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EINDHOVEN UNIVERSITY OF TECHNOLOGY

Abstract

Eindhoven University of Technology

Applied Physics

Master of Science

Interaction between plasma and neutrals near the divertor: the effect of

particle and energy reflection

by T. Minea

In plasma physics, material walls are traditionally regarded as perfect sinks for charged

particles and their energy. This work considers the special case that arises when the

wall efficiently reflects the neutralized plasma particles (due to a large mass difference

between incident particles and lattice atoms) and the upstream plasma is of sufficiently

high density to stop these reflected neutrals. The kinetic energy of the reflected particles

will thus be a considerable portion of the energy that their parent ions had gained in the

acceleration over the plasma sheath that naturally interfaces the plasma and the wall. It

may therefore be even larger than the local thermal energy and locally heat the ions in

collisions. This effect was for the first time experimentally observed in the linear plasma

generator Pilot-PSI at DIFFER and is relevant for the situation that is expected in next

generation fusion devices. A single fluid 1D numerical model is developed to study the

effect of energy reflection from the target and subsequent thermalization in the upstream

plasma. Firstly, the effect on the upstream plasma flow is characterized and compared

with new flow velocity measurements in Pilot-PSI. It demonstrates that the commonly

encountered flow velocities of around half the sound speed in the upstream plasma can

fully be explained by the interaction with the neutral source at the target. Subsequently,

the effect on the power density transferred to the wall as well as the kinetic energy of

the incident heavy particles is evaluated as a function of the energy reflection fraction,

plasma conditions and plasma sheath voltage to evaluate the importance for plasma

surface interaction in fusion devices.
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Chapter 1

Introduction

A plasma is a hot gas consisting of charged and neutral particles which exhibits collective

behavior due to the significant presence of free charge. It is known that most of the

matter in the universe exists in a state of plasma. Plasmas may exist in a wide range of

densities and temperatures: from astrophysical region to man made plasmas as shown

in Figure 1.1.

Figure 1.1: Temperatures and densities of various astrophysical and laboratory plas-
mas [1]

1
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An interesting application of man-made plasma with huge benefits is the achievement

of a so called burning plasma based on fusion reactions with the main purpose of net

energy production which has remained an unachieved goal for physicists for more than

50 years [2]. Having the possibility of endless supplies of energy and also environmental

friendly, that is, no carbon emissions and far less waste material than produced by

present nuclear fission power plants remains the ultimate dream for plasma physicists.

Although, the situation is about to change due to ongoing construction of ITER (a

500-MW heat generating fusion plant using toroidal magnetic confinement geometry: a

tokamak) which is envisaged to represent the breakthrough from experimental studies

of plasma physics to full-scale electricity producing power plants.

The fusion reaction is a nuclear process in which two light nuclei collide together to

form a heavier nucleus while releasing energy during the process. In order for this to

happen, very high densities and temperatures are needed within a sufficient confinement

time. The easiest approach in terms of highest reaction rate is provided by the reaction

between the two hydrogen isotopes deuterium and tritium, which produces helium (α

particle) and a neutron. The neutrons capture 80% of the released energy and the α

particles get the remaining of 20%.

The key concept of the tokamak is represented by its magnetic field topology , as shown

in Figure 1.2. The combination of a toroidal magnetic field (induced by external field

coils) with a poloidal field ( from an electric current through the plasma ), produces

helical field lines. Both magnetic field lines and current density lines lie on so-called

nested flux surfaces. Parallel to the field lines, transport of heat and particles is very

fast which results in constant temperature and pressure at the surface. On the other

hand, in the radial direction, i.e., perpendicular to the field lines, transport is slow,

being possible through e.g. collisions. In reality, the radial transport is enhanced by

change in the field topology due to various instabilities and by turbulence. As a result

more particles and energy than expected in a purely collisional picture end up hitting

the wall thus reducing confinement. The latter reason gives a hint why fusion is being

more difficult than initially foreseen.

A successful approach for limiting the deleterious effect from plasma wall interaction as

well as fuel cycle is given by the divertor configuration Figure 1.3. By using a set of coils

a null point, or an X point, is created in the magnetic topology allowing the particles

and heat to be exhausted over the region called divertor. Furthermore, the magnetic

boundary between confined plasma and edge/divertor plasma is called separatrix or Last

Close Flux Surface (LCFS). In addition, between the LCFS and the vessel wall the so

called Scrape-off Layer (SOL) is formed.

Through the SOL, heat and particles are being removed out from the reactor main
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Figure 1.2: This figure shows an ideal magnetic field topology in a tokamak: helical
field lines are created by external coils and plasma current.[2]

Figure 1.3: This picture shows a poloidal cross section of a tokamak in divertor con-
figuration together with the most important parts where the plasma surface interaction
takes place : at the divertor plates. The divertor can be seen as an extension of the
scrape off layer where all the core heat is conducted and exhausted in the end. Its
structure also prevents neutrals from leaving it and going back into the core plasma.

[3]

plasma and directed towards the divertor plates. There will have to withstand steady

state fluxes in the order of 10 MWm−2 and 1024 m−2s−1, respectively in e.g. ITER.

These values are not trivial and finding a lasting solution for the divertor remains a

challenge in the fusion community. At present, the two linear plasma generators Pilot-

PSI and Magnum-PSI at the FOM-institute DIFFER are able to mimic the divertor as

expected in ITER and aid in finding such solutions.
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1.1 Motivation

Due to cost reduction as well as high tritium retention issues for the carbon based

divertor parts, a transition towards a full tungsten divertor has happened in ITER

without a trial stage of a mixed tungsten-carbon divertor as initially foreseen. In Figure

1.4 we see a substantial increase in both particle and energy reflection coefficients as

well as a peak shifting towards lower impinging ions energies for carbon versus tungsten

plates.In other words, whilst predominantly molecules would return with a kinetic energy

determined by the surface temperature from a carbon divertor surface, mainly energetic

atoms will return from a tungsten surface. Connecting this effect with the high plasma

density, i.e. ne > 1020, near the divertor results in a strong coupling of the high energetic

backscattered neutrals and the plasma ions via a resonant process called charge exchange.

It is the aim of the present work to isolate this effect and assess its effect on the case

of plasma parameters and consequent plasma surface interaction in linear devices such

as Pilot / Magnum - PSI and from there to extrapolate to plasma surface interaction in

ITER.

In a picture without neutrals, the pre-sheath region of the plasma in front of the target

would be infinite and the plasma would have a flow speed equal v= cs, where cs is

the sound speed. This is only the case of a strong convective plasma flow like the one

in Pilot-PSI and Magnum-PSI. That is of course valid within the imposed boundary

conditions at the target, i.e. according to the Bohm criterion plasma needs to reach

sound speed at the sheath entrance Now what happens if a neutral source is taken into

account at the target?

The neutrals can take the form of a ”cushion” in front of the target and this is the

low energetic population, or the backscattered neutrals from the target, which is a high

energy (∝ sheath’s energy) population. The neutrals can resonantly interact with the

ions in the plasma via charge exchange (CX) processes by adding energy back into it

and removing momentum. A schematic view is drawn in Figure 1.5.

A new finding in this context, hinted at by experimental results from Pilot-PSI [5], is

the mechanism of capturing of energy carried by the reflected neutrals by the upstream

plasma, which increases the upstream heavy particle temperature and therewith elevates

the flow velocity of the heavy particles at the sheath entrance. This effect is due to the

fact that the ions are accelerated over the plasma sheath before being neutralized at

the target, and therefore the reflected neutrals will have a larger kinetic energy that the

thermal energy of the upstream ions. Furthermore, clear evidence of different plasma

ion temperature behavior for different target materials has been found in [6], which

enforces the hypothesis of reflected neutrals leading to plasma heating. An immediate
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Figure 1.4: This figure shows particle (a) and energy reflection coefficients (b) for
hydrogen ions incident on carbon and tungsten solid surfaces as a function of the impact

energy.[4]

consequence of this effect is the impossibility of an accurate computation of the reaction

rates close to the surface of the divertor for example.

