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Abstract
Thermionic emission from a polycrystalline tungsten emissive cathode immersed in a
magnetized plasma column is investigated experimentally and numerically. Electrical and
optical measurements of the cathode temperature show a highly inhomogeneous cathode
temperature profile due to plasma–cathode interactions. The spatially and temporally resolved
cathode temperature profile provides an in-depth understanding of the thermionic electron
current, in excellent agreement with experimental data. The plasma-cathode coupling leads to a
sharp and heterogeneous rise in temperature along the cathode, which can eventually lead to
unstable cathode operation, with divergent current growth. A detailed thermal modeling
accurately reproduces the experimental measurements, and allows to quantify precisely the
relative importance of heating and cooling mechanisms in the operation of the cathode
immersed in the plasma. Numerical resolution of the resulting integro-differential equation
highlights the essential role of heterogeneous ohmic heating and the importance of ion
bombardment heating in the emergence of unstable regimes. Detailed thermal modelling
enables operating regimes to be predicted in excellent agreement with experimental results.

Supplementary material for this article is available online

Keywords: magnetized plasma column, emissive cathode, Richardson current,
thermionic emission, electron transpiration cooling, pyrometry

1. Introduction

Electron emission from thermionic hot-cathodes has been
routinely used as a source of primary electrons to ionize a
plasma since the pioneering works of Edison, as reported by
Preece [1], and of Fleming on vacuum tubes [2]. Thermionic
emission refers to electron emission from negatively biased
surfaces heated above typically 20 000K. Richardson demon-
strated that the thermionic current follows an Arrhenius-like
law [3], subsequently corrected and now called Richardson’s

∗
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law (see equation (1)). In 1928, the importance of thermionic
emission in technological applications was underlined by the
award of the Nobel Prize award to Richardson ‘for his work on
the thermionic phenomenon and especially for the discovery of
the law named after him’.

The use of hot cathodes is not limited to vacuum tubes,
but was and still is widely used for primary electron pro-
duction in plasma sources, both at high and at low pressure.
Extensive theoretical and experimental work on high-pressure
arc discharges led to a fine understanding of plasma–cathode
interactions [4]. In these regimes, the high plasma density
(∼1023m−3) strongly couples the cathode temperature distri-
bution and the plasma properties, resulting in an homogeneous
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diffuse emission mode or in spot modes, where most of the
current is localized in one or several small cathode spots [5, 6].
In the context of glow discharges in the presence of hot cath-
odes, several regimes of operation have been reported [7–10].
Transitions, oscillations and multistability between these dif-
ferent regimes are understood from the complex interactions
between the plasma and the cathode. In this context of low-
pressure plasma discharges, modeling the interaction between
the plasma and emissive cathodes remains an active research
topic [11–13]. Emissive cathodes were also widely used as
primary sources for Q machines [14], moderate size [15, 16]
and very large [17, 18] linear magnetized plasma columns, tor-
oidal machines [19–23], smaller dedicated experiments [24],
or as a source for neutralizing and ionising electrons in space-
propulsion systems [25, 26]. In the context of plasma transport
control in tokamaks, biasing experiments using emissive cath-
odes demonstrated improved confinement and the emergence
of a transport barrier by current injection, more than 40 years
ago [27]. Edge biasing using emissive surfaces is still an active
line of research in the fusion community, leading to improved
confinement [28] or the control of runaway electrons [29]. The
behavior of thermionic emissive plasma-facing components
has several potential advantages [30]. A first potential applic-
ation is the operation of emissive divertor in the presence of
an inverse sheath (an electron-rich sheath), that favors plasma
detachment and low target plasma temperatures [31]. A second
advantage of thermionic emission lies in the cooling of com-
ponents in contact with the plasma, due to both radiation and
cooling by the emitted electrons, which carry away the poten-
tial barrier energy associated to the emission [32]. Cooling
from thermionic emission has also been proposed for the atmo-
spheric re-entry of spacecrafts, known in this context as elec-
tron transpiration cooling [33, 34].

There has been a recent surge of interest in the study of
plasma flow induced by the interaction of large current emit-
ted by hot cathodes with magnetic fields. For instance, the
Big Red Ball [35] and the Plasma Couette eXperiment [36]
at the University of Wisconsin implement the interaction of
large current injection from emissive cathodes with large-scale
or multipolar magnetic fields to study laboratory astrophysical
relevant phenomena such as the dynamo instability, the mag-
netorotational instability or the dynamic of the Parker spiral in
the solar wind [37]. Hot emissive cathodes immersed in a pre-
existing plasma also shed new light on transport and plasma
turbulence in magnetized plasma columns [38, 39], plasma
flow generation [40, 41], or the dynamic of interacting plasma
filaments [42, 43]. The control of electric fields perpendicu-
lar to the ambient magnetic field is also crucial for a number
of applications of E×B configurations [44], and among them,
high-throughput plasma mass separation [45, 46]. The control
of the plasma potential and of the plasma rotation using cur-
rent injection from emissive cathode have recently been the
subject of experimental investigations [47, 48] and of theoret-
ical modeling [49, 50], which require a precise description of
the cathode behavior in the presence of a plasma.

