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Abstract

The anode sheath of vacuum arc plasma plays a key role in the generation of anode plasma, but
the effects of anode evaporation on the anode sheath remains unclear. In this paper, a theoretical
model of a collisional sheath for multi-component plasma coupled with anode evaporation is
developed, and the spatial evolution of the anode sheath at different anode surface temperatures
is investigated. The results indicate that the distribution of charged particles density and potential
in the anode sheath monotonically decreases in the absence or reduction of anode evaporation.
When the anode surface temperature exceeds 1900 K, a potential hump appears within the
sheath. This is due to enhanced anode evaporation increasing the metal vapor density, which
intensifies electron impact ionization and charge exchange collisions, resulting in a higher net
space charge density. Finally, the effects of various collision reactions and electron temperatures
on the potential hump are analyzed. These findings are meaningful for understanding the anode
plasma generation mechanism and regulating the anode plasma parameters.

Supplementary material for this article is available online
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1. Introduction

The anode vacuum arc ion sources [1, 2] can eliminate the
impact of microparticles in plasma, and are widely used in
advanced technologies such as ion accelerators and plasma
thrusters [3—6]. The anode sheath plays a crucial role in the
mass and heat transfer processes involved in generating anode
plasma [7—13]. Therefore, a detailed study of the anode sheath
characteristics is essential to understand the anode vacuum arc

* Authors to whom any correspondence should be addressed.

mechanism and to optimize the performance of the relevant
equipment.

In terms of theoretical studies, previous researchers
have calculated the potential distribution within the one-
dimensional sheath by combining the Boltzmann approxim-
ation for electron and ion flux continuity [14—16], or employ-
ing the collisionless Langmuir formula [17-19]. However, the
collisionless sheath model is unable to precisely portray the
anode sheath’s physical processes [20], and the Langmuir for-
mula is inadequate for supersonic vacuum arc plasma sheath
[21-23]. Shmelev et al [24, 25] modified the Langmuir for-
mula by including Coulomb collision, and derived an anode
sheath potential drop for supersonic plasma. However, lacking

© 2025 IOP Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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anode evaporation and ionization processes still limits the
evolution of the anode sheath during anode vacuum arc plasma
discharge.

Numerical simulations have also been used extensively to
study the anode sheath such as magnetohydrodynamic (MHD)
[26, 27], kinetic [28] and particle-in-cell (PIC) methods [29,
30]. Sun et al [31] employed an anode sheath coupled with
MHD arc column model to study the physical process in the
near-anode region. Wang et al [32] also established an MHD
method and considered the anodic evaporation process. But
the assumption of collisionless sheath in these studies can-
not capture the kinetic behavior of the anode sheath [31-34].
Benilov and Benilova [28] developed a kinetic model for the
cathode sheath considering electrode evaporation and ioniza-
tion processes, which demonstrated the existence of a double
space charge sheath with a potential hump near the cathode,
while overlooking kinetic energy losses from ionization within
the sheath. Tian et al [35] analyzed a collisionless anode sheath
using a PIC method. Based on this, Wang et al [36] employed
the same PIC method to consider the processes of anode evap-
oration, ionization, and others, revealing the characteristics of
the anode sheath, but the discharge state of the anode vacuum
arc cannot be fully represented by the effect of anode evapor-
ation flux on the anode sheath was not analyzed in detail in
these simulations.

Although previous studies have proved some explanations
on the physical processes within the anode sheath, the effects
of anode evaporation on distribution of anode sheath potential
remain unclear. Bacon and Watts [37] observed in experiments
that under conditions of strong evaporation, a potential hump
occurs near the anode. However, its causes and influencing
factors remain unexplained. Therefore, this paper proposes a
theoretical model that integrates multi-component and multi-
collision processes, to explore the impacts of anode evapor-
ation on the characteristics of the vacuum arc plasma anode
sheath.

The structure of the paper is as follows. Section 2 intro-
duces the theoretical model. Section 3 describes the effects of
different anode surface temperatures on the density of charged
particles, ion velocities, and electric potential. The forma-
tion mechanism of the anode sheath potential hump and the
influencing factors were also analyzed. Section 4 provides the
conclusion.

