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Abstract—The ITER NBI includes an ion source which can 

produce D¯ ion beams for 1 hour, accelerated at the energy of 1 

MeV. An ion source consists of a ‘driver’ where the plasma is 

produced by the application of the radio frequency (RF) power to 

an inductive coil. This paper presents an improved methodology 

which provides an estimation of the power transfer efficiency to 

the plasma of the driver. The developed methodology is based on 

different mechanisms which are responsible for the plasma 

heating (ohmic and stochastic) and an electrical model describing 

the power transfer to the plasma. As a first approximation in a 

previous work, a transformer model was assumed as an electrical 

model. In this work, a main improvement is introduced based on 

the development of a multi-filament model which takes into 

account the mutual coupling between the RF coil, the plasma and 

the passive metallic structure. The methodology is applied to the 

NIO1, a flexible negative ion source, currently in operation at 

Consorzio RFX, Italy. The results from the two models – 

transformer and multi-filament are presented and compared in 

terms of plasma equivalent resistance and power transfer 

efficiency. It is found that results obtained from both the 

transformer and the multi-filament model follows the same trend 

in comparison with the applied frequency and the other plasma 

parameters like electron density, temperature and gas pressure. 

However, lower values of the plasma equivalent resistance and 

power transfer efficiency are observed with the multi-filament 

model. The multi-filament model reproduces a more realistic 

experimental scenario where the power losses due to the 

generation of the eddy currents in the metallic structure are 

considered. 

 
Index Terms— Power transfer, frequency variation, 

inductively coupled plasmas, stochastic heating, multi-filament 

model, ion sources, plasma equivalent resistance, efficiency.  

I. INTRODUCTION 

EVERAL studies are available in literature [1]–[9] which 

focus on the inductively coupled plasmas (ICPs). In an 

inductive discharge, the plasma is generated and maintained in 

a dielectric region (called driver) surrounded by a coil [1], [2]. 

Radio-frequency (RF) power continuously applied to the coil 

induces electric fields that partially ionize a gas inside the 

chamber and sustain a discharge. There is wide range of 
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applications for ICPs such as for medical use, accelerator for 

high-energy particle physics and fusion plasma heating.  

One such IC RF ion source [10] is the heart of Neutral 

Beam Injection (NBI) system required for plasma heating and 

current drive in ITER (International Thermonuclear 

Experimental Reactor) [11]. ITER requires two NBIs rated for 

a total power of 33 MW [12]. The ITER NBI is composed of 

an ion source (at 1 MHz) which can produce D¯ ions for 

3600  s to be accelerated up to the energy of 1 MeV and with a 

current of 40 A [12]. The principle concept behind these ion 

sources was developed at IPP, Garching in Germany where 

the most recent test facility is ELISE (Extraction from a Large 

Ion Source Experiment) [13], able to operate with both 

hydrogen and deuterium gas species and having half the size 

of the ITER NBI source [14]. To meet the challenging 

requirement for ITER, never achieved all together in a single 

device so far, the ITER neutral beam test facility (NBTF) 

called PRIMA, is under development in Padova, Italy. It 

includes two projects: MITICA (Megavolt ITER Injector and 

Concept Advancement) is the full scale prototype of the NBI 

for the ITER experiment and SPIDER (Source for Production 

of Ion of Deuterium Extracted from RF plasma) will focus on 

the development of the NBI ion source. In addition, to provide 

both a benchmark for the codes and a more flexible and 

accessible facility, a small ion source called NIO1 [15], [16] 

has been constructed at Consorzio RFX. NIO1 stands for 

(Negative Ion Optimization 1) with nominal H
-
 beam current 

of 130 mA at 60 keV and an operational frequency of 2 MHz. 

One of the issues of the ion sources for these applications is 

the efficiency of the RF power transfer from the coil to the 

plasma in the driver region. A methodology has been 

developed and implemented in MATLAB® to estimate this 

efficiency; it is based on the description of different 

mechanisms responsible for the plasma heating (ohmic and 

stochastic) and of an electrical model responsible for the 

power transfer to the plasma [3]. The development of this 

model started from the classical method where the mutual 

coupling between the coil and the plasma is described by a 

transformer model [4]. This was the approach applied to the 

simplified driver of the ELISE ion source, characterized by a 

maximum power per driver of about 90 kW [3]. A significant 

limitation of the classical method is that it neglects the eddy 

currents generated in the metallic structures surrounding the 

driver region, thus the power fraction not absorbed by the 
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plasma. In our revised methodology, a first approach to 

account for the passive structure surrounding the driver region 

has been developed.  

A further enhanced methodology is also presented in this 

paper; it includes some improvements, the main one consisting 

in the introduction of a multi-filament model which takes into 

account the mutual coupling between the plasma, the RF coil 

and the passive metallic structure. Hence, this model should be 

more capable of describing the real experimental conditions. 

Both the first and the improved methodologies are then 

applied to the NIO1 ion source, which is characterized by a 

maximum power of 2.5 kW on the driver. The effect of the 

applied frequency on the power transfer efficiency is analyzed, 

as done in [3], as it is an external parameter which can be 

selected and controlled. In the second part of the paper, the 

focus is more on the operating parameters of the NIO1 ion 

source at a working frequency of 2 MHz; in these specific 

operating conditions, the relative merit of the multi-filament 

model against the transformer one will be presented and 

discussed. 

II. METHODOLOGY 

The developed methodology can be applied to any IC RF 

ion source; a block diagram is given in Fig. 1. The first section 

within the light blue box is based on the simplified approach 

of steady state plasma and is a 0 D model. It is not based on 

kinetic or fluid numerical models. 