This brief review shows that there are still a number of
cutting-edge technological applications involving thermionic
cathode immersed in a pre-existing plasma. Most of the

understanding of their functioning relies on established phys-
ical properties (see for the instance the review [51] or the
recent review on oxides and borides emissive materials [52,
53]) and extensive thermophysical properties dataset [54].
Nevertheless, the operation of a hot cathode immersed in a pre-
existing plasma requires a careful modeling of the interaction
between a low-pressure plasma and a large emissive cathode.
In this article, we report an experimental study and a detailed
modeling of the operation of a hot tungsten cathode immersed
in a low-pressure magnetized plasma column. Spatially and
temporally resolved temperature measurements allow to pre-
cisely predict the cathode current, and a thermal budget is
developed. This article is organized as follows. In section 2
the experimental setup is briefly introduced andmeasurements
of the cathode temperature in presence of plasma are presen-
ted in section 3. The dynamics of an unsteady regime is then
characterized experimentally in section 4, using spatially and
temporally resolved measurements of the cathode temperat-
ure. An energy budget equation presented in section 5, taking
into account the plasma-cathode interactions, is in excellent
agreement with experimental characterization of the dynam-
ics of the unsteady regime. This model allows to explain the
observations and predict the regimes of operations of the cath-
ode in section 6.

2. Plasma source and cathode description

2.1. The von-Kármán plasma experiment

The von-Kármán Plasma (VKP) experiment consists of a mag-
netized plasma column sketched in figure 1(a) and described in
details in [55]. The plasma is created by a 13.56MHz inductive
antennamade of a three-turns helicoidal coil wrapped around a
11 cm wide borosilicate tube and fed through a L-type match-
ing network. Argon gas is injected through a puffed valve at
the top of the experiment at z= 16 cm, close to the source tube,
and is pumped down by a primary turbo-molecular pump loc-
ated at z= 49 cm. For the set of experiments presented in this
article, the plasma pressure is 1mTorr and the radio-frequency
forward power is 1kW. The plasma then expands in a 80 cm
long, 20 cm in diameter grounded stainless-steel cylinder, and
is confined by an axial magnetic field created by a set of three
Bitter coils, of amplitude B= 170G. The end disks of the
cylindrical vessel are insulating (borosilicate or boron-nitride
disks). Plasma columns generated in the VKP experiment have
typical radii of 5 cm, plasma densities in the 1018m−3 range
and electron temperature around 4 eV [40, 56]. Due to thermal
constraints, plasma shots of a few seconds are pulsed with a
typical repetition rate of 60 s. The level of shot to shot repro-
ducibility is estimated to be 0.6% for the ion saturation cur-
rent of a Langmuir probe, with a standard deviation of 0.2%
(estimated from a series of 40 shots).

2.2. Operation of an additional emissive cathode

A hot emissive cathode is inserted in the plasma column
from a lateral port, at z= 16 cm. It consists in a six-turns
spiral-shaped filament of pure polycristalline tungsten of
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Figure 1. (a) Sketch of the experimental setup. (b) Photograph of the tungsten emissive cathode. (c) Electrical circuit of the electrode.

radius rW = 253µm, and total length lW = 198mm [40] (see
figure 1(b))). The outer diameter of the spiral is 1.5 cm. The
curvilinear coordinate s is defined with s= 2mm at the cen-
ter of the spiral (note the mounting base of the filaments that
are not in the spiral plane). The cathode is operated using two
independent electrical DC power supplies (see figure 1(c)):

1. The tungsten filament is Joule heated by a given heating
current Ih, with no constraints on the voltage drop Vh;

2. Strong thermionic emission is achieved setting a negative
bias Vb, below the plasma potential.

The total cathode current Ib is limited to 15A (note that, for
the sake of simplicity, the convention is such that Ib > 0 when
electrons are emitted from the cathode).

Typical time series of the current Ib during plasma shots are
shown in figure 2. The cathode is continuously heated, whether
the radio-frequency plasma is ignited or not, and the cathode
bias is left floating initially. The plasma is ignited at t=−1 s
and the cathode is negatively biased at t= 0 s. A strong cath-
ode current Ib is then emitted starting at time t= 0 s, until the
plasma is turned off (t= 5 s for the shots shown in figure 2).
Note that the bias voltage Vb is referenced to ground and feds
the center of the spiral (see figure 2) and that the heating cur-
rent Ih is set constant whether the plasma is ignited or not
(here Ih = 17A). A naive interpretation of the above-described
protocol is the following: the cathode temperature is set by
the heating power supply, independently of the cathode bias.
Since, for a given cathode material, thermionic emission is
controlled by the cathode temperature, this should allow inde-
pendent control of the injected current and potential. However,
as observed in figure 2, the more negative the voltage bias,
the higher the injected current. As shown later, this current
increase is linked to an inhomogeneous increase of the cath-
ode temperature due to plasma–cathode interactions, as the
bias becomes increasingly negative. The goal of this article
is to provide precise estimates of the cathode current from
detailed measurements of the cathode temperature profile and
its modeling. Steady-state regimes are reached for low bias
voltages (Vb =−25V and −45V in figure 2) and divergent
regimes, with runaway evolution of Ib are observed at larger

Figure 2. Time evolution of the emitted current Ib for a given
heating current Ih and various values of the cathode bias Vb.

bias voltage (Vb =−75V in figure 2). Note that the current Ib
was hardware-limited to 15A to avoid any damage to the cath-
ode, but the model developed in section 5 shows that, when
Vb =−75V, the cathode experiences an unbounded temper-
ature growth leading to current divergence.

