|88].  The method by which we obtain the
measurement error in both attachment length and
electron temperature is shown in [29).

5. Results and discussion

We validate in this section the results of our algorithm
for multiple cathodes. The dimensions and operating
conditions of each cathode are shown in the Appendix
(Table . They span a variety of geometries, gases,
and operating conditions.

5.1. Wall temperature

We show in Figure a comparison of our model
to experimental data of the insert temperature. We
applied the algorithm to both Salhi’s cathode operating
with argon and to the NSTAR cathode. The
cathode wall temperature is reported in [40] and [87],
respectively. We took the work function from [30]
(p.252) for the barium-oxide insert installed in the
NSTAR cathode. Salhi’s cathode uses a material with
an estimated work function of 1.8-2.0 eV [40]. The
results from our algorithm are averaged over all of



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104952.R1

Physics of Thermionic, Orificed Hollow Cathodes. Part 1: Theory and Experimental Validation 16

the values tested for the two free parameters. We
have computed all quantities with sheath voltages
and gas temperatures in the range of 1-10 V and
20004000 K, respectively. The algorithm returns
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Figure 12: (a) Peak insert temperature of the NSTAR
cathode. (b) External wall temperature of Salhi’s
cathode.  Experimental ‘data from [87] and [40],
respectively.  The reported ‘measurement error is
+15°C for both cathodes,/ Gray areas on the model
indicate the/minimum and maximum values obtained
for the indicated mass flow rates, with sheath voltage
and gas_temperature with values between 1-10 V
and 2000-4000 K, respectively. Reproduced from
“Pierre-Yves C. R. Taunay, Scaling Laws in Orificed
Thermionic Hollow Cathodes, Ph.D. dissertation,
Princeton University, 2020.” [23] Copyright 2020,
Pierre-Yves C. R. Taunay.

values within 10% of the experimental values for both

cathodes. We find that the trend of $he predicted
wall temperature agrees with the experimental data,
both with increasing discharge current<andymass»flow
rate, which suggests that the scaling of the return ion
and electron fluxes is likely captured‘within the range of
sheath potentials considered. Although the scaling is
likely captured, we caution that, because, of the
exponential dependence of therandom electron flux (i.e,
the electron return current)‘on the sheath voltage and
electron temperature, bothrerrorsiin the estimation of
those quantities and /the assumption of volume-
averaged quantities can lead to large variations in the
plasma parameters within thewvolume considered.

We also applied the algo\rlthm to Friedly’s cathode
[36] with an estimated work function of 2 eV for the
insert material (as reported in [32], p.91). We found
the calculated results torbe within 20% of experimental
data, but did not have the same agreement as that of
the NSTAR)The temperatures reported by Friedly [36]
are that of the exterior of the cathode and are higher
than “the typical ‘application range of barium-based
emitters. We hypothesize that the emitter depleted its
coating, espe@ially at higher discharge currents, which
would explain the reported high temperatures. The
uncertainty in the work function of the material would
explain the discrepancy observed between the results
of 'the model and the experimental measurements.
We found that the observed trend of the results of
the algorithm agrees with experimental results if we
assume that the work function is equal to 4.1 eV.
This value is within the range of the work function
of tantalum (4.0-4.8 eV) [89]. Additionally, the
assumptions made in [29] to estimate the emission
length become invalid at high discharge currents for
this particular cathode. The calculated ionization
fraction is indeed large in both the orifice (up to 60%)
and in the insert (up to 30%) at high discharge currents
and therefore challenges the assumption of charge-
exchange-dominated ambipolar diffusion. A possible
remedy is to include all interactions between particles
when considering ambipolar diffusion.

5.2. Electron temperature and attachment length

The predicted and experimental attachment length and
insert electron temperature are shown in Figure
and Figure , respectively. Results are presented for
the JPL’s 1.5 cm LaBg hollow cathode [22] operating
on xenon at a mass flow rate 0.78 and 1.2 mg/s (8 and
12 sccm) and for Salhi’s cathode [40] operating on
xenon at a mass flow rate of 0.68 mg/s (0.5 equivalent-
amperes, 7 sccm) and with an orifice diameter of
1.21 mm. The insert electron temperature for the
JPL’s cathode is reported at the location of peak insert
electron density. We use the highest reported values
for Salhi’s cathode, close to the peak insert electron
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Figure 13: (a) Attachment length normalized by the
cathode diameter and/(b) electron temperature as
functions of discharge current. \ The experimental
data for the JPL LaBg cathode operating at 8 and
12 sccm and for Salhi’s cathoede operating at 7 sccm
are taken from and , respectively. Gray areas
on the model indicate the minimum and maximum
values obtained for the indicated cathodes, with sheath
voltage and gas temperature with values between 1—
10 V and 20004000 K, respectively. Adapted from
“Pierré-Yves C."R. Taunay, Scaling Laws in Orificed
Thermionic Hollow Cathodes, Ph.D. dissertation,
Princeton, University, 2020.” Copyright 2020,
Pierre-Yves C. R. Taunay.