The detailed description of the different sections of the 

methodology can be found in [3]. This paper briefly recalls its 

key points and presents three significant improvements 

incorporated within it. These improvements consists of the 

multi-filament model considered in step (h), the consideration 

of the geometric effects in the calculation of the skin depth in 

step (c and f) and the estimation of the electron temperature 

with the ion source in step (a) of the methodology in Fig. 1. 

A. Input parameters 

The first step in [3] was to choose the geometry of the 

source along with gas type and pressure, operational frequency 

and plasma parameters like electron density and temperature 

(step (a) in Fig. 1). The plasma parameters used in the 

MATLAB® code are independent quantities, i.e. they are not 

related to each other. In reality, the electron density is 

dependent on electron temperature and is also known to have a 

radial profile within the ion source [17]; however, we specify 

that the first approximation assumed in this methodology is to 

consider the electron density as a uniform and an independent 

parameter within the ion source. Therefore, the developed 

model is not self–consistent in this regard. In the last part of 

the paper, an attempt is reported to account for the non-flat 

density profile.  

A.1. Estimation of plasma electron temperature 

There is an attempt to make the developed methodology 

more self-consistent in such a way that the electron 

temperature profile is first estimated and then used as an input 

parameter for the methodology, contrary to what is done in the 

previously formulated methodology [3]. 

 
Fig. 1. Methodology to calculate the power transfer efficiency in an IC RF ion 

source 

 

Following this path, a model is included which can 

calculate the electron temperature of the plasma within the 

driver region. Considering the plasma with the radius a and 

length l, the particle balance equation gives [1] 

 
𝐾𝑖𝑧(𝑇𝑒)

𝑢𝐵(𝑇𝑒)
=

1

𝑛𝑔𝑑𝑒𝑓𝑓
 

   

(1) 

 

Here, 𝐾𝑖𝑧  is the ionization rate constant, 𝑢𝐵 is the Bohm 

velocity, (both 𝐾𝑖𝑧  and 𝑢𝐵 are functions of electron 

temperature) 𝑛𝑔 is the gas density calculated from the known 

gas pressure 𝑃𝑔𝑎𝑠 and gas temperature 𝑇𝑔𝑎𝑠 within the ion 

source, 𝑑𝑒𝑓𝑓  is the effective plasma size and is defined as  

 𝑑𝑒𝑓𝑓 =
1

2

𝑎𝑙

𝑎ℎ𝑙 + 𝑙ℎ𝑎
 

   

(2) 

 

ℎ𝑙 and ℎ𝑎 are the edge to center density ratios [1]. By 

numerically solving equation (1), one can obtain the electron 

temperature as a function of 𝑃𝑔𝑎𝑠 and 𝑇𝑔𝑎𝑠.  

B.  Description of the analytical model for the power 

deposition within the IC plasma sources 

This part of the methodology is well described in detail in 

[3] and is highlighted with light blue box in Fig. 1. The main 

components of the analytical model are the ohmic and the 

stochastic heating which are the two important mechanisms 

leading to the deposition of the power within the plasma. With 

the input parameters (step (a)), the ohmic heating collision 
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frequency 𝑣𝑚 (step (b)) and the stochastic heating collision 

frequency 𝑣𝑠𝑡𝑜𝑐  (step (d)) are calculated.  

The ohmic heating collision frequency 𝑣𝑚 is calculated by 

the sum of three different frequencies [1][3][18]: the electron-

neutral elastic collision frequency 𝑣𝑒𝑛
𝑝

, electron-neutral 

ionization collision frequency 𝑣𝑒𝑛
𝑖𝑧  and electron-ion collision 

frequency 𝑣𝑒𝑖
𝑝

. From this 𝑣𝑚, the skin depth 𝛿 is estimated as 

described in equation (3),  

 𝛿 =
𝑐

𝜔𝑝𝑒
 

(

 
 
 2[1 + (

𝑣2

𝜔2
)]

𝑦 {1 + [1 + (
𝑣2

𝜔2𝑦2
)]

1
2
}
)

 
 
 

1
2

 
   

(3) 

where, 𝑦 = 1 + 𝑥 (1 + (
𝜈2

𝜔2
)) and 𝑥 = (

𝑐

𝜔𝑝𝑒
)
2

[(
3.83

𝑎
)
2

− (
𝜔

𝑐
)
2

], 𝑣 is the 

collision frequency. Depending on the calculation, 𝑣 can be 

either  𝑣𝑚 or 𝑣𝑠𝑡𝑜𝑐  or the effective collision frequency (see 

section C). 𝜔𝑝𝑒 = √
𝑒2𝑛𝑒

𝜀0𝑚𝑒
 is the electron plasma frequency. Thus, 

𝛿 is function of applied frequency 𝑓 = 𝜔/2𝜋, plasma electron 

density 𝑛𝑒 and the radius 𝑎 of the ion source [6]. The 

geometric effects become important when the skin depth 

becomes comparable to the size of the driver [6]. When, 𝑎 ≫
𝑐

𝜔𝑝𝑒
 , 𝜔 < 𝜔𝑝𝑒 and 𝑣 <  𝜔, then the geometrical effects in the skin 

depth can be neglected since x<<1 and y~1.  This effect was 

neglected in the previous work [3]. On the contrary, it is taken 

into account in this paper (see section III.B), since the above 

indicated inequalities are far from being fulfilled for the NIO1 

case. In addition, considering the finiteness of the plasma 

within the chamber, it was also discovered that the 

geometrical affect can be important [19]. 

