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Abstract
We apply particle-in-cell Monte Carlo collision simulations to study the

impact of secondary electron emission on a capacitively coupled chlorine dis-
charge in the pressures range 2 – 50 Pa. At a pressure of around 20 Pa striations
appear. In particular we explore how secondary electron emission influences
the striations.

Introduction
The particle-in-cell Monte Carlo code oopd1 is used to study a capaci-
tively coupled chlorine discharge with Cl2 as the feedstock gas.

The model includes various species, such as Cl2(X1∑+
g , v = 0),

Cl(2Pu), Cl−(1Sg), Cl+(3Pg), and Cl+2 (2Πg) [1] and this model has been
used in recent studies of the capacitive chlorine discharge [2, 3].

Here, we upgrade and compare the cross sections for electron impact
excitation and dissociation from Rescigno [4] (old) to the more recent
calculations of Hamilton et al. [5] (new).

The discharge is driven by a sinusoidal rf voltage with an amplitude
of 222 V across a 2.54 cm gap.

Secondary electron emission yields for ion-induced and ground state
atom-induced electron emission are considered using fits for argon ions
and argon atoms from Phelps and Petrović [6].

Electron-induced secondary electron emission is accounted for using
Vaughan’s formula [7] or the modified Vaughan’s formula as discussed
by Wen et al. [8].

We compare five cases, two that neglect secondary electron emission,
and three with varying electron emission processes as can be seen in
the table below.

Case neutrals ions electrons

I 0.0 0.0 0.0
II 0.0 0.0 0.0
III γsee,n(En) γsee,i(Ei) 0.0
IV 0.0 0.5 0.0
V γsee,n(En) γsee,i(Ei) γsee,e(Ee, θ)

Results and discussion

02 10 15 20 25 30 35 40 45 50
0

2

4

6

p [Pa]

T
[e
V
]

 

 

old − γi = 0
new − γi = 0
new − γi(Ei) + γn(En)
new − γi = 0.5
new − γi(Ei) + γe(Ee) + γn(En)

Figure 1: The time averaged electron temperature at the discharge center versus
pressure for different secondary emission conditions.

The electron temperature in the discharge center is shown versus
pressure – at the pressure of 2 Pa, all cases exhibit the same electron
temperature, except case IV (with high ion induced secondary electron
emission) that exhibits a lower electron temperature.
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Figure 2: The electronegativity α0 at the discharge center versus pressure for differ-
ent secondary emission conditions.

Figure 2 shows the electronegativity in the discharge center versus
pressure.

As the pressure increases, all cases demonstrate a similar trend: an
initial increase in electronegativity up to 20 Pa, followed by a decrease
between 20 – 40 Pa, and a slight increase thereafter – case IV (high ion
induced secondary electron emission yield) has lower electronegativity
than other cases above 10 Pa.

−1−0.5 0 0.5 1

〈J
·
E
〉
[a
rb
.
u
n
it
]

γi = 0

2 Pa

10 Pa

20 Pa

30 Pa

40 Pa

50 Pa

(a)

−1−0.5 0 0.5 1

〈J
·
E
〉
[a
rb
.
u
n
it
]

γi(Ei) + γn(En)

2 Pa

10 Pa

20 Pa

30 Pa

40 Pa

50 Pa

(b)

−1−0.5 0 0.5 1

〈J
·
E
〉
[a
rb
.
u
n
it
]

x [cm]

γi = 0.5

2 Pa

10 Pa

20 Pa

30 Pa

40 Pa

50 Pa

(c)

−1−0.5 0 0.5 1

〈J
·
E
〉
[a
rb
.
u
n
it
]

x [cm]

γi(Ei) + γe(Ee) + γn(En)

2 Pa
10 Pa

20 Pa

30 Pa

40 Pa

50 Pa

(d)

Figure 3: Electron power absorption in different pressures for (a) case II, (b) case
III, (c) case IV, and (d) case V.

Striations have been observed in the capacitive chlorine discharge for
pressure above 20 Pa [2, 3].

Figure 3 demonstrates the electron power absorption in the pressure
range 2 – 50 Pa for varying secondary emission conditions.

We see that for all cases, the transition to striations starts at 20 Pa,
where during one rf period electrons cross multiple striation gaps in
the bulk region.
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Figure 4: (a) Averaged striation peak to peak electron power absorption at the dis-
charge center, (b) averaged striation gap width at the discharge center, and (c) number
of striations, versus the pressure for various secondary electron emission processes
(cases II – V).

Figure 4 (a) shows the peak-to-peak power absorption of the stria-
tions versus pressure. It can be observed that the averaged striation
amplitude exhibits a pattern of initial increase with increased pressure
followed by a decrease with further increase in pressure for all cases.

Figure 4 (b) shows the average striation gap width versus pressure for
varying completness of the secondary electron emsission processes.

At 20 Pa, case II (no secondary electron emission) has the longest
gap width, while case IV (very high ion induced secondary electron
emission) has the shortest.

At 50 Pa, the striation gaps widen for all cases except case IV, which
remains relatively unchanged.

Figure 4 (c) displays the number of striations for each case – cases
II and III exhibit a similar trend, with an increase in the number of
striations up to 40 Pa, followed by a decrease for pressure above 40 Pa.

For case V (the most complete model for secondary electron emis-
sion), there is a slight increase at 30 Pa, while the number of striations
remains constant until 50 Pa.

Notably, case IV consistently has the highest number of striations
across all pressure values.

Conclusions

We have applied one-dimensional particle-in-cell Monte Carlo colli-
sional (PIC/MCC) simulations of capacitive chlorine discharges in the
pressure range of 2 – 50 Pa, varying the secondary electron emissions
processes.

With increasing pressure, all cases show a similar pattern in elec-
tronegativity: an initial rise up to 20 Pa, followed by a decline in the
pressure range 20 – 40 Pa, followed by a slight increase with further
increase in pressure.

The case with the highest ion-induced secondary electron emission
exhibits the lowest electronegativity.

Both the pressure and the secondary electron emission, have an influ-
ence on the discharge electrogenativity and the electron temperature as
well as the striation structure.
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