Let us now recall the features of electron emission for an
emissive cathode. The upper bound of thermionic emission
[51] is set by the Richardson’s law:

Iem = AgAT2W exp

(
− eW
kBTW

)
(1)

with Ag = 6× 105 A(K2 m2)−1 the Richardson constant for
tungsten, A= 314mm2 the surface of the tungsten filament,
e the elementary charge, W= 4.54eV the work function
of tungsten and kB the Boltzmann constant. We consider
here that the emitted current reaches the Richardson current,
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which is observed in the absence of space-charge limita-
tions [50, 57, 58], i.e. when the pre-existing plasma density
is high enough and the cathode potential Vb is well below the
plasma potentialΦp. The current Ib delivered by the bias power
supply, is the sum of the emitted current Iem, the ion saturation
current Iis and the electron current Ie collected by the cathode
at potential Vb:

Ib = Iem + Iis − Ie (2)

Iis =Ane
√
eTe
mi

(3)

Ie = Iis exp

(
Λ+

Vb −Φp

Te

)
(4)

with mi and me being respectively the ion and electron
masses and Λ = ln(

√
2mi/(πme)) a sheath parameter. The

plasma parameters (plasma density n and electron temperat-
ure Te) facing the cathode are assumed to be homogeneous.
The potential and kinetic contributions of ions to secondary-
electron emission should be low before Iis [59, 60] and are
therefore neglected.

The amplitude of the Richardson current depends on the
cathode temperature TW and the work functionW. We assume
W to be independent of TW, despite a lack of consensus in the
literature [61, 62] (the evolution of W is bounded by 15meV
between 2500K and 3000K). The electric field at the cathode
surface is estimated around 104Vm−1, leading to variations of
W bounded by a few meV because of the Schottky effect [51],
which can be ignored. Hence, we chose W = 4.54 eV, which
is the value commonly used in the literature [52], is within
the range recommended by themost recent and comprehensive
study on this issue [54].

3. Experimental measurements of the cathode
temperature

Since the amplitude of the emitted current is set by the value
of the temperature profile TW(s) of the cathode, precise tem-
perature estimates are essential. Two methods are investigated
and compared in this section.

3.1. Effective temperature estimate from global electrical
resistance measurement

Temperature estimates from measurement of filaments resist-
ance is a widely spread method, which relies on the temper-
ature evolution of the resistivity of the materials. The temper-
ature evolution of pure Tungsten resistivity ρW (corrected for
thermal expansion) is accurately known [63, 64], with a best
power-law fit in the range [1800K; 3200K]:

ρW = 5.31× 10−11T1.222W − 1.56× 10−9Ωm−1. (5)

A direct measurement of the cathode resistance R= Vh/Ih, in
the absence of emitted current, thus provides an estimate of an
effective cathode temperature TW as:

TW =

[(
π r2W
lW

R+ 1.56× 10−9

)
1011

5.31

]1/1.222
. (6)

This method is particularly suited for cases where the temper-
ature is uniform along the filament. In the case of current emis-
sion from the cathode, this estimate is only possible before the
shot or at the end of the shot, and is not suitable to provide
time-resolved measurements. Note that a contact resistance
Rcon between the filaments and the holder has to be considered;
in our case, an empirical contact resistance of 10 mΩ was
measured (typically 1% of R). Moreover, we will show that
in the case of strongly inhomogeneous temperature profiles,
the estimate of the current using TW is strongly inaccurate.

3.2. Optical method

Measurement of the filament temperature using an intensity
comparison pyrometer is a powerful alternative method. The
principle of operation relies on the comparison of the intensity
of infrared radiation at a given wavelength, between a gray-
body under test and a precisely calibrated reference filament.
We used a Keller ITS Mikro PV 11 pyrometer, based on the
measurement of the radiation at 650nm. The pyrometer is loc-
ated 2.30m away from the cathode and images the cathode
through a borosilicate window. Images of the pyrometer out-
put were shot using a Nikon D610 camera with a minimal
resolution of 1920 × 1080 pixels, at a framerate of 30 fps.
Typical snapshots of the cathode intensity at 650nm are shown
in figure 3, before plasma ignition (i.e. t<−1 s) and at the
end of a plasma shot. The bottom panels of figure 3 shows
the evolution of the light intensity, which depends upon the
local temperature TW, along the curvilinear coordinate of the
spiral. The cathode temperature profile is clearly inhomogen-
eous after being biased in the plasma.

The quantitative interpretation of the radiation intensity
relies on Stefan–Boltzmann law, corrected by a material-
dependent emissivity factor ϵ that depends on wavelength λ
and TW:

Pσ,λ = σAϵ(λ,TW)T
4
W, (7)

with σ = 5.7× 10−8W(m2K4)−1 the Stefan–Boltzmann con-
stant. The principle of the pyrometer exploits equation (7)
by matching the cathode light intensity at 650nm to
the one from a reference gray body of tunable emissiv-
ity ϵ(λ= 650nm,TW). Polycristalline tungsten emissivity
at 650nm decreases with temperature TW, from ϵW(λ=
650nm,TW = 2200K) = 0.44 to ϵW(λ= 650nm,TW =
2800K) = 0.425 [65, 66]. As the cathode is imaged through
a borosilicate window, whose transmittance τg was measured
to be 0.80± 0.04 at 650nm (see supplementary material A),
a global emissivity ϵ= ϵWτg has to be considered. We chose a
linear evolution of ϵ from 0.35 at 2000K to 0.325 at 3000K.
A conversion factor from pixel intensity to local temperature
of the tungsten filament is then computed using these physical
parameters in equation (7). In the absence of a plasma, these

4



Plasma Sources Sci. Technol. 32 (2023) 115019 F Pagaud et al

Figure 3. Hot cathode (Ih = 16.3A) observed through the
pyrometer at 650 nm (a) without plasma and (b) in presence of
plasma (Vb =−61V, Ib = 8A). The reference gray body is the
darker line in the right upper corner. (c) and (d) Corresponding light
intensity profiles.

values provide temperature in agreement with the electrical
measurement of TW within 30K.