We observe in all cases that the trend of decreasing
eléctron temperature with increasing discharge current

and mass flow rate is correctly captured{ Lhe electron
temperature is over-predicted in some instances, which
is a consequence of an under-prediction’of the neutral
density and is consistent with an [under-predicted
neutral gas pressure.

5.8. Pressure

We now compare the prediegtion of the total pressure
inside hollow cathodes from. existing models to that
from ours for the NSTAR, NEXIS, and our own
cathode. The other models are delineated in . For
the NSTAR cathodewe also perform a comparison
with results of a 2-D axiSymmmetric solver from [49].
For all cathodes, ‘the results are computed with a
gas temperature vof 3,0000 K and sheath voltages
between 1 and 10 Vi Results are shown in Figure
Pressures predicted with both our theoretical model
and the _empirieal, correlation derived from literature
data from vary with discharge current and mass
flow rate, while other existing models do not. These
twomapproaches yield results that are close to the
experimentallyy measured pressure. Results for the
NSTAR are similar to that of the 2-D axisymmetric
solver, although the latter uses a discharge current 10%
higher than the nominal current of 12 A. For cathodes
that reasonably satisfy the model assumptions, the
numerical algorithm allows us to bound the pressure
for a cathode for which no pressure data are available.
The algorithm however overestimates the pressure for
our cathode. We hypothesize that:

e the magnetic pressure is overestimated because
we did not take into account the net current of
charged particles from the insert volume directed
towards the orifice plate,

e gas leaks occur through the grafoil seals at
graphite/stainless steel interfaces at high temper-
atures, thus decreasing the experimentally mea-
sured pressure, or

e gas leaks occur through the NPT fittings on
the feed lines and pressure tap because they are
sealed only with anti-seize compound as typical
thread sealant compounds would not tolerate the
operating temperature of the PLHC.

In all cases, knowledge of the sheath potential is
required. For a wide range of sheath potentials (1-
10 V), the pressure varies by at most a factor of 2-3.
The family of curves generated by the model intersect
experimental data at different sheath voltages. As
mentioned in the previous section (Section , this
may be used to compute the sheath voltage from the
experimental data.
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6. Conclusion

Based on the lessons learned in our review of prior
cathode modeling efforts [28], we have developed
a hybrid model for orificed hollow cathodes and
computed volume-averaged plasma quantities for a
large variety of cathodes and operating conditions.
Good agreement is obtained with both literature data
and with experimental pressure data we gathered on
our own large hollow cathode running on argon at up
to 307 A of discharge current.

We were able to bound both the sheath potential
and neutral gas temperature and found that the
calculated quantities are not sensitive to these
parameters.  These two parameters can be self-
consistently incorporated into the model through a
potential solver and the energy equation for the heavy
particles, respectively. The values for the neutral
gas temperature and sheath potential remain to be
experimentally validated. Another possible area of
improvement of the model is a better estimation of the
static pressure at the orifice outlet. While we have used
empirical correlations to obtain scaling relationships
and overall trends, 2-D DSMC simulations could
provide better accuracy.

This work can be used in conjunction with the
charge-exchange-dominated ambipolar diffusion model
for the insert region we presented in [29] to find
the electron density distribution within a. hollow
cathode. The model is also a building block, for
insert performance prediction if coupled to an erosion
model for the thermionic material andyfor cathode
performance prediction if coupled to a cathode thermal
and plume model. Finally, the proposed modelmay
be used to study scaling laws for hollow. cathodes; we
perform this analysis in the following p}per.
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Appendix

Appendiz A.1. Correlation coefficients

Table Al: The coefficients used for the insert elec-
tron temperature and attachment length correlations

(Equations and )

. . Index
Species  Quantity 0 1 9

Tey 1.20072 0.35592 0.52523

Xe
Legr 0.72389 0.17565 1.22140
Tev 1.66426 0.38159 1.12521

Ar
Les 0.71827 0.34198 1.19716

Table A2: The coefficients used for the orifice electron

temperature (Equation (250)).