Within the framework of this thesis an interpretative 1D modeling study has been per-

formed on the plasma flow characteristics to Pilot-PSI like devices. Already at this point,

one may ask what is the necessity of a simple model when there are already advanced

codes available [7] such as the in house developed B 2.5 Eunomia . The answer is rather

intuitive, that is, to study the effect of various assumptions the large complex codes are

not flexible enough. A simple 1D model can much better reveal the interplay between

various parameters such as the relations proposed in the research questions. People

often make ”toy models” to get a better understanding. In B2.5-Eunomia, changing an

assumption may come back as a change in radial profile, blurring the pure influence of

the assumption on the electric field, for instance.
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Figure 1.5: Hand drawing of plasma wall interaction. In this picture, hydrogen ions
are being accelerated in a two stage process: firstly, the high energetic neutrals that
come back into the plasma undergo a CX reaction from which a high energetic ion
appears; secondly, this newly formed ion is the subject of a further plasma acceleration

due to imperfect shielding of target potential

1.2 This thesis

The main research question of this project is :

How does the neutral source feed back to the upstream plasma and how does

this alter Plasma Surface Interaction in ITER / Pilot / Magnum-PSI ?

In first instance, research is done specific for Pilot-PSI and Magnum-PSI, with focus on

the effect on temperature, flow speed and target heat loads.

The emphasis lies on conditions that combine high energy reflection coefficients, i.e.

metals with high Z number, with a strong coupling between neutrals and plasma parti-

cles, i.e. high plasma density ne > 1020. Although the work focuses on the experimental

conditions of the in house linear plasma generators, it is on basis of the match in plasma

parameter space, i.e. high density and low temperature, directly applicable to the ITER

divertor. The ITER relevance lies in the fact that the strong coupling between neutrals

and the plasma affects the heat losses to the strike point and the average energy per

incoming particle. As such, it relates to key challenges of ITER such as heat loads on

the divertor, sputtering and/or further plasma contamination.
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This research project has two main parts. Firstly, an experimental approach to deter-

mine plasma flow velocities in Pilot-PSI. An experimental database on local particle flux

measurements perform with an electrostatic probe embedded in the target of Pilot-PSI

with corresponding upstream plasma conditions from Thomson scattering is achieved.

In addition, the experiments serve to pinpoint the parameters space to benchmark the

simulations. Probe measurements are combined with Thomson scattering results to de-

termine plasma flow velocities. Independent, pressure measurements are performed to

yield the same information.

Secondly, a theoretical modeling part is done where spatially resolved plasma profiles are

obtained. The interpretative fluid modeling is devised in two stages. At first the plasma

fluid equations are numerically solved in a frame where Te = Ti. Subsequently, a hybrid

2 fluid model that allows for the electron and ion temperature unequilibrium is used to

obtain insight into the possibility of local ion heating by energy exchange between the

plasma and energetic reflected neutrals.

The numerical code for solving the explicit ODE system describing the plasma fluid

equations is based on a first order backward finite difference approximation for the

derivative, followed by a Newton iteration scheme. The code is implemented in the

the Sundials toolbox [8] for Matlab which is based on the CVODE solvers for ordinary

differential equations. It is noted that, CVODE is the same solver used in obtaining

solutions of the plasma fluid equations within the UEDGE plasma simulator [9].



Chapter 2

Some background on the

properties of the electrostatic

plasma sheath and pre-sheath

2.1 Introduction

The first step in any evaluation of plasma in front of a surface and the resulting plasma

surface interaction is the characterization of the electrostatic plasma sheath and pre-

sheath that naturally form.

This chapter is mostly based on the description found in Chapter 2 of Stangeby’s book

The plasma boundary of magnetic fusion devices[10] and Chapter 11 of Bittencourt’s

Fundamentals of Plasma Physics[11].

2.2 Plasma Sheath

The physical mechanism behind the plasma sheath formation is easily understood start-

ing from an initial picture in a bulk plasma at rest in which charge neutrality exists.

Introducing a wall in this environment creates a sink for the plasma on which all charged

particles are lost. The ions recombine at the wall and return into the plasma as neutrals

whereas the electrons may either directly recombine or enter the conduction band pro-

vided the wall is a metal. The electrons and ions are initially described by Maxwellian

distributions from which one gets the one way Maxwellian flux towards the immersed

wall: Γα = 1
4nα < v >α, where nα is the density and < v >α is the average particle

speed of the α species. Due to their large mass difference the electron and ion Maxwellian

8



Chapter 2. Some background on the properties of the electrostatic plasma sheath and
pre-sheath 9

fluxes to the wall will thus largely differ as well. Assuming temperature equilibrium be-

tween ions and electrons one finds that electron fluxes are ≈ 42 higher than ion fluxes

(for hydrogen ions). As a result, the wall charges up negatively until an electric field

is established that balances the two fluxes, namely the ambipolar electric field. At this

point there is no net current drawn towards the wall, that is, the wall is floating.

The thickness of the layer of net space charge that sets up the ambipolar field is of the

order of the Debye length λD =
√

ε0Te
e2ne

. The negative potential of the floating wall Vf is

defined with respect to the sheath edge potential Vse. The plasma sheath is a positive

charged region. From stability reasons, the ions must enter the sheath at sound velocity

cs =
√

Te+γTi
mi

, also called the Bohm criterion, and the existence of a pre-sheath is a

must in the fulfilment of this criterion, i.e. to accelerate the ions from v = 0 in the

upstream plasma to cS near the target.[12].

Furthermore, the length of the pre-sheath is determined by the ion mean free path,

by the ionization length or by the geometry of the system (i.e. the cases of spherical

walls/probes). In addition, a magnetic pre-sheath will exists for configurations with

oblique magnetic field to the wall.

In the case of Pilot-PSI plasma the pre-sheath is neutral dominated. A pre-sheath that

is dominated by the neutral-ion interaction shows a variation in length according to the

different values of the charge exchange mean free path. Measuring flow velocities at a

fixed location from the target for various plasma conditions yields information of the

pre-sheath behavior and ultimately on the neutral plasma interaction. To what extent

this pre-sheath matches in length the ion-mean free path remains to be determined later

in this report.

In this project there is no model of the sheath, since that would imply a different

approach, i.e. a kinetic model, on a different length scale and that is beyond the scope

of the present work. Still, boundary conditions, e.g. Bohm criterion, are used in the

fluid simulations which implicitly require a zone of plasma acceleration, i.e. the so-called

pre-sheath, to fulfil this criterion.



Chapter 3

Experimental Approach

3.1 Pilot-PSI

Pilot-PSI is a linear plasma generator that has an unique feature when it comes to

plasma surface interaction: it can reach particle fluxes exceeding 1024 m−2 s−1 and

temperatures in the interval of 0.1-5 eV which makes the device ITER relevant. During

plasma operation, the vessel pressure is basically around 1 Pa. A cascaded arc source is

used to produce the plasma by applying a high current between the cathodes and the

anode of the source. The resulted plasma expands out into the vacuum vessel due to

the pressure difference until it is confined by an axial magnetic filed. The magnetic field

takes values from 0.2 T in continuous operation up to 1.6 T in short pulses. A diagram

of Pilot-PSI is shown in Figure 3.1.

10
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to pumps

Pilot-PSI

target
cooling

magnetic
�eld coil

cascaded arc 
plasma source

Figure 3.1: This figure shows a schematic representation of Pilot-PSI, a linear plasma
generator designed for plasma surface interaction studies under extreme particle and
heat loads (ITER relevant). Up to five surrounding coils create a homogeneous magnetic
field that guide and confine the plasma created by the cascaded arc source to a specific
target. In addition, booster pumps are used to maintain a constant low vessel pressure.

3.2 Thomson scattering

Insight into the main plasma parameters, namely, electron temperature and density in

front of the target at ≈ 2 cm is obtained via a high resolution Thomson scattering (TS)

system at Pilot-PSI. A detailed description about operating principles of a TS diagnostic

as well as underlining theory can be found elsewhere [13]. Upon shining a laser through

the plasma, light is scattered by the free electrons. The density of the electrons is

proportional to the intensity of the scattered light while the temperature is proportional

to the square root of the Doppler width of the acquired spectrum. The system can

measure ne and Te with a spatial resolution of 0.6 mm and has an observational error

of 3 % and 6 % for ne = 4 ∗ 10−19 m−3. These errors decrease further with increasing

density of the plasma.