The stochastic heating collision frequency 𝑣𝑠𝑡𝑜𝑐  is identified 

by solving the set of equations described in reference [6]. A 

pivotal parameter α is necessary for solving these equations 

and is described in equation (4)  

 

 𝛼 =
4𝛿2𝜔2

𝜋𝑣𝑡ℎ
2  ∝ (

𝑡𝑟𝑎𝑛𝑠𝑖𝑡 𝑡𝑖𝑚𝑒 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝛿

𝑟𝑓𝑝𝑒𝑟𝑖𝑜𝑑
)
2

 
   

(4) 

 

Where, 𝑣𝑡ℎ = √
𝑘𝐵𝑇𝑒

𝑚𝑒
  is the electron thermal velocity. It is 

discussed in the reference [6] that it is convenient to 

distinguish two ranges 𝛼 ≪ 1  and 𝛼 ≫ 1 where 𝑣𝑠𝑡𝑜𝑐  can be 

expressed analytically. Therefore, a discontinuity arises in the 

region where the two ranges do not meet. 

C.  Effective Collision frequency and Effective Skin depth 

Vahedi [6] introduced an effective collision frequency 𝑣𝑒𝑓𝑓 

(step. (e) in Fig. 1) which is defined as the sum of the ohmic 

and stochastic collision frequency [1]. From this, the effective 

skin depth is calculated (step (f) in Fig. 1) which is then used 

to calculate the power deposition in the plasma.  

D. Power deposition in the plasma 

The RF coil in the driver produces a variable magnetic field 

which is responsible for the plasma heating within the driver. 

The plasma heating mechanisms (ohmic and stochastic 

heating) lead to identify an equivalent region with the 

thickness 𝛿 (estimated in section B) where the power is 

absorbed by the plasma. To provide an electrical model of this 

region it is essential to define the electrical conductance and 

the geometrical extension of this region. The RF coil length, 

the plasma radius and the skin depth are represented in Fig. 2. 

The radial position of the end of the skin depth layer 𝛿 marks 

the size of the plasma radius. 

 

 
Fig. 2.  Schematic of the plasma within the driver 

 

The complex electrical conductivity 𝜎𝑒𝑙  (step (g) in Fig. 1) 

of the plasma is defined as follows [1]: 

 

 
𝜎𝑒𝑙 = 𝜎𝑒𝑙

𝑅𝑒 + 𝑖𝜎𝑒𝑙
𝐼𝑚   

 
   (5) 

 𝜎𝑒𝑙 =
휀0𝜔𝑝𝑒

2

𝑣𝑒𝑓𝑓
2 +𝜔2

𝑣𝑒𝑓𝑓 + 𝑖
(−1)휀0𝜔𝑝𝑒

2

𝑣𝑒𝑓𝑓
2 + 𝜔2

𝜔 

 

Where, 𝜎𝑒𝑙
𝑅𝑒 and 𝜎𝑒𝑙

𝐼𝑚 are the real and the imaginary part of 

the plasma conductivity. The two parameters 𝛿 and 𝜎𝑒𝑙 , along 

with the 𝑣𝑒𝑓𝑓 are used to calculate the power deposition 

within the plasma (step (h) in Fig. 1).  

The simplified approach to evaluate the power absorbed in 

the plasma is indicated in the left side of the diagram in Fig. 1; 

it is the transformer model (see section D.1). On the right side 

of the diagram is indicated the improved approach to better 

describe the real experimental geometry of the ion source; it is 

described by the multi-filament model (see section D.2). 

D.1. The transformer model 

This model is based on the classical approach to represent 

the plasma and its coupling with the RF coil, as described by 

Piejak et al [4]. In this model, the driver of an ion source 

including the plasma are regarded as an air transformer with 

RF coil as the primary of the transformer and the plasma is 

considered as the one turn secondary, see Fig. 3.   

The classical model does not consider the surrounding 

metallic structure. On the contrary, in our transformer model, 

it is assumed that the power transfer efficiency 𝜉 [18] (step (j) 

in Fig. 1) can be defined as the ratio of the power absorbed by 

the plasma 𝑃𝑎𝑏𝑠 and the total input power 𝑃𝑖𝑛  and can be given 

as: 

 

DRIVER 

Rf coil 

Plasma 

Skin depth layer ‘δ’ 

Plasma radius 

Rf coil radius 

Chamber 

Rf coil length 

Driver radius ‘a’ 
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𝜉 =
𝑃𝑎𝑏𝑠
𝑃𝑖𝑛

=
𝑅𝑝𝑒𝑞 𝐼𝑐𝑜𝑖𝑙

2

𝑅𝐿𝐼𝑐𝑜𝑖𝑙
2 =

𝑅𝑝𝑒𝑞

𝑅𝐿
   

 

           𝜉 =
1

𝑅𝐿
(𝑅𝑃

𝜔2𝐿12
2

𝜔2(𝐿22 + 𝐿𝑃)
2 + 𝑅𝑃

2) 

  (6) 

 

 
Fig. 3.  Transformer model (left hand side) - Equivalent electrical scheme of 

the driver (right hand side) including the plasma 

 

Where, 𝑅𝑝𝑒𝑞 is the plasma equivalent resistance (step (i) in 

Fig. 1) at the primary side; 𝑅𝑝𝑒𝑞 = 𝑅𝐿 − 𝑅𝑐𝑝 with 𝑅𝐿 as the 

whole load resistance seen by the generator and 𝑅𝑐𝑝 as an 

equivalent resistance accounting for the coil and the metallic 

structures. 𝐿12 is the mutual inductance between the coil and 

the plasma, 𝐿11and 𝐿22 are the self-inductance of the coil and 

the plasma respectively and are calculated from the 

geometrical dimensions (radius and length) of the plasma and 

the coil [20]. 𝑅𝑃 and  𝐿𝑃 are the plasma resistance and 

inductance. 𝑉𝑐𝑜𝑖𝑙  is the voltage across the coil. The plasma 

length is taken equal to the coil length and the plasma radius is 

taken equal to the chamber radius, as a first approximation.  

