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Abstract

A 1 MW Lower Hybrid Current drive (LHCD) radiofrequency system is used to replace inductive
drive on the Alcator C-Mod tokamak. It was designed to test Advanced Tokamak (AT) scenarios
for future steady-state diverted, high field tokamaks. However, at reactor-relevant densities (n̄e >
1 · 1020 m−3), an anomalous current drive loss is observed. This loss, known as the LHCD density
limit, occurs in diverted plasmas and is correlated with the plasma current and plasma density.
Several mechanisms have been implicated in the loss of current drive, with both experimental
and theoretical results suggesting edge power loss.

Power modulation is a standard technique used for characterizing power sources and plasma
power balance. In this case, the Lower Hybrid radiofrequency (LHRF) power is modulated in
time in a set of plasmas across the density range from efficient to negligible current drive. This
data is used to characterize the absorption of LHRF power through the calculation of the LHRF
power balance within 15%, typical of power balance studies. This power balance is used to derive
characteristics of the cause behind the LHCD density limit.

The immediate nature of LHRF-induced conducted and radiated power losses confirm that
LHRF power is absorbed in the edge plasma, even at the lowest densities. The edge losses
increase to balance the reduced current drive, indicating that the observed power in the scrape-off-
layer (SOL) limits the available power for current drive and the edge losses represent a parasitic
mechanism. Unlike edge losses of other radiofrequency systems, this absorption occurs with a
high degree of toroidal symmetry near the plasma separatrix. This indicates absorption occurs
just inside the separatrix, or just outside the separatrix over multiple SOL traversals.

Measurements of the poloidal distribution of ionization and recombination in the edge were
made using a specially designed Lyα pinhole camera. It utilizes a MgF2 filter and AXUV diode
array to measure Lyα emission from the lower to upper divertor. Edge deposited LHRF power
was found to promptly ionize the active divertor plasma in all diverted topologies. This result
highlights the power flow and importance of the divertor plasma in the LHCD density limit.

Three independent characteristics indicate the thermal absorption of LHRF power. First, in-
/out balance of radiated and conducted LHRF power change with the reversal of the tokamak
magnetic fields. Second, comparisons of the conducted heat via Langmuir probes and IR ther-
mography are similar with and without LHRF power. Lastly, the Langmuir probe ratio of Vf l/Te
does not significantly modulate with modulated LHRF.

A second experiment utilized a high strike-point diverted discharge to determine the edge
loss of fast electrons. The high strike point could be observed using the hard X-ray camera,
which can compare core and edge X-ray emission. The measured count rates from thick-target
bremsstrahlung were interpreted into fast electron fluxes using the Win X-ray code. Theoretical
treatments of the fast-electron confinement time were also calculated for Alcator C-Mod. In all
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cases the fast-electron edge losses are minimal and will be unimportant for future tokamaks due
to the small fast electron diffusivity and their large size.

The loss of current drive in high density diverted plasmas correlates with high edge plasma
collisionality. The newly derived characteristics set stringent requirements in n‖ for electron
Landau damping to cause the edge absorption of LHRF power. Several observed attributes,
namely high frequency modulation and low density absorption do not correlate with Landau
damping characteristics. However, parasitic collisional absorption in the divertor plasma yields
the necessary plasma current, topology, symmetry, thermal, and ionization characteristics. High
divertor plasma collisionality is expected if not required for future tokamaks. LHRF systems
of future tokamaks must must avoid propagation through collisional regions, even on the first
traversal through the SOL.

Thesis Supervisor: Ronald R. Parker
Professor Emeritus, Department of Nuclear Science and Engineering
and Electrical Engineering and Computer Science

Thesis Supervisor: Dennis G. Whyte
Hitachi America Professor of Engineering
Head of the Department of Nuclear Science and Engineering
Director, Plasma Science and Fusion Center

Thesis Reader: Brian LaBombard
Senior Research Scientist, MIT Plasma Science and Fusion Center
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1
O V E RV I E W O F C U R R E N T D R I V E L O S S I N
T O K A M A K S

Current drive in tokamaks is vital for steady-state operation. While
effects like the bootstrap current[1] can reduce the need for non-
inductive current generators, it is unlikely that self-generated current
can sustain and control a fusion-reactor grade plasma. Off-axis cur-
rent drive can tailor current profiles to enhance performance in the
creation of Advanced Tokamak (AT) scenarios. Lower Hybrid Current
Drive (LHCD) is the most efficient non-inductive current source avail-
able in tokamaks through the use of Landau damping in the toroidal
direction.

The theory of current drive via electron Landau damping properly
represents the experimental trends in LHCD observed in diverted
tokamaks. However, in some cases an unexpected loss of current
drive has been observed. On Alcator C-Mod, an abrupt loss of current
drive occurs with an increase in line-averaged density (n̄e), known
as the LHCD density limit. This unexpected loss of current drive in
diverted plasmas could be an important issue for future tokamaks.
In particular this limit is found at n̄e ∼ 1 · 1020 m−3 in Alcator C-
Mod which is in the lower range of density operation expected based
on Lawson criterion and power density requirements. Characterizing
this effect is key for avoiding the loss of current drive on current and
future diverted tokamaks.

Several theoretical mechanisms have been proposed as a cause of
LHCD efficiency loss. These loss mechanisms fit into three categories,
large edge losses, edge electron Landau damping, and collisional ab-
sorption. Each of these categories has a different effect on the plasma,
and possibly can be separated from one another. These characteris-
tics can be used to isolate a cause or set of causes behind the loss of
current drive in Alcator C-Mod diverted, high density plasmas.

In this chapter, the efficiency of LHCD is defined. Various current
drive loss mechanisms are discussed theoretically with previous ob-
servations on other tokamaks. Finally, the observed current drive loss
on Alcator C-Mod is described detailing evidence and attributes of
the LHCD density limit. These other results are the foundation for
the experimentation of this thesis.
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18 overview of current drive loss in tokamaks

anomalous loss of lhcd efficiency

Expected current drive efficiency

Pioneering work by Fisch[2] laid the framework for generating cur-
rent through asymmetric Landau damping in plasmas. The imparted
energy from radiofrequency waves affects the population in one di-
rection. This causes a shift in the first moment of the distribution
function leading to a current. Generally this current is formed with
the electrons due to their higher mobility.

Further work by Fisch and Boozer[3] found that the current is gen-
erated due to two distinct phenomena. First, the waves can directly
impart momentum to the electrons. A second and more dominant ef-
fect derives from the asymmetric modification in resistivity caused by
the higher electron energies. As a consequence, methods of heating
which impart momentum perpendicular to the magnetic field (such
as electron cyclotron radiofrequency heating) can also generate cur-
rent. The current drive efficiency depends on the method of heating
and energy of electrons which absorb the radiofrequency power.

Current drive efficiency is defined as the normalized current den-
sity generated for a given volumetric deposited power ( j

Pd
). It is nor-

malized to the electron thermal current emevth and the collisional
power loss νmev2

th/2. The deposited power counteracts the slowing
down and momentum destruction caused by collisions and can be
modeled by a collision frequency ν. In the high energy limit, the
Fokker-Planck collision operator yields a slowing-down and pitch an-
gle scattering collision frequency ν which can be used to derive j

Pd
.

ν =
ν0(5 + Zi)

2v3 (1.1)

Where Zi is the ion charge, and v is the electron velocity and ν0 is
defined in the following equation.

ν0 =
n0e4 ln Λ
4πε2

0m2
e

(1.2)

The expected current drive efficiency can be derived for current
carrying particles at two velocities. The evolution of the current for
a kick in energy from state 1 to 2 is given by ∆E = (E2 − E1)δ f .
The current in the direction ŝ evolves from the difference in the col-
lision frequency for a change in the distribution function δ f where
J = qδ f ŝ · (~v2e−ν2t − ~v1e−ν1t). When the kick in energy is evaluated
over time ∆t, the power deposited is generated Pd = ∆E/∆t. The
average current for time ∆t is shown in equation 1.3 for long times
as the current decays more slowly for higher velocity electrons. This
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equation and the definition for Pd and ∆E yield the current efficiency
for moving a charged particle from E1 to E2 given in equation 1.4.

〈j〉 = ŝ · qδ f
∆t

(
~v2

ν2
− ~v1

ν1
) (1.3)

〈j〉
Pd

= ŝ · q~v2/ν2 −~v1/ν1

E2 − E1
(1.4)

When taken to the limit of v1 ∼ v2 the differences can be converted
into gradients in velocity and energy. The definition given in equation
1.1 is combined with several normalizations to give the normalized
current drive efficiency in equation 1.5. The previously defined nor-
malizations for j

Pd
are applied and the velocity is normalized to the

thermal velocity ~u = ~v/vth with w = ŝ · ~u.

j
Pd

=
4

5 + Zi

ŝ · ∇(wu3)

ŝ · ∇u2 (1.5)

This equation is derived more rigorously using Langevin equations
in Fisch, 1987[4]. While the derivation of j/Pd is not straightforward,
several simple characteristics can be derived. First, the current drive
efficiency increases significantly with higher electron energies due to
the reduced effect of collisions. Current drive is also more efficient
for deposited power which increases electron energy parallel to the
desired direction of current ŝ. Third, the current drive is inversely
dependent on ν0 (which has been included in the Pd term through the
normalization). As a consequence, the current drive efficiency scales
inversely with density.

Lower Hybrid current drive (LHCD) is the most efficient method
for generating non-inductive current due to its damping characteris-
tics. The electrostatic wave damps on high energy electrons parallel to
the magnetic-field and plasma current. The launched n‖ (n‖ = ck‖/ω)
evolves to higher values in the Alcator C-Mod tokamak[5] (known
as upshift). These waves are then are absorbed effectively on elec-
trons which satisfy the phase velocity matching criterion by Lan-
dau damping. Future tokamaks will have sufficiently high electron
temperatures that negligible wave upshifts are necessary for signifi-
cant damping. However, lower n‖ values correlate with higher energy
electrons and greater current drive efficiency. For Landau damping
on Maxwellian electron velocity distributions, the rule-of-thumb is
nparallel ≈ c/3vth. The diffusion of electrons in energy space leads
to a plateau of electrons in one direction which carries the current.
Higher launched n‖ are generally absorbed at lower velocities and
lower temperatures.
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Figure 1.1: The JT-60 scaling of current drive
efficiency with core temperature matches results
from a number of diverted tokamaks. This plot
was taken from the ITER physics basis[12],
which shows efficient current drive is possible on
ITER. The significant reduction in current drive
on Alcator C-Mod correlated with n̄e and is
matched with an approximate 50% change in
〈Te〉. The change in current drive efficiency on
Alcator C-Mod is more extreme than what the
JT-60 scaling predicts.
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In practice a figure of merit different from j/Pd is used as an un-
biased comparison between various current drive sources. For toka-
maks, it is the average current density for a given power per particle
defined as η20[6, 7]. The average current density j can be generated by
dividing the plasma current by the cross sectional area of the plasma
A.

j =
Ip

A
(1.6)

The power per particle is roughly the power per electron. This as-
sumes that the density profile is flat, and can be represented by the
line-averaged density n̄e.

P
Vne

=
P

2πRAn̄e
(1.7)

Using these equations, η20 can be defined.

η20 =
Ip/A

P/Vne
≈ Rn̄e Ip

P
(1.8)

η20 has units of A m−2 W−1, with the density in units of 1020 m−3.
These values are typically near .1-.4 for LHCD systems, and < .1 for
other methods of current drive[6, 7]. Previous results from Alcator
C-Mod found η20 to be approximately .25[8]. This matches results
from various tokamaks [9] and fits with expectations derived from
computer modeling[10, 11].
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The ‘JT-60 scaling’[13] of η20 finds that several tokamak LHCD effi-
ciencies correlate strongly with the average core electron temperature
〈Te〉. The LHCD efficiency was found to be in the range of .1-.4 η20

in these diverted tokamaks. However, this trend highlights a tempera-
ture dependence of the current drive efficiency. If absorption occurs at
higher Te, LHCD will increase the energy of higher energy electrons
and the bulk electrons will be less collisional. These less collisional
electrons are more efficient in sustaining current.

The Te and ne dependence of current drive efficiency indicates
a covariance of plasma parameters in global LHCD efficiency. For
the same input power and plasma equilibrium (i.e shape, magnetic
field and plasma current), the stored energy stays relatively constant.
Higher core densities are balanced by reduced core temperatures.
Experimental trends of LHCD efficiency versus the plasma density
masks a temperature dependence that exists.

A more useful metric for understanding current drive efficiency
of LHCD which includes this Te dependence can be derived from
j/Pd. Instead of finding the current density related to the power per
particle, the current density and input power are normalized to the
thermal conditions of the plasma defined as j̃/Pd. The normalized cur-
rent, j̃ = Ip/(enevth A), is the current density divided by the thermal
current, and Pd = P/(2πRAnemev2

thν†) is the normalized deposited
power. ν† is defined as equal to ν(vth/v)3 where ν is given in equa-
tion 1.1 and yields the (5 + Ze f f ) of the JT-60 scaling. This metric
is similar to what is derived in a report by Tonon[14] and in thesis
work by Wallace[15]. It suggests the JT-60 scaling is a consequence
of improved current drive due to changing thermal conditions in the
plasma.

j̃
Pd

=
Ip/(enevth A)

P/(2πRAnemev2
thν†)

=
mevthν†

e
2πRIP

P
≈ ne IpR

PTe
∝

η20

Te
(1.9)

Metrics for current drive efficiency highlight the importance of core
plasma conditions and the radiofrequency wave characteristics. The
plasma temperature and density can greatly impact the current drive
efficiency through changes in collisionality and damping. The direc-
tion and energy of the affected electrons strongly dictate the efficiency.
LHCD generates current through wave absorption by high energy
electrons in the direction of the current. As a consequence, it is the
most efficient method of current drive and is likely to be used in fu-
ture steady-state tokamaks and fusion power plants like ARC[16] and
ARIES-AT[17].
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Overview of paths to LH efficiency loss

The generation of current through Landau damping requires multi-
ple steps from launching to absorption. At each step, deviation from
the expected will cause unexpected changes in the current drive. In
many cases it can reduce the driven current and causes a reduction in
the LHCD efficiency. Improved understanding of the missing physics
leads to better implementations of LHCD and greater confidence in
its extrapolation to future tokamaks.

Launched LHCD power models on Alcator C-Mod usually cou-
ple full-wave[18, 19] or ray-tracing codes[20, 21, 22] with Fokker-
Planck[23, 24] solvers to determine the damping and propagation of
LHRF waves. These codes model the wave propagation which leads
to the necessary n‖ upshift for electron Landau damping in the mod-
est Te cores of present experiments, such as ohmically heated Alca-
tor C-Mod shots. An example of ray propagation is shown in fig-
ure 1.2. This complicated ray traversal through the Alcator C-Mod
plasma highlights several conditions which may be improperly esti-
mated. Incorrect estimates of propagation and absorption can reduce
the LHCD efficiency outside the expected dependencies described in
the previous section.

First, the propagation of waves or diffusion of particles may differ
from what is expected. When LHRF waves create significant current
near the edge it can be lost to the scrape-off-layer (SOL). Fullwave
effects can cause significant upshifts in the wave n‖ leading to un-
expected changes in its spectrum. These both indicate that loss of
current near the edge can occur due to misinterpreted upshifts and
radial absorption profiles.

Second, nonlinear effects in the edge can significantly upshift the
LHRF wave n‖. Unexpected increases in n‖ to 15 or greater can lead to
electron Landau damping at the edge. Mechanisms such as scattering
from density fluctuations or parametric decay instabilities (PDI) can
upshift the LHRF waves over short distances. This edge damping can
reduce the current thereby reducing LHCD efficiency.

Third, the inclusion of friction may lead to significant edge absorp-
tion. The cold tokamak SOL plasma separates the core plasma from
the wall and is used in diverted plasmas to control power exhaust.
Electromagnetic and electrostatic waves which propagate through very
collisional plasma regions can be frictionally absorbed by the plasma
response to the wave electric field. The high magnetic fields and high-
densities of Alcator C-Mod have very collisional divertor plasmas
which could absorb LHRF wave power.

Each of the three described categories will exhibit distinct effects in
tokamak plasmas, with each illustrated in figure 1.3. Collisional ab-
sorption will be observed in the divertor with thermal changes in the
plasma. Edge losses will be nonthermal in nature, indicated by fast-
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Figure 1.2: An example GENRAY/CQL3D model
generated by Dr. Syun’ichi Shiraiwa is shown. It
models the Lower Hybrid ray propagation in an
upper-single-null discharge on Alcator C-Mod
with a realistic SOL and collisional absorption.
The ray energy is given by the colorbar
underneath as a fraction of the initial energy. The
last closed flux surface (LCFS) is in gray, and the
vacuum vessel and limiters are in black. The
collisionality of the plasma is also colored, with
the scrape-off-layer (SOL) being the most
collisional. The Lower Hybrid waves traverse
through the edge and core several times before
being absorbed. In this case, significant power
can be lost via collisions in the cold SOL plasma.
The complicated propagation and absorption of
LHRF waves on Alcator C-Mod can lead to
unexpected changes in the current drive
efficiency.
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electrons in the SOL. Large n‖ upshifts from nonlinear effects like PDI
or density fluctuations will create epithermal electron populations in
the edge and SOL. These effects (i.e edge electron Landau damping,
edge nonthermal electron losses, and collisional absorption) implicate
the edge as important in the loss of current drive efficiency.

This thesis attempts to recover and characterize the impact of these
three effects in the edge plasma of Alcator C-Mod. In the following
section, several example mechanisms implicated on C-Mod are dis-
cussed in detail. Characterizing each of these possible changes in the
LHRF wave improves the understanding of wave propagation and
damping which then can be used for designing LHCD systems for
future steady-state tokamaks.
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Figure 1.3: Unexpected current drive loss can be
characterized into three categories. Three example
rays come from the LHCD antenna on right and
propagate into the plasma with the separatrix shown
in red. The blue ray from the LHCD launcher shows
a difference in ray propagation and absorption
indicated in a. These effects can cause nonthermal
populations in the edge. The ray in purple indicates
nonlinear effects changing in the wave~k. This can
lead to high n‖ damping at the edge indicated by b.
The wave can be frictionally absorbed by collisions
indicated by the ray traveling into the cold,
collisional divertor at c. Several mechanisms cause
the same effect on the plasma and can be
categorized together.

a

c
b

theoretical loss mechanisms and experimental obser-
vations

Collisional Absorption/Inverse Bremsstrahlung

Inverse bremsstrahlung describes the process of electromagnetic ra-
diation energy absorption by charged particle collisions; it represents
a possible cause of LHCD efficiency loss. The collisional absorption
of power is a parasitic mechanism, reducing the available power driv-
ing current. Inverse bremsstrahlung for wave absorption has been
used to great effect in inertial confinement fusion and laser plasmas
due to their high plasma densities. Their applicability to lower den-
sity tokamak plasmas have been discussed theoretically by Catto and
Myra[25].
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The simplest model for collisional absorption begins by adding a
frictional term to the classical electron force balance. The new electron-
ion collision friction force is added with the oscillatory electromag-
netic terms, shown in equation 1.10

me
d~v
dt

= ∑
i

Fi −meνei~v (1.10)

Using a Fourier representation of the electron motion ( d
dt → iω),

the standard cold plasma dispersion relation can derive the effects of
friction. This can be simply derived by converting the electron mass
into a complex representation (m∗e = me(1− i νei

ω )). The use of νei in the
force balance is representative of the frictional effects between ions
and electrons. This absorption mechanism will be observed thermally
across the electron distribution function due to the v−3 dependence
of electron-ion collisions.

A phase-space derivation of collisional absorption [26, 27] has been
accomplished for electrostatic plasma oscillations induced by radia-
tion. These derivations are in the ‘weak-field’ limit, shown by equa-
tion 1.11. It relates the average energy of an electron due to the oscil-
lation to the average thermal energy of an electron. The increase in
energy due to the electric field can change the collisional properties
of the plasma, thereby making the absorption nonlinearly dependent
on the electric field. This is analogous to BGK modes or ponderomo-
tive forces, where the electric field can cause nonlinear effects in the
plasma response. The relation of the electron kinetic energy induced
by the wave to the plasma energy is key in determining the effect
of collisional absorption. The electron kinetic energy is dependent on
the peak electric field E0, wave frequency ω, and is shown in equation
1.11.

3
2

Te >
e2E2

o
2ω2me

(1.11)

Collisional absorption of LHRF waves in Alcator C-Mod is dis-
tinctly in the weak-field limit. For conditions in the Alcator C-Mod
divertor with the LHRF (Te ∼ 10eV) at 4.6GHz, the electric field must
exceed 1013 V/m to be in the strong-field limit. Except in circum-
stances with caustics, the peak electric field is roughly the electric
field just in front of the launcher. The peak electric field observed at
the front of the grill was ∼ 105 to ∼ 107 V/m[28]. The plasma changes
from collisional absorption will be thermal in nature.

In addition, other nonlinear effects can impact the strength of colli-
sional absorption. Tokamak plasmas are weakly coupled preventing
the need of extensive advanced quantum-mechanical analysis neces-
sary in high density laser plasmas[29]. In Alcator C-Mod the absorp-
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tion of power in the weak-field electrostatic limit is given in equation
1.12. k I is the imaginary part of the dispersion relation, representing
the spatial coefficient for energy absorption.

k I =
Z2nenie6 ln Λ

3cω2(2π5)1/2(meTe)3/2(1−ω2
p/ω2)1/2 (1.12)

However, this collisional absorption derivation neglects the three-
dimensional birefringent qualities of magnetized plasma near Lower
Hybrid wave frequencies. Instead the calculation of kim is numeri-
cally evaluated in ray-tracing or full-wave codes using the complex
electron mass m∗e during propagation. The dependence of absorption
on ne and Te means that collisions become more important in regions
where the cold plasma dispersion relation sufficiently describes wave
dynamics. Due to the weak-field limit, νei is determined from electron-
ion momentum collision frequency defined in equation 1.13 [30]. In
the weak-field limit νei is unaffected by the oscillating field, but is
instead modified by the deposited power absorbed through the colli-
sions.

νei =
21/2Ze f f nee4 ln Λ

16ε2
0m1/2

e T3/2
e

(1.13)

Trends in LHRF wave absorption by collisions can be derived from
the cold plasma dispersion relation using the complex electron mass.
A quadratic equation with respect to n2

⊥ can be generated from the
cold plasma dispersion relation, as shown in equation 1.14 defined
with the standard representation of S,P and D.

0 = An4
⊥ + Bn2

⊥ + C (1.14)

A = S

B = (n2
‖ − S)(P + S) + D2

C = P((n2
‖ − S)2 − D2)

For the Lower Hybrid slow wave assuming B2 � 4AC, n2
⊥ can be

simply defined. This ordering for LHRF waves assumes ωci � ω �
ωce, where P > D � S ∼ 1.

n2
⊥ ≈

−P(n2
‖ − S)− D2

S
= QR + iQI (1.15)

The right hand side of the equation is complex due to the complex

electron mass. In the case for LHRF waves, P ∼ −ω∗2pe

ω2 = − ω2
pe

ν2+ω2 (1 + i ν
ω )



www.manaraa.com

1.2 theoretical loss mechanisms and experimental observations 27

Figure 1.4: The absorption of LHRF
waves by electron-ion friction can be
analytically determined for Alcator
C-Mod parameters. k⊥I is determined
from the full cold-plasma dispersion
relation for slow LHRF waves with
contours in blue. The contours are for
4.6GHz waves at 5.4T with an n‖ of 3

which replicates C-Mod LHRF
parameters. The contours have units
in m−1 with typical Alcator C-Mod
divertor k⊥I values approaching 102

m−1. A simplified expression for
absorption given by equation 1.18

reproduces similar values as the full
dispersion relation and is shown in
red. It is only near the mode
conversion layer that large differences
develop. Inaccessible plasma
conditions are shown in gray.
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and D ∼ − ω∗2pe
ωω∗ce

. For LHRF waves, P is complex and D is purely real.
Thus n⊥ = n⊥,R + in⊥,I , which can be solved using the following
relation assuming a physically relevant solution.

n⊥,I = −
1√
2

√√
Q2

R + Q2
I −QR (1.16)

Using the defined P,D and S for the LHRF wave, the new disper-
sion relation with complex components is given in equation 1.17

n2
⊥ = ω2

pe
( n2
‖ − 1

ν2 + ω2 −
ω2

pe

ω2
ceω

2

)
+ i

ν

ω

ω2
pe(n2

‖ − 1)

ν2 + ω2 (1.17)

n⊥ is approximately proportional to Q1/2
I and weakly proportional

to Q1/2
R . Both QR and QI roughly maximize n⊥,I when ν = ω. For

ne = 1 · 1020 m−3 and Te = 10 eV ν/ω is of order 10−3. Further
simplifications can be used for C-Mod conditions where ν� ω which
leads to QI � QR.

n⊥,I ≈ −
1
2

∣∣ QI√
QR

∣∣ = −νωpe

2ω2

√√√√√∣∣∣ n2
‖ − 1

1− ω2
pe

ω2
ce(n2

‖−1)

∣∣∣ ≈ −νωpen‖
2ω2 (1.18)

This simplification is accurate for most Alcator C-Mod divertor con-
ditions shown in figure 1.4. Only near the mode conversion layer
does this simplified expression diverge from values given in the cold-
plasma dispersion relation. The absorption is roughly proportional
to (ne/Te)3/2 which is highest in the active divertor SOL plasma. The
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dependence on n‖ and ω indicates that launching lower n‖ at higher
frequencies can reduce the collisional absorption.

In the regime where ν/ω � 1 the length scale of LHRF wave
absorption k⊥,I is inversely proportional to the launched frequency
and scales with the collision frequency. High SOL collisionality in C-
Mod plasmas could lead to significant edge absorption. This parasitic
mechanism absorbs thermally in the distribution and can decrease the
efficiency of current drive. It should be observed on Alcator C-Mod
at the most collisional regions of the plasma causing thermal changes
to the boundary.

Parametric decay instabilities (PDI)

Parametric decay instabilities (PDI) can change the n‖ of LHRF waves
leading to substantial electron Landau damping in the edge[31]. This
complicated and nonlinear phenomenon has been observed a range
of LHCD experiments and is known to cause significant current drive
loss. Parametric indicates a wave interaction driven by a time-dependent
parameter usually of a different frequency. The time-dependent pa-
rameter is often an oscillation known as the pump. In this case, the
pump is the original LHRF wave at 4.6 GHz in Alcator C-Mod. De-
cay Instability indicates that a set of lower frequency waves are driven
by the pump. The output waves (or daughter waves) are a scattered
electromagnetic wave (otherwise known as the sideband) and an elec-
trostatic wave[32]. PDI for LHRF waves arises from the frequency-
dependent ponderomotive force which can drive oscillations at other
frequencies. Ponderomotive effects imply that PDI is inherently a
function of the local LHRF power density.

Two different PDI modes are known to occur in tokamak plasmas.
First is the decay of the Lower hybrid wave via the ion-sound quasi-
mode, and the other is decay via the ion-cyclotron quasi-mode. A
Quasi-mode is a plasma mode which can only occur in cases of non-
linear drive. Each of these modes cause different frequency daughter
waves to be generated with respect to the LHRF wave. In any case, all
parametric decay instabilities are required to meet the three-wave fre-
quency and wave vector conditions given in equations 1.19 and 1.20.
ω0 is the original Lower Hybrid wave, ω2 is the quasi-mode, and ω1

is the downshifted LHRF wave.

ω0 = ω1 + ω2 (1.19)

~k0 =~k1 ±~k2 (1.20)



www.manaraa.com

1.2 theoretical loss mechanisms and experimental observations 29

The flow of power can be derived from the Manley-Rowe relations,
with the low frequencies of the quasi-modes containing a small frac-
tion of the LHRF power. PDI effectively scatters the LHRF wave with
a subtle reduction in the frequency.

The ion-sound quasi-mode has a frequency ω1 ≈ k‖vth,i, typically
on the order of MHz. It develops from the interaction of LHRF waves
with ion-acoustic modes. This loss mechanism has been suspected to
cause significant LHCD losses on FT and FTU[33, 34] and was re-
sponsible for frequency broadening on Alcator A[35] and C[31]. The-
oretical work suggests that these ion-sound modes are suppressed by
collisional absorption in the edge[36].

Ion-cylcotron quasi-modes have frequencies which are harmonics
of the local ion cyclotron frequency ωci. PDI creates sidebands that
are offset from the Alcator C-Mod LHRF frequency by 10’s of MHz,
depending on the major radius. Downshifted electromagnetic waves
generated from ion-cyclotron quasi-modes have been observed on Al-
cator C-Mod at the low field side and the high field side[37, 38, 39].
Some losses in LHRF power must occur due to this effect.

Growth rates γ of these modes can be determined from their re-
spective dispersion relations and has been derived for both expected
quasi-modes[40]. The linearized parametric dispersion relation takes
the general form given in equation 1.21, where upshifted sideband
contribution has been neglected.

εε1 +
(1 + χi)χe

4
(µ−)2 = 0 (1.21)

A far more complete derivation is available by several sources, with
a very accessible derivation by Baek[41]. χe is the electron suscepti-
bility, and χi is the ion susceptibility, where ε = 1 + χe + χi is the
dielectric function for low frequency ion modes. ε1 is the LHRF side-
band dielectric function. µ− is the coupling coefficient which takes
the form in equation 1.22.

(µ−)2 ≈ e2k2

m2k2
1

( [(~E0⊥ ×~k1⊥) · B̂]2
ω2

ceω
2
0

+
k2

1‖E
2
0‖

ω4
0

)
(1.22)

The two terms inside the bracket are the perpendicular and parallel
coupling terms. Each of the terms are dependent on the plasma and
wave attributes, leading to differences in the coupling. The perpen-
dicular and parallel coupling terms determine the growth rate and
character of the sidebands, which is key for determining the edge
damping of LHRF in Alcator C-Mod.

While these modes are absorbed via Landau damping they inten-
sify through a process known as convective growth. The convective
growth is limited by geometrical constraints of the growth region, and
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Figure 1.5: The convective growth region is larger
for the parallel coupling of LHRF waves. The top
illustration represents the limited perpendicular
growth region defined by the size of the launching
grill ∆~x in the Ẑ direction. The resonance cones are
represented by the shaded regions for ~vg,pump in
blue and ~vg,sideband in green, with propagation
primarily in the parallel direction φ̂. This allows for
larger regions of growth for parallel coupled PDI,
highlighted by the illustration on bottom. The
cylindrical coordinate system uses typical tokamak
conventions of R, φ, Z. The growth of PDI requires
knowing the three dimensional structure of ~E, ne, Te

and~k and thus is difficult to experimentally
characterize and theoretically model.
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is related to the perpendicular and parallel coupling and differences
in the wave’s group velocities. These geometrical constraints lead to
parallel PDI coupling to have larger regions of growth. PDI can only
increase in magnitude for quasi-modes in the presence of the pump
wave. The pump LHRF wave is generally limited to the resonance
cones with a large toroidal (parallel) extent, meaning that a finite spa-
tial extent exists for the growth of PDI given by ∆~x. The scattered
sideband grows in this region and convects outward due to the differ-
ence in ~vg, while the lower frequency quasi-mode is quickly damped.
Differences in ∆~x for LHRF waves in tokamaks lead to a preferential
coupling and is highlighted in figure 1.5. Work by Baek[41] finds that
the spatial extent allowable for PDI convective growth occurs due to
parallel coupling. The time available for a sideband to grow (∼ e∆tγ)
depends on the geometric limitations ∆~x and the sideband group ve-
locity ~vg. This relation is given in equation 1.23.

∆t =
|∆~x|
|~x ·~vg|

(1.23)

Models of PDI have maximum growth rates near the LCFS[39] on
Alcator C-Mod and is reproduced in figure 1.6. A large sideband cor-
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Figure 1.6: Ion cyclotron quasi-mode
PDI growth rate (γ/ωci) is highest
near the LCFS for perpendicular
coupling in red. This predicted
dependence assumes f0 = 4.6GHz,
n‖ = 2 with an output n‖ = 7 for
PLHRF = 100kW. This figure is taken
from Baek[39, 41]. The dominant
ion-cyclotron quasi-mode harmonic is
given in black ω/ωci. These values are
derived from midplane density and
temperature profiles ofa high density
USN edge plasma.
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related with the reduction in current drive is observed on Alcator C-
Mod [38] near the LHRF frequency reduced by the fundamental ion
cyclotron frequency. Other higher ion cyclotron harmonics are also
observed with similar characteristics, at lower powers than the funda-
mental sideband. Models have a maximum PDI growth rate near n‖
of 30 for the 3rd ion-cyclotron harmonic, this n‖ damps in plasmas
with at least 90 eV electron temperatures. These results indicate that
PDI can cause strong absorption of LHRF power in the edge plasma
through electron Landau damping.

Significant electron Landau damping in the edge plasma can be
observed as epithermal or high energy electrons depending on the
scattered n‖. While evidence exists for PDI on Alcator C-Mod, its
quantitative importance in causing the loss of current drive can be
determined by the location, magnitude, and nature of the associated
Landau damping. Measurements of the edge n‖ have been made for
certain ranges on Alcator C-Mod [42]. However, this nonlinear effect
is a function of many parameters such as the LHRF electric field,
the input n‖, the daughter n‖, the plasma conditions and the phys-
ical geometry. Each of these parameters are independently difficult
to determine on Alcator C-Mod, making modeling of PDI-induced
absorption extremely difficult.

