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Numerical analysis of the cathodic material influence on the arc plasma jet
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The cathodic arc discharge is a deposition technique widely used to synthesize hard coatings and thin films. The structure of the plasme
generated by the electrical discharge and its interaction with neutral particles was studied using numerical simulations. Typical plasma
parameters were characterized considering their spatial and temporal dependence, as well as several cathode materials that are commoi
used in these systems. For the evolution of the ion density, it was observed the formation of Knudsen layer, and also a dependence of pressu
gradients in the global behavior. With respect to the kinetic energy, it was found a deceleration of ions, which is represented by a shock front
produced in the plasmaneutrals interaction. On the other hand, the energy releasing was generated due to the heat transference betweer
electrons and ions. The plasma potential follows a behavior, which is similar to that of the ion density, and it is caused by the dynamics of

charged particles which is directly affected by the concentration of neutrals and ions. In general, the physical quantities are directly affected
by electrical and thermal conductivity of the cathode material. Our results can be applied to understand the plasma phenomena produced il
a cathodic arc discharge.
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1. Introduction the plasma structure in the surroundings of a cathodic arc dis-
charge.
Industrial and technological development has increased the
materials technology demand, focused on increasing the per- The first studies of the gagplasma interaction were car-
formance of industrial pieces by improving the behavior ofried out by Boxman and Goldsmith [6] using numerical sim-
its surface. The cathodic arc deposition is a process succesdations. They studied, in the case of an arc in a low-pressure
fully used for this purpose, due to its wide area of applica-background gas, the balance between the pressure of a sur-
tions in hard and decorative coatings [1,2]. The dischargeounding gas and the momentum flux density formed by
process uses a power supply to generate an electric arc beathode-spot plasma jet. Their theoretical model rel&tes
tween two electrodes of high current and low voltage, whichand I, following the relation??p/I = constant scaling law.
is directed toward a cathodic target. This target is usually th®espite the fact that their model reproduced favorably ex-
desired material to be deposited, as a coating, onto a surfageerimental data, there were several unexplored mechanisms
As a result of the energy stream produced in the dischargdaehind these processes. The pioneering authors in this work
a small a numerous discrete sites of high current density iare Kelly, Minotti, and Marquez. They have developed both
the range betweeh0'' and 10> A/m? are formed on the experiments and simulations of these phenomena. For in-
target surface. This sites are called cathodic spots [3]. Iistance, in numerical simulation, Kelgt al. [7] started from
these spots, the electrical heating causes a thermal evapogastationary two-fluid model describing the region surround-
tion of the material. In a properly deposition system, thising the electrodes of a multi-cathode-spot vacuum arc. An
vapor can be condensed onto the substrate forming a haihportant feature of the model was a prediction of a volt-
coating. In the discharge dynamics, a large fraction of the iorage profile outside the electrodes, causing an acceleration of
flux is directed toward the anode; however, another percenthe ions arisen from the discharge region. Nevertheless, that
age of this flux goes far from the interelectrode region towardnodel did not include the interaction between plasma and
an empty zone between the electrodes and the chamber walleutral gas; thus, a more realistic model was developed by
As a consequence, the increasing concentration of ions in thiselly et al. [8]. They presented a stationary fluid model to
zone could generate an electrostatic potential, which can dragescribe the interaction between metallic plasma ions with
electrons from the discharge region in order to neutralize itneutral particles. Their results confirm the expansion mech-
therefore, a plasma is produced. As for the plasma genegnism in which the particles are heated during the transient
ated in that region, few theoretical and experimental studiestate of the metallic plasma proposed by Meuwieal. [9].
have been developed, since the scientific community is foFurthermore, the model predictions about the behavior of
cused on understanding the chemical and physical processpsma density, ion flux attenuation and electron temperature
taking place in the bulk region between the electrodes (diswere confirmed using electrostatic probe measurements by
charge region) [4,5]. Nonetheless, some authors have studi€grondonaet al. [10] and Bileket al. [11]. However, some
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corrections of that model were developed by Keltwyl. [12],  explains the fact that the adhesion decreases as the deposi-
for instance, the inclusion of metallidon recombination. A tion pressure increases. Other example is showed byeZhu
principal conclusion of that study was the description of theal. [21], they found a preferred orientations of MgO (Magne-
ion slowing down by elastic scattering with neutral particles.sium oxide) films as a function of pressure. They concluded