2. Theoretical model and basic equations

Figure 1(a) shows a schematic diagram of the potential dis-
tribution between cathode and anode. For a Cu surface, the
cathode is grounded, and the typical arc voltage is about 25 V
[20]. The background gas pressure of 10~* Pa in a vacuum
environment. Depending on the electric potential distribution,
the near-anode region can be divided into two parts: the plasma
region and the anode sheath region, which gives the simulation
model shown in figure 1(b). Compared to the potential distri-
bution of the whole vacuum arc discharge, the variation of the
potential in the near-anode region is smaller, about a few volts,

whereas this paper focuses on the potential distribution in the
near-anode region. Hence, the potential on the boundary of
plasma is fixed at 0 V, the anode potential ¢, is —4 V [25]. The
ion incidence velocities in the near-anode region are presented
in table 1. Furthermore, the position of the between the pre-
sheath/sheath boundary can be determined self-consistently
through the model. The ion incidence velocities in the near-
anode region are presented in table 1. Furthermore, the pos-
ition of the between the pre-sheath/sheath boundary can be
determined self-consistently through the model. Copper metal
is used for both cathode and anode. The cathode plasma,
contains ions in various charge states, such as Cu™, Cu?t,
Cu’t, which expands at supersonic speed (~10* m s=! )
toward the anode [33, 38, 39]. The multi-component cath-
ode plasma traverses the anode sheath to heat the anode to
vaporize material. Anode evaporation leads to various col-
lision reactions within the anode sheath, such as ionization
collisions between electrons and neutral (e-n collisions) and
charge exchange collisions between ions and neutral (i-n col-
lisions). The above collision reaction also exerts an influence
on the Coulomb collisions between electrons and ions (e—i
collisions) [36].

2.1. Evaporation model

It is assumed that the evaporation process at the anode surface
is the primary mechanism for generating metal vapor, to be
calculated as follows [28]:

_ P Cu
2kT,

n, (1)
here, T, is the anode surface temperature. The saturated vapor
pressure Pc, of the evaporation copper at temperature 7, can
be calculated as follows [33, 34]:

133.33 x 10~ 7650/Tut13.39 Ta—].257Ta > T,
PCu = _
133.33 x 10—17870/Tu+10463—146><10 iXT, % 7:0'236,Ta <Th

@)

T, = 1356 K is the melting point of copper anode. As
shown in figure 2, an increase in the anode surface temper-
ature results in an increase in the vapor density. The radi-
ation loses is much smaller compared with the heat flux dens-
ity. Therefore, the energy loss by radiation is neglected in the
paper [1].

In addition, the relationship between anode evaporation and
anode surface temperature needs to be discussed. Dhamale
et al [40] showed that during the anode evaporation process,
the evaporated species notably impact arc properties, such as
electrical conductivity, leading to a decrease in arc potential
and subsequently reduction in the anode surface temperat-
ures. However, Huang et al [41] showed that positive feed-
back between anode surface temperature and the anode evap-
oration process at copper anode surface temperature lower
than 2706 K. Hence, when the anode surface temperature
is relatively low, it is assumed in this paper that a stronger
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Figure 1. Schematic of (a) the potential distribution between cathode and anode and (b) the simulation model.
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Figure 2. Relationship between the anode surface temperature and
the copper vapor density.

anode evaporation process leads to a higher anode surface
temperature, resulting in a higher density of copper vapor, as
illustrated in figure 2.

2.2. Model of the near-anode region

Under steady-state conditions, the uniform ionization source
terms are accounted for throughout the domain [28, 42, 43],
and the governing equations for each type of ion as follows
equations (3) and (4).

The ion fluid continuity equation [44]:

%(nm) — Kine 3)

where n;,v;,K; are the density, velocity, and ionization fre-
quency of the ith ion, respectively. 7, is the electron density.
The ion momentum equation [42, 43]

dv; d
m;v; al = —Zieﬁ

1 dp; minv;v; nek
i b e Ml Y Y
1 (Ad}
dx n; dx n; n;

+ 'Yi%mevei(ve — V) 4
1

where m;, Z;,p; = n;kgT;,v; are the mass, charge state, pres-

sure and ion-neutral collision frequency of the ith ion spe-

cies, respectively. e = 1.6 x 107! C is the elementary charge,

kg = 1.38 x 10~2J K~! is the Boltzmann constant. The right-

hand side of equation (4) represents the electrostatic force

term, ion pressure gradient term, as well as the momentum
transfer due to i—n collisions, e-n collisions, e—i collisions,
respectively. Neutral particles are considered as background.