PDI damping in Alcator C-Mod depends on the generated n‖. High
n‖ waves (n‖ > 30) generated by PDI damp immediately in the edge
creating epithermal electrons in the SOL. n‖ waves between 17 and
30 will create epithermal electrons just inside the separatrix. Low n‖
waves will continue to propagate similarly to the launched waves
through the core. Without fully characterizing the three-dimensional
electric field structure of the LHRF wave, the input n‖ and the back-
ground plasma conditions, it is difficult to determine the expected
effect on the edge.
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Density fluctuation scattering

Plasma density strongly influences the propagation of electromag-
netic waves in plasmas. Fluctuations in density can greatly affect the
nearly electrostatic nature of LHRF waves in Alcator C-Mod, leading
to unexpected deviation in the ray trajectories through the plasma.
Density fluctuations can be included into the cold plasma dispersion
relation by replacing n with n + δn. A new cold plasma dispersion
relation for electromagnetic waves which separates the fluctuation δn
term was described by Bonoli and Ott[43] and is shown in equation
1.24. The change in the propagation due to fluctuations is dependent
on the magnitude of the fluctuation δn/n and its coherence[44]. ε is
the cold-plasma dielectric tensor using a Fourier representation of ~E
with wavenumber~k and oscillation angular frequency ω.

D · ~Ek =~k×~k× ~Ek −
ω2

c2 ε · ~Ek = −
ω

c2 ∑
k′

δn~k−~k′
n

(ε− I) · ~Ek′ (1.24)

Mode coupling between the fluctuation and wave can be derived
by first defining a direction ê∗k where ê∗k · D · ~Ek = 0 and then by ex-
panding D to yield a complex portion where D ≈ D + i ∂D

∂ω
∂
∂t . The

expansion assumes that the electric field changes in time slowly with
respect to the LHRF frequency ωk � i∂/∂t. The mode coupling equa-
tion for waves with density perturbations is described in equations

1.25, 1.26, and 1.27, where C(~k) =
√

u(~k) and M = c2/(2ωk)
∂D
∂ω .

u(~k) =
ωk

8π
ê∗k ·

∂D
∂ω
· ~Ek|~Ek| (1.25)

i
∂

∂t
C(~k) = ∑

k′
V(~k,~k′, ωk)

δn~k−~k′
n

C(~k′) (1.26)

V(~k,~k′, ωk) = −
(ωk

2

√
|~Ek|
|~Ek′ |

) ê∗k · (ε− I) · ~Ek′√
ê∗k ·M · ~Ek

√
ê∗k′ ·M · ~Ek′

(1.27)

These complicated equations can be evaluated using a wave cou-
pling code with known forms of δn/n. In tokamaks, the long parallel
distance of δn/n fluctuations only change ~k of LHRF waves perpen-
dicular to the magnetic field thereby preserving the n‖ value. The low
frequencies of the density perturbations (∼ 1MHz) also minimally
change ω. The LHRF wave interaction with density perturbations on
tokamaks is defined as perpendicular scattering due to the preserva-
tion of ω and k‖. Equation 1.27 defines the coupling coefficient V,
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which can be used to determine the probability for wave scattering
for a given time[45].

The scattering can lead to changes in direction and magnitude of
k⊥. These effects tends to broaden of the radial wave damping pro-
file on Alcator C-Mod as determined by modeling[46]. Different k⊥
values can lead to a randomization of the wave propagation and has
been theorized to fill the spectral gap[5]. Further propagation after
scattering is required to evolve n‖ for absorption. A reduction in cur-
rent drive efficiency can occur if the evolution of n‖ leads to signifi-
cant damping in the edge.

The change in k⊥ is converted into a change in k‖ through the mag-
netic shear and through toroidicity effects. This will lead to a different
absorption location which may occur in a region where the absorp-
tion leads to edge losses, high n‖ edge damping or collisional absorp-
tion. Work by Bertelli[46] found that scattering effects do not enhance
the level of collisional absorption in Alcator C-Mod. The conversion
of the scattered waves to high enough n‖ values for edge damping
require scattering in cooler regions. This must occur in the SOL for
edge absorption as the high core temperatures (Te > 1 keV) in Alcator
C-Mod will readily absorb high n‖ waves. The change in n‖ can also
lead to damping nearer to the edge, where fast electrons may diffuse
out of the plasma. The loss of current drive due to density fluctua-
tion scattering can be observed in each of the distinct observable loss
categories with various likelihoods, as edge loss of fast electrons, as
epithermal electrons in the SOL, and thermal changes in the SOL.

Fast electron edge loss

The passing fast electrons generated by LHRF follow the functionally
endless field lines constrained to the plasma flux surfaces. The elec-
trons forward momentum and associated current is dissipated via
collisions and is balanced by the applied LHRF power which main-
tains the plateau in velocity space and the generated plasma current.
In the case that electrons diffuse onto field lines of finite length, their
momentum can be absorbed instead by solid surfaces.

The effect of fast-electron edge losses on current drive efficiency
were initially derived by Luckhardt [47]. The derived model assumes
that the loss of fast electrons in phase space is dictated by a character-
istic time τD known as the fast electron confinement time. The change
in the distribution function due to edge losses are defined in equation
1.28.

∂ f1

∂t

∣∣∣
loss

= − f1

τD(u, w)
(1.28)
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The influence of this additional loss term in the current drive effi-
ciency is shown in equation 1.29. This equation uses the same repre-
sentations and normalizations described in equation 1.5. When taken
to the limit of τD ≈ ∞, the solution given in equation 1.5 is recovered.

J
Pd

=
4

ŝ · ∇u2 ŝ · ∇
( w

u2+zi

∫ u

0
u′4+zi e2

∫ u′
u u′′2/τDdu′′du′

)
(1.29)

The exponential integral with τD serves to reduce the current drive
efficiency when compared to the ideal case. Lower confinement times
correspond to reduced efficiency, and becomes increasingly impor-
tant with the longer slowing-down times.

Calculating the value of τD is extremely difficult in practice. Similar
to the calculation of the energy confinement time, the energy confine-
ment of fast electrons can be determined from the ratio of the fast
electron stored energy to the fast electron edge loss power. Both of
these metrics are difficult to characterize, leaving to the experimental
calculation of τD to a small set of cases [48].

In reality the deposition and loss of fast electrons is dependent on
the diffusivity and deposition of LHCD. The radial phase space ef-
fects of diffusivity were derived by Rax and Moreau [49], showing
that the redistribution in phase space by radial effects could also im-
pact efficiency and not just edge losses. Proper modeling of LHCD in
tokamak plasmas requires evaluating the radial profile of deposition
with diffusion [50, 51].

The edge loss of fast electrons has been experimentally observed on
JT-60U by Ushigusa [52]. Increases in edge X-ray emission from the
strike point correlated with the application of LHCD in low density
plasmas. A rise in the conducted heat on the divertor was found to
contain ∼ 10% of the LHRF power as measured by IR thermography.
This edge loss decreases with increasing density and increasing n‖.

Similar effects were observed on the WT-3 tokamak[53], but in a
majority of larger devices such effects are minimal. Calculation of
τD on ASDEX found edge loss to be an insignificant effect[48]. Most
experiments focused on deriving the anomalous diffusivity D for ra-
dial modeling purposes [54, 55, 56, 57]. In most cases, edge loss is
expected to inversely scale with the machine size as τD ∝ a2/D.

If the deposition of LHRF occurs in an unexpected location such as
near the periphery, the distance needed to diffuse out of the tokamak
becomes short. It becomes increasingly likely that edge losses occur
and with shorter fast-electron confinement times. This loss should be
observed as a large flux of fast electrons in the edge, leading to a large
amount of thick-target bremsstrahlung. This bremsstrahlung source
should become increasingly dominant with the loss of current drive.
The effects of edge fast electron diffusion are analyzed in chapter
5. The impact of edge fast electrons on the SOL and first wall are
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discussed and a relation of D to τD is evaluated. Finally, the impact
of edge fast electron loss for C-Mod and other machines is evaluated.

Fullwave effects

Fullwave modeling of LHRF wave propagation in Alcator C-Mod cap-
tures diffraction, interference and focusing effects that are otherwise
lost in ray tracing models. These are referred to as ‘fullwave effects’
and can affect the damping characteristics of LHRF wave power. Pre-
vious work[58] has implicated strong upshifts and spectral broaden-
ing after wall reflection for causing the reduction in efficiency. The
strong upshift from wall reflection generates minimal current due to
significant electron Landau damping in the edge plasma.

It is theorized that the broadening and upshift in n‖ caused by
the reflection cannot form the necessary plateau in the electron dis-
tribution function. This lack of a ‘tail’ begins with the low velocity
electrons which absorb the LHRF power. The LHRF power density
is insufficient in overcoming the collisional nature of these electrons.
The power is thermalized or lost to the edge before a plateau can be
formed, generating a minimal amount of current.

Results from Meneghini[58] suggest significant damping for .8 <

ρ < .9 (Figures 7-6 and 7-14) on Alcator C-Mod, with significant
power unable to form a tail. This mechanism should be observed with
an increased electron temperature near the edge plasma (for > .8ρ)
and an epithermal or fast-electron population in the SOL. However,
the fullwave analysis did not have sufficient resolution to calculate
the spectral content for n‖ > 15, preventing the calculation of electron
Landau damping in the SOL and immediate edge. As a consequence,
it is unknown what fullwave effects may cause in this region.

efficiency loss on alcator c-mod

Divertor dependence of current drive efficiency

A large difference in current drive efficiency with plasma topology is
observed on Alcator C-Mod. Previous research on Alcator C and C-
Mod found limited discharges had significant current drive at reactor
relevant densities ne > 1 · 1020m−3. However, the addition of an X-
point and divertor to the plasma correlates with a substantial decrease
in the current drive efficiency.

First found by Wallace [59, 60], it has since prevented the use of
LHCD for line-averaged plasma densities (n̄e) greater than∼ 1 · 1020m−3.
These density conditions are normal to H-modes[61] and I-modes[62]
on Alcator C-Mod, greatly limiting its applicability to these high-
performance plasmas. While LHRF power has been applied to H-
modes and I-modes, it is inconclusive if any current is driven. Mea-
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Figure 1.7: Similar 5.4T, 800kA discharges with similar densities and applied LHRF powers exhibit significantly
different fast electron populations. On left are the two plasma equilibria, with the LCFS color matching the
measurements on right. Measurements of core hard X-ray bremsstrahlung shown on right is used as a proxy for
LHCD-driven fast electron population. Inner Wall Limited (IWL) discharges have orders of magnitude greater X-ray
emission than diverted discharges. Current drive for 800kA diverted discharges is negligible above 1.4 · 1020 m−3,
but is measurable in IWL plasmas. The addition of an X-point correlates with the loss of current drive.

surements of nonthermals (either by nonthermal electron cyclotron
emission or by hard X-ray bremsstrahlung) are influenced by fast
changes in temperature and neutron rates making their results ques-
tionable in high-performance plasmas. Changes in the loop voltage
were also not observed and are strongly dependent on the background
plasma electron temperature. Regardless, the cause of this current
drive loss is vital for future steady state diverted tokamaks and steady-
state fusion power.

In plasmas with low neutron rates, measurements of high-energy
bremsstrahlung as hard X-rays (HXR) are used as a proxy for the
LHCD-driven fast electrons. In similar plasma conditions (i.e simi-
lar densities, magnetic fields and plasma currents), diverted plasmas
have a several order of magnitude reduction in HXR count rate com-
pared to inner wall limited plasmas. Reduction in the loop voltage
from LHCD occurs in inner wall limited plasmas at high n̄e, but are
significantly reduced in diverted plasmas. This difference is shown in
figure 1.7.
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Figure 1.8: Exponential trends
nonthermal emission (described in
detail in chapter 3 and 5) indicates a
significant loss of current drive
correlated with n̄e. Nonthermal ECE is
measured by an ECE channel with its
resonance in the far-SOL where ECE
emission is non-opaque and the signal
is thus due to upshifted nonthermal
emission. Both the nonthermal ECE
and HXR bremsstrahlung are used as
a proxy for the nonthermal population
and are normalized to both the LHRF
power and maximum value at low
density. The decay rate is the same for
both nonthermal measurements. This
data is generated from modulated
LHRF power described in chapter 3
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The power placed into plasma no longer absorbs via Landau damp-
ing on the high energy core electron distribution. This unexpected
loss of current drive indicates a significant modification of the plasma
or wave physics caused by the addition of an active X-point and di-
vertor.

Current drive ‘density limit’

LHCD efficiency on Alcator should trend similarly to the JT-60 scal-
ing, as it reflects the scaling of core collisionality in the normalizations
in j/Pd. j/Pd is proportional to 〈Te〉/(5 + Ze f f )〈ne〉. For a constant
core plasma pressure (Te ∝ n−1

e ), the current drive efficiency should
scale as n−2

e . Instead, measurements of nonthermal ECE (described in
chapter 3) and hard X-rays (described in chapter 5) decrease at an ex-
ponential rate. This is shown in figure 1.8, where both measurements
trend ∼ e−6n̄e in diverted 700 kA plasmas.

This strong dependence of the fast electron population and LHCD
efficiency on n̄e is colloquially known as the ‘LHCD density limit’.
A small change in density ∆n̄e ∼ 3 · 1019 m−3 halves the LHCD effi-
ciency and reduces the intensity of nonthermal emission by an order
of magnitude. While some small level of current drive exists for den-
sities ∼ 1.2− 1.5 · 1020 m−3, the LHCD current generally is less than
10% of the total. This small amount of current has little impact on the
core plasma.

The loss of core fast electrons implicates some form of edge absorp-
tion in causing the loss of current drive[59, 60, 63]. Thermoelectric cur-
rents were observed on some Langmuir probe measurements in the
SOL with high density LHRF power. Ion-cyclotron quasi-mode PDI
is observed with the onset of the density limit [37, 38, 39]. Improve-
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ments in H-mode confinement due to changes in the edge plasma
are observed with LHRF power [64, 65]. Without a core population of
fast electrons the impact on other core and edge populations must be
evaluated to determine absorption of LHRF power and the dominant
loss mechanism.

Current drive efficiency versus n‖

The current drive efficiency on Alcator C-Mod has been rigorously
observed to be weakly influenced by the launched n‖[66]. Current
drive on Alcator C-Mod is in the weak-damping regime where the
waves bounce through the periphery of the plasma several times be-
fore damping in the core. The launched n‖ does not impact the scaling
or nature of the observed density limit in diverted discharges. The re-
flection coefficient for the LHRF antenna is a function of launched n‖,
thus the coupled LHRF power is also a function of the n‖. As a result,
this thesis uses the same launched n‖ for all of the experimentation
(n‖ = 1.9).

Ip dependence of current drive efficiency

Figure 1.9: The loss of current drive is
correlated with the plasma current.
This figure, reproduced from Baek[39],
shows that a fast-electron population
is maintained for higher densities at
higher currents in diverted plasmas.
Some improvement in current drive
efficiency is expected with higher core
Te due to the higher Ip. However, the
difference in emission exceeds two
orders of magnitude. Thus, changes in
the SOL due to Ip (such as a shorter
SOL width[67]) are the likely the
cause for the improved efficiency.
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Results by Baek[39] found that the nonthermal emission is a strong
function of the plasma current Ip. At low densities, LHCD efficiency
improves with higher Ip[66] and has also been observed on Tore
Supra[68]. The higher plasma current improves the energy confine-
ment and increases the input ohmic power, each of these effects causes
a higher core Te. However, the improvement with plasma current ex-
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ceeds the expectations of j/Pd given by the JT-60 scaling, suggesting
changes in the edge due to Ip influence the current drive efficiency.

The SOL of tokamaks has characteristic heat flux, density and tem-
perature widths that scale inversely with Ip[67]. The SOL profiles of
temperature and density correlate strongly with the Greenwald frac-
tion n̄e/nG[69]. Higher currents minimize the region that is vastly
different from limit discharges (i.e. smaller SOL widths). Several im-
portant phenomena follow this trend, for instance the appearance of
MARFEs[70] (which are regions of extremely high localized collision-
ality due to a radiation instability) and the empirical Greenwald den-
sity limit[71], which increases as Ip and has been associated with ra-
dial collisional transport near the LCFS. The divertor is influenced by
the narrowing of the heat heat channel and the distance that LHRF
waves travel through the cold plasma edge is reduced.

summary and discussion

A range of possible mechanisms can explain the loss of current drive
observed in diverted Alcator C-Mod discharges. The loss of current
drive is associated with edge effects including measured ion-cyclotron
quasi-mode PDI, thermoelectric currents[59], H-mode quality [64, 65]
and a plasma current dependence[38]. Theoretical losses implicate
changes in the edge plasma in causing the LHCD density limit. How-
ever, many of these mechanisms are hard to quantify with models due
to the complicated three-dimensional nature of LHRF wave propaga-
tion and absorption in tokamak plasmas.

Similarly, direct quantifiable observation of a specific mechanism
is difficult and unlikely. The large number of plausible mechanisms
makes it more advantageous to first reduce this set by elimination.
However this experimental methodology comes at a cost, as it is un-
able to definitively prove a particular mechanism. As was shown in
this chapter, these mechanisms can be categorized into three observ-
able current drive loss effects.

Separating these effects requires finding more characteristics of the
LHCD power at high densities. The additional power into the toka-
mak does not develop a fast-electron plateau and must be observed
in some other population or region of plasma. Calculating the power
balance validates the expectation of edge loss in the loss efficiency.
The effects which derive from the power balance can then be used to
categorize the loss mechanism. This thesis attempts to reduce the set
of possible mechanisms through the use of modulation for power bal-
ance. This work is also characterizes SOL fast-electrons and their rela-
tion to the density limit. The previous evidence and theory discussed
in this chapter is synthesized with new data and analysis. From these
observations, evidence is derived for a most-likely cause to the loss
of current drive.
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2
A L C AT O R C - M O D A N D LY M A N - A L P H A
I N S T R U M E N TAT I O N

Alcator C-Mod and its associated LHCD system are used to test the
physics of Advanced Tokamak scenarios in reactor-relevant plasmas[1].
The high densities and magnetic fields available on Alcator C-Mod
are in the range of parameters expected for high power-density di-
verted plasmas on future devices[2, 3]. LHRF testing on C-Mod is di-
rectly relevant for conditions of a steady-state tokamak fusion power
plant. The physics tested in this thesis are dependent on plasmas uti-
lizing these systems.

The importance of LHRF power edge losses described in the follow-
ing chapters has required further instrumentation. Lyα emission is di-
rectly related to the neutral/plasma interface that exists in the edge
of tokamak plasmas[4]. The physical characteristics of the transition
from the n=2 excited state to the ground state is ideal for localized
measurements of the edge. These measurements can observe changes
occurring to the edge plasma due to edge-deposited LHRF power.

The theory and implementation of pinhole Lyα cameras are de-
scribed. The vacuum ultraviolet (VUV) Lyα light is difficult to mea-
sure as the pinhole system must be under vacuum. VUV pinhole
cameras must also utilize special VUV-capable filters and diode ar-
rays to discern changes in emitted power. These cameras have been
used on a range of tokamaks for tomographic reconstruction of toka-
mak edge fueling[5, 6, 7].

The B-port Lyman-α (BPLY) camera radiometrically measures a
near complete poloidal slice of the plasma using 22 sightlines. It can
discern changes in ionization and recombination local to the main
chamber and divertor. Because it has only one pinhole it cannot be
used for tomographic reconstruction. However it can provide impor-
tant information on the poloidal distribution of edge recycling light,
which is a very close proxy for ionization intensity. Lyalpha measure-
ments have three principal advantages: it is very fast due to the large
intensity of Lyalpha, the minimal reflection from internal surfaces and
the insensitivity of emission to Te-determined rate coefficients. The
high time resolution and relative sensitivity to edge changes are use-
ful for a multitude of physics which includes edge LHRF deposition.

The BPLY camera has been vital in edge LHRF power characteri-
zation. Results shown in chapters 3 and 4 rely on the local measure-
ments provided by this camera. The relation of the camera’s measure-
ments to ionization has been used to discover LHRF-induced ioniza-
tion of the active divertor.

47



www.manaraa.com

48 alcator c-mod and lyman-alpha instrumentation

the alcator c-mod tokamak and lhcd system

Alcator C-Mod

Alcator C-Mod is a tokamak fusion device used for understanding
physics related to reactor-relevant tokamak parameters such as high
density, high magnetic field, diverted plasmas. It uses an innovative
sliding-joint magnet design which allows for a majority of the mag-
netic field forces to be supported by a surrounding superstructure.
As a consequence, it has the highest magnetic field of any opera-
tional tokamak with a divertor, capable of operating up to 9T. While
smaller than most other major tokamaks, it accesses tokamak param-
eter values previously unavailable such as, but not limited to density,
collisionality and heat flux. The wide range of operation and unique
experimental capability is directly relevant for next step tokamaks.
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Figure 2.1: Alcator C-Mod is a high magnetic field, high plasma current diverted tokamak. The structure, neutron
shielding, vacuum vessel, magnets and example plasma are shown on left. On right is the axisymmetric poloidal
view of the vacuum vessel with the G-H limiter. The lower divertor has an optimized closed shape for heat handling.
The upper divertor has an associated cryopump used for density control. The outer limiter is not axisymetric, with
various diagnostics and heating antennas placed about the outer midplane. The shown outboard limiter is closest to
the plasma at the outboard.
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A majority of Alcator C-Mod plasma discharges have toroidal mag-
netic fields of 5.4T with a range of plasma currents from 450kA to
1.2MA. Additional magnetic coils are used to create lower single null
(LSN), upper single null (USN), double null (DN) and inner-wall lim-
ited (IWL) equilibria[8]. Development of plasma diagnostics on Al-
cator C-Mod has also occurred for over twenty years; the large col-
lection of measurements characterize a range of parameters at many
locations in the plasma[9]. These attributes combine into a versatile,
unique and well-diagnosed tokamak which can address a wide range
of physics questions important for tokamak fusion energy.

Auxiliary power sources on Alcator C-Mod are focused on radiofre-
quency heating and current drive. Three separate ion-cyclotron ra-
diofrequency (ICRF) antennas are capable of heating tokamak plas-
mas to electron temperatures of 10 keV with 5MW of net power. Fully
non-inductive plasmas can also be generated using the 1.2MW of
LHCD power. When combined, these two systems are meant to be
used to create ‘Advanced Tokamak’ (AT) scenarios which improve
tokamak performance[1].

Major Radius R .666 m

Minor Radius a .21 m

Toroidal Field BT 9 T

Plasma Current IP 3 MA

Elongation κ 1.8 -

Triangularity δ .4 -

Flat Top-duration (@5T) 7 s

Flat Top-duration (@9T) 1 s

Inductive Volt-s - 7.5 Wb

Required Energy - 500 MJ

Table 2.1: The upper bound of parameters of Alcator C-Mod as designed,
reproduced from Fairfax[10]. Typical operation is either at 5.4T or 8T, with a range
of currents from 450kA to 2MA. 5.4T operation minimizes the impact on felt-metal
contacts in the magnet joints. A large superstructure supports the large magnetic
forces created by the cryogenically-cooled copper magnets (using liquid nitrogen).
A large flywheel supplies the necessary energy to generate the high-field plasmas.

AT scenarios utilize current profile control and high bootstrap frac-
tions to create non-inductive discharges with internal transport bar-
riers. These attributes generate long pulse plasmas with higher pres-
sures which are both vital for tokamak fusion energy. The current
generated in the plasma using LHCD expands the tokamak param-
eter space available for steady state, high performance operation of
AT scenarios. Understanding LHCD physics on Alcator C-Mod is key
for generating AT scenarios and extrapolating LHCD performance to
future steady state tokamaks.
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Lower Hybrid current drive on Alcator C-Mod

Lower Hybrid current drive is the most efficient method for generat-
ing non-inductive current in tokamak plasmas[11]. Through electron
Landau damping, it generates an asymmetric non-thermal tail of high
energy electrons[12]. The high energy (fast) electrons carry significant
momentum and asymmetrically modifies the collisionality[13]. It is
used on C-Mod to change the current profile and replace the induc-
tive drive[1].

The Alcator C-Mod LHCD system utilizes ten klystrons each oper-
ating up to 250kW of 4.6 GHz radiofrequency power[14]. The power
is generated in the Alcator C-Mod cell and is transported to the
LHCD launcher via WR-187 waveguides. With the waveguide losses,
the forward LHRF power into the plasma is limited to less than 1.2
MW[15]. This power is routed into what is known as the Lower Hy-
brid launcher, an end-fire phased waveguide array[16].

The current launcher is the second version with a four row by six-
teen column grill of waveguides. The power of each klystron is split
vertically to four individual waveguides in a column[15]. In order to
power the 16 columns of waveguides, one klystron may supply the
power to two columns. Klystron-to-klystron phasing is used to vary
the column to column phasing, save for those columns supplied by
the same klystron (which have a phase offset of ∼ 90◦).

Frequency 4.6 GHz

Waveguide rows 4 -

Waveguide columns 16 -

Waveguide Height 60 mm

Waveguide Width 7 mm

Waveguide Mode TE01 -

Septum thickness 1.5 mm

Peak n‖ upper limit 2.8 -

Peak n‖ lower limit 1.5 -

Total Klystron Power 2.5 MW

Net Launched power < 1.2 MW

Pulse length > .5 s

Table 2.2: Parameters of the LH2 LHRF launcher on the Alcator C-Mod tokamak. It
is used to create an asymmetric electron distribution for the creation of current in
Alcator C-Mod. This can non-inductively create the necessary plasma current[15]. A
wide range of launched n‖ and PLH are used in various plasma conditions.

The waveguide grill and wave phase control are used to generate
a nearly electrostatic wave in the plasma with various n‖. The main
lobe of n‖ can vary between 1.5-2.8 by changing column-to-column
phasing. Some (∼ 20%) of the power exists at high negative n‖, re-
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Figure 2.2: In vessel photograph from
B-port towards the LH launcher at
C-port. The phased waveguide array
(’grill’) has a 4x16 set of waveguides
which can couple < 1.2 MW of 4.6
GHz power to the plasma from the
outer midplane. The launcher can be
moved radially to improve the
coupling. The grill structure is used as
an end-fire array to generate a nearly
electrostatic wave in the plasma. This
wave is evanescent in vacuum and
must penetrate to the cutoff layer in
the plasma. Each column of four
waveguides are fed by the same
kylstron, this design insures the purity
of the coupled spectrum as
axisymmetry will cause the column to
column impedances to be similar. The
power is redistributed poloidally, not
toroidally. The column to column
phase offset is generally 90◦. The main
lobe spectrum can vary, with a range
from 1.5 < n‖ < 2.2. Some power
(∼ 20%) is also launched at higher n‖
in the reverse direction.

ferred to as ‘reversed n‖’. The choice of launched n‖ strongly dictates
the coupling as the wave must penetrate through the vacuum in front
of the grill.

The launcher can be moved in and out radially to reduce this vac-
uum gap and maximize coupling. It is also instrumented with Lang-
muir probes, thermocouples, and a reflectometer[17] to characterize
the plasma and grill. The control system allows for extended opera-
tion of the LHRF launcher which are limited by the cathode heating
in the klystron (.5s of full beam current)[18]. Together this system is
used to drive current in the Alcator C-Mod tokamak.

The Alcator C-Mod LHCD system is capable of driving fully non-
inductive plasmas. It can reduce or remove sawtoothing behavior and
can generate internal transport barriers[19]. While this system has
been effective for low n̄e cases, its utility in high n̄e cases has been
extremely limited. This work explores and quantifies the edge depo-
sition of LHRF power theorized and observed at high densities.

lyman-α physics and radiometry

Lyα emission and its relation to the plasma boundary

Nearly every ion and electron in the plasma is generated from the
ionization of atoms near the boundary of the tokamak. It is diffi-
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cult to model or characterize the edge plasma particle source due to
the complicated interaction of ionization, excitation, recombination,
charge-exchange and transport of particles in the two dimensional,
narrow boundary plasma. The intensity and spectrum of edge light
corresponds to the background SOL parameters but are influenced
by atomic characteristics of the particles. Atomic physics databases
provide rate coefficients which allow the translation of edge photon
emission to parameters of interest, such as ionization rates and power
loss[4]. For fueling to impurity generation, the observed light can
then be translated in various SOL attributes using these coefficients.

Tokamak experiments use wall materials that reflect significant amounts
of visible radiation. The reflections from metallic wall materials like
refractory metals (e.g Tungsten and Molybdenum) can deleteriously
impact the interpretation of edge measurements. The additional light
sources can create spatial features which requires analysis to remove
which vary in time and space making interpretation difficult.

Hydrogenic Lyman-α, known as Lyα through the thesis, is the light
is emitted from the transition from the 2p state to the ground 1s state.
The wavelength is 121.53 nm for deuterium and 121.56 for hydro-
gen, but are indistinguishable in BPLY measurements. This line emis-
sion has characteristics which are more ideal for characterizing the
neutral/plasma boundary. Lyα light is closely linked to the neutral
particle background due to the transition to the ground state. The
Einstein coefficient A2,1 (for Lyα) is 4.69 · 108 s−1 is the largest for all
hydrogenic transitions and is an order of magnitude greater than A3,2

(Hα = 4.41 · 107 s−1)[20]. Einstein coefficients plays a role in relativis-
tic measurements[21] which make Lyα ideal, but are unimportant at
low temperatures in edge plasmas. The reflection of Lyα light is min-
imal due to its vacuum ultraviolet (VUV) nature[6]. Lyα is especially
bright due to the lack of other radiative transitions for the n = 2
excited state and its inherent relation to the ground state. These at-
tributes allow for a more precise estimation of the background plasma
attributes and neutral fueling conditions. The close relation to the
ground state is observed in the coefficients which relate emission to
plasma conditions.

One such example of the close relation between Lyα emission and
ionization is the S/XB coefficient. This value is used to turn absolute
measurements of line radiation into fluxes of neutrals undergoing ion-
ization for a given background electron density and temperature. S is
the ionization rate, X is the excitation rate and B is the branching ra-
tio, this coefficient is defined using a collisional-radiative model. For
Lyα emission in the edge of tokamak plasmas, this value is relatively
constant near unity. This is shown in figure 2.3 for the range of 5eV
< Te < 100 eV. A value of 1 signifies that one ionization corresponds
to one Lyα photon. The relatively flat value of S/XB (.4 < S/XB < 1.6)
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Figure 2.3: The Lyα S/XB coefficient
relates the observed fluence of
photons to hydrogen ionizations[22]. S
is the ionization rate, X is the
excitation rate and B is the branching
ratio. It is typically used for
characterizing impurity and main-ion
influxes from surfaces. The flat value
near unity for typical SOL conditions
indicates the close relation of Lyα

emission to ionization in tokamaks.
These attributes make Lyα

measurements useful in
understanding the edge
particle/plasma interface.
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means that the intensity of emission is proportional to the ionization
for all C-Mod SOLs.

In some very high neutral densities, the optical depth (attenua-
tion scale length) is short enough for Lyα light to be reabsorbed
(trapped)[23]. This has been observed in the Alcator C-Mod diver-
tor near detachment but is not the case in the plasma conditions used
in the following chapters. This effect highlights the highly absorptive
nature of Lyα emission and its strong relation to the edge neutral
conditions.

While the physics behind the generation of Lyα light is favorable
for understanding the plasma, its use in measurement has been very
limited. The high energy of the emitted photons (10.2 eV) requires
diagnostic implementations similar to measurements of the EUV and
SXR light in tokamaks. The following sections describe the implemen-
tation of a Lyα camera called the BPLY camera on Alcator C-Mod. It
uses this close relation to ionization for understanding the effect of
edge deposited LHRF power.

Introduction to Lyα pinhole cameras

Vacuum ultraviolet light (100-200 nm) is significantly attenuated in
air and cannot propagate through any known vacuum window mate-
rial. VUV light is also rapidly attenuated in most detector materials
(i.e. silicon), which makes measurement of the light very difficult. As
a consequence, all measurements of this wavelength band of light
must occur under vacuum. Its measurement requires specially de-
signed vacuum-capable diodes with thin passivation layers so that
the photons can be properly observed.
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VUV light cannot be collimated with standard optics and must be
measured using a pinhole camera. These cameras significantly reduce
the photon fluence in exchange for generating an image plane. The
‘pinhole’ is a small opening with a small but finite area which allows
light to pass through. The pinhole and a point on the image plane
creates a line where only photons emitted along that line are observed.
This line is known as a sightline or chord. The BPLY (B-Port LYman-
alpha) camera is a pinhole camera under vacuum which utilizes a
pinhole system with twenty-two sightlines. Each sightline is defined
by a measurement diode and the pinhole.

Unlike typical visible optics, pinhole cameras have infinite focus
meaning that the focal plane at any distance is accurately resolved at
the image plane. The magnification is set by the pinhole-diode geome-
try with the spreading of sightlines indicating reduced magnification.
In other words the distance of the focal plane to the pinhole sets the
magnification, with larger images observed at greater distances. This
is ideal for optically thin plasmas where the main goal is volumetric
radiometry without a distinct focal plane.

