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The effects of neutral gas heating on H mode transition and maintenance
currents in a 13.56 MHz planar coil inductively coupled plasma reactor

Kanesh K. Jayapalana) and Oi-Hoong Chinb)

Plasma Technology Research Centre, Department of Physics, University of Malaya,
50603 Kuala Lumpur, Malaysia

(Received 22 May 2012; accepted 20 August 2012; published online 12 September 2012)

The H mode transition and maintenance currents in a 13.56 MHz laboratory 6 turn planar coil

inductively coupled plasma (ICP) reactor are simulated for low pressure argon discharge range of

0.02–0.3 mbar with neutral gas heating and at ambient temperature. An experimentally fitted 3D

power evolution plot for 0.02 mbar argon pressure is also shown to visualize the effects of

hysteresis in the system. Comparisons between simulation and experimental measurements show

good agreement in the pressure range of 0.02–0.3 mbar for transition currents and 0.02–0.1 mbar

for maintenance currents only when neutral gas heating is considered. This suggests that neutral

gas heating plays a non-negligible role in determining the mode transition points of a rf ICP

system. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4750055]

I. INTRODUCTION

Radio frequency or rf inductively coupled plasmas

(ICPs) have been extensively used since the past two decades

for various semiconductor processes including plasma

enhanced chemical vapor deposition (PECVD) and reactive

ion etching (RIE). These processes demand high purity and

high density plasmas which are able to give the precise (up

to nanometer scale) substrate modification required for fabri-

cating present day electronic devices. Inductively coupled

plasmas being electrode-less (i.e., without direct contact

with source electrode, thus, having reduced impurities) are

induced mainly by the magnetic field of an external coil and

are effectively able to generate high density ranged plasmas

of 1017–1019 m�3 (Refs. 1–4).

ICPs in practice (despite being primarily inductive) have

both capacitive and inductive means of power coupling

which together contribute towards the overall plasma. The

primary mode of the plasma (known as the H mode) is gener-

ated via predominant inductive coupling of the magnetic

fields of the rf coil. The secondary of the plasma (known as

the E mode) is generated via a radial electric (electrostatic or

capacitive) field formed by the potential difference across

the coil. The E mode is usually found at lower input powers

where ionization from the potential difference of the coil is

insufficient to ignite the inductive discharge and power cou-

pling from the electromagnetic fields of the coil is low.1 An

ICP at H mode and at E mode can be differentiated by dis-

tinct features in electron density and luminosity. At H mode,

the plasma is highly luminous and has a high electron density

(1017–1019 m�3), whereas at E mode, the plasma is at low lu-

minosity and has an electron density of about one to two

orders lower. Transitions between E mode and H mode occur

in sudden “jumps” of luminosity when a threshold input

power (input coil current) is applied. The threshold current

which triggers these jumps depends not only on external

parameters (i.e., gas pressure, coil size, impedance matching,

and gas type) but also on whether the input current is incre-

mented or decremented. This hysteresis phenomenon has

become a point of interest for many researchers in this field

of study and is well documented.5–10

With the advent of newer spectroscopic measurement

techniques, neutral gas temperatures in ICPs have been

measured to be significantly higher than room temperature,

with temperatures reaching up to 1850 K in some cases.11

Neutral gas heating in ICPs (which strongly correlates to

neutral gas depletion, especially at pressures above 0.01

mbar) has also been found to impact not only the intrinsic

properties of the plasma such as electron density and elec-

tron temperature distributions12,13 but also the transitions

between modes.14 However, the effects of neutral gas heat-

ing and/or neutral gas depletion on mode transitions have

yet to be simulated.

In this study, we simulate the H mode transition (E to

H mode jump) and maintenance (H to E mode jump) cur-

rents of an argon discharge within a laboratory planar coil

ICP reactor (Fig. 1) at the low pressure range of 0.02–0.3

mbar. Calculations have been made to take into account the

power contributions of H mode, E mode, and stochastic

heating of plasma electrons via capacitive sheath, the non-

linear effects of electron energy distribution towards power

balance and the effects of neutral gas heating. The simu-

lated results are compared and matched with experimental

measurements. Hysteresis in the system is also demon-

strated via a modeled 3D power evolution plot at 0.02 mbar

argon pressure.

