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Abstract

ICRF-heated discharges on Alcator C-Mod are associated with enhanced sputtering
of molybdenum plasma facing surfaces and increased levels of core impurity contents,
which subsequently degrade the core plasma performance. RF sheath rectification
on open magnetic field lines that intercept material surfaces is currently suspected of
causing an enhancement of molybdenum impurity sources by increasing the energy
with which incident plasma ions strike material surfaces. While it has previously
been observed that plasma potentials on open magnetic field lines are enhanced in
ICRF-heated discharges on Alcator C-Mod, a direct link between local RF wave fields
and plasma potentials has yet to be established.

Experimental measurements reveal that regions that directly magnetically map
and do not map to the active antennas experience plasma potential enhancement.
The "mapped" results are consistent with the slow wave rectification mechanism
where the plasma potential enhancement is a result of rectification of the slow ICRF
wave electric field launched directly by the antenna. This rectification mechanism is
localized to regions directly magnetically mapped to the active antennas and occurs
over a narrow plasma density range where the slow waves can propagate. The poten-
tial enhancement in the "unmapped" regions (inaccessible to directly launched slow
waves) correlates well with the local fast wave fields and has multiple features that
are consistent with the theory that involves fast waves coupling to a slow wave at a
conducting surface, which then leads to rectification of the plasma potential.

Cross field profile measurements reveal that the plasma density profile is also
affected by ICRF power and it is suspected that the gradients in the plasma potential
profile are responsible for the density profile changes through E x B plasma flows along
equipotential surfaces. The implications are that the absolute plasma potentials and
the plasma potential gradients are capable of affecting molybdenum sputtering and
sources by modifying the sputtering yield and the incident ion flux, respectively.
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Chapter 1

Introduction

Nuclear fusion is currently being pursued as a long term solution to humanity's energy

needs. A leading process to achieve controlled nuclear fusion energy relies on the use

of a magnetic field to confine fusing fuel and its products. Since temperatures at which

fusion needs to take place are 10-20 keV, or 100-200 million K (1 eV = 11600 K), the

fusing particles are in a state of plasma. The most advanced magnetic confinement

device is a tokamak. A detailed overview of magnetically confined nuclear fusion

energy may be found in [1].

Figure 1-1 shows a diagram of a typical tokamak. An excellent overview of how

the device operates may be found in [2]. The two dominant magnetic features of a

tokamak are a toroidal magnetic field (B7r) generated by external toroidal magnetic

field coils and a poloidal magnetic field (Bp) generated by a toroidal electric current

(Ip) flowing in the plasma. The toroidal current Ip is driven inductively by the

central solenoid. Additional poloidal field coils are required to shape the plasma and

control its position.

In order to reach fusion-relevant temperatures in a tokamak, plasmas require exter-

nal heating schemes. These schemes need to operate in the presence of large magnetic

fields, account for high plasma temperatures, and tolerate any possible deleterious

interactions with the plasma. Electro-magnetic wave heating at the ion cyclotron

range-of frequencies (ICRF) wave spectrum (frequencies in the range of 10-100 MHz)

is one such scheme and it will be discussed in more detail in the following subsection.
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Figure 1-1: A diagram of Alcator C-Mod tokamak that shows key components.

20



1.1 ICRF heating of tokamak plasmas

The purpose of this section is to introduce the key concepts relevant to ICRF heating

of tokamak plasmas and a more detailed theoretical treatment of waves in plasmas

will be provided in Chapter 4. Auxiliary heating using ICRF waves, electro-magnetic

waves in the frequency range of 10-100 MHz, is a commonly employed technique

on tokamaks to reach fusion relevant plasma temperatures. The technique has been

employed on Alcator C-Mod [3], DIII-D [4], NSTX [5], TFTR [6], JET [7], ASDEX

Upgrade [8], Tore Supra [9], JT-60 [10], and many other tokamaks. ITER, the next

generation tokamak experiment, is going to rely on 20 MW of ICRF power to accom-

plish its scientific mission [11].

ICRF heating relies on waves damping their power on the ions the Larmor motion

of which is resonant with the wave electric field. The position of the resonance in a

tokamak is determined by the magnetic field profile in the plasma. The Larmor ion

frequency (fi) is given by Equation 1.1:

qiB
-o = , (1.1)2,7rmni

where qi is the ion charge, B is the magnetic field strength, and mi is the ion mass.

The radial (along the major radius direction R) profile of the magnetic field in a

tokamak can be approximated by the toroidal magnetic field profile, B ~ BT, which

is given by Equation 1.2:

BT- RoBTo (1.2)
R

where RO is the major radius on-axis location, BTO is the toroidal field strength at Ro,

and R is the major radius location. The relation between the major radius position

of the ion cyclotron resonance location (Ri) and the frequency of the launched ICRF

waves becomes:

Re = % . (1.3)2 7rmifa

We are going to demonstrate the basic principles of ICRF heating on a particular

case of Alcator C-Mod tokamak: BTO = 5.4 T, RO = 0.67 m. Figure 1-2 shows
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Figure 1-2: The radial profiles of the toroidal magnetic field, the deuterium ion cy-
clotron frequency, and the hydrogen ion cyclotron frequency on Alcator C-Mod toka-
mak. R, refers to the on-axis major radius location.

the values of the ion cyclotron frequencies at the on-axis major radius position for

deuterium (fci, D+ e 40 MHz) and hydrogen (fji, H+ 80 MHz) ions. In order to

heat the plasma at these resonance locations, the ICRF wave needs 1) to have good

accessibility to that region, i.e. to be able to propagate from the launching structure

to the resonance and 2) to have a wave resonance at this location in order for the

wave power to be absorbed by the plasma species. A detailed overview of waves in

plasmas is provided by Stix [12].

The key equation that governs the wave propagation in the plasma is called the

dispersion relation and for our particular case the equation is:

2 (R - n 2 )(L - n 2)
n = / 2 (1.4)

Sn 2

where nij and n// are the perpendicular and the parallel components of the wave index

of refraction, respectively, and R, L, and S are the elements of the plasma dielectric

tensor. Equation 1.4 represents the dispersion relation for the so-called fast ICRF

wave, where the term "fast" refers to the wave phase velocity vo. Typically, n// is set

by the launching structure, while n- governs the radial propagation of the wave. The
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R, L, and S components depend on the electron and ion plasma frequencies, on the

electron and ion cyclotron frequencies, on the frequency of the launched waves, and

(if present) on the plasma and cyclotron frequencies of impurity ions. The complete

derivation of the three terms is given in Stix [12] and the final forms are shown below:

2

R = 1 - E (1.5)

where wp, is the angular plasma frequency for particles of type s (electrons, main

ions, or impurity ions), w is the angular frequency of the launched waves, and Q, is

the angular cyclotron (or Larmor) frequency for particles of type s.

2

L = 1 - wQ),(1.6)

S = (R + L). (1.7)

Note that the dispersion relation 1.4 is derived for the collisionless cold plasma ap-

proximation and this assumption is valid for typical tokamak plasmas.

For the case of Alcator C-Mod the ICRF waves are launched with a typical

n// = 10. Figure 1-3 shows the dispersion relation for pure deuterium plasmas and

deuterium plasmas with a 10% hydrogen minority fraction. We use a parabolic radial

plasma density profile to estimate the individual terms in the dispersion relation. The

frequency of the launched waves is 80 MHz. We see that there is no wave resonance

at the ion cyclotron resonance location for the pure deuterium plasma. This is due

to the wave electric field rotating in the direction opposite to the gyrating main ions.

However, there is a wave resonance for the hydrogen minority case in the vicinity of

the ion cyclotron resonance location. As the fast ICRF wave approaches the reso-

nance location and its wave number k becomes very large (k -+ oc, where k - T and

c is the speed of light), the fast wave phase velocity vo = is significantly reduced

and the wave begins to transfer its energy to the minority ions. As a result, one of the

most commonly employed ICRF heating schemes in tokamaks relies on heating the
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Figure 1-3: Radial profiles of (a) the toroidal magnetic field and the plasma density
and (b) of the ICRF wave dispersion. The wave dispersion is shown for pure deuterium
plasmas and for plasmas with 10% hydrogen minority fraction. The launched index
of refraction is n// = 10 and the launched wave frequency f = 80 MHz.

minority ion species, which then collisionally heats the electron and main ion plasma

species. In order to estimate the wave absorption near the ion cyclotron resonance

it is necessary to include the effect of the finite electron and ion plasma temperature

[13]. A detailed treatment of the fast ICRF wave absorption in the plasma core is

beyond the scope of this thesis. A good summary of ICRF wave heating of tokamak

plasmas can be found in [1].

Another important observation from Figure 1-3 (b) is that the perpendicular index

of refraction becomes negative when the plasma density drops below ~1 x 1019 m 3 .

This implies that the fast ICRF wave is no longer radially propagating but is evanes-

cent. The strength of the evanescence of the fast wave is proportional to I and the

characteristic e-folding decay length of the fast wave amplitude is typically several

cm for n// ~ 10 and f = 80 MHz.
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ICRF waves are launched by an antenna located in the boundary region of tokamak

plasma. The plasma boundary region is defined by the region where magnetic field

lines are open and are terminated by material plasma facing components (PFCs). An

example of the Alcator C-Mod tokamak plasma cross section is shown in Figure 1-4.

Figure 1-4 identifies the boundary plasma region, which is often called the scrape-

off layer or SOL, and the core region where magnetic flux surfaces are closed. The

separatrix is the flux surface that separates the core and the SOL plasmas. The

plasma parameters (the plasma density n, and the electron temperature Te) in the

boundary region in a tokamak are typically: n, ; 1 x 1019 m- 3 and T = 5 - 30 eV

[14]. This compares to ne ; 1 x 1020 m-3 and T > 1 keV in the plasma core. The

position of the ICRF antenna in the boundary region is governed by two criteria. The

first criteria demands the position of the antenna to be as close as possible to the

main plasma: the ICRF wave that is used to heat the core plasma can only propagate

in the high plasma density core region and is evanescent in the low plasma density

boundary region. Therefore, to maximize the amount of ICRF power transmitted to

the core, the length of the evanescent region between the core and the antenna need

to be minimized [1]. The second criteria demands that the interaction between the

antenna structure and the plasma needs to be minimized. Therefore, the position

of the antenna cannot be too close to the high density core plasma. The balance

between the two criteria ultimately determines the position of the ICRF antenna in

the boundary plasma region and it is typically several cm radially away from the core

plasma.

Figure 1-5 shows the key components of a (field-aligned) ICRF antenna on Alcator

C-Mod. The ICRF waves are launched by RF currents driven along the ICRF antenna

current straps at the ICRF frequency. The toroidal spacing of the straps and the

phase difference between the amplitudes of the RF currents in the straps determine

the launched n// value. The current straps are surrounded by the Faraday screen

and the RF antenna box. The purpose of the RF antenna box and the Faraday

screen is to protect the current straps from plasma exposure without impeding the

antenna operation. The physical dimensions of the antenna and its internal structures
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Figure 1-4: The cross section of a typical plasma discharge on Alcator C-Mod. The
SOL refers to the scape-off layer region. The PFCs refer to the plasma facing com-
ponents. R is the major radius direction.

are constrained by the power handling properties of the antenna material: while

minimizing plasma-antenna interactions demands a minimal antenna "footprint" in

a tokamak, avoiding breakdowns associated with high RF power densities and high

voltages places a constraint on how small an ICRF antenna can be.
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Figure 1-5: An in-vessel view of a (field-aligned) ICRF antenna on Alcator C-Mod.
Major components of the antenna are shown. Bfield refers to the direction of the
magnetic field.
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1.2 Tokamak operation in ICRF-heated discharges

In order to minimize the deleterious effects of plasma-material interactions on in-

vessel components in a tokamak the plasma facing surfaces of the in-vessel structures

(including ICRF antennas) are armored with a protective material. Some of the

most important properties required of the protective material are: 1) to be able

to withstand high heat loads and prevent melting; 2) to be able to withstand the

bombardment by energetic particles and prevent erosion; 3) to be chemically inert

and prevent retention of the species that comprise the plasma.

High-Z refractory metals, such as molybdenum (Mo) and tungsten (W), meet

the above-mentioned criteria to serve as plasma-facing components (PFCs). The

melting temperature of refractory metals is generally high with W having the highest

melting temperature of any known material at 3700 K [15]. As a result, the refractory

metals are capable of tolerating higher transient heat loads without compromising

their integrity in the form of melting.

The high atomic number of the high-Z refractory metals also makes it an excellent

PFC candidate that has a substantially reduced physical sputtering yield due to

incident plasma ion fluxes. The low sputtering yield is due to the large mass difference

between the main ion plasma species and the high-Z PFCs. This mass difference

can be large by as much as a factor of ~100 for the case of deuterium main ions

(atomic mass of 2) and tungsten PFCs (atomic mass of 184). The underlying physical

principles that govern physical ion sputtering are: collisions between incident ions

and material atoms are binary and elastic, energy and momentum are conserved, and

neutral atoms are bound to the surface with a binding energy E,. Based on these

assumptions we can calculate the energy transferred from incident ions to neutral

surface atoms (AE):

4MiM~
AcE = E? 4 Cos(a) 2 = Ej-ycos (a)2 , (1.8)

(Mi + XL)2

where Ej is the energy with which the incident ions strike the PFC surface, Mi is the

mass of the incident ion, M, is the mass of the target neutral atom (M = MMO = 96
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for the case of Alcator C-Mod), a is the angle at which the incident ions strike the PFC

surface, and A = M2 is the maximum energy transfer coefficient. Accounting for

the surface binding energy (ES, which for the particular case of Mo is taken as the

sublimation energy of 6.9 eV [16]) we see that in order to induce sputtering incident

ions must have a minimum energy equal to the sputtering threshold energy Eth:

Et ' = s 2  (1.9)

If we have light hydrogenic ions sputtering much heavier high-Z PFCs, which is the

case for Alcator C-Mod, then Equation 1.9 needs to be modified to account for possible

reflections [17]:

EthE
Eth' = E, (1.10)

- Y) cos(a)2

Bohdansky [17, 18] derived an empirically-based relation for the sputtering yield

Y for normal incidence (a = 0), which we are going to use to estimate the sputtering

yield:

Y(Ei, =0) = QS( Ei ) (1.11)
ETF Eth

where Q is the experimentally constrained yield factor in units of atoms/ion, So, is the

nuclear stopping function (see Equation 1.12, [19]), ETF is the characteristic Thomas-

Fermi energy (see Equation 1.13, [19]) and g is a threshold function (see Equation

1.14):

Sn(EiIETF) 0.5 ln(1 + 1.2288Ei/ETF)
Ei/ ETF + 0.1728 Ei/ ETF + 0.008(Ei/ ETF)0 1 50 4

ETF = 30.74 Zi + Al ZiZ 8 (Z2/ 3 + Z2/3)1/2 (1.13)

where Zi is the projectile atomic number and Z, is the target material atomic number.

g(Ei/Eth) = (1 - (Eti/E)2 / 3)(1 - Eth/Ei)2 (1.14)

Using Equation 1.11 for the case of Alcator C-Mod we can estimate the sputtering
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Figure 1-6: Estimated Mo sputtering yields due to normally incident D+ and B 3+1
ions. The estimates are based on the empirical Bohdansky Equation 1.11 [17].

yield of Mo PFCs due to the bombardment by the main ion species (D+) and the

most common impurity ions (B3 + [20]). Figure 1-6 shows the sputtering yield of Mo

due to normally incident D+ and B3+ ions. We see that the ions need to strike the

surface with a minimum incident energy Eth' to induce sputtering. For the particular

case of Mo sputtering by D+ and B+ ions, the threshold energies are 100 eV and 30

eV, respectively. Note that while the sputtering yield for a given incident ion energy

is much greater for the incident B3 + ions than for the main ions, the B 3 + ion fraction

is typically 1% in the SOL plasma of Alcator C-Mod [20]. As a result, the sputtered

influx of Mo atoms (F'Mo) from the surface is not always dominated by the species

that induces the highest sputtering yield.

The incident ion energy Ei determines the amount of physical sputtering of the

PFCs. Ej of the incident plasma ions is a sum of several components, see Equation

1.15:

Ei = ETi + Epre-sheath + Esheath, (1.15)

where ET is the thermal energy of the incident ions, Ep,,e-shath is the energy gain of

the incident ions in the pre-sheath plasma region, and Eshsath is the energy gain of
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the incident ions as they traverse the plasma sheath.

The thermal energy deposited by incident ions with a Maxwellian distribution

is ETi = 2T [20], where T is the ion temperature. If direct ion temperature mea-

surements are not available, it is commonly assumed that Ti = T [20]. The second

component of the incident ion energy in Equation 1.15 is the ion energy gain across

the pre-sheath region of the plasma. This component is a consequence of the Bohm

sheath criterion [21], which requires that the main ion species enters the sheath region

at its sound speed (c,): Epresheath = 0.5Mic>=Te [21].

If no direct measurements are available, the ion energy gain across the sheath

region of the plasma is often estimated based on a well-established model of the

plasma sheath. For example, in Ohmic plasmas the voltage drop across the plasma

sheath (V) is often approximated (assuming Ti = T and negligible secondary electron

emission) as IV ~ 3T,/e, where T is in units of [eV] [21]. Therefore, the energy gain

of incident ions of charge Zi across the sheath is approximately Esheath = 3ZiTe.

In the previous subsection we saw that in order to successfully couple ICRF power

to the plasma core, the structure of the ICRF antenna/launcher needs to be as close

as possible to the plasma, yet avoid deleterious plasma-antenna interactions. Exper-

imentally, it is found that the close proximity of the core plasma to an active ICRF

launcher results in a number of deleterious effects on the plasma and the plasma facing

components (PFCs) through modifications of plasma-material interactions (PMIs).

On Alcator C-Mod it is found that in ICRF-heated discharges sputtering of molyb-

denum (Mo) PFCs is enhanced and core Mo impurity contents scale with injected

ICRF power [22, 23]. This high-Z impurity accumulation in the core plasma leads

to the degradation of plasma fusion performance [24]. Additionally, ICRF-enhanced

plasma-material interactions are suspected to cause high erosion of plasma-facing

components on Alcator C-Mod [25]. JET's experience with high-Z (tungsten (W))

plasma facing components and ICRF heating shows that, for a given level of injected

power, ICRF-heated plasmas suffer from higher core W levels compared to neutral

beam heated plasmas [27]. Tore Supra's investigation of ICRF power effects on PMIs

show that active ICRF antenna limiters experience a modification of the PMIs in
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Figure 1-7: Variation of Mo source rates with ICRF power for a series of discharges
at the average core plasma density ne ~ 2 x 1020 m-3 . Reproduced from [23].

the form of "hot spots" forming on the active antenna limiter tiles and the Faraday

screen rods [26]. ASDEX Upgrade's investigation of its plasma performance in ICRF-

heated discharges with W PFCs shows a result similar to JET's: for a given level of

injected power ICRF-heated discharges contain higher concentration of core W im-

purities than neutral beam heated plasmas [28]. ASDEX Upgrade also observes that

ICRF-heated discharges that use antennas with boron coated limiter tiles contain less

core W impurities than discharges heated with antennas that use bare W limiter tiles

[28].

For the particular case of Alcator C-Mod we find that both sputtering of plasma

facing Mo surfaces and accumulation of Mo impurities in the plasma core (NMo)

increase with the level of launched ICRF power [22, 23]. This result is shown in

Figure 1-7. Figure 1-7 reveals that the ICRF enhancement of sputtering is non-

uniform on Alcator C-Mod with different PFC areas contributing differently to the

core Mo contents. The accumulation of core Mo impurities eventually leads to the

degradation of the core plasma performance through increased line radiation power

losses [24].

Enhanced plasma potentials (<bp) on open magnetic field lines in the boundary
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Figure 1-8: Example of variation of plasma potential in a single discharge. (a) the
launched ICRF power and (b) the plasma potential. Reproduced from [23].

SOL plasma region are a leading suspected cause of the enhanced PMIs observed

in ICRF-heated discharges in tokamaks. <Jp enhancement of several hundred volts

has been measured in the SOL plasmas of Alcator C-Mod in the presence of ICRF

power [23, 29]. This result is shown in Figure 1-8. Note from Figure 1-6 that plasma

potentials of greater than 100 V are sufficient to lead to significant sputtering of Mo

PFCs by incident D+ ions. It is generally believed that the electric field component

of the ICRF waves begins to modify the voltage drop across the plasma sheath [30],

i.e. the ion energy gain across the sheath is no longer given by Eshath = 3ZiTe in

the presence of ICRF waves. Previous studies of ICRF wave absorption on Alcator

C-Mod do reveal that electro-magnetic fields in the ICRF frequency range with the

fast wave polarization are present in the low plasma density boundary regions, see

Figure 1-9 [31]. However, a direct link between ICRF wave fields and plasma potential

enhancement on Alcator C-Mod has yet to be experimentally demonstrated.
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Figure 1-9: Example of variation of fast wave power in a single discharge. PIw refers
to the B probe mounted on the inner wall of Alcator C-Mod. T, are the core electron

temperature values at various flux surfaces. Reproduced from [31].
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1.3 Thesis goals and objectives

As we saw in the previous subsection, ICRF heating of tokamak plasmas leads to

a number of deleterious modifications of PMIs. Specifically, for the case of Alcator

C-Mod we observe that sputtering of various PFC areas is enhanced in ICRF-heated

discharges. The enhancement of the plasma potential to values greater than 100 V is

implicated as the leading cause of the increased PFC erosion. The current speculation

is that the ICRF wave electric fields are responsible for generating high plasma poten-

tials in the SOL and probe measurements do reveal the existence of electro-magnetic

fields in the ICRF frequency range in the SOL of ICRF-heated discharges on Alcator

C-Mod. However a direct link between the ICRF waves and the enhanced plasma

potential has yet to be demonstrated on Alcator C-Mod.