 

D.2. Multi-filament model 

In order to apply the methodology presented in the 

following, the driver should feature geometrical axis 

symmetry of its conducting parts. The approach is to 

transform the original 3D electromagnetic problem into a 

simplified 2D axisymmetric problem to be solved in harmonic 

regime and quasi magneto-static approximation. Capacitive 

coupling between the parts is considered negligible in this 

approximation. 

It has been chosen to analyze the 2D problem with the 

equivalent circuital model approach, described in the 

following, in order to provide a logical extension of the 

concept already presented in the previous transformer model 

approach. 

In the 2D model, the conductors (the RF coil, the plasma 

and the passive metallic structure) are divided into N user-

defined, current filaments. The model can be further 

simplified by considering that the current in passive 

conductors and plasma at the frequency of interest for this 

study is significant only on the surface due to the skin effect. 

In this view the approach is to consider filaments only on the 

surface and assign to them an effective area calculated 

considering the geometrical extension of the filament along 

the surface and the skin depth at the assigned frequency. In 

Fig. 4 an example of the 2D representation of the multi-

filament model for NIO1 ion source is shown. Each of these 

filaments represents a ring of material whose electric 

properties are described by a resistance 𝑅𝑖, inductance 𝐿𝑖 and 

mutual inductance 𝑀𝑖𝑗 with all the other filaments. The 

electrical equations to solve the problem resemble the set of 

equations of multiple mutually-coupled inductors, with usual 

sign convention for passive components, in harmonic regime 

at the frequency 𝜔 = 2𝜋𝑓 and can be written as follows: 

 

 

𝑈1 = (𝑅1 + 𝑗𝜔𝐿1)𝐼1 + 𝑗𝜔𝑀12𝐼2 + 𝑗𝜔𝑀13𝐼3 +⋯+  𝑗𝜔𝑀1𝑁𝐼𝑁 

 
𝑈2 = 𝑗𝜔𝑀21𝐼1 + (𝑅2 + 𝑗𝜔𝐿2)𝐼2 + 𝑗𝜔𝑀23𝐼3 +⋯+  𝑗𝜔𝑀2𝑁𝐼𝑁 

 
                       ⋮                         ⋱                          ⋱                      ⋮ 
 
𝑈𝑁 = 𝑗𝜔𝑀𝑁1𝐼1 + 𝑗𝜔𝑀𝑁2𝐼2 + 𝑗𝜔𝑀𝑁3𝐼3 +⋯+ (𝑅𝑁 + 𝑗𝜔𝐿𝑁)𝐼𝑁 

 

(7) 

Here, the filament resistance 𝑅𝑖 and self-inductance 𝐿𝑖 at 

radial position 𝑟𝑖 are given as: 

 

 𝑅𝑖 =
𝜌𝑖2𝜋𝑟𝑖
𝐴𝑖𝑒𝑓𝑓

              𝐿𝑖 = 𝜇0𝑟𝑖 log(
8𝑟𝑖
𝑎
− 2)  (8) 

 

𝐴𝑖𝑒𝑓𝑓  is the effective area of current filament, µ0 is the 

magnetic permeability of vacuum and ρi is the resistivity of 

each filament.  

 
Fig. 4 : Representation of the 2D multi-filament model with ‘N’ user defined 

current filaments for the driver of NIO1 ion source 
 

𝑀𝑖𝑗 is the mutual inductance between the two filaments at 

radius 𝑟𝑖, 𝑟𝑗 and at the distance dij and it is defined as follow 

[21], [22]: 

 

 

𝑀𝑖𝑗(𝑚) = 2𝜇 (
√𝑟𝑖𝑟𝑗

𝑚
)[(1 −

𝑚2

2
)𝐾(𝑚) − 𝐸(𝑚)]   

 

with    𝑚 = √
4𝑟𝑖𝑟𝑗

(𝑟𝑖 + 𝑟𝑗)
2
+ 𝑑𝑖𝑗2

 

   (9) 
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Here, 𝐾 and 𝐸 are elliptical integrals of 𝑚. To estimate the 

filament resistance, in the case of plasma, the same complex 

electrical conductivity 𝜎𝑒𝑙  is used as described in section D.  

Each turn of the RF coil is described as a single filament 

(with corresponding 𝑈𝑖 =
𝑉𝑐𝑜𝑖𝑙

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑛𝑠 𝑖𝑛 𝑐𝑜𝑖𝑙
)) and the same 

current is impressed on each of them. In particular, it is worth 

noting that the filaments representing the plasma and the 

passive structures are closed in short circuit and the 

corresponding 𝑈𝑖 is set to zero. 