3.3 Langmuir probe

The ratio between plasma flow velocity v and sound speed cs defines the Mach number

equation for the plasma column.

M =
v

cs
(3.1)

In order to obtain the Mach numbers, an insight into particle fluxes at the target should

be established. Furthermore, the particle fluxes represent initial conditions for the 1−D
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model approach, which enhances their importance into the system.

Starting from the conservative form of the momentum equation, while assuming cold

ions and isothermal conditions together with Bohm criterion, a half drop in density at

the sheath edge is found. This approach results in a way of computing the particle flux

at the sheath edge Γse .

pe + pi +mnv2 = constant (3.2)

n0Te = nseTe +mnsev
2
se (3.3)

n0

nse
= 1 +

(
vse

cs

)
2 (3.4)

Γse = nsevse =
1

2
n0cs (3.5)

However, this approach is different from the experimental situation where ions are not

cold and the bulk plasma is not at still. Another way of determining the ion fluxes at

the target is with the help of a Langmuir probe.

The Langmuir probe consists of a conducting pin that is embedded in the target in

the plasma, as shown in Figure 3.3, while sweeping the applied potential applied to the

probe over a wide range and measuring the acquired current.The probe was negatively

biased with a triple triangle voltage wave that reached −150 V for hydrogen and −100

for argon in order to avoid damaging the probe due to arcing near the target as shown

in Figure 3.2.

By analyzing the resulted I-V characteristic various plasma parameters can be derived

such as electron temperature and density or ion fluxes. Data analysis of Langmuir probes

is cumbersome and not often straight forward especially when oblique magnetic field is

present. However, for determining the ion fluxes the results are obtained quite easily.

With respect to the mechanism of plasma sheath formation described in the previous

section, the existence of an energy filter for the electrons was underlined. Therefore,

by increasing further in magnitude the wall/probe potential even the high energetic

electrons are repelled and what remains is a collection of ions only, the ion saturation

current which is directly linked to ion particle flux Γi. Conservation of particle flux in

between Thomson measuring position and target is assumed.

Γi =
Isat

eAprobe
(3.6)
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Figure 3.2: A biasing function profile used for the Langmuir probe experiment. The
triple triangle function keeps the probe free of damage due to arcing and samples more

points in the expected saturation limit range.

Figure 3.3: Schematic representation of Langmuir probe experiment. The probe
consists of one conductor which is connected to a power supply and generates a voltage

relative to the ground. Applying a negative voltage results in an ionic current.
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3.4 Experimental campaigns

Experiments done on 20th of September 2012 aimed at determining electron temperature

and density for a large number of source parameters and magnetic field in order to

create a database of plasma parameters which is subsequently used for measuring I −V
characteristics of the Langmuir probe. This was done due to the incompatibility of

shining the laser through the plasma near the target (3rd window) simultaneously with

the immersion of the probe. Therefore, reproducibility of plasma parameters for same

settings should be taken as an assumption.

Experiments done on 21st of September 2012 consisted in recording the I − V charac-

teristics, with an oscilloscope, for the plasma parameters previously determined.



Chapter 4

Measurements of plasma flow

velocities in Pilot-PSI

Typical TS profiles that were measured are shown in Figure 4.1. It is seen that the

detection chord was not well centered with the plasma beam so that one edge of the

beam profile was missing in these measurements. The peak density and temperature are

still well determined, which were of main interest within the present context. We are

interested in a flux tube that finds itself in the middle of the plasma beam. Therefore,

it should have highest density and temperature. Taking the maximum value after per-

forming a ”moving median” on the data gives the final values that are used further in

the analysis.

By varying the experimental parameters such as confining magnetic field, gas flow in the

cascaded arc source and source current, electron temperatures of 0.4-2 eV and densities

in the order of 0.8− 3.8× 1020 m3 were achieved, as is shown in Figure 4.2.

Typical I − V characteristics are shown in Figure 4.3 and Figure 4.4 for both hydrogen

and argon discharges. Both of these characteristics show a linear decreasing of current

in the region where saturation is expected, that is, well bellow the floating potential.

An explanation consists in a resistive behavior of the probe, since what we see is voltage

driven. For example, a thin metallic layer of impurities might have adhered to the

insulating surface around the wire. The saturation current is in such cases obtained

from a linear fitting and an extrapolation towards the abscissa at 0 V as is indicated in

the figures.

Basically, saturation currents are particle fluxes multiplied with electron charge and

surface of the collection probe. Figure 4.5 shows a comparison between flux densi-

ties,calculated from the density and temperature measured with Thomson scattering as

15
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Figure 4.1: Typical TS profiles, i.e. electron density and temperature with respect
to the lateral position. The center of the beam corresponds to the maximum values.
While the profiles should be symmetric, i.e. Gaussian like, the other half is missing due

to the position of the receiving fiber channels.

described in the previous chapter, and probe flux densities. An overestimation is found
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Figure 4.3: Typical I-V characteristic in hydrogen plasma. The source current was
200 A with a flow of 3 slm. The magnetic field was 0.4 T. Corresponding electron
density and temperature are ≈ 2· 1020 m3 and 0.5 eV respectively. Isat = −0.32 A. Sat-
uration current (extrapolated) provides direct measurement of the particle flux density

at target.
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Figure 4.4: Typical I-V characteristic in argon plasma. The source current was 150
A with a flow of 1.5 slm. The magnetic field was 0.4 T. Corresponding electron density
and temperature are ≈ 3· 1020 m3 and 1.7 eV respectively. Isat = −0.05 A. Saturation
current (extrapolated) provides direct measurement of the particle flux density at target
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Figure 4.5: This figure shows ITER relevant flux densities for hydrogen plasma-red
dots, and argon plasma-blue dots in Pilot-PSI. Comparison of flux densities from probe
measurements with those from Thomson densities learns that assumption M=0.5 at the

Thomson position (inspired by general sheath theory) is not valid.

when classical sheath theory is applied for computing these fluxes Equation 4.2.

ΓProbe = 0.75ΓThomson in case of H2 (4.1)

ΓProbe = 0.38ΓThomson in case of Ar (4.2)

Under the assumption that the ion fluxes are conserved within the plasma beam, i.e.

the upstream flux is the one that reaches the target and is detected with the Langmuir

probe, target fluxes are related with upstream ones and Mach numbers are obtained,

as is shown in Figure 4.6. These correspond to typical flow velocities at the Thomson

position, of the order of 5000 m/s for hydrogen plasma and 500 m/s for argon plasma.
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Figure 4.6: Mach number as a function of plasma density measured in Pilot-PSI. The
Mach number slightly decreases with density probably due to changes in pre-sheath
length. Flow velocities in H2 are ≈ 5 km/s, an order of magnitude higher than in Ar.

An explanation for the slight decrease of Mach numbers with density is attempted. A

first approach was discussed in [5] where the pre-sheath length was expanding beyond

the Thomson measuring position thus making the upstream location a point with a

higher plasma flow velocity Figure 4.7. A change in the pre-sheath length scale may

be expected on the basis of the different Te which translate into different energy values

that the ions impinging on the target acquire over the sheath. Therefore, the neutrals

will return with different velocities back into the plasma that can stop close to target or

further away based on their collision frequency with ions in the plasma. In addition, this

frequency depends also on the plasma density, i.e. the more dense the plasma, the larger

will be the stoping power for the neutrals. Assuming the pre-sheath being determined

by the neutrals, it can be that its length scale varies according to the parameter space

in which the experiment was done.

Langmuir probe experiments together with Thomson scattering were performed on

plasma column in both argon and hydrogen plasmas. Operation conditions were in

the ITER relevant regime in terms of particle fluxes and heat fluxes. Classical sheath

theory, yields an over estimation of particle fluxes towards the target is found within a

factor of 1.3 to 2.6 for H2 and Ar with respect to the Langmuir probe results.