The main goal of this thesis is to determine what aspects of the launched ICRF

power influence the plasma potential enhancement measured in the SOL of ICRF-

heated plasmas on Alcator C-Mod. The key questions are: what is the correlation

between local ICRF wave fields and plasma potential enhancement? Is the enhance-

ment governed by local plasma parameters or does it depend on core plasma prop-

erties? Is ICRF enhancement of the plasma potential local to the active antenna

or does it also take place non-locally? A secondary objective is to explore what ef-

fects these enhanced plasma potentials can have on plasma-material interactions in

tokamak plasmas. Can ICRF-enhanced plasma potentials account for the observed

modifications in PMIs on Alcator C-Mod? How can we minimize the effect of ICRF

power on plasma-material interactions?

In order to answer these questions the existing diagnostics on Alcator C-Mod

require an extensive upgrade. The plasma potential measurements need to be carried

out over a more extensive spatial coverage to determine how localized with respect to

the active antenna the enhancement is. A new plasma potential measuring technique

needs to be developed to measure the potentials in the high plasma density regions

of the SOL. Radially scanning probes need to be installed to determine the cross-

field plasma potential profiles. Localized simultaneous measurements of the plasma
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potential and the ICRF wave fields need to be carried out to determine what role (if

any) the ICRF power plays in enhancing the plasma potential in the SOL regions. A

detailed description of the relevant diagnostic tools and techniques used for our study

is provided in the following section.
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Chapter 2

Diagnostics description: methods

and techniques

In order to determine the underlying mechanisms that control plasma potential en-

hancement on open magnetic field lines in the SOL of ICRF-heated discharges on

Alcator C-Mod, a number of diagnostics were used to quantify critical local plasma

parameters. The primary diagnostics include: 1) Langmuir probes for local plasma

density (ne) and electron temperature (T) measurements; 2) emissive probes for

local plasma potential (Pp) measurements; 3) b probes for local ICRF wave field

measurements; and 4) ion sensitive probes (ISPs) for 1 p measurements in high n,

plasma regions inaccessible to emissive probe measurements. In the following sections

we are going to introduce the four probes and describe their principles of operation.

2.1 Langmuir probes

One of the simplest and most robust methods to diagnose the boundary plasmas

are Langmuir probes [32, 33]. The probe, which is an electrically isolated conductor

(typically molybdenum (Mo) or tungsten (W) metals) is physically inserted into the

plasma. An electric current is measured (ILangmuir Probe) as a function of the voltage

applied to the probe surface (VLangmuir Probe), hence, the plot of I vs. V is often

referred as the I-V curve of a Langmuir probe, see Figure 2-1. In Figure 2-1 Iat
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Figure 2-1: A typical I-V curve obtained in an Ohmic L-mode discharge on Alcator
C-Mod in the vicinity of a limiter plasma facing surface. The voltage is referenced
with respect to the grounded vacuum vessel.

refers to the ion saturation current obtained when the probe voltage is much lower

than the plasma potential Dp. The Isat operating region corresponds to the condition

when the vast majority of electrons are energetically disallowed from being collected.

Vfloat refers to the probe floating potential, the potential at which the probe current

is zero. e-t refers to the electron saturation current obtained when the probe voltage

is greater than 1 p. The e-t operating region corresponds to the condition when the

electrons are no longer repelled by the probe bias and any further increase in the

applied voltage only affects the energy of the collected electrons but not their current

[33]. The electron temperature T, is responsible for the exponential I-V dependence

of the curve between the 'sat and e- regions. kB is the Boltzmann constant T, is in

units of eV.

Accounting for the sheath that forms between the bulk plasma and the probe

surface allows us to estimate two fundamental local plasma properties, ne and T, from

the I-V curve. The electron temperature is obtained by fitting an exponential function

to the part of the I-V curve bounded by the Isat and e-t regions: (Iprobe - Isat)
eVprobe

e kBT- . An alternative method is to take ln(I,,be - Isat): the electron temperature
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Figure 2-2: Determination of the electron temperature from the I-V plot of a Langmuir
probe. The data is from Figure 2-1.

is the inverse of the slope of the linear region between the ion saturation and the

electron saturation regions [32, 33] as demonstrated in Figure 2-2.

The electron temperature, in turn, determines the ion sound speed (c,) in the

plasma [34]:

Cs = 1 x 104 ZTe (2.1)
't

where -y is the adiabatic index, Z the ion charge state, and p is the ion mass in the

units of the proton mass. Once we know the ion sound speed, the plasma density is

measured from the Isat value according to Equation 2.2:

'sat (2.2)
0.5qecAprobe'

where q, is the magnitude of the electron charge, and Apobe is the probe area that is

perpendicular to the background magnetic field. For the example shown in Figure 2-1

we find: Vjioat ~ -5 V and Te - 10 eV. Accounting for the probe area perpendicular

to the magnetic field (Aprobe = 7.5 x 10-1 in
2 ) we find that ne ~ 2 x 1018 M-3.
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According to the standard Langmuir probe theory [32, 33], the plasma potential can

also be estimated as: (DP = Vfloat + 3T./e, which is - 25 V for the case shown in

Figure 2-1.
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2.2 Emissive probes

The plasma potential (4p) is the most important quantity to measure in understand-

ing enhanced sheaths and sputtering of high-Z metals. The plasma potential is the

DC electrostatic potential difference between the local quasi-neutral plasma and the

surrounding "ground" of the plasma-facing components, thus setting to first order

the incident ion energy at material surfaces. Emissive probes are routinely used to

directly measure Itp in magnetized plasmas, including tokamak plasmas on Alcator

C-Mod [23, 29], CASTOR [36], and Phaedrus-T [37].

When an electrically floating object is placed in a plasma a sheath potential drop

develops between the plasma and the surface to enforce ambipolarity at the surface.

In particular the sheath must electrostatically repel nearly all the plasma electrons,

which have a much higher thermal velocity than the plasma ions. Therefore, the

material's surface floating potential is set by a combination of the sheath potential and

the plasma potential. However, if the surface actively emits electrons at a sufficient

rate then it is possible to completely balance the incident electron flux density and

the sheath potential drop will vanish. Thus the surface's floating potential will be

equal to the plasma potential [381. The electron emission is achieved by heating the

probe to very high temperatures and the electron emission from the probe surface is

given by the Richardson-Dushman equation [39]:

Je_= AGT 2ekBT (2.3)

where Je_ is the electron emission current density in units of [A], AG is the (material

specific) Richardson emission constant units of [m ], T is the surface temperature

in units of [K], We is the probe material work function in units of [eV], and kB is the

Boltzmann constant in units of [i]. Equation 2.3 remains valid as long as the probe

temperature remains below the melting temperature of the probe material, therefore,

it is desirable to use an emissive filament with a very high melting temperature, such

as tungsten (W). Once the probe electron emission flux becomes equal to or greater

than the incident electron flux from the plasma, the probe begins to float at or near the
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Material A G [ A2] We [eV]
Pure W 6.0 x 105 4.3-5.2
Thoriated W 3.0 x 10' 2.6

Table 2.1: The Richardson emission constant and work function for pure and thoriated
tungsten [15].

plasma potential [38]. The uncertainty between the floating potential of a hot emissive

probe and the plasma potential is within ~ T volts, where T is in [eV] [38]. It is

common to use thoriated tungsten to decrease the work function and dramatically

increase the emission current density for a given temperature. The values of the

Richardson emission constant and the work function for pure and thoriated tungsten

are listed in Table 2.1 [15].

Figure 2-3 shows a diagram of two emissive probe configurations commonly used in

magnetized plasmas. The probe is usually a thin wire element with a very high melting

temperature, typically tungsten. An aperture is used to expose only the hottest part

of the filament to plasma: plasma exposure of the cold part of the filament and

the supporting electrodes leads to underestimation of the plasma potential [40]. The

element is heated ohmically by passing either DC or AC current through the filament:

the electric current then determines the operating temperature of the probe. The DC

current is the preferred heating method in a steady-state plasma device, while the

AC current is favored in tokamaks where disruption-induced J x B forces may break

a DC current-heated filament. Simplified DC and AC circuit diagrams used to heat

the emissive filament and read out the floating potential of the filament are shown

in Figure 2-4. The indicated output voltage readouts are approximately equal to the

floating potential of the emissive filament and the error is determined by the voltage

drop across the filament. The filament resistance is typically < 1 Q and the current

value (either DC or root mean square (rms)) is typically 2-3 A; therefore, the error

in the floating voltage estimate is typically 2-3 V.

A demonstration of how an emissive probe is used to determine the plasma po-

tential in a magnetized plasma is shown in Figure 2-5. We used an emissive probe

of design (b) as shown in Figure 2-3 and the probe filament (tungsten wire, diameter
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Figure 2-3: Common emissive probe configurations used for plasma potential mea-
surements in magnetized plasmas. The orientation of the filament is perpendicular
to the magnetic field.

dwire = 125 pm) was heated by a DC current source. The experiment was conducted

in a magnetized linear helicon plasma device, DIONISOS, [55]. The plasma param-

eters were: argon main ion species (+1 charge state), B = 0.04 T, PA, = 0.21 Pa,

PRF source = 300 W, Te = 10 eV, ne = 4 x 1016 m- 3 . Note the sudden transition in

the probe floating potential when the DC current through the probe filament exceeds

2 A. Before the transition, the floating potential is approximately -5 V and remains

approximately independent of the current through the filament. After the transition

the floating potential becomes 35-40 V and also remains independent of the current

through the filament. The transition between the two floating voltage regimes hap-

pens when the electron flux emitted by the probe surface is equal to the electron

flux incident from the plasma. As the current through the filament (and, hence, its

temperature and electron emission) is increased past the transition point, the net

electron collection at the surface remains unchanged: any excess emitted electrons

are reflected back to the surface to preserve the ambipolarity condition. Once the

floating potential of the emissive probe saturates and becomes independent of the

probe surface temperature, we reach the condition where the probe floating potential
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Figure 2-4: Simplified diagrams for (a) DC and (b) AC circuits used to heat an
emissive filament and read out the floating potential of the filament.

becomes approximately equation to the plasma potential. For our specific case we

have <bp = 35 - 40 V.

Equation 2.3 shows that the electron emission current density is determined by

the operating temperature of the emissive filament, which, for our probe design, is a

function of the current (either DC or rms) through the filament. Figure 2-6 shows the

electron emission current density and the corresponding maximum allowable plasma

density at which the probe can still operate as a plasma potential diagnostic. The

estimated curves in Figure 2-6 are plotted for T, = 10 eV and T = 100 eV, which is a

typical electron temperature range in the SOL tokamak plasmas [14]. The maximum

allowable plasma density ne, ma is given by Equation 2.4:

,ax =0. 2 5qeve, th
(2.4)

where Ve, th is the electron thermal speed [34]:

Ve, th = 4.2 x 105 [mI/s]. (2.5)
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Figure 2-5: The floating potential of an emissive probe filament as a function of the
DC current through the filament. The plasma potential is taken as the floating po-
tential when the floating potential saturates and becomes independent of the current
through the filament.

We see that the filament temperature needs to be in the range of 2000-2200 K for

the emissive probe to function as a plasma potential diagnostic in the SOL plasma

in the vicinity of an ICRF antenna, i.e. ne ; 1 x 1018 n- 3 and Te = 10 eV. A more

detailed design of the emissive probes implemented on Alcator C-Mod is provided in

the following chapter.
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of an emissive probe filament as a function of the
The plasma potential is taken as the floating po-
saturates and becomes independent of the current

We see that the filament temperature needs to be in the range of 2000-2200 K for

the emissive probe to function as a plasma potential diagnostic in the SOL plasma

in the vicinity of an ICRF antenna, i.e. ne < 1 x 1018 m-3 and T = 10 eV. A more

detailed design of the emissive probes implemented on Alcator C-Mod is provided in

the following chapter.
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Figure 2-7: A diagram that shows key components of a B probe. Aprobe is the area
enclosed by the probe. B is the magnetic field component normal to the area enclosed
by the probe. Vemnf is the EMF voltage. GND is the ground.

2.3 b probes

b probes are commonly employed in tokamaks to measure time varying magnetic

fields [31, 32, 41]. The nature of the measured quantity is implied in the name "B-

dot", where the dot symbol refers to the time derivative of the quantity under the

dot. The probe consists of one or more loops of a conducting wire, see Figure 2-7,
and relies on Faraday's Law for operation [32]:

dB
Vemf = -N Aprobe dt, (2.6)

where Venf is the electromotive force (EMF) voltage, N is the number of wire loops,
Aprobe is the area enclosed by the wire loop that is perpendicular to the magnetic field,
and B is the time derivative of the magnetic field within the area enclosed by the

probe. Integrating the induced Vernf signal either digitally or through an integrating

circuit allows us to reconstruct the magnetic field signal from its time derivative.

Since we are interested in using B probes to detect B fields oscillating at the ICRF
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Figure 2-8: A lumped-element circuit used to analyze the response of a B probe to

an oscillating RF wave.

frequency (50-80 MHz) with the wave length much larger than the probe dimension,

we can use a lumped-element circuit approach to determine the probe RF response

[41]. Figure 2-8 shows a lumped-element circuit diagram used to analyze the b probe

response.

The probe voltage output (Vut) is related to Vemf for a sinusoidally oscillating B

field according to Equation 2.7 [41]:

[(1 - W2 LprobeCprobe + V'" 0 )2 + (WRproeCprobe + WLprobe 2 ] 1/ 2 '
PRabe) + WpoeRrb cabe'

where w is the angular frequency of the ICRF wave, Lpobe is the probe self-inductance,

Cprobe is the probe capacitance, Rprobe is the probe RF resistance, Rcable is the ca-

ble/load resistance, and 0 is the phase shift [41].

w Rprob~prose+ rob

0 = tan- 1 WcrobeCprobe+ W.Robe (2.8)
1 - W2 Lprobecprobe + R^rb

Equations 2.7 and 2.8 may be approximated as:

VVnf ~ o - (2.9)
[1u + ( uj9"-b-)2] 1/2

Reable
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and

O ~ tan_1 
[WLparbe1 (2.10)
[Rcable .

provided that the circuit elements satisfy the following conditions: Rprobe < Rcable,

W < we, L ,and w < We, RO R 1 . The last two relations place
W LprobeCprobe probeCprobe

a constraint on the values of the probe capacitance and inductance: Cpobe <

and Cprobe <2 . A more detailed design of the b probe implemented on Alcator
C probe

C-Mod is provided in the following chapter.
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2.4 Ion sensitive probes

In Section 2.2 we mentioned that, for the case of high density plasmas, emissive

probes can no longer supply enough electrons to overcome the electron flux incident

from the plasma on the probe surface. As a result, emissive probes no longer float

at the plasma potential. This shortcoming and a short lifetime of emissive probes

in tokamak plasmas served as a motivation to explore other, more robust probes for

plasma potential measurements in the SOL plasmas of Alcator C-Mod. Ion sensitive

probes (ISPs), which are sometimes called Katsumata, plug, or baffle probes [42, 43],

overcome these two shortcomings.

Since the original work by Katsumata in the 1960's [42], ISPs have been extensively

studied and applied in magnetized plasmas. Examples of various iterations of the

ISP use are: 1) ion temperature measurements in the Large Helical Device (LHD)

divertor [44]; 2) ion temperature measurements in the boundary plasma of the JFT-

2M tokamak [45]; 3) ion temperature measurements in the linear plasma device PSI-2

[46]; 4) plasma potential measurements on the CASTOR tokamak [47, 48]; 5) ion

temperature measurements in the scrape-off layer (SOL) of ASDEX Upgrade [49];

6) plasma potential measurements in a magnetized Q-machine [50]; 7) perpendicular

ion temperature in the MIX 1 mirror machine [51]; 8) plasma potential in the linear

helicon plasma device DIONISOS [52]; 9) plasma potential in the SOL of Alcator

C-Mod [53]; and 10) ion temperature distribution in DIONISOS [54].

The ISP was studied extensively at MIT's Plasma Science and Fusion Center on

a linear magnetized plasma device, DIONISOS [55, 52] (Figure 2-9) to determine its

applicability as a plasma potential diagnostic. The magnetic field was a constant

B = 0.04 T and the working gas was argon at neutral gas pressure PAr = 0.26 Pa.

The RF source was a 3 kW Apex 3013 RF generator from Advanced Energy and

the RF power was coupled to the plasma via a Nagoya III antenna [56] through a

matching network. The operating RF frequency was 13.56 MHz. The plasma density

ranged from - 1 x 1016 m- 3 in the low density regime to ~ 1 x 1018 m- 3 in the

high density helicon mode. The diameter of the extracted plasma column was 5
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Figure 2-9: A schematic of the DIONISOS experiment [55].

cm. The electron temperature ranged from 7 eV in the helicon mode to 10-15 eV

in the lower density modes, implying that the electron gyro-radius was ~ 0.2 mm.

The helicon mode required incident RF power (PRF) to be greater than 1200 W. The

basic plasma parameters (T and n,) in DIONISOS plasma are plotted as a function

of injected RF power in Figure 2-10. The plasma potential in the DIONISOS plasma

was independently measured with a hot floating emissive probe at the same location

and plasma conditions as the ISP measurements.

Key components of the ISP are shown in Figure 2-11: these are the probe wall and

collector electrodes electrically isolated from each other by a series of insulators. The

collector is recessed behind the probe entrance by a distance h, which is comparable

to the ion gyroradius of the main plasma species. The probe entrance was positioned

at the center of the plasma column with the collector surface aligned parallel to the

magnetic field.

We are now going to outline a novel technique that we developed to measure the

plasma potential in magnetized high density plasmas with an ISP [52]. The plasma

potential can be determined by examining a current-voltage (I-V) characteristic of

the probe collector as a function of the wall (not the collector) potential. In the

simplest picture no ion is electrostatically allowed to enter the probe volume once the
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Figure 2-10: Electron temperature (T) and plasma density (ne) in DIONISOS as a
function of injected RF power (PRF)-

wall potential is raised above the plasma potential, therefore, (lp can be determined

as the wall potential at which the collected current vanishes. Figure 2-12 shows

two typical I-V curves (the positive current corresponds to the electron collection)

where the wall and the collector were both swept simultaneously with a constant bias

(VBIAS = VWALL - VCOLL) between them. The plasma potential, determined by the

emissive probe, was -15 V. The collector current remains in the ion collection regime

at all times when the bias voltage is positive (VWALL > VCOLLECTOR) by 5-10 V. The

current drops to zero once the wall potential is raised above the plasma potential

and the ions are no longer electrostatically allowed to enter the probe volume. If

the bias voltage is negative (VWALL < VCOLLECTOR) one often measures substantial

electron current for VWALL < (P, but which also goes to zero when VWALL > DP-

Note that the electron current far exceeds the e- current expected from the classical

gyromotion as the collector recess distance It is typically tens of electron gyroradii. A

more detailed examination of the key I-V features of the ISP is provided later in this

section. Using this technique, we verified (lp measurements against emissive probe

results in DIONISOS over a wide range of densities and plasma regimes (Figure 2-13).

The main source of error in the ISP measurements is due to the uncertainty of the
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Figure 2-11: A schematic of the ISP used on DIONISOS. h = recess height; solid -
conductor, hashed - insulator; cylindrical symmetry.

"knee" location in the collected current in the vicinity of VWALL -- IP. The width of

the knee is typically ~5 V, meaning that the plasma potential measurements between

the two probes are in good agreement.

We further examine the ion and electron saturation currents on the probe collector

at fixed wall voltages. Figure 2-14 shows several I-V curves at four different constant

wall voltages: VWALL = -20, -10, +10, and +25 V. The 1sat and Ie- sat regions are

also shown. We observe that both the ion and electron saturation currents drop to

zero once the wall voltage exceeds the plasma potential (Figure 2-15). This result is

consistent with the results in Figure 2-12. Note that the maximum measured electron

current far exceeds the current expected from a simple gyro-motion of the electrons

- the recess distance of the collector is tens of electron gyroradii, yet the electron

current remains much greater than the ion current. It is sometimes speculated in the

literature that the source of the electrons at the collector surface is due to secondary

electron emission from the wall [51]. However, our results show that the electron

collection disappears for VWALL Ip and IWALL = Ie- SAT, i.e. at the maximum

primary electron flux to the wall, implying that the source of the electrons is not

secondary emissions from the wall.

The high (> 1 mA) measured collector Isat current in the ISP appears to exceed

the maximum allowed space-charge limited current if only ions exist in the probe

volume [57, 58]. A 1-D estimate of the Child-Langmuir current limit (ICL) is given
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Figure 2-12: ISP collector current as a function of the wall potential for two cases:

VWALL > VCOLLECTOR (red triangles), and VWALL < VCOLLECTOR (green squares).