By assuming a known value for the impressed current 𝐼𝑐𝑜𝑖𝑙  
in the RF coil filaments, the currents 𝐼𝑖  in the plasma and 

passive structure filaments can be calculated. From these 

currents and the calculated resistances, the power dissipated in 

each filament, thus the power in the coil 𝑃𝑐𝑜𝑖𝑙 , plasma 𝑃𝑎𝑏𝑠 and 

passive structures 𝑃𝑝𝑠 can be obtained. The power transfer 

efficiency 𝜉 (step (j) in Fig. 1) in this case is given as: 

 𝜉 =
𝑃𝑎𝑏𝑠

𝑃𝑖𝑛
=

𝑃𝑎𝑏𝑠

𝑃𝑐𝑜𝑖𝑙 + 𝑃𝑝𝑙𝑎𝑠𝑚𝑎 + 𝑃𝑝𝑠
    (10) 

With the known coil current  𝐼𝑐𝑜𝑖𝑙 , the equivalent series 

plasma resistance 𝑅𝑝𝑒𝑞 (step (i) in Fig. 1) and the passive 

structure resistance 𝑅𝑒𝑞𝑝𝑠   at the coil side are given as: 

 𝑅𝑝𝑒𝑞 =
𝑃𝑎𝑏𝑠
𝐼𝑐𝑜𝑖𝑙
2               𝑅𝑒𝑞𝑝𝑠 =

𝑃𝑝𝑠

𝐼𝑐𝑜𝑖𝑙
2     (11) 

Thus, the power transfer efficiency takes the following form:  

 ξ =
𝑅𝑝𝑒𝑞

𝑅𝑐𝑜𝑖𝑙 +  𝑅𝑝𝑒𝑞 + 𝑅𝑒𝑞
𝑝𝑠

=
𝑅𝑝𝑒𝑞

𝑅𝑝𝑒𝑞 + 𝑅𝑐𝑝
=
𝑅𝑝𝑒𝑞

𝑅𝐿
    (12) 

Here, 𝑅𝐿 is the whole load resistance seen by the generator 

and 𝑅𝑐𝑝 is an equivalent resistance accounting for the coil and 

the passive metallic structures. 

From the calculated values of the current, the magnetic field 

can also be calculated and the magnetic field lines within the 

driver will also be represented along with the results.  

III. APPLICATION TO THE NIO1 ION SOURCE 

The methodology described in the previous section is now 

applied to the driver of the NIO1 ion source operating with the 

hydrogen gas. A photo of the NIO1 experimental facility is 

shown in Fig. 5.The schematic of the driver is shown in the 

Fig. 6. NIO1 has a small RF negative ion source where the 

inner surface of the source is made up of copper material and 

covered by molybdenum liners except in the middle where an 

alumina cylinder isolates the region in vacuum from the RF 

coil. Permanent magnets in multi-cusp configuration are 

mounted in the source body to confine the plasma and to 

reduce plasma losses. 

In the following sections, the input parameters, the ohmic 

and stochastic heating collision frequency and finally the 

plasma equivalent resistance and power transfer efficiency 

obtained from the two models (transformer and multi-

filament) will be presented.  

A. Input parameters 

The geometrical parameters and the plasma quantities for 

the driver of the NIO1 ion source are listed in TABLE 1.  

 

 
Fig. 5. NIO1 experimental facility (here HVD stands for high voltage deck) 

[16] 

 
TABLE 1 

NIO1 DRIVER PARAMETERS 

Geometrical parameters Value 

Chamber radius [mm] 50 

Number of coil turns 7 

Coil radius [mm] 59.5 

Solenoid coil length[mm] 63.8 

Plasma characteristics  

Gas type   Hydrogen 

Electron density, 𝑛𝑒 [m-3]*           ~ 2.1 × 1017 

Electron temperature, 𝑇𝑒 [eV]** < 7 

Gas Pressure,  𝑃𝑔𝑎𝑠 [Pa] 
Above 1 Pa 

Gas temperature, 𝑇𝑔 [K] 
400-500 

* and ** are taken from [23] and depends upon  𝑃𝑔𝑎𝑠 , 𝑇𝑔𝑎𝑠and B field in 

the source 

 

A.1. Electron temperature 

An estimation of the electron temperature within the driver 

region of NIO1 ion source is obtained as a function of gas 

pressure and temperature (see section II.A.1) and is shown in 

Fig. 7. 
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Fig. 6.  NIO1 ion source: schematic (left) and 3D drawing cut-view (right) of the driver and the accelerator region 

 
 

It can be seen that  𝑇𝑒 decreases with the increase in 

pressure 𝑃𝑔𝑎𝑠 for all the gas temperatures 𝑇𝑔𝑎𝑠. The same trend 

is also observed in other ion source of  similar type [24]. From 

Fig. 7, we see that at 400 K and at the pressure of 2.5 Pa,  𝑇𝑒 is 

around 3.5 eV and is used as one of the input parameters of 

the developed methodology.  

 
Fig. 7.  Estimation of electron temperature with gas pressure 

 

A.2. Electron density 

In [23], it is shown experimentally that electron density is 

about 2 × 1017 m−3 at the edge of the driver region of NIO1 

ion source. This electron density is measured at the RF power 

of 1 kW and gas pressure of 1.5 Pa with a negligible magnetic 

field. In this work, four electron densities 𝑛𝑒 from (1 − 4) ×

1017 m−3 are taken, in order to observe the trend of the results 

with the density variation. 

B. Effective collision frequencies and skin depth 

As explained in the methodology, the input parameters are 

used to estimate the ohmic, 𝑣𝑚 and the stochastic heating 

 𝑣𝑠𝑡𝑜𝑐 collision frequencies. Based on this the effective 

collision frequency 𝑣𝑒𝑓𝑓  is calculated (see section II.C) and is 

shown in Fig. 8. 