4. Current emitted by a heterogeneously heated
filament

In this section, we provide a detailed experimental character-
ization of a divergent regime, whose temporal evolution of the
current Ib is shown in the top panel of figure 4. The temporal
evolution of the emitted current and voltage drop across the
tungsten filament are reconstructed from spatially and tem-
porally resolved measurements of the cathode temperature, in
excellent agreement with the electrical measurements.

4.1. Spatially and temporally resolved temperature
measurements

The spatial evolution of the tungsten filament temperature
TW along the curvilinear abscissa s is displayed in figure 5
at various time during the shot. As previously observed in
figure 3, a nearly homogeneous temperature profile at t= 0
quickly evolves to a strongly inhomogeneous profile, where
the center of the spiral (s∼ 0) is hotter than the outer part
of the spiral (s∼ 200mm). A video of the evolution of the
temperature profile is provided as a supplementary mater-
ial B. The balance between the various thermal processes
is detailed in section 5, but a rough sketch of the instabil-
ity mechanism can be given, ignoring stabilizing processes.
Thermionic electrons leave progressively the cathode from the
center to the outer edge, leading to a decrease of the cur-
rent flowing through the filament from the center to the outer
edge and inducing an excess of Joule heating in the cent-
ral part. The non-linear evolution of the Richardson current
with TW then enhances the inhomogeneous heating, possibly

Figure 4. (a) Time evolution of the emitted current during a
divergent regime (Ih = 16.2A, Vb =−62V): experimentally
measured current Ib (solid blue line), integrated thermionic emission
Iem from temperature measurements (solid red line), sum of Iem and
ion current saturation Iis (purple dotted line) and effective
thermionic emission Iem assuming a homogeneous temperature
profile (solid black line). (b) Time evolution of the potential drop
across the cathode: experimentally measured voltage Vh (solid blue
line), integrated voltage taking into account temperature
inhomogeneities (solid red line) and ion saturation current (purple
dotted line) according to (11) (red). Red shaded areas correspond to
errorbars for the solid red lines. See text for details.

leading to unstable divergent regimes, as in figure 4. For the
sake of illustration of the importance of spatially resolved
temperature measurements, the value of the effective tem-
perature TW inferred from electrical resistance, is shown for
t= 0 and t= tend = 7.4s. While an excellent agreement is

5



Plasma Sources Sci. Technol. 32 (2023) 115019 F Pagaud et al

Figure 5. Temperature profile of the cathode along its curvilinear
abscissa, from the center to the edge during the divergent regime
(Ih = 16.2A, Vb =−62V) shown in figure 4.

observed for the average temperature, the electric current run-
away can only be understood on the basis of temperature
inhomogeneity.

4.2. Estimate of thermionic emission from temperature
measurements

The total thermionic emission can be efficiently computed
when plugging the spatio-temporal evolution of the cathode
temperature TW into equation (1). Assuming no space-charge
limited effects, the total thermionic emission reads:

Iem (t) =
ˆ lW

0
iem (x, t) dx (8)

=

ˆ lW

0
AG2π rWTW (x, t)2 e

−
eW

kBTW (x, t) dx, (9)

where the notation ix denotes current by unit length. The time
trace of Iem(t) is shown in figure 4(a), solid red line. The
shaded red area represents the error-bar for Iem due to the
error on the estimate of TW(s, t) .3 A very good agreement
is observed between the integrated thermionic emission Iem(t)
and the cathode current Ib delivered by the bias power-supply,
though Iem(t) slightly overestimates Ib at the beginning of the
shot and slightly underestimates Ib during saturation.

The potential drop Vh across the cathode is also computed
from a similar integration, using the evolution of the resistivity
ρW(TW) with TW. The current Ic(s, t) flowing in the cathode at
position s is the sum of the constant heating current Ih and of

3 Since the calibration performed in the 2270K–2700K range was extrapol-
ated up to 3000K, an error∆T=±10K is applied for TW below 2700 K and
∆T=±25K above 2700K.

the thermionic current emitted between position s and the outer
end of the cathode and reads:

Ic (s, t) = Ih +
ˆ lW

s
ib (x, t) dx, (10)

with ib = iem. The incorporation of the 10 mΩ contact resist-
ance with the copper rods Rcon leads to:

Vh (t) =
ˆ lW

0
ρW (TW (x, t)) Ic (x, t)

dx
π r2W

+Rcon

(
Ih +

Ib (t)
2

)
. (11)

The time traces of the experimental measurements and of
the computation using spatially resolved cathode temperature
profiles are shown in figure 4(b). The inhomogeneous heating
of the cathode and the rise of Ib result in a 42% increase of
the cathode voltage drop Vh during the plasma shot, which is
extremely well captured by the computation using the spatially
and temporally resolved temperature measurement. Most of
the increase in potential drop is due to the increase in Ib, as
observed in the post-discharge regime where only the increase
in filament resistance persists. A refinement might be incor-
porated by taking into account the ion saturation current Iis
in the current flowing through the negatively biased cathode.
Note here that this is a small correction since, for the regimes
reported in this article, Iem/Iis lies in the range [5;16]. Due to
the large primary injection from the cathode, the plasma dens-
ity increases with thermionic emission. Following the exper-
imental observations, a linear evolution of the plasma dens-
ity (measured in the center of the plasma column) with the
emitted current is considered here n= 1018 + 3× 1017Iem (see
supplementary material C), and the Bohm velocity is assumed
constant. We assume no plasma electron current flowing to
the cathode since the cathode potential is at least 10Te lower
than Φp. The small correction on the emitted current is dis-
played in figure 4 (purple dotted line) for the cathode cur-
rent and the voltage drop (for which ib(x, t) = iem(x, t)+ iis in
equation (10)).