The positive current corresponds to the electron collection. PRF = 1600 W, h =

-5 mm.

by Equation 2.11:

ICL A4 co - - VCOLLECTOR ) 3 / 2  2q% (2.11)

where A is the collector area, CO is the permeability of free space, qj is the particle

charge state, and mi is the particle mass. For the DIONISOS case of singly charged

argon ions (atomic mass 40) collected between a potential difference of 40 V, over a

distance of 5 mm, and collected over a circular electrode of 5 mm in diameter gives

ICL ~ 1.7 pA. The estimated ICL value is three orders of magnitude lower than the

measured collector Isat current. The Child-Langmuir current limit is enhanced by

treating the problem in 2 dimensions and by considering the non-zero velocity of the

ions [59, 60], however, the total enhancement in ICOLLECTOR due to these effects is

still less than one order of magnitude. It seems necessary to involve electrons in the

probe volume, perhaps by E x B drift, to explain the results. Such a mechanism is

outlined below.

The classical principle of operation of the ISP probe is based on the large difference
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Figure 2-13: Comparison of plasma potential measurements between ISP and emissive
probe in DIONISOS as a function of RF power.

between the electron and ion larmor radii (pion/p,_ ~ 50 in deuterium main ion

plasmas with equal ion and electron temperatures) in magnetized plasmas. With the

plasma facing surface normal of the collector oriented perpendicular to the background

magnetic field, as shown in Figure 2-11, the collector current due to electrons (Ie_ sat)

is significantly reduced as the collector recess distance h becomes greater than

lop,_. A point is reached when Ie- sat becomes equal to the collector current due

to ions Isat and, in this case, the floating potential of the collector is taken as being

equal to the plasma potential. However, experimentally it is found that in most cases

ie_ sat > Isat even for h ~ 10pe- [47, 48, 52] and the floating potential of the

recessed collector shows little dependence on h. In fact, the current collection in the

ISP is consistent with the E x B drift of electrons inside the volume bounded by the

wall, the collector, and the surrounding plasma [61]. These drifts follow equipotential

surfaces inside the probe volume and, depending on the voltage difference between the

wall, the collector, and the plasma, may allow for electron collection on surfaces where

h > 10 x p6 -, see Figure 2-16. When the wall voltage is below the plasma potential,

ions are electrostatically allowed to enter the ISP volume and the net positive charge
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different constant wall potentials. PRF = 1600 W, h = -5 mm.

accumulation results in an electric field that induces E x B drifts toward the collector

surface, as depicted in Figure 2-16 (a). Depending on the collector voltage, either

ions or electrons are collected by the collector electrode. The Iat collector current

that far exceeds the Child-Langmuir limit is also consistent with the E x B electron

drift inside the ISP volume, as the electrons neutralize the positive ion charge and

reduce the effective distance h in Equation 2.11 across which bare positive charges

must travel. [61]. However, when the wall voltage is above the plasma potential,

no ions are allowed to enter the ISP volume and, hence, the resulting electric field

structure no longer supports the E x B drifts needed for the electrons to reach the

collector surface. This case is depicted in Figure 2-16 (b) and now neither ions nor

electrons can reach the collector.

Note that the development of the ISP as a plasma potential diagnostic on DION-

ISOS was followed by an extensive use of the probe on Alcator C-Mod to study plasma

potentials in Ohmic [61, 62] and ICRF-heated discharges [53]. A more detailed design

of the ISP implemented on Alcator C-Mod is provided in the following chapter.
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Chapter 3

Diagnostics description:

implementation on Alcator C-Mod

Various combinations of the primary diagnostics, described in the previous section,

were mounted on two radially (along the major radius direction R) scanning probes,

the Surface Science Station (S3 ) and the A-port Scanning Probe (ASP), and several

stationary probe stations on the sides of the A-B split limiter. Additionally, several

secondary diagnostics were used in conjuction with the primary diagnostic sets to

quantify the effects of ICRF power on 4bp enhancement. A fish eye view of Alcator

C-Mod is shown in Figure 3-1.
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Figure 3-1: A fish eye view of Alcator C-Mod. The image was taken from the hori-

zontal B-port. Image courtesy of Michael Garrett.
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3.1 Alcator C-Mod tokamak

Alcator C-Mod is a medium size tokamak, which utilizes very high toroidal mag-

netic fields (up to 9 T) to confine its plasma. C-Mod's on-axis major radius (R,) is

0.67 m, its minor radius (a) is 0.22 m, its standard on-axis toroidal field is 5.4 T,

and its standard plasma current is 1.0 MA [63]. C-Mod's plasma facing components

(PFCs) are made entirely of high-Z molybdenum (Mo) tiles and the tokamak relies on

boronization for wall conditioning [64]. The key in-vessel plasma facing structures are

the inboard and outboard limiters and the lower and upper divertors. The tokamak

can operate with a variety of plasma shapes, such as the lower single null (LSN), the

inner wall limited (IWL), and the upper single null (USN) configurations. The key

in-vessel plasma facing structures and the poloidal cross sections of typical plasma

configurations are shown in Figure 3-2. The in-vessel structures themselves are ar-

mored with protective Mo tiles, the typical dimension of which is 2.5 x 2.5 cm 2 . The

individual tiles are clearly seen in Figure 3-1. A standard plasma discharge duration

is typically 1-2 s followed by a period of 15-30 min between discharges. As a result

of the short discharge duration and the much longer period between the discharges,

it is sufficient for the Mo PFCs on Alcator C-Mod to rely only on inertial cooling to

prevent PFC melting.

The in-vessel access is provided through ten port sections, with three ports in each

section. The three ports in each section are: the horizontal port, the vertical port on

the top of the vessel, and the vertical port on the bottom of the vessel. The ten port

sections are label: "A", "B", "C", " "E" "F", " "H", "J", and "K". These

are spaced 360 apart toroidally. The top cross sectional view (at the midplane) of

Alcator C-Mod is shown in Figure 3-3. The key in-vessel components and primary

diagnostics are highlighted. The toroidal direction (#) is referenced with respect to

the middle of the A-port and the direction of increasing # is clockwise as viewed from

the top.

Auxiliary heating power is provided primarily by ICRF heating through three

ICRF antennas: two two-strap antennas at the D and E ports and one four-strap
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Figure 3-2: Poloidal cross sections of typical plasma configurations on Alcator C-Mod.
Key in-vessel plasma facing structures are also labeled.

antenna at the J port, see Figure 3-3. The D, E, and J antennas operate at 80.5 MHz,

80.0 MHz, and 78.0 MHz, respectively, with the J antenna also capable of operating at

50 MHz. The dominant heating scheme is the hydrogen or helium-3 minority heating

in deuterium main ion plasma species. The three antennas are capable of coupling

up to 6 MW of ICRF power. The D- and E-antennas are capable of operating only

in dipole antenna strap phasing (0, 7r). The J-port antenna is capable of operating

in dipole (0, 7r, 0, 7r) and monopole (0, 0, 0, 0) antenna strap phasing. Up to 2011

the J antenna was in the form of a toroidally aligned (TA) antenna and in 2011 the

J antenna was reconfigured to the field-aligned (FA) configuration [65].
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Figure 3-3: A diagram showing the top view of Alcator C-Mod. Key tokamak com-
ponents and diagnostics are shown.
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3.2 Emissive probes on Alcator C-Mod

As it was stated in Section 2.2 the emissive filament temperature is controlled by the

electric current (either DC or rins) that passes through the filament. In tokamaks it

is generally preferred to use an AC-heated emissive probe in order to minimize J x B

forces on the filament during disruptions. The time scale for a typical disruption on

Alcator C-Mod is -1 ms [66], which places the lower operating frequency bound on

the AC circuit drive at >1 kHz. The operating frequency that is greater than 100

kHz introduces large inductive losses in the circuit elements. As a result, a desirable

operating frequency range for the AC-driven emissive probe power supply is 10-100

kHz. The operating frequency for the Alcator C-Mod emissive probe power supplies

was chosen to be 1 MHz/ 16 = 62.5 kHz. A detailed diagram of the circuit board used

to drive emissive probes installed on Alcator C-Mod is provided in the Appendix

section of the thesis, Figure A-2.

Figure 3-4 shows the temperature of the emissive filament wire as a function

of the RMS current. We used a 2.5 cm long piece of the thoriated tungsten wire

(dsc = 125 Ium), which is a typical length of the filament used in our study. The fil-

ament temperature was measured with an optical pyrometer from Leeds and Northrup

Company, Serial No: 1877250, Cat. No: 863 6-C [67]. Figures 2-6 and 3-4 show that

it is sufficient to use the RMS current values of 2-2.5 A to make the emissive probe

function as a plasma potential diagnostic in the SOL plasmas near ICRF antenna

structures where n, 1 x 1018 Tn 3.

The steady-state operating temperature distribution along the filament of length

L and diameter d is determined by balancing the Ohmic input power (P) with the

power losses through radiation (P,) and conduction (P) across the two ends of the

filament, see Figure 3-5. Our goal is to determine the length of the hot region Lht

where the electron emission current density is equal to or higher than the electron

current density incident on the filament from the plasma. Lht is then used to con-

strain the size of the aperture (Laperture Lhot) that limits the part of the filament

that is exposed to the plasma. The total length of the filament (L) is taken as 2.54
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Figure 3-4: The measured emissive filament temperature as a function of the RMS
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cm and is constrained by the space limitation for in-vessel components on Alcator

C-Mod. For the case of the emissive probe the space limitation is characterized by

the linear dimension of a single in-vessel tile, which is typically 2.5 cm.

The Ohmic input power is determined by Equation 3.1:

I2 L
PQ = ,2L (3.1)7r(d/2)2 '

where I is either the DC or rms current through the filament, in units of [A], and r is

the resistivity of the filament, in units of [Qm]. The resistivity is a strong function of

the filament temperature Tfilamnent and for the particular case of tungsten it is given

by Equation 3.2:

qw = 4.8 x 10-8[1 + (T - 273)4.8297 x 10- + (T - 273)21.1663 x 10-6] [Qm], (3.2)

where T is in degrees K [68]. Tj ranges from 2.5 x 10-7 QM to 1.1 x 10-1 Qm for the

filament temperature range from 1000 to 3000 K for tungsten, see Figure 3-6 [68].
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Figure 3-5: A diagram that shows the simplified arrangement used to estimate the
temperature profile along the emissive filament.

The radiation power loss is given by Equation 3.3:

P7 = Lirdc T ilament (3.3)

where c is the temperature-dependent filament emissivity (c = 0.3 for tungsten at

2000-3000 K [15]) and o- = 5.67 x 10-8 K is the Stefan-Boltzmann constant. Note

that the emissivity of a tungsten filament changes with age/use but it is generally in

the range of c 0.3 - 0.4 [69]. The conduction power losses are given by Equation

3.4:

P= KVTfilament7r(d/2) 2 , (3.4)

where K is the thermal conductivity (nw ~ 100 W at 2000 K, [15]) and VTfilament ~

T AT = Thot - Tcold, AL - - .

The strong temperature dependence of the radiated power (P, oc T 4 ) allows us to

make simplifying assumptions about the temperature profile along the filament: the

hot region of the filament is dominated by radiative losses while conduction power

losses dominate along the cold parts of the filament, see Figure 3-5. Using this
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Figure 3-6: The resistivity of tungsten as a function of temperature [68].

assumption we obtain the length of the hot region from Equation 3.5:

Lat=L - 2AL = L - 2
LT7 r(d/2)2

I2(

For the case of our tungsten wire (L = 0.025 m, That = 2000 K, Tcod = 300 K,

Irms = 2 A, r (30 K)+7(2000 K) = 3.3 X 10- 7 Qm) we obtain Lh= 0.017 m. To
be conservative we used an aperture length of Lapertue = 0.008 ri = 0.5Lhot.
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3.3 b probes on Alcator C-Mod

A 34 AWG copper wire (diameter 0 = 1.6 x 10-4 M) was used to construct b

probes for Alcator C-Mod probe stations. The RF probe resistance of the wire can

be estimated from: Rpbe = , where ij is the DC resistivity of the probe wire

(Ticu = 2 x 10-8 Q m at room temperature) and 6 is the skin depth of the probe

material at frequency w ( = 27r x 80 MHz = 5.0 x 108 rad/s). The skin depth

at 80 MHz can be estimated as: 6 = , where p is the magnetic permeability of

the probe wire. For a good conductor, such as copper, the magnetic permeability

is that of vacuum: p = po = 47r x 10- H/rn. Therefore, the skin depth of copper

at 80 MHz is: 6 = 8 x 10-6 m. A typical length of wire (1) used to construct a

single E probe is ~0. 1 m. Therefore, the RF resistance of a single E probe for our

case is: Rp,,be = 0.5 Q. Since our cable resistance is Rcable = 50 Q, the condition

Rprobe K< Rcble is satisfied. The probe capacitance was measured directly and was

typically 1 nF satisfying the assumption Cprobe < 2Ix-Ox = 4 nF.
27xOl6jrad/s]xO.5 [0]

Equation 2.9 allows us to optimize the signal-to-noise ratio (S/N - 1 ) of a

coil with a fixed probe area (of loop diameter D) at a fixed ICRF operating frequency:

S/N is maximized when the B coil uses an optimal number of turns Nmax. The Nna,

is obtained by differentiating S/N with respect to the number of turns N and setting

the value of the derivative to zero. The inductance of the probe Lprobe with N loops

is taken as: Lprobe ~ N 2 LO [70], where LO is the inductance of a single loop:

LO = 2[n( ) -21. (3.6)
2 0

NAprobe
S/N +[1+ (N2L )2]1/2 (3.7)

Rcable

and
d(S/N) _ 1-(aN2Le)2 -0. (3.8)

dN [1+(wN2L)2]3/2
Rcable

The final result is:

Nmax = (3.9)
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Figure 3-7: Details of the three-directional B probe used on Alcator C-Mod. The
orientation of the three coils with respect to the local direction of the magnetic field
is also shown. "T" refers to the direction along the magnetic field. "r" refers to
the radial direction. "P" refers to the poloidal direction. B refers to the oscillating
magnetic field amplitude of the RF wave.

For our specific case, the diameter of the 5 loop and, hence, the probe's area is

constrained by the size of the aperture (7.5 mm) and we used D = 5.1 mm < 7.5 mm.

This gives us L, = 10 nH and, for w = 27r x 80 x 106 rad/s, Nmax = 3.2. The final

design used four-turn b coils to account for a possible operation of the J antenna

at 50 MHz, which increases Nmax. Figure 3-7 shows the geometry of the three-

dimensional B probe used in our studies and the directional definitions of the three

coils with respect to the orientation of the local magnetic field. "T" refers to the

direction along the magnetic field, "r" refers to the radial direction, and "P" refers

to the poloidal direction. The bT coil is used to quantify local fast ICRF wave fields

(BT) and the Bp coil is used to quantify local slow ICRF wave fields (Bp). Refer

to Section 3.6, Figure 3-18 for a detailed description of the b probe position inside

Alcator C-Mod.

The oscillating voltage signal, which is proportional to the local RF wave fields,

is rectified to a DC voltage and then digitized. Two different circuit elements were

used to achieve AC-to-DC conversion of the B signal. Prior to the Summer 2012
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Calibration curve for "demod" board D1027:Forw_78 (LBBT B-dot probe).
Calibration performed at 78 MHz.
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Figure 3-8: A calibration curve for a "demod" board used to convert an oscillating
B signal into a DC voltage signal.

experimental campaign we used amplitude/phase detectors (or "demod" boards).

These were extensively used on Alcator C-Mod for B signal rectification [31]. A

typical calibration curve for these "demod" boards is shown in Figure 3-8: the DC

voltage response is linear as a function of the input RF power. The calibration shown

in Figure 3-8 was performed at 78 MHz, which corresponds to the operating frequency

of the J antenna, and shows little variation between 78.0 and 80.5 MHz. A detailed

diagram of the circuit board used to operate B probes installed on Alcator C-Mod is

provided in the Appendix section of the thesis, Figure A-3.

During the Summer 2012 experimental campaign the rectification of the B signals

was accomplished using zero-bias Schottky diode detectors, model number DZM020AA,

from Herotek, Inc. The DC voltage response of the detector is an exponential curve

with an offset as a function of the input RF power, see Figure 3-9. The calibration

was performed at 80 MHz and the response of the detectors shows little variation be-

tween 78.0 and 80.5 MHz. Both the "demod" board and the Schottky crystal output

voltages were digitized at 50 kHz.
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Calibration curve for Schotkky detector #2 (LA, B-dot probe).
Calibration performed at 78 MHz.
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Figure 3-9: A calibration curve for a Schottky diode used to convert an oscillating B
signal into a DC voltage signal.

Once we know the absolute power density of the RF signal collected by the B

probes (Ph), the magnetic (1) and electric (F) RF field amplitude can be estimated

from the magnitude of the Poynting vector (S):

P.-
(S) =BaNAprobe'

4A = (S)
C

and

(3.10)

(3.11)

(3.12)
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Side View of S3

R Air Vacuum
Side Side

Linear
Translation Feedthrough Flange, K-port Re-entrant
Stage Rotary Seal, Bellows Horizontal Tube

Rotary Stepper Motor Flange
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Figure 3-10: A side view of S3 and its main components. The diagram shows fully
inserted S3 positioned at R = 0.75 r local radial position.

3.4 Surface Science Station (S 3 )

A novel versatile diagnostic, the Surface Science Station or S3, was developed and

installed on Alcator C-Mod to study PMIs [64]. The key components of the S3

diagnostic are a re-entrant tube, a removable diagnostic head, a vacuum rotary seal,

a stainless steel bellows, a linear translation stage, two stepper motors (for linear

and rotary motion), and a vacuum flange with multiple electrical feedthroughs, see

Figure 3-10. The diagnostic is equipped with a dedicated vacuum system isolated by

a gate valve from the Alcator C-Mod vacuum vessel. The vacuum system is capable

of reaching the pressure of 1 x 10- Torr, well below the operating vacuum pressure

of Alcator C-Mod (~ 1 x 10- Torr).

The S3 is installed at the horizontal K port, with the center of the re-entrant tube

located below the midplane at Z = -0.220 mn, see Figure 3-11. The re-entrant tube

is aligned along the major radius direction. The outer diameter of the re-entrant

tube is 57.15 mm (2.25") and is constrained by the diameter of the flange opening

through the horizontal K-port flange, see Figure 3-11. The toroidal angular position

of the S3 is # = 321.70 where the angle is referenced with respect to the middle of

the A-port, with the angle increasing in the clockwise direction as viewed from the

top of the vacuum vessel. The linear translation speed of the diagnostic is typically
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S3 Flange

0.0516 m

Figure 3-11: A view of the K-port horizontal flange from the air side. The location
of the S3 flange opening is shown.

~1 mm/s, which allows to change the radial probe position only between plasma

discharges while keeping the radial position of the probe fixed for the duration of

plasma discharges. The major radius position of the S3 is known to within +/-0.5

mm and the uncertainty is limited by the resolution of the linear position voltage

encoder.

In order to study plasma potential enhancement, the diagnostic head was equipped

with an emissive, an ion sensitive and a Langmuir probe, see Figures 3-12 and 3-13.

The plasma facing side of the diagnostic head is armored with a Mo cap the shape

of which is aligned to the local poloidal magnetic field of a standard C-Mod plasma

discharge (Ip = 1 MA, BT = 5.4 T, lower single null (LSN) shape). Two apertures

are used to define the area of the probes that is exposed to the plasma. The apertures

allow plasma entrance only from the electron diamagnetic direction, which, for the

toroidal magnetic field in the clockwise direction (as viewed from the top of the

vessel), is vertically up at the midplane. The radial and vertical position of the Mo

cap radially nearest to the tokamak central axis (R = 0 m) is referred to as the

"origin" point, see Figures 3-12 and 3-13. The positions of the three S3 probes refer

to the midpoints of the probe areas exposed to plasma and are referenced with respect
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Table 3.1: In-vessel
emissive probes.

positions (R, Z, and #) of the S3 origin, Langmuir, ISP, and

BT

Origin Position

Figure 3-12: A close-up view of the S3 diagnostic head with a protective Mo cap.

to the origin. Table 3.1 lists the positions of the origin and the three probes. The

length of the emissive filament is constrained by the diameter of the re-entrant tube

and the shape of the local poloidal magnetic field and is 2.5 cm. The length of the hot

part of the filament and the size of the aperture opening is 7.6 mm. The Langmuir

probe is located radially 2 mm behind the emissive probe to avoid direct magnetic

field connection between the two probes (RLangmuir probe Remissive probe +2 mm), see

Table 3.1. The projected area (along the magnetic field) of the Langmuir probe that

is exposed to plasma is Aprobe = 7.6 mm x 1 mm = 7.6 x 10-6 m 2
, see Figure 3-14.

The relevant dimensions of the ISP are also shown in Figure 3-14.
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Point R [in] Z [m] # [degree]
Origin Varies -0.245 321.7
Emissive Probe Rorigin + 0.031 ZOrigin + 0.033 0Origin
Langmuir Probe ROrigin + 0.033 Zorigin + 0.033 00rigin
ISP Rorigin + 0.013 ZOrigin + 0.010 Roriginorigin - 0.006 [in]
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(gar
B,
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Figure 3-13: A detailed view of the Langmuir, ISP, and
The Mo cap is shown with a transparent outline.

(a)

Mi
Ins

Aperture Outline
Projected along
Magnetic Field

emissive probes on the S3.

(b)
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Figure 3-14: Relevant dimensions of the S3 Langmuir, ISP, and emissive probes.
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Figure 3-15: A diagram showing the ASP emissive probe head and its key dimensions.