However, each sightline has a finite pinhole area and a finite diode
area. The total incident power onto a detector for an optically thin
media is defined in equation 2.1. The emissivity per unit steradian
(W/m3/sr) is defined as dε/dΩ, and is integrated over volume V.
The diode only measures some solid angle of this emission (Ω) and
depends on the emission location~r.

P =
∫

v

∫
Ω

dε

dΩ
dΩd3~r (2.1)

A viewing volume can be interpreted an integral over a set of
rays or paths with differential cross-sectional areas, together these
are known as beams. For pinhole cameras, a single chord is defined
by the integral~r which is set by the sightline generated by the pinhole
and diode. The length along the sightline is s and has a differential
cross sectional area defined as dxdy = dA (d3~r = dsdxdy = dsdA).
dA is proportional to s2 due to the spherical Jacobian (dA = s2dA′).
The differential solid angle along s is proportional to s−2 as the detec-
tor subtends a reduced solid angle with increasing distances (dΩ =

s−2dΩ′ also generated from the spherical Jacobian). These simplifica-
tions generate equation 2.2 with parameter G = dA′dΩ′.

P =
∫

v

∫
Ω

dε

dΩ
dxdydΩds =

∫
v

∫
Ω

dε

dΩ
Gds (2.2)

G is a constant along s due to the interplay of the area and solid
angle with the spherical Jacobian (e.g. s2 from the increase in area bal-
ances s−2 from the decrease in solid angle). This is illustrated graph-



www.manaraa.com

2.2 lyman-α physics and radiometry 55

Figure 2.4: In Hamiltonian optics, the
étendue is an invariant for the cross
sectional area and solid angle phase
space of a ray or line of sight. Two
cases with the same étendue on right
show the balance of area to solid angle
for a pinhole sightline. A larger
cross-sectional area is balanced by a
reduced solid angle, and vice versa.
The integrated area and solid angles
are shown by the solid blue regions on
the plots of x, y and Ω respectively. A
cartoon representation is given by
dx,dy and dΩ. The étendue is defined
for the differential area and solid
angle, which pinhole optics
approximate.
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ically in figure 2.4. G is known as the étendue, has units of m2sr and
is used widely in the field of Hamiltonian optics. The étendue varies
from beam to beam and is still a function of position and angle. It is
only constant along one ray or sightline trajectory. In the case of an
isotropic source, and a constant value G the integrals given in 2.2 can
be further simplified to an integral over ds as is shown in equation
2.3.

P =
∫

s
ε(s)

G
4π

ds (2.3)

Both the area and solid angle do not vary significantly across the
cross-sectional area for a pinhole camera by definition. Thus, dA′ and
dΩ′ can be numerically determined given the geometry of the pin-
hole and detector. This gives a single value for G along the idealized
singular sightline. At the pinhole, the solid angle of the detector is
dΩ′ = Adet/d2 where d is the distance from pinhole to the detector
along s. The area is simply dA′ = Ap at the pinhole. The étendue is
Adet Ap/d2 for a single chord in a pinhole geometry.
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Figure 2.5: The BPLY camera uses a MgF2 transmission interference filter for isolating Lyα. Manufactured by Acton
Optics, the filter function blue-shifts with off-axis incidence and is described in equation 2.4. The normal-incidence
filter function for the BPLY is shown on left. Off-axis light incidence reduces the transmission of the filter for chords
viewing the upper and lower divertors (i.e. on the ends of the diode array) as shown in the figure on right. This loss
in transmission does not account for increased attenuation due to the increased path-length through the filter.

The value 4πP/G is known as the brightness and is extensively
used in the field of tomography. Brightnesses allow for rough chord-
to-chord comparisons as vignetting across the image plane is removed.
Uses of pinhole cameras in this work utilize brightnesses for this rea-
son (except in the case of the HXR camera where the detector signal
is given as a count rate of discrete high-energy photons.).

The measured power, and by extension the brightness, is also a
function of any attenuation in the sightline. Attenuation in the plasma
is neglected in optically thin media like tokamak plasmas. However,
the addition of a filter can reduce the power onto the detector. Radio-
metric measurements of Lyα power require accounting for the trans-
mission of the filter.

The filters used in pinhole Lyα cameras were developed by Acton
Optics near the wavelength limit of transmission interference filters.
The MgF2 interference filters have a 120 nm peak with a FWHM of
8.6nm and are generally placed between the diode and pinhole to
minimize plasma exposure. The transmission characteristics versus
wavelength for the BPLY filter is given in figure 2.5. Interference fil-
ter transmission is a function of the light incidence angle as the layer
spacing appears larger. For the BPLY filter, the transmission charac-
teristics are defined at normal (90

◦) incidence.
The change in the effective layer spacing can be characterized us-

ing equation 2.4 with a known index of refraction of the filter n f and
of the surrounding medium n0 (vacuum). The filter transmission at
wavelength λ0 will be the transmission at wavelength λ for angle θ.
The value of transmission for various chords can be solved by find-
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ing the corresponding λ0 value. Overall, the filter function blue-shifts
with increasing off-normal incidence.

λ(θ) = λ0

√
1−

(
n0 sin θ

n f

)2

(2.4)

The impact on the measurements is also shown for each of the BPLY
chords in figure 2.5. Outer chords of the BPLY will have a 30% reduc-
tion in the measured power due to off-normal incidence. However,
this calculation does not include the additional attenuation from the
increased path-length through the filter. This reduction in the trans-
mission is not accounted for in the BPLY, but likely makes a minimal
change in the filter transmission (likely < 15%).

The use of filters and pinhole optics under vacuum allows for the
radiometric measurement of VUV Lyα light. The data and analysis
of Lyα measurements relies on multiple measured brightnesses and
their comparison. The line-integrated signals can be used for tomog-
raphy and poloidal localization of ionization in the SOL plasma. The
absolute measurement of power relies on properly characterizing all
attenuation and geometrical effects.

Design goals of the BPLY camera

The BPLY camera is designed to look at poloidal asymmetries in the
edge Lyα emission along field lines connected and not connected to
the LHRF launcher. The diagnostic is located close to the launcher at
B-port to view field lines connected to the LHRF launcher that are
otherwise intercepted by the AB limiter. This limited the available
space to install the camera to a midplane port previously used for
Lithium pellet injection[24]. As with all C-Mod diagnostics, it must
meet the necessary vacuum, electrical, and radiation requirements in
a small size.

Its capabilities match the expected attributes of the Alcator C-Mod
SOL. Reasonable diagnostic time resolution (∼ 1ms) is necessary to
accurately characterize the rapidly varying SOL conditions. The edge
plasma exhibits a short confinement time of energy and particles in
the edge. Also, a large pinhole size is used to maximize the éten-
due and throughput while also giving reasonable spatial resolution.
The toroidal extent of measurement extends nearly π/12 at the inner
wall, as can be roughly observed in figure 2.9. The large light fluence
reduces the necessary gain and maximizes signal-to-noise of the dig-
itize signal. Together the strong signal and fast time resolution accu-
rately measure the varying spatial conditions of the neutral/plasma
interface.
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Figure 2.6: The twenty-two sightlines
of the pinhole BPLY camera (in blue).
The camera nearly views the entirety
of the vacuum vessel with some
limitation in the upper divertor and
the outer strike point. Located at
B-port, the camera measures on
fieldlines connected and not
connected to the launcher. The
separatrix of shot 1140822011 at 1.0s is
given in red, with internal flux
surfaces with dashed lines. This
equilibrium represents the plasmas
used in chapters 3 and 4. The wide
view gives measure in the polodial
character of the neutral/plasma
interface, but does not allow for
effective tomography of this emission.

1

22

An AXUV array was used due to the low cost and spatial limita-
tions of the view, limiting the camera to twenty-two chords. This lim-
its the spatial resolution and removes the possibility of tomographic
reconstruction. Other similar Lyα pinhole cameras were used for this
purpose with example data shown in figure 4.3. However, the twenty-
two chords are capable of sufficiently determining the polodial char-
acter of Lyα emission.

The wide view of the camera is shown in figure 2.6. It observes
the emission from the lower to the upper divertor which is limited
by the vertical extent of the port nearest the plasma. This viewing
geometry allows for all plasma topologies to be characterized. The
plasmas used in the following chapters have the entire plasma vol-
ume within the BPLY field of view except the outer leg of the lower
divertor. However, the radially inward view cannot separate in/out
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difference in Lyα emission, requiring correlation with other diagnos-
tics.

In order to minimize cost and development time, previous similar
bolometer and Lyα camera components were reused. The filters were
designed for a smaller AXUV diode array, limiting the filter distance
from the pinhole. The electronics are the same as those used on other
AXUV systems on Alcator C-Mod[25, 26]. Digitization of the output
voltage was made using available channels previously used for the
other AXUV systems at 250kHz.

The BPLY meets the necessary geometric constraints to measure
the LHRF-induced SOL changes both near and far from the launcher.
Electronics, diodes, filters, and other components meet the stringent
requirements necessary to measure Lyα emission under vacuum. Un-
fortunately, the geometry is incapable of determining the in/out vari-
ation of emission. In the following sections the method for interpret-
ing the BPLY will be explained.

Mechanical Design of the BPLY camera

The BPLY camera was designed to create the necessary pinhole ge-
ometry, to minimize stray light, and to operate under vacuum, all at
minimum cost. BPLY’s design contained some innovation necessary
to achieve these goals within the prescribed constraints. This is high-
lighted in the filter placement and simplicity in construction. The as-
sociated mechanical design builds from a heritage of similar systems
on the Alcator C-Mod tokamak[6, 25, 27].

The pinhole-diode distance, vital for the geometry of the fan of
sightlines, is generated using three components which minimizes the
manufacturing-induced geometric errors. The pinhole mounts to a cir-
cular plate of set thickness which connect to two pylons. The pylons
are the main components which attach the camera to the flange. The
AXUV diode is mounted to a plate which connects to these pylons.
These three components are connected via screws, with the distance
error dependent on the AXUV plate and pinhole thickness and the
placement of the AXUV mount holes. Notches in the pylons fit the
filter and diode mounts and constrain their rotation as they are not
controlled by the side mount screws. The filter and diode mounts
slide in between the pylons at the notches. These notches are not
shown in figure 2.7 as they are mating surfaces.

This structure also mounts the filter and external shroud, complet-
ing the invessel components of the BPLY camera. The two flange
screws are covered with shim stock and spot welded to prevent them
from becoming loose. Components inside the shroud are all indepen-
dently too large to fall into the vacuum vessel. The only other screws
which can cause catastrophic failure, the outer screws of the shroud,
are also shim-stock covered to keep them in place.
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Figure 2.7: The mechanical design
focuses around setting the proper
diode-pinhole distance (the diode is in
green and pinhole in blue) while also
allowing for the use of the small MgF2
filter. A custom copper gasket (in
orange) is compressed in order to
insure a light-tight seal around the
filter. The entire system is attached to
the 4-5/8” flange via two screws. The
diodes are fed through the flange via
a d-sub connector, with a short in
vacuum cable run. The vacuum flange
attaches to B-port via an added
extension. The camera angle and
location is the same as the previously
implemented Lithium pellet
injector[24].

Pinhole

Filter
AXUV
Array

Vaccum
Flange

Feedthrough

Gasket

The used AXUV diodes can measure light from the near infrared
to soft X-rays. Various sources of light other than filtered Lyα pho-
tons must be reduced as much as possible. This is accomplished two
ways in the BPLY, first through its geometry and secondly by passiva-
tion. For stray light to reach the AXUV diodes, several reflection are
required on surfaces which minimally reflect.

The BPLY camera is placed within a 2-7/8” ID tube, which is re-
cessed from the B-port flange face. The camera shroud shown in fig-
ure 2.8 fits closely within the tube (with a difference in radius of
.25”). This exterior surface fits closely to the flange and covers the
camera from the flange to the pinhole. The small difference in di-
ameters is not significantly impede the flow of background particles
necessary for fast vacuum pumping. All metallic components are pas-
sivated to minimize reflection, except for the filter gasket and screws.
The passivation absorbs light across the visible to UV spectrum. Stray
light which reflects from the flange must interact with the shroud at
least once, and is geometrically limited by the vacuum extension and
shroud design.

The shroud and filter mount also limit the stray light through the
pinhole. Rather than shroud the AXUV diode array closely with the
filter, the small filter (meant for the smaller AXUV-20ELG) had to be
moved closer to pinhole to meet the geometric constraints. The filter
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Figure 2.8: All major mechanical pieces of the BPLY camera
were manufactured in-house and are capable of handling
the in-vessel temperature, vacuum, and radiation
constraints. All mechanical components were passivated in
order to minimize in-camera light reflection. Stray light
requires a minimum of two reflections to be observed on
the AXUV diode array.

mount is made of three components and is designed to be removed
for bench-top calibrations without disturbing the pinhole-diode ge-
ometry. The filter is mounted on a single piece which slides between
the pylons, with two other pieces which mount on either side of the
pylons. A set of screws combine all three filter mount pieces with the
pylons. A custom thin copper gasket is placed over the filter plate so
that stray light cannot travel through the contact surfaces of the three
filter components.

The filter gasket is compressed between the shroud and the com-
pound filter plate. This seal separates the pinhole and filter region
from the filter and diode region. Other Lyα designs have been noted
to locate their filters too close to the pinhole and have had boron
coatings from boronizations. The location of BPLY camera and the
pinhole-filter distance are both sufficiently large to minimize the ef-
fects of boronization[28].

The pinhole was cut into a small stamp-like piece using electrical
discharge machining. Through this process a precise 3mm by 4mm
pinhole was made for use on the BPLY, several stamps with different
pinhole locations were also made which can subtly change the view.
Its movement is constrained by the machined surface in the circular
pinhole mount and the four mounting screws.

The volumetric view of this camera in the Alcator C-Mod tokamak
is shown in figure 2.9. Some chord-to-chord view overlap is due to the
large pinhole size. The larger view reduces the BPLY poloidal preci-
sion but is balanced by a larger signal-to-noise from the increased
throughput. In the following section, the impact of the increased
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chord étendue [10−3 mm2sr] filter incidence angle

1 6.646 72.36
◦

2 6.850 73.78
◦

3 7.044 75.22
◦

4 7.226 76.68
◦

5 7.394 78.15
◦

6 7.547 79.65
◦

7 7.682 81.15
◦

8 7.799 82.67
◦

9 7.895 84.20
◦

10 7.970 85.74
◦

11 8.023 87.29
◦

12 8.052 88.84
◦

13 8.058 89.61
◦

14 8.040 88.06
◦

15 8.000 86.51
◦

16 7.936 84.97
◦

17 7.850 83.44
◦

18 7.743 81.91
◦

19 7.617 80.40
◦

20 7.472 78.90
◦

21 7.311 77.41
◦

22 7.136 75.94
◦

Table 2.3: The pinhole-diode geometric characteristics of the BPLY camera. These
values dictate the filter transmission and chord étendue for each diode. Together
they set the throughput and sensitivity of each measurement and are defined in the
pinhole coordinate system. The BPLY diagnostic is designed to maximize Lyα

photon throughput through a wide toroidal pinhole extent.

throughput is apparent in the electrical circuity used for this mea-
surement.

Transimpedance amplifiers and electronic design of the BPLY camera

The Lyα light is measured using a 22 diode AXUV-22EL array. AXUV
diodes, manufactured by IRD inc. (now Opto-Diode Corp), are meant
for measuring light across a wide spectrum. They come in a wide as-
sortment of shapes, sizes, and arrays. This family of silicon diodes
has a specially designed thin (∼ 8 Å) passivation layer to allow for
VUV photons to reach the p-n junction. These photons can then gen-
erate current proportional to the photon flux which can be measured.
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Figure 2.9: A 3D isometric representation of the BPLY camera on Alcator C-Mod. The idealized
sightlines for the 22 chords are shown in black. The sightlines intersect at the pinhole in B-port far
from the plasma.The wireframe blue outline is a π/12 segment of the Alcator C-Mod first wall and
vacuum vessel. The translucent blue cloud is a 3D rendering of the volumetric measurement of the
BPLY camera. It shows a consistent chord-to-chord overlap. The chords extend ∼ π/12 toroidally
around the vessel to maximize throughput.

Shown in figure 2.10, the responsivitiy (or current per watt of pho-
tons) is .108 A/W at 121.6 nm.

Each diode anode is connected via a common ground at each cor-
ner of the diode array using wire bonds. The cathodes and common
grounds travel through the flange using a 25 pin D-subminiature
feedthrough into the amplifier boards. The small travel distance in
the vessel (∼ 1.5”) minimizes the current induced in the circuit by
toroidal and poloidal magnetic flux. The amplifier boards convert the
current into a voltage for measurement.

An inverting transimpedance amplifier is used to convert the diode
current into voltage, shown in figure 2.11. Voltage gains are set by
the feedback resistor of the operation amplifier. Feedback resistances
of 10

6 Ω generate sufficient voltages with reasonable signal-to-noise
ratios. This is set by the value of R f in figure 2.11, with the capacitor
C f used to prevent ringing in the circuit. Lower gains allow for higher
signal bandwidth, improving the time resolution. As a consequence
of the significant photon throughput and reasonable signal-to-noise,
no voltage bias is used to improve the signal bandwidth.

The transimpedance amplifiers are located at B-port on a two meter
cable from the vacuum feedthrough. Signal measurements from the
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Figure 2.10: On left, an example AXUV-22EL of the same model used in the BPLY camera with protective glass cover.
This silicon-diode array has a thin passivation layer in order to measure vacuum ultraviolet (VUV) radiation. The
sensitivity versus wavelength is given on right, with a vertical line at hydrogenic Lyα transition (121.6 nm). The
sensitivity of AXUV diodes is .108 A/W at 121.6nm. The two separate trends represents two separate measurements
of sensitivty for different wavelength ranges. Wire-bonds connect the four corner grounds and diodes to the The
lack of a flat response limits these diodes use in bolometric measurements, but are well-suited for VUV
measurements under vacuum.

cathodes of AXUV diodes have been known to be photoemissive espe-
cially in the 70-140 nm range. While this effect has not been observed
on other C-Mod AXUV systems, any significant negative voltages are
likely due to this effect.

The common ground of the amplifier circuit and diode is grounded
at a single point on the B-port flange. This minimizes the possible
ground loops which are known to create significant noise due to the
tokamak driven changes in magnetic flux. The digitizer measures dif-
ferentially even though it operates using a separate power supply
and ground. However, no noticeable increase in noise occurs during
a discharge, indicating that it is properly isolated.

The voltage output is measured using a DTACQ 196 with 250 kS/s
sampling rate at J-port. Each signal shares a common ground from
the amplifier, which is split to the various digitizer channels near
the digitizer. The high impedance of the DTACQ 196 (20 kΩ) means
that for a 1V signal the amplifier drives .05 mA. This circuit does not
require the use of buffers to supply the necessary current to drive the
circuit.

Together, the BPLY electronics are capable of measuring the power
of Lyα photons using photodiodes and transimpedance amplifiers.
The circuity converts currents into voltages at time-scales sufficient
for edge measurements up to 10kHz. Single-point grounding and ex-
tensive shielding minimize the induced noise from diode to digitizer.
The simple but effective electronics are sufficient for measurements
on Alcator C-Mod.
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Figure 2.11: The current generated by
the AXUV diodes are converted to a
voltage signal using a transimpedance
amplifier. The linear response of the
circuit to the diode current is due to
large input impedance of the op-amp.
A majority of the current flows
through RF which sets the current to
voltage gain. The high gains necessary
for the low Lyα fluence require
additional capacitance (CF) to provide
circuit stability (as the AXUV diodes
have some inherent capacitance). A
bias voltage can reduce the
capacitance which can improve the
circuit bandwidth, instead no bias is
used on the BPLY. Gains of 2 · 106 are
used outside the lower divertor
(Chords 6-22) with reduced gain
(1 · 106) for the other channels.
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Performance and limitations of the BPLY camera

The inverting transimpedance amplifiers generate negative voltages
on the digitizer. Digital signal smoothing on the sampled data is used
to reduce high frequency fluctuations in the signal. Fluctuations in
the signal are similar in time channel to channel. It is recommended
in future iterations that one diode be covered so that these fluctua-
tions can be removed in amplifier circuit. This can improve the time
resolution significantly.

An example signal time trace is highlighted in figure 2.12. The
signal can still recover 1kHz features in the signal, with 101 point
smoothing being sufficient to remove this noise. Typically signals are
multiplied by -1 and then smoothed for analysis. The shown work in
future chapters utilize this approach in the analysis of BPLY chords.

Several channels have damaged connections on the vacuum side
of the BPLY camera. Chord 4 has an intermittent connection and is
typically not utilized. Other channels (such as chords 11 and 12) have
similar effects at a reduced level. With sufficient smoothing, these
chords can also be used in analysis.

Photoemission from the diode (which causes an unexpected neg-
ative measured power) occurs in specific cases on specific channels.
This is due to the transimpedance amplifier measuring the current
from the cathode. This is especially evident in cases with extremely
large LHRF powers with significant current drive on chords which
view the edge of the plasma. It is likely that high energy photons
are able to penetrate through the filter into the diode and liberate
electrons and photons.

Channels outside the divertor tend to have signal levels on the or-
der of .1V. Divertor channels often approach 1V, showing the signifi-
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Figure 2.12: Analysis of BPLY signals
requires first inverting (multiply by
−1) then smoothing the data. Shown
on right is a raw (green) and
smoothed (black) voltage trace from
Chord 3 on 1160722014 which views
the lower divertor. Voltage levels are
typically less than 1V, and are
smoothed to a ∼ 1 kHz Nyquist
frequency.
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cant poloidal difference in ionization and recombination in diverted
plasmas. Together the electronics and design of the BPLY camera
yields sufficient data for analyzing edge effects on Alcator C-Mod.

summary and discussion

The unique capabilities of Alcator C-Mod and its LHCD system are
key for understanding current drive for future tokamaks. The 4.6
GHz kylstrons and phased waveguide array are used as a system
capable of driving the entire current of an Alcator C-Mod discharge.
Together these systems can be used to address and test a wide range
of physics necessary for tokamak fusion reactors including AT scenar-
ios. The experimental framework of C-Mod and its LHCD system lay
the foundation for the experiments of this thesis.

A Lyα camera was designed and implemented on the Alcator C-
Mod tokamak at B-port. It is meant to observe edge effects due to
LHRF at high electron densities on field lines which connect to the
LHRF launcher due to its location. However, it can also measure field
lines which do not intercept the antenna. While Lyα light is closely
related to the edge neutral/plasma interface, it is difficult to measure.
The BPLY Lyα camera accomplishes this through the use of a pinhole
with special silicon diodes, all of which are under vacuum.

While some limitations due exist in the implementation, the me-
chanical and electrical design of the BPLY can be used for other vac-
uum compatible pinhole cameras on C-Mod and elsewhere. The sim-
ple mechanical design is effective for minimizing stray light while
also meeting the extreme invessel conditions. It designed for simple
bench-top calibration and maximizing photon throughput. The elec-
trical design utilizes the same electronics of other similar AXUV sys-
tems. When combined, the electrical and mechanical attributes of the
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BPLY yielded accurate local measurements of ionization and recom-
bination on Alcator C-Mod.

While some limitations in the use of AXUV diode arrays do ex-
ist, the system is capable of providing accurate measurements of the
invessel Lyα conditions. Digital smoothing can recover useful, unam-
biguous changes in the edge plasma under various conditions. While
under certain rare conditions the array responds unusually, in a ma-
jority of circumstances it operates as expected. This robust system is
useful for a range of edge physics and is vital to the characterization
of edge losses of LHRF power. The experimentation highlighted in
the following chapters utilizes these measurements to great effect in
both time and space.
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3
M O D U L AT I O N T E C H N I Q U E S F O R T H E P O W E R
B A L A N C E O F L O W E R H Y B R I D WAV E S

A tokamak plasma’s power balance links power losses to associated
power inputs and changes in energy confinement. In the same way,
the power balance of LHRF waves correlates variations in the plasma
losses to the input LHRF power. The loss of current drive indicates
changes in wave absorption in the plasma and will lead to differences
in the power losses. Attributes of lost power derived from the power
balance can then be used to discover additional characteristics of the
LHCD density limit. Through an isolated power balance via LHRF
modulation, the nature of high density LHRF wave absorption can
be investigated.

Determining the power balance in a plasma can be difficult due to
the varied nature of the plasma’s inputs and loss mechanisms. This
complicated problem requires separate measurement of each mecha-
nism in order to fully characterize the power flow. As each input and
loss are dependent on one another, it can be difficult to determine the
effect of an individual auxiliary power source’s deposition. This in-
verse problem (i.e. understanding the power source through changes
in the plasma) requires correlating the input power to changes in the
each of the other power sources and sinks.

In most cases auxiliary power must be isolated from the back-
ground ohmic heating. Ohmic heating is provided by the current
and the finite resistance of the plasma. This power depends on the
plasma’s inductive timescales and cannot be changed rapidly due to
the long L/R values, while the resistance of the plasma ∝ T−3/2[1]
and changes on global energy confinement times. This quasi-continuous
power source provides both stability and the baseline power for the
plasma’s sustainment. Rapid variation of the auxiliary power sepa-
rates the effects of auxiliary power from ohmic power. The power
source changes in the core pressure and losses independently in a
quantifiable way to yield the power source’s effect. This methodol-
ogy will be used for understanding the LHCD density limit and help
isolate the power deposition characteristics of LHCD at high density.

Power modulation is an effective method for determining radiofre-
quency power deposition in tokamak plasmas. However, stringent
requirements exist on the modulation character due to the plasma’s
response. When properly used, the time delay and power quantities
observed in the core and SOL can determine the nature and magni-
tude of deposition in the different regions of the plasma. The cho-
sen increment in LHRF power represented a > 50% change in the
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total input power and the delay between steps was longer than an en-
ergy confinement time. This LHRF modulation was used in several
time-invariant (i.e. constant parameter) plasmas to determine core
and edge deposition across the density range where current drive
loss occurs.

At the highest densities no discernible effect was observed in the
core electron temperature during LHRF pulses. Changes in the core
density and neutron rate were due to ionization effects in the edge
(which are discussed in the following chapter). The minimal changes
in the core simplify the RF power balance and focuses the current
drive efficiency loss investigation to the edge plasma.

A nearly instantaneous change in both SOL heat conduction to the
divertor plates and edge radiation were observed with applied LHRF
power at high density. The edge loss magnitude increases with den-
sity, thus decreasing efficiency and leading to an increasing power
fraction parasitically absorbed in the edge. These results support pre-
vious theories suggesting significant edge plasma deposition at high
density. This edge absorption parasitically reduces the power avail-
able for current drive.

review of modulation techniques for radiofrequency

waves in tokamak plasmas

Power balance under the influence of auxiliary power in tokamaks

Power balance is used for describing the flow of power in a tokamak
plasma. In steady-state conditions an equilibrium develops where the
power into the device is balanced by losses. The transformation of
the power into the plasma into losses is determined by the absorp-
tion qualities of the plasma, the absorption attributes also dictates
the plasma performance. This balance allows for the loss mechanisms
and the core plasma performance to describe the effects of an input
power source.

Current drive efficiency loss highlights an unexpected change in
the LHRF wave power deposition in Alcator C-Mod plasmas. While
direct LH wave detection methods have been used to understand this
change[2, 3, 4], the location and interpretation of these measurements
are limited by the complex three-dimensional nature of wave propa-
gation and damping. A large suite of measurements is available for
characterizing the plasma power flow on C-Mod[5] and can be used
inversely to study the propagation and deposition of LHRF waves.
Differences in the plasma power balance provides important evidence
regarding the source of the LHCD efficiency loss.

It is necessary to totally quantify the applied LHRF wave power
in the current drive loss. Each observed LHRF effect has an associ-
ated value and importance dictated by the fraction of LHRF power
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Figure 3.1: LHCD and other auxiliary sources impact the inductive ohmic input power on Alcator C-Mod. On left
(figure a), ion cyclotron RF power (ICRF) heats the bulk plasma reducing its collisionality and resistivity (minimal
changes in current and density are observed). The voltage necessary to drive the same current is reduced, shown by
a subtle variation in the loop voltage with the modulation. The ohmic power deposited in the plasma is reduced by
the ICRF. On right (figure b), LHCD replaces inductive current and has a much larger effect on the loop voltage. In
both cases the ohmic power is reduced with applied auxiliary power.

which causes it. Power balance verification is necessary in order to
link plasma losses to absorption of LHRF power. This connection can
then be used to understand the cause of current drive loss. This pro-
cess begins with the non-trivial isolation of the auxiliary power from
the background input power.

Tokamaks have an input ohmic power source associated with an
induced toroidal current. Some form of toroidal current is necessary
for stability of tokamaks, usually the controlled loop voltage varies to
in order fix the induced current regardless of the plasma conditions.
The deposited ohmic power depends on the plasma’s resistivity and
can be inferred using equation 3.1. The surface loop voltage (Vloop)
drives both a resistive and inductive load (defined with normalized
internal inductance, li), where the resistive load is the ohmic heating
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in the plasma. The ohmic power supplied by the central solenoid can
be inferred from plasma equilibrium reconstructions.

POH = (Vloop −
πµ0R0

2
li

∂IP

∂t
)Ip (3.1)

Theoretically, the neoclassically-corrected Spitzer resistivity[1, 6]
(shown in equation 3.2) can be used to define the plasma’s resistive
load. The resistivity (η) scales with the plasma’s collisionality divided
by density and is sensitive to the temperature and impurity content
and insensitive to density. POH is determined from a known current
profile j and resistivity when integrated over the plasma volume V.
When an auxiliary heating method is applied to the plasma it can
change the temperature.

The additional power source will cause the resistive load to vary
due to variations in temperature and impurity content. This is shown
on the left in figure 3.1 where temperature changes due to applied
ICRF power are observed in the loop voltage. The higher tempera-
ture reduces the resistivity subsequently lowering necessary voltage
needed to drive the same current. The addition of other auxiliary
power reduces the ohmic contribution and changes plasma’s power
balance.

POH =
∫

η j2dV (3.2)

LHCD reduces the need for inductive ohmic power by both im-
parting momentum and asymmetrically modifying the collisionality
of the plasma. As shown in figure 3.1, the effect of LHCD on the
loop voltage is more pronounced with less power in comparison to
ICRF power. The wave-generated fast electron asymmetry in veloc-
ity replaces the inductive current with a high degree of efficiency.
The fast electron population also collisionally slows on the thermal
population acting as bulk heating source. In all cases with auxiliary
power, plasma changes influence other input power sources. Thus,
each power source and the interplay between them must be taken
into account in the power balance.

Understanding the Lower Hybrid power deposition requires char-
acterizing each contribution to the power balance in equation 3.3.
The stored energy and ohmic power independently influence the
power loss channels, further complicating this analysis. A steady-
state plasma with ohmic and Lower Hybrid power cannot be used
to separate the contributions to the measured conductive loss and
radiative loss. If the Lower Hybrid power is actuated as an indepen-
dent variable, then the power deposition can be correlated to changes
in the other parameters. The causal relationship of LHCD in reduc-
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Figure 3.2: The plasma does not occupy the entirety
of the available vacuum, with power escaping from
inside and outside the separatrix (shown in green) to
the wall. In this analysis, the control volume is
considered the vacuum vessel interior (shown in
blue). Calculations of Ptot will be defined using the
vacuum vessel interior due to the known effects on
the SOL by high density LHRF. The power loss will
be characterized in two ways, through emission of
radiation (shown in purple) and from the
conduction of power to the divertor (shown in
yellow). The power inputs (induction and LHRF) are
not shown in this figure.

ing the inductive ohmic power requires treating changes in POH as a
dependent variable.

The inverse problem of using the plasma to understand a power
source requires reorienting the standard power balance equation. This
is illustrated in equation 3.3 where instead of deducing changes solely
in the stored energy ( ∂W

∂t ), Lower Hybrid power deposition is deduces
from changes in stored energy, the radiated power Prad, the ohmic
power POH, or the conducted power Pcond. This equation drops fu-
sion alpha particle heating which is negligible on Alcator C-Mod in a
plasma with only LHRF auxiliary power.

PLH =
∂W
∂t
− POH + Pcond + Prad (3.3)
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LHRF at low efficiency influences the SOL[7, 8, 9, 10] making it
ambiguous what fraction of the LHRF power is deposited inside the
LCFS. Because of this, the control volume is expanded to the entirety
of the interior of the vacuum vessel as shown in figure 3.2. The total
power Ptot is defined relative to this control volume with all inputs
and losses passing through a solid surface. The escaping conducted
and radiated power will intercept a solid surface and is considered
lost.

Conducted power measurements are made in the divertor, as most
field lines in the near SOL intercept surfaces in that vicinity. The ra-
diated power is emitted from all plasma regions and is measured
at various locations at differing wavelengths and time resolutions.
While LHRF is meant to drive fast electrons, the loss of current drive
requires examining all plasma regions and populations for signs of
LHRF power absorption. Each of these populations influence the power
losses thereby allowing efficiency loss characterization.