Finally, we stress the failure of using an effective tem-
perature TW from resistance measurement (which assumes an
homogeneous temperature profile) for the prediction of the
cathode current. While the experimental estimate of TW is
only possible at the beginning and at the end of the shot,
it is possible to infer an effective average temperature from
the spatio-temporal profiles, using the average electrical res-

istance value R=

ˆ lW

0
ρW (TW(x, t))

dx
π r2W

in equation (6). An

effective emitted current Iem is then computed using this value
of the effective temperature in equation (1). The results are
shown in figure 4(a), dotted black line. The experimental val-
ues using the experimentally measured values of TW are shown
as red-filled black symbols at t= 0 and t= tend. This method
clearly underestimates the emitted current especially at strong
emission, by up to 30%.
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5. Thermionic emission modeling

5.1. Cathode thermal budget and modeling

The previous section demonstrated that the knowledge of
the spatiotemporal variations of the cathode temperature TW
allows to precisely reconstruct the current Ib drawn at the cath-
ode. The goal of this section is to efficiently predict the tem-
perature profile of the cathode by solving a local enthalpy
budget equation leading to partial integro-differential equation
for the temperature TW(s, t). We provide below a model that
accurately predicts the spatio-temporal evolution of the cath-
ode temperature during the divergent regime shown in figure 4,
which thus applies both to stationary and unsteady regimes.
In the remaining of this section, the notation Ẋ(s, t) refers
to the time derivative per unit length ds of the scalar X, i.e.

Ẋ(s, t) =
∂X(s, t)
∂t ds

. Further technical details about the simula-

tion are provided in supplementary material D.
The enthalpy budget of the cathode is given by

Ḣ= Q̇Ω + Q̇c+ Q̇i + Q̇σ,in− Q̇σ,out− Q̇e, (12)

whereH is the enthalpy of the cathode, and Q̇X refer to powers
per unit length. Q̇Ω is the ohmic heating term, Q̇c the thermal
conduction term, Q̇i the heating term due to ion bombardment,
Q̇σ,in the radiative incoming term, Q̇σ,out the radiative outgoing
term and Q̇e the thermionic cooling term (or electron transpir-
ation cooling term). Each of these terms are now discussed in
details, and require the knowledge of the physical parameters
of tungsten with temperature. The evolution with temperature
were extracted from previous studies for the electrical resistiv-
ity ρW(TW) [63, 64], the specific heat Cp(TW) [64], the thermal
conductivity λW(TW) [64], and the total effective emissivity
ϵeff(TW) [67] and are recalled in supplementary material E.

5.1.1. Detailed budget. The evolution of the enthalpy is
given by

Ḣ(s, t) = Cp (TW)ρπ r
2
W
∂ TW (s, t)

∂ t
, (13)

where ρ is the volumic mass of tungsten.
The main heat source for the filament is ohmic heating,

which depends upon the local current Ic(s, t) flowing through
the cathode at location s, given by equation (10):

Q̇Ω (s, t) =
ρW (TW)

π r2W

(
Ih +
ˆ lW

s
ib (x, t) dx

)2

, (14)

with ib(x, t) = iem(x, t)+ iis. Since iem is set by the temperature
TW from Richardson’s law, the ohmic heating term leads to an
integral term in TW.

Since the cathode is under vacuum, one can neglect the con-
vection losses. Nonetheless heat diffuses along the filament via
thermal conduction as:

Q̇c (s, t) = λW (TW)π r
2
W
∂2 TW (s, t)

∂ s2
(15)

Figure 6. Cross-sectional (top) and upper (bottom) views of the
cathode. The solid angle δθ is shown in light blue and gives an
estimation of the parameter α.

Let us now discuss the radiative terms, and focus first on
losses. The cathode is considered as a gray-body of hemi-
spherical total emissivity ϵeff(TW), which is the total effective
emissivity of tungsten along the complete spectra of radiation,
and the emitted radiative power per unit length reads:

Q̇σ,out (s, t) =−σ2π rϵeff (TW)TW (s, t)4 . (16)

The incoming radiative flux is mainly due to self-heating by
the radiation from neighbouring part of the filament. The radi-
ative inward flux from the environment and the low-density
plasma are neglected (the vessel and the argon neutrals are
close to room temperature). The winding of the spiral leads
to an inward flux at a given location s (on turn N), emitted by
the cathode at location sN−1 on turns N− 1 and location sN+1

on turn N+ 1, as sketched in figure 6. A fraction α of the radi-
ative power per unit length Q̇σ,out(sN−1, t) emitted at location
sN−1 is intercepted by the filament at location sN. The value
of α is approximately given by the value of the solid angle
δθ seen by each filament, as α≃ δθ/2π ≃ 0.1. Assuming that
the absorbance of the filament at TW is ϵeff(TW), the radiative
inward term at position s reads:

Q̇σ,in (s, t) = αϵeff (TW)

×
(
Q̇σ,out (sN−1, t)+ Q̇σ,out (sN+1, t)

)
(17)

The exact value of the parameter α was computed from the
measurement of the cathode spiral in the absence of a plasma,
for heating currents ranging from 12 to 18.5A, resulting in a
value α= 0.15 close to the 0.1 estimate (see supplementary
material F for details).