Electron collision ionization frequency K; = agn;_i,
ng is the neutral particle density (or expressed as metal
vapor density), «, is the ionization rate coefficient
[33, 34, 38, 45]:

Qg = CkB Te

8keTe < I,

K]‘e +2> exp(—Ig /kBTe) (5)

™M,

here, for singly charged copper ion ionization C=
2.6 x 1072'm?/eV~!, for other types of ions, C=2.6x
10~2! (%)mz/eV_l, Iy = 13.6 eV is the ionization potential
of a hydrogen atom. I is the ionization potential of species g,
which mean that electron need of 7.72 eV for the Cu — Cu™,
20.29 eV for Cut — Cu?", and 36.84 eV for Cu** — Cu®".
v is Braginskii coefficient [38], their values are 0.513 in the
case of Z; =1, 0.441 in the case of Z, =2, and 0.397 in the
case of Z3 = 3. v,; is the collision frequency of the electron
with the ith ion [38, 39].

Zn;(InA/ 10)
Vei =

= (6)
3.5 % 1010 (Te[eV]3/2)

InA is the Coulomb logarithm.
The distribution of plasma electron is Maxwellian with
density obeying the Boltzmann distribution.

He = N EXP (:;) . (7)
e

The system of equations is closed by Poisson’s equation.
3
d? e -
Ef = —g (ZZini — ne> . (8)
i=1

The quasi-neutrality condition imposed at the simulation
domain X = 0:

3
> Zingi = no. ©)
i=1
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The dimensionless variables are introduced into the above
equations to simplicity calculation [46-50]:

—ep Ne . ni X Vi
= — = — Nl = — X: —_—U; =
¢ kpT.' ©  npe’ noe’ Ape | cqt
Ve T;
Ue = —, T = — 10
ST (10)

here, A\p. = (¢0kg T, / eznoe)l/ 2 is the Debye length. The ions
velocity is dimensionless with reference to the Bohm velocity
¢s1 = (kgTe/my) of the Cu™ ion. Substituting the variables
(10) into (3), (4), and (7)—(9) yields a set of dimensionless dif-
ferential equations:

d
E(Niui) = KiNe (11
) Gl do o (Ne) Ne
(1 u%)ul dX _ZldX Klu] (N]) Klul (N])
_Xlugﬂlwlm (12)

N

) duz d¢ ) Ne Ne
== Jur—— = Zopii = — Koy —= | == | — Koup | ==
( M1 u%) us dx 211 dx 211 " (Nz) 2Up (Nz)

(Noeuge — Neus)

H
iz 2B

13)

3 dus do 73 [ Ne Ne
1— = — =7 — K | = — K =
( H2 u%) "3 dx K2 dx 3H2 us <N3) 33 <N3)

(Noeuojev— NeuS)H3ﬂ(l4)
3

— X 2u2” + Yoz

- X3M§ + Y32

[N
)
<

=ZINi + N, + Z3N3 —exp(— ¢)  (15)

3

here, pu; =my/my, pp =my/mz. \; =cqa/k; is the mean
free path of electron impact ionization. K; = Ape/ Ai. Xi =
naosiXpe (i =1,2,3 corresponding Cut, Cu®*, Cu?t) is a
dimensionless parameter for the frequency of i—n collisions.
upe = voe/ cs1, Noe =noe/noe, 8 =m,/my, Hi = Ape/ e
Aei = 51/ vei is the mean free path of e-i collisions. Further
details on the physical models that consider other collisions
can be found in the supplementary material.

The boundary conditions are set as: N;(X =0) = Ny,
wi(X=0) = g, do/dX(X=0) =0, $(X=0)=0, ¢(X=
X,) = ¢a = —ew,/ kr.. Tons in different charge states within
a plasma exhibit identical density and temperature, and the
electron density obtained through the quasi-neutrality relation-
ship. Assuming ions in different charge states possess identical
incident velocities [38], with the ion initial velocities of Cu™,
Cu?*t, and Cu’* setare 1.6 x 10*m s~' . In previous studies,
the electron velocity was found to be larger than the ion velo-
city by about an order of magnitude, with the electron velo-
city set at 10°m s~!, and the electron temperature at 3 eV
[45]. The specific values used for the simulation are given in
table 1.

Table 1. Physical parameters at the plasma boundary of the
theoretical model.