The LHRF plasma power flow can be isolated using the defined
power balance equation with the larger control volume. In all cases it
is required that the LHCD power be changed in order to compare two
different power balance states. This can be accomplished either in sim-
ilar discharges with different LHRF powers or using time-variation in
the radiofrequency power. Natural variation discharge-to-discharge
makes time variation the most precise method for understanding
LHRF deposition. The effect of core absorption with time variation
of power is best understood by evolving the plasma from one steady-
state to another.

Comparing two Lower Hybrid power steady-states, the difference
(∆PLH) will be reflected in changes in the other power sources. The
total input power into the tokamak Ptot = PLH + POH will differ be-
tween the two cases depending on the LHCD’s efficiency in replacing
ohmic power. In the case that LHCD replaces ohmic power with the
same efficiency, Ptot should be the same between both cases. As the
current drive becomes more inefficient, the total power into the con-
trol volume will increase.

The change in Ptot between two steady states causes observable
changes in the loss mechanisms (∆Prad and ∆Pcond). Shown in figure
3.3, ∆PLH is reflected in differences of POH, Prad, and Pcond. The current
drive power replacing POH does not change Ptot and is hidden, though
it eventually is lost from the plasma.

The evolution from LHCD efficiently producing current to the case
of complete inefficiency will produce a range of ∆Ptot. This range in
∆Ptot is bounded by the value ∆PLH, making ∆PLH an important fidu-
cial in efficiency-loss characterization. The fraction of power lost to
each mechanism can be determined by normalizing the other power
sources and sinks to ∆PLH. This metric will be used to define the
LHCD efficiency in the loss of current drive.
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Figure 3.3: The deposition of auxiliary
power feeds back on other sources. An
example set of power balances is
shown with two situations Ptot,1 and
Ptot,2. In Ptot,1 the power is supplied
fully by the ohmic drive (denoted by a
small green bar), and is lost via
radiation and conduction. In Ptot,2 the
LHCD (shown by the red bar) is
added which replaces some ohmic
power (a reduction in the green bar).
The changes in the conduction and
radiation will sum to less than the
combination of the auxiliary power
and the previous power balance. Even
though all of the LHRF power is
eventually lost, LHCD changes POH
therby reducing its contribution.
When taken from this perspective, the
input LHRF power can be conducted,
can be radiated or can replace other
input power sources.
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Understanding efficiency loss through power absorption changes
begins by observing changes in the core ( ∂W

∂t ). The core parameters’
evolution during LHRF power change can be used to isolate LHRF’s
effect on the bulk core plasma (as opposed to the fast electron tail).
Power absorption in the bulk without driving current can decrease
the current drive efficiency. The most straightforward approach in
characterizing radiofrequency power core absorption is to use a step
in power. The plasma’s step-response to instantaneous changes in
LHRF power will evolve to another steady-state removing stored en-
ergy changes from the power balance. In this way, the changes in core
absorption and in the overall power balance are easily evaluated. Mul-
tiple step-responses in a single plasma lead to the commonly-used
technique of radiofrequency power modulation.

Principles of power modulation in tokamak plasmas

An instantaneous change in radiofrequency power from one level to
another will lead to an evolution in the plasma conditions. This evo-
lution, known as a step-response, can be used to understand radiofre-
quency wave damping. The magnitude and time response can be
used to localize the power absorption with the process controlled by
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the plasma’s heat transport characteristics. The derived deposition’s
accuracy can be improved when done sequentially (i.e. modulating
between levels).

Auxiliary power modulation in tokamaks has been used exten-
sively to determine the radial deposition power profiles. It has been
used to great effect in characterizing core plasma heating through
changes in core plasma pressure. Modulation can also be used to
understand fast particles dynamics using specifically designed diag-
nostics. In addition, the applied power can be used to determine the
plasma’s convective and diffusive characteristics. In these situations
the proper modulation characteristics are dictated by the natural pro-
cesses under observation.

The bulk plasma re-equilibrates with a power change on the order
of the energy confinement time (τE). While this is generally the case
for core-deposited power, the most physically accurate description of
the time response depends on the deposition location. Core deposited
power can be modeled using a cylindrical approximation of power
balance assuming a thermal particle distribution shown in equation
3.4. The radial transport of local energy for population j (ε j =

3
2 njTj)

is dictated by diffusion (using diffusion coefficient D) and convection
(with radial convection velocity ~v), with various source (Pin) and sink
(Ploss) terms.

∂ε j

∂t
= ∇ · (D∇ε j +~vε j)

)
+ ∑

k
Pin,k −∑

k
Ploss,k (3.4)

Assuming that the deposited power is observed as a temperature
change, the deposition profile can be analytically determined in time
and space. For example, in figure 3.4, the response time increases sig-
nificantly with increasing distance from the heat source. This cylin-
drical toy model of a step response is an accurate representation of
the dynamics expected with core deposition.

A Heaviside step function in temperature at a ρ = .5 represents the
heating in this example. The temperature time history at each radius
contains a different response to the heat source. The edge response
is limited by the edge boundary condition, where the change in tem-
perature at the boundary is zero. This indicates that edge losses can
reduce the temperature response near the edge.

Different plasma temperature measurements can observe core-deposited
power in the bulk of the plasma distribution. This has been measured
using electron cyclotron emission (ECE)[11, 12] and Thomson scatter-
ing (TS)[13, 14] diagnostics at multiple locations over the course of
the modulation. The radius of fastest response is the radius of deposi-
tion for a well-localized source. The rise time and magnitude at other
radii depend on the plasma’s convection and diffusion.
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Figure 3.4: Cylindrical model of heat diffusion using an annular point source at ρ = .5. The heat source fixes the
temperature at that location starting at t=0, which causes a variable heat source in time. The step response radial
profile in a) shows the initial profile, two time-delayed profiles and the steady-state solution (T∞). The measured
time responses at radii of .3.,.55,.7 and .9 are shown in b) and d) where d) is normalized to the steady-state solution.
The rise in T at ρ = .5 is shown in b) by the dotted line. These locations of temperature measurement are matched
on plots a) and c). The measurements farther from the heat source are delayed in time, highlighted in the difference
in green and blue. The location of a heat source can be deduced using the time response at a specific location and a
known diffusion coefficient.

The source, convection and diffusion characteristics with different
source and loss terms also dictate transport and radial density of fast
particles generated in response to power modulation. These values
differ from plasma’s the bulk properties (i.e. the slowing down time
and formation time for fast electrons are different from bulk heat-
ing), necessitating the use of a different modulation in power and
period. The modulation period τmod dictates the analytical method
needed to characterize deposition. Figure 3.5 shows the rise time of
the core plasma stored energy as described by the simplified formula
described in equation 3.5. The input power ∑ Pin is represented by a
square wave with a 50% duty cycle. The ratio of modulation period
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to energy confinement time (τmod/τE) strongly dictates the plasma
response’s nature.

∂W
∂t

= ∑ Pin −
W
τE

(3.5)

In the case that τmod > τE, it is imperative that the modulation
timescale be long enough to fully capture the plasma dynamics of
interest. As discussed in the previous section, power balance calcu-
lations can be simplified if the initial and final stored energies are
at equilibrium. This allows for separate modulations to be treated
individually and independently. Fourier analysis can then be used to
recover important radiofrequency power damping and transport char-
acteristics. Modulation experiments also require that the diagnostics
of interest acquire sufficient data to yield the necessary results. Lower
bounds of the modulation period are set by the timescales of plasma
hysteresis and measurement Nyquist frequency.

A secondary approach, break-in-slope analysis, relies on fast mod-
ulation with a shorter modulation period than the confinement time
(τmod < τE). The variation in the background plasma and other power
sources (i.e. ohmic power) is assumed to be minimal during mod-
ulation. The power balance equation can be linearized due to the
fast parameter changes leading to a straight-forward interpretation
of temperature and density changes into damping profiles. However,
this method cannot be used for understanding LHRF core deposi-
tion due to the intrinsic link between Lower Hybrid current drive,
ohmic power, and the plasma current. The modulation period must
exceed the transport timescales and be comparable to the inductive
timescales to characterize the impact of LHCD on the ohmic power.

Tokamak plasmas naturally contain some level of variation in their
parameters due to factors like impurity injections or magnetohydro-
dynamic (MHD) modes. Consequentially, the stored energy constantly
ebbs and flows, changing core profiles and associated power losses.
The fast modulation power level change concentrates the important
changes around a specific time. Long modulation periods unnecessar-
ily waste time, as far-removed measurements have minimal residual
effects from the power change. At long times, the plasma’s natural
variation will lead to a different plasma character than at the instanta-
neous power change. The modulation period must be needs only sev-
eral confinement times in order to properly characterize the plasma.

The natural fluctuations in stored energy and power sources also
set a lower bound the modulation’s magnitude. To determine a signifi-
cant plasma response, the modulated power must be a non-negligible
fraction of the total power. The applied power must exceed this noise
level for it to be properly isolated.
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Figure 3.5: The ratio of the modulation period to the energy confinement time (τmod/τE) dictates the applicable
power deposition analysis. Fast modulation times (τmod/τE � 1) cause reduced changes in the stored energy with a
nearly linear rise and fall (exhibited in red). This is optimal for break-in-slope analysis. Longer modulation periods
(τmod/τE > 1) approach steady state (∆W = ∆W∞) and are effective for fourier-analysis and equilibrium-related
analysis (shown in green and purple). The expected variability in the stored energy due to natural processes leads
to an effective finite saturation time. This time is optimal for data return as longer periods are likely to be impacted
by noise near saturation.

Historical precedent for radiofrequency power modulation

Perturbative analysis used in power modulation relies on fast-switching,
high power auxiliary power sources. The first published use of a fast
power perturbation in a plasma experiment occurred on the FM-1
spherator[15]. It determined the thermal conductivity via the incre-
ment and time delay in electron temperature to applied power as mea-
sured by a Langmuir probe. As diagnostic characterization improved
and auxiliary power sources with fast activation became common its
use in tokamak plasma physics became ubiquitous. Modulation was
used to understand three tokamak plasma attributes: heat transport,
fast particle transport, and auxiliary power deposition.

Initial theoretical treatments of power perturbations focused on
changes in the core plasma electron temperature. Work by Barbato
and Giannella[16] and others[12, 17, 18], determined mathematical
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bases for evaluating the heat transport characteristics. Similar work
exists in analyzing sawtooth heat-fronts[19], which contains many of
the same attributes. The inclusion of electron density perturbations
significantly improved the capability for numerical accuracy in this
analysis, and was applied in characterizing heat transport and power
deposition in the core plasma.

The determination of heat transport with modulation has focused
on electron cyclotron radiofrequency power (ECRH) due to the very
small radial extent of its power deposition. The small-wavelength ra-
diation’s vacuum propagation and deposition is straight-forward in
most plasma conditions. This localized source is well known and
can be treated like a delta function in radial space. This has been
used effectively in most machines with ECRH (including DIII-D[20],
TCV[21], DITE[22], T-10[23], RTP[24] and ASDEX[25]). Most cases uti-
lize measurements of ECE due to its high radial and time resolution
(� τE)[26, 27], yielding sufficient data for this analysis. These results
have effectively determined the background and perturbed electron
heat diffusivity χe[28].

The auxiliary power’s radial deposition profiles have been exper-
imentally calculated using modulated ICRF[29], ECRH and NBI[30,
31]. Fast modulations tend to use break-in-slope analysis[32, 33], while
slower modulation utilized Fourier-analysis[34]. Measurements of the
electron and ion responses have required further analysis, as the de-
coupling of species (e.g ions slowing on electrons, etc.) causes a finite
time delay. This analysis has advanced the understanding of wave
propagation and damping of certain fusion-relevant waves within
tokamak plasmas.

Several auxiliary power sources also create significant non-thermal
populations. Modulation of ICRF and NBI have made great advances
in characterizing the slowing-down and diffusion of fast ions[35].
However, characterizing non-thermal populations requires specific
fast particle measurements. Work on C-Mod and elsewhere has uti-
lized FIDA[36], FILD[37] and neutral particle analyzers to determine
the fast ion populations[38]. LHCD modulation has utilized hard X-
ray cameras to measure high energy bremsstrahlung from fast elec-
trons.

LHCD modulation has focused on characterizing the produced
fast-electron population. Fast electron populations cause high energy
bremsstrahlung (hard X-rays) emission through collisions. Work on
C-Mod[39] and elsewhere [40, 41, 42] yielded measurements of the
fast electrons’ slowing, diffusive, and convective character using Abel-
inverted hard X-ray profiles. The X-ray measurement is not one-to-
one with the electron population, introducing ambiguity in these cal-
culations. The variation in measured diffusion coefficients and slowing-
down times has implications on fast-electron edge loss as discussed
in Chapter 5.
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In this work, Lower Hybrid wave power modulation is instead uti-
lized to calculate power absorption in the bulk ions and electrons
at high density. The fast-electron population loss requires observing
these other populations; specifically the core and edge are indepen-
dently analyzed to fully characterize the power balance. Observation
of power in other populations (and their location) is indicative of the
mechanism causing the current drive loss.

experimental setup

Methodology

While previous Alcator C-Mod experiments (discussed in Chapter 1)
found that the current drive efficiency loss correlated strongly with
n̄e; other parameters also influence the driven current. For exam-
ple, higher plasma currents and smaller inner gaps (the closest dis-
tance between the inner wall and the separatrix) improve the current
drive efficiency. These known current drive dependencies must be
controlled to prevent them from influencing the interpreted power
balance.

Unexpected and untested covariances can also influence the cur-
rent drive efficiency and impact data interpretation. This is especially
important in cases where it is critical to understand subtle effects or
significant noise is expected. The experimental approach must avoid
inadvertently influencing trends through uncontrolled variables (so-
called unknown unknowns). Strict control of the plasma parameters
are used both within a discharge and through the experiment to min-
imize these effects.

Previous Alcator C-Mod experiments have used density ramps dur-
ing a discharge for characterizing the current drive loss[7, 43, 44]. The
evolving conditions induced by large gas puffs in the SOL eventually
lead to changes in the core plasma. Particle confinement and diffusion
leads to finite delays (similar to the heat propagation in the previous
section). This can lead to hysteresis (when compared to the indepen-
dent variable n̄e), especially in fast particle populations. The evolution
of parameters also makes power balance characterization difficult, as
estimates of core energy in LHCD plasmas are known to be erroneous.
Thus, in this experiment the density during flat-top was changed shot
to shot instead of using a density ramp. Instead the LHRF power was
changed in time to generate the necessary dataset.

In this study, plasma shape, current, density and magnetic field
were fixed in time in order to minimize the impact of hysteresis from
modulation to modulation and to avoid introducing errors. Results
showed that while some natural variation in the n̄e occurred, the small
impact was useful, filling in the range density and the large number
of modulations combined into a large dataset.
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a) b)

Figure 3.6: a) The plasma separatrix for 43 lower single null discharges during the pulse at 1.0 seconds. Each
plasma LCFS is colored according to the n̄e at that time. Lower densities are in blue with higher densities in purple.
The outer plasma shape at high density is farther from the limiter to maximize power coupling. Variation in plasma
shape from discharge to discharge is due to variability in control and reconstruction. The plasma strike points vary
within the size of a tile (2.5 cm) and are purposefully chosen to maximize SOL data coverage. b) The plasma
separatrix for 26 upper single null discharges during the pulse at .8 seconds. The shape was optimized for core
analysis with Thomson scattering and for maximal LHRF coupling. The color scheme is the same as in a). In both
cases, LHCD efficiency versus n̄e is properly isolated with minimal variation in other plasma parameters.

Each chosen plasma had a distinct n̄e to fill the range from full to
negligible current drive. For the chosen plasma current (700kA) the
density range was limited by the plasma control system and wall
outgassing at low density (n̄e = 6.5 · 1019 [m−3]). This dataset was
also limited by H-modes induced by LHRF in forward field, limiting
the range of n̄e to be less than 1.3 · 1020 [m−3]. Understanding core
deposition in 800kA discharges required increasing the upper range
of densities to 1.5 · 1020 [m−3]. The variation in density, as is described
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Figure 3.7: The modulation period of LHRF
power is 100ms for these experiments. This
period is ∼ 3τE (τE ∼ 35 ms) which allows for
core deposited power of each modulation to
approach equilibrium. The modulation power is
∼ 450 kW, representing a > 50% addition to Ptot
in cases where POH is unaffected by the LHRF
modulation. This minimizes hysteresis
modulation to modulation, and represents a
sizable change in the power balance. In
discharges used to analyze core dynamics the
LHRF power was turned off, and in edge
analysis it is at a minimal level (100 kW). This is
due to limitation in the LHRF control system.
The low power setting is a small fraction of the
ohmic power (POH ∼ 700 kW). The power
switching time from low to high power is < 10µs,
which is instantaneous as compared to the global
plasma dynamics.

0.6 0.8 1.0 1.2 1.4 1.6
time [s]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

LH
Po

w
er

[M
W

]

τE

1
1
4
0
8
2
2
0
1
1

in detail in chapter 4 was on the order of 1 · 1019 [m−3], but was a
function of the applied LHRF power at high density.

Subtle changes in the outer gap have previously been shown not
to impact the LHCD density limit in other experiments. Variation in
the outer plasma shape, as shown in figure 3.6, was allowed in order
to maximize antenna coupling to the plasma. Other plasma param-
eters (i.e κ, δ) were kept constant to allow the most straightforward
comparison of different plasma densities.

This method’s strength lies in ensembling of the various discharges
without a focus on any one plasma. Indeed, repetition and repeata-
bility guarantees the validity of derived characteristics, and statistical
error estimates are useful in cases where significant noise is expected.
This is the case for power balance measurements in tokamak plas-
mas. Modulated, constant parameter plasmas provide the most pre-
cise method for determining the power balance across the current
drive loss density range.

LHRF modulation parameters

Empirical predictions for the parameters of C-Mod plasmas set the
LHRF modulation characteristics. The confinement time, ohmic power,
influence of LHRF phasing and the current drive efficiency decay
with density have all been previously characterized for the chosen
plasma. The chosen LHRF modulation met the necessary require-
ments in the power magnitude and modulation time to analyze core
and edge deposition.

A multi-parameter analysis of the current drive characteristics at
low density (n̄e < 1.0 · 1020 [m−3]) found that the deposition and effi-
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ciency of LHCD correlated with the toroidal plasma current[44]. Un-
like other tokamaks, the launched n‖ was found to minimally change
the radial damping profile or the current drive efficiency[7]. The cho-
sen launcher phasing (90◦) minimizes the reflected power (maximiz-
ing the injected power) achieving a launched n‖ of 1.9. The results
derived from this phasing are expected to represent the results for
the typical range of launched n‖ = 1.5-2.8.

The magnitude of LH power was constrained by the available sys-
tem power and by the associated antenna coupling. This limited the
modulation magnitude (∆PLH) to less than 500 kW in forward field in
the lower single null. The modulation magnitude was higher for core
deposition analysis in upper single null data (800 kW). Coupling in
reversed field lower single null further limited ∆PLH to 300 kW. The
∆PLH applied in 700 kA and 800kA discharges which is > 50% of the
700 or 800 kW of ohmic power respectively. This significant power
addition increases the likelihood that measurable changes caused by
LHRF can be observed in the core and edge.

In the cases analyzed for core deposition, the LHRF power could be
completely removed during the ‘low power’ modulation phase. The
‘low power’ phase in edge damping experiments was 100 kW due to
LHRF control system changes[45]. This amount is a negligible frac-
tion (< 15%) of the input ohmic power and minimally influences the
plasma. Throughout the subsequent experiments, the LHRF change
is characterized in the analysis.

The LHRF control system is capable of the necessary modulation
dynamics. The rise and fall time of PLH was less than 10µs, which is
much shorter than C-Mod global plasma dynamic timescales. In the
subsequent analysis, this power addition is idealized as a substantive,
discontinuous source.

The LHRF square-wave modulation period was 100ms with a 50%
duty cycle. Ohmic, L-mode, 700kA, lower-single-null discharges on
Alcator C-Mod have energy confinement times near 30 ms. The mod-
ulation period was chosen to maximize the number of power steps
per discharge while allowing for equilibration and proper diagnos-
tic acquisition (for diagnostics with Nyquist frequencies near 100Hz).
These analysis methods assume that the plasma evolves to a level
where variation in the different power measurements is dominant.
An example time-trace of the forward LHRF power is shown in fig-
ure 3.7, which meets these necessary requirements.

This experiment was designed to limit the number of independent
variables that influence current drive efficiency. Constant plasmas
with modulation precisely isolates the plasma response in a statis-
tically meaningful way. Thus, a modulation period and power was
chosen to meet requisite time and power qualities for power balance
calculations. This methodology determines the location and magni-
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tude of LHRF power deposition, which can then be used to under-
stand LHCD density limit.

analysis of core lhrf power deposition

Influence of fast electrons on Te, ne measurements

The non-thermal tail of electrons generated by LHCD can distort core
electron temperature measurements[46]. These measurements usu-
ally assume a Maxwellian electron distribution for core conditions[47].
As the plasma deviates from this assumption, the interpreted results
become increasingly incorrect[48]. The high-energy, asymmetric elec-
tron plateau can erroneously increase the interpreted Te and can pre-
vent the analysis of bulk core conditions. Understanding the sensitiv-
ity of diagnostics to fast electrons is important in their use for charac-
terizing plasmas with LHCD. The measurements used to characterize
core conditions must be minimally impacted by the fast electron tail.

Most modulation experiments for power balance utilize electron cy-
clotron emission (ECE) diagnostics for core temperature analysis due
to their their high spatial and temporal resolution. The observable ra-
diation emission due to the the electron motion is some harmonic of
the cyclotron frequency (as is shown in equation 3.6) and is depen-
dent on the electron velocity (through the relativistic mass increase
dictated by γ). Cyclotron emission of interest can be reabsorbed by
the plasma, leading to a blackbody-like emitted intensity (approxi-
mately proportional to Te).

ωce =
qB

γme
(3.6)

In Alcator C-Mod, radiation from the X-mode second harmonic of
ωce is measured and analyzed to describe core Te[11, 49, 50]. High
energy electrons emit radiation at a lower frequency known as down-
shifted emission. ECE from fast electrons of the same harmonic is
reabsorbed in the plasma. This light must travel through the black-
body thermal layer that emits and reabsorbs the power. This light can
be measured if it does not traverse this region of plasma. Higher har-
monic ECE from fast electrons (such as the third or fourth harmonic)
can downshift into the bulk second harmonic frequency range[51].
This additional radiation source cannot be separated from the bulk
emission and thus will add to the overall intensity.

A fast electron emitting radiation at harmonic m2 can be misinter-
preted as a lower harmonic emission m1. An electron at major radius
R2 with kinetic energy E will generate the same frequency radiation
as a cold electron at radius R1 as given in equation 3.7. This equation
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assumes the tokamak magnetic field is dominated by the toroidal
field, which is ∝ 1/R.

E = mec2(
m2R1

m1R2
− 1) (3.7)

Discounting the poloidal magnetic field’s influence, the downshift
matching condition is independent of the magnetic field of the equi-
librium and the range of observable energies is proportional to the
electron rest mass. The range of energies and radii which can add to
the thermal blackbody emission is generally limited by the aspect ra-
tio. The conditions of second harmonic X-mode emission on Alcator
C-Mod are shown in figure 3.8. Observations of ECE from locations
near the core (R ∼ .62 [m]) can also measure emission from other
electrons with energies from zero to mec2/2 of the third harmonic.

Figure 3.8: Downshifted ECE emission
from high energy electrons will be
generated at a greater major radius
and will be observed as additional
intensity on C-Mod. This will cause
the calculated Te to be systematically
incorrect. Shown on right is the
relation between the non-thermal
emission observed at one radius
emitted from another as defined a
function of energy. The nonthermal
contribution to the observed emission
for a given radius (Robserved, in meters)
is an integral over the viewing path to
the thermal emission radius. The
integral over Remitted convolves energy
and radius (absorbed emission in
gray). This dependency as described
in equation 3.7 is shown for the 3rd
harmonic (blue) and 4th harmonic
(green) in 100 keV increments. The
interplay of energy and radius
prevents the removal of the
non-thermal contribution from the
interpretation of the signal intensity.
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The frequency-downshifted power enhances the total emission at
lower frequencies. This contribution means that Te values will be in-
correctly high. The interplay of energy and radius necessary to con-
tribute to the intensity for the cyclotron frequency at R1 makes the
inversion and removal of the non-thermal portion extremely diffi-
cult. Because thermal electron modulation analysis using ECE is in-
fluenced by the tail distribution, it is subsequently not used for core
Te analysis in this experiment.

SOL-measuring channels of second harmonic X-mode have insuffi-
ciently long optical depths to meet the necessary blackbody condition.
In principle, first harmonic emission from the high field side should
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Figure 3.9: The intensity of
nonthermal emission from
downshifted second harmonic
X-mode ECE exceeds the intensity of
core second harmonic emission. The
measured frequency at BT = 5.4T
corresponds to thermal emission edge
plasma (R = .93 [m]). The electron
temperature is found to become
unphysical for edge thermal electrons
during the application of LHCD. The
measured value corresponds to a
10-15 keV blackbody emission. The
long optical depth in the SOL means
that the measured intensity is
dominated by core nonthermal
radiation. This value of nonthermal
ECE exceeds the core emission (which
is approximately 2keV). It is unknown
if the change in core temperature is
due to increased blackbody emission
or from nonthermal contributions. The
measurements shown here were made
using a grating polychromator at
7.5 · 1020 [m−3]. The intensity from the
edge channels provide a measurement
of the fast-electron population in
Alcator C-Mod.
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dominate the measurement. However, first harmonic emission is re-
flected by the right hand upper hybrid X-mode cutoff layer which
prevents the measurement of the first harmonic thermal emission.
Instead the measured radiation is dominated by the downshifted
non-thermal second harmonic X-mode emission when present. These
edge channels are used to roughly approximate the non-thermal pop-
ulation in the core, as thermal emission from the SOL is controlled
by local dynamics of the temperature. Parallel heat conduction along
open field lines limits the temperatures to less than 100eV, and as
a consequence weakly emits radiation at ECE frequencies. This is
shown experimentally in figure 3.9.

On Alcator C-Mod, the Thomson scattering (TS) diagnostic is also
used to determine core Te values[13, 14]. The light of a 1064nm laser
travels vertically at a specific radius (R = .69 [m]) and is scattered ra-
dially. The incident î and scattered ŝ directions are constrained to the
poloidal plane with the light polarization ê in the toroidal direction.
The scattered emissivity d3P

dΩSdνsd~r , including relativistic corrections for
the Alcator C-Mod TS geometry[52], is defined in equation 3.8.

The light scattering direction ~k = ŝ− î is similarly constrained to
the poloidal plane. Consequently, the Alcator C-Mod system mea-
sures the frequency spread (ν) caused by the electron distribution
in the polodial plane; this is symmetrized due to the orbital motion



www.manaraa.com

92 modulation techniques for the power balance of lower hybrid waves

(commonly denoted as v⊥ and v⊥ = vk). The relativistic depolariza-
tion (

∣∣1− 1−ŝ·î
(1−βi)(1−βs)

β2
e
∣∣) and velocity correction (1− β2) are both less

than one for all non-zero velocities (β = v/c).

d3P
dΩSdνsd~r

= 2πr2
e 〈Si〉

ω2
s

ω2
i

∫ ∣∣1− 1− ŝ · î
(1− βi)(1− βs)

β2
e
∣∣(1− β2)

f (v, vk)

k
d2v

(3.8)

The scattered emissivity’s linear dependence on the electron distri-
bution function ( f (v, vk) = f0 + f1) can be used to separate the non-
thermal contribution P1 from the Gaussian contribution P0 shown in
equation 3.9. The fast electron density (n f ) is significantly smaller
that of the thermal bulk (ns), leading to an immeasurable change
in the scattered intensity and measured density (the zeroth moment,
ne = ns + n f ≈ ns).

d3P
dΩSdνsd~r

=
d3P0

dΩSdνsd~r
+

d3P1

dΩSdνsd~r
(3.9)

Temperature measurements are dictated by the scattered light fre-
quency distribution. While the limited number of experimental mea-
surements in wavelength (4) require the use of a non-linear Gaussian
fit, theoretically the temperature can be determined from the second
moment of the scattered spectrum. The character of the scattered spec-
trum’s second moment in frequency can be used to understand the
fast electrons’ effect on TS temperature measurements.

The contribution of P0 to the second moment is approximately
Gaussian for temperatures below 10 keV. The second moment can be
approximately described when it is assumed that the average electron
velocity flow in v⊥ is zero, the thermal electron density represents the
total electron density ne , and the second moment of the fast electron
density is σ2

f . The second moment of d3P
dΩSdνsd~r in frequency is described

in equation 3.10.

∫
ν2

s
d3P

dΩSdνsd~r dνs∫ d3P
dΩSdνsd~r dνs

≈ Te

me

2
+

n f

ne
σ2

f (3.10)

This simplification yields several simple conclusions. First, the fast
electrons’ contribution to the second moment scales with the fast elec-
tron population (n f /ne � 1). Second, σf is the fast electron second
moment in v⊥ space (due to the C-Mod TS system geometry) and will
not measure the important LHCD parallel velocity plateau. Third,
the plateau of high parallel velocities serves to reduce the fast elec-
tron contribution. Relativistic effects in scattering electrons reduce
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the measured light causing 3.10 to overestimate the fast-electron con-
tribution. As a result of these effects, fast electrons will minimally
impact measurement of the thermal Te using TS on Alcator C-Mod.

Core power deposition analysis will neglect results from ECE and
focus on measurements from TS. The neutron emission’s nature can
characterize the LHRF effect on ions. Changes in density will use TS
and interferometers. In tandem, these factors can determine LHRF’s
effect at high density on bulk core conditions.

LHRF impact on core Te at high density

The analysis of core heat flow begins with the electron temperature
characterization. The electron temperature was measured across the
plasma using a multiple-point Thomson Scattering system[5, 13, 14].
Each TS measurement was acquired at a specific phase of the modula-
tion so that several modulations could be combined. The ensemble of
five modulations per discharge was averaged, reducing the variance
in the calculated temperatures.

The rate of acquisition of the TS system allowed for six separate
ensemble-averaged profiles (three during the LHRF ‘on’ period and
three during the ohmic period). Due to the low time resolution, the
six profiles are insufficient for anything more than the most basic
Fourier analysis (< 30 Hz); thus the LHRF deposition analysis is
qualitative in nature. However, this is sufficient in describing power
balance changes caused by LHRF.

The ensemble averaged TS data and associated errors were used
with Gaussian process regression (GPR)[53] to generate high resolu-
tion smooth temperature profiles[54]. This method allows for the TS
data variance to be interpreted into a radially-varying profile error
(using the maximum a posteriori probability (MAP) estimate of both
the profile and error). This data was also used to quantify and esti-
mate the change in electron temperatures by LHRF power.

In high efficiency LHCD discharges, the temperature profile change
depends on the applied LHCD power. The plasma’s radial redis-
tribution of current will lead to changes in the ohmic power pro-
file (thereby changing the profile of Te). LHCD’s influence on the
magnetic shear (q) changes core MHD behavior and has been ob-
served to create core internal transport barriers[55]. LHCD does not
directly heat of bulk electrons but can heat the thermal distribution
through the slowing down of fast electrons which occurs on differ-
ent timescales from the thermal electrons. Each of these effects from
LHCD influences the electron temperature profile and are less straight-
forward compared to other heating sources.

When low density plasmas with low power modulated LHCD (350

kW) were analyzed, they showed a subtle change in the core temper-
ature. Specifically as highlighted in figure 3.10, the electron tempera-
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Figure 3.10: Five LHRF modulations from a single discharge were combined at various phases and
ensemble-averaged (shown by colored points in inset). The 350kW of applied LHRF power in this
800kA (POH = 800kW) discharge caused a ∼ 250 kW decrease in the inductive current (n̄e = 7.5 · 1019

[m−3]). The ensemble-averaged points and associated errors are used with Gaussian process
regression to estimate electron temperature profiles. The profiles (with similar color scheme) are
MAP estimates with shown σ error bars. While differences with and without LHRF near mid-radius
and outward (r/a > .4) are not observed, points inside the inversion radius show an increase in
temperature. This evident both in the fit and in the TS points in comparing the ‘on’ phase (red, blue
and green) to the ‘off’ phase (cyan, magenta and yellow). The rise in Te ∼ 200 eV, close to the error in
the generated profiles.

ture rises in the core by < 400eV for ρ < .3. This exceeds the fitted
profiles’ σ error bar, suggesting that the observed dynamics are out-
side the variability associated with statistical fluctuations and fitting
errors. The temperature increase for ρ < .3 highlights core plasma
changes can possibly be observed even at lower LHCD power levels
(∆PLHRF/Ptot = 350/800 or 43%), where changes in the MHD behav-
ior can improve confinement. This result gives confidence that core
changes due to LHRF at high density will be observed with reason-
able accuracy.