Fig. 8(a) shows the variation of 𝑣𝑒𝑓𝑓  (the black curve), vm 

(the red curve) and 𝑣𝑠𝑡𝑜𝑐  (blue curve) with the gas pressure at 

the frequency of 2 MHz, 𝑛𝑒 =  3 × 10
17 m−3 and 𝑇𝑒 =

3.5 eV (typical operating parameters). It can be seen that 

stochastic heating is dominant heating mechanism at low 

pressures (below 1 Pa), whereas ohmic heating is dominant at 

higher pressures (yellow area). The dominance of stochastic 

heating at low pressure is in accordance with various research 

articles [1],[6],[25]–[27]. It can be seen that 𝑣𝑠𝑡𝑜𝑐  is 

independent of the pressure variation and depends only on 𝑛𝑒 

and 𝑇𝑒, while 𝑣𝑚 increases with the increase in pressure. It is 

pointed out that 𝑣𝑠𝑡𝑜𝑐  is modeled based on the assumption that 

the ions do not respond to the RF fields. However, this 

assumption may not be true for hydrogen gas at 2 MHz; in this 

case, the ion plasma frequency is found to be higher than the 

applied frequency. Nevertheless, the electron plasma 

frequency is found to be much larger than the ion plasma 

frequency and therefore as a first order approximation ion 

plasma frequency can be neglected [1]. 

From the input parameters and the effective collision 

frequency 𝑣𝑒𝑓𝑓 , the effective skin depth is calculated from 

equation (3) and the results are shown in Fig. 8(b) and Fig. 9. 

Usually, when the radius of the chamber is large, then the 

geometric effects present in equation (3) are neglected. 

However, for the smaller chamber these effects should be 

taken into consideration [6] [19]. In Fig. 8 (b), the skin depth 

variation is shown for two conditions (with and without 

geometric effect) as a function of frequency. Without the 

consideration of the geometric effect, it can be seen that the 

skin depth increases with the decrease in frequency, reaching 

comparable values with the driver radius. This certainly does 

not represent a physical scenario. Conversely, considering the 

geometric effects it can be seen that the increase in skin depth 

is minimal with respect to the decrease in frequency. This is in 

accordance with [19] where it is shown that due to the 

finiteness of the plasma within the driver, the skin depth does 

not increase very much even at the low frequencies. 
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Fig. 8.  Variation of (a) effective, ohmic and stochastic collision frequency with gas pressure and (b) skin depth with applied frequency 

 

 
Fig. 9.  Skin depth variation with (a) electron density and (b) gas pressure 

 
 

A discontinuity in the skin depth curves highlighted in the 

orange region in Fig. 8 (b) appears because of the model 

considered for 𝑣𝑠𝑡𝑜𝑐 , where the solution for 𝑣𝑠𝑡𝑜𝑐  is available 

as a limit for two disjoint regimes.  

The frequency range of 0.6-50 MHz is chosen for the 

analyses because within this range the frequencies 1, 2 and 

13.56 MHz are present. The 1 and 2 MHz are the working 

frequency of the ITER ion source and NIO1 ion source and 

13.56 MHz is the standard working frequency of ICPs in 

general. We limit the upper frequency range to 50 MHz 

because above this frequency other phenomena like ion - ion 

collisions may start playing an important role in plasma 

heating, which is not taken into account in the model.  

The variation of skin depth with and without geometrical 

effects for different electron densities and gas pressures is 

shown in Fig. 9. Without the geometric effects, the skin depth 

decreases with the increase in density, (Fig. 9(a)), this is 

because 𝛿 ∝
1

√𝑛𝑒
 (see equation (3)). On the other hand, the 

skin depth increases with the increase in gas pressure (Fig. 9 

(b)) because 𝑣𝑒𝑓𝑓  increases with the increase in gas pressure, 

see Fig. 8(a). It can be seen that considering the geometric 

effects the skin depth reduces considerably from about 5.5 cm 

at low electron density and about 4 cm at high gas pressure 

(which is comparable to the radius of the source) to about 1.2 

cm. The effect of electron density and gas pressure on the skin 

depth is less prominent when geometric effects are considered. 

In the following section, the results are shown considering the 

geometric effects, thus applying equation (3). 

 

C. Power transfer to the plasma 

The methodology described in section II is applied to the 

NIO1 ion source to calculate the plasma equivalent resistance 

(PER), 𝑅𝑝𝑒𝑞 and the power transfer efficiency (PTE) ξ. Both 

the first and the improved approach are applied and are 

described in the following sections.  

C.1. Transformer model 

As described in section II.D.1, the “classical” transformer 

model is considered with some improvements. The equivalent 

electrical scheme of the driver of the NIO1 ion source is 

Ohmic heating dominant 

(a) (b) 

 

f  = 2 MHz, 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 and 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑, 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 

(a) (b) 

f  = 2 MHz, 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 f  = 2 MHz, 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 and 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 
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shown in Fig. 3. 𝑅𝑐𝑝 is taken to be varying proportional t 𝑓
1

2o, 

a reasonable choice considering the small skin depth with 

respect to the conductor thickness. At 2 MHz, 𝑅𝑐𝑝 is assumed 

to be 0.3 Ω.  

 

C.2. Multi-filament model 

The 2D axis symmetrical geometry of the full NIO1 driver, 

shown in Fig. 6, along with the passive metallic structure is 

built in MATLAB® (Fig. 10) and is used as an input for the 

multi-filament model (described in section II.D.2). 