3.5 A-port Scanning Probe

Another radially scanning diagnostic, the A-port Scanning Probe or ASP, was also

used to study <Dp enhancement on Alcator C-Mod [31]. Similarly to the S3 , the ASP

contains a removable probe head. A new ASP probe head, armed with an emissive and

two Langmuir probes, was designed and installed for the current study. Unlike the S3

the ASP is much smaller in diameter (0.019 m in diameter, see Figure 3-15), contains

four electrical feedthroughs, and is capable of up to three probe plunges within one

flat-top period (~1 s) of a typical plasma discharge. The ASP is positioned at the

horizontal A port, with the center of its re-entrant tube located 0.111 m above the

midplane at the in-vessel toroidal angular position q5ASP = 3.12'. Figure 3-16 shows

the origin position of the ASP emissive probe head. Note from Figure 3-16 that only

the hottest 1/3 of the total emissive filament length is exposed to the plasma, with

the remaining length housed inside insulating ceramic tubes to prevent electrical and

thermal contact with the Mo head tip. The in-vessel positions of the origin, emissive,

and Langmuir probes are listed in Table 3.2. Note, that unlike the S3 emissive probe,

which is exposed to plasma only from the electron diamagnetic direction, the ASP

emissive probe is exposed to plasma from both the electron and ion diamagnetic

directions.

76



R

(West) Langmuir Probe

Electrically Floating
Mo Head Tip

(East) Langmuir Probe

Emissive Filament Origin

Figure 3-16: A close-up view of the Mo tip of the ASP emissive probe head. The tip
is electrically floating and contains one emissive and two Langmuir probes.

Point R [m] Z [m] # [degree]
Origin Varies 0.111 3.12
Emissive Probe ROrigin - 0.001 ZOrigin #Oigin
West Langmuir Probe Rorigin ZOrigin Rorigin~origin - 0.002 [m]
East Langmuir Probe ROrigin ZOrigin Roriginorigin + 0.002 [m]

Table 3.2: In-vessel positions (R, Z, and #) of the ASP origin, Langmuir, and emissive
probes.
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Figure 3-17: Views of the split A-B limiter mounted on the outer wall of Alcator
C-Mod. (a) View along the major radius direction. (b) View along the toroidal
magnetic field direction, A-port side.

3.6 Stationary A-B limiter probe stations

A combination of emissive, B, and ISP probes were installed on probe stations

mounted at fixed in-vessel locations on the sides of the split A-B limiter. Each

probe station contained three (orthogonally aligned) b probes, one emissive, and one

ISP probe. The probe station names are LB, LA, and UA and refer to the lower B,

lower A, and upper A sides of the A-B limiter, see Figure 3-17. The midpoint of the

emissive filaments is used as the "origin" position of the three stations. The in-vessel

coordinates of the three origin points and the offset distances of the b and ISP probe

centers along the R and Z coordinates are listed in Table 3.3. Note that only the LB

station was used in the Summer/Fall 2009 experimental campaign and only the LA

and UA stations were used in the Summer/Fall 2012 experimental campaign.

A detailed view of a single A-B limiter probe station (LA) is provided in Figure

3-18. The length of the emissive filament (0.025 m) is aligned to the direction of the

local poloidal magnetic field of a standard Alcator C-Mod discharge (Ip = 1 MA,

BT = 5.4 T, LSN discharge shape). The length of the exposed part of the emissive

filament (Lhat) is 7.6 mm. The three-directional B probe is housed inside a boron

nitrite probe holder. The orientation of the B probes inside the holder is field-aligned
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Point R [in] Z [m] # [degree]
LB Origin 0.911 -0.119 30.4
LB Emissive Probe ROrigin ZOrigin #Origin
LB ISP Rorigin + 0.003 Zorigin - 0.001 #Origin + 0.3
LB B Probe Rorigin - 0.006 ZOrigin + 0.003 # Origin + 0.1
LA Origin 0.911 -0.119 16.6
LA Emissive Probe Rorigin ZOrigin #Origin
LA ISP Rorigin + 0.003 Zorigin - 0.001 5Origin - 0.3
LA B Probe Rorigin - 0.006 Zorigin + 0.003 #borigin - 0.1

UA Origin 0.879 0.179 16.6
UA Emissive Probe ROrigin Zorigin /origin
UA ISP Rorigin + 0.002 Zorigin + 0.002 #origin - 0.3
UA B Probe Rorigin - 0.007 Zorigin - 0.004 #origin - 0.1

Table 3.3: In-vessel positions (R, Z, and #) of the A-B limiter probe stations.

to a standard tokamak discharge configuration on Alcator C-Mod: BT0 = 5.4 T,

Ip 1 MA and the edge safety factor q95 = 3.7. The variation of the q95 values that

were explored on Alcator C-Mod in the current study (q95 = 3.3 - 5.1) represents

a deviation of the angle between the unit normal vector to the probe area and the

magnetic field line of a few degrees. The corresponding error in the RF field amplitude

measurement due to this misalignment is less than 20%. The outline of the b probe

coil, as housed in the probe holder, is shown in Figure 3-18 (a). Note that the LA

and UA probe stations are exposed to plasma incident from the electron diamagnetic

direction (vertically up at the midplane) and the LB probe station is exposed to

plasma incident from the ion diamagnetic direction only.
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B Probe Holder -r +
With Outline of Emissive Filament
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Figure 3-18: (a) A view of the LA probe station along the toroidal magnetic field
direction. (b) An isometric view of the LA probe station with one half of the probe
cover removed. "r" is the local minor radius direction.
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Midplane ------------ ---

Figure 3-19: A poloidal cross sectional view of Alcator C-Mod. The poloidal locations
of the primary diagnostics are shown.

3.7 Primary diagnostics

The poloidal cross sectional view of the Alcator C-Mod vessel and the poloidal po-

sitions of the primary diagnostics are shown in Figure 3-19. The top cross sectional

view (at the midplane) of Alcator C-Mod with the primary in-vessel components and

diagnostics is shown in Figure 3-20. A detailed top cross sectional view (projected

to the midplane) of the A-B limiter and the primary diagnostic stations is shown in

Figure 3-21, where d refers to the characteristic radius of the plasma facing limiter

tip (d ~ 1 cm). The fold-out views (along R) of the outer wall, together with the

key in-vessel components and the primary diagnostics, are shown in Figures 3-22 and

3-23 for the cases of the toroidally and field-aligned J antennas, respectively. The

red lines in Figures 3-22 and 3-23 are local magnetic field lines for BT, = 5.5 T and

Ip = 0.8 MA.
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E Antenna F Alcator C-Mod Top View

D AnennaG-H LimiterD Antenna

LH Limiter/ \Increaslng
Launcher

BJ

A-B Limiter
Probes imiter-- S3 (under K Limiter)
A-B Limiter ASP

Figure 3-20: A diagram showing the top view of Alcator C-Mod. Key tokamak
components and diagnostics are shown.
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Figure 3-21: A detailed top cross sectional view (projected to the midplane) of the A-
B limiter with the surrounding primary diagnostics. UA, LA, and LB probe stations
are stationary. ASP probe station is radially scanning.
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Figure 3-22: The probe arrangement used to characterize plasma potential enhance-
ment with the J antenna in the toroidally-aligned (TA) configuration. Red lines show
local magnetic field lines for the case of BTr, = 5.5 T and Ip = 0.8 MA.
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Figure 3-23: The probe arrangement used to characterize plasma potential enhance-
ment with the J antenna in the field-aligned (FA) configuration. Red lines show local
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3.8 Secondary diagnostics

In addition to the primary diagnostics which were designed and installed specifically to

study ICRF-induced plasma potential enhancement on Alcator C-Mod, we also used

a number of secondary diagnostics. Some of the most commonly used of these include

fixed Langmuir probes installed in the outer divertor regions [63], a gas puff imaging

(GPI) system at the outboard midplane [71], a visible spectrometer (Chromex) with

localized views of multiple limiter locations [20], and a multi-horn reflectometer at

the outboard midplane [72]. EFIT was used to reconstruct equilibrium magnetic flux

surfaces and to map magnetic field lines between probes and in-vessel surfaces [73].
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Chapter 4

ICRF-enhanced plasma potentials:

theoretical background

It has been long known that ICRF heating produces enhanced plasma potential and

impurity production in the plasma boundary of tokamaks [23, 29]. In the simplest

view, the fundamental mechanism for the enhanced sheaths potentials is the inter-

action of the electric field oscillations associated with the RF waves and the bound-

ary/sheath region. The coupled response of the boundary must include a mechanism

to "rectify" the AC E-field oscillations into a DC sheath potential [30]. The electron

repelling DC sheath potential begins to accelerate positively charged ions toward the

surface, which in turn are suspected to produce enhanced impurity sources through

physical sputtering. Thus theoretical considerations must deal with the various per-

mutations of RF-field polarization, RF power propagation and sheath response; which

will be addressed in this chapter.

4.1 Waves in plasmas

Plasmas are a quasi-neutral collection of unbounded positively and negatively charged

particles [21, 74]. As a results of the availability of free charges, plasmas are capable of

supporting electromagnetic oscillations [21]. Although individual charges in a plasma

are unbounded to each other, any significant separation of positive and negative
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charges results in a generation of electric fields that begin to attract the separated

charges. Accounting for the finite mass of the charged particles results in a collective

oscillatory motion of all the charged particles: these are plasma waves [21]. Ignoring

the electron thermal motion (Te = 0) the electron plasma oscillations are given by

Equation 4.1:

Wpe - [rad/s], (4.1)

which reduces to fpe = 9.0 12, [Hz], where n, is in units of [m-3 ]. Similarly for the

ion plasma wave oscillations:

nq?
i = e__ [rad/s], (4.2)

mico

which, for the case of deuterium ions, becomes fpi = 0.15 6Te [Hz]. The plasma

ion density is assumed to be equal to the plasma electron density, i.e. the plasma is

quasi-neutral.

When plasmas are placed in a static magnetic field, such as the case for tokamak

plasmas, the mobility of the charged particles in the plasma remains unbounded only

along the static magnetic field lines and becomes constrained by the Larmor motion

across the field lines. The large difference between the parallel and perpendicular (to B

field) charge mobilities is responsible for the large number of possible electromagnetic

oscillations in magnetized plasmas [21]. The key quantities that determine the nature

of electromagnetic oscillations in magnetized plasmas are the electron (Qe) and ion

(Qj) gyro (also known as Larmor or cyclotron) frequencies:

[e = [rad/s], (4.3)
rne

['=qj radls], (4.4)

For the case of electrons, Equation 4.3 becomes: The = 2.8 x 1010 B [Hz], where

B is in [T] [34]. For the case of deuterium ions, Equation 4.4 is reduced to: fj =

7.6 x 106 B [Hz].
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Accounting for the coupling between plasma and gyro frequencies introduces a

number of so-called hybrid oscillations. The upper hybrid (UH) oscillations are given

by Equation 4.5:

WU2H =Q + w, [(rad/s)2]. (4.5)

The lower hybrid (LH) oscillations are given by Equation 4.6:

1 1 1 1 (4.6)

Wi 2 Q? + wp Oe j l _ (rad/s)2.(4)WLH I2+wI

In order to determine how electromagnetic perturbations (or waves) propagate (or

disperse) in plasmas, it is necessary to solve time-dependent Maxwell's equations:

B
17 x E = ,(4.7)

at

Vx B = pJ+ , (4.8)
c2 at

where IL is the vacuum permeability, J is the plasma current density, and c is the

speed of light in vacuum. Ohm's law is also needed to link J and E:

J = 5r -E, (4.9)

where & is the plasma conductivity tensor.

Several approximations are often applied to obtain an algebraic solution that

preserves key physics of wave propagation in plasmas. 1) The thermal motion of the

electrons and ion is ignored, i.e. the plasma is assumed to be "cold" with Te = 0 and

T = 0. 2) The charged particle motion is assumed to be collisionless and fluid-like.

3) The magnetic and electric wave field amplitudes are assumed to be small so as

not to significantly perturb the background plasma properties that govern the wave

propagation. The background plasma conditions are assumed to be static. 4) The

wave oscillations are assumed to be periodic of the form e[i(k-r-Ut)], where k is the

wave vector, r is the position vector, w is the angular wave frequency, and t is time.

After performing Fourier analysis in space (V = ik) and time (j = -iw) on the
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two Maxwell's equations and Ohm's law and introducing the wave index of refraction

(n = ), we eventually obtain the wave dispersion relation:

n x n x E + - E = 0, (4.10)

where we introduced the dielectric tensor C = I + Lc2 -a o*. p, is the vacuum perme-

ability.

We are interested to know how electromagnetic waves launched from the boundary

plasma regions propagate across the magnetic field lines to the plasma core. There-

fore, it is convenient to decompose the index of refraction vector into its parallel (n//)

and perpendicular n 1 components, all directions are with respect to the background

magnetic field. The dispersion relation now takes the following form:

-Lflifl//

ie L - n - n 2 0 -E = 0, (4.11)

where q, Ic//, and c. are the components of the dielectric tensor c:

C-L -ic 0

= 6C 0 . (4.12)

0 0 e

Equation 4.11 and following assumes a Cartesian coordinate system with B along the

z direction and (without loss of generality, because of rotational symmetry about B)

k 1 along the x direction.

The goal of the derivation is to solve for the quantity that governs the cross field

wave propagation between the RF antenna and the plasma core, i.e. nij. In order

to obtain a non-trivial solution of Equation 4.11 the determinant of the 3 x3 matrix

must be zero. The final result is a quadratic equation for ni of the form:

A(ni) 2 + Bni + C = 0. (4.13)
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The coefficients of Equation 4.13 are:

A //((n - 2- ), (4.14)

B (n- e)(C// + C6) + E, (4.15)

C0= (I. (4.16)

The solution for n2 has two roots, which correspond to two possible wave modes:

2 -B k vB 2 - 4AC
2 2A (4.17)I 2 A

where the "+" root corresponds to the so-called slow wave (SW) and the "-" root

is the fast wave (FW). The terms "slow" and "fast" refer to the magnitude of the

perpendicular wave phase velocity vo _ = .

A detailed derivation of the dielectric tensor components can be found in [12] and

the final results are provided below:

2

I =1- w (4.18)

2

/ = 1 - .(4.19)

S

X 2" , (4.20)
w(w 2 

- Q2)(

where the summation is carried over all charged species (electrons, main ions, and, if

present, impurity ions).

One other important quantity that needs to be considered is the polarization of

the ICRF wave in the plane of the ion Larmor orbit. For the case of a Cartesian

coordinate system (E = (Ex, Ey, Ez)), where the background magnetic field is along

z and E. points along k, the ion Larmor orbit lies in the X-Y plane. Therefore, the

polarization for the perpendicular electric field components is defined as E. Using the

middle row from the matrix in Equation 4.11 the equation for the wave polarization
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becomes:
E = ZI / I . (4.21)

The polarization for the parallel electric field component can be obtained from the

last row of the matrix in Equation 4.11:

- r//ru (4.22)
EZ // - ni

Now that we have defined all of the relevant quantities of an electromagnetic wave,

we are going to examine the wave's interaction with the plasma sheath.

4.2 ICRF wave - plasma sheath interactions

The interaction of the ICRF waves with the plasma sheath has been extensively

studied theoretically in both idealized one- and two-dimensional geometries [75, 76,

77, 78, 79, 80]. Two key conditions must be met in order for the ICRF waves to

enhance the plasma potential on open magnetic field lines in tokamaks. First, a

standard (electron repelling) plasma sheath has to form in the presence of a large

static magnetic field. This implies that the grazing angle (0) between the magnetic

field lines and the surface tangent must be 0 > 1 to avoid any ion gyroradii effects

on the formation of the sheath [81]. And second, there must be a non-zero oscillating

parallel electric field (5//l -/ 0) at the plasma-sheath boundary because in this case

the RF E-field is parallel to the E-field produced by a standard thermal sheath and

therefore can directly affect the potential structure. From a practical point of view

we are also primarily interested in rectified DC E-fields perpendicular to surfaces

since these control incident ion energy and therefore sputtering. Because of the large

difference in the ion and electron mobility, the cycle-averaged current response to E/

at the surface becomes dominated by the electron current and in order to preserve

the cycle-averaged ambipolarity condition (net current into the surface is equal to

zero) an additional RF-enhanced electron repelling DC potential develops across the

plasma sheath [30].
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Figure 4-1: A diagram that demonstrates the generation of an ICRF-induced electron
repelling DC potential (VDc) across the plasma sheath in response to an oscillating
electric field E//. (a) before rectification and (b) after rectification. The reference
voltage is the surface/wall potential.

A diagram that demonstrates the above-described mechanism is shown in Figure

4-1. The I-V curve refers to the current collection at a surface as a function of the

voltage applied across the plasma sheath. Note that the reference potential in this

diagram is the surface/wall potential, therefore, the RF-induced electron repelling

DC potential (VDc) across the plasma sheath is positive. While the first condition

(0 > 10) is met by most plasma facing surfaces in contact with the SOL plasma

in tokamaks, the fulfillment of the second condition depends on the details of the

launched ICRF wave polarization.
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ICRF Antenna Box ICRF Current Straps

BB B

Field-aligned Antenna Toroidally aligned Antenna
(net E,,= 0) (net E,, # 0)

Figure 4-2: A diagram that shows a basic principle by which slow ICRF waves are
launched by an ICRF antenna. I refers to the RF current flowing along the antenna
straps, B is the background static magnetic field, E// is the parallel component of
the electric RF fields generated by I, and ( are the magnetic RF fields generated by
I.

4.3 Slow wave-plasma sheath interaction

One way to meet the 5// / 0 condition is to directly launch a propagating ICRF

wave with a non-zero E// component, which, in our case, is the slow wave. Even

though a typical (toroidally aligned or TA) ICRF antenna is designed to launch fast

ICRF waves, a mismatch between the antenna geometry and the background static

magnetic field results in generation of slow ICRF waves, see Figure 4-2. For the

misaligned case (Figure 4-2 (b)) the net 11 across multiple antenna straps is not

zero and results in the excitation of slow wave fields at the active antenna. Once

launched, the propagation properties of the slow ICRF wave are determined by its

dispersion relation [12]. In order to determine the dispersion relation of a launched

slow wave, it is necessary to know the plasma density profile at the antenna.

The radial plasma density profile is shown for a typical (L-mode) discharge on

Alcator C-Mod in Figure 4-3. Using the plasma density profile in Figure 4-3, it

is now possible to determine the slow wave dispersion in the vicinity of the ICRF

antenna, see Figure 4-4 for several typical values of launched n//. The cross field

propagation of the slow ICRF wave is limited to the low density region, the plasma
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Figure 4-3: An experimentally determined radial plasma density profile in the vicinity
of the main limiter on Alcator C-Mod. L-mode discharge. The separatrix is located
at Rid = 0.892 m.

density that is below its value at the lower hybrid resonance (nTLH m (w2 _

nLH = 2.5 x 1017 m-3 for f = 80 MHz. As can be seen from Figure 4-4, the slow

ICRF wave becomes deeply evanescent in the high density plasma regions (ne > nLH)

with the characteristic e-fold decay length (1) less than 1 mm.

It is possible to obtain a simplified algebraic form of the slow wave dispersion

relation by considering the launched wave frequency in the vicinity of the ion cyclotron

frequency (W Q). This condition leads to the following orderings: n ~ /,

nI > rq, ni > . The cold plasma dispersion relation for the slow ICRF wave is

provided by Equation 4.23 [79]:

2

n2 (4.23)

Figure 4-5 shows the details of the slow ICRF wave dispersion in the propagating

region. Note several key features of the dispersion curves. 1) The slow wave becomes

evanescent in very low plasma density regions. The dispersion relation becomes that

of an electromagnetic wave in vacuum: ni + n' =1. The perpendicular wave vector//
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Figure 4-4: A typical cold wave dispersion relation for a slow ICRF wave launched at
the low field side of a typical Alcator C-Mod discharge. BT, = 5.4 T, R, = 0.67 m,
launched n// = 10 (solid curve) and 20 (dotted curve), launched f = 80 MHz. The
main limiter is located at R = 0.910 m. Deuterium plasma. The plasma density
profile is shown in Figure 4-3. LH Resonance refers to the lower hybrid resonance
location.

shows an asymptotic behavior: kI -* (1 - n2/)(i) 2 . 2) The point at which the slow

wave propagation transitions to that of a vacuum wave is given by the condition

ni = 0 or = 0. Using the expression c// = 1 - 9 [79] it is possible to find the

plasma density value at that cut-off. fp, = 9Vr, = 80 x 106 Hz or ne = 7.9 x 1013 Tn--.

Note that this value is independent of n//. 3) The slow wave dispersion relation in the

propagating region (7.9 x 1013 m--3 < n, < 2.5 x 1017rM- 3) may be approximated even

further as: ni ~ (1 - n 2/)C// - ('"Le-n// ) 2 for the case of n// > 1. The approximate

solutions are plotted in Figure 4-5. The asymptotic values given by Equation 4.24

n (wpe n// (4.24)

are a good representation of the slow ICRF wave dispersion relation over a wide

section of the propagation region away from the lower hybrid resonance and the low

density cut-off.