. Index
Species  Temperature 0 1 9 3
Xe 2000 K 1.230 -0.0052 0.313 0.429
3000 K 1.290 -0.0062 0.337 0.503
4000 K 1.300 -0.0068 0.365 0.591
Ar 2000 K 1.889 -0.0197 0.287 0.793
3000 K 1.941 -0.0250 0.320 0.935
4000 K 1.723 -0.0257 0.40L,.1.250

Appendiz A.2. Cathodes studied

Table lists the cathodes and range of operating
conditions that we used for this work and the mext
paper. For some of the cathodes,\we note that
operating conditions that are different from the ones
reported in Table exist (e.gi, Salhi’s cathode also
has a 1.27 mm diameter orifice).” However, we could
not gather relevant experimental data (total pressure,
attachment length, electron, temperature) for those
cases. Because of the (difficulty,of gathering reliable
cathode dimension data, we report all of the possible
dimensions in Table In both tables, the following
abbreviations areused:

e [.: Length
e [.D.: Inner Diameter
e (O.D.: Outer Diameter

20
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2 Table A3: Dimensions and operating conditions of the benchmark cathodes.
3
4 - .
Dimension (mm) Refs:
5 Cathode Insert Orifice Species Mass flow Current Pressure for
6 L. LD. OD.| L D. (sccm) (A) (Tofr) data
7 Siegfried and 25.4 3.9 4.0 18 0.76 Hg 0.35-142 1.27-43 1.3-6.2 132,931|94] *
8 Wilbur ’ 3.8 ’ ’ 0.76 Ar, Xe 0.8 - 8.0 1.24 — 4.3 18 -.16.6 |35]
?O Friedly | 130 47 N/A | 1.0f 0.74 | Xe |251-641 5.0-60.0 _{ 59-527 | 36)
11 . 0.76, 1.21 Ar 0.5—1.24 - 48 - 25.3
0 Salhi 25.4 3.81 5.53 1.24 1.21 Xe 0.5 - 0.93 1.0 — 20.0 6.5 2147 |40]
13 AR3 1.22 2.99 0.38 1.40 — 2.40 1.0 250.4 - 345.6
14 EK6 25.4 1.17 ' 0.71 0.13 Xe 0.8 - 3.25 05015 270.2 - 609.4 143]
15 SC012 1.8 3.8 0.5 4.8 0.57 — 2.44 ; ) \163.7 - 506.1
16 T6 | 20.0 2 5 | 2 1 | Xe | 051-11.5 (5415 6.4—-41.1 |  [69,(95]
17 NSTAR | 254 38 43 | 0.74 1.02 | Xe | 247-10 1 5.95 150 4.0-275 | [49)[74)87)
12 NEXIS | 254 12.7% 1428 | 0747 25,27530 | Xe | 4410 4-32 0.66 —2.76 | [47,68l)88|
20 i + 3.8 812 204 100 1.9 - 2.6 [22]
py JPL-lsem | 254 7 13 1.0 3,5 Xe 105 -19.8 89 35.1 2434 21
22 PLHC | 804 2715 312 | 15 5.6 | Ar 109 100 — 307 244 -54 | This work
23 *See [32] pp.17-18 and p.139 for the dimensions and orifice length.
24 TThe orifice length is not specified for those cathodes. It is set to 1.0/mm.
25 FWe follow later work by Goebel and Katz [30] where the insert diameter(is set to 1.27 cm. However, the insert inner diameter has
26 also been suggested to be equal to 1.20 cm in [47}48,/96].
8The outer diameter for the NEXIS cathode is deduced from insert thickness.data retrieved from [47] and [48].
27 TMeasured from plots in [48].
28
29
30
31
32
33
34
35
36
37 N
38
39 y : : :
40 Table A4: ‘Comprehensivedist of dimensions (in mm) of the benchmark cathodes.
41
42 Insert Orifice Tube
43 Cathode ‘ L ID. OD. ‘ L D ‘ D Species Refs.
44 Siegfried |  25.4 1.9;3.8,3.9 4.0 | 1.8  0.51,0.76,0.79,0.96 | 0.63 | Ar, Hg, Xe | [31}/32}/34}35}/38,(93}/94]
22 Friedly | 13.0 4.7, 6.4 N/A | N/A 0.74 - 1.70 | 6.4,12.8 | Xe | [36]
47 Salhi |  25.4 3.81 5.53 | 1.24 0.76,1.21,127 | 635 | Ar, Xe | [40]
48 AR3 1.22 0.38
49 EK6 25.4 1.17 2.29 0.71 0.13 3.18 Xe [43]
SCO012 1.8 3.8 0.5
50
51 T6 | 200 2 5 | 2 0.75, 1.0, 1.3, 1.6 | 7 | Xe | [691/95L97]
52 NSTAR | 254 3.8 43 | 074 1.02 | 635 |  Xe | [3048]6398]101]
53
54 NEXIS " |125:0, 25.4 12.0, 12.7 N/A | N/A  15,2.0,25,2.75,3.0 | 15 | Xe | [30%/47}[48175}138,961 98]
55 JPLElsbcm | 25.4 7 13 | N/A 3,38,5 | 15 | Xe | [22}[102}[103)
56 PLHC | 804 27.15 31.2 | 15 5.6 | 362 | Ar \ This work
57
58
59
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