II. ICP SETUP

The coil used in experiment is a 6 turn planar coil

which is driven by a 600 W, 13.56 MHz rf generator (Model

AG0613). The system has a manual matching circuit with a

variable air capacitor to adjust impedance. A rf compen-

sated Langmuir probe (0.5 mm diameter tungsten wire with

a)E-mail: kane_karnage@yahoo.com.
b)E-mail: ohchin@um.edu.my.
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a collecting area of 4.76 mm2) was used to measure the

electrical characteristics of the plasma to obtain the electron

temperature for simulation.15 Neutral gas temperatures were

measured by actinometry technique.11,16,17 The optical

emission spectra were viewed through a quartz diagnostic

port at the same level as the Langmuir probe. The spectra

were recorded by the Ocean Optics HR4000 spectrometer

with 600 lines/mm�1 grating and 10 lm slit width via an

optical fiber cable mounted with a collimator. Measurement

of H mode transition and maintenance currents was made

using a current transformer (Model Pearson 6595).

III. THEORETICAL MODEL

In an ICP system, the stable operating conditions (as

seen in experiments) are theorized to be the points at which

equilibrium is achieved between the total absorbed electron

power and electron power loss; with both being non-linear

functions of electron density. Total absorbed electron power

is derived primarily from components that contribute to the

heating of the electrons. For ICP simulations, the combina-

tion of H mode power, E mode power, and stochastic heating

of the plasma’s capacitive sheath is typically considered and

is described by Eqs. (1)–(6) of which the details including

the derivation of the effective electron collision frequency

can be found in the Appendix.18–20 To calculate the average

H mode and E mode absorbed electron powers, the Poynting

vector (1/l0E�B or resultant energy flux density in Wm�2

into the plasma) is integrated over the coil area. The respec-

tive H mode and E mode power, Ph and Pe, coupled into the

plasma can be summarized as19

Ph ¼ Re

 
� pKh

ða
0

rEhðr; Lþ DÞdr

!
; (1)

and

Pe ¼ Re � 2p
lo

Eo

ða
0

rB �h ðr; Lþ DÞdr

0
@

1
A ; (2)

where Kh is the equivalent surface current generated by the

coil and is given by Kh¼NIp/a, N being the number of turns

in the coil, Ip the peak coil current in A, and a the coil radius

in m. l0 is the vacuum permeability in TmA�1 and Bh* is the

conjugate azimuthal magnetic field in T. Eo is the electric

field across the coil radius in Vm�1; given by Eo¼V/a
where, V is the voltage across the rf coil in V and a is the

coil radius in m. At lower electron densities, the plasma

sheath (generated by the capacitive voltage of the coil) plays

a significant role in damping the emitted H mode power

from being absorbed by the plasma electrons. When comput-

ing the H mode power, a simplified time-averaged capacitive

sheath thickness, S is added to the coil-chamber distance, D
to model this effect. It is expressed as

S ¼ 1

a

ða
0

5J3
s ðrÞ

12e2x3eo n2
eTe

dr; (3)

where eo is the vacuum permittivity in C2N�1m�2, x is the rf

angular frequency (rads�1), and Te is the electron tempera-

ture of the plasma in eV. Js is first harmonic component of

current density through the sheath and is given by,

J2
s rð Þ � 1:73eeox

2ne

TeVsðrÞ
a

� �1=2

; (4)

where Vs(r) is the first harmonic component of voltage across

the plasma sheath at the coil-dielectric interface.1,19 In addition

FIG. 1. Schematic diagram of the labo-

ratory 13.56 MHz, 6 turn planar coil,

inductively coupled plasma reactor. The

simulated chamber is azimuthally sym-

metric (r and z only) with a planar coil

radius, a¼ 4.5 cm, dielectric radius, d¼
10.0 cm, chamber radius, b¼ 14.5 cm,

effective chamber height, L¼ 21.8 cm and

coil-chamber distance, D¼ 2.4 cm.
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to the power absorbed from H mode and E mode, electrons are

also heated by acceleration when inside the oscillating capaci-

tive sheath of the plasma. The resultant power gain from this

stochastic heating of the plasma sheath is given by,

Pstoc � 0:9pa2eox
2 meTe

e

� �1=2 ða
0

Vs rð Þprdr: (5)

By summing the component powers of Eqs. (1), (2), and (5),

the total power absorbed by the electrons can be written as

Pabs ¼ Ph þ Pe þ Pstoc: (6)