Plasma potential enhancement due to the slow ICRF wave in low density plasma
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Figure 4-5: Slow ICRF wave dispersion relation in the region of propagation. BT, -
5.4 T, R, = 0.67 m, launched n// = 10 (solid curve) and 20 (dotted curve), launched
f = 80 MHz. The main limiter is located at R = 0.910 m. Deuterium plasma.
The plasma density profile is shown in Figure 4-3. Black dashed lines are asymptotic
values.

regions (where the slow ICRF wave is allowed to propagate) has been extensively

studied theoretically [75, 76, 77]. Once generated in a low plasma density region

the slow waves propagate in the form of resonance cones or RC's [84]. The RC's

travel nearly along the background magnetic field with a small, but finite, cross-field

extent: ~1 - w < 1. When the RC's reach material surfaces, the parallel electrick1l Wpe

field component of the slow wave begins to interact with the plasma sheath. The

plasma sheath is generally modeled as a thin vacuum-like region of thickness A with

a normalized dielectric constant Csh ~ 1. The RF-rectified voltage drop across the

sheath ()RF) can be estimated according to:

(DRF = -A(Ilkll, (4.25)

where the relation between (RF and A is constrained by the Child-Langmuir Law

(Equation 2.11):

A ~ (DRF. (4.26)
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The final solution reveals that the slow wave rectification mechanism has a threshold

appearance with the dimensionless rectification parameter A, - when A, is above

unity strong 4Jp enhancement (evTp > 3T,) is now allowed [76, 77]. A, is expressed

in terms of local plasma parameters according to Equation 4.27:

AO - Ad//IaeVo 3/4 , (4.27)
a T,

where Ade is the electron Debye length, E// = 1 - We, w, is the electron plasma

frequency, w is the operating ICRF antenna frequency, a is the parallel (to static B

field) scale length of the RC launching structure (the toroidal width of the current

strap), a is a numerical factor of order unity, e is the elementary charge, V is the

RF source voltage at the antenna, and T is the local electron temperature. Note

that V is not the RF voltage that is directly driven on the current straps but is

a result of a non-zero E//: V0 I f Bdl, where the integral is taken along the

magnetic field in front of the active antenna [76]. When the RF-sheath parameter

satisfies A, < 1 then the ICRF-induced voltage across the sheath (DRF) is negligible

and may be approximated as I@RF- VoIA'. In the opposite extreme (Ao > 1)

the ICRF-induced voltage becomes comparable to the source voltage: cTDRF- IVol-

Since A1/2 n 1 /2  1/ 2 ,and ~ , where ne is the local electron density

and PRF is the launched ICRF power, we may recast Equation 4.27 as:

A0 ~ i1/2P3/, (4.28)

which provides a convenient form to test Equation 4.27 experimentally. Note that

the electron temperature dependence does not appear in Equation 4.28: it is exper-

imentally found that the electron temperature in the vicinity of the ICRF antenna

is typically 10-20 eV and shows little variation with ICRF power or core plasma

paramaters.

To summarize, the key (and testable) findings of the slow wave theory are listed

below. 1) Slow ICRF waves, that are directly launched by the active antennas,
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propagate primarily along the background static magnetic field lines in the form of

resonance cones or RC's. This condition localizes slow sheath rectification mechanism

to magnetic field lines that directly intercept active ICRF antenna structures. 2) Slow

waves only propagate in the low density region. For the case of Alcator C-Mod and

its ICRF antennas (f = 80 MHz), this region is bounded by 7.9 x 1013 n-3 <n, <

2.5 x 1017 m-3. 3) The interaction between the RC's and the plasma sheath may

be quantified by a dimensionless RF-sheath parameter A, defined by Equation 4.27,

which depends on both local plasma density and RF power such that a threshold is

expected in order to obtain a strongly enhanced sheath for impurity generation.
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4.4 Fast wave-plasma sheath interaction

The fast wave, which is used for ICRF core plasma heating, does not have an RF E-

field parallel (E//) to the static magnetic B-field; rather the RF E-field is in the plane

perpendicular to the B-field. However, it is still capable of enhancing the plasma

potential on open magnetic field lines in contact with conducting surfaces in the

SOL region [78, 79, 80]. The mechanism involves reflection of fast waves incident on

conducting material surfaces: as long as the surface plane is neither parallel (s -b # 0,

where s is the unit vector normal to the surface and b is the unit vector parallel to

the total magnetic field), nor perpendicular (s x b f 0) to the total magnetic field

both an incident and a reflected RF E-field are necessary to satisfy the conducting

boundary condition (E Et = 0, where the sum includes the tangential components of

the incident and reflected RF electric fields (Et)). The conducting boundary condition

can be recast as s x E = 0. By the necessity of producing a component of the RF

E-field parallel to B in reflection, a slow wave becomes excited at the surface. Stated

another way, a FW incident on a conducting boundary will effectively convert some

of the RF fast-wave power into a slow wave. Once a slow wave is excited by this

process, the usual DC rectification of the slow wave (parallel) electric field takes

place. A simple 2-D case that demonstrates the above-described fast-to-slow wave

coupling mechanism is shown in Figure 4-6.

It was shown in the Introduction Section of the thesis that fast ICRF wave heating

requires a non-zero concentration of minority ions in the core plasma to form a wave-

plasma resonance that is necessary for wave absorption and heating (Figure 4-7). Note

from Figure 4-7 that the two dispersion relations (with and without the minority ions

in the plasma core) converge to each other away from the ICRF resonance.

Using the experimentally determined radial plasma density profile in the shadow of

the main limiter (Figure 4-3) it is possible to obtain the fast wave dispersion relation

near the antenna. Figure 4-8 shows the fast wave dispersion relation for typical values

of the launched n//. The cross field propagation of the fast wave is only allowed for

small values of n// (< 10). However, the evanescent of the fast waves in the vicinity of
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Figure 4-6: A simple 2-D case that demonstrates the principle of fast-to-slow wave
coupling at a conducting surface. Note that only the E., component of the incident
FW contributes to the reflected SW.

the ICRF antenna is not as strong as the case for the slow waves ( kI < 1 mm):

the characteristic e-fold length of the evanescent fast wave is typically several cm for

launched n// ~ 10.

Similarly to the slow wave it is possible to obtain a simplified algebraic form of

the fast wave dispersion relation by considering the launched wave frequency in the

vicinity of the ion cyclotron frequency (w ~ Qj). This condition leads to the following

orderings: nI ~ -q, n c ~ cx, and ni < //. The cold plasma dispersion relation for

the fast ICRF wave is provided by Equation 4.29 [79]:

f- (n 2 - 62)2

ni 2 . (4.29)

Note several key features of the dispersion curves shown in Figure 4-8. 1) The

fast ICRF wave dispersion becomes that of a vacuum electromagnetic wave in the

very low plasma density region: ni +n = 1. The vacuum wave with a real n// > 1

value is evanescent in the cross field direction as n < 0. 2) The transition between

the vacuum region and the propagating region is defined by nI = 0 and corresponds

to the condition ex + i = n%,/. 3) For a particular case of n// = 10 or higher the
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Figure 4-7: Radial profiles of (a) the toroidal magnetic field and the plasma density

and (b) of the ICRF wave dispersion. The wave dispersion is shown for pure deuterium

plasmas and for plasmas with 10% hydrogen minority fraction. The launched index

of refraction is n// = 10 and the launched wave frequency f = 80 MHz.

vacuum region extends over the entire plasma boundary region occupied by the ICRF

antenna. As a result, the fast wave must first tunnel across the vacuum region (1-2

cm in radial extent on Alcator C-Mod) before it becomes propagating in the high

density core region. The characteristic e-folding length of the fast wave evanescence

in the vacuum region is 1 - C, which is several cm long for typical launched n/

values of 10-20. As a result, most of the launched ICRF power tunnels into the core

plasma region.

In order to solve for the plasma potential enhancement in the case of the fast-

to-slow wave coupling theory the sheath, once again, is modeled as a thin vacuum-

like region of thickness A. The sheath modifies the conducting boundary condition

s x = 0 to the form:

s x E V D sh), (4.30)
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Figure 4-8: A typical cold wave dispersion relation for a fast ICRF wave launched
at the low field side of a typical Alcator C-Mod discharge. BTO = 5.4 T, Ro =
0.67 m, launched n// = 3 (dashed blue curve), 10 (solid curve), and 20 (dotted curve),
launched f = 80 MHz. The main limiter is located at R = 0.910 m. Deuterium
plasma. The plasma density profile is shown in Figure 4-3.

where D(s"') is the component of the displacement vector D normal to the surface.

The RF-rectified plasma potential can now be obtained as: <1RF = -AD .

One generally has to resort to a numerical solution, however, it is possible to

obtain a limiting form of the resulting slow wave E// for the case of a fast wave

propagating in vacuum and coupling to an electrostatic slow wave [79], a case that is

characteristic of fast waves propagating in the low density plasmas in the shadow of

the limiters:

OC/ oX EFW (lnIFWi - fLFWr)B1BT, (4.31)

where |nLIFWi is the magnitude of the perpendicular (to the background magnetic

field) component of the index of refraction of the incident fast wave, InI FWr is the

magnitude of the perpendicular component of the index of refraction of the reflected

fast wave, B 1 is the perpendicular (to the surface) component of the background

magnetic field and BT is the toroidal component of the background magnetic field

(BT B). Using Equation 4.31 and the cold plasma dispersion relation we can

reconstruct the expected radial profile of the excited slow wave and, hence, the ex-
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Figure 4-9: An estimated FW electric field amplitude radial profile incident into the

limiter shadow on Alcator C-Mod.

pected radial profile of FW rectification in the limiter shadow of Alcator C-Mod. To

estimate the cold plasma dispersion we used a realistic radial plasma density profile

measured in the shadow of Alcator C-Mod plasma, see Figure 4-3. We also used a

realistic toroidal magnetic field profile: BTo = 5.4 T, R, = 0.67 m, BT = BT-RO. TheRmid

fast wave is assumed to be incident from the main plasma direction (Rnid < 0.91 n),

which is characteristic of launched FWs that are scattered or otherwise unabsorbed

in the core plasma. The n// spectra at the limiter are typical of those launched by

Alcator C-Mod ICRF antennas. The shape of the profiles is an exponential curve

that peaks at its source: IERF FWi C kI R , see Figure 4-9. The radial shape of

the excited E// and, hence, (bRF does not necessary follow the shape of JERF FW,i, as

the surface geometry and the reflected fast wave amplitude must also be accounted

(Equation 4.31).

Equation 4.31 is a simple approximation of the fast wave rectification mechanism,

yet it provides several key insights into how rectification in the presence of fast waves

takes place in a tokamak. The product BIBT shows that in the vicinity of a rapidly

changing surface geometry, such as the plasma facing side of the main limiters, we

expect to find large gradients in the plasma potential enhancement. The potential
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Figure 4-10: An example of the FW-rectified plasma potential (DRF) dependence on
the magnetic field component normal to the surface B, = B 1 . The local parameters
were: f = 60 MHz, IniL = 30, n, = 2 x 1018 m-3 , T= 10 eV, B = 3 T, and
|EFWI = 2 kV/m. Different colors correspond to different solution branches of the
Pp vs. B, relation. The figure is reproduced from [79] with the permission of the
authors.

would be at its lowest on field lines, which are nearly tangential to the material surface

(bI = 0, b1 = BI/BT) and would exhibit a maximum on field lines which are nearly

normal to the surface (b1 = 1), see Figure 4-10. The physical mechanism responsible

for generating larger potentials for the nearly normal magnetic field geometry is due

to the larger electric field amplitude of the excited slow wave, as shown in Figure

4-11.

Multiple additional features of the fast wave rectification mechanism are obtained

once one carries out a complete numerical solution for E// [79]. These include an

appearance of multi-root solutions, for example in 1Dp vs. EFW (Figure 4-12), 4Ip

vs. local ne (Figure 4-13), and 1 p vs. nil (Figure 4-14) dependencies [79]. Ex-

perimentally, one would expect to observe threshold-like dependencies in the vicinity

of a multi-root solution, as multiple values of the plasma potential are theoretically

allowed for a given experimental condition. The physical reason for the appearance

of a multi-root solution is due to the resonant response of the plasma inductance and

the sheath capacitance to El/ [79].

To summarize, the key (and testable) findings of the fast wave rectification theory

are listed below. 1) The fast wave E-field does not directly cause sheath rectifica-
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Figure 4-11: Demonstration of the effect of the angle between the surface normal and
the magnetic field. (a) for B-field nearly tangential to the surface and (b) for B-field
nearly normal to the surface.

tion, the fast wave must first couple to a slow wave at a conducting surface and

the slow wave E-field is then responsible for sheath rectification. 2) The fast wave

rectification is expected to affect regions that do not necessarily magnetically map

to active antennas, yet are accessible to unabsorbed/reflected fast waves from the

plasma core. 3) The FW-rectified plasma potentials are expected to peak in regions

with the strongest FW E-field amplitude. These are typically surfaces that are clos-

est to the plasma core, the region where fast waves can propagate. 4) The surface

geometry with respect to the background magnetic field is expected to play a role in

determining the strength of the FW-induced plasma potentials as the details of the

fast-to-slow wave E-field coupling depend on the angle between the static magnetic

field and the surface normal. 5) The FW-induced plasma potential is expected to

increase with an increase in the perpendicular index of refraction of the fast wave.

Therefore, discharges heated with fast waves with a strongly upshifted wave spectrum

are expected to have the highest enhancement of the plasma potential.
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Figure 4-12: Examples of the FW-rectified plasma potential dependence on the FW
electric field strength for (a) Ini = 30 and (b) Inil = 100. The local parameters
were: f = 80 MHz, B = 3.9 T, T, = 10 eV, and ne = 6 x 1018 m-3. Different colors
correspond to different solution branches of the <Dp vs. EFW relation. The figure is
reproduced from [80] with the permission of the authors.
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Figure 4-13: An example of the FW-rectified plasma potential as a function of the
local plasma density. The local parameters were: f = 60 MHz, rinj = 30, Te =
10 eV, B = 3 T, and B = 0.2. Different colors correspond to different solutionB
branches of the <bp vs. ne relation. The figure is reproduced from [79] with the
permission of the authors.
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Figure 4-14: An example of the FW-rectified plasma potential as a function of the FW
spectrum. n. = In-I. The local parameters were: f = 60 MHz, ne = 2 x 1018 m ,
Te = 10 eV, B = 3 T, - = 0.2, and IEFw I = 2 kV/m. Different colors correspond to
different solution branches of the <bp vs. ny relation. The figure is reproduced from
[79] with the permission of the authors.
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Chapter 5

ICRF-enhanced potentials:

experimental results on slow-wave

rectification

An extensive survey of plasma potential enhancement in ICRF-heated deuterium

plasmas was carried out on Alcator C-Mod over several run campaigns. Measurements

were made in the SOL on the outboard side of the core plasma on magnetic field lines

that both directly mapped and did not map to active antennas. Plasma discharges

were heated with toroidally- and field-aligned ICRF antennas (Figures 5-1 and 5-

2). Studies were performed several days after machine boronization [64] to minimize

the impact of boron films on the plasma sheath formation and/or probe function.

Significant plasma potential enhancement (<bp > 100 V, all potential measurements

are with respect to the grounded vacuum vessel) is observed both on those field lines

that magnetically map and those that do not map to active ICRF antennas. These

potentials are high enough to induce sputtering of Mo PFCs by incident deuterium

ions [82]. For comparison, plasma potentials in Ohmic discharges in the vicinity of

the main limiter are typically -10 V or less.

Slow waves directly launched by the active antennas propagate primarily along the

static magnetic field lines [76]. As a result, magnetic mapping relation between the

probes and active antennas is a key property that distinguishes what type of sheath
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Figure 5-1: The probe arrangement used to characterize plasma potential enhance-
ment with the J antenna in the toroidally-aligned (TA) configuration.

rectification, slow-wave vs. fast-wave induced, takes place. At this point several

definitions are introduced that describe the magnetic mapping relation between active

ICRF antennas and the probes. A probe is designated as "mapped" to some part of an

antenna if first, the magnetic flux tube the probe is on can be directly traced/mapped

to the antennas, and second, there is no physical object that blocks free travel of

plasma from the antenna to the probe. An example of the mapped probe is the S'

which is mapped to the corner of the TA-J antenna as shown in Figure 5-1. Note that

the S3 probe is no longer mapped to the FA-J antenna, as the field lines now pass

either below or in front of the antenna. However, most locations in the SOL do not

have direct magnetic connection to active ICRF antennas, i.e. field lines traced from

these locations cannot be followed continuously to the antennas. The "unmapped"

probes reside on field lines that, when continuously traced, never intercept active

ICRF antennas. As an example, the ASP and UA probe stations are unmapped to

the D and E antennas (Figure 5-2). The third and final group of field lines is the

"blocked" group. The probes are blocked when the field lines are traced from the

probes to active ICRF antennas, but happen to intercept a passive limiter structure

before reaching the antenna. As an example, the ASP and UA probe stations are

blocked to the FA-J antenna (Figure 5-2). Refer to Figures 3-19, 3-20, and 3-21 for
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Figure 5-2: The probe arrangement used to characterize plasma potential enhance-
ment with the J antenna in the field-aligned (FA) configuration.

the detailed poloidal, toroidal, and radial positions of the probe stations, respectively.

A large variety of plasma discharges with different discharge parameters was ex-

amined. Both L- and H-mode discharges were examined. The key difference between

the two modes is the radial plasma density profile in the SOL: the H-mode is charac-

terized by a reduced cross field particle transport near the separatrix and, as a result,

has a narrow radial plasma density profile in the SOL with the plasma density values

typically an order of magnitude lower than in the L-mode [14]. Several key plasma

parameters were also varied within a single discharge mode. Examples include the

core plasma density, which impacts the plasma density in the SOL, and the ICRF

resonance position, which impacts the fast wave absorption in the core. Probe studies

were performed in a variety of plasma shapes (lower single null or LSN, upper single

null or USN, inner wall limited or IWL) and measurements were performed on plasma

flux tubes that directly map (along magnetic B-field) and do not map to active ICRF

antennas. The poloidal magnetic field mapping was also varied by either changing

the plasma current or the toroidal magnetic field strength.

Overall, a number of distinct ICRF-driven mechanisms that enhance the plasma

potential in the SOL of Alcator C-Mod are identified. 1) Plasma potential enhance-

ment with features that are consistent with the slow wave rectification. In this case

the enhancement is due to the slow waves that are directly generated by the active
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antenna. This type of plasma potential enhancement is the subject of the current

chapter. 2) Plasma potential enhancement consistent with the fast-to-slow wave cou-

pling and then rectification where the fast wave source is in the form of unabsorbed

and/or reflected fast waves from the plasma core. In this case the enhancement is due

to the slow waves that are generated by fast waves reflecting at conducting material

surfaces. The experimental evidence for the second mechanism, which is often called

fast wave rectification [79], is provided in the following chapter.

5.1 ICRF-enhanced plasma potentials: measure-

ments on probes mapped to active ICRF an-

tennas

According to the slow wave rectification theory [76, 77] plasma flux tubes that directly

intercept active ICRF antennas and reside in regions where the plasma density is

below the lower hybrid (LH) cutoff (ne < nLH 2 x 1017 M- 3 on Alcator C-Mod) allow

for plasma potential enhancement by slow waves directly excited by the active ICRF

antennas. If the plasma density rises above its value at the lower hybrid resonance,

the slow wave becomes strongly evanescent in the radial direction: the slow wave

amplitude is reduced by a factor of - in a radial distance of < 1 mm for n// > 10.
e

Note that Alcator C-Mod's previous plasma potential measurements in [23, 29] belong

to the mapped category. The previous studies used the lower B station, which, before

the installation of the lower hybrid limiter and launcher, mapped directly to the D

antenna and the lower A station, which mapped directly to the TA-J antenna [23, 29].

The mapped results in the current study are limited to the S3 probe measurements,

which map directly to the corner of the TA-J antenna.

The previous studies of the plasma potential enhancement [23, 29] only used sta-

tionary emissive probes to measure ICRF-enhanced plasma potentials. The key re-

sults of the study showed that plasma potentials > 100 V were observed for the

probes that were directly mapped to the active antennas [23]. Generally, the highest
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potentials were observed at the highest ICRF powers, however, it was not always

the case that increases in the ICRF power resulted in a proportional increase in the

plasma potential enhancement [23]. In fact, large variations in the plasma potential

were observed for the case of an almost constant ICRF power level (Figure 1-8) [23].

No additional probes were used in the previous studies to determine the influence of

the local plasma density and/or ICRF wave amplitude variations.

As discussed in the theory section [76, 77], one of the most defining features of

the slow wave rectification theory is the predicted appearance of the rectified plasma

potentials when the dimensionless rectification parameter A, is above a threshold

value of unity to allow strong <Ip rectification. The easiest methods to scan the value

of A, are either through varying the local plasma density, for example by changing

the core plasma density via a gas puff, or through changing the ICRF voltage source

amplitude (V), which is equivalent to changing the level of launched ICRF power

(V 0 c P 1/).

A threshold-like appearance of significant plasma potentials (>100 V) is observed

when the local plasma density is scanned over a wide range. An example of such

a threshold is shown in Figure 5-3. The local plasma density scan was achieved by

scanning the core plasma density using a deuterium gas puff. The plasma potential

measurements were made using the S3 emissive probe, with the probe positioned 3

mm behind the main limiter: Aprobe = 3 mm, Aprobe = Rprobe - Riimiter, where all

radial distances are mapped to the midplane. Rliimiter = 0.910 m. The TA-J antenna

was used to inject ICRF power and the S3 probes were directly mapped to the active

antenna.

The local plasma density was measured with the S3 ISP probe. In this case, the

guard/wall electrode of the ion sensitive probe was treated as a flush-mounted probe,

where the Isat values on the ISP wall were calibrated against the Isat values measured

with the S' Langmuir probe at a later time. The calibration factor between the

ISAT values on the ISP wall and the Langmuir probe is shown in Figure 5-4 and is

~ 5. The local plasma density values are estimated for deuterium ions, ALP probe

7.6 x 10-6 m-2, and T = 10 eV.
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Figure 5-3: An example of an ICRF-heated plasma discharge on Alcator C-Mod
demonstrating a plasma potential enhancement threshold with the local plasma den-
sity. The shown profiles are (a) 1bp and local ne and (b) launched ICRF power and
core rie. S3 probe data. Aprobe = 3 mm, A probe = Rprobe - Rimiter, where all radial
distances are mapped to the midplane. Rfiirniter = 0.910 m. Active TA-J antenna only
(dipole). The probes are mapped to the active antenna.