Using the same procedure, the electron temperature profile was
evaluated for similar plasmas at higher densities. The applied LHRF
power was 800 kW, nearly doubling Ptot due to the low current drive
efficiency. Shown in figure 3.11 this large increase in Ptot changes Te
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Figure 3.11: Five LHRF modulations from a single discharge were combined at various phases and
ensemble-averaged (shown by colored points in inset). In this discharge (n̄e = 1.35 · 1020 [m−3]), the
modulation of LHRF power was 800kW. With little to no current drive, this doubles Ptot in the
plasma (Ip is 800 kA). The MAP estimate profiles both in the fit and in the TS points in comparing
the ‘on’ phase (red, blue and green) to the ‘off’ phase (cyan, magenta and yellow) show little to no
change within the error bars from measurement to measurement. This suggests that a negligible
amount of power is deposited in the core plasma in cases without current drive.

by less than 150 eV. Peak values of Te were ∼ 1.7 keV, meaning that
Te varied by less than 10%. This insignificant change in Te is less than
the span of the profile σ error. It is possible that this difference is due
to natural variability in the Te profile.

The negligible change in Te with the significant change in Ptot indi-
cates LHRF’s reduced core deposition at high density. The transition
from full current drive to negligible current drive is marked by a re-
duced effect on Te. The low LHCD efficiency minimally changes in
the electron velocity distribution. This suggests that there is no core
damping of LHRF on electrons. However, in lower density cases the
Te changes from LHRF are mostly masked by ohmic heating power
reductions. The influence of LHRF power in the core of low density
plasmas changes the loop voltage, and subsequently is observed in
the core plasma for ρ < .3.

In the extreme case of immeasurable current drive, the temperature
profile is invariant (as measured by Thomson scattering). While some
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fast increase in temperature is observed in ECE measurements, it cor-
responds to a Te change of less than 100 eV. These measurements
are both small and possibly nonthermal, existing below the Thom-
son Scattering measurement-derived profile variance. In this circum-
stance, the LHRF waves do not damp on any core electron popula-
tion. Other locations and populations must also be investigated for
this power absorption, requiring the characterization of the core ion
population.

The power balance depends on the stored energy and by extension
the plasma pressure. While small changes in the electron temperature
at high density indicates the lack of core LHRF absorption, changes
in the stored energy can still occur. Density changes must also be
investigated, as they too can also affect the power balance through the
plasma pressure. The following sections describe the effect of LHRF
on core electron density and on the ion population.

LHRF impact on core ions at high density

Changes to the core electron temperature indicate little to no deposi-
tion of LHRF power at high density. While LHRF waves are unlikely
to damp on ions, changes to the core ion and impurity populations
could possibly occur[56] at high density. Measurements of core soft
X-rays[57] and neutron emission[58] can qualitatively describe the im-
pact of LHRF at high density.

Shown in equation 3.11, the fusion reactivity is nonlinearly depen-
dent on the ion temperature (with Ti in keV). Small ion temperature
changes can greatly increase the reactivity with the reaction rate scal-
ing with n2

i .

〈σv〉DD ≈ 2.33 · 10−8T−2/3
i e−18.76T−1/3

i [m3s−1] (3.11)

LHRF’s impact on the ion population can be determined from this
sensitive measure of the ion population. The neutron rate measure-
ment in these plasmas is at the noise floor of the diagnostic. Shown
in figure 3.12 is a smoothed time-trace of the total neutron emission.
A small modulation in the neutron rate is observed with LHRF.

The exceedingly low total neutron emission makes the zero base-
line (therefore the magnitude) questionable. However, the slow and
small modulation of the neutron indicates either a change in the ion
population, or a very small change in ion temperature. The minimal
impact of LHRF on electron temperature would suggest that the small
change in neutron rate occurs due to a change in the ion inventory in
the plasma.

A similar modulation is also observed in the core soft X-ray emis-
sion as measured by the XTOMO system[57]. The soft X-ray emission
is a function of the electron temperature and impurity content of the
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Figure 3.12: A weak rise in neutron
rate is observed with applied LHRF at
high density (low efficiency). The rise
and fall is similar to an observed
response in soft X-ray emission (SXR).
The brightness of the core viewing
chord is shown. The strong
dependence on fusion reactivity on
ion temperature for low temperatures
(Ti < 5 keV) suggests the rise in
neutron rate is due to a similar rise in
ion density, rather than temperature.
The change in impurity X-ray
emission also suggests a change in
impurity density as there is minimal
variation in Te. The neutron rate of
1011 of these plasmas are significantly
below the neutron rates of
high-performance plasmas, which can
achieve values of 1014 neutrons per
second.
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plasma. Minimal variation in Te at high density indicates that rise
in the impurity emission comes from a change in impurity density.
The change in the neutron rate and the soft X-ray emission are due
to increases in the ion and impurity inventories in the plasma. This
motivates the analysis of core electron density profiles.

LHRF impact on core ne at high density

While little to no variation in Te is observed at high density with
LHRF, improvements in particle confinement can also increase the
stored energy. If the energy per particle is constant, a change in the
overall inventory will proportionally change the stored energy. As a
consequence, electron density profile changes (and the electron pres-
sure) can influence the LHRF power balance. Unlike neutral beam
injection which directly fuels the core, higher densities from auxiliary
power must come from changes in transport involving edge sources.

Line-averaged density measurements performed using a two-color
interferometer[59] show an increase in density with the application of
low efficiency LHRF. This density modulation is shown in figure 3.13,
responding on the global particle confinement time. This increase and
decrease in line averaged density re-equilibrates ∼ 50 ms after the
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Figure 3.13: The application of LHRF
at high density causes a rise in the
electron density as measured with a
two-color interferometer (on bottom
with n̄e) and Thomson scattering
system (in middle with ne0). The rise
in density is 10% of the background
and is dictated by the core particle
confinement dynamics. This effect is
only observed in cases with minimal
current drive. The variation in the
Thomson Scattering measured on-axis
density makes deducing the 10%
variation difficult. The individual
modulations can be
ensemble-averaged to improve
resolution.
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change in LHRF power. The increase in n̄e correlates with the LHRF
power and with the background density. Increasing inefficiency and
increasing LHRF power enhance the change in n̄e. In cases with neg-
ligible current drive with > 500 kW LHRF, the observed increase in
n̄e is approximately 10%.

This rise in line-averaged density directly correlates with high den-
sity LHRF, a faster changes in LHRF power can also be observed on
n̄e. In these cases, LHRF power losses due to arcing or high reflection
coefficients can be observed in the line-averaged density. The core
density will immediately decrease with LHRF power loss at the same
rate observed in the rise with LHRF power. LHRF power changes
the edge fueling causing the density rise at timescales of the global
particle confinement time.

TS profiles can be used to determine any modifications to direct
core fueling. The change in the density profile is first examined in
low-density plasmas with efficient current drive. Shown in figure 3.14,
no discernible change in electron density profile occurs with LHCD at
low density. Most measurements of the six profiles overlap, with no
systematic difference between the ‘on’ and ‘off’ average data points.
The various smoothed profiles overlap within error bars across the
plasma radius. A correction had to be applied due to variation in the
laser energy (an applied 12.8% increase), but was distributed amongst
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Figure 3.14: Five LHRF modulations from a single discharge were combined at various phases and
ensemble-averaged (shown by colored points in inset). In this discharge (n̄e = 7.5 · 1019 [m−3]), the
modulation of LHRF power was 350kW. The measured density had to be corrected in some points
due to a variation in the laser energy (12.8% variation in the energy). The difference in profiles is
within error bars of one another (with the density correction). The overall particle confinement does
not change with LHCD in L-mode plasmas (in cases that still have sawtoothing behavior).

the two periods (one phase in the ‘off’, and two in the ‘on’). For
this reason, the absolute density is approximate, but the conclusions
about relative change in ne are unaffected.

The TS data and line-averaged density increase minimally by ef-
ficient LHCD power. The transition to low current drive efficiency
and its effect on the core can be bracketed by the case of immeasur-
able current drive. Six profiles from a high LHRF power, high density,
negligible current drive discharge are shown in figure 3.15. In this in-
stance, changes due to LHRF were observed in the measured electron
density radial profile.

A small but systematic edge density increase can be observed in the
measurements occurring for ρ > .7. This increase occurs in the pro-
files during the ‘on’ phase of LHRF. While there is significant noise
in the individual measurements near the edge, there is also a consis-
tent increase point to point. This is further reflected in the smoothed
profiles, showing a near ∼ 10% increase from 0.9 · 1020 to 1.0 · 1020
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Figure 3.15: Five LHRF modulations from a single discharge were combined at various phases and
ensemble-averaged (shown by colored points in inset). In this discharge (n̄e = 1.3 · 1019 [m−3]), the
modulation of LHRF power was 800kW with very little current drive. The measured density had to
be corrected at some phases due to a variation in the laser energy (12.8% variation in the energy).
When corrected, a rise in density for ρ > .7 occurs during the ’on’ phase (green, red and cyan) of
LHRF power. Core density is higher for red,cyan and magenta which suggests that density rise and
fall is delayed into the core on the order of the particle confinement time. This trend is observable in
the fitted profile and in the measured points (in general). The rise in density corresponds to the
change in density observed with interferometry and is noted to begin at the periphery of the plasma.
This enhanced confinement of particles leads to a ∼ 10% enhancement in electron stored energy.

[m−3]. This substantive change is outside of the determined σ error,
suggesting this is a true effect.

The core density for ρ < .6 shows evidence of a delay as core
profiles do not exactly match along ‘on’ and ‘off’ phases. The profile
in the earliest phase of the ‘on’ period is at a low density. Similarly, the
earliest phase of the ‘off’ phase has a high density. This is consistent
with an edge particle source as a finite delay is expected for inward
convective and diffusive particle transport.

This result matches the conclusion drawn from the time response in
n̄e. An edge particle source would dictate plasma changes beginning
with the edge and would have a finite delay in the core. Edge fueling
would slowly change the plasma density, but would begin to rise and
fall immediately with a change in LHRF power. The line-averaged
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density immediately changes with LHRF power, but re-equilibrates
on the global particle confinement time.

Assuming that current drive loss does not impact the core ion pop-
ulation, the LHRF does not deposit power instantaneously in the core
plasma. However, the observed particle inventory increase leads to a
change in the core stored energy. Quasi-neutrality dictates that a sim-
ilar rise in ion density must occur with the electron density. With
the minimal change in Te, the core stored energy is a function of
the LHRF-induced edge particle source. In the extreme case without
current drive the increase in stored energy is similar to the density
rise of nearly 10%. The particle confinement time dictates both the
slow rise in the core density and change in the stored energy. This
rigorous analysis shows that the LHCD pulse leads to a negligible
instantaneous increase in Te at high n̄e, which would be expected for
core damping. Rather there is a slow 10% evolution in density, stored
energy and neutrons which are consistent rather with a modification
to the boundary plasma fueling.

This result allows for ∂W
∂t to be neglected on short timescales in the

extreme case of immeasurable current drive. The observed edge par-
ticle source and associated negligible change in the core focuses the
power balance to the edge. This limiting case dictates that the large
increase in Ptot must be matched by a change in Ploss. Analysis of the
loss mechanisms will determine the edge’s effect on LHRF absorp-
tion at high density. These core results verify that the fast electrons
losses are matched by an equal lack of absorption in the core thermal
ions or electrons. The extensive analysis of the core species simplifies
the power balance and motivates further study of the edge and SOL
plasma for LHRF deposition.

edge deposition of lhrf power

Instantaneous edge response

Conclusions from the core plasma analysis require significant bound-
ary changes in order to satisfy power and particle balances. The only
observable core plasma change with negligible current drive is a
small and slow increase in stored energy. The stored energy rises
due to a larger total particle inventory which necessitates modifica-
tions to the edge particle source. Deposited LHRF power in cases
without current drive also require significant edge losses in order to
satisfy power balance. Observed experimental measurements of the
SOL must meet the necessary particle and power losses suggested by
core plasma dynamics.

As highlighted in figure 3.4, the coupling of energy and particles
between two locations is greater with a smaller separation. Core-
deposited power is observed as edge losses at timescales on the order
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Figure 3.16: Edge radiation and conducted power respond promptly to applied LHRF power at high density. On left
is a typical edge response time to applied ICRF power which damps in the core plasma. This corresponds to the
energy confinement timescales, typically ∼ 30ms on Alcator C-Mod. However, applied LHRF power is observed
nearly instantaneously in radiation and conduction much shorter than the energy confinement time, shown on right.
The rise time of the strike point heat flux is shown in green, as measured by a surface thermocouple. The increase in
divertor Lyα emission occurs in less than a millisecond.

of τE. Edge-deposited power must diffuse significantly shorter dis-
tances to be lost and as a consequence the response time is substan-
tially shorter. Measurements of the strike point heat flux (q‖) and the
hydrogen Lyα light show a nearly instantaneous response to LHRF
power. This clearly indicates that the power of the LH waves is being
directly deposited into the boundary plasma at high density, consis-
tent with the lack of any instantaneous core response.

The fast response in the edge is shown in figure 3.17. The magni-
tude of the strike point parallel heat flux response increases with elec-
tron density (given by n̄e). Similarly, an increase in the Lyα emission
also occurs with increasing n̄e. In both cases the magnitude changes
with a similar rise times.

The strike point heat flux measurement is made using a specially-
designed surface thermocouple[60]. It directly measures the deposited
power onto the divertor surface at timescales relevant for C-Mod op-
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Figure 3.17: Three plasmas at different densities increasing from left to right. The response of the divertor plasma to
Lower Hybrid wave power is observed in conduction (strike-point q‖ and radiation (Lyα)). The magnitude increases
with density, while the time response is nearly instantaneous. The Lyα measurement is from the lower divertor in a
lower single null plasma. The rise in heat flux and radiation coming from increased total power because of the
minimal change in the ohmic power (e.g. Ptot is a function of density). Fast oscillations in the Lyα observed in the
highest density case are due to oscillations in the divertor neutral pressure.

eration. The outer divertor strike point was placed on one surface
thermocouple (within the capabilities of EFIT and the C-Mod control
system). The time necessary for the change in heat flux is on the order
of the measurement time resolution, ∼ 1ms.

Measurement of the divertor Lyα emission (as described in Chap-
ter 2) represents changes in the edge radiation. It is closely related to
ionization and can also be used as a proxy for SOL fueling changes.
The increase in Lyα also occurs at the diagnostic time resolution limit
which is less than a millisecond. Similar responses to LHRF are also
seen in other edge light measurements (such as in Hα and TS back-
grounds).

The increasing losses due to edge conduction and edge radiation
can be simply quantified due to the instantaneous nature of the edge
loss. Instead of using breaking-slope or Fourier decomposition tech-
niques, the subtraction of the two states (with and without LHRF) can
separate the LHRF influence from the background shown in equation
3.12. The measured changes calculated from the subtraction are nor-
malized to the step in LHRF power.

∆P/∆PLH =
P2 − P1

PLH,2 − PLH,1
(3.12)
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Figure 3.18: The change in the outer
strike heat flux rises with
line-averaged density as measured by
a surface thermocouple. This change
in q‖ is normalized to the LHRF
modulation power magnitude and
increases with density. This trend
(shown by a linear fit in red) occurs
with the transition from the
sheath-limited regime to the
high-recycling regime. This is shown
by the Te as measured by a toroidally
offset Langmuir probe. An increasing
amount of LH power is being
observed as conduction near the outer
strike point with the decreasing of
LHCD efficiency.
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The normalized power ∆P/∆PLH defines the LHRF power fraction
that is observed in a particular mechanism. Fractional calculations
assume that the measured parameters change linearly with the step
in LHRF power. Trends in this metric define the relative importance
across the loss of efficiency in current drive and can then be used to
derive edge LHRF deposition characteristics.

Figure 3.18 was generated using the subtraction analysis with LHRF
modulation steps of 450kW and 200kW. The change in outer strike
point parallel heat flux is normalized to the step LHRF power. The fig-
ure highlights the heat flux’s linear response to LHRF power. While
some scatter is observed in the data about a linear trend with n̄e, there
is no systematic difference between the two sets of measurements.

The rise in the outer strike point parallel heat flux occurs during
the transition from a sheath-limited to conduction-limited SOL. The
electron temperature dropped across the range of density as mea-
sured by a toroidally offset Langmuir probe. Edge effects due to
LHRF increase linearly with decreasing LHRF efficiency indicating
that LHRF increasingly interact with the edge. This result motivates
further study of the characteristics observed during the transition to
negligible current drive, discussed in the following chapter.

The fast response in the edge validates the edge deposition ex-
pected from the core analysis. The immediate reaction in conduction
and radiation proves the edge absorption of LHRF power. Fractional
loss calculations are simplified by the prompt edge response, allow-
ing for LHRF power isolation through subtraction. These calculations
quantify the edge deposition to determine its importance to current
drive loss. The following sections determine modulation in Prad, Pcond
and POH in order to follow the LHRF power flow.
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Edge-deposited conducted power

Measurements of the total conducted power were made using Lang-
muir probes[5] and IR thermography[61]. The inner and outer diver-
tors were treated separately due to their physical separation and dif-
ference in plasma conditions, ∆Pcond is defined in equation 3.13. In
lower single null forward field plasmas, the background conducted
power is predominantly observed on the outer divertor. The modula-
tion isolates the edge LHRF contribution allowing for the quantifica-
tion and comparison to other power losses.

∆Pcond = ∆Pcond,inner + ∆Pcond,outer (3.13)

The Langmuir probe-derived heat flux assumes a conservative sheath
heat flux transmission coefficient (γ, where q‖ = γj‖Te) of 7. Each ar-
ray of probes is localized to a specific toroidal angle with a < 5◦

toroidal spread. The interpolated toroidally symmetric heat flux pro-
file (i.e. in the R̂ direction) is integrated along the divertor surface. The
assumed toroidal axisymmetry is counter to other results with LHRF
on C-Mod[62] and other tokamaks[63, 64, 65] where edge power loss
has been local to specific nearby surfaces. The following chapter dis-
cusses this assumption’s validity.

A fast (300 fps) IR camera is also used to determine the heat flux to
the outer divertor. Blackbody emission from the associated divertor
temperature rise is translated into heat fluxes and into the integrated
conducted power. The separate heat flux measurements derived from
different physical principles provides confidence in the calculated to-
tal conducted heat to the outer divertor. Shown in figure 3.19, the
modulation in the strike-point parallel heat flux is also observed in
the integrated conducted power both in the Langmuir probes and by
IR thermography.

The instantaneous conducted power increase with applied LHRF
at high density is also observed in Langmuir probe and infrared mea-
surements of the conducted power. The similarity in the derived to-
tal conducted heat suggests that the power loss is thermal in nature
(which is addressed in chapters 4 and 5). At the same n̄e and step in
PLH, variability in measurements of 100kW or greater exist for each
of the calculated conducted powers. The conducted power difference
is not systematic and varies shot to shot for both the modulation
and ohmic periods of the discharge. This difference also leads to 20%
variation in the conducted power loss fraction. The power balance
analysis must be achieved in a statistically rigorous manner due to
the observed scatter in values. Nonetheless one can see that at high
density approximately 50%-70% of the LH power instantaneously ap-
pears as conducted power at the active divertor surfaces. This alone
indicates very localized damping of LH wave power deposition in
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Figure 3.19: The conducted power loss
fraction of LHRF is found to be ∼ 50%
in this high density example.
Calculation of the conducted loss
fraction assumes toroidal symmetry of
the measured heat flux and is
integrated about the divertor plate
surface. Measurements from both
Langmuir probes and from infrared
thermography instantaneously
respond to LHRF power. Differences
in the calculated fraction highlight the
difficulty of the measurement, but are
within 20% of one another.
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the boundary plasma. IR thermography is the best direct method for
determining the deposited heat and is subsequently used in the fol-
lowing analysis.

In figure 3.19, the observed outer divertor conducted power frac-
tion represents 50% of the LHRF power. This is evident in the outer
divertor conducted power time-traces as measured by IR thermog-
raphy and the Langmuir probes. For these plasma conditions (5.4T,
700kA, n̄e ∼ 1.1 · 1020 [m−3] and LSN), the sizable change in Pcond in-
dicates that at least half of the LHRF power is not driving current and
is instead directly depositing power in the boundary plasma. This ex-
ample plasma discharge proves edge deposition’s importance in the
loss of LHCD.

Measurements of the conducted power to the inner divertor are
significantly smaller with a reduced LHRF response. It is likely that
the in/out distribution of edge-loss LHRF power follows similar char-
acteristics to edge power loss observed with core deposition. In fig-
ure 3.20, the conducted power modulation does not exceed 10 kW.
The measured ohmic conducted power is also small, measured below
100kW for the entire tested plasma density range.
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Figure 3.20: The conducted heat
measured on the inner divertor is
small in forward field LSN plasmas.
The example plasma shows ∼ 5 kW of
modulated LHRF power, which is
approximately 50 times less than the
LHRF conducted heat on the outer
divertor. The modulation of inner
divertor conducted power decreases
with density and is intermittent is
forward field. The observed LHRF
power conducted to the inner divertor
is typically less than 20 kW. For
calculations of power balance in
forward field, this contribution is
neglected as variability in other losses
are much greater.
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The inner divertor’s conducted power modulation due to LHRF is
intermittent in forward field plasmas. Just as in figure 3.20, in most
cases modulation intermittently observed and are therefore not reli-
able. As a consequence of the possible field-direction dependence of
the conducted power’s in/out symmetry, the LHRF waves’ power bal-
ance will be shown in forward field plasmas. This is due to the larger
data set, better outer divertor diagnostic coverage and higher steps in
LH power from improved coupling.

The observed inner divertor modulations decreased with line-averaged
density countering to the observed trends on the outer divertor. It is
likely that with increasing n̄e, the inner wall’s high-recycling condi-
tions reduces the conducted LHRF power. Variation in the measured
power conducted to the outer divertor exceeds the entire modulation
in conducted power on the inner wall. The inner wall contribution to
the LHRF power balance is neglected due to the small contribution
and irregular nature of the observable modulation.

A trend in the outer divertor conducted power fraction was gen-
erated from the integrated power as measured by IR thermography.
The linear fit was generated from the ensemble of modulations from
six discharges across the density span. The fraction of LHRF power
conducted to the outer divertor increases with lower LHCD efficiency,
shown in figure 3.21. The trend in the conducted power from 20% to
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Figure 3.21: The fraction of LHRF
power instantaneously lost as outer
divertor conducted heat increases
with increasing n̄e. This trend was
measured by infrared (IR)
thermography. Conduction losses
increase with n̄e and decreasing
LHCD efficiency. This trend is derived
from forward-field LSN plasmas on
1150626 with sufficiently accurate IR
data. Measurements with little or no
response to LHRF are neglected in
order to remove false negatives. This
impacts the lower bound of the trend,
as changes < 10% or 50kW are noise
dominated. The high density cases
show upwards of 60-70% of LHRF
power conducted to the outer divertor.
This trend does not extend past
n̄e = 1.3 · 1020 [m−3] due to transitions
to H-mode and the influence of
high-recycling. This effect is described
in Chapter 4.
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70% was fit using linear regression, yielding parameters described in
table 3.2. The linear fit best matches the observed trends with n̄e in
the total conducted heat and in the strike point heat flux onto the
outer divertor.

The conducted loss measurements below 20% were difficult to de-
termine due to instrumental noise. This calls into question the validity
of edge losses for low plasma densities. However, the edge loss trend
is corroborated by the qualitative interpretation of the outer strike
point heat flux as measured separately by the surface thermocouples.
The instantaneous LHRF power edge loss via conduction is observed
even at the lowest densities with efficient current drive (shown on
far left in figure 3.17). This proves that edge loss mechanism occurs
at all densities and that only the degree of importance is strongly
correlated with n̄e.

Many modulations were combined to yield conducted power trends.
The edge losses observed in conduction became dominant with the
loss of current drive. This proves LHRF edge absorption at high den-
sity reduces the current drive efficiency. However, radiated power
must also be evaluated for power balance, as it represents another
possible loss mechanism. In the next section, radiative edge losses
are evaluated for the power balance completion.

Radiated power

Radiation constitutes the other large edge loss mechanism on Alcator
C-Mod. The immediate change in edge radiation indicates that ra-
diative loss is also important for the LHRF power balance. This loss,
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as shown in the measurement of Lyα in figure 3.17 becomes increas-
ingly important with n̄e. Multiple foil bolometer systems integrated
radiation from Lyα and other wavelengths. Two systems of absolutely
calibrated foil bolometers observed LHRF modulation at high density.

The two bolometers systems each measure different aspects of the
radiated power. A wide-viewing single foil bolometer integrates the
emissivity across a large fraction of the vacuum vessel[66]. Viewing
limitations reduce the observation of the outer leg of the divertor
plasma. The second system uses an array of foil bolometers to de-
termine the midplane radiation’s radial profile[67]. This can be inte-
grated over the plasma volume to yield the power from core radia-
tion.

Core soft X-ray emission measurements (shown in figure 3.12) in-
dicates a slow rise in the core radiation as the core density increases.
This loss via core radiation can influence the LHRF power balance
calculation and must also be independently characterized. The foil
bolometers’ slow time response makes separation of the prompt edge
radiation from the core rise difficult. However, similar diode-based
systems with similar views can better characterize the radiated power’s
rapid time response.

Figure 3.22: The fraction of LHRF
power observed as core plasma
radiation is small. This component of
Prad corresponds to the increase in
core particle inventory in the main ion,
electron and impurity populations.
Core Prad is generated from radial
profiles of radiated power which are
measured by a pinhole array of
bolometers at the midplane. This
fraction is < 10% of the LHRF power.
A trend is not shown due as this
contribution saturates near 10%,
similar to the change in observed core
density.
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While the single foil bolometer system estimates the total radiated
power, these two measurements’ differences can give some idea of
the divertor radiated power. The trends in the two measured radiated
powers are given in figures 3.22 and 3.23. In both cases the change in
radiated power is minimal at low density and increases with decreas-
ing LHCD efficiency.

The modulation in core radiated power fraction approaches 10% in
cases with negligible current drive. This low value is near the diag-
nostic’s resolvable limit. However, the 10% fraction roughly matches
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the fractional core density change determined by n̄e (which is also
∼ 10%). The core radiation change is expected for similar core tem-
perature and Ze f f plasma conditions.

The total radiated power as calculated by the ‘2π’ bolometer shows
an increase from nearly 0 to 30% of the LHRF power observed as
radiation. The trend in LHRF radiated power fraction is given in table
3.2, with a lower R2 value (in comparison to the trend in conducted
power). The measurements contain similar variability as observed in
the outer divertor conducted power, with a reduced range in radiated
power fraction which causes the lower R2 value.

Combining the two trends suggests that ∼ 20% of the LHRF power
is observed as edge radiation. This loss correlates with current drive
loss and matches the qualitative Lyα observations. If the prompt con-
duction losses are included then at least 70% of ∆PLH appears promptly
in the boundary rather than the core, which causes all high-density
LHRF power to be observed in the edge. This also matches the expec-
tation derived from the core Thomson Scattering results.

Figure 3.23: The change in radiated
power ∆Prad increases with increasing
electron density as measured by the
2π foil bolometer. The wide spread in
data highlights the variability of the
calculated radiated loss fraction of
LHRF power (∼ 10%). A least-squares
linear trend shown in red for a dataset
of > 300 independent values. This
measurement does not include the
radiated power from the outer strike
point due to limitations in the view.
The increasing observation of
modulation in Prad highlights the edge
loss of LHRF. This data represents the
combination of 2 rundays with the
same LSN, 5.4T, 700kA equilibrium
(1140822 and 1150626).
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The power fraction observed as radiation is likely to increase be-
yond the tested density range as divertor detachment becomes more
probable. In this case, very little conducted power is observed on the
divertor. The transition of SOL regimes (i.e. the transition to high-
recycling) also affects the distribution of edge losses in conduction
and radiation. The large natural variance in the measured power
losses makes any significant determination of this change difficult.
Effects related to the interplay of radiation and divertor conduction
are observed with LHRF, and are discussed in the following chapter.
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Power balance

The capability of LHRF in driving current can be roughly estimated
by using EFIT [68]. While some error can be expected in cases with
significant current drive, the deposited ohmic power estimation im-
proves at high density. Due to the modulation period, the time his-
tory of POH is derived from a set of EFIT reconstructions every mil-
lisecond (EFIT01). Unlike previous experiments which used density-
ramps that change core temperature conditions, the modulation method
can extract a trend in ∆POH/∆PLH versus n̄e.

In the general plasma power balance, ohmic power represents an in-
put. In the case of LHRF wave power balance, ∆POH is a ‘loss’ term, as
∆PLH reduces POH. This difference can be observed in the ∆Ptot trend.
As current drive becomes more inefficient, the LHRF wave power in-
creases the total power within the vessel because the ohmic power is
not reduced by LHRF.

Figure 3.24: The loss of current drive
can be observed in the change in the
total power into the C-Mod vessel
(∆Ptot). In cases with high efficiency
current drive, the change in Ptot is
approximately zero. ∆Ptot increases
with the background density as the
population of fast electrons degrades.
This trend in ∆Ptot (and by extension
POH) indicates the loss of current
drive. At the highest densities where
current drive is minimal, ∆Ptot/∆PLH
approaches unity. Variation in the
ohmic power influences the power
balance, highlighting the difficulty of
the Lower Hybrid power balance
calculation. This trend is highlighted
by a linear fit in red, with data above
1.35 · 1020 neglected due to change in
confinement (high density data from
H-mode which is neglected).
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Shown in figure 3.24, the total power into the vessel increases with
density as calculated by the EFIT-generated ∆POH. The nearly linear
rise in this parameter at the lowest densities suggests that the current
drive loss is linear with n̄e. At high densities, little to no LHRF power
into the plasma drives current. With the calculation of ∆Ptot and ∆POH,
the LHRF power balance can be completed.

The measurements of the current drive fraction ∆POH and Ptot each
contain similar variability to the other power balance terms. How-
ever, the trend spans the physically allowable range of values from
near zero change in ∆Ptot at low density to near unity at the highest
densities. A fit in ∆POH is given in table 3.2, showing a ∼ 10% error
with a high R2 value.
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The ohmic and LHRF power balances are shown in figure 3.25 and
table 3.1 for a forward field plasma with little current drive. A ma-
jority of the power is observed conducted to the outer divertor. The
small contributions of certain sources (such as core radiation and in-
ner divertor conduction) are on the order of the dominant losses’ er-
ror. For the power balance of LHRF waves, these small contributions
are neglected.

Loss Ohmic % LHRF %

∆POH - 20

Pcond,outer 43 56

Pcond,inner 7 1

Prad,outer 10 4

Prad,inner 25 13

Prad,core 15 6

Table 3.1: Observed power balance of a discharge with significant edge absorption
of Lower Hybrid power (n̄e = 1.15 · 1020 [m−3], BT = 5.4T, Ip = 700kA, forward
field). The isolated net Lower Hybrid power generates a small fraction of the total
current at this density, with edge absorbed power resembling the ohmic power loss.
Errors on each measurement is of the order of ∼ 4% for the Ohmic power balance
per measurement, and ∼ 6% for the Lower Hybrid power balance.

The precision in the edge loss measurements limit the fractional
resolution of edge losses. For a given modulation of 450 kW, 5% of
∆PLH is 22.5 kW, a value below the 50 kW reliable resolving capa-
bility of some power loss measurements. Power balance calculations
can be improved using greater steps in LHRF power and can made
more difficult with smaller steps in power. Future tests using LHRF
power modulation for the edge loss current drive on C-Mod and other
tokamaks requires the maximum power for the best resolving capabil-
ity. The example highlights the importance of fractional measurement
variance in the power balance’s precision.

The trends in ∆Ptot, ∆Prad and ∆Pcond each corresponds to the cur-
rent drive loss via prompt edge absorption with increasing n̄e. Each
measurement is independent and can be combined to generate a
trend in power balance versus n̄e. These trends are shown in figure
3.26 and associated table 3.2. The three trends were created from the
data of a single runday, as to remove any systematic biases that could
develop from other operational days.

The calculated value of ∆PLH is anomalously high by ∼ 15%. How-
ever, this discrepancy is likely due to the combination of a systematic
and random error. Difficulties in measuring the ohmic power and con-
ducted power with significant current drive likely cause the ∼ 15%
discrepancy in the power balance at low density. The error in this
calculation is approximately ∼ 12%, which is generated through the
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Figure 3.25: The power balance of ohmic Alcator C-Mod plasmas and the influence of ∆PLH have been calculated.
On left is an example ohmic power balance at n̄e = 1.15 · 1020 m−3 where a significant fraction of power is
conducted to the outer divertor. The error in each loss mechanism calculation is ±25kW. Similarly on right is the
extracted loss channels of ∆PLH with similar calculation errors. This induces an error of at least 10% with the
dominant loss mechanism being the conduction to the outer divertor. A small fraction of LHRF power continues to
drive current and accounts for 10% of Ip. This example is a snapshot of the power balance of Lower Hybrid power.
The distribution of losses in radiation, conduction and location is dependent on n̄e and Ip and will change
accordingly. (data from 1150626012 at 1.2s, significant variability can be observed at the same conditions).

sum in quadrature of various fits. This is on the order of this discrep-
ancy assuming that the error in each fit is independent.

The combination of the three independent trends into a complete
and accurate power balance (∆PLH ∼ 1) indicates that current drive
loss is promptly found in the boundary plasma. This is true across the
range at which the current drive efficiency drops. The linear reduction
in ohmic power due to LHRF is observed as conducted and radiated
power. This would indicate that the current drive loss is due to a
mechanism that parasitically absorbs power near the periphery.