The last heating source for the cathode is due to the plasma-
cathode interaction, namely ion bombardment, since interac-
tions with plasma electrons and neutrals will be ignored. No
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Figure 7. Comparison of experimental and numerical TW during a
divergent regime (Ih = 16.2A, Vb =−62V). Dashed lines are for
experimental profiles, solid lines are for numerical profiles. The
same colors correspond to identical timestamps. Insert represents
the current Ib over time obtained experimentally and numerically.

secondary-electron emission is taken into account as above-
mentioned [59, 60]. The energy of ions reaching the cathode
is the sum of the potential energy e(Ei −W) due to the ion–
electron recombination, with Ei the ionization energy in eV,
and the kinetic energy βe(Vc(s, t)−Φp(t)) [68] where β is
a numerical factor to account for dissipative phenomena dur-
ing the energy transfer to the lattice, which is expected to lie
between 0.5 and 1 [69], and Vc the local potential of the tung-
sten filament. The ion-bombardment term thus reads:

Q̇i =
iis
e
e [Ei −W+β (Vc (s, t)−Φp (t))] . (18)

The only adjustable parameter is β, chosen such that the total
current emitted by the cathode computed according to the
model matches the experiments (see figure 7).

Thermionic electrons extracts heat from thematerial as they
leave the cathode [34, 51]. Assuming a Maxwell energy distri-
bution at temperature TW for the emitted electrons, the cooling
term reads:

Q̇e =− iem
e

(eW+ 2kBTW) (19)

where iem is the thermionic current per unit length.

5.1.2. Boundary conditions. Boundary conditions are set to
prescribe heat fluxes at both ends. The cathode is clamped to
copper rods of thermal conductivity λCu, length lCu, radius
rCu which are kept at ambient temperature at the other end.
Thermal conduction within the large copper rods being the

only flux term, this imposes the spatial derivatives of temper-
ature TW at the boundaries:

∂ TW
∂ s

∣∣
s=0

=
λCur

2
Cu

λW(TW(0,t))r2W

TW(0,t)−Tamb
lCu

∂ TW
∂ s

∣∣
s=lW

=− λCur
2
Cu

λW(TW(lW,t))r2W

TW(lW,t)−Tamb
lCu

.
(20)

The poor thermal contact between tungsten and copper
leads to set λCu = 40W(mK)−1, one order of magnitude
below the common values for λCu [64]. The weak influence
of this parameter is discussed in supplementary material G.

5.2. Computation of the cathode current

The temporal evolution of the cathode temperature profile
TW(s, t) is computed from the numerical integration of the
integro-differential equation for TW (see supplementary mater-
ial D and J). The cathode current is the sum of the emitted
current computed using the spatio-temporal evolution of TW
in equation (9) and of the ion saturation current Iis. In this
study, W was set at 4.54eV to model the behavior of a tung-
sten cathode. However the exact value of this parameter may
be modified at will to study other material without constrain-
ing the model. The space-charged limited solution is imple-
mented according to the model from Ye and Takamura [57]
and bounds the thermionic current in case of strong emission
and weak bias.

5.3. Modeling the influence of the emitted current on plasma
parameters

As shown by the experimental results displayed in figure 2, the
dynamical evolution of the cathode current is very sensitive to
the details of the plasma–cathode interactions. Hence the pre-
diction of the cathode temperature profile (and thus of the cath-
ode current) depends upon the evolution of the plasma density
and plasma potential with the cathode current. It is important
to provide a precise picture of the evolution of plasma para-
meters with the cathode current.

Let us first focus on the plasma potential. Despite the recent
development of analytical models for the evolution of the
plasma potential in the presence of emitted current [49, 50],
the limitations of these models do not allow direct compar-
isonwith experimental observations at very large current emis-
sion [47]. We chose to model the evolution of Φp following a
power law evolution as:

Φp =Φp,0 + γI1/pb , (21)

where Φp,0 =−1V is the plasma potential at zero thermionic
emission and γ =−6.6 and p= 3 are empirical constants. This
evolution is computed from experimental measurement of the
plasma potential during a divergent regime using an emissive
probe in the center of the plasma column, for which the plasma
parameters are nearly invariant along the axial direction (see
supplementary material H).

The evolution of the plasma density with the cathode cur-
rent could also be modeled empirically, as was done in the
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previous section with a linear evolution as a function of the
cathode current (see supplementary material C). However, we
decided to compute the plasma density at each time step fol-
lowing a simplified power balance [70, 71]. Assuming that the
additional power injected by the cathode is lost from recom-
bination at the walls, the plasma density increase ∆n due to
thermionic electrons at the center of the plasma column reads
∆n= 3Pcath/πR2

√
eTe/mieET, with ET the total energy lost

per electron–ion pair. The plasma density increase is then used
to compute the ion saturation current, assuming that the elec-
tron temperature remains constant, both for the computation
of the ion bombardment term and of the ion saturation current
drawn at the cathode. The simplified power balance implemen-
ted here fairly well reproduces the global ion saturation flux
measured experimentally (see supplementary material C).