Using experimental values applicable to ICRF-heated discharges on Alcator C-

mod, it is possible to estimate the experimentally determined dependence between

the plasma potential and A0 . This dependence is shown in Figure 5-5 for several

ICRF-heated plasma discharges. We used the numerical constant of order unity

a = 0.6, the local T = 10 eV, the ICRF source voltage V = 200 V [85], and the

characteristic scale length of the launching structure a = 0.1 m, which is determined

by the ICRF current strap toroidal width. Note that the operating frequency of

the TA-J antenna for this particular data set was 70 MHz, not the typical 80 MHz

launch frequency that is used to obtain the theoretical estimate of A,. A, scales

as ~ c// ~ 2. Therefore, a 10 % change in the value of the launched frequency
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(LP) and the ISAT WALL values measured with the ISP wall electrode as a function
ISAT LP. The local plasma estimate is for deuterium ions, ALP probe = 7.6 x 10-6 m-2,
and Te = 10 eV. S' probe data.

results in a 30 % change in the value of A0, which is within the range of the data

scatter shown in Figure 5-5. The toroidal magnetic field strength was 5.3 T. The

theoretically computed values of the plasma potential correspond to the sum of the

thermal plasma potential drop (3 x Te/C = 30 V) and the rectified plasma potential

drop based on Equation 4.27. A0 was varied by changing the plasma density at

the probe, which, in turn, was achieved by scanning the line-averaged value of the

core plasma density: ne core = 1.22 - 1.98 x 1020 m-3. Additionally over a set of

repeated discharges the S3 probe was radially moved to different locations; due to

the intrinsic steep radial profiles in plasma density in the SOL this provides for a

wide variation in local plasma density. Aprobe refers to the distance between the

emissive probe major radius location and the plasma facing side of the main limiter

(Riimiter. = 0.91 in): Aprobe = probe - Ruimiter, where the major radius distances are

mapped to the midplane. Note that a positive Aprobe indicates the probe is "behind"
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Figure 5-5: An experimentally determined dependence between measured plasma

potential enhancement and dimensionless sheath parameter A,. The line corresponds

to the trend expected from the slow-wave theory [76]. Active TA-J antenna only

(dipole). S' probe data. Aprobe = probe - Rimiter, where all radial distances are

mapped to the midplane. Rimiter= 0.910 m. The probes are mapped to the active

antenna.

the limiter i.e. further away from the SOL. Also note that the local ICRF limiter is

located at RICRF limite, = 0.915 m or 5 mm "behind" the main limiter.

As can be seen in Figure 5-5, the threshold A, value is of order unity. This result

is expected from the slow wave rectification theory [76] and corresponds to the local

electron density of ne ~ 1016 m- 3 . Once the threshold is crossed and the plasma

potential becomes strongly enhanced to values > 100 V, <bp appears to saturate at

100-200 V with little dependence on the RF power. The lack of I)p dependence on

the RF power is illustrated in Figure 5-6. For each of the two data sets shown in

Figure 5-6, the value of the line-averaged plasma density was scanned over a range

of ne core = 1.22 - 1.98 x 1020 n-3, while the launched ICRF power was constant at

either 1.1 MW or 1.6 MW. The S3 probe was positioned at Aprobe = 3 mm.

As can be seen from Figure 5-6, the local plasma density is the plasma parameter

that shows the strongest correlation with ICRF-enhanced plasma potentials: once
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Figure 5-6: ICRF-enhanced plasma potentials vs. the local plasma density at different
levels of launched ICRF power. S3 probe data. Arobe 3 mm, Aprobe = probe -

Riimiter, where all radial distances are mapped to the midplane. Riirniter 0.910 m.
Active TA-J antenna only (dipole). The probes are mapped to the active antenna.
The dashed line is to guide the eye.

the local plasma potential exceeds the value of n, ~ 1016 m- 3 , the plasma potential

reaches values of (De > 100 V and the value of the enhanced potential is weakly

sensitive to the level of ICRF power as long as the local plasma density remains

above the threshold value.

Experimentally, it is found that the presence of ICRF power affects the local

plasma density (Figure 5-7). The general trend for the "mapped" case is that the

local plasma density decreases with increasing ICRF power. Note that the trend is

reproduced at each radial location. Also note that the sparseness of the ne data for

the ICRF-heated cases in Figure 5-7 (b) is due to the reduction in the local plasma

density value below ne ~ 1014 m-3. This density value is set by the minimum level

of the Isat signal on the ISP wall that can be distinguished above the electroncs noise

level. In order to self-consistently include the effect of ICRF power and ICRF-induced

plasma potentials on the local plasma density profile, it is necessary to account for the

radial gradients in the plasma potential profile [72]. The radial shape of the plasma
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potential profile is responsible for generating radial DC electric fields (Er = -VrDp).

These radial electric fields begin to generate E x B flows along equipotential surfaces

in the SOL and the net effect of these flows is to modify the values of the local

plasma density [72]. Note that the average ICRF-induced radial electric fields across

the profiles in Figure 5-7 are typically IErl = 50 V/0.01 m = 5 x 10 3 V/m and the

associated drop in the local plasma density is a factor of ten or more. For comparison,

the radial electric fields in Ohmic discharges are typically 500 V/m. Also note that

the trend of higher 4 p values with higher ne remains consistent with the slow wave

enhancement mechanism across the radial profile, with the exception of the point

at the limiter surface (Aprobe = 0 mm): the plasma potential now becomes higher

at the lower plasma density. Such a <bp vs. local ne trend suggests that the slow

wave rectification mechanism may not be the only process responsible for the ICRF

enhancement of the plasma potential on Alcator C-Mod.

The slow-wave sheath rectification mechanism is only applicable for a propagating

slow wave [76]. As the local plasma density is raised above its value at the lower

hybrid resonance (nLH = 2.5 x 1017 m-3 at f = 80 MHz and nLH = 1.8 x 1017 m- 3

at f = 70 MHz), the slow wave becomes strongly evanescent in the perpendicular

direction (ni < 0) and the slow-wave rectification theory is no longer applicable.

Experimentally, it is observed that the mapped ICRF-enhanced plasma potentials

become greatly reduced as the local plasma density is raised above ~ 1017 m - 3 (Fig-

ure 5-8 (b)). Figure 5-8 (b) reveals that significant plasma potential enhancement

is confined to a narrow plasma density range 1016 < ne < 1017 m-3 . This result

is in agreement with the slow wave rectification mechanism [76]: the lower bound

corresponds to the plasma density value at which the sheath rectification parameter

A, is unity, while the upper bound corresponds to the plasma density at the lower

hybrid resonance, above which the slow wave becomes strongly evanescent. The slow

wave rectification theory is no longer applicable for the case of ne > nLH-
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Figure 5-7: Radial (a) plasma potential and (b) plasma density profiles in the shadow
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Rmain limiter- =::: 0.910 m, all radial distances are mapped to the midplane. The profiles
are shown for various levels of ICRF power. S' probe data. Active TA-J antenna
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5.2 ISP measurements of the plasma potential on

field lines directly mapped to an active ICRF

antenna

The plasma potential measurements discussed in the previous section were all carried

out with an emissive probe installed on the S3. However, as the S3 probe is radially

scanned toward the main SOL region (Aprobe < 0 mm), the local plasma density rises

past the limit at which the emissive probe can still function as a plasma potential

diagnostic, typically ne ;> 10" m-3 for the emissive probes on Alcator C-Mod. An

ion sensitve probe was installed on the S' for the purpose of measuring the plasma

potential in high density plasmas. A demonstration of the ISP functioning as a

plasma potential diagnostic on Alcator C-Mod is shown in Figure 5-9. To reiterate

from Chapter 2, section 2.4, the plasma potential is interpreted from the ISP data

as the wall potential at which the collector current vanished. The measurements in

Figure 5-9 are shown for Ohmic and ICRF-heated plasmas.
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The radial plasma potential profile in the vicinity of the active TA-J antenna

(Figure 5-7) suggests that the slow wave does not solely determine the observed

JDp enhancement. Figure 5-10 (b) demonstrates that in the region radially inboard

(i.e. toward the core plasma) of the main limiter (Apobe 0 mm) significant bp

enhancement (-50 V) is present at all core densities. The field lines in this region

no longer directly intercept the active antenna, but rather pass in front of it, and the

plasma density is TIe ;> nLH implying that the slow wave is deeply evanescent with

the characteristic e-folding decay length of < 1 mm. Note that the plasma potential

in this case was measured with the ISP as the plasma density becomes too high for

the emissive probe to operate as a plasma potential diagnostic (Figure 5-10 (b)). The

large spike in the plasma potential that appears in the Ohmic part of the discharge at

Time = 0.1 s in Figure 5-10 (b) is due to the runaway electrons during the start-up

phase of the discharge.

Both the ISP and the emissive probe measured op's agree with each other only

in the low plasma density regions (Figure 5-10 (a)). The observed enhancement of

the plasma potential in the main SOL region (Aprobe 0 mm,) is consistent with past

ASP measurements of the floating potential enhancement of a regular Langmuir probe

[23]. Our measurements are also consistent with ICRF-induced radial electric fields

that are generated in the main SOL (Rid < 0.910 m) of ICRF-heated discharges

on Alcator C-Mod [71]. Therefore, for locations directly magnetically mapped to the

active antennas the (Dp dependence, and its expected threshold with the local plasma

density, is broadly consistent with the SW rectification theory [76, 77]. Yet it appears

that other mechanisms may be at play at locations not magnetically mapped (5-10

(b)), which will be the subject of the next chapter.
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Chapter 6

ICRF-enhanced potentials:

experimental results on fast-wave

rectification

Direct magnetic mapping is required for the slow waves launched by the active ICRF

antenna to produce enhanced plasma potentials at surfaces away from the antenna.

However, most locations in the SOL do not have direct magnetic connection to active

ICRF antennas, i.e. field lines traced from these locations cannot be followed con-

tinuously to the antennas. There are two categories to distinguish here. In the first

case the field lines mapped to the toroidal location of the antennas do not intercept

the poloidal location of the antennas, i.e. they pass above, below, or inboard of the

antennas. These locations are labeled as "unmapped" to the active antennas. In the

second case, the field line traced to the toroidal location would intercept the active

antenna; however, the field line is intercepted by a physical limiter object. These

locations are labeled as "blocked" to the antennas. As an example of this distinction

the Upper A (UA) stationary probe in Figure 5-2 is "unmapped" to the D and E

antennas, but is "blocked" to the J antenna because the corresponding field lines are

intercepted by the K-limiter.

An extensive set of measurements was carried out on the unmapped and blocked

groups of field lines with no direct magnetic connection to active ICRF antennas.
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It was found that these groups of field lines also experience plasma potential en-

hancement of over 100 V. These enhanced plasma potentials are inconsistent with

rectification of slow waves that are directly launched by the active antennas. Both

unmapped and blocked locations are not accessible to directly launched slow waves

because the slow waves propagate primarily along magnetic field lines. Therefore,

a mechanism other than the slow wave rectification must be responsible for the ob-

served plasma potential enhancement. The observation of ICRF-enhanced potentials

in such locations is likely important to understand ICRF-induced impurity gener-

ation because it allows the possibility of enhanced impurity sputtering from many

more surfaces inside the tokamak. The subject of the following sections will be how

ICRF fast waves, re-incident to the boundary plasma due to incomplete absorption

in the core, are the primary cause of these enhanced sheaths.

6.1 General observations of ICRF-enhanced plasma

potentials in the presence of fast waves

An example of an evolving plasma potential and ICRF wave fields at a magnetically

blocked location is shown in Figure 6-1. In this case the LB probe is blocked by the LH

limiter and launcher to the active D and E antennas (Figure 5-1). There are several

key observations from this example, which motivate further systematic study. First,

locations blocked to the directly launched slow waves clearly form enhanced plasma

potentials, making such locations a potentially important impurity source. Secondly,

an ~80 MHz ICRF wave field with the fast wave polarization (I ERF, FW ) is measured

locally with a B probe due to the active antenna. Third, the average values of the

plasma potential and the FW field are clearly affected by the ICRF p6wer launched

by the active antennae, even if the organizing principle between potential and power

is non-monotonic. Fourth, the potential is affected by the relative toroidal distance

between the probes and the active antenna (e.g. the potential at the LB probe is

lower when the E antenna is on compared to D). Fifth, the ibp and FW field intensity
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Figure 6-1: Time traces of (a) the launched ICRF power (PRF), (b) the core electron
temperature, (c) the fast wave electric field strength at the LB probe station, (d) the
slow wave electric field strength at the LB probe station, and (e) the average plasma
potential at the LB probe station. Active D or E antenna only (dipole). The probes
are blocked to the D and E antennas.

are modulated by the occurrence of core plasma sawteeth indicating a correlation

between the FW core behavior/absorption, the FW presence in the boundary, and

the enhanced potentials. These observations are now examined in more detail in the

following sections.
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6.1.1 Effect of sawtooth modulations on fast wave fields

As seen in Figure 6-1 the sawtooth modulations induce major changes in both the RF

fields and plasma potentials at magnetically blocked locations. At first glance this

would seem surprising because sawteeth are internal magnetohydrodynamic (MHD)

instabilities that occur near the magnetic axis of the core plasma, so their link to

SOL plasma potentials is not obvious. The b measurements show that the FW E-

field modulations ( ERF, FWJ) are more than the double in amplitude than the SW

modulations (i.e. more than 4x effective RF power in FW than the SW). Yet the SW

local amplitude correlates extremely well to the FW amplitude (Figure 6-2) suggesting

qualitatively that the SW presence is strongly linked to the FW in this magnetically

blocked location. In addition the radial position of the ICRF resonance (RICRF res)

clearly affects the modulation of the RF field. It is found that the shift of the ICRF

resonance location away from the on-axis location (Are RICRF res - Ro, o = 0.67

m) influences the FW strength, modulated by sawteeth, in the SOL.

While there are considerable differences in sawtooth RF modulation with RF res-

onance, there is also a discernible trend of increasing FW E-field with RF input power

in Figure 6-2. The presence of FW in the boundary implies incomplete absorption of

the FW in the core after being launched from the ICRF antenna with dipole phasing,

and, therefore, the amplitude of RF E-field would scale as plJ2 at constant absorp-

tion fraction. In Figure 6-2 the picture is complicated by the fact that the sawtooth

modulated amplitude is simultaneously affected by the RF power and the resonance

location, which can both affect sawtooth amplitudes [31]. Therefore, quantitative

trends are difficult to extract in this case. Conversely the trend of RF E-field and

PRF is readily quantified with monopole ICRF phasing as seen in Figure 6-3, where

the average (not modulated) SOL RF E-field follows closely the expected P1 2 . In

this case of monopole phasing there is effectively no measurable heating of the core

plasma by the FW, and thus no effect on sawteeth and one expects almost all of

FW power reflected toward the boundary. Thus, the monopole phasing case is an

excellent indicator to the importance of unabsorbed FW in affecting RF fields in the
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Figure 6-2: (a) sawtooth-induced modulation amplitude in the fast wave electric field
strength as a function of the launched ICRF power and (b) relation between sawtooth-
induced modulation amplitude of the SW and FW E-fields. Different symbols denote
varying positions of the ICRF resonance (RICRF res) with respect to the on-axis major
radius location (Ro): Ares = RICRF res - R, Ro = 0.67 m. Active D antenna only
(dipole). LB probe data. The probes are blocked to the active antenna.

boundary.

The sawtooth amplitude and activity in the plasma core influence the strength of

the fast wave fields in the SOL. This dependence is more pronounced for the active

ICRF antenna that is toroidally nearest to the probes (Figures 6-1 and 6-4). The

sawtooth amplitudes were varied by changing the toroidal B field and, thus, moving

the ICRF resonance with respect to R = 0.67 m while keeping other parameters

constant. The influence of the sawtooth activity on the strength of the fast wave fields

in the SOL has been previously observed on Alcator C-Mod with E measurements

on the inboard wall [31]. It is speculated that the sawtooth modulated hydrogen

minority fraction in the plasma core affects dynamic fast wave core absorption [31].
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Figure 6-3: Average fast wave electric field strength |ERr, FW| as a function of the
launched ICRF power. The trends are shown for several reproducible discharges with
constant plasma parameters. The expected trend of |ERF, FW| ~ P~ is also shown.
Active FA-J antenna only (monopole). UA probe data. The probes are blocked to
the active antenna.

The current diagnostic set on the LB probe station now directly links the sawtooth-

modulated FW absorption to an enhancement of the plasma potential. Comparing

Figures 6-4 (a) and 6-4 (b) also shows that the toroidal distance from the active

antennas is important, i.e. that a larger RF amplitude (and clearer correlation with

sawtooth amplitude) is seen at the location closer to the active antenna. Extensive

simulation results of the fast wave absorption and propagation in the core plasmas of

Alcator C-Mod show that the fast ICRF wave strength peaks in the vicinity of the

active antenna and decays toroidally away from the antenna [86]. Our experimental

results are (qualitatively consistent with this picture.
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6.1.2 Correlation between FW fields and plasma potentials

In both the dipole and monopole-heated discharges the amplitude of the plasma po-

tential enhancement follows the strength of the local fast wave electric fields (I ERF, FW 1

(Figures 6-5 and 6-6). The plasma potential enhancement dependence on the local

fast wave electric field amplitude is generally stronger than linear as IERF, FWI in-

creases to ~1 kV/m. This trend is consistent with a fast wave rectification theory

(Chapter 4, Section 4.4) and is expected due to a nonlinear transition between the

lowest, middle, and highest roots of the <bp vs. ERF, FW relation, as shown in Figure

6-5 (a) for a particular case of InI = 40 [80]. Once again, it is important to clarify

that the FW E-field in the so-called fast wave rectification theory does not directly

lead to sheath rectification. Rather, the FW E-field couples to a slow wave at a

conducting material surface and the resultant slow wave electric field is responsible

for sheath rectification [79]. The theoretically expected trends in Figures 6-5 and

6-6 are estimated using local plasma conditions at the limiter surface (Rmid = 0.91

m): ne = 6 x 108 n- 3 , T = 10 eV, BT = 4 T [80]. The local plasma conditions

are assumed constant when estimating the theoretical trends. As the strength of the

fast wave electric field is increased, the strength of the ICRF-enhanced <bp suddenly

transitions to values typically (bp > 100 V, as shown with the red solid curves in

Figure 6-5 (a) for the case of InLI = 40 [80].
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Figure 6-6: Average ICRF-enhanced plasma potential values as a function of the
average I ERF, FW| for discharges under constant plasma conditions. The trends are
shown for several reproducible discharges with constant plasma parameters. The
solid lines are a theoretically expected trend from [8O]. Active FA-J antenna only
(monopole). UA probe data. The probes are blocked to the active antenna.
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6.1.3 Correlation of plasma potential with local plasma den-

sity

The effect of the local plasma density on the plasma potential enhancement at the

blocked location is opposite to the trend expected from the SW theory (e.g. Fig-

ure 5-5): the plasma potential decreases as the local plasma density is increased

(Figure 6-7). The local plasma density at the S' probe was varied in Figure 6-7

by either changing the radial position of the probe (Aprobe =- Rprobe - Rmain limiter,

Rmain limiter = 0.910 m, all radial distances are mapped to the midplane) or by chang-

ing the core plasma density (ne core), which is known to strongly affect the SOL plasma

density nSOL - ne .r. Based on theory, the density dependence of the FW-rectified

plasma potential is strongly influenced by the formation of the "sheath plasma wave

(SPW) resonance" associated with the slow wave [79]. The SPW causes the rapid

transition between the lowest and the highest roots in the theory curves of Figure 6-5

(a) and a similar transition happens when plotted against the local plasma density

in Figure 4-13 (for the case of nij = 30). However, the SPW resonance is expected to

form at ne ~ 1018 n-3 for the experimental conditions found at the limiter surface on

Alcator C-Mod. Therefore, even though the trend observed in Figure 6-7 is qualita-

tively consistent with the highest root of the theoretical solution (<bp decreasing with

ne), the experimental trend is expected to lie on the lowest root of the theoretical

solution (<bp increasing with n,). A strong upshift in the IniL to values of ~ 100 or

higher could explain the observed discrepancy, however, such a mechanism requires

further study with a more extensive model of the ICRF wave-core plasma interac-

tion. Also note that for each data set the RF power from the blocked E antenna was

ramped from 0.5 to 1.5 MW and the local plasma would respond by decreasing its

density. Such behavior is possibly consistent with the E x B drifts, such that the

radial gradients of the plasma potential begin to influence the local plasma density

profile [72]. However, our ID FW model does not address the effect of the spatial

profiles [78, 79, 80].

Also note that just as was the case in Chapter 5, Section 5.1, the local plasma
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Figure 6-7: Plasma potential enhancement as a function of the local plasma density for

the blocked group of field lines. Active E antenna only (dipole), PRF = 0.5- 1.5 MW.

Aprobe =
1probe - Rmain limiter, H-main limiter = 0.910 m, all radial distances are mapped

to the midplane. S3 probe data. The probes are blocked to the active antenna.

density would change by the presence of ICRF power, however, for the case of the

blocked active ICRF antenna, the local plasma density would increase, not decrease,

in the presence of ICRF power. This experimentally observed effect is shown in Figure

6-8.