Species Cu™ cu?t Ccut €

T (eV) 1.0 1.0 1.0 3.0

vi ms™H  16x10*  1.6x10* 1.6x10* 1.0x 10
ni (m™>) 102 102 10%° 6 x 10%°

3. Result and discussion

3.1. Effects of anode surface temperature on the density,
velocity of particle and electric potential

Figure 3 shows the variation of charged particle density, and
ions velocity in the near-anode region. It is noteworthy that
the statistics of ions encompass both the incident ions and
the newly generated ions resulting from ionization. At anode
surface temperature of 1200 K, the density of ions and elec-
tron decreases with spatial position since the ions are accel-
erated in the anode sheath mainly by e—i collisions and elec-
tric field force. As the anode surface temperature increases
to 2047 K, the charged particles density increases and then
decreases with spatial position, while the ions velocity exhib-
its an opposite trend. This phenomenon is attributed to the
increased anode surface temperature, which raises the metal
vapor density and intensify the frequency of e-n and i—n col-
lisions. Consequently, the ions were slowed down and the
charged particles density increased. When the electric field
force exceeds the e-n and i—n collisions, the ion accelerates,
leading to decrease in ions density.

The electric potential distribution (¢ ) under different anode
surface temperature are given in figure 4. When the anode
surface temperature is below 1900 K, the sheath potential
gradually decreases with spatial position [35, 36]. When the
anode surface temperature reaches over 1900 K, a potential
hump occurs. In prior research, Schuocker [51], Leffort [52]
and Londer [53] had also indicated the presence of a poten-
tial hump near the anode. Specifically, Ecker [54] suggested
that the potential hump is approximately 1 V, which is much
lower than measured experimentally [37]. In this study as the
anode surface temperature reaching to 2000 K, the potential
hump equals 1 V, and the higher anode surface temperature
the higher potential hump.

3.2. Factors influencing the potential hump

Schematic diagrams of electron density, ion density and ion
velocity under strong anode evaporation are shown in figure 5.
Previously, Ecker [54] attributed the potential hump near the
anode to collision energy loss. As shown in figure 3, when the
anode surface temperature reaches 2047 K, the density of Cu™
ions increase significantly, while the other ion’s density are
relatively small. According to ion momentum equation (4), the
loss of Cu™ ion kinetic energy at different position is counted.

dE; __, do  Kidm
de — dc T w dr

+ Reoll (16)
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Figure 3. Spatial distribution of (a) charged particle density and (b) ion velocities in the near-anode region at different anode surface

temperature.
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Figure 4. Variation of the electric potential (¢ ) with spatial position
in the near-anode region at different anode surface temperature.

where R o, denotes the sum of momentum transfer for i-—n
collisions, e—n collisions and e—i collisions.
Integrating both sides of equation (16) by multiplying dx
gives the following equation:
AE,‘ = —ZieAQO — kT,-In (I’l,/l’l,O) =+ AEcoll (17)
where, AE.q is the Cu™ ion kinetic energy loss term due to
collisions.

Xn,max
—_

vimin

. B s

X0 X

=
2

Figure 5. Schematic diagrams of ion velocity, charged particle
density and electric potential in the near-anode region.

In table 2, form xo to X, max, the electric field force term,
collision terms, and pressure gradient term perform negative
work, decelerating ions while increasing their density. From
Xn.Max to X,min, the electric field force performs positive
work, while the collision term and pressure gradient term
perform negative work, leading to a continuous decrease in ion
velocity due to the weaker electric field force, and an increase
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Table 2. Cu™ ion kinetic energy loss at different positions (X, Xnemax , Xvimin, Xnimax, Xa are the positions of the X = 0, the density peaks of
electron and ions, position of the ion velocity minimum, and anode, respective.).

Type Position AE; —ZieAp —kT;In(n;/ n;0) AEcon
Three collisions X0 —> Xnemax —76.075 eV —2.313eV —1.969 eV —71.793 eV
X0 — Xnimax —76.596 eV —1.679 eV —2.035eV —72.882 eV
Xnemax — Xyimin —0.659 eV 0.217 eV —0.074 eV —0.802 eV
Xyimin — Xnimax 0.020 eV 0.204 eV —0.007 eV —0.177 eV
Xnemax — Xa 4.251 eV 6.030 eV 0.128 eV —1.907 eV
2.0
(b) _
o li
E L.5 three collisions
S ¢-n,i-n collisions
E ¢-n collisions
X 1.0k i-n collisions
\)? s ¢ collisions
— -collisionless
__2 0.5 | [ ¢-i,i-n collisions
o ) e-i,e-n collisions
-4 i 1 H 1 0.0 1,1 i
0 10 20 30 20 22 24 26 28 30
X[;"Dem] X[;“Dem]