Some experimental measurements of plasma-gas interathat the increase of the backgroung @xygen) gas pressure
tion in the outer region of a low-pressure cathodic arc wergesults in a decrease in the kinetic energy of the depositing
presented by several authors [13-17] confirming the mosmetallic species. Therefore, the crystalline quality of the film
relevant results from theoretical models described abovealecreases with further increasing gas pressure. Another inter-
Minotti et al. [18] presented a more realistic model. They esting contribution of these studies is the determination of a
developed a twedimensional model in a cylindrical geom- base structure to study the atomic processes happening in the
etry, taking into account elastic collisions, chargexchange discharge, which is a necessary step for the interpretation of
reactions, and the generation and recombination of gaseogpectroscopic measurements in the cathodic arc deposition.
ions by electron impact. Experimental comparison has not An outline of the paper is presented as follows: Sec. 2
yet been made to this model; however, the profiles obtainedhows the formulation of the model; Sec. 3 describes the nu-
along the radius are in concordance with those determined byerical simulation; finally, in Sec. 4, we summarize our con-
the models described above. clusions of the results.

Despite the fact that theoretical models are approximately
in good agreement with experimental data, there are SOom8  Model Description
guestions about the influence of non-stationary transition,
and time dependence of the ions velocity distribution that argye present a set of equations that represent the spatio-
still not solved. Gidalevicret al. [19] proposed a hydro- temporal evolution of the plasmarc plasma jet interaction
dynamic model for the plasma jet interaction with a neUtra'during an arc discharge_ The model has been based on a pre-
background gas. They analyzed the isothermal gas motiofious model developed by Kelkgt al. [12], which describes
and gas motion with energy transfer from the ions to the neua steady state interaction between metallic plasma and neu-
trals during the initial non-stationary stage of a vacuum arqral gas. Nevertheless, we included the temporal dependence
plasma jet interaction with neutral gas. They found that thesf the ion density(n,), electron temperatur€l}.), and ion
plasma front expands with decreasing velocity and also, thgelocity (v;). This modification, allows us to obtain the time
neutral gas is accelerated by the plasma jet up to supersonigd spatial dependence of some plasma parameters as kinetic
velocity. Several models using two-fluid model and hydrody-energy(E;), electrostatic potentigk), the electron temper-
namic description have been developed, however, a completgure(7.,), and ion density.
study of the phenomena was not clearly obtained. Thereby, The modelis applied to systems where multiple spots that
in this work, we revisit the issue about interaction betweenenhance the cathode erosion are produced. In most cases,
plasmas and neutral background gases in a cathodic arc digrcs at low current produce a single cathode spot and, as the
charge. We employed a spherically symmetric fluid steadyeyrrent is increased, another cathode spots appear in a pro-

model developed by Kellgt al.,[12] to describe the plasma- portional way, producing a plasma jet of high velocity that
gas structure generated in a low-pressure arc. In spite of the

model considerations employed by Keéy al., we included

the temporal dependence of the ion density in the ion con-
tinuity equation, electron temperature in the electron energy
balance equation, and ion velocity in the conservation of ion
momentum, which allowed us to obtain a temporal depen-
dence of ion density, kinetic ion energy, electron tempera-
ture and electric potential. Also, the spatial, and temporal
dependence of the plasma behavior was characterized using |, ~

. - . . . (

numerical simulations for different cathode materials that are
commonly used in a cathodic arc deposition. The study of the

. . Chamb
structure and state of the plasma around the cathodic arc dis- ‘jvr;]“er
charge represents a relevant step to understand the complete Cathodic spots
phenomena of mechanisms involved in materials deposition.