Figure 6-8 shows that the plasma potential peaks radially near the plasma facing

side of the limiter (Aprobe ~ 0 mm), which at first appears inconsistent with the

plasma density trend in Figure 6-7. However, the trends in Figure 6-7 were obtained

with the probe position changing by only 2-3 mm, implying that the FW evanescence

over such a short distance may be ignored and the FW E-field amplitude may be

assumed to remain constant. The same assumption may not be applied to the data

in Figure 6-8 as the probe position changes by several cm and the evanescent decay

of the FW E-field amplitude needs to be accounted. The effect of the FW E-field

evanescence on the plasma potential will be discussed in more detail in the following

subsection.
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Figure 6-9: A top cross sectional view of the main limiter on Alcator C-Mod.

6.1.4 Correlation of plasma potential with local boundary

geometry

Another experimentally observed feature, which is characteristic of the fast-to-slow

wave coupling and then rectification, is the appearance of strong gradients in the

enhanced plasma potential profile on field lines that intercept surfaces with a rapidly

changing geometry, such as the limiter tip (Figure 6-9). The limiter tip is defined

as the region where the surface normal s changes its direction with respect to the

magnetic field B. For the case of Alcator C-Mod the limiter tip is characterized by

the radial distance d ~ 1 cm. with a constant radius of curvature.

Large gradients in the radial plasma potential profile and the resulting radial

138

BTOrS IP

X k, X



40 Fi. Antenna bnly (a)
Dipole

30 - PRF MI A

20 -
0.

10

-10 10~iI '1 (b)

I -

5.1
A 3.7 A

E 3.3

d (0 < bx < 1)

1 10

,,(mm)

Figure 6-10: Radial profiles of (a) the plasma potential and (b) the resulting electric
field profiles in ICRF-heated discharges. Aprobe = Rprobe - Rmain limiter, Rmain limiter =
0.910 m, all radial distances are mapped to the midplane. The trends are shown for
various edge safety factors q95 . Active FA-J antenna only (dipole). PRF = 1 MW.
ASP probe data. Each point is data averaged over 1 ms. The probe is blocked to the
active antenna.

electric fields (Er = -Vrbp) in the vicinity of the limiter tip are shown in Figure

6-10. The profiles are shown for discharges heated with the FA-J antenna at PRF =

1.0 MW. The profiles are shown for three different edge safety factor (q9 5 ) values, 3.3,

3.7, and 5.1. The q95 scan was achieved by changing the plasma current, Ip = 1.2,

1.0, and 0.7 MA, while keeping the toroidal field (and, hence, the ICRF resonance

location) constant at BT, = 5.4 T. The purpose of the q95 scan was to map out

different poloidal locations along the limiter surface.

Re-plotting the data shown in Figure 6-10 as a function of the surface misalignment

between the surface normal and the magnetic field lines reveals (Figure 6-11) that the

misaligned surfaces are consistent with changing bx, where b, m is the magnetic

field component locally normal to the surface. Refer to Figure 6-9 for the definition
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Figure 6-11: Radial gradients in the ICRF-enhanced plasma potentials (E,) as a

function of surface to field line misalignment. b. is the magnetic field component that

is locally normal to the surface. Data as organized in Figure 6-10.

of the local X-direction. The results are independent of the poloidal location along

the limiter surface varied with the q95 scan. Note that the largest radial gradients in

the plasma potential are associated with the limiter tip region, as expected from the

fast wave rectification theory [80].

The region outside the limiter tip (RAnid > 0.92 m or Aprobe > 10 mm) is charac-

terized by a constant geometry condition, b. z 1, therefore, we expect to see a slowly

varying plasma potential profile across that region as other effects, such as the evanes-

cence of the fast wave electric field strength begin to dominate. This is confirmed by

Figure 6-10 (b) that shows jErl is typically <; 1kV/m in this region. In addition, a

radial ICRF-enhanced plasma potential profile taken in a high-power (PRF = 4 MW)

L-mode discharge is shown in Figure 6-12. In addition to the steep gradient of the

plasma potential across the limiter tip, there is also a much more gradual decay of

ICRF-enhanced <Pp across the majority of the limiter surface characterized by b ~ 1.

The decay of the plasma potential is well approximated by an exponential curve with

the e-folding length 4, of 3.5 cm. This decay rate is too gradual to correlate with the

plasma density decay in the shadow of the limiter - the density decays radially with
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Figure 6-12: A radial plasma potential profile across the entire radial dimension of
the main limiter. Active D, E, and FA-J antennas. Solid line is an estimated profile
based on Equation 6.1. PRF = 4 MW. ASP probe data. The probe is blocked to the
FA-J antenna and unmapped to the D and E antennas.

an e-folding length A, of several mm, not cm. It is also unlikely that the electron

temperature profile is responsible for the observed radial plasma potential profile ill

the shadow of the limiter - the electron temperature is approximately constant across

the entire profile, T = 10 - 20 eV. Figure 6-13 shows the radial plasma density and

electron temperature profiles in the vicinity of the main limiter in an Ohmic L-mode

discharge on Alcator C-Mod.

It appears that the radial Dp profile is consistent with the fast ICRF waves incident

from the main plasma direction (R>0.91 m) and evanescently decaying in the +R

radial direction. It is possible to estimate the expected evanescent length of the fast

ICRF waves from the cold plasma dispersion relation for fast ICRF waves propagating

in a vacuum-like region: /+ / = 1 (Chapter 4, Section 4.4). Assuming that the

parallel index of refraction is that of the launched fast waves (n//~ 10) implies that

at 80 MHz we have Ik1 l ~' 20 m-1 and the e-folding length 1 ~ 5 cm. Both A4,

and I are of comparable size. Note that for a large n// (> 1) the perpendicular
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on Alcator C-Mod. Solid line is an exponential fit to the plasma density with a e-
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index of refraction may be approximated as In1  ~ n// and the perpendicular fast

wave transmission factor exponentially decreases with increasing n//.

Figure 6-12 also shows a heuristic estimate of the plasma potential profile of the

form:
Aprobe

(Ibp = 400bse 0-031n] 1 V], (6.1)

where we account both for the limiter curvature and the evanescence of the fast

wave. Equation 6.1 assumes that the rectified plasma potential is proportional to the

amplitude of the slow wave E-field that is generated/coupled by a fast wave reflecting

at a conducting surface. The amplitude of the coupled slow wave E-field is given by

Equation 4.31. Equation 4.31 is applicable to a vacuum-like fast wave coupling to an

electrostatic slow wave in a low density plasma region, similar to the experimental

conditions in Figure 6-12.
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6.1.5 Correlation of plasma potential with launched fast wave

spectrum

The J antenna (both toroidally and field-aligned configurations) on Alcator C-Mod

is capable of actively modifying the launched ICRF wave spectrum by changing the

phase between the RF currents that flow along individual antenna straps. For ex-

ample, the standard phase between the strap currents is dipole (0, 7r, 0, 7r), but the

antenna is also capable of running in monopole phasing (0, 0, 0, 0). The dipole RF

current phasing is expected to launch ICRF waves with the parallel index of refraction

n// ~ 13, while the monopole configuration is expected to launch waves with n// ~ 0.

The parallel direction is with respect to the background magnetic field. Experimen-

tally, it is observed that discharges with the ICRF antenna operated in monopole

phasing show no core plasma heating as a result of little to no fast wave coupling

to the core plasma [87]. Such poor ICRF wave coupling is consistent with a strong

upshift of the launched ICRF wave spectrum from the expected value of n// - 0

to n// ~ 26 [85]. A proposed mechanism capable of upshifting the launched ICRF

wave spectrum accounts for strong RF image currents flowing along (conducting) an-

tenna septa that separate individual current straps. For the case of dipole phasing,

the net image currents along the septa are ~ 0; however, for the case of monopole

phasing, the net image currents are no longer zero and begin to actively modify the

launched n// spectrum. Figure 6-14 provides a simple diagram that demonstrates the

above-described mechanism of spectrum upshifting.

Experimentally, an increase is observed in the ICRF-enhanced plasma potentials

in discharges "heated" with monopole phasing, compared to discharges heated with

the ICRF antenna operated in dipole phasing (Figure 6-15). These higher plasma po-

tentials occur despite the lower, in general, FW E-fields in monopole phasing (Figure

6-16). Switching from the dipole to the monopole case, it appears that the plasma

potential increase anti-correlates with the change in the RF wave E-field amplitude.

Yet, the observed <bp vs. B correlation remains consistent with the fast wave rectifi-

cation mechanism for the following reasons. 1) Experimentally it is observed that for
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Figure 6-14: Actively driven and image RF currents inside an ICRF antenna box for
the case of (a) monopole and (b) dipole phasing. The RF current straps are separated
by conducting antenna septa that provide a path for image currents.

given fixed ICRF antenna phasing Dp still correlates with the local fast wave E-field

amplitude (Figure 6-15 (b)). 2) The drop in the fast wave E-field amplitude (Figure

6-16), as ICRF antenna phasing switches from dipole to monopole, is consistent with

the cold plasma FW propagation with a strongly upshifted n//. The cold plasma

dispersion relation (jkLj vs. n,) for n// = 13 (dipole phasing) and for n// = 26

(monopole phasing) reveals that the evanescence of the fast wave is stronger for the

upshifted case of n// = 26 (Figure 6-17). 3) The general increase in the plasma po-

tential with the upshift in the index of refraction for a given FW E-field amplitude

is also consistent with the fast wave rectification mechanism (Figure 6-6) [79]. The

strong @p increase is due to the transition to the higher-value root of the Ip vs. In'I

solution [79]. Thus, it can be concluded that the Dp dependence on the ICRF wave

spectrum/phasing in regions blocked to the active antenna is broadly consistent with

the FW rectification mechanism.

A multitude of experimental observations showed that potential enhancements in

blocked and unmapped SOL regions are often the result of FW fields incident into

the SOL boundary plasma due to incomplete absorption in the core plasma. The key

features of the fast wave rectification theory [79] are 1) unabsorbed fast waves enter

the plasma region in the limiter shadow from the main plasma; 2) the fast waves

are evanescent in the low density plasma regions, as dictated by the cold plasma

dispersion; 3) the strength of the resulting FW rectification is determined by the
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Figure 6-15: Plasma potential enhancement in discharges heated with the FA-J an-
tenna in (a) dipole and (b) monopole phasing as a function of the local FW electric
field strength. PRF = 0.5 - 1.5 MW. UA probe data. The probes are blocked to the
active antenna.

strength of the fast wave electric field, the geometry of the limiter boundary, and the

spectrum of the fast waves. However, under certain conditions, the plasma potential

enhancement displays features that are on one hand consistent with the local FW E-

field amplitude yet on the other hand are unexpected from the above-mentioned fast

wave rectification model. These experimental results are the subject of the following

section.
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6.2 ICRF enhancement of plasma potentials in far

SOL regions between passive limiters

While the ID FW rectification model outlined in the previous section appears to be

an important cause of enhanced potentials, in certain cases in the far SOL regions

of the plasma neither this model, nor SW rectification, can account for the presence

of ICRF-enhanced plasma potentials. This result is illustrated in Figure 6-18, which

shows that for certain values of the edge safety factor (q95 ) a large peak in the ICRF-

enhanced plasma potential, measured by the ASP, develops far in the shadow of

the main limiter. The q95 scans were performed to determine the plasma potential

dependence on the poloidal field mapping along limiter surfaces (in the Z-direction).

The far SOL potential feature is observed on both the ASP and UA probes when

the FA-J antenna is powered. Correlating the UA and ASP data at the same local

radial locations of the ASP probe (Figure 6-19) reveals that the formation of the far

SOL plasma potential structure appears to depend only on q95 and is not observed

at the same mapped location on the K limiter surface for different q95 values (i.e.

the q95 scan does not simply "sweep" the potential structure by the two different

probes). The far SOL potential structure appears at the same radial location in all

cases but shows a stronger potential enhancement when the FA-J antenna is operated

in monopole phasing. This result is qualitatively consistent with a higher level of

unabsorbed ICRF power in the SOL for a given level of launched ICRF power in

monopole phasing (based on core plasma response). The effect of the launched ICRF

wave spectrum on the plasma potential enhancement was discussed in the previous

section. However, the plasma potential still scales with the local fast wave electric

field as shown in Figure 6-20. It seems that the 1D FW rectification mechanism

[79] may be a possible cause of the potential increase. Yet, further examination will

indicate that this mechanism is an incorrect or, at best, an incomplete explanation.

Note that this far SOL IDp enhancement occurs on a blocked group of field lines

that are bounded toroidally by two passive limiter surfaces (K and A-B limiters)

and do not directly map to an active ICRF antenna structure. As a result, we can
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Figure 6-18: A radial profile of the ICRF-enhanced plasma potential in the shadow
of the limiter at various q95 values. The results are mapped to the A side of the K
limiter, see Figure 5-2. Active FA-J antenna only (dipole). PRF = 1.1 MW. ASP
probe data. The probes are blocked to the active antenna.

rule out RF-driven limiter currents as the mechanism responsible for the observed far

SOL plasma potential structure, as this mechanism requires a direct magnetic field

connection to the active ICRF antenna structure [31, 88]. It is also unlikely that the

observed plasma potential structure is a result of an excited RF cavity mode, where

the cavity boundary is defined by the spatial dimensions of the limiter sides (~0.1

x 0.1 m) and the length of the field line (~1 m). The cutoff frequency to excite

modes in such a cavity would be > 1 GHz, which is far greater than the operating

frequency of the ICRF antenna (78 MHz). It is also safe to eliminate the reflected

fast wave fields as a source of the far SOL plasma potential enhancement: the fast

wave is evanescent in the low density plasma region of the far SOL on Alcator C-Mod.

The evanescence of the fast wave determines the shape of the radial profiles of the

fast wave field strength and the resulting FW-rectified plasma potential is that of a

decaying exponential curve that peaks at its source. Our standard 1D FW rectification

mechanism assumes that the fast wave source is in the form of unabsorbed scattered

fast waves that are incident from the direction of the plasma core (Rmid < 0.91 m,

travelling in the +R direction). However, the shape of the far SOL plasma potential
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Figure 6-19: A poloidal profile of the ICRF-enhanced plasma potential in the shadow

of the limiter at various q95 values. The results are mapped to the A side of the K

limiter, see Figure 5-2. Active FA-J antenna only (dipole). PRF = 1.1 MW. ASP and

UA probes data. The probes are blocked to the active antenna.

feature is consistent with a fast wave source that is excited locally in the shadow of

the limiter (Rid > 0.91 m) at Rmid ~ 0.95 m. Therefore, while the <Ibp enhancement

follows the FW E-field amplitude, the source of the FW E-field can seemingly not be

the reflection of fast wave unabsorbed from the core because these wave fields could

not peak in amplitude so far into the limiter shadow.

Surprisingly, the far SOL <bp rise is not observed on the LA probes, see Figure

6-21, even though the LA station is located approximately the same toroidal distance

from the active FA-J antenna as the UA probe (Figure 5-2). However, the LA probe

station resides below the midplane. As a result, this location is not blocked but

rather completely unmapped to the active FA-J antenna. Note that for the case of

the active FA-J antenna, only the ASP and UA probes sample blocked field lines and

only these probes observe the far SOL plasma potential enhancement. The geometry

of the bounding surfaces is also different for the case of the magnetic field lines that

are intercepted by the LA probes: the field lines are now bounded by the vertical

limiter side plate and the horizontal lower divertor shelf. These observations together

suggest that the limiting surfaces and their mapping to the active antennas play an

important role in ICRF enhancement of the plasma potential.
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Figure 6-20: (a) The average fast electric field strength as a function of the launched
ICRF power and (b) the average ICRF-enhanced plasma potential as a function of
the fast wave electric field strength. The far SOL plasma potential structure forms
for q95 = 3.3 (Figures 6-18 and 6-19). Active FA-J antenna only (dipole). UA probe
data. The probes are blocked to the active antenna.

The far SOL 4bp rise is also not observed on the S3 probes, see Figure 6-21. The

S3 probes sample magnetic field lines in the close vicinity of the field lines sampled by

the LA probes, yet the S3 diagnostic is located much closer toroidally to the active

FA-J antenna. This result also supports our previous statement that the far SOL

plasma potential enhancement only affects field lines that are blocked to the active

ICRF antenna.

The far SOL feature is not observed on any of the four probe stations (ASP,

UA, LA, S3 ) when the plasma discharge is heated with the E antenna (Figure 6-22).

Note that for the case of the E antenna no magnetic field lines sampled by the four
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Figure 6-21: Average ICRF-enhanced plasma potential values as a function of q95 .
UA, S3 , and LA probe data. Active FA-J antenna only (dipole). PRF = 1-1 MW. FA
refers to the field-aligned q95 value of the FA-J antenna. The S3 probe was positioned
at Rid = 0.925 m or Apob, = 15 mm. The UA probe is blocked to the active
antenna. The S' and LA probes are unmapped to the active antenna.

probes directly map to the active antenna structure: the UA and ASP probes are

unmapped and the S3 and LA probes are (marginally) blocked to the active antenna.

This result once again supports our observation that only field lines that are blocked

to the active antenna, but do not directly map to the antenna, experience the far

SOL plasma potential enhancement.

This far SOL region that is toroidally bounded by two passive limiter surfaces

is not accessible to RF-driven currents excited by the active antenna, nor is the

radial plasma potential profile consistent with the FW rectification where the fast

waves enter the far SOL region from the main plasma direction. However, it would

be possible to make the far SOL plasma potential feature consistent with the FW

rectification mechanism, but under a condition that the fast wave is excited far in the

shadow of the passive limiters at Rmid ~ 0.95 m. In this case the radial shape of the

plasma potential peak would be determined by the fast waves that evanesce in the

+R and -R directions radially away from the source with a typical e-folding length
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Figure 6-22: (a) Radial plasma potential profiles at various q95 values, ASP probe
data. (b) ICRF-enhanced plasma potentials as a function of q95, UA, LA, and S3
probe data. Active E antenna only (dipole). PRF = 1.1 MW. The S3 probe was
positioned at Rmid = 0.925 m or ALpob, = 15 mm. The UA and ASP probes are
unmapped to the E antenna. The LA and S probes are blocked to the E antenna.

1-2 cm. Note that the radial position of the plasma potential peak matches the radial

location of the ICRF antenna current strap located at Rmid = 0.94 m. However, direct

field line mapping between the ASP and UA probes and the active FA-J antenna is

not possible since they are blocked by the K limiter in all cases. Therefore, it is

not clear what mechanism is capable of exciting fast waves at this toroidal location.

However the data suggests that perhaps the passive structures are "activated" by the

RF power and are acting as proxy antennas, i.e there are finite RF currents being

excited in the structures that could generate the RF fields measured in the far-SOL.

The exact mechanism by which this could occur may be related to unexpected current

return paths in the vessel and/or inductive excitation of the passive structures. This
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could be the subject of further investigations.
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Chapter 7

Implications of ICRF-enhanced

plasma potentials on

plasma-material interactions

In the previous section we saw that the plasma potential on open magnetic field lines

in the SOL becomes significantly enhanced in ICRF-heated discharges on Alcator

C-Mod. In this section we are going to briefly explore what possible implications

this ICRF enhancement of the plasma potential has on plasma-wall interactions in

a tokamak. In particular, we are interested to know what happens to sputtering

and erosion of PFCs as the plasma potential is significantly changed by the pres-

ence of ICRF power. Note that sputtering and erosion of PFCs on Alcator C-Mod

were extensively studied previously by Pappas [20] and one of the key conclusions of

that study was that erosion of the PFCs is significantly enhanced in ICRF-heated

discharges on Alcator C-Mod. Is the enhancement of the plasma potential in ICRF-

heated discharges the leading cause that is responsible for the observed enhancement

in sputtering and erosion of the plasma facing components?
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Figure 7-1: Typical plasma shapes generated in Alcator C-Mod. The dashed lines
show regions of the most intense plasma-material interactions (PMIs).

7.1 Brief overview of possible erosion mechanisms

in tokamaks

Erosion of PFCs in tokamaks is a key PMI that ultimately determines the life-time of

in-vessel components. Depending on the operating regime, the components subjected

to the most intense PMIs are the divertor and the inboard and outboard limiters, see

Figure 7-1.

Possible erosion mechanisms in tokamaks are physical [18] and chemical [18] sput-

tering, melting/evaporation/sublimation [18], arcing [18] and fuzz growth [89]. Melt-

ing, sublimation and arching are typically transient off-normal events that are capable

of injecting significant quantities of eroded materials into the plasma, large enough

to cause disruptions [18]. Fuzz growth is only relevant to plasmas with a non-zero

helium impurity fraction and to tokamaks with refractory PFCs (either molybdenum

or tungsten) [89]. Sputtering, physical and chemical, is a steady state process that

dominates erosion of PFCs during the majority of the discharge duration in a typical
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tokamak plasma. Chemical sputtering is significant in tokamaks with low-Z PFCs,

such as C [18]. Alcator C-Mod is a high-Z (Mo) tokamak and, as a result, physical

sputtering by ions is by far the dominant erosion mechanism in this device.

7.2 Physical ion sputtering in presence of ICRF-

enhanced plasma potentials

Modeling of ion sputtering is an actively researched area on several tokamaks, such

as DIII-D [90], ASDEX [91], NSTX [92] and Alcator C-Mod [20, 22, 25]. The gross

erosion flux, or influx, caused by incident plasma species f (Fro) is determined by

the product of the incident plasma flux of that species striking the PFCs (Ii,f) and

the ion sputtering yield of the material surface by that ion species (Yf): Fof = FfYf .