Electron power loss in an ICP is primarily due to the energy

dissipated for the sustenance and creation of ion-electron

pairs in the discharge. In simplified derivations, this power

dissipation, Ploss is directly proportional to the electron den-

sity, ne (i.e., Ploss / ne). However, in order to successfully

simulate hysteresis in a plasma system, non-linearities in the

power loss curve have to be taken into consideration. For this

simulation, the contribution of electron-electron collisions or

Coulomb collisions is considered; with the transition from

Druyvestyen to Maxwellian electron energy density function

(EEDF) being representative of the non-linearity in the elec-

tron power loss.5,7,21 This equation for Ploss can be written as,

Ploss ¼ neuBAeffeTe

ecD

ecM

� �1=ð1þxne=ngÞ
; (7)

where uB is the Bohm velocity in ms�1 given by uB¼ (eTe/

MAr)
1/2 with MAr being the argon ion mass in kg. Aeff is the

effective surface area of the plasma in m2 and eTe is the total

collisional electron energy lost per electron-ion pair created

by the discharge in J and is dependent on electron tempera-

ture, Te.
7 The non-linear term, (ecD/ecM)1/(1þxne/ng), accounts

for the transition of the EEDF from Druyvesteyn to Maxwel-

lian at increasing electron density with the factor x being

heuristically chosen to be in the 104–105 range so that the

transition occurs near ne� 1015–1016 for our range of pres-

sures.21 x represents the experimental discrepancy of the

transition point between EEDFs which is simplified in this

simulation. Here, ecD and ecM are the Druyvesteyn and Max-

wellian electron-electron collision energy loss factors and ng

is the neutral argon gas density in m�3. ng is determined

from argon filling pressure, P and neutral gas temperature,

Tn i.e., ng�P/kBTn where kB is the Boltzmann constant.12,16

When the absorbed electron energy and electron energy

loss parameters are plotted against electron density, they

intersect at certain points in which both energies are at equi-

librium (Pabs¼Ploss). These intersecting points represent the

plausible operating states (being E mode or predominantly

coupled by Pe at lower electron densities and H mode or pre-

dominantly coupled by Ph at higher electron densities) of the

system observable in experiments. Plausibility of these oper-

ating points also depends on the condition of stability

in which the rate of change of absorbed power with electron

density must be less than the rate of change of power

loss with electron density (i.e., dPabs/dne< dPloss/dne).
7,22

An illustrative of this is seen in Fig. 2, where points I and III

represent the stable and observable H and E mode

operations, respectively, with dPabs/dne< dPloss/dne and Pabs

¼Ploss conditions fulfilled. Point II represents an unstable

state which is not observable experimentally.

IV. ELECTRON TEMPERATURE MEASUREMENTS
FOR SIMULATION

The electron temperature values used in simulation were

estimated within the range of measured experimental values.

A laboratory Langmuir probe mounted at 3.2 cm axial height

from the dielectric plate was used to obtain radial measure-

ments at 1 cm intervals for 0.03 mbar, 0.07 mbar, and

0.2 mbar argon pressures with rf power set at 180 W (Fig. 3).

V. DETERMINATION OF NEUTRAL GAS
TEMPERATURE USING OPTICAL EMISSION
SPECTROSCOPY (OES)

Simulation of the effects of neutral gas heating on H

mode transition and maintenance currents was done using

FIG. 2. Simulated electron absorbed power and electron power loss versus

electron density for 15 A peak rf coil current at 0.02 mbar argon pressure. I,

II, and III represent the E mode, unstable operation, and H mode, respec-

tively. Electron temperature, Te, neutral gas temperature, Tn, and the factor x
(as in Eq. (7)) were set at 4.2 eV, 433 K, and 6.6� 104, respectively.

FIG. 3. Measured radial electron temperature, Te for 0.03, 0.07, and 0.2

mbar argon pressure at 180 W rf power (at H mode).

093501-3 K. K. Jayapalan and O.-H. Chin Phys. Plasmas 19, 093501 (2012)



the neutral gas temperatures within the range indicated by

experimentally measured data. Experimental data were

obtained by using the actinometry technique demonstrated

by previous workers.11,16,17 About 4%–5% nitrogen gas was

seeded with argon at 0.03, 0.05, and 0.1 mbar filling pressure

and the resultant plasma emission was recorded using the

OES system. The second positive band emission of nitrogen

located near 380 nm (N2C3Gu-N2B3Gg at v0 ¼ 0 and v00 ¼ 2)

was used for neutral gas temperature determination due to

the relatively impurity free characteristics of the spectra

(Fig. 4).23 Measured neutral gas temperatures for increasing

and decreasing rf powers are shown in Figs. 5 and 6. Error

was in the range of 10%–20% for E mode and 5%–12% for

H mode.