While previous trends observe minimal current drive and hard
X-rays for n̄e ∼ 1.2 · 1020 [m−3], a small < 20% fraction of power
still drives current. This current drive is sufficiently small that global
power balance is unable to properly resolve its effect on the ohmic
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Figure 3.26: The power balance of LHRF waves in 700kA, forward field 5.4 T discharges is verified for the range of
density of current drive loss. Each contribution is measured independently with its own linear trend. The ohmic
contribution is generated from EFIT, the radiated contribution from a wide-viewing bolometer and the conducted
power using IR thermography. Each trend and associated data is shown as a fraction of LHRF power on left. The
combination of the three trends is within 15% of the total LHRF power (∆PLH) and is shown on right. This is
within the variability of the combined trends, giving validity to parasitic edge deposition of LHRF power causing
the loss of current drive efficiency. This data is generated from the 1150626 runday.

power. This contribution to the plasma current replaces less than 15%
of the ohmic drive at 700kA for modest LHRF powers (∼ 500 kW).
This minuscule amount of current (< 100 kA) is difficult to discern in
Vloop changes. The further deterioration of current drive makes LHCD
in H-modes (n̄e > 1.4 · 1020 [m−3]) impossible.

A parasitic edge loss mechanism observed at low densities that
increases in magnitude matches the power balance and associated ef-
fects of LHRF. The edge’s fast response is observed at all densities
and at various magnitudes. The current current drive loss must simi-
larly exist at all densities to some degree. This power balance allows
for this and other derived characteristics to be used in finding the
cause of the loss of current drive efficiency.
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Table 3.2: Linear fits of the data shown in figure 3.26 highlight the
variability in deriving the power balance of LHRF waves in Alcator C-Mod.
This data is valid for n̄e = 6 · 1019 - 1.3 · 1020 [m−3] forward-field, LSN
discharges at 5.4T and 700kA. This comprises the density range where
current drive is lost for this equilibrium. The errors in the parameters span
∼ 15%, which is 60kW for ∆PLH = 400kW. This impacts the goodness of fit,
which is evident in the smaller Prad trend. The total power balance
generated from the combination of each trend is within 15% of the expected
total across the density range. This is less than the expected error assuming
that errors of each measurement are independent and add in quadrature.
The dataset and linear regressions were generated from runday 1150626.

f = An̄e + B Â · 10−20 m3 σÂ B̂ σB̂ R2

∆POH/∆PLH -1.294 ±.068 1.684 ±.071 .708

∆Prad/∆PLH .337 ±.074 -.216 ±.073 .416

∆Pcond/∆PLH .726 ±.061 -.236 ±.060 .661

∆P/∆PLH -.231 ±.118 1.232 ±.118 -

summary and discussion

Radiofrequency power modulation has been used extensively for un-
derstanding both the plasma’s heat transport and the deposition of
power. This technique was used to understand the LHRF density limit
through the characterization of the core and edge plasma. The set of
constant-parameter plasmas allowed for reproducible, independent
LHRF wave power balance calculations. Trends in the various power
balance components versus n̄e show the prompt increasing deposition
of LHRF power in the edge plasma.

Only small increases in density could be resolved in the core plasma
with the application of LHRF power with negligible current drive.
Calculated using Thomson scattering, no statistically significant change
in the core electron temperature was observed. Changes in the core
electrons density subtly increased the core’s stored energy with simi-
lar core ion population changes. The small variation in any core pop-
ulation to LHRF matches the reduced fast-electron population at high
density. The insignificant change in the power balance and the edge
density source could only be caused by a large deposition of LHRF
power in the edge.

A corresponding instantaneous response was observed in edge di-
agnostics with the reduction in current drive efficiency. The fast re-
sponse allowed for the simplification of LHRF power balance calcula-
tions through the use of subtraction. LHRF edge absorption, observed
as conducted and radiated power, matched core driven current reduc-
tions. In conditions with negligible current drive, nearly all power
was promptly observed in conduction and radiation.

From the independent core and edge measurements, power balance
was reconstructed. Changes in Ptot due to decreasing LHCD efficiency
were recovered in Prad and Pcond. This was only possible through the
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ensemble of many modulations due to the large scatter in the frac-
tional loss data. With rigorous analysis, the power balance was shown
to be correct within the expected errors of the independent fits.

In effect it is the magnitude of edge loss which dictates the current
drive efficiency. The completed power balance across the range of den-
sity indicates that with the current drive loss an increasing fraction is
absorbed in the edge. Linear trends are observed in each absorption
mechanism with n̄e, increasing with n̄e for radiation and conduction,
and decreasing for current drive. This edge loss is a parasitic mecha-
nism reducing the power available for current drive current drive and
reducing core deposition.

The parasitic mechanism of edge loss is observable even at the low-
est densities. It is likely that the cause of the loss of efficiency in
LHCD with n̄e is not a ‘threshold’ behavior, but one that increases
in importance. The character of the instantaneous edge response in-
creases in magnitude with n̄e but does not change in time. These
characteristics can now be used with the power balance to determine
other attributes of the parasitic edge LHRF deposition.

Observing the edge particle source, radiated power and conducted
power can determine the nature of the edge LHRF deposition. Polo-
dial and toroidal localization can be used to isolate a specific cause of
the loss of current drive. Correlations of the LHRF edge deposition
with SOL characteristics also inform on the cause of edge absorption.
The next step in analysis is only possible through this rigorous LHRF
power balance calculation.
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AT T R I B U T E S O F E D G E - D E P O S I T E D L H R F P O W E R

The completed power balance found an increasing fraction of the
LHRF power absorbed in the edge with increasing n̄e. LHRF power
absorption in the edge plasma is a parasitic mechanism which serves
to reduce the power available for current drive at high density. The
observed edge losses’ attributes can be used to understand and deter-
mine the cause of edge deposition. Knowing the mechanism behind
the current drive loss can improve current drive on C-Mod and other
future high-performance, steady-state tokamaks.

The total LHRF power balance links the magnitude of edge LHRF
absorption to the importance of observed edge characteristics. In-
creases in radiated and conducted power due to LHRF and their ef-
fects on the scrape-off-layer (SOL) can all be used to understand edge
LHRF deposition. Other additional diagnostics on Alcator C-Mod can
test previous assumptions necessary for power balance calculations
such as toroidal symmetry. The combined synthesis of modulation,
power balance, and measurements from other plasma diagnostics can
be used to categorize the loss of current drive.

In this chapter, it is determined that ionization in the active diver-
tor causes the expected edge particle source inferred from the slow
core density evolution. Multiple corresponding measurements con-
firm that LHRF-induced ionization at high densities increases the
SOL and core plasma densities. The B-port Lyman-alpha (BPLY) cam-
era’s wide view was key in making this determination. The observed
ionization is important in implicating the active divertor plasma in
the absorption of LHRF power in the edge.

Reversed-field discharges are used to change the SOL and divertor
characteristics which provide further evidence to the nature of the
edge power loss. Other modulation schemes can determine the up-
stream impact of LHRF in the SOL. Together, these effects are used to
highlight the importance of the SOL’s natural characteristics in LHRF
absorption.

The preponderance of accumulated evidence supports collisional
absorption near the active divertor as the dominant loss mechanism.
While there is no direct method that presently exists to detect the col-
lisional absorption in the active divertor, by elimination of other loss
mechanisms this remains as the most likely explanation that is self-
consistent with observed trends. Furthermore, the observed attributes
are necessary but not sufficient conditions for proving collisional ab-
sorption as the cause for the loss of current drive. This implies that
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future tokamaks must avoid LHRF propagation through divertor re-
gions in order to guarantee high current drive efficiencies.

lhrf-induced active divertor ionization

Divertor particle source

It was found that the core electron density rose in response to a fast
rise in edge density (.8 < ρ < .95) with a slower global particle
confinement time increase in the core particle inventory. This phe-
nomenon is correlated with LHRF power’s magnitude as higher steps
in LHRF power causes larger changes in electron density. This parti-
cle source is an effect of the edge-deposited LHRF and can be used
to understand its nature.

Using an X-mode SOL reflectometer [1], upstream density mea-
surements were made in reversed field plasmas. Typical SOL density
measurements using this reflectometer find that the electron density
is rarefied in the region just in front of the launcher [2]. The SOL
density profile measured in front of the launcher is dominated by the
local ponderomotive effects induced by the high grill electric fields[3].
In this instance, the electron density was measured at the midplane
along magnetic field lines not connected to the LHRF launcher in
order to characterize the global character LHRF’s influence. The mea-
surement’s fast time resolution can be used to understand the up-
stream SOL response to LHRF power.

Unlike the local effects near the launcher, an edge density increase
is observed with LHRF at high n̄e. This effect is shown in figure 4.1,
where density enhancement is seen across the SOL in phase with
the LHRF power. Frequency sweep limitations force an upper bound
in density; the measured regions are constrained to regions just out-
side the last closed flux surface (LCFS) for the tested span of n̄e. This
causes the modulation around R = .9m observed in the figure.

The lack of a density reference point introduces systematic and ran-
dom errors into the generated profiles. As such, ensemble averaging
was used to improve the density profile’s accuracy in a manner sim-
ilar to the collection of TS data in chapter 3. The density data was
combined into 6 profiles as shown in figure 4.2 each with 4ms time
bins for 5 different modulations. Error bars were formulated from the
variation in the profiles and does not reflect the other expected errors.

The increase in the density profile matches observed outward shifts
in the ionization profiles as measured by a midplane Abel-inverted
Lyα pinhole camera. The shift in the Lyα emissivity profile occurs on
a sub-millisecond timescale similar to the response time of measure-
ments used for power balance. Figure 4.3 provides an example of the
emissivity shift to greater ρ. The greatest change in the Lyα radial
profile occurs near the separatrix.
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Figure 4.1: The upstream density of the SOL increases with applied LHRF power at low efficiencies.
This measurement is made using a reflectometer on field lines not connected to the LHRF launcher.
Unlike density profiles near the LHRF antenna, where ponderomotive effects cause a rarification of
the density profile, an increase in upstream SOL electron density is observed. This increase in density
in the SOL far from the launcher is due to an edge particle source. This rise in density occurs only at
high n̄e, with this example being a n̄e ∼ 1.0 · 1020 [m−3], reverse-field LSN plasma. The fourth and
eighth modulation have a secondary fast modulation which exhibits a reduced change in the
upstream edge density.

A distinct rise of the upstream density occurred in less than 6ms af-
ter the LHRF power step. While this confirms that the particle source
is local to the edge, it sets an upper bound on the upstream SOL’s re-
sponse time. The profile at 2ms is intermediate of the two equilibria,
indicating that some evolution of the upstream conditions does occur.
This finite response time in density would indicate that the density
source is separated from the upstream density measurement. The dif-
ference in density between the two equilibria exists outside of their
respective error bars, making the density rise a rigorous result.

A similar change in plasma density is also observed in certain cases
at the divertor plate. In figure 4.4 a USN, forward-field plasma (with
similar SOL conditions to a reverse-field LSN plasma) has a large,
very prompt rise in density at the inner divertor plate with LHRF
power. In this configuration the inner divertor is expected to be at-
tached, where the electron temperature is 8 eV and does not vary
with LHRF power. The density increase is faster than the standard
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Figure 4.2: Several modulations from a single discharge (shown in figure 4.1 were combined to
characterize the time history of the edge electron density. The density profiles were generated 2ms
before, and 2,6,10,14 and 18 ms after the change in LHRF power. The midplane edge density profile
rises to a new equilibrium within 4ms of the rise in LHRF power. The edge density ensemble was
made using the full power modulations in reversed-field. The 700kA LSN plasma has the same
equilibrium used for other experimentation.

Langmuir probe time resolution (< 2ms). The edge particle source
affects the entirety of the SOL.

In this example, the increased electron density highlights the sig-
nificant effects of the edge particle source and the additional LHRF
power. The modulation in the strike-point electron density is com-
parable to average core electron density. The electron temperature is
invariant in this example but the outer divertor strike point electron
temperature has been observed to change due to LHRF in forward-
field LSN equilibria.

The overall change in SOL density does not indicate the edge den-
sity source’s location. Rather, neutral pressure measurements at vari-
ous locations[4] indicate that the active divertor is the source of den-
sity. An anti-correlated response is observed in the divertor neutral
pressure with the LHRF modulation. The drop in neutral pressure
matches increases in SOL density and divertor Lyα (from figure 3.17).

This phenomenon at high density is shown in figure 4.5. A ∼ 30%
change in the neutral pressure occurs with the step in applied LHRF
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Figure 4.3: Example inverted radial
profiles of Lyα emission from the
midplane (measured from K-port)
shift outward with LHRF power. This
shift in emission occurs with the
application of LHRF at high density
(with significant edge losses) and on
the order of a millisecond. The
outward shift indicates that changes to
the SOL occur with applied LHRF.
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power. This reduction in neutral pressure occurs near the active di-
vertor in both LSN and USN plasmas. In this LSN equilibrium the
modulation is most pronounced in the active divertor.

The combined observations of the neutral pressure, electron den-
sity and Lyα emission indicate that the LHRF power ionizes neutrals
in the active divertor. This effect is seen in all plasma shapes as mea-
sured by the LHRF-induced change in Lyα emission at low efficiency
(example plasmas with USN, LSN, and DN configurations are given
in figure 4.13). This ionization indicates that power is either absorbed
in the divertor plasma or quickly flows into the divertor plasma.

The edge change caused by the LHRF power can induce H-modes
at specific densities in LSN, forward-field plasmas (with n̄e ∼ 1.4 ·
1020 [m−3]). This effect limits the range of useful data due to con-
finement changes which alters the core and edge plasma. The weak
H-mode increases the particle confinement with a possible small core
temperature change. The differences from the rest of the data set pre-
vents its use in generating trends or deriving characteristics. In most
circumstances, the removal of additional LHRF power at the end of
the step causes the plasma to revert back into L-mode. This result
matches observations from Terry, et. al.[5] that found improvements
in H-mode confinement with low LHCD efficiency. The improvement
in the H-mode confinement correlated with a reduced edge neutral
pressure.

The active divertor ionization by LHRF power suggests that the
divertor plays a key role in absorbing power. This particle source
affects the SOL and core plasma at different timescales, further em-
phasizing LHRF’s edge absorption. However, the LHRF absorption
which causes the ionization can still occur upstream of the ionization
source. Given that the parallel SOL heat transport is nearly instanta-
neous, the power can be deposited wherever along a SOL field line.
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Figure 4.4: The inner divertor exhibits a strong rise in density with the application of LHRF power.
This example is in a forward-field USN plasma where the inner divertor is typically attached because
of the ~B×∇|~B| is away from the active divertor. The electron temperature of the inner divertor is
constant during the modulation. In lower single null, forward-field discharges an increase in the
electron temperature occurs with LHRF on the outer divertor at high n̄e.

Differences in the upstream and target time responses are too short
to be separated using the standard power balance plasma diagnostics.
The SOL equilibration times sufficiently fast to require other methods
for determining power absorption poloidal location.

The importance of various LHRF absorption mechanisms are de-
pendent on the SOL plasma’s background characteristics. Correlating
LHRF-induced ionization with SOL conditions can yield useful infor-
mation about the LHRF edge power absorption. Changes in the LHRF
power balance and ionization with different SOL attributes lead to a
different power flow. The field direction strongly impacts the nature
of the inner and outer divertor plasmas[6, 7], these conditions impact
the regions of greatest collisionality and possible PDI growth. The dif-
ferences between forward and reversed field plasmas are investigated
for their effect on edge LHRF absorption.

The absorption location’s ambiguity in causing ionization requires
other correlated measurements. Delay timing using fluctuation diag-
nostics could also find a more precise time delay in the heat flux and
edge radiation. Unfortunately, divertor ionization is a necessary but
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Figure 4.5: The application of LHRF at
high n̄e causes the active divertor
neutral pressure to decrease as
measured by a divertor gauge located
between B and C ports. This effect
matches results observed with the
increased emission of divertor
hydrogenic Lyα. The edge particle
source comes from ionization of the
active divertor. The vertical line
indicates a transition to H-mode
caused by the increased Ptot. The
H-mode induces a rapid density rise
shown in the measured n̄e. This result
highlights the importance of the active
divertor in the absorption of LHRF
power.
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not sufficient condition for divertor LHRF deposition. The absorp-
tion’s poloidal location is key for separating Landau damping effects
from collisional absorption. The following sections attempt to deter-
mine the LHRF absorption location in the SOL.

Ionization oscillation at high n̄e

The change in conducted power and in ionization with applied LHRF
is prone to rapid oscillations at specific values of n̄e. This was ob-
served in the LSN, 700 kA, forward-field discharges with specific
background neutral densities and Lower Hybrid powers. This be-
comes noticeable near cases where LHRF can induce H-modes with
n̄e ∼ 1.3 · 1020 [m−3]. While the cause of this oscillation is an interest-
ing physics topic in its own right[8, 9], it can in this case be used to
understand LHRF’s edge parasitic absorption. The ionization can be
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Figure 4.6: At specific n̄e in the used equilibrium (700kA, forward-field, LSN) an oscillation is observed in the
conducted power, neutral pressure, Lyα and the strike point electron temperature. This effect occurs near at densities
which can cause H-modes (at 1.3 and 1.4s in the figure). The oscillation can occur at low and high LHRF powers
depending on the n̄e. The loss of conducted power, the reduced Lyα emission and reduced strike point temperature
is matched by an increased divertor neutral pressure.

correlated to changes in specific parameters enhanced or changed by
LHRF power.

An example of the oscillation is shown in figure 4.6, a case where
minimal current drive is found at high density. The rapid oscillations
in conducted power, strike point temperature, and Lyα emission are
anti-correlated to the neutral pressure with applied LHRF power. Dur-
ing rapid oscillations the Lyα emission can drop suddenly to levels
consistent with those without LHRF. The conducted power drops by
a substantial amount as does strike point Te. Simultaneously the neu-
tral pressure begins to increase. Interestingly, this is similar to the ob-
served transitions to H-mode where the neutral pressure temporarily
rises, then falls (seen both in figures 4.6 and 4.5).

The divertor strike point electron temperature correlates with the
variation in the outer-divertor conducted power in this equilibrium.
Radially farther out in the SOL, modulation in the divertor n̄e oc-
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curs in phase with the LHRF power. However, the greatest heat flux
change due to LHRF occurs at the strike point, indicating that ∆Te is
the dominant contribution. This subject is best addressed in the SOL
deposition’s radial character, which is discussed in the following sec-
tion.

The intermittent oscillation in LHRF power highlights the relation
of the increased heat flux to the divertor plate to increases in Lyα and
strike point Te. It proves that the conducted power to the outer di-
vertor occurs in part due to a change in the electron temperature.
This oscillation phenomenon is similar to other observed divertor
oscillations that occur with changes in confinement. The oscillation
is an indicator of the non-linear interaction of LHF power with the
SOL evolution. LHRF power traversing through the SOL changes the
SOL’s nature and the path that the edge-deposited power takes is not
as straight-forward as the power balance would dictate. The SOL loss
and ionization’s intermittent nature indicate that other phenomenon
are at also at play influencing LHRF’s edge absorption.

localization of lhrf wave power

Toroidal symmetry

Total power balance calculations required an ansatz about the con-
ducted power’s toroidal location. Assuming that the profile repre-
sents toroidal character, the local radial profiles of heat flux are gen-
erated from measurements at specific toroidal locations and are inte-
grated about the tokamak. The absolute radiated power is calibrated
from discharges with highly toroidally-symmetric radiation emission.

Edge deposition toroidal symmetry is contrary to the edge-damping
observations of most tokamak RF power sources [10, 11, 12, 13, 14].
Lower Hybrid grill-induced ionization is often observed at high pow-
ers and densities in front of the launcher (shown in figure 4.9). In
most cases, the LHRF reverse n‖ spectrum induces asymmetric edge
absorption in tokamak plasmas. Hot-spots and field-line dependent
ionization are observed on other tokamaks like Tore Supra[12] and
NSTX[10]. Evaluating the degree of toroidal symmetry is key for un-
derstanding LHRF edge absorption on Alcator C-Mod.

The toroidal symmetry is evaluated using a set of diodes, cameras
and Langmuir probes to varying degrees of resolution. Combined,
these diagnostics can determine most observed asymmetries’ nature
and significance. Various diagnostic toroidal locations are shown in
figure 4.7; a field line mapping from the LHRF antenna to the outer
divertor is shown in gray (for the forward-field, LSN equilibrium).
Several measurements are not along field lines which intercept the
launcher, important for evaluating the symmetry. Each measurement
independently verifies the LHRF power loss’ degree of symmetry.
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Figure 4.7: The toroidal positions of several diagnostics (both for the core and edge)
show the toroidal offset from the LHRF launcher. The 10 ports are labeled, giving a
rough representation of the toroidal offset by the port name. The port LHRF
launcher is at zero degrees on right in orange at C-port. The mapping of the SOL in
front of launcher to the divertor surface is shown in black, with partial overlap in
gray. The field lines connected to the F-port divertor probes map to the very corner
surface of the LHRF launcher at 700kA, while the J-port probes connect to field
lines which pass in front of the full LHRF grill face. For calculations of toroidal
symmetry, the DMBOLO views are shown on figure 4.8, and the camera locations
are given by port name.
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Figure 4.8: Measurement of radiated
power during modulation at high
density shown at four locations offset
from LHRF launcher (defined by
toroidal angle in degrees) at high
density. All signals respond similarly,
suggesting that the prompt radiation
emission from the edge is highly
toroidally symmetric. At low density,
the rise time in all the signals follows
core confinement time, suggesting
changes in the core temperature. The
view is a wide-angle poloidal view
measuring all locations except the
lower outer divertor leg with a narrow
toroidal slice. These measurements
represent the poloidal dynamics at a
specific toroidal location. 0.6 0.8 1.0 1.2 1.4 1.6
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A set of toroidally-displaced AXUV diodes were designed and in-
stalled for analyzing disruptions [15]. Each diode measures a small
toroidal slice of the plasma during modulated LHRF. Located about
the torus, the diode’s high time resolution showed similar characteris-
tics to the measured radiated power. The diodes were cross-calibrated
during the ohmic portion of the discharge and filtered for noise. It
was found that at high n̄e, a similar rapid response was observed on
each measurement.

Figure 4.8 shows an example of this symmetry where four of the
six diodes were recorded. Toroidally offset from the launcher about
C-Mod, each contained the fast rise observed in the edge visible and
VUV light. In addition to the prompt change in radiation, a slow
decay and rise occurs consistent with the evolution of the core plasma.
The high time resolution, and low toroidal resolution indicate that the
radiation induced by edge-absorbed LHRF is toroidally symmetric
about the tokamak.

Wide-viewing visible cameras from F and G ports (located 216◦ and
252◦ offset from the launcher) captured lower time resolution images
of the plasma; these cameras provide high spatial-resolution pictures
of the plasma at < 100 Hz. The F-port camera images into the near-
infrared (< 900 nm) at 90 fps. The G-port camera images in the visible
at 60fps. In both cameras an increased emission of visible light occurs
symmetrically near the inner divertor in forward-field discharges.

The view from G-port observes a highly symmetric and highly
asymmetric component to the visible edge light, as highlighted in
figures 4.9 and 4.11. An LHRF-induced asymmetric light component
occurs near the LHRF launcher and a symmetric component occurs
in the divertor. The increase in LHRF emission comes from the inner
divertor as the emission expands through most of the inner divertor
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Figure 4.9: Two wide camera views
(from the WIDE2 camera at F-port)
during the two phases of modulation
in a high density discharge
(1150626005). Instead of being gray
scale images they are blue and red
scaled, which are combined into the
lowest composite image. The region of
blue near the active divertor comes
from a lack of red color which
indicates that the red-scaled image is
brighter in that location. There is an
increased divertor brightness in the
red image (the LH high power
segment). The symmetry of this
difference in blue indicates that the
visible emission of light due to LHRF
has a high degree of toroidal
symmetry. Light emission from the
LHRF launcher can be observed in the
red image (on the right hand side of
the center stack). This emission is not
observed in the blue (LH off) segment.
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at high LHRF powers. The same effect is seen on the G-port camera
with a wide emission belt wrapping around the inner divertor.

The absence of a large asymmetric component further confirms
the LHRF-induced edge radiative losses’ axisymmetric nature. Specif-
ically, the previous power balance calculations provided by radiated
power are more likely valid due to the observed symmetry. While this
would imply that LHRF power is absorbed symmetrically in the edge,
further confirmation can be extracted from the conducted power. The
toroidal symmetry ansatz is vital to the total conducted power cal-
culation. Multiple measurements of the total conducted power can
inform on the degree of toroidal symmetry.

Diagnostic limitations reduce this comparison to a few cases. The
probe arrays are prone to damage from specific high performance dis-
charges and disruptions. This will lead to under-sampled heat flux
profiles, that can distort the calculated total heat. The data from sev-
eral rundays used different probe styles, making the comparison of
total heats difficult. Measurements are only made from two locations
near F-port and J-port, shown in figure 4.7. The J-port locations have
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field lines which map to the LHRF launcher in the 700kA, LSN equi-
librium. The outer F-port probes map to the very corner of the LHRF
launcher. For these reasons, the conclusions about conducted power’s
toroidal symmetry are less absolute compared to those of edge radia-
tive loss.

Figure 4.10: Measurements of the
conducted heat via arrays of Langmuir
probes were made at two toroidally
offset locations (J-port and F-port). An
ohmic cross-calibration between the
two conducted powers (causing a
numerical constant of 1.8) is applied
to the F-divertor calculated total heat.
The modulation behavior is similar
between the the two measurements is
similar with the applied calibration
factor. This would indicate that the
conducted loss from edge LHRF
deposition is symmetric. Data from
this run day used similar probes,
while data from other rundays had
differing styles of probes. Analysis of
these other rundays were inconclusive.
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Shown in figure 4.10, the power loss’ symmetry can be observed.
There is a systematic difference of ≈ 1.8 from one probe array to the
other that is determined from the ohmic phase of the discharges. This
factor is likely due to divertor segment alignment and shadowing. It
impacts absolute power balance, but does not affect conclusion that
the heat flux is toroidally symmetric. The two calculated total heats
depend on the current and equilibrium geometry causing the corre-
lation to be time-dependent and current dependent. Changes in this
value in time will introduce differences in the calculated total heat,
causing errors and bias in the degree of axisymmetry.

A small set of results from LSN found similar results with high
n̄e discharges using a more complete set of Langmuir probes. These
discharges were similar to the example in 4.10 showing the robust-
ness of this result (from rundays 1100701 and 1100714). The key dur-
ing the modulation is the similarities in the change in divertor heat
with the step in LHRF power. In most, if not all cases, the measured
LHRF power at F-port is within 100kW (or < 25%) of the J-port mea-
surement with LHRF at high n̄e. The two measurements suggest that
LHRF-induced conducted power increase is also axisymmetric.

The two locations severely limit the characterization of the toroidal
symmetry. Testing the symmetry over a range in currents is necessary
in order to change the Langmuir probe mapping away or closer to the
LHRF antenna. The example cases are limited to currents between
700-800 kA where the LHRF launcher mapping is shown in figure
4.7. However, the current drive efficiency and the edge absorption
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Figure 4.11: Downward-viewing visible and near-IR (< 900 nm) wide camera frames from G-port (WIDE3). There is
a toroidally symmetric reduction in the active divertor light emission, as varying degrees of the inner divertor
(known as the skirt) can be observed. The ‘low’ LHRF power is on left and ‘high’ LHRF power on right. This
matches the observation from figure 4.9

are known to be strong functions of the plasma current. While fur-
ther study of this axisymmetry is likely required, all measurements
indicate a strong toroidal symmetric character in the edge-deposited
LHRF observed as conducted power. Extended studies in changing
how the LHRF launcher is mapped will balance the effects of more
efficient current drive.

The edge-deposited LHRF power is observed to be significantly ax-
isymmetric in both the radiated and conducted power. This would
suggest that the parasitic power absorption is axisymmetric as par-
allel conduction is significantly faster than perpendicular transport.
Deposition local to a specific toroidal position would appear as heli-
cal stripes on images[10, 14]. Toroidally symmetric edge losses can
occur two ways: if the power is deposited just within the separa-
trix, or if the power is deposited in the SOL over long ray trajec-
tories through the SOL. The LHRF wave absorption in the Alcator
C-Mod core plasma is generally in the weak-damping regime due
to the mostly low (Te(ρ = 0) < 4 keV) core electron temperatures.
The waves reflect from cut-off layers bouncing in and out through
the SOL in a nearly stochastic manner (in the limit of many bounces
known as the multiple-pass regime). Since both cases are likely, fur-
ther research is necessary to determine the cause of the toroidally
axisymmetric losses.

While very little of this power is observed in the core, it is not
the immediate local absorption in the SOL which causes the edge
losses. Unlike near-launcher effects, this LHRF wave absorption in
the edge occurs after some interaction between the waves and the
core plasma. This complicated phenomenon counters most other doc-
umented cases of edge-absorbed radiofrequency power. It indicates
that the LHCD density limit is fundamentally different that the local-
ized SOL interactions found at low density with efficient LHCD.
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Deposition near the separatrix

The total conducted power onto the divertors are generated from
the heat flux profiles along the divertor surfaces. In general, these
profiles are dictated by the SOL cross-field diffusion characteristics
and the magnitude of power crossing the separatrix. These profiles
are peaked near the LCFS and monotonically decay with distance
from the strike point. LHRF axisymmetric edge absorption requires
that these assumptions be retested as losses of edge deposited power
could trend differently than losses of core conducted power. In this
case the radial heat flux profiles can be used to determine the LHRF
power radial absorption profile.

Measurements of the LHRF conducted power were made using the
divertor Langmuir probes[4] and IR thermography[16]. Ensemble av-
eraging improved accuracy and characterized variability in the heat
flux profile. The heat flux profile was mapped to the midplane using
EFIT through the eqtools package. Unlike the calculations of the to-
tal heat (which uses the symmetric saturation current density jsat,sym),
these heat fluxes are parametrized by the parallel heat flux q‖.

Figure 4.12: Heat flux profiles on the
attached outer divertor surface as
measured by Langmuir Probes
(assuming γ = 7) and IR
thermography during the two phases
of modulation. The rise in measured
parallel heat flux due to Lower Hybrid
wave power is highest near the strike
point (shown by the dashed line).
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An example set of heat flux profiles is shown in figure 4.12 using
the J-divertor Langmuir probes and IR thermography. The error bars
represent the variation in the data points and do not reflect the mea-
surement or fitting errors in the calculated heat flux. Both heat flux
profiles show that the increase in heat flux due to edge-deposited
LHRF is at its highest near the separatrix. In all cases, the change in
the heat flux due to LHRF monotonically decreases with increasing
R (outside the private flux region). However, this intensified heat flux
from edge-deposited LHRF is observed across the profile and main-
tains a similar profile shape to the ohmic condition. Therefore, while
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the LH power is clearly absorbed near the separatrix, it is not limited
to that region.

While the far-SOL density increases with LHRF[17], the far-SOL
effects are unimportant due the minimal radiation and heat flux in-
crease in that region. In forward-field, LSN discharges, the LHRF
edge absorption near the LCFS is dominated by a change in Te at
the outer divertor (as highlighted in figure 4.6). This change in Te is
the dominant contribution to the conducted heat. Farther out in the
SOL the higher heat fluxes are caused by larger plasma densities. The
power-starved, cold far-SOL plasmas are likely to ionize with addi-
tional power. However, from a power-balance perspective, the effects
of the far-SOL are irrelevant for understanding LHRF wave edge ab-
sorption.

The heat-flux profiles’ monotonic nature indicates that neither the
far-SOL or mid-SOL dominates the power absorption. Thus, the LHRF
edge-deposition mostly occurs near the separatrix. This power can in-
fluence the SOL ionization and heat flux profiles, but seems to be still
influenced by the edge plasma’s transport processes.

This new result proves the axisymmetric parasitic absorption of
LHRF power is maximum near the LCFS. Some change in the heat
flux occurs in some distance from the LCFS, indicating that deposi-
tion or transport of power occurs away from the LCFS. Those mech-
anisms which can induce LHRF wave edge absorption must cause
maximal damping near the separatrix. This strongly limits the mech-
anistic interpretation of LHRF edge absorption and is discussed in
the following section.

Importance of the active divertor

The addition of a divertor reduces the core plasma’s impurity con-
tent, dramatically changing the edge plasma character. This feature
has led to increased tokamak plasma performance and unlocked the
potential of alternate confinement regimes[18, 19]. The current drive
loss correlates with the addition of the divertor implying that it is
significant in causing LHRF edge absorption. However, it is impor-
tant to distinguish whether the edge absorption occurs in the diver-
tor or due to changes in edge plasma because of the divertor. The
LHRF edge-deposition’s poloidal dependence can separate these two
responses via differences in the divertor plasma conditions compared
to the upstream SOL conditions. Determining the divertor plasma’s
importance in absorption can help further characterize the mecha-
nism causing current drive loss.