In addition, Mach numbers of 0.2 for argon and 0.5 for hydrogen were determined as

well together with their corresponding flow velocities. A preliminary explanation in-

volving pre-sheath length expansion was used in order to acquaint the slight increase of

Mach numbers with declining density. The applicability of the ”classical sheath” theory
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Figure 4.7: This figure shows how an increasing pre-sheath length can affect the
measurement of the plasma flow velocity. Basically, an already accelerated plasma is

measured if the pre-sheath expands beyond the detection point.

is rather limited in the present context where plasma convection and plasma neutral

interaction are expected to play a dominant role.



Chapter 5

One fluid plasma model

5.1 Introduction

In this chapter the the one fluid model of the plasma is introduced together with the

neutral model. This model incorporates elements that allow for a further benchmark

with the results from experiments. Stationary plasma profiles along the magnetic field

lines, that is, within the so-called flux tube constitute the solutions of the model. The

equations underlying the model differ from other approaches used in literature, e.g.

[14], [10], in the way the neutral atoms interact with the plasma, e.g. the possibility

of heating up the plasma via charge exchange processes. This is due to the fact that

the high plasma density in Pilot-PSI ensures that the heat of the neutrals is effectively

captured while in tokamak conditions electron temperatures are generally much higher

and there the recycling of the particles can cause already a significant portion of the

heat to be captured.

5.2 System of equations

A simple 1D geometrical approach is used for the model. The spatial variable along

the magnetic field line is denoted by x and the origin of the system, x0 = 0, is chosen

at the sheath entrance (se). The end point, x1 is in the order of tens of cm where

no spatial changes are observed anymore in the simulated profiles. The Bohm criterion

is taken as a boundary condition at the sheath entrance. In addition, everywhere in

the integration domain, the plasma is current free, i.e. ve = vi = v, and quasineutral,

i.e. ne = ni = n. Moreover, as a starting point coupling between electron and ion

temperature is assumed, Te = Ti = T . Stangeby argues in the documentation of the

impurity code DIVIMP [15] that interpretative modeling is best done in the upstream

21
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Figure 5.1: Atomic rate coefficients for hydrogen where CX stands for charge exchange
processes, REC for recombination and ION for ionization.

direction starting from the target region. Among his arguments, stability of the target

boundary conditions in opposition with the volatility character of the upstream ones

was critical for the approach taken in present work. However, upstream modeling has

its limitations, that will be shown at a later stage in this project.

The plasma consists of hydrogen ions, electrons and neutral hydrogen atoms with the

following atomic processes taken into consideration:

(CX) H +H+ → H+ +H

(ION) H + e− → H+ + 2e−

(REC) H+ + 2e− → H + e−. (5.1)

Here CX, ION and REC stand for charge exchange, ionization and recombination, re-

spectively with their reaction rates are functions of energy and plotted in Figure 5.1.

The fluid equations represent the different moments of the Boltzmann distribution func-

tion of electrons and ions together with an appropriate closure scheme. They have been
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already derived by Braginskii in 1965 [16].

d

dx
(nv) = S1

d

dx
(minv

2 + 2nT ) = S2

d

dx
(mi

1

2
nv3 + 5nvT − k‖

dT

dx
) = S3 (5.2)

The right hand side of the plasma equations represent the plasma sources and sinks due

to ionization, recombination and charge exchange :

S1 = kionnnn − krecn
2

S2 = m(vn − v)Kcxnnn −mvKrecn
2

S3 = −KionnnnEion −Krecn
2(

1

2
miv

2 + 3T ) +Kcxnnn(Erefl − (
1

2
miv

2 +
3

2
T )).

(5.3)

The first term in S1 represents the ionization of neutrals recycled from the target plate

and the second one gives the loss of particle at low temperature due to recombination.

The ion momentum term S2 includes only losses due to recombination and friction with

neutrals via charge exchange. Finally, the energy term S3 includes energy losses due to

ionization, recombination and an energy gain due to charge exchange .

The neutrals are a key element in the previous equations due to their presence as a source

and sink in both momentum and energy equations. Basically, there is a monoenergetic

population of neutrals which comes back from the target into the plasma where the CX

process throws them away. This yields the following equation 5.4 for the neutrals:

vn
dnn
dx

= −Kcxnnn (5.4)

where vn ≈
√

2Erefl/mion. In addition, vnnn = RNcsn and Erefl = RE(2Ti+3Te), where

RN and RE are particle and energy reflection coefficients, respectively. Stangeby, takes

for the ion energy flux that reaches the solid surface the qiss = (2Ti + |eVsh|)Γse, which

under the assumption of temperature equilibrium between ions and electrons, floating

target and a reflection coefficient RE = 0.6 for hydrogen on tungsten, gives a reflected

energy Erefl = 3T back into the plasma [10]. It is worth noticing already at this point

the important distinction between the floating and biased cases that can have a radical

influence on the energy of the neutrals reflected back into the plasma.
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Furthermore, the neutral velocity appears in the momentum equation as well, contribut-

ing to the friction term and inherently to plasma acceleration as it is going to be shown

in the coming chapter. Moreover, the neutrals are explicitly giving their energy via CX

processes to the ions which should lead to a temperature imbalance between ions and

electrons. A quantization of this effect is addressed in a separate section as well by

equating the charge exchange energy gain with the energy equilibration term in between

ions and electrons.

In order to reduce the system of equations 5.2 to a first order degree of differential

equations and to simplify it the following changes are made:

C1 = nv

C2 = minv
2 + 2nT

C3 = mi
1

2
nv3 + 5nvT − k‖

dT

dx
. (5.5)

Here k‖ ≈ 4000T 5/2 is the parallel electron conduction of the plasma, C1, C2 and C3 are

particle flux, momentum flux and heat flux, respectively.

The complete set of fluid equations are rewritten with these new set of variables as

follows:

d

dx
C1 = Kionnnn −Krecn

2

d

dx
C2 = m(vn − v)Kcxnnn −mvKrecn

2

d

dx
C3 == −KionnnnEion −Krecn

2(
1

2
miv

2 + 3T )−Kcxnnn(
1

2
miv

2 +
3

2
T ) +KcxnnnErefl

dT

dx
= − 1

k‖
(C3 − (mi

1

2
nv3 + 5nvT )).

(5.6)

The new set of equations contains plasma density and velocity in the right hand side

and their values need to be back up from the notation that we made in equations 5.5.

Starting from the particle flux C1 and momentum flux C2 one can solve the second

degree equations for the density and get two solutions :

n =
C2 ±

√
C2

2 − 8miC1
2T

4T
(5.7)
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The positive branch of the density solution is chosen. An explanation follows:

We analyze the terms under the square root
√
C2

2 − 8mTC2
1 :

i) C2 = mnv2 + 2nT = mn(v2 + c2
s)⇒ C2

2 = m2n2(v2 + c2
s)

2

ii) 8mTC2
1 = 8mn2v2 = 4m2n2v2c2

s

We have made use of the fact that cs =
√

2T
mi

. The difference under the square root can

be written as perfect square:

C2
2 − 8mTC2

1 = m2n2(v4 − 2v2c2
s + c4

s) = m2n2(v2 − c2
s)

2

Therefore, taking the square root imposes a modulus around the remaining value:√
C2

2 − 8mTC2
1 = mn|v2 − c2

s|.

As a result the density equation 5.7 becomes:

n =
mn(v2 + c2

s)±mn|v2 − c2
s|

2mc2
s

. (5.8)

We have not measured supersonic velocities therefore we expect to be in a subsonic

regime where plasma velocity is less than sound speed: v < cs. Under this condition the

density equation, after resolving the modulus, becomes :

n =
mn(v2 + c2

s)±mn(c2
s − v2)

2mc2
s

. (5.9)

With the two branches explicitly :

n+ = n (5.10)

n− = n
v2

c2
s

(5.11)

Therefore, the choice for the + sign in order to recover the initial input density value in

the definition of C1 and C2. A sonic transition would require a change in branches.