Furthermore, in order to reduce the model complexity and the 

computational time, the exploitation of the skin effect present 

in harmonic regime has been considered with a simplified 

approach, namely considering only a single layer of filaments 

on the surface of the metal parts. These filaments are visible in 

Fig. 10 as blue circles located at the surface of the conductors. 

An example of the magnetic field lines within the driver 

region are also represented in Fig. 10 when applying an 𝐼𝑐𝑜𝑖𝑙  
impressed current of 1 A. 

D. Results 

The results of the application of the methodology to the NIO1 

ion sources are first shown as a function of frequency 𝑓 =
𝜔

2𝜋
; 

then, the focus is more on the operating parameters of the 

NIO1 ion source at the working frequency of 2 MHz. The 

relative merit of the multi-filament model against the 

transformer one is presented. In all these cases, the plasma 

radius is assumed to be the same as the chamber radius. 

Finally, the results are also shown for a scan with respect to 

the equivalent plasma radius.  

 

 
Fig. 10.  Schematic of the 2D axis-symmetry model of the driver of the NIO1 

ion source 

 

D.1. Application of the transformer model – PER and PTE 

versus frequency 

• Plasma equivalent resistance at the primary side of the coil 

 

The value of the plasma equivalent resistance is calculated 

(as shown in equation  (6)) at different frequencies f and 

plotted in Fig. 11. It can be noticed that at 2 MHz, PER is 

found to be about 9 Ω for typical values for NIO1 operation. 

In these plots, we can see that the value of PER obtained is 

first increasing with the increase in frequency, reaches a 

maximum value and then decreases with the further increase 

in frequency. A discontinuity arises as explained in section B 

due to the modelling of the stochastic heating collision 

frequency 𝑣𝑠𝑡𝑜𝑐 , this discontinuity is shown with an 

interpolation (dashed line) in Fig. 11 and Fig. 12. The results 

obtained in this range may not be reliable.  

With the density variation, see Fig. 11(a), the PER increases 

with the increase in density. All the measurement results 

provided in [28] indicate a monotonic increase with electron 

density, which is also the frequently reported result. With the 

pressure variation (see Fig. 11(b)), the analyses show that at 

lower frequencies, the PER decreases with the increase in 

pressure whereas at higher frequencies the PER increases with 

the increase in pressure. This trend of the increase of the 

resistance with the increase of pressure is also observed in 

[28]. It should be noted that the gas used in [28] is a noble gas 

and here we use hydrogen gas, which has a very different 

electron-neutral collision frequency as compared to a noble 

gas. 

 

• Power transfer efficiency 

 

The value of power transfer efficiency ξ at different 

frequencies 𝑓 is calculated and plotted in Fig. 12. In these 

plots we can see that ξ increases with the increase in frequency 

and then reaches a maximum value. At low frequency and low 

density, the PTE reaches as low as 65% whereas at high 

frequency it reaches as high as 97%. With respect to the 

density or pressure variation, PTE in Fig. 12(a) and (b), show 

similar trend as is seen with the PER, in Fig. 11. 

 

D.2. Application of the multi-filament model and comparison 

with the transformer one 

• PER and PTE versus frequency 

 

Fig. 13 shows a comparison between the results of both 

transformer and filament models for the typical operational 

parameters for NIO1 ion source as a function of frequency. It 

can be seen that with the multi-filament model both PER and 

PTE follows the same trend as that of transformer model. The 

PER obtained from multi-filament model is reduced by half as 

compared to the transformer model, whereas the PTE is 

reduced by 2 %, with an exception at low frequency where it 

is reduced considerably by about 18 %. At lower frequencies, 

the value of PTE is lower as compared to the value at higher 

frequencies; this is because at lower frequencies the PER is 
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comparable to the resistance of passive metallic structure.  

 

 
Fig. 11.  Variation of plasma resistance with frequency for different (a) electron density and (b) gas pressure 

 
Fig. 12.  Variation of power transfer efficiency with frequency for different (a) electron densities and (b) gas pressure 

 

 
Fig. 13.  (a) Plasma equivalent resistance variation with frequency and (b) Power transfer efficiency variation with frequency 

 
 

(a) (b) 

𝒏𝒆 = 𝟏𝒆𝟏𝟕 𝒎−𝟑 

𝒏𝒆 = 𝟐𝒆𝟏𝟕 𝒎−𝟑 

𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 

 

𝑷𝒈𝒂𝒔 = 𝟏 𝑷𝒂 
   𝑷𝒈𝒂𝒔 = 𝟏.𝟓 𝑷𝒂 
   𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 
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 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽  and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 and 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 

(a) (b) 

𝑷𝒈𝒂𝒔 = 𝟏 𝑷𝒂 
   𝑷𝒈𝒂𝒔 = 𝟏.𝟓 𝑷𝒂 
   𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 

 

𝒏𝒆 = 𝟏𝒆𝟏𝟕 𝒎−𝟑 
𝒏𝒆 = 𝟐𝒆𝟏𝟕 𝒎−𝟑 
𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 

 

 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 and 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 

(a) (b) 

P
la

sm
a
 e

q
u

iv
a

le
n

t 
r
e
si

st
a
n

c
e
 [

Ω
] 

  
  

  

𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑, 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑, 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 
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However, as the frequency increases, the PER becomes 

much larger than the resistance of the passive metallic 

structure and thus negligible power is dissipated in the 

metallic structure. 