The generation of an electrostatic potential produced by the Plasma
plasma, and the interaction between metallic plasma and neu-
tral gas, such as elastic collisions and charge-exchange reac-
tion, have a strong influence on the ion energy, and ion fluxsyre 1. Sketch of the discharge chamber constituted by two
distribution. For instance, Changit al. [20] found that the  glectrodes (cathode and anode). The plasma surrounding the dis-
energy of Zr (Zirconium) ions arriving at the substrate de-charge channel is produced as a result of ion expansion from ca-
creases significantly with the deposition pressure. This effedhodic spots.
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On the other hand, the model contains the momentum
conservation for ions, and it is described as:
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whereg is the electrostatic potential; andm,, are the ions

and neutral masses, respectivelys the electron charg€d,,

is the temperature of neutral particles, ~ 10~ m? cor-
responds to the collision cross section for ions [23] &hd

is the collisional moment. Left hand terms correspond to in-
rtial forces in the plasma species, which are balanced by the
sum of forces (right terms) acting on the fluid motion. The
expansion of plasma is governed by pressure gradi@nis
contained in the first right terms, and because the energy of

fills the whole interelectrode space [9]. This plasma followsParticles is small compared with kinetic energy, it is possible

the quasi-neutrality principle due to the small values of De-l0 @Pproximate the plasma as a perfect gas. In this way, the

bye Length\p ~ 2 x 10~¢ cm. pressure can be written ps= nkpT,.. Those pressure gradi-

A geometrical scheme of the region, where the plasma iEnts are associated with changes in charge particle densities

generated, is shown in Fig. 1 and it is represented by aspheﬁf‘fh'Ch generate electrostatic potential gradients, represented

cal discharge chamber containing two electrodes facing eadh the_second right hand tgrms. The third pght term of th|s
other, whose walls and cathode are grounded. The Spheﬁz_quat!on represents the frlctlona_l forces_, arising from the in-
cal symmetry consideration can be a suitable approximatioﬁeracnon between electrons and ions. Finally, the fourth term
since the plasma flux and energy dissipation are expandin' associated to the cross section of elastic collisions between

spherically, which is in agreement with our own experimen-gnSMand neutrfalllpar_tlclef]. del and phvsical beh
tal results, as it is shown in Fig. 2. This experiment was per- oreover, following the same model and physical benav-

formed using a titanium cathode with combination of Argon '°Y for the momentum conservation for electrons, it is ob-

(Ar) and Nitrogen (N) gases, and it was used as discharg@'ned:

FIGURE 2. Experimental result of the spherical plasma flux from
a cathodic arc discharge. The experiment was performed using
titanium cathode with combination of Argon and Nitrogen gases,
and using a current @0 A, voltage of270 V, and a pressure of
1.7 mbar.

parameters a direct current @ A, voltage of270 V, and a 0= 10 T oo} R
pressure ofl.7 mbar. This result was corroborated by other " n.or (neTe) — Cor e
authors using a cylindrical anode with cathode placed at the 1/2
. Te
center of symmetry [22]. Besides, the angular dependence + moveN,, < > Oon ©)
(0, ¢) is neglected for simplicity of the model. Moreover, the o Me "

other variables of Fig. 1 correspond to the radius of the arc

discharge(a), the chamber wall radiug-,,), and anode at wheren, is the electron density], is the ele_Cthon2 temper-
voltage(V,) ature,m. is the electron mass, and,, =~ 10~“m* corre-
%),

h llisi ion for el 23]. Th
The model developed by Kellgt al. [12] is based on sponds to the collision cross section for electrons [23] e

two fluid th d iders the densit " left term of this equation is zero because is negligible
wo fiuid theory and considers the density, momentum Cor."compared tan; andm,,. This is consistent because these
servation and energy equations for a given plasma speci

. : o . ?ansport processes occur in a collision-dominated limit. Fi-
The p_hy3|cs b(_ahmd th_e m_odel is briefly described. The Eq. ally, R;. is constituted by combined ion-electron friction ef-
describes the ion continuity and has the form:

fects. Kellyet al. [12] used in their model an expression
on; 10 1 given by:

2 _
5 T 2oy (r*nyv;) = _;UlosﬁiUiNn7 1)

oT.

)
wherew; is the ion velocity,z,. is an average chargéy,, is or
a polynomial function obtained from Ref. [12], which rep- whereg is the Braginskii's thermoelectric coefficient.
resents the spatial evolution of neutral particle density, and Moreover, we consider the plasma in a quastutrality
oloss = 2 x 10717 cm~2 is the cross section of the recombi- state. Nevertheless, the cathodic emission produces several
nation produced by neutralon losses. The left terms of this ion species, giving as a result, differences in kinetic energy
equation represent the advection effects of ion dergity  and ionization degree. Then, for simplicity, we consider an
and the right hand side corresponds to sink term. unigue ionic specie with an average energy and charge. Also,

1
2,2
Rie = —2Rei = — =€ 2 niv; +

“4)
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TABLE |. Constants used for different materials and initial conditions for a radius ar®.5 cm .