In figure 4.13, the measurement of Lyα across the plasma shows
the greatest increase in the active divertor with applied LHRF. The
fast increase in the divertor Lyα emission (from two measurements
1ms apart) highlights both the LHRF-induced ionization processes
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Figure 4.13: The equilibrium active divertor location dictates the location of Lyα variation with LHRF at high n̄e. In
the examples shown, three plasmas with three configurations (USN, DN and LSN) each have dominant
contributions from the upper, both, and lower divertors respectively. The change in Lyα comes from ionization in
the divertor which indicates that the LHRF edge power loss is being observed in the active divertor.

and edge power deposition. This active-divertor dependence in emis-
sion is observed in all diverted plasma topologies (LSN, USN, and
DN). Similar changes are also seen in neutral pressure measurements,
where the dominant neutral pressure reduction in occurs near the ac-
tive divertor. The power loss and ionization indicate that the LHRF
power appears promptly in the active divertor.

However, the ionization increase from LHRF can be due to power
conducted from another location in the SOL. Heat conduction and
transport are extremely fast parallel to magnetic field lines. The up-
stream SOL plasma weakly loses power to surrounding volume, with
a vast majority transported to the divertor. This makes upstream ab-
sorption nearly invisible to measurement. Instead, this power is ob-
served as radiation and conduction in the cooler, denser divertor re-
gion. The ionization change is inconclusive in proving the deposition
of power in the divertor plasma without higher time resolution, but
still highlights its traversal to it. Determining the poloidal location
will require other methods to find the direct power absorption.

One method for determining the poloidal deposition location exists
in the more precise calculation of the edge loss time delay. Originally,
the extremely short time delay was used for proving LHRF edge loss.
These diagnostics are restricted to Nyquist frequencies of ∼ 1 kHz
due to data acquisition limitations and associated noise levels. Many
of these diagnostics cannot sample at rates which can distinguish up-
stream from near-target LHRF SOL deposition. However, sufficient
sampling rates are available on certain Alcator C-Mod fluctuation
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diagnostics[20, 21] and in principle allow for this determination. A
preliminary set of fast LHRF power modulations (at 3kHz and 10kHz)
were included in the LHRF power for reversed field discharges. The
outcome, though inconclusive, is discussed in the next section.

Divertor balance and reversed field effects

The LHRF edge absorption occurs with the addition of a divertor
indicating that the loss of efficiency is is due to the SOL plasma’s dif-
ferent characteristics. Modifying the SOL plasma can test the edge ab-
sorption and the subsequent edge losses associated with LHRF waves.
For example, the LHCD efficiency depends on the plasma current[22]
which correlates with reduced SOL widths[23]. The cross field density
and temperature decay lengths scale with the Greenwald fraction[24],
indicating the possible importance of edge collisionality in the SOL
and the edge absorption of LHRF power. Other SOL alterations can
be achieved through reversing the plasma current and can be used to
understand edge LHRF absorption.

The SOL is strongly affected by the ~B×∇|~B| direction versus null
location (in the case of single null plasmas)[6, 7]. In forward field, the
~B×∇|~B| direction points downward, and vice versa for reversed field.
A forward-field USN plasma’s SOL conditions are similar to those of
a reversed-field LSN plasma. The in/out balance of conducted power
loss and the threshold for detachment change depending on this rela-
tion.

In forward-field LSN plasmas (i.e. plasmas with the ~B×∇|~B| direc-
tion toward the divertor), most of the conducted power is observed
on the outer divertor. This is evident in the power balance given in
chapter 3, where a much larger fraction ohmic power conducts to
the outer divertor. The cold inner divertor tends to be in the high-
recycling or detached regime with significant radiation (as can be ob-
served in figures 4.9 and 4.11). The threshold for H-modes is reduced
in this topology which limited the density range for this experiment.
This restriction does not occur in reversed-field LSN plasmas as no
LHRF-induced H-modes were observed.

Reversed-field LSN has the ~B ×∇|~B| direction away from the di-
vertor, which changes many of the SOL plasma’s characteristics. The
conductive power loss tends to be balanced between the inner and
outer divertors. Access to H-mode is more difficult and the emission
of divertor radiation is reduced for the same conditions. The overall
divertor plasma is less collisional than in forward-field.

This difference in field direction on the conducted power is high-
lighted in the example shown in figure 4.15. In this case, the inner
and outer divertor LHRF conducted power are similar in magnitude.
The total conducted power fraction combines to a substantive amount
but varies widely due to the small modulation magnitude (300 kW).
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Figure 4.14: Alcator C-Mod is capable of operation with the magnetic field in the ‘forward’ and ‘reversed’ directions.
Reverse-field plasmas, shown on left (a), have the current and magnetic field traveling counter-clockwise as viewed
from above the tokamak. Forward-field plasmas (b), have the current and magnetic field traveling the opposite
(clockwise) direction. The current and magnetic field directions are limited by engineering constraints. The direction
of the ~B×∇|~B| vector with respect to the null location strongly affects the nature of the SOL plasma, which can also
impact core performance. This fact can be used to understand the edge absorption of LHRF power. The power
balance calculations of the previous chapter were made in forward-field.

Errors on the order of 20% are likely and the rigorous completion of
power balance in reversed-field requires more experimentation. How-
ever, even in this limited case, qualitative differences between forward
and reversed field are still evident.

The in/out asymmetries in the SOL characteristics (e.g. heat flux,
detachment, density and Te) are also exhibited as enhanced differ-
ences in the radiative loss [6, 7, 25] and arise from drifts in the SOL.
The asymmetry in conducted edge-deposited LHRF power is simi-
lar to core-deposited power, suggesting that the change in the SOL
caused by LHRF happen to the thermal population. This effect also
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Figure 4.15: The observed conducted
power in reversed field on the inner
and outer divertor are similar.
Measurements were made using
arrays of Langmuir probes on the
inner and outer wall. The loss of
power in the edge follows
characteristic changes observed with
the change in field. The lower ∆PLH
makes characterization of the
conducted power loss fraction difficult.
A secondary fast modulation can be
observed during the high LHRF
power phase on the fourth and eighth
modulation.
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changes the in/out radiation asymmetry in forward-field plasmas as
shown in figure 4.16.

The application of LHRF power enhances the radiation from the
cooler inner divertor in forward-field discharges. The ratio of two
bolometric divertor measurements (one of the inner divertor and one
of the outer divertor) is used as a metric for the in/out radiation bal-
ance. LHRF enhances the asymmetry in divertor radiation (shown as
this ratio in figure 4.16) increasing with higher densities. As the outer
divertor electron temperature approaches 10 eV (at n̄e > 1.25 · 1020

[m−3]), the asymmetry weakens. The recycling on the outer-divertor
increases the radiative power loss. Divertor-viewing visible radiation
measurements highlight the LHRF-enhanced radiation asymmetry in
forward field.

This divertor radiation asymmetry is likely correlated with the ion-
ization induced by the edge-absorbed LHRF. The observed LHRF-
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Figure 4.16: The observed in/out
asymmetry of radiative emission is
enhanced by applied Lower Hybrid
wave power at high density. The ratio
of measurements from a divertor
viewing AXUV pinhole bolometer is
given for the ohmic and high power
LHRF periods. The asymmetry in
forward field lower single null
discharges is due to the high recycling
of the inner divertor which occurs at a
lower density than the outer divertor.
The ratio is higher with applied LHRF
due to enhanced emission from the
inner divertor leg. The emission
becomes more symmetrical as the SOL
transitions to high-recycling with
densities near 1.25× 1020 [m−3]. 0.6 0.8 1.0 1.2 1.4 1.6
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induced thermoelectric currents [17, 26] match the higher inner di-
vertor plasma densities with higher outer divertor plasma electron
temperatures. Also, the LHRF radiation power loss fraction in for-
ward field is due to the cold inner divertor plasma. In reversed field,
the symmetrization of SOL characteristics requires a higher average
plasma density to cause significant radiation at the inner leg. The
emitted radiation will come from both divertors, likely leading to
more overall radiative loss. This is observed in trends of the radiated
power loss in reversed field shown in figure 4.17.

The onset of significant radiative power losses for edge-deposited
LHRF occurs at a higher density (at n̄e > 1.05 · 1020 [m−3]). However,
the power loss fraction increases with n̄e at a higher-rate illustrated
by the trend in green, recovering a similar loss fraction with the com-
plete loss of current drive. This result supports the hypothesis that
the changes in the divertor character impact the LHRF loss channels.
The alteration in radiative LHRF power loss versus n̄e is caused by
the reversing of the magnetic field.

While the power balance in reversed field was not fully completed,
its differences from the forward field LHRF loss attributes can be
qualitatively analyzed. The changes in in/out radiation and conduc-
tion balance typically observed with field-reversal are also seen in the
edge-deposited LHRF. The similarities between the two edge losses
would suggest that in each case the power is carried by a population
which is influenced by the SOL drifts (i.e. the thermal electron pop-
ulation). In forward field, LSN plasmas, the LHRF power enhances
the asymmetry with higher densities and radiation in the inner di-
vertor plasma and higher temperatures in the outer divertor plasma.
This is the necessary conditions to induce the thermoelectric currents
previously observed with the LHCD density limit[26]. The enhanced
asymmetries indicate that the edge-deposited LHRF power is located
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Figure 4.17: Fraction of Lower Hybrid
wave power lost as radiation. Data
shown in green is ‘reverse field’, with
forward field data in gray. The
radiated loss rises at a higher density
than in forward field. This result
follows changes in recycling and
radiation observed with the change in
field.
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differently from core power which diffuses into the SOL. These re-
sults motivate future work to quantitatively deduce power loss’ field-
direction dependence through the completing power balance in re-
versed field.

mechanistic interpretation of edge deposition

Epithermal tails and electron Landau damping

The wave power absorption via electron Landau damping is strongly
influenced by the n‖ and the plasma’s electron temperature. With
strong absorption occurring at 3vth as a rule-of thumb, damping can
occur in the edge for LHRF waves with n‖ greater than 10 (assuming
Te ∼ 100 eV). Processes that strongly upshift the LHRF wave n‖ can
cause significant damping near or inside the LCFS. This can create an
epithermal electron population that locally heats the plasma.

Epithermal electrons just inside the separatrix are poorly confined
and are capable of causing the observed toroidal symmetry and im-
mediate LHRF SOL power loss. Additionally, edge absorption just in-
side the LCFS will minimally change the core temperature due to this
poor confinement. This power will follow the typical SOL transport
characteristics due to the electron’s relatively low energies and rapid
thermalization. Furthermore, the damping strength increases with Te,
making wave absorption just inside the LCFS more likely. The LHRF
wave edge Landau damping generates the necessary absorption char-
acteristics.

However, the loss of ∼ 1 keV electrons to the SOL will change
the plasma sheath’s nature and, consequently, will change the inter-
pretation of the plasma at the divertor target. Pioneering work by
Stangeby[27, 28] rederived the sheath conditions for epithermal distri-
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Figure 4.18: Two idealized profiles of
the sheath potential along a magnetic
field line. Parallel losses dictates the
development of a potential which
changes with the character of the
plasma. Ions are accelerated through
the sheath from potential Vs to Vf l
and shields electrons from the surface.
High electron temperatures and fast
electrons cause larger floating
potentials Vf l . This is shown by the
differences in the blue and green
sheaths (∆Vf l). ` is the distance along
the magnetic field line.

V

`
Vs

Vf l

Sheath Presheath

Vp

∆Vf l

butions parameterized as secondary higher-temperature Maxwellians.
These distributions are known to exist in cases with sufficiently short
connection lengths where electrons with energies greater than 100eV
appear collisionless (i.e. they travel unhindered to the divertor sur-
face). This is likely the case for electron Landau damping heated elec-
trons near or just inside the separatrix.

The additional high energy component increases the sheath poten-
tial in order to recover ambipolarity. The floating potential depends
on several parameters including the ratio of the two population den-
sities at the pre-sheath fn = ne f /nes (where ne f is the ‘fast’ population
density, and nes is the ‘slow’ population density). It is also a sensitive
function of fT, the ratio of the two population temperatures, Te f /Tes.
Corrections to the sound speed with the secondary population are
given in equation 4.1, with f defined in equation 4.2.

cs =

√
Ti + f Te

mi
(4.1)

f = ft
1 + fn

ft + fn
(4.2)

The floating potential is defined from the voltage necessary to yield
a net zero current and achieved by balancing electron and ion fluxes.
Vf l can be derived from this balance which is given in equation 4.3.
The change in floating potential (∆Vf l) due to fast electrons can also
be derived from this equation in a second condition with possible
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non thermals. The two Vf l measurements given by equation 4.3 can
derive ∆Vf l assuming one case has ne f = 0.

nes

4
ceseeVf l/Te +

ne f

4
ce f f 1/2

T fneeVf l/(Te fT) =
1
2

nics (4.3)

A representation of the fast electron influence on the sheath is given
by figure 4.18. The addition of a high-energy population causes a
lower value Vf l which reduces the electron flux. Vf l is defined relative
to the plasma potential Vp, but the fluxes are defined with respect to
the presheath Vs.

Figure 4.19: Vf l/Te has been
theoretically shown to be a good
metric for non-thermals in the sheath
of a divertor plasma. The application
of modulated LHRF is not observed in
this metric, even though modulations
in Te and Vf l occur. This would
suggest that the LHRF-induced
increase in Te and q‖ is thermal in
nature. However, this metric is only
useful in cases with significant
epithermal distributions (high energy
electrons in the SOL are treated in
chapter 5).
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As reflected in the work by Stangeby, the change in the floating
potential by a non-thermal population can be characterized by the
ratio of the floating potential to the electron temperature, Vf l/Te. This
parameter is sensitive to the ratios fn and fT; small values of these
ratios capable of changing Vf l/Te by many orders of magnitude[28,
29]. This ratio is theoretically fixed for a purely Maxwellian plasma;
however, experimentally this value varies. An epithermal population
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caused by LHRF should induce some in-phase, immediate change in
this ratio (some ∆Vf l). The immediate step in heat flux should lead to
some substantive ∆Vf l in the case of epithermal electrons.

An example at high n̄e is given in figure 4.19, where some mod-
ulation exists in Te and Vf . Significant noise exists in the data, but
the Vf l/Te ratio is clearly not modulating with LHRF power. The tem-
perature and floating potential at the strike point are measured by an
innovative rail probe at F-port. Similar characteristics are observed on
the standard proud Langmuir probes on Alcator C-Mod. This lack of
a modulation indicates one of two conclusions, either that the increase
in temperature at the strike-point is thermal or the non-thermal elec-
tron population minimally changes the sheath (i.e. a small but very
high energy population). This matches the results and conclusions
from Ochoukov[30] on Alcator C-Mod which found that the edge
changes in electron temperature from LHRF to be thermal in nature.
The similarity in conducted power measured by IR thermography
and Langmuir probes also suggests the thermal population absorbs
this power. However, the possibility of an extremely non-thermal pop-
ulation motivates the characterization of high-energy electrons in the
SOL and is investigated in chapter 5.

The electron Landau damping inside the LCFS should be similar
to the edge loss of ohmic power in the case that the electrons ther-
malize. Electrons which gain energy through Landau damping must
thermalize to be observable on diagnostics which measure bulk ther-
mal parameters (e.g. Langmuir probes, Hα emission). Theoretically,
upstream diagnostics that view the edge should observe LHRF power
modulation with minimal delay.

A fast modulation at 3kHz and 10kHz of 300kW was applied to
the LHRF power in reversed-field, 700kA, LSN plasmas. Measure-
ments using fluctuation diagnostics with Nyquist frequencies > 1
MHz were taken during this period across a n̄e range. A scanning
mirror Langmuir probe[20] measured Te,ne and Vf during the fast-
modulation in the SOL along field lines not connected to the LHRF
launcher.

The only discernible fluctuation which matched the imposed fast
modulation occurred in measurements which observe reverse-n‖ edge
damping. This power exists near field lines connected to the launcher,
which in reversed-field LSN travel counter-clockwise into the lower
divertor. Analysis of gas-puff imaging[16] at B-port found a finite
delay which corresponds to the thermal flow of electrons from the
launcher. Specific channels of the two-color-interferometer[31] at H-
port and magnetics between B and C ports also observed the waves.
No other measurements observed the fluctuation. This indicates the
absence of deposition in core plasma.

An example spectrogram from the scanning mirror Langmuir probe
is given in figure 4.20. The modulation applied at 10kHz does not ex-
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Figure 4.20: A spectrogram of the
A-port scanning probe floating
potential at high n̄e. It does not
measure an imposed 10 kHz LHRF
amplitude modulation which occurs
from 1.0-1.05 seconds and 1.4-1.45

seconds. Only diagnostics which
measure along field lines connected to
the LHRF launcher observe the 10kHz
signal (Gas Puff Imaging, certain
interferometer channels and certain
magnetics). This is likely due to
localized damping of reverse n‖ waves
in this 700kA, LSN, reversed-field
plasma which travel into the divertor
past those diagnostics.

ist at the fundamental or harmonic frequencies as a fluctuation in po-
tential. A coherence analysis between the LHRF power and the Lang-
muir probe measurements (Te,ne) are similarly inconclusive. None of
the fluctuations were definitely observed in the SOL or inside the
LCFS.

This lack of observation is a necessary but not sufficient condition
in disproving the high n‖ electron Landau damping of waves just
inside the LCFS. However, several strict criteria exist for electron Lan-
dau damping to cause the LHCD density limit. First, the deposited
power must thermalize inside the LCFS. As shown in figure 4.21, elec-
trons ∼ 3vth have electron-ion momentum collision mean-free-paths
λmom,ei on the order of the Alcator C-Mod SOL connection length or
longer. Electrons which absorb power from Landau damping are not
collisional enough to thermalize along the length of the C-Mod SOL.
While some small fraction of ∼ 500eV-1keV electrons may be gener-
ated, a sufficiently large population is needed to recover the observed
heat fluxes. The nature of the heat flux requires that the waves damp
and the electron thermalize just inside the LCFS. Second, n‖ must ex-
ceed 10 to damp near the LCFS at 100− 300eV temperatures but not
exceed 17 to prevent open-field line damping. Third, the edge absorp-
tion from Landau damping must occur at low densities to observe the
low density edge deposition. Fourth, the similar LCFS densities and
temperatures to limited plasmas in L-mode require that the change in
the wave causing Landau damping must occur in the SOL and must
be dependent on Ip. These observations make it less likely that edge
electron Landau damping is responsible for the LHCD density limit.

In addition, no sign of the LHRF waves damping just inside the
LCFS with a secondary fast modulation. Thus, more extensive experi-
mentation with high-frequency LHRF power modulation is necessary
at other locations previously untested (e.g the divertor or inner wall).
The direct observation of high frequency damping along field-lines
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Figure 4.21: The slowing-down mean
free path (λmom = νei(v)v) of low
energy electrons generated by Landau
damping show that λmom is longer
than the Alcator C-Mod SOL
conditions. The velocity of the electron
is assumed to be 2.5vth, and is plotted
versus SOL Te and ne. The contours
are in meters with 10m contour in red
signifying the typical parallel
field-line length of the C-Mod SOL.
SOL parameters of the modulation
experiments near the LCFS are shown
in gray. Electron Landau damping in
the SOL will create electrons which
will be nonthermal at the divertor
targets.
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not connected to the LHRF launcher would concretely determine the
importance of edge LHRF Landau damping.

Collisional absorption

Unlike the poloidally symmetric power loss expected for edge elec-
tron Landau damping, collisional damping occurs in the plasma’s
collision regions. In the case of a diverted discharge, the maximum
collisionality exists in the divertor plasma near the strike point (due
to νei ∝ Ze f f neT−3/2

e ). The divertor plasma wave absorption on Alca-
tor C-Mod represents a possible RF power loss mechanism that may
be important for future tokamaks.

The electron velocity distribution change due to collisional power
absorption is thermal. The absorption strength is approximately pro-
portional to the ev2

v−3 and to the collision frequency. These attributes
match the edge deposition’s observed thermal nature. LHRF wave
absorption via collisions most likely occurs in the divertor as the col-
lisionality along the field line increases with proximity to the target.
Using the two-point model, the collisionality at the target ( νei,t) scales
as n6

u where nu is the upstream density (derived from dependencies
of nt and Tt[32]).

As the upstream density rises (represented by n̄e) the divertor neu-
tral pressure and density also increase significantly. This causes the
divertor temperatures to decrease and the collisionality to also rise
significantly. Increasing collisionalities are exhibited by the transition
to the high-recycling regime and the onset of detachment. The upper
bound of the tested density range represents the transition from the
sheath-limited regime to the high-recycling regime. The doubling of
the core density (at 700kA) across current drive loss’ density range
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represents a 64 times increase in the target plasma collisionality. The
significant current drive loss correlates with marked change in SOL
collisionality.

Figure 4.22: The application of LHRF
modulation in H-mode plasmas is
limited to a very small number of
circumstances (< 8 cases). In each, the
strike point heat flux and conducted
power is reduced with the transition
to H-mode. This is accompanied with
an increase in the stored energy and
radiation emission from the core
plasma. The divertor Lyα increase is
concentrated in the lowest parts of the
divertor. Other examples including
H-modes are shown in figures 4.5 and
4.6.
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H-modes are generated by edge-deposited LHRF through some un-
characterized change in the plasma. Example H-modes can be ob-
served in figures 4.5, 4.6 and 4.22. The H-mode can be used to help
deduce the poloidal location of edge LHRF deposition. The signif-
icant difference in diffusion parallel and perpendicular to the field
lines can be used in conjunction with the increasing stored energy of
the H-mode.

LHRF power deposited in the SOL will predominantly stay on open
field lines. If the edge losses are reduced during the transition to H-
mode, LHRF power is flowing into the plasma and increasing the
stored energy. The diffusion characteristics of the SOL would signal
that collisional absorption is not the cause of the LHCD density limit.
If the edge losses stays relatively constant during the change in stored
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energy, then collisional absorption may be the cause to the LHRF edge
absorption.

Without proper power balance calculations during the H-modes,
it is impossible to tell if changes in the power balance occur due to
increases in radiation or from change in ohmic power. A plethora of
mechanisms can increase the stored energy by changing any of the
sources or sinks. Further experimentation with the onset of H-modes
is needed to test this hypothesis. Proper power balance during and
after H-mode onset with a statistically rigorous sample size could be
used to determine the deposition location and can shed light on the
importance of collisional absorption for LHRF waves.

Collisional absorption simply meets the necessary criteria for the
LHCD density limit. First, it exists at low density, as the k⊥I ∝ ωpeνein‖/2cω.
Second, it is absorbed in the plasma thermally and promptly in the
SOL likely near the most collisional regions (i.e. possibly the inner
strike point). Third, it is likely to ionize the active divertor without
directly changing the core plasma, and could cause enhanced asym-
metries if asymmetric collisionality exits in the divertor. Fourth, col-
lisional regions do not regularly occur in limited plasmas and are
strongly correlated with Ip. It is likely that collisional absorption is
the cause of the LHCD density limit.

summary and discussion

LHRF wave power balance was used to derive further characteris-
tics of the parasitic edge absorption at high density. Most of the dis-
covered attributes correlate with divertor plasma collisionality; these
attributes highlight the importance of the highly-collisional plasma
caused by the addition of a plasma null.

The LHRF power edge loss was shown to be toroidally axisymmet-
ric as observed by toroidally separated total heats, broad-spectrum ra-
diation, and visible light measurements. This result contradicts most
other observed edge losses caused by radiofrequency power. The ra-
dial heat flux profiles indicate that edge absorption must occur near
the LCFS. Two possibilities exist which can cause symmetric loss near
the LCFS. Collisional absorption of LHRF waves which traverse the
SOL multiple times are capable of absorbing in the small but highly
collisional strike point region, appearing to be toroidally symmetric.
Electron Landau damping just inside the LCFS can also cause the
observed characteristics in edge losses.

This parasitic LHRF edge power absorption can quickly ionize the
divertor and change the upstream density profiles. The ionization
change in the divertor correlates with the generation of H-modes. Os-
cillations in the conducted power, divertor electron temperature, and
ionization indicate that the higher electron temperatures cause ion-
ization.
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Floating potential and electron temperature analyses at the outer
strike point reflect previous analyses that show the edge loss’ ther-
mal nature. In/out asymmetries which drive thermoelectric currents
are enhanced by LHRF, and are affected by field reversal. This indi-
cates that edge epithermal populations induced by LHRF are small.
Fluctuation measurements also show no sign of LHRF damping just
inside the LCFS. These characteristics indicate that edge electron Lan-
dau damping can cause the LHCD density limit in very specific cases,
and is therefore unlikely.

However, the same modulation scheme was used in a similar reversed-
field equilibrium for a similar density range. These plasmas with dif-
ferent SOL conditions found the same edge LHRF power loss dis-
tributed similarly to the core-deposited power edge loss. The edge
absorbed LHRF power was conducted in similar amounts to the in-
ner and outer divertors. LHRF was incapable of causing H-modes
and the onset LHRF-induced divertor radiation occurred at higher
density. This result mirrors the LHRF power deposition just inside
the LCFS, and indicates its thermal nature.

Addition of a divertor changes the SOL and causes the LHRF den-
sity limit. The cold divertor plasma generated by the increased con-
nection lengths is correlated with the LHRF edge parasitic absorp-
tion. The greatest amount of LHRF-induced ionization, radiation and
conduction comes from the most collisional portions of the plasma.
Unlike Landau damping induced by PDI, the current drive loss is not
a threshold mechanism. The edge losses and collisions in the divertor
occur even at low density. This correlation with collisionality suggests
that future LHRF systems must limit wave propagation through col-
lisional regions.

Minimizing propagation through collisional regions is important
due to the use of detachment in future high-performance tokamaks.
Long distance coupling through the SOL[33] can also lead to edge
absorption, possibly even on the first SOL traversal. Asymmetric edge
ionization by radiofrequency systems highlights this possibility. The
dichotomy of attributes needed for divertor power handling and for
steady-state plasmas makes avoiding this effect a priority.

Further study and experimentation is necessary to separate the im-
portance of these two mechanisms. The derived characteristics do not
effectively prove one over the other, but indicate a more likely cause.
However, the key in separating the two mechanisms is in the edge
absorption’s poloidal dependence. Precise time-delay experiments or
H-mode threshold experiments using divertor and other fluctuation
diagnostics can help answer this question.
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5
C H A R A C T E R I Z AT I O N O F E D G E FA S T E L E C T R O N
L O S S E S

It has been proposed that the diffusion of fast-electrons into the SOL
could cause the loss of current drive efficiency on Alcator C-Mod[1].
Plasma current is lost when the passing fast electrons responsible for
current drive impact solid surfaces. The low collisionality of these
electrons results in high current drive efficiency but also leads to
immediate loss on open field lines. A non-thermal population can
impact the interpretation of Langmuir probes and distort the mea-
sured power in the divertor[2, 3]. Characterizing the loss of LHCD-
generated fast electrons is important for the quantification of power
balance and investigating the physics behind current drive loss.

Strong up/down asymmetries in the emission of hard X-rays are
observed in diverted discharges on Alcator C-Mod[4]. Line-integrated
hard X-ray count rates from the active divertor can be several times
higher than chords viewing the opposite divertor. This asymmetry is
not strongly observed in the core, but as evidenced by figure 5.1, it is
pronounced for chords that view the periphery. Theories suggest this
is due to trapped fast electrons in the SOL or enhanced fast electron
confinement near the plasma X-point[1].The divertor has some effect
in generating high energy bremsstrahlung, which is likely caused by
the interaction of the edge with a fast electron population.

These results highlight the edge plasma’s significance in using LHCD
for future experiments. Experiments on other tokamaks have mea-
sured fast electron losses near the strike point of diverted plasmas[6].
These electrons’ diffusion will lead to fast-electrons in the SOL, which
could impact the heat flux and change the divertor’s power-handling
characteristics. This edge loss could be important for future tokamaks
which use low field side launched LHCD, as they are likely to have
significant edge fast electron populations due to high edge electron
temperatures[7]. Alcator C-Mod is suited to investigate this effect and
its implications for future steady-state devices.

This chapter estimates the edge fast electron losses in Alcator C-
Mod through measurements of thick-target bremsstrahlung. A new
plasma shape was developed to see the inner strike point with the
Hard X-ray Camera (HXR) allowing quantification of the thick-target
bremsstrahlung. Win X-ray, an electron-microscope analysis code, is
used to estimate the fast electron flux from this measure of thick-
target bremsstrahlung[8]. The strike point X-ray intensity was found
to decrease as current drive efficiency decreased (e.g. with increas-
ing n̄e). This analysis proves that loss of current drive efficiency is
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Figure 5.1: Significant X-ray emission
can be observed from the plasma near
the active divertor in diverted
discharges. This asymmetry, measured
by the Alcator C-Mod hard X-ray
camera[5], can exceed the core
measured brightness. The separatrix is
shown, with an overlay of the chord
views. The brightness of each viewing
chord is shown at the Z location of the
chord at the inner wall, with the color
of the profile matching to the LCFS
color of the plasma. For shot
1101104012, the hard X-ray brightness
profile is shown at 1.1s, and at .758s
for 1080312016. Both of the shown
discharges are in forward field, which
can affect the observation of
thick-target bremsstrahlung from the
inner wall.
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not caused by edge fast electron losses. Additionally, this chapter de-
scribes a framework for determining the importance and subsequent
impact of fast-electrons from LHCD in the SOL.

impact of fast-electrons on the edge plasma

Model of edge fast-electron losses

The radial profiles of electron temperature and density strongly in-
fluence wave damping in the plasma. The wave’s upshift evolution is
set by the initial condition of the location and n‖ at launch. This sets
the influence of the temperature, density, and magnetic field on the
propagation of the wave and dictates the nature of absorption. Cur-
rent devices contain temperature profiles which lend to upshift and
damping near mid-radius when launched from the outer midplane.
However, the electron temperatures on many current tokamaks are
low in comparison to those expected for steady state fusion reactors.

Future devices will likely have significant edge pedestal electron
temperatures leading to electron Landau damping near the edge. Esti-
mates for ITER find the pedestal to be nearly 5keV, greater than many
peak core temperatures in Alcator C-Mod[9]. Some reactor designs
include pedestals upwards of 8keV with significant densities possibly
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limiting accessibility. The necessary upshift required is minimal when
launching from the low-field side, allowing for current drive to occur
near the edge at ρ ∼ .9[7]. Understanding the effect of fast electrons
generated and confined so close to the LCFS could be necessary for
future tokamaks.

While the deposition location may be different, the non-thermal
electron population of electrons for these devices will follow the same
physical effects as those observed on current tokamaks. Analysis of
core fast-electrons in C-Mod and other tokamaks can be used to de-
scribe the dynamics of the fast-electrons near the edge in C-Mod and
predict dynamics in future devices. These electrons’ low collisionality
will also be observed at the expected densities and temperatures. This
suggests convection and diffusion can describe the transport of fast
electrons.

The fast electron population (at a density given by n f ) can be de-
scribed with a convective-diffusive equation with a slowing-down
loss term as described in 5.1.

∂n
∂t

= ∇ · (D∇n)−∇ · (~vn)− n
τs

+ S (5.1)

For steady state plasmas with minimal convection (|~v| = 0), the
equation can be nondimensionalized. Assuming a tokamak plasma
with minor radius of a (characteristic length scale), the combination of
a,D and τs combine to the nondimensional parameter ζ = a√

τsD . This
requires characterizing the slowing down time τs and diffusion coef-
ficient D for fast electrons. The values for D and τs have been exper-
imentally and theoretically treated for electrons with energy greater
than 20 keV. ζ for current and future tokamaks can be estimated from
these values.

The slowing-down time τs (the time for the fast-electron to thermal-
ize) depends on the background electron density and velocity[10]. As
shown in figure 5.2, the slowing down time for ∼ 100keV electrons
is in the range of 3ms for densities near 1 · 1020 [m−3]. Future reac-
tors will have significant edge densities with edge conditions similar
to the core of Alcator C-Mod. The experimental values of τs and D
observed on C-Mod can be extrapolated for future devices. Theoreti-
cal predictions are also similar to experimentally determined values
observed on C-Mod and elsewhere. These results find that most toka-
maks will have fast-electron slowdown times on the order of millisec-
onds.

While the value of the diffusion coefficient D has been character-
ized on a number of tokamaks, its actual value is more ambiguous.
Previous work on Alcator C-Mod has found the diffusivity of fast
electrons to be in the range of .005 − .01 m2s−1. Other C-Mod the-
sis work found higher diffusivities were needed to properly match
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Figure 5.2: Theoretical prediction of
the fast-electron slowdown time τs as
a function of electron energy and
background density [10]. Contour
labels are in milliseconds, showing
that for most tokamaks that the
slowdown time is on the order of
1-10ms.
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hard X-ray brightness profiles[1]. However, other authors consider
this procedure to be possibly misleading [11]. A wide range of ex-
pected values for D have been observed experimentally, giving some
freedom in numerical modeling. Because dependencies of D on other
parameters have not been well-characterized, it is the largest source
of variability in ζ.

n = ∇ρ · (
1
ζ2∇ρn) + Sτs (5.2)

Equation 5.2 assumes τs is invariant across the profile. When in-
tegrated across the plasma volume V, this equation can be used to
understand the sources and sinks of the Lower Hybrid power. For a
source S and surface area A, the fraction of the source particles lost
to the SOL can be defined as the parameter fL. fL can be related to
theoretical treatment of fast-electron diffusive losses described by a
fast-electron confinement time τD detailed in Chapter 1.

fL =
(

1− ζ2

∫
V ndV∫

A
∂n
∂ρ

∣∣
ρ=1dA

)−1
≈
(

1 +
τD

τs

)−1
(5.3)

This model can characterize the edge particle loss of fast electrons.
Fast electrons are a necessary but not sufficient condition for current
drive, and their edge loss is representative of inefficiency in current
drive. In the case that the current per particle and current drive ef-
ficiency are known, this can be converted into a power fraction. The
particle edge loss fraction and the power edge loss fraction are both
derived from fL. The parameters of C-Mod and ITER are used in a
cylindrical model with a δ-function source at radius ρ.
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Table 5.1: Projected SOL fast-electron loss fraction for current and future tokamaks for a given
a,τs and D. The model assumes source is represented by a δ-function at prescribed ρ in
cylindrical coordinates. Note: except for C-Mod all other tokamak values are projected.