The incident flux due to the main deuterium ions (Fi) is directly proportional to the

local plasma density according to Equation 7.1 [32]:

I ~ 0.5nec,, (7.1)

where the sound speed c, is estimated according to: c, = 1 x 104  [/s] [34].

Equation 7.1 assumes that the magnetic field line is normal to the surface, which is a

good approximation of the angle between magnetic field lines and the toroidal sides

of the limiters on Alcator C-Mod.

The total gross erosion due to several ion species is equal to the sum over all

the species present in the plasma. For example, a typical Alcator C-Mod deuterium

plasma striking the Mo divertor plates is composed primarily of ~99% D+ ions and

~1% B3+ ions with trace amounts of other impurities, such as other boron ionization

states, Mo, Fe, H, 0, Ni, W, C, Ti, etc. [20]. Note that the species with the

highest presence in the plasma, such as D+ in deuterium discharges, is not necessarily

the species that dominates sputtering of PFCs in tokamaks due to the non-linear

dependence of the sputtering yield on the incident species mass [18].

Previous [23, 29] and current [35, 53] probe studies of ICRF-heated discharges on
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Alcator C-Mod show that the plasma potential and, hence, the third term in Equa-

tion 1.15 (Ehath ZiVheathI) is strongly affected (enhanced) by ICRF power. The

potential drop across the sheath is no longer thermal, i.e. leVheathl / 3 T, but is a

non-linear combination of multiple local parameters, such as ne, Te, field line orien-

tation and RF wave intensity and spectrum. The precise physics that determines the

sheath voltage drop depends primarily on the nature of the sheath voltage enhance-

ment, fast wave vs. slow wave rectification [76, 77, 78, 79, 80]. Note that previous

and current emissive probe studies show that the enhanced potentials in the SOL of

ICRF-heated plasmas on Alcator C-Mod often reach values > 100 V [23, 29, 35, 53].

These high potentials are observed in locations that are mapped, unmapped, and

blocked to active ICRF antennas.

So what are the implications of the plasma potential enhancement on the gross

Mo influx estimate? Pappas' analysis using the thermal sheath voltage drop showed

that gross Mo PFC erosion in D+ discharges on Alcator C-Mod is dominated by B 3 +

ions, which typically represent only ~1% of the incident plasma flux, with the D+

ions accounting for the remaining ~99% [20]. A combination of the high sputtering

threshold energy of Eth, D+ = 94 eV and the low electron temperature in the vicinity

of the PFCs in Alcator C-Mod, typically < 50 - 60 eV [14], results in a typically low

fraction of the sputtered gross Mo influx due to the incident D+ ion flux. Figure 7-2

shows the sputtering yield vs. the incident ion energy due to D+ and B 3 + ions.

As we mentioned in the previous paragraph, the electron temperature in the vicin-

ity of the PFCs in Alcator C-Mod is typically < 50 - 60 eV reaching the values of

~ 10 eV in the vicinity of the main protection limiters. As a result, any sputter-

ing/erosion model, which is based on the thermal sheath assumption, has a constraint

on the maximum allowed incident ion energy. However, as we remove the thermal

constraint on the voltage drop across the sheath, the gross erosion pattern begins

to change considerably. This effect is demonstrated in Figure 7-3. We used realis-

tic Alcator C-Mod parameters found in the vicinity of the main limiter PFCs: local

T, = 10 eV, local ne = 6 x 1018 m--3 , boron ion fraction fB34 = 0.01, deuterium main

ions, ions striking the surface normally. The boron ions are assumed to be frictionally
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Figure 7-2: Estimated Mo sputtering yields due to normally incident D+ and B3+
ions. The estimates are based on the empirical Bohdansky Equation 1.11 [17].

coupled to the main ion species and, hence, enter the plasma sheath at the deuterium

ion sound speed [20].

Figure 7-3 shows that gross erosion of PFCs is dominated by boron impurities

for the plasma sheath potential drops that are below 100 V. However, as the sheath

potential drop is raised to several hundred volts, the gross erosion due to the main

deuterium ions becomes comparable to the value due to the boron impurities. As the

sheath potential drop is raised above - 400 V erosion due to the main deuterium

ions becomes dominant. As it was shown in Chapters 5 and 6, the peak plasma

potential values are typically < 200 V in discharges heated with a single ICRF antenna

(PRF < 2 MW), but may reach values of ~ 400 V or more in high-power discharges

heated with multiple ICRF antennas (PRF > 2 MW). The corresponding range of

the expected Mo sputtering yield values for typical (PRF < 2 MW) and high-power

(PRF > 2 MW) ICRF-heated discharges is shown in Figure 7-3.
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Figure 7-3: Mo sputtering yield due to ion sputtering by incident D+ and B3+ ions
as a function of the sheath potential drop. The total incident ion energy is estimated
based on Equation 1.15. Typical Alcator C-Mod plasma parameters in the vicinity
of the main limiter are assumed: T = 10 eV, fB3+ = 0.01, n= 6 x 1018 m-3. The
B 3+ ions are assumed to be frictionally coupled to the main ion deuterium species.
The peak plasma potential values are typically < 200 V in discharges heated with a
single ICRF antenna (PRF < 2 MW).

7.3 Effect of plasma potential profile on incident

ion flux

As we saw in the previous chapter, ICRF power has a dramatic effect on the plasma

potential in the SOL region. The direct impact of the plasma potential enhancement

on PMIs is to modify the sputtering yield of the plasma facing surface and it was

discussed in Section 7.2. However, our radially scanning probes reveal that the plasma

potential is not the only plasma parameter that becomes affected: the plasma density

profile also begins to change in the presence of ICRF power. This effect is shown in

Figures 7-4 (b) and 7-5 (b) for the mapped and blocked cases, respectively. The most

prominent trend is the decrease in the plasma density across the entire radial profile

for the mapped case (Figure 7-4 (b)). Note that the sparseness of the plasma density
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Figure 7-4: Radial profiles of (a) plasma potential and (b) plasma density in the
shadow of the limiter. Fi is the incident deuterium ion flux estimated for T = 10 eV
and normal incidence. The profiles are shown for various levels of ICRF power. Active
TA-J antenna only (dipole). S3 probe data. The probes are mapped to the active
antenna.

data in Figure 7-4 (b) is due to the reduction of the local plasma density values below

the detectable limit of the Langmuir probe (ne < 1014 M- 3).

It is unlikely that the plasma density radial profile changes in the shadow of the

limiter are a result of the core plasma density changes in response to injected ICRF

power. While the line-averaged plasma density does change when ICRF antennas are

turned on in both mapped and blocked cases, the line-averaged plasma density shows

no dependence on the level of injected ICRF power, see Figure 7-6 (c). Yet the local

plasma density shows a clear response to the level of launched ICRF power (Figure

7-6 (d)).

The effect of the RF power (both lower hybrid and ICRF) on the plasma density

profile has been extensively studied on Alcator C-Mod with a reflectometer diagnostic
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Figure 7-5: Radial profiles of (a) plasma potential and (b) plasma density in the
shadow of the limiter. The profiles are shown for various levels of ICRF power.
Active E antenna only (dipole). S3 probe data. The probes are blocked to the active
antenna.

[72, 96]. The key conclusion of these studies is: the radially varying plasma potential

profile begins to influence the radial plasma density profile. The physical mechanism

responsible for this modification is consistent with the E x B-induced charged particle

flow along equipotential surfaces.

How does the change in the plasma density affect the plasma material interactions?

The incident main ion flux (Pt) is directly proportional to the local plasma density

according to Equation 7.1, where we assume that the angle between the magnetic

field line and the surface is normal. The radial profile of the incident ion flux is

shown in Figures 7-4 (b) and 7-5 (b) for the mapped and blocked field lines. The

electron temperature was taken as T = 10 eV, which is typical for Alcator C-Mod

SOL plasmas in the shadow of the limiter.

Using the plasma potential and the plasma density profiles shown in Figures 7-4
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Figure 7-6: A time history of (a) the launched ICRF power, (b) the core electron
temperature, (c) the line-averaged plasma density, (d) the local plasma density at the
probe, and (e) the plasma potential at the probe. Active E antenna only (dipole) or
active TA-J antenna only (dipole). S' data. Ap, = 2.1 mm. The probe is blocked
to the E antenna and mapped to the TA-J antenna.

and 7-5 it is possible to reconstruct the expected influx profiles FMo of sputtered

Mo impurity atoms from the toroidal sides of the limiter structures: FMo = Y.

These profiles are shown in Figure 7-7 (a) and (b) for the mapped and blocked active

antennas, respectively. The estimated Mo influx values are for normally incident D+

ions and the electron temperature Te = 10 eV. The incident ion energy is estimated

at 3T, + Jeop|. Note that the estimates influx values are shown only for the cases of

the incident ion energy greater than the threshold energy (~ 100 eV) and the plasma

density greater than the detectable limit of the Langmuir probe (> 1014 M- 3). Mo

sputtering only becomes significant across the limiter tip region 0 < Aprobe < 10 mm

and the typical influx values are 1015 < FMO < 10 mn-2S-1. Accounting for the

poloidal length of the outboard limiter (~ 0.5 m) and the two toroidal sides per

limiter structure, implies that the total Mo source rate from the sides of a single

limiter structure on Alcator C-Mod is typically < 1015 s- 1 . For comparison, typical

Mo source values measured in ICRF-heated discharges on plasma facing surfaces (as
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Figure 7-7: Estimated Mo impurity influx profiles sputtered by normally incident D+
ions from the toroidal sides of the limiter structures. (a) For the active TA-J antenna
only (dipole) and (b) for the active E antenna only (dipole). T, = 10 CV. S3 probe
data. The probes are mapped to the TA-J antenna and blocked to the E antenna.

opposed to the toroidal sides) of the active antenna, the inner wall, and the lower

outer divertor are > 10 17 s-1 [23]. Our estimate implies that the toroidal sides of the

limiter structures represent a minor contributor to the total Mo impurity source in

ICRF-heated discharges on Alcator C-Mod.
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7.4 Mitigation of ICRF-induced plasma potentials

on Alcator C-Mod

In the previous chapters we examined the effects of ICRF power on the plasma po-

tential in the SOL regions of Alcator C-Mod. The new result is that the plasma

potential in blocked and unmapped regions scales with the local amplitude of the

fast wave electric field. The resulting plasma potentials can be over 100 V, which is

enough to accelerate main plasma ions (deuterium) in the SOL to energies above the

sputtering threshold energy for Mo PFCs. Additionally, gradients (or electric fields)

in the plasma potential cross field profile begin to modify the local plasma density

cross field profile [72]. This effect directly impacts the incident ion flux and, hence,

the sputtered Mo influx. The final question we want to explore in the thesis is: are

there methods to mitigate (reduce) the ICRF-induced plasma potentials down to lev-

els that have a negligible impact on the plasma-material interactions? If so, what are

the conditions/mechanisms that are capable of reducing the plasma potentials in the

SOL?

One of the techniques that makes a significant impact on the performance of

magnetically confined plasmas is wall-conditioning. Wall-conditioning on Alcator C-

Mod is achieved through boronization [64]: a thin (a few tum in thickness) layer

of boron films is deposited overnight on Mo PFCs. Boronization has a number of

beneficial effects on the plasma performance on Alcator C-Mod. 1) Sputtering of Mo

PFCs is reduced as the plasma facing surfaces are now covered with a sacrificial layer

of boron [20, 22]. 2) The Mo contents in the plasma core are reduced [24]. The

reduction in the core Mo impurities leads to an improved performance of the core

plasma as the line radiation power losses are now reduced.

It is also found that boronization has a strong effect on the ICRF enhancement

of the plasma potential in the SOL of Alcator C-Mod: the plasma potentials be-

come reduced in post-boronized discharges (Figure 7-8) [29]. The reducing effect of

boronization on the ICRF-enhanced plasma potentials that was measured in the pre-

vious study [29] is reproduced in the current study. Figure 7-9 shows two similar
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Figure 7-8: In L-mode discharges, the measured plasma potential scales as the square
root of the RF power for recently boronized PFCs and linear with RF power for
unboronized PFCs. Reprinted from [29] with the author's permission.

ICRF-heated discharges: a discharge was performed under pre-boronized (pre-BZN)

conditions and then repeated with the boronized PFCs (post-BZN). As we saw in

the previous chapter, the plasma potential in blocked regions is strongly affected by

the magnitude of sawtooth core T oscillations. These measurements were performed

with the PFCs in the pre-boronized state where the effects of the last boronization

have been "worn away" by multiple ICRF-heated discharges [24]. However, the effect

of the sawteeth on the plasma potential enhancement in the blocked SOL regions is

reduced by nearly an order of magnitude in discharges with recently boronized PFCs,

see Figure 7-9 (b).

In fact, it is observed that the ICRF-enhanced plasma potentials are reduced

across a variety of L- and H-mode post-boronized discharges, see Figure 7-10. Figure

7-10 reveals that the maximum observable plasma potentials are reduced down to

levels well below 100 V. Note that the previous studies [23, 29] were performed with

probes that mapped to the active antennas, while the probes in the current study
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Figure 7-9: A change in the plasma potential in response to the sawtooth core Te
oscillations (a) at various levels of launched ICRF power and (b) at various sawtooth
Te amplitudes. Active D antenna only (dipole). LB probe data. The probes are
blocked to the active antenna. The PFC conditions are pre-boronized (pre-BZN,
solid red squares) and post-boronized (post-BZN, solid green triangles).

are blocked to the active antenna. Yet the reduction of the ICRF-enhanced plasma

potentials in post-boronized discharges is similar between the two studies.

So what aspect of boronization changes the ICRF-induced plasma potentials? 1

measurements reveal that the ICRF wave fields in the SOL remain unchanged in

pre- and post-boronized ICRF-heated discharges (Figure 7-11). The fast wave fields

remain unchanged in both L- and H-mode discharges. If it is not the RF wave aspect

of the ICRF enhancement of the plasma potential, then what other property changes

could account for the observed reduction in the plasma potential in post-boronized

ICRF-heated discharges?

Boronization deposits a thin film of an insulating material (boron) on Mo PFCs

and, hence, changes the boundary condition at the material surface from conducting
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Figure 7-10: The maximum change in the plasma potential during a single ICRF-
heated discharge. BZN refers to boronization. The data is shown for pre- and post-
boronized discharges in L- and H-mode plasmas. Active D antenna only (dipole). LB
probe data. The probe is blocked to the active antenna.

to insulating. However, the previous studies include measurements of the plasma

potential on magnetic field lines that terminate on boron nitride (BN) insulating

protection tiles, see Figure 7-12. These studies reveal that the plasma potential

enhancement remains comparable to those in discharges where the magnetic field lines

are terminated on conducting Mo surfaces [29]. Therefore, it appears that the change

in the surface boundary condition cannot account for the observed changes in the

plasma potential enhancement in pre- and post-boronized ICRF-heated discharges.

Two aspects of the plasma potential enhancement that have not been explored in

neither the previous, nor the current studies are possible particle emissions from the

surface. One example is a secondary electron emission from the surface: a strong sec-

ondary electron emission would reduce the electron repelling DC potential across the

plasma sheath that is needed to maintain the ambipolarity condition at the surface.

Secondary electrons are produced primarily by primary electrons striking the surface

and the effect of the secondary electron flux on the plasma potential drop across the
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Figure 7-11: The maximum change in the fast wave electric field amplitude during
a single ICRF-heated discharge. BZN refers to boronization. The data is shown for
pre- and post-boronized discharges in L- and H-mode plasmas. Active D antenna
only (dipole). LB probe data. The probe is blocked to the active antenna.

plasma sheath is given by Equation 7.2 [74]:

e =sheath 0.5 In 27r e I -- (7.2)
kB Te Tni ) (I 6 e)

where 8 , is the electron emission coefficient per incident primary electron. As the

secondary electron emission coefficient approaches unity, the electron repelling plasma

sheath (and, hence, the plasma potential) becomes greatly reduced. Pure metallic

surfaces have a low (below unity) secondary electron emission yield for low energy

(below 100 eV) primary electrons [97]. The secondary electron emission coefficient

for Mo is 6, ~ 0.6 for normally incident primary electrons striking the surface with

50 eV [98]. However, surface impurities are known to affect (increase) the secondary

electron emission yield of pure metal surfaces [98].

The second example is the emission of neutral atoms, either sputtered or ablated,

from the surface and ionized in the vicinity of the PFCs. The sputtering rate of

boron is much higher than the sputtering rate of Mo due to the low atomic weight
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charges showing that the H-mode potential is x 2 L-mode. Comparing an H-mode

discharge with boron nitrite (BN) tiles, shows the RF sheath is unaffected relative

to the RF sheath in H-mode with metallic RF limiter tiles. Reprinted from [29] with

the author's permission.

of boron. As a result, freshly boronized surfaces, which typically contain a mixture

of B, D, and He atoms [64], introduce large quantities of low-Z impurities into the

plasma. The net result is a change in the local plasma density and recycling of the

main ion (deuterium) species, which then can affect both the slow and fast-wave

rectified plasma potentials. Local plasma density measurements were not available

for the pre- (1090828xxx) and post-boronized (1090901xxx) run days. As a result,

the effect of sputtered neutral atoms on the local plasma conditions and the rectified

plasma potential cannot be conclusively quantified. A detailed exploration of both

the secondary electron and neutral atom emissions on the enhancement of the plasma

potential on Alcator C-Mod is beyond the scope of the current thesis and is suggested

as a subject of future work.
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Chapter 8

Summary and conclusion

An extensive assessment of ICRF-heated discharges on Alcator C-Mod reveals that

plasma material interactions become enhanced by the presence of ICRF power. Specif-

ically, sputtering of plasma facing surfaces and impurity levels in the plasma core

increase with the application of ICRF power. The leading mechanism suspected of

causing enhanced sputtering is the rectification of the plasma sheath on open mag-

netic field lines: oscillating electric fields aligned parallel to the magnetic field (E5//)

become rectified at the plasma sheath and the net result of the rectification is the

development of an electron repelling DC potential. These DC potentials begin to ac-

celerate incident ions toward the surface, which leads to enhanced sputtering. While

enhanced plasma potentials of greater than 100 V (high enough to induce sputtering

of high-Z molybdenum surfaces by deuterium ions on C-Mod) are observed in ICRF-

heated discharges it is not clear what aspects of the ICRF power lead to the observed

enhancement. The goal of the thesis is to experimentally deduce what mechanisms

are responsible for the observed enhancement of the plasma potential.

In order to achieve the goal of the thesis multiple stationary and radially scanning

probe stations were installed to determine what role local plasma properties play in

enhancing the plasma sheath. Emissive probes and ion sensitive probes were used

to measure the plasma potential, Langmuir probes were used to measure the plasma

density and the electron temperature, and E probes were used to measure ICRF wave

fields with fast and slow wave polarizations. Measurements were made on plasma flux
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tubes that directly magnetically map and do not map to active ICRF antennas.

There are several proposed mechanisms that may generate E// in ICRF-heated

discharges on open magnetic field lines. One mechanism involves the generation of

slow waves (with a non-zero E/) directly by the active ICRF antennas: this process

is expected to enhance the plasma potential only on plasma flux tubes that directly

magnetically map to the active antennas. One of the most defining features of the

slow wave enhancement is the threshold appearance of large plasma potentials when a

characteristic plasma sheath parameter A, is above unity. An experimental scan of A,

on plasma flux tubes that directly map to the active antennas reveals the existence

of such a threshold, which, in part, confirms the slow wave theory. However, we

also measure significant plasma potential enhancement on plasma flux tubes that do

not directly magnetically map to the active ICRF antennas. The slow wave theory

cannot account for this enhancement as the slow waves directly launched by the active

antennas cannot reach these locations. b measurements reveal a presence of fast

ICRF wave fields in these unmapped or blocked locations and the enhanced plasma

potentials show a strong correlation to the strength of the local fast wave fields.

While the fast wave does not have the necessary polarization to enhance the plasma

potential on open magnetic field lines (E// = 0 for the fast wave), a proposed theory

involves a fast-to-slow wave coupling at conducting surfaces. Multiple features of the

fast-to-slow wave coupling theory are experimentally observed. These include the

effect of the shape of the conducting surface, the effect of the fast wave field strength

and the fast wave index of refraction. We also observe unexpected enhanced plasma

potential structures that are consistent with RF wave fields being excited outside the

active ICRF antenna box in regions bounded by passive limiter structures.

To summarize, our experimental assessment of the plasma potential enhancement

in the SOL of ICRF-heated discharges on Alcator C-Mod reveals that the fast ICRF

waves play a significant role in enhancing the plasma potential to values high enough

to generate sputtering of plasma facing surfaces in regions that are non-local to the

active antennas. The regions that dominate impurity production in ICRF-heated

discharges on C-Mod have yet to be determined as we find that regions local and
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non-local to the active ICRF antennas experience plasma potential enhancement.

Additionally, we observe that the local plasma density profile is also modified by

ICRF power: the implications are that ICRF-enhanced plasma potentials influence

both the sputtering yield of the plasma facing surfaces and the incident ion fluxes.

Our results suggest that in order to minimize the effects of ICRF power on the core

plasma performance it is crucial to operate in the high single pass absorption regime.
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Appendix

Circuit diagrams
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Figure A-1: A detailed circuit diagram for the electronics
Langmuir and ISP probes on Alcator C-Mod. The circuit
Brian LaBombard, PSFC, MIT.
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