5.4. Simulation of the temporal dynamics of diverging
regimes

Finally, the models described above are numerically solved for
the conditions of the dynamics shown in figures 4 and 5. The
parameter β (the ratio of energy transfer considered for the ion
bombardment term) is the only free parameter of the model,
whose value is set to match the experimental temperature pro-
files. This results in the temporal evolution of the spatial pro-
files of the cathode temperature shown in figure 7, which very
accurately reproduces the experimental measurements, with
β= 1.01. The inset of figure 7 shows that the simulation of the
total cathode current is in excellent agreement with the exper-
imental value. Deeper insight on the influence of β is given in
supplementary material I. A video showing the temporal evol-
ution of the experimental and numerical profiles is provided in
supplementary material B. The model very accurately repro-
duces the experimental profiles during the first part of the shot.
Then, when the regime diverges rapidly, the numerical profiles
are slightly warmer than the experimental profiles on the first
turns of the spiral and slightly cooler on the outer turns. We
stress that the discrepancy between the profiles at the centre of
the cathode might originate in an underestimated experimental
temperature due to the pyrometer calibration, as mentioned in
section 4.2. The limitations of the model are further discussed
in section 5.5. The influence of the influence of the two para-
meters arbitrarily set to reproduce the experimental temper-
ature profiles, namely λCu and of β, are further discussed in
Supp Mat, and show that λCu has a rather weak influence on
the simulated profiles, while the value β significantly alters the
heating of the cathode due to plasma-cathode interactions and
is the most important player in the model.

5.5. Limits of the model

While the model reproduces the experimental data with high
fidelity, we now discuss some limitations.The first refine-
ment would concern including heating from electron bom-
bardment, which would be important when Φp − (Vb +Vh) is
lower than ∼3 Te. In addition, the cathode properties might

change during a divergent regime. Tungsten sputtering is not
taken into account, even though scanning electron microscopy
has shown that the cathode radius rW shrinks by around 2%
after a few hundred plasma shots. Tungsten evaporation would
add a new cooling term in the energy budget equation and
the decrease of rW would modify the energy budget equation.
Finally the work function W is set constant while a modi-
fication of 10meV would be sufficient to affect the onset of
diverging regimes. These limits could explain the slight dis-
crepancies between the experimental and simulation profiles
of figure 7. The discrepancy at the center could be attributed
to two reasons. The experimental temperature might be under-
estimated due to the pyrometer calibration, as mentioned in
section 4.2. The simulation profile could, on the other hand,
be overestimated since the cooling evaporation of tungsten,
which grows with thermionic emission [25], has been neg-
lected. At the outer end of the cathode, the lower values of
the cathode temperature in the simulation might be due to the
absence of electron bombardment in simulations. Indeed, the
outer part of the filament reaches higher potentials, leading to
more electron bombardment and thus heating.

Finally, note that the precise tuning of parameters could
slightly depend upon the base plasma parameters n0 and Te,0
and thus upon base pressure, magnetic field, RF power and
geometry of the plasma device.

6. Operation of a highly emissive cathode
immersed in plasma: insights from modeling

6.1. Prediction of the operating parameters and of stable
regime limits

The model described in the previous section allows to predict
whether a steady-state regime or a time-divergent regime is
reached for cathode operation. For given values of the back-
ground plasma parameters, a set of simulations were run for
heating current Ih ∈ [14.5A;17.5A] and bias voltage Vb ∈
[−100V;−45V]. The values of the cathode current Ib obtained
after 30 s simulations are reported in figure 8. Diverging
regimes, similar to the regimes previously described, are
definedwhen the cathode exceeds 25A, lie below the red curve
in figure 8, i.e. the black portion of the parameter map, at high
heating current and strong voltage bias. Stable regimes at mod-
erate to low emission are observed for low heating current or
weak voltage bias. The features highlighted in figure 2 are
thus correctly captured by the model. A high emission would
cause severe damage to the cathode due to tungsten sputter-
ing, and is therefore undesirable. Note that stable regimes at
strong emission are observed for moderate bias and strong
heating in the upper right part of the parameter space (Ib ∈
[15A;25A]) because of space-charge limited emission; this
should be interpreted with caution as Ie can no longer be
ignored since (Vb +Vh −Φp)/Te is below 3. The inset high-
lights the sensitivity to Q̇i and Q̇e and displays the frontiers
between stable and divergent regimes for four cases: Q̇i = 0
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Figure 8. (a) Ib as a function of experimental parameters Vb and Ih
after 30s of simulation. Simulations are bounded at 25A maximum.
The red line splits the diagram in two domains whether Ib = 25A is
reached or not. Inset: frontiers between the stable and divergent
regimes for different values of Q̇i and Q̇e. (b) Corresponding ratio
Iem,sim/Iem,sim after 5s of simulation.

(yellow up triangles), Q̇i/2 (orange down triangles), Q̇e = 0
(black squares) and Q̇e/2 (brown diamonds). One can see not-
ably the stabilizing effect of strong thermionic cooling and
most importantly the prominent role of ion bombardment in
the dependence on Vb of the runaway behavior. This latter
instability, called the ‘cathode-sheath instability’ by Benilov
[6], has already been reported in high-pressure arc discharges.
For these high-pressure arc discharge, where the plasma dens-
ity is of the order of 1023 m−3, the term Q̇i is greater than
Q̇σ,out and Q̇Ω by a few orders of magnitude [4], which is in
sharp contrast with the ordering of the various terms discussed
below in section 6.3, where Q̇σ,out ∼ Q̇Ω ∼ 10Q̇i.

The experimental data confirm the extreme sensitivity
with the control parameters, and the existence of divergent
regimes around (Ih =−16.2A, Vb =−62V), as well as the
non-existence of a divergent regime at Vb >−40V for any

value of Ih. Sharp transitions from stable to unstable regimes
at Vb <−80V and Ih ∼ 15.5A have also been observed.