5.3 Quantification of Ti increase due to CX heating

In order to get an idea of the maximal difference between the ion temperature and the

electron temperature, we equate the power that neutrals deposit locally into the plasma

to the power exchange between electrons and ions:

Kcxnnn(Erefl − (
3

2
Ti +

1

2
miv

2)) =
3men

mi
νeq(Ti − Te) (5.12)

For a more compact form, the same equation can be rewritten as the ratio between the

relative temperature increase to the difference in kinetic energy between the neutrals
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and the ions:

∆T

∆E
=
Kcxnn
3me
mi

νeq
(5.13)

5.4 Boundary conditions

The system of plasma fluid equations together with the model describing the neutrals

is integrated from the target towards the upstream as an initial value problem, i.e.

boundary conditions are given only at one point: the sheath entrance, as it is shown

schematically in Figure 5.2. The following two parameters are fixed at the point x0 :

density n0 and temperature T0. The Bohm criterion states that the ions enter the sheath

with sound velocity cs0 =
√

2T0
mi

. Having these established, starting values for particle,

momentum and energy fluxes are computed according to equation 5.5. In addition, the

initial conduction heat flux Qcond is null since we are mainly interested in a convective

flow regime similar to that of the PILOT-PSI plasma regime.

Figure 5.2: Schematic ilustration of the 1D ’mesh’.



Chapter 6

1D, 1-fluid modeling of the effect

of the neutral source

This chapter contains the results obtained with the numerical model outlined in the

previous chapter. First, the effect of high energetic neutrals in the energy balance

is investigated. After that the influence of target biasing and the energy reflection

coefficient is assessed. Subsequently, the simulated flow profiles are compared with the

measured flow velocities of chapter 4. A limit case of the model corresponding to thermal

neutrals is investigated as well. Finally, the effect on target heat loads are addressed as

well as argon plasma behavior.

27
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6.1 The effect of high energetic backscattered neutrals in

the energy balance

We investigate the effect of energy exchange with the neutrals in the energy balance by

comparing two cases. In the first case, which we will refer to as ”CX on” we solve the

system of equations as outlined before (eq. 5.6). The second case we will refer to as ”

CX off” and consisted of setting Erefl = 0 in the charge exchange term of the energy

balance (eq. 5.6) whilst keeping vn =
√

2Erefl/m in the momentum equation. Figure

6.1 shows the modeling results. The target conditions, namely the boundary conditions

for the ODE system, were varied for the two distinct cases in order to match the same

upstream profiles in terms of temperature and particle flux (which also means heat flux

in the low temperature convective regime) and have this as a basis for comparison. An

additional reasoning for matching upstream this profiles comes from the experimental

situation in which an upstream plasma source delivers a set particle and energy flux.

It is seen that the particle flux is hardly changing along the axial distance. This is due

to low ionization and recombination rates in this energy interval.

The momentum flux profiles are different in the two situations: with CX energy off,

there is less friction with the neutrals and therefore there is less build up of momentum

in the upstream region as opposed to the case when CX energy is on. This is due to a

different neutral velocity in the two cases, i.e the neutrals have a higher velocity when

CX energy is on. The neutrals are monoenergetic and have an energy proportional to

the sheath energy. In turn, this sheath energy (for a floating wall) is proportional to the

plasma temperature and we do see an increase of plasma temperature near the target

when CX energy is on. Another behavior of the faster neutrals is that they penetrate

further into the plasma and this can be seen in the distance over which the momentum

flux builds up as well as in the neutrals’ profile themselves.

The density profiles are derived from the momentum and particle fluxes as explained in

the previous chapter. Since the particle flux is constant what makes a difference in the

density profile is the momentum flux. The density profiles follow the behavior of the

momentum flux profiles.

The Mach number is, since the particle flux is constant, simply proportional to the

inverse of the density profile. However, it is relevant to discuss it from the point of view

of a plasma acceleration. Already more than two decades ago Riemann underlined this

mechanism in his review paper on Sheath Physics [12]. In order for the Bohm criterion to

be satisfied, an acceleration region of quasineutral plasma must exist for this to happen.

In literature, this acceleration zone is conventionally named pre-sheath. In a collisional
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Figure 6.1: Near wall plasma heating from backscattered neutrals. Starting condi-
tions: n0 = [5, 3.6] × 1019 m−3, T0 = [1.05, 2.08] eV,RE = 0.7, RN = 1. In the first
case, black profiles, the neutrals are mainly responsible for removal of momentum from
the plasma and as a result the plasma cools down due to convection. In the other case,
active heating of the plasma show an almost two times increase in both plasma edge

temperature and heat flux.
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plasma the neutrals create a drag force on the ions removing momentum from the plasma.

This removal of momentum leads to a pressure build up in the upstream region of

the plasma which subsequently is responsible for the force providing the acceleration.

An important aspect here is the match of this acceleration length with the neutral

penetration depth which is subsequently determined by the neutrals’ initial velocity.

Another aspect relates to the plasma acceleration due to friction as we see in this profiles.

Imagine the neutral density becomes zero, then most of the sources and sinks would

become negligible. This means that the plasma remains sonic all over the simulated

space. To conclude on this aspect, we regard the length scale over which the plasma

accelerates to sound speed as the pre-sheath. However, we note that effects like non-

Maxwellian distribution and finite electric fields that also must be present are not taken

into account by the model.

The effect of plasma heating by the neutrals is most evident in the profiles of temperature

and heat flux. Without heating, the plasma looses energy in the charge exchange with

neutrals so that both profiles drop towards the target. Taking the larger energy for the

neutrals into account gives the opposite.

The leveling off of heating in the last cm’s in front of the target is due to the acceleration

of the plasma. The convected energy is (1
2minv

3 + 5nvT ), and when the plasma goes

from ≈ 0.5cs to cs this has to be compensated by a drop in T if no additional energy is

conducted.

Having established that the heating effect is significant, we ask ourselves the question

whether Te = Ti. The reason for this question is Shumack’s work [5], in which no

temperature increases were found in the electrons and it was postulated that only the

ions were heated. In order to get an insight into the maximum increase of the ion

temperature relative to the electron temperature, a balance between the ion surplus of

energy due to CX collisions with hot neutrals and the electron-ion energy equilibration

term is considered. The result is shown in Figure 6.2 as was calculated for the simulation

results in Figure 6.1. We see that at floating target conditions there is a maximum

increase of ≈ 0.8 eV that extend up to ∼ 10 cm into the plasma.
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6.2 Target biasing: how an experimental tool in PSI re-

search dictates upstream conditions

In this section we evaluate the heating for biased targets. Target biasing obviously gives

much more energy to the neutrals compared to floating targets and it is a common

procedure to vary the ion impact energy in plasma surface experiments. The ion energy

near the target has one component proportional with the sheath voltage (2Ti + |eVsh|),
which for a floating case is ≈ 3Te.

Simulated plasma profiles for two different bias voltages are compared with the floating

situation in Figure 6.3. Again, the approach was matching of the upstream plasma

conditions in terms of temperature, particle flux and heat flux by iterating the boundary

conditions at the target. The maximum possible difference between ion and electron

temperature calculated from these profiles is shown in Figure 6.4. The increase in plasma

temperature near the target with respect to the upstream temperature was evaluated as

a function of the applied target bias and plotted in Figure 6.5 .

The plasma temperature together with the heat flux increase near target as a result

of input energy from the backscattered neutrals under biasing conditions. Having as a

reference the same temperature and energy flux in the upstream region it is clearly seen

that the higher the bias or the energy input, the higher the temperature increase. How-

ever, during the entire bias sweep the energy reflection coefficient RE was kept constant

and this is not entirely true in reality as there is a variation as a function of the impact

energy. We note that the comparison of the present 1D modeling with experimental val-

ues in terms of the length scale of the pre-sheath comes into question. Once it exceeds

plasma diameter, particle escape will become important in a 2D geometry.