 

• PER and PTE versus electron density 

 

The value of PER and PTE for different electron densities is 

plotted in Fig. 14. In this graph, it can be seen that both PER 

and PTE increases with the increase in electron density. The 

same behavior of PER is also observed experimentally in [28] 

for different inert gases like  He, Ne, Ar and Kr. The PER 

estimated from the multi-filament model is roughly half the 

value obtained from the transformer model. The PTE reduces 

by 4% for high electron density and about 10% for low 

electron density. 

 
Fig. 14.  Plasma equivalent resistance and power transfer efficiency variation 

with electron density 
 

• PER and PTE versus gas pressure 

 

The value of PER and PTE for different gas pressure is 

plotted in Fig. 15. The PER estimated from the multi-filament 

model is roughly half the value obtained from the transformer 

model. The PTE reduces by 4% for low gas pressure and 

about 6% for high gas pressure.  

In this graph, it can be seen that both PER and PTE 

decrease with the increase in gas pressure. The behavior of 

PER is different from what is observed experimentally in [28] 

for different inert gases like Ne, Ar and Kr. However, for He 

the same behavior is seen at higher gas pressure above 2.6 Pa. 

A possible interpretation of the discrepancies between the 

results obtained from the noble gases and hydrogen is that 

they could be due to the different electron neutral collision 

frequency in Hydrogen and in noble gases.  
 

 
Fig. 15. Plasma equivalent resistance and power transfer efficiency variation 

with gas pressure 

 

• PER and PTE versus the plasma radius 

 

The results obtained in the previous sections are calculated 

by considering the uniform electron density within the plasma 

chamber. However it has been observed experimentally that 

the plasma electron density is not uniform in the entire 

chamber region; it follows a profile showing a maximum at 

the center and decreasing values near the edges [29]. This 

implies that the plasma conductivity is not uniform within the 

chamber. The plasma in the inner region is more conducting 

than that in the outer region. So as a first approximation, the 

outer region is considered non-significant and a radial step-

wise density profile is assumed. The equivalent plasma 

resistance can be calculated for an intermediate value of the 

radius. Since the plasma equivalent resistance calculated from 

the multi-filament model can be considered more realistic than 

that obtained from the transformer model, in this section the 

results are presented only for the multi-filament model. A scan 

with respect to the plasma radius (from 5-2 cm) is presented in 

Fig. 16 at 2 MHz and for typical values of NIO1 operation. It 

is pointed out that consideration of such unrealistic range for 

the variation of the plasma equivalent radius is done only to 

see its effect on the trend of the results obtained.  

 

 
Fig. 16. Plasma equivalent resistance, load resistance and power transfer 

efficiency variation with plasma radius using multi-filament model 
 

f  = 2 MHz, 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 and 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 

f  = 2 MHz, 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑 and 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 

f  = 2 MHz, 𝒏𝒆 = 𝟑𝒆𝟏𝟕 𝒎−𝟑, 𝑷𝒈𝒂𝒔 = 𝟐.𝟓 𝑷𝒂 and 𝑻𝒆 = 𝟑.𝟓 𝒆𝑽 
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The reduction of the equivalent plasma radius within the 

chamber suggests a reduction in the PER and PTE. The PER 

reduces from about 4.5 Ω at 5 cm plasma radius to about 0.18 

Ω at the plasma radius of 2 cm.  The PTE decreases by 60% in 

reducing the plasma radius from 5 cm to 2 cm.  

The load resistance 𝑅𝐿 is calculated using the relation 

shown in equation (12) and is also shown in Fig. 16. It follows 

the same trend as that of PER. In [30], an estimation of the 

load resistance (RF coil, passive structures and plasma) of 1.7 

Ω is given for NIO1 ion source. This value of 𝑅𝐿 is found at a 

plasma radius of 3.5 - 4 cm from the methodology presented 

in this paper.  

IV. CONCLUSION AND FUTURE WORK 

This paper provides an improved methodology to estimate 

the plasma equivalent resistance and the power transfer 

efficiency within the driver region of an IC ion source. The 

major improvement with respect to a previous methodology 

based on a simpler transformer model comes from the 

development of a multi-filament model which takes into 

account the mutual coupling between the RF coil, the plasma 

and the metallic structure within the driver region. Both the 

methodologies are applied to the NIO1 ion source. 

With the transformer model, it is found that the plasma 

equivalent resistance is about 9 Ω at the NIO1 operating 

frequency of 2 MHz. With the implementation of the multi-

filament model, it is found that the plasma equivalent 

resistance reduces to about half the value obtained from the 

transformer model and the PTE reduces by 4% for the typical 

values of NIO1 operation. These results seem corresponding 

to a more realistic description of the real phenomena. In 

addition, the assumption of a reduced equivalent plasma 

radius, accounting in some way for a more realistic density 

profile leads to an evaluation of plasma equivalent resistance 

closer to the estimated value.  

From both models, it can be seen that the power transfer 

efficiency increases with the increase in operating frequency 

reaching maximum values around 10 MHz, thus, this indicates 

that the preferable operating frequency lies in this range. 

As a future work, the developed methodology could be 

made more self-consistent, in such a way that plasma 

parameters like electron density and temperature are not 

considered independently. Future calculations of the radial 

density profile could also be included. The external static 

magnetic field applied in ion source to confine plasma away 

from the wall chamber is expected to have an impact on the 

plasma conductivity. Therefore, it will be interesting to 

incorporate this effect into the methodology and hence obtain 

the results in view of more realistic experimental scenario. 
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