Cathode material m; (g o (= ke (Wm™IK ™! z- (adim)  T.(a)(eV) v (a) (D ¢ (a) (V
cm S
Cu 1.05 x 1072 1.16 x 10~ 401 2.06 3.5 1.32 x 10° 23.4
Ti 7.95 x 10723 8.84 x 10742 22 2.03 3.2 1.54 x 10° 21.3
zr 1.51 x 10722 1.67 x 10~4 23 2.58 3.7 1.54 x 108 23.4
12
g X1012 | | | 8)(10 :
3.9x10"%s
f = 4 [
7 ;’1 —&— 4.6x10"6s L
= 6} i 3 ~—+—54x10"%s| . 67
© / l —#— 7.8x1075s
| 5] £ X & 5
o 4
T 4 4 E 4
Y. -
2, gl & 3}
=
2F 2r
1t 1r
0 0 :
0 1 0 6
r (cm) r (cm)
(a) Cu (b)

FIGURE 3. (a) Temporal evolution of ion density for Cu and (b) comparison of the profiles obtained for the selected materials at time
t=39x10"%s.

the quasineutral condition in Eq. 5 determines the electromlations are Cu, Ti and Zr, considering that these materials
density(n.) as: have been widely used for this type of processes. The ini-
Ne = 2pNy, (5) tial values and constants used for the materials are presented
Finally, we included the energy transport equation, tak-in.TabIe. l. These values were DUb"She.d by.Ar.Iders [25], and
ing into account flows and temperature equilibrium betweenG'qaleV'ch [23] for an arc discharge with S|m|!ar character-
species, and it is defined as: Istics of this model. Also, we have used experimental values

obtained by Grondonat al. [10] using a discharge current

30 1O 5\ 1454545, I = 100 A, and discharge radius = 0.5 cm, providing an
sor el + 55, (ac) = o ¢ At ion current/, = 10 A [26]. The model proposed by Kellgt
(T, — Tp) mive al. [8] using the same set of parameters for the numerical so-
5 4 lution of this model, showed that the ion current losses were
3 T. ivi — v
— Snen St (6) almost total, giving as a result (a) = v; (a).

An explicit finite differences numerical method was im-
whereg. = —k.VT, = —k.(dT./dr) is the Fourier electron  plemented to solve the set of equations presented in the
heat flux ands. is the electron thermal conductivity. Also, model [27]. According to the initial velocities presented in
Veq = (3/2) denttnen N, DeiNgun is the electron thermal  Taple |, and radial step selectéd = 0.1 cm), a time step
velocity, is the energy equipartition frequency between elecy — 7.81 x 10-% s was obtained. The first objective of the
trons and neutrals, anid,, ~ 10~° [24] is a parameter that sjmulations is to find the presence of a steady state in the
represents the electron-neutral energy transference producgg|ytion. In Fig. 3a, the profile of the ion density is pre-

in a collision. sented as a function of radius for different times for the case
of Cu. The initial density at = 0.5 cm was obtained using
3. Results and Analysis values presented in Table |, and equation for current density,

j = en;v;z.. It can be seen, from the profile in Fig. 3a that,
The results of the model are presented for a cathodic sydert = 7.8 x 10~° s, a convergence is achieved in the sim-
tem operating in Ar gas environment at a discharge presulation since the solution does not differ because, it is seen
sure of1.7 mbar. The selected cathode materials for sim-from Fig. 3a that both curves are not exactly the same; it
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means curves fof = 5.4 x 1079 sandt = 7.8 x 10~ ° s

are quite similar, indicating the presence of a steady state.

In the first interval(0.5 < r < 0.7 cm), our results can be
compared with profiles of the same quantities from a steady
model used in Ref. [7] and Ref. [28] obtaining a similar
behavior.