The pre-sheath length is observed to increase with biasing. The more energy the neutrals

have, the further they penetrate into the plasma before undergoing charge exchange. The

results are a clear confirmation that biasing induces acceleration and rarefication near

the target. This brings up a concern for the common practice at Pilot-PSI to deduce

plasma flux densities from Thomson scattering at a fixed position close to the target

assuming a constant plasma velocity. The present simulations show that changes in the

pre-sheath length scale complicate this practice.

Equating the CX energy input with the equilibration term shows the proportional in-

crease of ion temperature with biasing. It is instructive at this point to do the following

exercise: Say all energy input from the neutrals goes to the ions while the electrons

remain at the same upstream plasma temperature. Taking the -20 V bias case in Fig.

6.4, ions would have a temperature of ≈ 7 eV at the target. Averaged with the 1 eV of
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Figure 6.3: Plasma profiles under a negative bias scan. Starting conditions: n0 =
[5, 3.6, 2.8]× 1019 m−3, T0 = [1.05, 1.92, 3.1] eV,RE = 0.7, RN = 1.
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the electrons this would give 4 eV plasma temperature at the target, whereas the 1 fluid

model predicts ∼ 3 eV. We thus conclude that a temperature inequilibrium of a few eV

is well possible in this situation, which supports the earlier estimates of Shumack.
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6.3 An energy reflection coefficient scan, RE

In this section the energy reflection coefficient RE is varied. For the sake of simplicity

a target floating case is considered. Results of the plasma profiles are presented Figure

6.6. A relative increase of target plasma temperature with respect to upstream plasma

due energy reflection coefficient is shown in Figure 6.7. In addition, a relative increase of

ion temperature with respect to electron temperature due to energy reflection coefficient

in shown in Figure 6.8.

From a simulation point of view, RE is just another parameter for varying the energy

that goes back into the plasma via the neutrals, i.e. similar to the applied voltage on the

target. In reality, a different RE is attributed to different materials and thus is worth

investigating the effects of this scan.

Similar to the rationale in the biasing cases from the previous sections we matched

the upstream profiles and looked for the effects at the target. An interesting result,

encountered previously when CX energy was off, is the decreasing of plasma temperature

at the target under the upstream value for a lower RE . This means that no heating is

provided anymore from the neutrals and the entire RHS of the plasma energy equation

is dominated by the losses. A threshold value for RE where heating starts to take place

appear to be around RE ∼ 0.6.

The same effect is obtained when explicitly computing the relative difference of ion to

electron temperature according to equation 5.12 due to the CX energy input. It appears

that for lower energy reflection coefficients the transfer of energy from neutrals to plasma

is negative, that is, the ions loose more energy to the neutrals than gaining from these

ones. By increasing the RE , several stages of this energy exchange are visible. It is

worth noticing the mixed situations in which up to a point the energy transfer is ion

favorable, the increasing part of the red line as viewed from the upstream, after which

it turns into neutral favorable.
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n0 = [3.6, 4.1, 4.4]× 1019 m−3, T0 = [2.08, 1.62, 1.35] eV,RN = 1.



Chapter 6. 1D, 1-fluid modeling of the effect of the neutral source 37

÷

÷

÷

÷

÷

÷

÷

÷

÷
÷

÷

0.0 0.2 0.4 0.6 0.8 1.0
-0.5

0.0

0.5

1.0

R_E

T
ta

rg
e

t-
T

u
p

s
tr

e
a

m
HeV

LÈ
plasma temperature increase due to to R_E

Figure 6.7: In this picture the near wall plasma temperature increase with respect to
the upstream plasma temperature due to the reflection coefficient RE .

0 0.1 0.2 0.3 0.4
−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

temp increase due to CX

D
e

lt
a

 T
 (

e
V

)

distance [m]; 0 = sheath entrance
0 0.1 0.2 0.3 0.4

0

0.5

1

1.5

2

2.5

temperature

T
e
 =

 T
i (

e
V

)

distance [m]; 0 = sheath entrance 

 

R_E=0.7

R_E=0.5

R_E=0.3

Figure 6.8: Relative increase of Ti under energy reflection scan. Starting conditions:
n0 = [3.6, 4.1, 4.4]× 1019 m−3, T0 = [2.08, 1.62, 1.35] eV,RN = 1.



Chapter 6. 1D, 1-fluid modeling of the effect of the neutral source 38

6.4 Comparing simulated and measured flow velocities

The experimentally determined flow velocities were obtained at a distance of 2 cm in

front of the target. We compare these with simulated Mach numbers at the same distance

from the target in a sensitivity scan of the plasma parameters ne and Te and the material

parameter RE . The results are plotted in Figure 6.9. Simulations performed in a scan

of the density are shown in Figure 6.10.
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Figure 6.9: Mach numbers from experiment measurements with a Langmuir probe
and from Simulations @2 cm in front of the target. Starting conditions for the simu-
lations: n0 = (1 : 1 : 10) × 1019 m−3, T0 = 2 eV,RE = 0.8 ; n0 = 5 × 1019 m−3, T0 =
(1 : 0.5 : 5) eV,RE = 0.8 ; n0 = 5 × 1019 m−3, T0 = 2 eV,RE = (0.3 : 0.05 : 0.8).
A variation in initial density at the target shows the largest spread in terms of Mach
number simulated range. The other two scans in Te and RE show hardly any variation
of the Mach number for the current resolution. Overall, a good overlap in between

measured values and simulation is observed.

The largest variation of the Mach numbers corresponds to a density parameter scan.

This means friction has a determinant role into the plasma. Fewer particles means

less friction for the neutrals that can set in deeper into the plasma. However, realistic

dimensions of the plasma diameter need to be taken into consideration since at some

point, the neutrals can simply escape from the plasma and therefore, no friction nor

energy are provided anymore.

The plasma temperature appears to have hardly any influence on the Mach number at 2

cm in front of the target; a variation in the energy reflection coefficient gives a significant

but still small expansion in the blue area. This is a consistent behavior that appeared
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previously as well when energy input into the plasma was varied (Figure 6.6 and Figure

6.3 ). Basically, the more energy reflection (whether through increase of energy reflection

coefficient or biasing) the higher the Mach number and the lower the density at 2 cm in

front of the target.
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6.5 Characterization of the plasma acceleration zone length

scale

We characterize the plasma acceleration length scale, which we regard as the effective

pre-sheath length scale, by taking the e-folding length of the Mach number profiles.

Results obtained under a target bias scan are shown in Figure 6.11. Results obtained

under an energy reflection coefficient scan are shown in Figure 6.12.

Under a target bias scan a linear increase in the e-folding length is observed, as it is shown

in Figure 6.11. This supports the previously sketched picture of change in plasma flow

velocity measurements with increasing pre-sheath length, as it was shown in Chapter 3

Figure 4.7.

The rather interesting behavior of this parameter, i.e. the e-folding length, appears

under an energy reflection scan Figure 6.12. Here, a saturation feature in the e-folding

length appears once the target becomes a perfect energy reflector. The lack of points in

the lower range if of RE parameter is due to breaking of the exponential behavior there,

when neutrals get close to their thermal regime and this is perhaps a limitation of this

approach.

A limit case of a very low RE corresponding to thermal neutrals is addressed in the

following section.
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Figure 6.11: In this picture a characteristic of the plasma acceleration zone, the
e-folding length of the velocity profiles is analyzed with respect to target bias. By sub-
tracting the constant upstream velocity from the entire profile, an exponential decaying
to zero is obtained from which the e-folding length is computed through a fitting pro-
cedure. The more energy the neutrals have the more they penetrate into the plasma
and that is what this graph shows: the more negative the bias applied the larger the
e-folding length. The dot in the circle was obtained at floating conditions. Technically
the target is at a negative potential of ≈ 3Te/e even without bias and a shift to the

left should be taken into consideration.
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6.6 A limit case for thermal neutrals where conduction is

responsible for peaking densities in front of the target

In this section the case of thermal neutrals is considered. Actually, the desired limit case

was the one in which the reflection coefficient RE goes to zero. However, that would

create an infinite build up of neutrals in front of the target as they would have zero kinetic

energy. So we follow a more realistic approach that consists of room temperature neutrals

that have been thermalized at the target surface before returning into the plasma. This

allows the creation of a so-called ”cushion” in front of the target, of a very high density

(higher than plasma density), where energy and momentum are being removed from the

plasma, as shown in Figure 6.13.