VI. HYSTERESIS AND THE DETERMINATION OF H
MODE TRANSITION AND MAINTENANCE CURRENTS

In order to determine the H mode transition current (i.e.,

minimum current required to jump from E to H mode) and H

mode maintenance current (i.e., minimum H mode current

before transition to E mode), it is important to have an under-

standing on the mechanism of hysteresis in the ICP system.

Taking the experimentally fitted case of 0.02 mbar argon

pressure as an example, a 3D plot of electron power

(absorbed and loss) versus peak coil current and electron

density is first visualized (Fig. 7).

The magenta (lighter) surface of the 3D plot represents

the absorbed electron power evolution, whereas dark blue

(darker) surface represents the electron power loss evolution.

As aforementioned, the intersections between the two surfa-

ces represent the working path of the system. In a typical

experiment, the input coil current starts at zero. As the input

coil current (or rf power) is increased, the operating point of

the system moves to point 1 (Figs. 7 and 8). At this point, the

low density E mode plasma is observed (E mode was ignited

before point 1 at input coil current of 5.2 6 0.2 A). A further

increase in current would shift the operating point of the sys-

tem to point 2. Point 2 is the threshold at which any further

increase in coil current would trigger a transition from E

to H mode, marking the H mode transition current (Figs. 7

and 9).

From point 2, the system jumps to point 3 which is in H

mode. Point 3 is determined experimentally and is affected

by the sensitivity and accuracy of the impedance matching

circuit.7,19,21 Increase in coil current at point 3 would bring

system operation to point 4 (Figs. 7 and 8) which is higher

density plasma in H mode. When coil current is decreased

from point 4, the system follows the working H mode path

until point 5. Point 5 is the threshold at which a further

decrease would trigger a transition to E mode (Figs. 7 and

9). This threshold point is measured as the minimum or

maintenance current for H mode plasma. The difference

between transition and maintenance currents seen in the plot

denotes the effects of hysteresis in the system. From point 5,

a decrease in coil current shifts the system operation to point

6 which is in E mode.

It is noted that the experimentally measured H mode

transition and maintenance currents for 0.02 mbar argon

pressure are 16.4 6 0.1 A and 14.3 6 0.3 A, respectively,

FIG. 4. Measured emission spectra for the nitrogen second positive system

(N2C3Gu-N2B3Gg) at 0.05 mbar filling pressure and 200 W rf power

(H mode).

FIG. 5. Measured neutral gas temperatures at 0.03, 0.05, 0.07, 0.1, and 0.2

mbar filling pressure for the increasing rf power range of 100–200 W. The

solid and dashed lines denote H and E modes, respectively. The data point

separating the solid and dashed lines is measured at H mode, immediately

after E-to-H mode transition.

FIG. 6. Measured neutral gas temperatures at 0.03, 0.05, 0.07, 0.1, and 0.2

mbar filling pressure for the decreasing rf power range of 200-100 W. The

solid and dashed lines denote H and E modes, respectively. The data point

separating the solid and dashed lines is measured at E mode, immediately af-

ter H-to-E mode transition.

093501-4 K. K. Jayapalan and O.-H. Chin Phys. Plasmas 19, 093501 (2012)



and these are consistent with the simulated values (16.41 A

and 14.19 A) presented in this example.

VII. H MODE TRANSITION AND MAINTENANCE
CURRENTS VERSUS PRESSURE

For the main analysis in this paper, the H mode transi-

tion and maintenance currents are measured for the argon

pressure range of 0.02–0.3 mbar and compared with simula-

tion (Figs. 10 and 11). The plasma parameters used in simu-

lation of the H mode transition current curve are Te¼ 4.0 eV,

Tn¼ 583 K, and x¼ 8.8� 104, whereas for the H mode main-

tenance current curve, the parameters are Te¼ 3.0 eV,

Tn¼ 623 K, and x¼ 3.0� 105. Values for electron tempera-

ture and neutral gas temperature for both cases were taken

within experimentally measured range, whereas the values

for x were chosen heuristically within the previously men-

tioned order. For further comparison, simulation at ambient

temperatures (Tn¼ 298 K) for both H mode transition and

maintenance current curves is also shown.