In Fig. 3b, four intervals to study the behavior of ion den-
sity are included as follows:

e Interval 1(0.5 < r < 0.7 cm): It is observed, a de-
crease inn; and a minimum at approximately =
0.7 cm. This behavior is an indication of a spatial
charge which is not in kinetic equilibrium (Knudsen
layer) [29], since in this interval, the density is com-
posed by two flows.The first flow is composed by par-

295

processes and the release of the electron energy. Ini-
tially, electrons have a much higher average velocity
than ions, and therefore, they tend to flow out of the
region of production much faster than ions [25], at-
tenuating their temperature up to a lengthz 3 cm,
higher than the attenuation length of the kinetic energy
forionsr = 1.4 cm (Fig. 4 and 5).

Interval 4 (2.5 < r < 6 cm): Finally, for this interval,

the simulated densities of the three materials converge
to zero, which is in agreement with experimental re-
sults obtained by Miyanet al. [30] where it is indi-
cated that there is a slight dependence on the type of
material of the cathode on the bulk of the plasma.

ticles that are evaporated from the electrode. The sedconcerning to the first interval, Grondoea al. [10] used
ond one consists of atoms and ions, which flow froma pulsed low-pressure arc operated with Ar gas filled at
the plasma to the surface of the cathode. The differp = 2 mbar andp = 10 mbar using a Cu cathode. They

ence in these flows is the variation in the kinetic energyobtained, from electrostatic probe measurements, some val-
E; (Fig. 4). Thus, fromr = 0.7 cm, an increase in the ues of floating potentials, and ion flux in the outer-region of
flow of ions to the cathode surface is observed. a pulsed low-pressure arc. The determination ofvas car-

ried out according to Lam'’s collisionless theory, having as a
result, in this interval, a decrease of ion density, which is in
agreement with our results. On the other hand, starting from

of this segment, it was observed that-amove from a
lower position 1o a higher oney; increases. This in- F]he second and subsequent intervals, the results of ion density

crease is due to pressure gradients accelerate the ions” ;" "."" . . ) .
: ; ahnd kinetic energy behavior were confirmed experimentally
and enclose them in dynamic processes of the gas, su

S : - . %y Zhuet al. [21]. They used a DC cathodic arc operated at
as ion-ion or ion—electron collisions regarded in Egs. e arc current 080 A, with Mg cathode, and ©gas at pres-
1, 2, and 3. The atoms are ionized by the electrons thatp ; y 9 ' 9 P .
are emitted by the cathode. as well as by the Iasmsures in the range ©f7 ~ 3.0 Pa. They found that the densi
electrons withytem eraturEe, (Fig. 5) Thig rocpess fles of Mg ions are strongly affected by the charggchange
) . pera 9. 9). TS p reaction, and deposition pressure. Also, they calculated the
increases the ion density reaching a maximum value

at 0 0 ar
a distance ol .6 cm with respect to the cathode. vt (Qui/1+ %),

Interval 2 (0.7 < r < 1.6 cm): In the included region

velocities of ions according to;
wherev? is the velocity of the ion at = 0, anda is a fac-

Interval 3(1.6 < r < 2.5 cm): In this segment the ion tor which depends of pressure. In the second interval, they
density starts to decrease because of the recombinatiaitributed the increase of ion density to the exponential decay

60
3.9x107Cs el " i
| ——
50! +4.6x10_25 | 50t ! . Ti
_._E;SX1D_SS 7r
= —4— 7.8x107°s| | 0| |
™~
| ~
el 13 30|
& Ly
7 207 ] 201
10+ 1 10t
0 Ll 0 " MS
0 2 3 4 5 6 0 2 3 4 5 6
r (cm) r (cm)

(a)

FIGURE 4. (a) Temporal evolution of the ion kinetic energy for Zr and (b) comparison of the profiles obtained for the selected materials at a

timet =7.8 x 107 °s.