6.2. Correction of current emission computed using the
effective cathode temperature from electrical measurements

As already mentioned, thermionic electron emission is clearly
underestimated when using the effective cathode temperat-
ure TW from electrical measurements (see figure 4). However,
the ease with which the effective cathode temperature can be
derived from the overall electrical resistivity makes it very
attractive. Using the complete thermal modeling of the cath-
ode presented in section 5, we are able to compute a correction
factor for the thermionic emission computed as Iem,sim/Iem,sim,
as shown in the bottom panel of figure 8. The correction factor
ranges between 1.2 and 1.5 for most of the operational para-
meters, but may reach values up to 2 for large emitted current.
The use of this correction factor is extremely important for the
estimate of the Richardson current to predict, for instance, how
current injection affects the potential profile [47, 49]

6.3. Contributions of heat transfer mechanisms

The simulation enables to compute the various heat sources
and sinks, and to assess the importance of each of them sep-
arately. Hence the heating mechanisms at play are displayed
in figure 9 at three different locations along the cathode over
time (conduction is subdominant, except near the extremities).
A video illustrating time evolution of the various terms is avail-
able in supplementary material B.

Heating mechanisms are represented by solid red lines,
cooling mechanisms by dashed blue lines. One can see that
Q̇Ω and Q̇σ,out are an order of magnitude greater than the other
terms and account for the main dynamics of TW. Q̇Ω increases
with electron emission as can be seen in equation (14), lead-
ing to a TW instability at the cathode center. This leading-
order effect is specific to the operation of a large cathode in
a low-pressure plasma and essential for the existence of an
instability, whereas it is negligible for high-pressure arc dis-
charges [4]. On the one hand, Q̇i and Q̇σ,in are rather homo-
geneous heating terms along the cathode length. The latter
presents almost no variations over time, illustrating its weak
effect on the runaway behavior. Q̇i causes a supplementary
heating at t= 0s that depends on Vb and n, which might be
enough to trigger the runaway behavior as the density of the
plasma increases with emission. The inset of figure 8 high-
lights the importance of ion bombardment on the influence of
Vb witnessed in figure 2. On the other hand, Q̇e being propor-
tional to T2W exp(−eW/kBTW), its heterogeneity is important
and it provides an essential stabilizing effect, especially at the
center of the cathode (around s= 20mm), where the cathode
temperature is the highest. This is particularly important at late
times.

On the other hand, the temperature inhomogeneity provides
an essential stabilizing effect through Q̇e, which is propor-
tional to T2W exp(−eW/kBTW). This is particularly observed
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Figure 9. Power per meter provided to the filament over time at s= 20mm, s= 100mm and s= 170mm. Red solid lines are the heating
terms, blue dashed lines are the cooling terms. Conduction is not represented here.

at the center of the cathode (around s= 20mm), where
the cathode temperature is the highest, especially at late
times.

The runaway behavior can thus be analyzed according to
the following unstable ingredients:

• Thermionic emission causes more current to flow through
the cathode, resulting in an enhanced heating at the cathode
center (biased at the lowest potential Vb), which causes a
higher thermionic emission and a heterogeneous temperat-
ure profile. This effect is more pronounced with a thinner
filament.

• The density of the plasma grows with thermionic emission,
resulting in a stronger ion bombardment and thus more heat-
ing. This is also true to a smaller extent with an increased
electron temperature, since ion bombardment is propor-
tional to ne

√
Te. This effect increases with a thicker fila-

ment as ion bombardment is proportional to the cathode
surface.

On the other hand, the stabilizing feedback are the following:

• Dissipative radiation is the main source of heat losses for the
cathode. As it grows with T4W, a rise in TW results in a much
stronger dissipation.

• Thermionic cooling may become an important cooling term
at high emission, since this stabilizing effect is proportional
to the thermionic current.

• The plasma potential decreases with thermionic emission,
resulting in weaker ion bombardment. Even though it is a
minor effect, it can modify slightly the frontier of the stabil-
ity regime.

• Space-charge limited regimes may also reduce emission
when (Vb−Φp)/Te is of order unity. For instance, this

prevents the divergence of the emitted current beyond
Vb =−40V as Ib saturates for any value of Ih.

7. Conclusion

In conclusion, the regime of operation, and in particular
the cathode current of a highly emissive cathode in a pre-
existing plasma is shown to be accurately predicted from
the knowledge of the temperature profile along the cathode.
Spatially and temporally resolved temperature profiles have
been obtained using an intensity comparison pyrometer, and
the computation of the emitted current using Richardson’s law
is in excellent agreement with the measurements. The exper-
imental results are also predicted as the solution of a detailed
thermal balance, resulting in an integro-differential equation
for the temperature field. It was found that, when immersed in
a high density argon plasma column, the cathode undergoes
strong temperature heterogeneities mainly due to the inhomo-
geneous ohmic heating from thermionic current. This causes
the emission current not only to be driven by the initial temper-
ature of the cathode, but also by the bias of the cathode and the
plasma properties. The thermal model shows that the regime
of operation is highly sensitive to the cathode heating from
ion bombardment. This model provides insight in the phys-
ics at stake for hot emissive metal filaments, as well as a pre-
dictive tool useful to implement safely such an experimental
configuration.

The deep understanding of this simple cathode design
opens the path to a wider use of cathodes as control tools
in pre-existing plasmas at a minor cost. However this article
found an operational regime that limits the thermionic current
in order to avoid damaging the tungsten filament. Though this
design is an interesting alternative to costly and complex oxide
cathodes at low emission, systematic studies at very large
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emission require the development of oxide cathodes, such as
LaB6 cathodes.
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