An important distinction from the other simulations is being made by the absence of

the neutrals in the most part of the upstream plasma. As a result, there is hardly any

acceleration happening there. Conduction becomes important and that is what actually

peaks the density profile near the target. The momentum flux is nearly constant up to

the meeting with the ”cushion” zone and while temperature decreases due to conduction

the density needs to increase in order to keep the momentum flux constant. In order to

verify this assumption a simulation run where parallel conduction coefficient is set to zero

flattens the density profile, as shown in Figure 6.14. In addition, the most important

terms of the RHS of the energy balance are plotted as well in Figure 6.14 where the

charge exchange loss is by far the dominant loss mechanism.

This is an interesting behavior, where the mechanism revealed by the thermal neutrals

in front of the target is envisaged as a possible solution for the divertor in the so called

self shielding scenarios. An alternative to the thermal neutral shielding is represented

by the vapor shielding in a case of a liquid wall divertor. However, this behavior has not

been observed experimentally in the linear plasma generator, where most of the times a

rarefication happens near the target due to plasma acceleration.
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Figure 6.13: In this picture the case of thermal neutrals at the target is considered.
The neutrals are assumed to be at 300 K, while the other starting conditions are n0 =
5×1019 m−3, T0 = 2 eV,RN = 1. The neutrals build up in front of the target and form
a ”cushion” that stops the incoming plasma. Their absence in the balance equations in
the upstream area make most of the plasma profiles flat, apart from the temperature
one which is dominated by conduction in the present case. As a result, a peaking

density near the target is observed.
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Figure 6.14: In this picture the case of thermal neutrals at the target is considered
similar to the case in Figure 6.13, but without conduction in the plasma, that is a very
small k‖. Limiting the conduction effect resulted in straight profiles in the upstream
plasma, with changes present when the neutrals are present as well. In addition, from
the RHS of the energy balance equation plot it can be observed that the volumetric

heat loss via CX is the dominant mechanism that cool the plasma near the target.
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6.7 Target heat loads analysis

The effect on power density transferred to the wall as well as the kinetic energy of the in-

cident heavy particles is evaluated as a function of the energy reflection fraction, plasma

conditions and plasma sheath voltage. Figure 6.15 shows three curves that characterize

the convective energy of the plasma, electrons and ions, at the sheath entrance, the

energy deposited on the target by the heavy particles and the energy deposited on the

target due to ion neutralization. Figure 6.16 shows the same profiles, apart from the

neutralization energy, as a function of bias this time.
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Figure 6.15: In this figure the plasma and target loads are assessed as a function of
the energy reflection coefficient RE in a floating case. The plasma upstream conditions,
temperature and energy flux have been fixed at 1.5 eV and 1.2 MW/m2 respectively.
For a perfect reflecting target there is virtually no power delivered to it apart from the
electron-ion recombination part which at this low plasma temperature values represents
a considerable amount. Here Ti = Te and therefore the above graph should be viewed

as an inferior limit of the potential loads.

It is seen that the energy supplied by the plasma to the plasma sheath increases strongly

with reflectivity as more energy is feeded back via the neutrals while at the same time the

energy deposited to the target via the ion channel becomes virtually zero for a perfect

reflectivity case. Under perfect reflectivity, energy can only escape via the neutrals

that have acquired the kinetic energy of the local ions and the result is that the energy

confinement time goes up near the target. It seems that we have ended up in a regime

of strong ”power recycling”.
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Figure 6.16: In this figure the plasma and target loads are assessed as a function of
the other energy enhancing factor: the biasing voltage. The energy reflection coefficient
RE = 0.8 and plasma upstream conditions, temperature and energy flux are again fixed
at 1.5 eV and 1.2 MW/m2, respectively. Again Ti = Te and therefore the above graph
should be viewed as an inferior limit of the potential loads. Technically the target is
at a negative potential of ≈ 3Te/e even without bias and a shift to the left should be

taken into consideration.

The energy of the heavy particles, the ions, can be directly inferred from the red curve:

what is not deposited goes back into the plasma. It is noted that at these low plasma

temperatures (< 5 eV ), the amount of energy delivered due to ion neutralization should

not be neglected. In fact, it is dominant as opposed to present day tokamaks where it

is often a refinement, a detail, as at e.g. 20 eV divertor plasma temperature each pair

brings 140 eV kinetic energy.

Interesting is the non-linear drop of the ion power flux to the target. This is due to the

response of the plasma to the energy reflection. For example, not taking the plasma

response into account, one would have expected a drop in ion power flux of 80% at

RE = 0.8, whereas the simulations predict a smaller drop of ∼ 50%.

For the other case analyzed in this section, i.e. a bias scan, we see an increase with

biasing for both plasma power flux at the sheath entrance as well as the power delivered

to the target. In this scan, the effect of RE is dominant as the energy of the ions

is roughly 2Ti + eVsheath, thus predominantly determined by the sheath energy. The
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response of the plasma affects the ion temperature, which will only be important at the

lower bias voltages.
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6.8 The effect of particle and energy reflection in argon

Having established that plasma heating due to energy reflection at the target is signifi-

cant in the hydrogen - tungsten system, we ask ourselves how important it is for argon

on tungsten. Although the underlying kinetics should be significantly different (e.g. the

velocity of the argon neutrals is a factor 6 smaller at the same energy reflection, so the

penetration depth should be accordingly smaller), experiments in Pilot-PSI indicated

that the effect should be similar for hydrogen and argon. This makes the argon system

an interesting benchmark for the present 1D modeling.

Figure 6.17 shows typical plasma profiles for argon while having hydrogen as a reference

for the same initial conditions. We see that the argon acceleration (or pre-sheath) length

scale is significantly smaller compared to hydrogen. Fitting the velocity profiles with

exponential decay functions yielded a factor of 2 difference. We stress that this is less

than the difference in velocity of the reflected neutrals factor of ∼ 6.

After applying the same reasoning with the energy exchange in between neutrals and

ions matching the equilibration term due to ion electron Coulomb collisions, the results

obtained from an Ar simulation predict a poor coupling between ion and electron tem-

perature. In order to better compare the increase along the axial distance from the

target the presumed ∆T is normalized to the total amount of energy received by the

ions from the neutrals ∆E , as shown in Figure 6.18. In this way you would expect

to have similar profiles for the two cases. Nevertheless, very large differences are still

observed. From the simulation point of view the Argon behavior is fully consistent with

the formula dictating it 5.13.

However, we again took an energy reflection coefficient RE = 0.8 whereas the energy

reflection for argon will be significantly smaller than for hydrogen due to its higher

mass. We didn’t find precise values for RE in the low energy range, that is < 10 eV ,

but guessed that it could be RE ≈ 0.4 on basis of the mass ratio between argon and

tungsten. If we use this value in a biasing case of Vbias ≈ −20 V , this would indicate

a smaller temperature imbalance of ∼ 10 eV. We note that the master thesis of N. den

Harder [6] reports temperature imbalances of up to 8 eV on basis of spectroscopy on

argon ion lines.
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Chapter 7

Transition towards a 2-fluid

model

A 2-fluid has been investigated as well. The results are shown in Figure 7.1. One

can see immediately that the solutions are unstable. Hypersensitivity to the initial

conditions chosen for Te and Ti is found, with both of these profiles exploding in the

immediate plasma region in front of the target due to the destabilizing effect of the

equilibration term. A change to a time dependent system is envisaged to stabilize the

present behavior [17], however it was not possible within the time boundaries of this

project. For completeness, the set of two fluid plasma equations that were formulated

follows in the remaining of this chapter.

We follow the approach in the paper of Kawamura et al. [18] for the 1D fluid equations

describing the divertor plasma. This is an extension of the model presented in Chapter

5.