(b)

Rev. Mex. Fis65(2019) 291-298



296 D.F. DEVIA-NARVAEZ, L.F. ALVAREZ-CORREA, S. RAMREZ-RAMIREZ, AND E. RESTREPO-PARRA

of velocity with r. Finally, in the third and fourth intervals, equations simultaneously, in each iteration, the calculation of
the velocity of ions decreases with the further increase of the electron is updated until finding the neaniform con-
(Fig. 4b). Moreover, the chargexchange reaction is the vergence for atime= 7.8 x 107° s.

dominant factor, and in consequence, the density of ions de- Figure 5b shows the profile of the electronic tempera-

creases as the radius Increases. L ture T,, depending on the radius for the different materials
The Fig. 4a shows the variation of the kinetic energy as

funcii fth di ¢ diff 1 for 7r. A decel att = 7.8 x 107° s. There is no appreciable influence of
a function of the radius at different imes 1or 2r. - A decel- v, o cathode material on the tendency of this variable, since
eration of the ions in the intervdd.5 < r < 1.5 cm) is ob-

. L the magnitude of the initial conditions of this parameter does
served. This behavior is due to the shock front that occur g P

bet th wallic ol dth ral brupil ot present a significant variation, since this value is related
etween the metallic plasma and tn€ neutra 9as, abruptly Ieq he jo1e heating. Consequently, it is also related to the
ducing the energy of the ions by elastic collisions, until an

; : . current density, which is the same in all simulations (the en-
uniform mixture of these yolumes is reached. . ergy gained by the electrons in the discharge comes from the
. Qn the other hand, F|_g. 4b shows _the var|at|on_ of theJoule heating). Experimentally Grondoert al. [10] ob-
Kinetic energy as a function of_t?e radius for the d'ﬁe.remtained, in the aforementioned experiment, at a pressure of
materlals atatime = 7.8 % .10 s From this figure, it = 2 mbar, andr = 1.75 cm, an electron temperature of
is observed a considerable difference in the energy valued . — 15+ 0.7eV. Likewise, Gar@m et al. [16] used a

the thr_ee simulated materials (é.ﬁ: a). This is due t(_) th_e similar discharge device of Grondoeaal. They generated
cohesive energy of each material of the cathode, which is thﬁ1e arc discharge in an atmosphere of 8 p — 1.7 mbar

average binding energy of the qtom in the solid. ml‘ﬂl.‘_ of pressure using three different cathode materials (Ti, Zr,
[21] observed experimentally this phenomenon at positiong,, Al). Their studies gave as a result, values of electron

near to the cathode surface. They found a reduction of th?emperatureT — 088eV for Zr T. — 1.16 eV for Ti

ion velocity which gives rise to a decrease in kinetic energy. 4 finallyT, = 1.22 eV for Al. Additionally, both exper-

. . . e — . . 1
'ﬁghesbet gxpgr_lmE_ntaIBLesugngoanirm (_)tlrj]rzpr;(;ﬂlles i@r and iments confirm the decreasing tendency of the electron tem-
~i obtained in F1g. and g. 4a wi 1al. observa- fperature. Comparing both results, we can conclude that the
tions. They also concluded that, the reduction of velocity o corresponding value, and the behavior obtained from the pro-

lons along the rad_|us a_nd the charge—.exchange react_|on %k of our model simulations are in agreement with those ex-
increase the density of ions, which is in agreement with owberiments

simulations.

Figure 5a shows the evolution of the electron temperature  In Fig. 6a, the potential of the plasmaas a function of
as a function of the radius at different times, for Cu. It is ob-radius for various times is presented. The trend of this vari-
served that the electrons have yielded their energy for a radii@ble is similar to that of; (Fig. 4). When a large peak of
less than 3 cm. The energy released (heat) by these particléBarge concentration is formed around= 1.7 cm, a max-
corresponds to the diffusion observed near the electrodes, dmum value of¢ is produced around this value of(Hump
fecting the thermal or random velocity. On the other hand,Theory: at the cathode contour, a region is produced where
the time influence is observed, since in solving the system dihe potential is larger than that of the anedathode) [31].

3.5 — 4.0 ‘ ‘ ‘ : ‘
+39X10_ S | * e CU.
3.0 —— 4.6x107%s|- 3.5 4 T
—&— 5.4410~%s 3.0 —— 7r
5 25 7.8x10755]
S _ 2.5}
I 2.0 i =
% sl |32
= = 1.5}
=,
1.0 ] 1.0t
0.5+ . 0.5+ \“
00— 2 e 6 1 2 3 4 5 6
r (cm) r (cm)
(a) (b)

FIGURE 5. (a) Temporal evolution of the electron temperature for Cu and (b) comparison of the profiles obtained for the selected materials

atatimet = 7.8 x 107° s.
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28 i : ! 30
Fa 3
260  he &&& . 28+t
3 24; 267
o 24;
ézz- =
. 3.9x10-5s = 22
20 | —a—4.6x10-5s -
——5.4x10"%s .
18 | ——7.8x10"5s e, o 18!
0 1 2 3 4 5 6 66— 3 4 ©t &
r (cm) r (cm)
(a) (b)

FIGURE 6. (a) Temporal evolution of the plasma potential for Cu and (b) comparison of the profiles obtained for the selected materials at
t=39%x10"°s.