From Figs. 10 and 11, it is observed that the simulated

H mode transition (for the argon pressure range of 0.02–0.3

mbar) and maintenance (for the argon pressure range of

0.02–0.1 mbar) curves are well matched to experimental val-

ues when neutral gas heating is considered. Transition and

maintenance curves at ambient temperature, however, are

not well matched. At lower filling pressures for the H mode

transition curve (<0.06 mbar), it is seen that the experimen-

tally measured currents are higher than the currents simu-

lated at ambient temperature. In experiment, thermalization

of the neutrals diffuses the particles in the plasma in accord-

ance to ideal gas law. Since, the plasma is diffuse, higher

input current is required to generate sufficient plasma ioniza-

tion (i.e., reach threshold electron density) to attain H

FIG. 7. A 3D plot of absorbed electron

power, Pabs (magenta surface) and elec-

tron power loss, Ploss (dark blue sur-

face) versus electron density, ne and

peak coil current, Ip at 0.02 mbar argon

pressure. Electron temperature, Te was

set at 4.2 eV, neutral gas temperature,

Tn set at 433 K and x¼ 6.6� 104. The

white arrows indicate the working path

of the system, whereas the red arrows

indicate mode transitions.

FIG. 8. The simulated absorbed electron power (full line) and power loss

(dashed line) curves depicting the current at which either E-mode (point 1 at

13 A) or H-mode (point 4 at 18 A) operation alone occurs.

FIG. 9. The simulated absorbed electron power (full line) and power loss

(dashed line) curves depicting the threshold currents for E to H (point 2 at

16.41 A; H mode transition current) and H to E (point 5 at 14.19 A; H mode

maintenance current) mode transitions.
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mode.24 At higher filling pressures for the H mode transition

curve (>0.06 mbar), the neutral gas density of the plasma

has become high enough such that thermalization of the neu-

tral particles increases the power transfer efficiency by

assisting plasma collisional processes.1,25 This reduces the

input currents required to sustain H mode.

Mismatch between measured H mode maintenance cur-

rents and simulated H mode maintenance currents at ambient

temperature can also be explained in the same way as the H

mode transition curve, with thermalization of the neutrals in

experiment diffusing the plasma (i.e., higher measured input

current) at lower filling pressures (<0.09 mbar) and assisting

in plasma collision processes (i.e., lower measured input cur-

rent) at higher filling pressures (>0.09 mbar). The higher

pressure region at which diffusion of the particles influence

the H mode maintenance currents (�0.09 mbar) as compared

to the H mode transition currents (�0.06 mbar) is due to the

lower plasma density at which the H to E mode transition

occurs.

The increasing deviation at higher pressures of 0.2–0.3

mbar between the fitted and experimental H mode mainte-

nance curves is suspected to be due to the non-linear effects

of multistep ionization which was not included in the simula-

tion. At higher pressures, complex ionization processes

occurring from intermediary or metastable excitation states

become more significant such that the total energy required

to sustain the ion-electron pairs created in the discharge is

further reduced (i.e., lower electron power loss).21 This

effect, in part, explains the ability of the H mode discharge

in experiment to be maintained at a much lower current than

the values obtained by simulation.

VIII. CONCLUSION

In this paper, hysteresis occurring in the ICP plasma sys-

tem was visualized via an experimentally matched, 3D

power evolution surface plotted at 0.02 mbar argon pressure.

Also, the simulation of H mode transition and maintenance

currents in a 13.56 MHz laboratory 6 turn planar coil ICP

reactor was done at the low pressure argon discharge range

of 0.02–0.3 mbar for elevated (neutral gas heating) and am-

bient neutral gas temperature. Experimental results were in

good agreement for the range of 0.02–0.3 mbar for transition

currents and 0.02–0.1 mbar for maintenance currents for the

simulation that included neutral gas heating. The mismatch

of the maintenance currents at 0.2 and 0.3 mbar is suspected

to be due to the non-linear effects of multistep ionization.

When using ambient temperature, the simulations were

poorly matched. It can be thus concluded that neutral gas

heating plays a non-negligible role in determining the E to H

and H to E mode transition points (i.e., H mode transition

and maintenance currents) in an rf ICP system.
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APPENDIX: ELECTROMAGNETIC FIELD DERIVATION

To calculate the H mode and E mode electromagnetic

fields in the chamber (with reference to El-Fayoumi et al.),18,19

the following assumptions were made:

1. The plasma is composed of immobile ions and cold

electrons.

2. The electromagnetic field is simplified to follow local

Ohm’s Law.