Figure 6. Variation of (a) the electric potential (¢ ) and (b) the net space charge density versus the spatial position for different collision
reactions in the near-anode region. Condition: 7, = 2047 K, 7. =3 eV.

in ion density. Thus, xn. max represents the position where
the electric field is zero, corresponding to the potential hump,
where the electron density reaches its maximum. At x,;pnin, the
three forces reach equilibrium, where the ion velocity reaches
its minimum. Form x,; min t0 X,;max, the electric field force is
greater than the other terms and the ion velocity increases, the
ion density continues to increase due to the ionization pro-
cess. From x,,;max t0 X,, the electric field force exceeds other
terms, accelerating ions, the pressure gradient performs posit-
ive work, resulting in a decrease in ion density. The peak pos-
ition of the ion density was found to be where the loss of ion
kinetic energy due to collisions is greatest, rather than the peak
position of electron density. Therefore, the potential hump
cannot be precisely described using collision energy loss, and
net space charge density may provide a better explanation.

3.2.1. Different collision reactions. The effects of differ-
ent collision reactions on the electric potential distribution
and net space charge density (p/e = [Z?leini — nel/noe)
are compared in figure 6. The anode surface temper-
ature reaches 2047 K, the magnitude of the net space
charge density between the various collision reactions is as
fOllowS: p(en,in) > Pothree) > Plen) > Plenei) > Plin) > Plin.ei) >
P(collisionless) > P(ei)> the mean free paths for various collisions
are as follows: e—i (~1.1 x 1078 m), e-n (~1.2 x 107> m),
i-n (~7.1 x 107° m), and the Debye length (~5.3 x 10~’
m). The e—i collisions result in the transfer of kinetic energy
from electron to ions, increasing the ions velocity. According

Downloaded for personal academic use. All rights reserved. https://papernode.onli

to the continuity equation, the ions density will decrease, and
thus lower the net space charge density. Therefore, Coulomb
collisions in the anode sheath cannot be neglected, which
is consistent with Shmelev et al [24, 25]. In conditions of
strong evaporation, the increase in vapor density leads to a
decrease in the mean free path of i—n collisions, resulting in
a stronger collision frequency. As ions transfer part of their
energy to atoms and decelerate, causing an increase in ion
density and the net space charge density. Meanwhile, the
increased vapor density reduces the mean free path of e-n
collisions and enhances the e-n collisions frequency, produ-
cing electron and ions, increasing the net space charge dens-
ity. Therefore, charge exchange collisions and electron impact
ionization are crucial factors contributing to the increase in
net space charge density. According to Poisson’s equation,
increasing the net space charge density in the anode sheath
raises the height of the potential hump. In the case of strong
anode evaporation, the use of a collisionless sheath can-
not precisely describe the anode sheath. A comprehensive
consideration of the above three collision reactions offers
deeper insights into the physical properties of the anode
sheath.

3.2.2. Different electron temperature. ~ Figure 7 shows the
effects of different electron temperatures on the electric
potential and net space charge density of the near-anode
region. As shown in figure 7(a), the electron temperature is
4 eV and the potential hump reaches 5.92 V. According to

ne/
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Figure 7. Variation of (a) the electric potential () and (b) the net space charge density versus the spatial position for electron temperature
in the near-anode region. Condition: 7, = 2047 K, three collision reactions.

equation (5), the increase in electron temperature enlarges the
e-n collisions rate coefficient, which raises the electron and
ions density due to ionization collision, the net space charge
density increases, leading to a shift in anode sheath potential
hump. Thus, the height of the potential hump rises with the
increase in electron temperature.

4. Conclusions

In this paper, a theoretical model is developed to investigate the
effects of anode evaporation on anode sheath characteristics.

(1) Inavacuum discharge, an anode sheath is formed between
the arc column and the anode surface. At anode surface
temperatures in excess of 1900 K, the e—n and i—n colli-
sions are gradually enhanced, the net space charge density
in the anode sheath increases, resulting in a potential hump
occurs in the anode sheath.

(2) Combined consideration of e-n and i—n collision reac-
tions causes the net charge density in the anode sheath to
increase, resulting in an increase in the height of the poten-
tial hump. An increase in electron temperature causes an
increase in the ionization rate coefficient, leading to an
increase in the potential hump. Exploring these factors
will be essential for gaining a comprehensive understand-
ing of how anode evaporation influences anode sheath
characteristics and the subsequent formation of potential
humps.
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