In Fig. 6b three intervals are proposed to describe the behav- Concerning to cathode material dependency on the
ior of ¢ as follows: plasma variables. An experimental result is consistent with
) ) our simulations. In this study, Miyanet al. [12] using dif-

e Interval 1 (0.5 <7 < 0.9 cm): Itis observed a slight  terent cathode materials, and ambient gases, found that the
decrease; this is due to the evaporation of electronggde material does not affect directly the arc voltage be-
and ions produced by the bombardment of the adjaceri,yior. They attributed this behavior due to the diameters of
plasma. This leads to a nestationary critical layer i cy and zr atoms are similar (0.28, 0.27 and 0.31 nm, re-
in the formation of the Hump potential, because it is gnectively), so that the collision cross-section between these
not associated with the production of ion front to the eta) jons and the gas molecules is not varied. Therefore, the
cathode. ion deficiency forms at a similar pressure, and thus the flux

e Interval 2 (0.9 < r < 2.5cm): In this segment. As emitted from the cathode changes at a similar pressure.

this dense metal plasma expands, the protuberance of
the potential travels with the ion front, and is decom-
posed as the density of these particles decreases at the

time that the distance from the cathode increases, aGy, this work, using numerical simulations, we have studied
cording to the considerations presented in Fig. 4. e plasma state generated by the interaction of a cathodic
o Interval 3(2.5 < r < 6.0 cm): Finally, for this inter-  &rC discharge and neutral particles. Taking into account the
val, the ion-electron drag and the electroneutral ~Model developed by Kellgt al. [12]. We solved the system
moment transfer are much smaller than the electror?f €duations to study the behavior of typical plasma quan-

pressure, and the electrostatic force, which provideé'ties as a function of time, and distance from the cathodic
the enou’gh force to the ions for overc,oming the shocK€dion. Furthermore, we considered different cathode mate-

front of the background gas, allowing them to reach thaials that are commpnly employed in cathodic arc deposition.
A decrease in the first stages of the evolution of the ion den-
sity was observed due to formation of Knudsen layer, which
In a partially ionized plasma, several important elastic ands represented by differences in kinetic energy between neu-
inelastic processes can simultaneously take place and thésals and ions; an increasing in later stages is due to pressure
are responsible for redistributing the density, momentum andradients accelerate the ions and enclose them in dynamic
energy of the particles [32]. The collisions considered inprocesses of the gas; at final stages, the ion density exhibited
Eqg. (1), with the term-m;v?N,, [(m,,/m; + my)] oin, iIM- & decreasing trend following approximately Boltzmann rela-
ply a moment exchange driven by the extreme pressure gradionship. The kinetic energy presented a deceleration. This
ent, while the dissociative recombination processes includeldehavior is due to the shock front that occurs between the
in Eq. (1), with the tern{— (U|ossr2niviNn)/Zr), dependon plasma and the neutral gas, reducing the energy of the ions
v;; therefore, there is a decreasing on the ions density, whelpy elastic collisions, until a volume equilibrium is obtained.
they have yielded their energy (Fig. 4). Regarding to the electron temperature, it was found that en-

Conclusions

chamber walls.
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ergy transference between electrons and ions is very low ansehavior of the electron temperature, ion density, and ion ki-
is released as heat by these patrticles, which corresponds netic energy are in agreement with arc discharge experiments
the diffusion that they present near to the electrodes, affecperformed by different authors, giving rise to the reliability

ing the thermal velocity. Moreover, the electric potential fol- of the employed model.
lows the same behavior of ion density, as expected. When a
large concentration of particles is formed, a maximum value
of potential is located in this zone; subsequently, the decreadcknowledgments
ing is controlled by electron pressure gradient because of the
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