Density and momentum equations 7.1.

d

dx
nv = Kionnnn −Krecn

2

d

dx
(minv

2 + n(Te + Ti)) = m(vn − v)Kcxnnn −mvKrecn
2

(7.1)

Currently, there is only one momentum equation that accounts for both ions and elec-

trons together, but with different temperatures in the static pressure term. Future

separation of the momentum equation in two parts is envisaged as well. However, an

initial reduced complexity of the overall system of equations is preferred.

Energy conservations for electrons and ions 7.2.

52
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Figure 7.1: Plasma profiles for very small variations in the starting values of Te and
Ti

d

dx
(
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2
nvTe − k||e
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) = +env
dΦ

dx
− 3men
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νeq(Te − Ti)− EionKionnnn−Krecn

2 3

2
Te

d

dx
(
minv

3

2
+

5

2
nvTi − k||i

dTi
dx

) = −envdΦ

dx
+

3men

mi
νeq(Te − Ti)+

− Krecn
2(

1

2
mv2 +

3

2
Ti) +Kcxnnn(Erefl − (

3

2
Ti +

1

2
miv

2))

(7.2)

where the electric potential was denoted by Φ. The heat conduction coefficients and

temperature equilibration coefficient are given by k||e ≈ 3836T
5/2
e , k||i ≈ 156T

5/2
i and
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νeq = 2.9∗10−12 n lnΛ T
−3/2
e [10]. The new terms in the RHS of the energy balance equa-

tions are given by the equilibration energy density Qeq and the presence of an electric

field E in the pre-sheath. The equilibration term is defined as Qeq = 3men
mi

νeq(Te − Ti),
that is, thermal equilibration collisions between electron and ions give an ion heating

term. The electric field term −eEnv is simply the energy transfer from electrons to ions

as a result of the ambipolar electric field, where E = −dΦ
dx .

Finally, the last equation is given by the Ohm’s law, or electron momentum conservation

assuming local ambipolarity 7.3.

e
dΦ

dx
=

1

n

dnTe
dx

+ 0.71
dTe
dx

(7.3)

In order to simplify the previous set of equations into a set of 1st order ODE, the following

variables are introduced; flux C1 ≡ nv, momentum flux C2 ≡ minv
2+n(Te+Ti), electron

and ion energy fluxes C3 = 5nvTe/2 − k||edTe/dx and C4 = minv
3/2 + 5nvTi/2 −

k||idTi/dx.

Therefore, the fluid equations can be rewritten with these variables in equations 7.4.

dC1

dx
= Kionnnn−Krecn

2

dC2

dx
= m(vn − v)Kcxnnn −mvKrecn

2

dC3

dx
= +env

dΦ

dx
− 3men

mi
νeq(Te − Ti)− Eionkionnnn−Krecn

2 3

2
Te

dC4

dx
= −envdΦ

dx
+

3men

mi
νeq(Te − Ti)+

+ Kcxnnn(Erefl − (
3

2
Ti +

1

2
miv

2))−Krecn
2(

1

2
mv2 +

3

2
Ti)

dTe
dx

=
1

k||e
(
5

2
nvTe − C3)

dTi
dx

=
1

k||i
(
1

2
mnv3 +

5

2
nvTi − C4)

e
dΦ

dx
= 1.71

dTe
dx
− Te
C2 − 2mivC1

(2miv
dC1

dx
− dC2

dx
+ n

dTe
dx

+ n
dTi
dx

)

(7.4)
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Conclusions and Implications for

ITER

In this thesis we have investigated what happens if plasma ions reflect as energetic neu-

trals from (high-Z) metallic surfaces and subsequently interact again with the upstream

plasma. The emphasis was on the changes in the plasma. It was observed that under

the high density and low temperature plasma conditions of the FOM linear plasma gen-

erators the plasma close to the surface is heated and rarefies as it accelerates to meet

the Bohm criterion at the sheath entrance at the elevated temperature.

So let’s first evaluate where the power comes from to drive the heating and acceleration.

In fact, the underlying mechanism is not taken into account in the present modeling

but is simply imposed by taking the Bohm criterion at the sheath entrance. What will

happen in reality, is that the plasma sheath acts as a filter for high energy electrons.

This will cool the electrons near the target and maintains the ion accelerating electric

field over the sheath. So power is transferred from the electrons to the ions by the plasma

sheath and via the neutrals reflected back into the plasma and delivered to the plasma

ions. Both due to the electron cooling and the ion heating, an inequilibrium between ion

and electron temperature will occur locally. It is evident that the non-Maxwellian aspect

of the high energy filtering as well as the temperature inequilibrium are not captured

by the present 1-fluid modeling.

Next, we ask ourselves to what extent this changes the textbook analysis of sheath

physics and plasma wall interaction. In fact, what is changed is the amount of energy

that can be delivered by the heavy particles to the material wall. Usually it is assumed

that their entire kinetic energy is deposited. This would consist of the kinetic energy due

to the acceleration over the plasma sheath, typically 3Te for hydrogen, and the energy

per particle in a drifting Maxwellian distribution, i.e. 2Ti. The energy delivered per
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electron is unaffected and remains 2Te. So per electron - ion pair it is usually assumed

that ∼ 7T energy is delivered to the surface (assuming from now on that Te = Ti). This

amount is usually called the sheath heat transmission coefficient. However, if the ions

can only deliver the fraction (1 − RE) × 5T to the surface, this means that the energy

per particle pair reduces to (5(1−RE)+2)×T . In a convective situation as in Pilot-PSI,

where upstream 5T per particle pair is transported, the plasma would have to cool a

little in the region close to the surface (due to the action of the sheath) to match the

heat transmission of the sheath if no energy is reflected. However, as energy reflection

becomes significant, heating is required for a match. We have shown that in our 1D

model the changeover occurs at RE ∼ 0.6.

In a tokamak situation, i.e. ITER, the power delivered to the scrape off layer is a given as

it is determined by the fusion power. Lets assume for simplicity that all of this power has

to be delivered to the divertor surfaces (in reality a significant fraction of this power will

have to be radiated away). In such a case, a decreased sheath heat transmission factor

implies either higher local plasma temperatures or higher local wall fluxes. In principle,

both factors lead a priori to higher wall erosion rates. A quantitative statement on the

deterioration in terms of wall erosion as a function of e.g. RE is difficult as sputtering

occurs due to impurities in the plasma.

A more direct implication for ITER as well as present day tokamak devices with metallic

walls (such as Asdex Upgrade and JET) is of diagnostic nature. Often particle fluxes

from probe measurements are compared with infrared thermography and the sheath

heat transmission factor is the key parameter to relate both. It is evident that here the

energy reflection coefficient must be taken into account. However, this is currently not

common and explicit practice.

For Pilot / Magnum PSI, it confirms that biasing induces acceleration near the target and

plasma rarefication. In addition, due to an extended pre-sheath beyond the Thomson

measuring position, it makes difficult to predict particle fluxes at the target.

Moreover, it can be the case that lower power is delivered to the target than expected,

i.e. one biases at -50 V expecting 50 eV ions on the target, while most of the energy is

reflected back into the plasma.

The main advices to take home are: i) inclusion of RE in the computation of the sheath

heat transmission factor γ and ii) awareness of the neutral feedback on the upstream

plasma; especially when under biasing conditions the importance of both effects is in-

creased, with the mention that in a tokamak such voltages may be given due to the

parallel temperature gradients.



Appendix A

Numeric Tools

Overall the entire project 3 main ODE solvers have been used for solving the numerical

systems presented. Matlab ODE solvers ode45 and ode15s have been a natural approach

to start with. However, advancing the complexity of the ODE system ( i.e. higher

number of equations or higher stiffness degree) two more numerical toolboxes were used

in order to cope with, namely : the NAG toolbox for Matlab [19] and the Sundials

toolbox [8] for Matlab which is based on the CVODE solvers for ordinary differential

equations. It is important to note that the CVODE solver is used for solving the plasma

fluid equations within the UEDGE plasma simulator [9].

Solutions obtained with BDF (backward difference scheme - Sundials) and solutions

obtained via RK (Runge Kutta scheme) were the same.
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