3. The chamber is an azimuthally symmetrical cylinder.

4. Displacement current is ignored for the H mode fields due

to the long free-space wavelength of the excitation fre-

quency (�22 m for 13.56 MHz) in comparison to chamber

dimensions. However, the displacement current flow

through the dielectric quartz plate is considered when cal-

culating the E mode fields.

FIG. 10. Simulated (Sim.) and experimentally (Exp.) measured H mode

transition (E-H) curves for the argon pressure range of 0.02–0.3 mbar. Neu-

tral gas temperatures for the simulated curves were set at 583 K and 298 K.

FIG. 11. Simulated (Sim.) and experimentally (Exp.) measured H mode

maintenance (H-E) curves for the argon pressure range of 0.02–0.3 mbar.

Neutral gas temperatures for the simulated curves were set at 623 K and

298 K.
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The electromagnetic fields for both H mode and E mode

can be thus expressed as

H mode:

1

r

@

@r
r
@Eh

@r

� �
� Eh

r2
þ @

2Eh

@z2
¼ a2Eh; (A1)

Br ¼ �
i

x
@Eh

@z
; (A2)

Bz ¼
i

x
1

r

@ðrEhÞ
@r

� �
; (A3)

for 0 � z � Lþ D:
E mode:

1

r

@

@r
r
@Bh

@r

� �
� Bh
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þ @

2Bh

@z2
¼ �ep

x
c
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Bh; (A4)

Er ¼
ic2

xep

@Bh

@z
; (A5)

Ez ¼ �
ic2

xep

1

r

@ðrBhÞ
@r

� �
; (A6)

for 0 � z � L;

and

1

r

@

@r
r
@Bh

@r

� �
� Bh

r2
þ @

2Bh

@z2
¼ �er

x
c

� �2

Bh; (A7)

Er ¼
ic2

xer

@Bh

@z
; (A8)

Ez ¼ �
ic2

xer

1

r

@ðrBhÞ
@r

� �
; (A9)

for L < z � Lþ D:
Here, a2 and ep are the spatial decay and plasma dielec-

tric constants, respectively, and are given by,

a2 ¼ lonee2

me½1� iv=x� ; (A10)

and

ep ¼ 1� c2lonee2

mex2½1� iv=x� : (A11)

er is the dielectric constant of the quartz window which is

taken as 3.8. lo is the vacuum permeability in NA�2, ne the

electron density in m�3, c is the speed of light in ms�1, e the

electronic charge in C, me the electronic mass in kg, and v
the effective electron collision frequency in Hz. The field

equations were solved analytically by the separation of varia-

bles method using the following boundary conditions:

At the interface between the chamber walls and the

plasma, the tangential electric field and normal magnetic

fields are equal to zero.

1. The tangential electric fields and normal magnetic fields

are continuous at the boundary between the quartz plate

and plasma.

2. The coil is assumed to be an infinitely thin disc of radius,

a with a surface current density of Kh¼NIp/a. The H

mode radial magnetic field, Br at LþD can, thus, be sim-

plified as, Br¼�loKh/2.

3. A constant radial electrical field, Er of amplitude,

Er	Eo¼V/a is assumed across the coil at LþD.

1. Effective electron collision frequency, m

The effective electron collision frequency, v, is calcu-

lated by taking the sum of contributions of three compo-

nents,20 i.e., electron neutral collision frequency, ven, the

electron ion collision frequency, vei, and the stochastic colli-

sion frequency, vst and is expressed as

v ¼ ven þ vei þ vst: (A12)

The electron neutral collision frequency, ven, is dependent on

the argon collision cross section and electron energy distri-

bution and is given as,

ven þ ix ¼ � 3

2

ð
e3=2

vcðeÞ þ ix
df

de
de

� � ; (A13)

with e being the electron energy in J and f(e) being the Max-

wellian electron energy distribution. f(e) is expressed as,

f eð Þ ¼ 2ffiffiffi
p
p 1

ðeTeÞ3=2
e�e=Te ; (A14)

where Te is the electron temperature in eV. The term vc(e) is the

collision frequency of argon gas and is given by,

vc eð Þ ¼ ngrc eð Þ 2ee
me

� �1=2

: (A15)

Here, ng is the neutral gas density of the plasma in m�3 and rc

is the collision cross section of argon gas in m2 (Refs. 1 and 26).

ng is calculated from the the ideal gas law, ng�P/kBTn.12,27 P is

the argon filling pressure in Pa, kB is the Boltzmann constant in

JK�1, and Tn is the neutral gas temperature in K.
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