Tokamak τs [ms] D [m2s−1] ζ fL(ρ = .8) fL(ρ = .95)

C-Mod[4] 3 .005 56.8 1.04·10−5 .057

EAST[12] 5 .8 8.54 .162 .636

EAST[13] 10 .3 9.86 .124 .596

ITER 5 .005 400. < 10−8 < 10−8

ITER ramp-up [14] 5 1.0 28.2 .00318 .238

Figure 5.3: Contour plot of the particle
edge loss fraction as a function of the
deposition location and ζ (the
non-dimensional diffusion slowing
down number) using a cylindrical
representation. The lack of definitive
numbers for the diffusion coefficient
for many tokamaks [11] leaves
ambiguity in projected values of ζ.
Future devices are likely to have 1% to
10% of particles to be lost via the SOL
when deposition occurs near ρ of .9 to
.95. However, this model does not
include likely scalings of D with |~B| or
Ip that other results suggest [4].
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This model predicts that the loss of fast-electrons to the SOL on
Alcator C-Mod is insignificant for LHCD deposition with ρ < .9 as
Landau damping strongly factors high temperature regions of the
plasma. Most Lower Hybrid deposition models find the majority of
power is deposited for ρ < .9. The generated current is roughly pro-
portional to the fast-electron population, suggesting a minimal im-
pact on current drive efficiency. The edge plasma’s fast response to
LHCD power requires that the damping of LH wave power occur
near the edge. The significant power loss to edge loss on Alcator C-
Mod also requires significant damping for ρ > .95. Characterizing the
population of fast-electrons in the SOL can determine the importance
of SOL diffusive loss on the current drive efficiency.

For devices such as ITER, edge losses require damping at the very
periphery (ρ > .99) in order to be important. The large minor radii of
these devices significantly increases the distance necessary to reach
open field lines. As is shown through the projected ITER values, the
substantial size necessary for tokamak reactors makes this analysis
unnecessary. However, this analysis assumes that the diffusivity is
similar to the measured C-Mod values. Better projections for values
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of D (solving for the dependencies on B, n̄e, aspect ratio, etc.) would
substantially improve confidence in this expectation.

LHCD systems on current devices which lead to significant depo-
sition at ρ ∼ .9 could lose a sizable fraction of fast electrons into the
SOL. When these electrons make it into the SOL they can affect the
particle and power balance. This edge loss will impact the current
drive efficiency and will also have an associated effect on divertor-
conducted power. Devices with high edge electron temperatures in-
crease the likelihood of this possibility.

Interaction of fast electrons with the SOL

Future tokamaks require the use of detachment to minimize heat flux
to the divertor surfaces[15]. The neutral barrier sustained by recombi-
nation and high collisionality dissipate the energy to the larger inner
surface of the tokamak via isotropic radiation. However, this is only
effective for particles which favorably interact with the cold plasma
and neutrals located in the divertor. For fast-electrons, the detach-
ment efficacy for reducing the flux depends on their characteristic
strength of interaction with neutrals and the SOL plasma. It is partic-
ularly important to characterize these effects in cases for LHCD with
significant edge losses.

The high efficiency of LHCD is partly due to the low collisionality
exhibited by high-energy electrons. This counters the very low tem-
peratures and subsequent high collisionalities expected in a detached
divertor plasma. The slowing-down time for fast electrons (shown in
figure 5.2) is much longer than the residence time in the SOL. Only in
circumstances with nearly full perpendicular motion (µ < 10−3) does
the electron sufficiently reside in the SOL. This analysis does not take
into account variation in the magnetic field which leads to particle
trapping. The plasma in the SOL does not significantly interact with
the passing fast population, and the plasma does not impede their
travel to the target.

Fast electrons will freely travel to the divertor plates leading to
possible changes in the sheath (in attached plasmas). Previous theo-
retical calculations of this effect on the sheath used a model of a sec-
ondary Maxwellian with higher Te. With sufficient fast electron frac-
tions, the secondary electron distribution was found to dramatically
influence the floating potential, heat flux, and particle fluxes to the
target[2, 3, 16]. However, the fast particles from LHCD are not very
Maxwellian in nature and often are limited to velocities greater than
3vth. The high energy (> 10 keV) LHCD electrons can only be blocked
by extremely high sheath potentials which typically only shield out
low energy thermal electrons. The secondary Maxwellian still is con-
centrated at a low-energy bulk blocked by the sheath potential. The
paradigm of this model is insufficient to describe the scenario of edge
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Figure 5.4: The length of time for an
electron to travel 100m is shown as a
function of the pitch angle µ and
electron energy. The residence time is
shown for µ of 1, .1, .01, and .001. In
nearly all circumstances (for µ > 10−3)
the residence time is shorter than the
slowdown time (given in figure 5.2).
Passing fast-electrons generated by
LHCD (i.e. µ > .1) are unlikely to
interact with the plasma before hitting
a solid surface while in the SOL. This
analysis does not include the impact
of trapping, which will increase
residence times when µ ∼ 0.
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loss fast electrons, given the unrealistic characteristics that could pos-
sibly be observed.

The impact of a small, nearly isothermal, high-energy fast electron
flow can better represent LHCD electrons’ effect on the sheath. An
electron population with density ne f s at the sheath edge will lead to a
density through the sheath described in equation 5.4. Unlike thermal
electrons or cold ions which rarefy when close to a solid surface, the
sheath slightly slows the fast electrons, thus densifying them. This
densification depends on the initial energy at the sheath entrance E;
the potential of the sheath V varies from the value at the sheath en-
trance Vs. The sheath potential and the effect of fast electrons is shown
in the previous chapter in figure 4.18. The change in potential from
the core plasma to the sheath entrance is small compared to the elec-
tron energy, or the approximate energy leaving the confined plasma.

ne f = ne f s

√
E

E− e(Vs −V)
= ne fn

√
E

E− e(Vs −V)
(5.4)

When this fast-electron distribution is combined into Poisson’s equa-
tion and Taylor expanded about the sheath entrance, a new Bohm cri-
terion can be derived. This solution can be parameterized using the
same nomenclature describing in the two-Maxwellian solution given
in chapter 4. The fast electron density and energy are given as ratios
to the slow population fn and ft. A single-energy source which is
greater than the sheath potential yields ft = −2E/Te; this value is
used in the sound speed given in equation 4.1. However, f Te must
be positive for a physically meaningful solution. The negative value
of ft comes from the slowing of the fast electrons, but f still remains
positive for the values expected in tokamak sheaths ( fn � | ft|).
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The correction to f (defined in equation 4.2) for ft = 103, fn =

10−3 is .1%, and for most circumstances f is proportional to 1 + fn

( ft/ fn � 1). Sheath potential is still dictated by the low velocity com-
ponents of the ion and electron distributions. High-energy electrons
minimally impact the sheath, and the sheath changes them insignif-
icantly in turn. Variation in the divertors particle and energy fluxes
will be subtle with the addition of fast electrons in the target plasma.

Ambipolar diffusion dictates that the increase in electron flux due
to fast electrons will lead to an increase in ion flux. Due to minimal
changes in the sheath, this increase in electron flux is balanced by a
higher collected ion density. The equation 5.5 gives the change in the
floating potential due to fast electrons in cases with the same ion flux
and electron temperatures. The change in floating potential ∆Vf l will
be negative in circumstances with populations of fast electrons.

e∆Vf l

Te
= ln

(
(1+ fn)(1−

|j f |
|jsat|

)
)
≈ fn−

|j f |
|jsat|

= fn

(
1− 2

√
2

1 + fn

√
mi

me

√
E

Ti + Te

)
(5.5)

The addition of high energy electrons is expected to yield minimal
changes in the sheath and the thermal electron distribution. However,
noticeable changes to the floating potential are possible depending
on the flux of fast electrons. The inability for either the sheath or
plasma to affect the fast electrons derives from their high energy. This
lack of interaction will lead to divertor power measurements to be
underestimated by typical Langmuir probes.

In an attached regime, LHCD fast electrons flow through the SOL
and impact the divertor. The high energy of each particle means a
much smaller particle flux is necessary to generate similar heat fluxes
to the thermal plasma. While the thermal heat conduction to the di-
vertor has been mitigated experimentally through the use of detach-
ment, the utility of detachment for fast electrons must be evaluated.
Detachment depends on ion-neutral friction and radiative power loss
which controls the ion flux. The electron flux is controlled via the
combined influence of low temperature and ambipolar diffusion. The
small fraction of high energy electrons is unaffected by the sheath
or background plasma. For detachment to be effective for these elec-
trons, they must be favorably controlled by electron-neutral collisions.

This process can be understood by comparing the cross-sections for
interaction at high energies. In MARFE conditions (similar to detach-
ment), measures of the neutral density are nearly 1017 to 1018 m−3.
The mean free path (λm f p = (nσ)−1) for fast electrons (> 1keV) is
greater than 100m. As shown in figure 5.5, the observed cross-sections
are below 10−19 m2 across the entire energy range. The interaction dis-
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tance is much greater than the field line length through the divertor
in most tokamaks.

Figure 5.5: The interaction of
fast-electrons with the background
neutrals are minimal. The trends in
the total collision cross-section for
electron impact on molecular
Hydrogen[17], ionization cross section
for atomic Hydrogen[18] and the
electron excitation from the ground
state of atomic Hydrogen[19] show
that there is likely two orders of
magnitude decrease in the cross
section at energies > 10 keV. For
neutral densities of 1020 [m−3], the
mean free path is likely > 50 m for
electrons with energies above 10 keV.
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This fast electron-neutral interaction length has been observed ex-
perimentally with pellet injection and LHCD[20]. Cyrogenic pellets
injected during the application of LHCD observed a rapid degrada-
tion in the pellet penetration depth. This weak penetration was due
not to the overall additional heat flux provided by the fast electrons,
but due to volumetric heating of the pellet by the fast electrons. This
effect underscores the weak interaction of these high-energy electrons
with neutrals as volumetric heating can only come from long mean-
free-path interactions. This experimentally verifies the theoretical im-
possibility of reducing heat flux through fast electron-neutral interac-
tions.

The fast electrons which escape into the SOL cannot be stopped
by the plasma or neutrals located in the edge. The vast majority of
this energy will be deposited in the divertor close to the strike point.
A small particle flux can deposit significant power due to the high
energy per particle of the LHCD fast electrons. However, this effect
is significant only when deposition is near the edge with certain dif-
fusion and slowing characteristics. While edge loss effects for future
tokamaks are more likely due to higher edge electron temperatures,
the larger physical size reduces this possibility.

The previous theoretical analysis suggests that edge losses of fast-
electrons are minimal and unimportant for C-Mod and future de-
vices for affecting the thermal plasma of the edge and divertor. How-
ever, the experimental characterization of fast-electron edge losses
will prove the thermal or epithermal nature of the LHCD edge loss
on Alcator C-Mod. This effect cannot be measured with typical edge
diagnostics as previously shown by the impact on the sheath, SOL
plasma, and neutrals. Through the measure of high energy X-rays
generated by thick-target bremsstrahlung, it is possible to character-
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ize this loss mechanism. The trend in SOL thick-target bremsstrahlung
versus current drive efficiency dictates the importance of fast electron
edge loss in the LHCD density limit.

determination of electron fluxes from thick-target bremsstrahlung

Observation of thick-target bremsstrahlung in tokamaks

The photons generated by the acceleration of electrons (usually due
to collisions with other charge particles) is known as bremsstrahlung.
Theoretical treatments given by Bethe-Heitler-Elwert[21, 22] formula
(for electron-ion collisions) and Haug formula[23] (for electron-electron
collisions) describe the emitted photons’ anisotropic energy spectrum
and cross section probability. These formulas have been used to forward-
model the emission of hard X-rays for optically thin media such as
tokamak plasmas.

The complicated expressions of bremsstrahlung emission can be
reduced to several simple conclusions. First, energy conservation dic-
tates that only high energy electrons are capable of inducing hard
X-rays in tokamaks. Hard X-ray bremsstrahlung in tokamaks is in-
dicative of high energy electrons which in turn describes the effects
of LHCD. The hard X-ray emission can be used as a proxy for the
fast-electrons.

Secondly, the intensity of bremsstrahlung is proportional to the
electron population and the background ion density. The significantly
higher number densities of solids (1028 [m−3] for molybdenum ver-
sus 1020 [m−3] for tokamak plasmas) causes bremsstrahlung emis-
sion from solids to be orders of magnitude higher for the same elec-
tron population. The high Z of molybdenum and other metallic wall
materials are highly efficient in X-ray generation (in comparison to
Deuterium). While the emission spectrum is broad for monoenergetic
electron beams, the intensity can give an electron population estimate.
Smaller electron populations can be observed in higher density ma-
terials (for the same flux), making hard X-ray bremsstrahlung from
solids a much more sensitive indicator of fast electrons.

However, due to various factors, the interaction of fast electrons
with solids is more complicated. For one, the emitted bremsstrahlung
X-rays can be attenuated by the high-density material of the solid.
The high probability of multiple scattering events for a single elec-
tron can lead to electron’s diffusive movement in the solid. Along
with bremsstrahlung, collisions of high energy particles with high Z
atoms can excite electrons, emitting characteristic high energy X-rays
at specific energies. Combined, these aspects lead to a large, high-
probability, complicated phenomenon which can be observed in the
cameras used to measure the core plasma bremsstrahlung emission.
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Figure 5.6: Inner wall limited plasmas with LHCD often impact the operation of the HXR camera.
Shown on left are several raw pulse voltage time traces placed vertically close to the viewing
sightline vertical position (Channels 1,7,17,24, and 31). Each vertical line is a representative pulse,
which comes off of a baseline value (near 0 Volts). This data is converted into count rates off of the
measured pulses. The count rate increases during LHCD (power trace shown at the bottom-left).
Measurements near the limiting point (shown by channel 17) shows ‘blindness’ during the LH
pulse due to extremely high X-ray fluxes. This causes the baseline to move to very large negative
voltages and removes the ability to discern pulses. Other chords near the limiting point face similar
issues (channels 14-19). This effect is due to fast electron escaping into the SOL and creating
thick-target bremsstrahlung through collisions with the Molybdenum wall.

The bremsstrahlung from solids is generally known as thick-target
bremsstrahlung due to the solid’s strong stopping power for elec-
trons. This phenomenon occurs in tokamaks when fast electrons in-
teract with solid materials at the plasma edge. The Molybdenum Al-
cator C-Mod first wall is an ideal material for inducing thick-target
bremsstrahlung due to its high density and high Z. The effect has
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been observed on Alcator C-Mod in the use of LHCD in inner-wall-
limited plasmas.

Thick-target bremsstrahlung easily propagates through the plasma
and can be observed with X-ray cameras designed for observing the
bremsstrahlung emission from the core plasma. The Alcator C-Mod
hard X-ray (HXR) camera[5] integrates the X-ray emission along 32

chords through the plasma and terminates on the inner wall. Thick-
target bremsstrahlung can overwhelm Alcator C-Mod hard X-ray cam-
era (HXR) central channels in inner-wall-limited plasmas (where the
plasma intercepts the inner wall near the midplane), as shown by
figure 5.6. This experimental result shows that the hard X-ray emis-
sion from thick-target effects can be more significant than plasma
bremsstrahlung. Indeed, LHCD-induced thick-target bremsstrahlung
can saturate measurements of core fast electrons.

Detectors are blinded for chords which view near the strike point
due to the additional thick-target bremsstrahlung. The utility of the
HXR for cases in inner wall limited discharges is limited to the re-
gions outside the central core of the plasma. Similar effects have been
observed on other tokamaks like Tore Supra and JT-60U near the in-
ner wall limiting point and strike-point respectively. However, thick-
target bremsstrahlung was rarely observed in those tokamaks, thus
minimally changing their HXR cameras utility but highlighting the
existence of fast electrons in other tokamaks’ edges.

The interaction of unconfined fast electrons with solids is signifi-
cant on the Alcator C-Mod in cases with current drive. The saturation
of the HXR camera suggests a measurable diffusion of fast-electrons
to the occurring in all IWL plasmas; this could also be important in
diverted topologies. The inner wall emission can be used to under-
stand SOL fast electrons. Procedures used for forward-modeling the
bremsstrahlung emission can be inverted to roughly deduce the char-
acter of the unconfined fast electrons in the SOL. This capability can
determine diffusive loss’s significance to the current drive efficiency
loss in high density diverted plasmas on Alcator C-Mod.

Win X-ray and pinhole optics for thick-target bremsstrahlung

The interplay of attenuation and electron scattering by solids can al-
ter the thick-target bremsstrahlung X-ray spectrum. X-rays emitted in
the solid are exponentially attenuated to fractions described by the
material’s stopping power and the emission depth. The scattering of
electrons in the solid is a random process leading to the depth of
emission, energy and associated attenuation of the photon to also be
random. Unlike plasma bremsstrahlung which occurs in single in-
dependent electron encounters, several photons can be emitted from
multiple related collisions in solids. The serial dependence of pho-
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ton emission prevents the first principles calculation of thick-target
bremsstrahlung spectra, requiring the use of numerical modeling.

Electron scanning microscopes also observe high-energy electrons
impinging on solid surfaces. A program named Win X-ray[8] models
electron impact effects on solids in these devices. It uses a Monte-
Carlo procedure to model electron collisions and the associated X-ray
emissivity while the attenuation of the X-rays is determined analyt-
ically. The measured X-rays can be generated from bremsstrahlung
and atomic excitation. The ensemble of individual representative X-
rays are combined to generate the expected X-ray spectrum for large
sample sizes.

Figure 5.7: 200

trajectories of 60 keV
electrons simulated with
the Win X-ray code in
solid molybdenum. Red
trajectories represent
electrons which reflect
out of the solid where
blue trajectories fully
deposit energy within
the material. Significant
variation in the paths
highlight the high
number of collisions for
each electron in the first
10µm of the material. 545 nm

1090 nm

The emission spectrum determined from Win X-ray is defined as
C(E, IB, Ω|Ei, r̂, r̂′). It is a function of several parameters, the foremost
being the initial electron energy Ei, beam current IB, and the solid an-
gle of the detector Ω. The beam incidence direction r̂ and detector to
beam impact direction r̂′ also affect the spectrum but are fully speci-
fied on C-Mod. Ei is specified in Win X-ray as a single value which
contrasts the spectrum of electron energies observed with LHCD, and
must be set a priori.

Normalizing the spectral intensity C(E, IB, Ω|Ei, r̂, r̂′) to the beam
current IB determines the X-ray fluence per electron. The intensity of
X-ray emission is inherently linear to IB due to the low probability
of beam electrons changing the solid or interacting with other beam
electrons (i.e. each electron can be treated separately). The viewing
geometry can be specified with an expected solid angle Ω, which can
also be used to normalize the spectrum per unit steradian (assuming
minimal change in r̂′ across the measuring solid angle). Together, this
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creates the important parameter C(E|Ei, r̂, r̂′) defined in equation 5.6
which converts fluences of X-rays into a total number of fast electrons.

C(E|Ei, r̂, r̂′) =
C(E, IB, Ω|Ei, r̂, r̂′)

IBΩ
(5.6)

The a priori determination of Ei serves as a limitation and requires
C(E′|Ei, r̂, r̂′) to be evaluated at various Ei for a number of electron
energies. The range of C(E|Ei, r̂, r̂′) sets bounds to the measured elec-
tron particle and heat flux. The calculated flux at a specific energy pro-
vides an “average” response. The determined bounds will likely pro-
vide order-of-magnitude accuracy, sufficient for understanding the
order-of-magnitude of fast-electron particle and heat fluxes in the Al-
cator C-Mod SOL.

Figure 5.8: The spectrum of X-rays (C(E|Ei, r̂, r̂′))
from molybdenum for a monoenergetic beam of
electrons from 20-70keV in 5keV increments. The
excited X-rays from molybdenum are below the low
energy threshold of the HXR. All measured HXR
X-ray counts come from bremsstrahlung events,
which become increasingly important with Ei, the
inital electron beam energy. K shell X-rays do not
occur for low energy (20keV) electrons, and the
bremsstrahlung emission is very exponential in
character.
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The material properties are important in dictating attenuation, scat-
tering, and X-ray production. The first wall material on C-Mod, molyb-
denum, can be covered in a < 1µm thick boron layer. The boron has a
low stopping power for photons with energies greater than 10keV and
is very thin (a 1µm thick boron layer attenuates < 10−6 of the X-ray
intensity). Consequently, the boron has little impact on the hard X-ray
emission spectrum. The solid molybdenum is a high Z, high number
density, refractory metal which is a favorable target for hard X-ray
emission. The simulations used to calculate the fast electron fluxes
assume solid molybdenum at standard pressure and temperature.

Geometry is also important for calculating the X-ray spectrum due
to the variation in electron scattering and attenuation path lengths.
The different layers relative thicknesses, beam intercept angle, and de-
tector measurement angle are all inputs to the code. Off-normal inci-
dence of the electron beam (given by r̂) brings the initial bremsstrahlung
emission closer to the surface. This reduces the attenuation due to a
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shorter path length, thereby increasing the overall intensity. The beam
incidence for passing electrons is the magnetic field strike angle onto
the divertor (the inner wall). r̂ can be determined a priori through the
use of EFIT-derived values at the strike point and can be manually
set in Win X-ray. r̂′ is determined from the the geometry of the HXR,
which is a known and calibrated quantity. Geometric aspects of the
X-ray generation in the expected spectrum are known, and accounted
for.
Win X-ray solves for thick-target X-ray intensity through the use of

Monte-Carlo methods. With the proper geometry, materials, and nor-
malization, the data can be used to interpret measured hard X-ray in-
tensities in terms of fast-electron currents. However, the measurement
of hard X-rays in tokamaks differs from the point source emission
observed in scanning electron microscopes. Instead of a thin beam
measured by a large detector at a set distance, tokamaks have diffuse
electrons with very defined viewing geometries (that use pinhole op-
tics). The electrons creating X-rays on the inner wall surface must be
within the detector’s view and are weighted by the solid angle sub-
tended by the detector (which varies across the view). This ambiguity
is best treated by determining the average across the view, which can
be properly integrated about the torus. This is possible through the
use of fundamental characteristics intrinsic to pinhole optics, requir-
ing further interpretation for understanding thick-target hard x-ray
count rates.

Pinhole optics limit the volumetric view of a detector allowing for
it to be parametrized as a line of sight with a small angular diver-
gence and a small cross-sectional area. The étendue ε, as described
in chapter 2, represents this angular divergence and cross-sectional
area and is a constant along the line of sight. The measured count
rate spectrum of detector X-rays (or intensity spectrum, dI(E)

dE ) can be
converted into an flux of X-rays by dividing by the étendue. The éten-
due determines the interplay of viewing area and solid angle, which
is useful in removing the ambiguity of the size and solid angle at the
inner wall. This allows for a more straight-forward interpretation of
the thick-target bremsstrahlung as the flux of photons can be used to
describe an average electron flux j̄ f within the view.

j̄ f =
∫ dI(E)

dE
εC(E|Ei, r̂, r̂′)T(E)

dE (5.7)

Equation 5.7 shows that for an invariant spectral shape, the inten-
sity is linearly related to the electron flux. T(E) is the detector effi-
ciency and window transmission factor, which is important for low
energy (< 40 keV) X-rays. j̄ f will be solved for a number of Ei, from
which a range of electron fluxes can be determined. The change in
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Figure 5.9: The X-rays emitted inside the
vacuum vessel must pass through a 1mm
aluminum window to be measured with the
HXR. Some fraction of the emitted X-rays are
attenuated, with the probability dependent
on the X-ray energy. 316L stainless steel
pieces of varying thicknesses are added
infront of the window as attenuators in order
to reduce the HXR count rate. This reduces
the measured pileup on the CdZnTe hard
X-ray detectors. The non-linear filter function
complicates interpretation of the observed
X-ray energy spectrum. This is important in
the low energies, as the X-ray spectrum is
weighted to lower energies. Proper
comparisons of different discharges requires
the use of same thicknesses of attenuators.
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spectral shape and intensity represents changes in the fast electron
population.

The combined use of Win X-ray and the HXR pinhole camera can
determine a range of possible fast electron current densities to the
wall. Both the impact on the sheath (and its ability to be observed)
and the fast-electron heat flux can be estimated from this procedure.
This result can inform on the accuracy of Langmuir probes in deter-
mining the density and temperatures at the target. The trends in j̄ f
can determine the impact of fast electron edge loss on current drive
loss in Alcator C-Mod.

experimental setup

Creation of a high inner-strike-point discharge

The passing fast electrons in the SOL generated by LHCD stream
along magnetic field lines without collision, leading to their impact
in the divertor near the last closed flux surface. As shown in figure
5.6, the limiting point near the inner wall midplane degrades the HXR
camera operation. Thick-target bremsstrahlung in Alcator C-Mod di-
verted plasmas can be measured when the inner strike point is in
view of the Hard X-ray camera. The measurement of thick-target
bremsstrahlung can then be analyzed with the previously defined
analysis.

A specific diverted plasma shape was developed with a high inner
strike point which could be observed with the HXR. This lower Single
null (LSN) plasma was chosen due to the array of Langmuir probes
located on the lower divertor inner wall. Most diverted LSN plasmas
on Alcator C-Mod have the inner strike point on the inner wall’s
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Figure 5.10: The movement of the
inner strike point was necessary for
observation of thick-target
bremsstrahlung with HXR. The strike
point was translated upward four tiles
from the common
lowest-inner-wall-tile position (for
LSN plasmas), shown by the red
arrow. The thick-target optimized
separatrix is in green, with a typical
plasma separatrix shown in red (from
previous LHCD modulation
experiments), derived from EFIT
calculations. Instrumentation available
at this location (Langmuir probes, tile
thermocouples) improves the
characterization of heat fluxes
expected from LHCD plasmas. The
high strike point with regular upper
triangularity was achieved with a
smaller elongation (κ = 1.47 versus
1.57 with normal strike point position),
and an inward movement of the
X-point.
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lowest tile. This location is optimal for plasma performance and for
control with the poloidal field coils located nearby.

The high strike point as shown in figure 5.10 is located on the
fourth tile, near control limits using the poloidal field coils. Com-
pared to standard plasma shapes the high strike-point plasma has a
reduced elongation, slight shift upward, and a slight radially inward
X-point position with the inner strike point shown in detail in fig-
ure 5.11. The outer strike point is located close to the outer strike
point of other LHCD modulation experiments and, as a consequence,
the outer divertor leg is very long. The equilibrium used gives good
measure of both the inner and outer strike points with an extensive
diagnostic set matching capabilities used in other modulation experi-
ments.

Langmuir probes[24] can determine the position of the inner strike
point to a distance of half of a tile (approximately 1cm). The spot size
and total view of the HXR can be seen in figure 5.12 for the devel-
oped plasma shape. Each HXR camera chord in the lower divertor
measures the height of one tile as the Chord 1 views the inner strike
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Figure 5.11: Position of the inner
strike point provided by Langmuir
probe measurements on the inner wall.
This data independently verifies that
the strike point location is in the
expected viewing region of Chord 1.
Locations of the probes are shown as
circles, with the profile of density
shown as an interpolated color
mapped positionally to the inner wall.
Limitation in the probe separation
makes the strike point location known
to within ∼ 1cm.
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point. The comparison of the EFIT reconstruction, Langmuir probe
pressure profile, and HXR thick-target emission gives confidence that
the HXR observes the strike point on the fourth tile from the bottom.
Chord 1 only views through the SOL of the plasma which removes
any possibility of viewing confined fast electrons (unless they are
deeply trapped). This allows for the core X-ray emission to be com-
pared to the SOL thick-target emission.

The HXR camera can measure the entirety of the inner divertor
plasma due to the low elongation and high X-point. Previously ob-
served asymmetries with hard X-ray emission were only partially
characterized as the extent of the asymmetry into the divertor was
unknown. The contribution of thick-target bremsstrahlung on mea-
sured HXR from the active divertor can be deduced from the inner
strike-point view. Chord 1 can in time separate the thick-target loss
from the plasma emission and help determine the observed asymme-
try’s nature.

Implications of an LHCD-induced electron asymmetry on inner divertor
thick-target bremsstrahlung

As a consequence of the SOL’s minimal effect on fast electrons, the
passing population in the SOL can be described by a single distribu-
tion. The two divertors completely absorb this population near the
strike points, one divertor measuring the co-current distribution and
the other the counter-current distribution. The asymmetry of the elec-
tron distribution in the core plasma which carries current will also
lead to an asymmetry in the distribution of fast electrons which dif-
fuse into the SOL. It can then be expected that an asymmetry in X-ray
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Figure 5.12: Each of the 32 chords of the HXR pinhole camera intercept the inner wall of C-Mod. Chord 1 views the
lower divertor with each successive chord numbered vertically to 32 at the upper divertor. Figure a) shows the inner
strike point (separatrix in green) can be observed with the chord 1 of the HXR (chords in blue). The color of the
inner wall is the differential etendue (in the z direction) between the surface and diode. The profile of étendue
contains a high spatial frequency component (due to the individual diodes), and a low spatial frequency
component (due to the diode fan/ pinhole geometry). Figure b) highlights the wide view of the inner wall provided
by the HXR. Chord 32 exclusively measures from the SOL which characterizes the bremsstrahlung from the SOL
plasma. The region of figure a) is outlined on figure b) in dotted line.

production will be observed on the inner and outer divertors due
to LHCD fast electrons. The measured inner strike point thick-target
bremsstrahlung will only provide information on half of the SOL fast-
electron population.

The inner divertor only measures the electrons which travel in one
direction and depending on the current direction either measures the
co- or counter-current electrons. The magnetic field’s helicity and di-
rection determines which divertor measures which portion of the
passing distribution. On Alcator C-Mod, the design’s physical con-
straints limit ~B ‖ ~IP leading to the inner divertor absorbing co-current
electrons in reverse field and counter-current electrons in forward
field (in LSN plasmas). The electron plateau formed by Lower Hy-
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a) b)
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Figure 5.13: The asymmetry in fast-electrons generated by LHCD influences which divertor plate is
impacted large electron fluxes. The diffusion of current-generating fast electrons will create a larger
population with velocity in the direction opposite of Ip in the SOL (opposite of ~Bp, shown in green).
The helical nature of the magnetic field is the same for forward and reverse field (~B ‖ ~Ip) by design in
Alcator C-Mod. Illustrated in the figure, electrons which escape at the midplane which were
generated with ~v ‖ ~n‖ will have a more favored divertor (shown in blue). The electrons which are
observed in the forward field inner divertor are likely generated by reverse-n‖ Landau damping.

brid waves travels opposite of Ip, as shown in figure 5.13. Thus, a
larger population of fast electrons should be expected on the outer
divertor in forward field and on the inner divertor in reverse field.

In order to fully describe the population, measuring the loss of
fast electrons requires using the same plasma shape in forward and
reverse field. While differences in the SOL character are expected with
field reversal, this does not impact the SOL fast electrons. Density and
temperature changes in the core plasma (i.e. changes the confinement)
can impact the damping of LHCD waves which in turn can change
the LHCD fast electron edge losses. While this likely only plays a
minor role, the SOL losses must be compared by using the core x-ray
emission as the fiducial. The core emission will represent the core fast
electron population and can be used to roughly observe fL.
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observation of fast electrons in the c-mod sol

Hard X-ray bremsstrahlung from the core and strike point was mea-
sured using the HXR in both forward and reverse field in the FY15

campaign. In each case a range of densities was tested using multi-
ple plasmas with the designed equilibrium and with steady densities
(a process similar to the modulation scheme presented in Chapter 3).
Significant hard X-ray emission was observed at the inner strike point
at low densities in both field directions. The range of densities tested
allowed for several conclusions about the edge loss fast-electrons to
be derived.

The core emission in forward and reverse field followed previ-
ously observed trends that exhibited an exponential dependence in
the HXR emission versus n̄e. This matched observations in many sep-
arate experiments on Alcator C-Mod (which had strong dependencies
of HXR emission on Ip and n̄e). The modulation scheme was used to
separate the effects of LHCD power from the background. Diversions
from this trend in the thick-target emission define the importance of
edge diffusion in the efficiency loss.

Figure 5.14: The fast electrons flowing
opposite of the electron current (as
measured in a forward field plasma
given in figure 5.12) create significant
bremsstrahlung on the inner wall.
This emission is nearly 5 times greater
than the peak core emission in this
n̄e ∼ 9 · 1019 m−3 plasma. Thick-target
bremsstrahlung is predominantly
observed near the strike point on
Chord 1, with a much smaller fraction
observed on Chord 2.
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The thick-target bremsstrahlung emission from the inner strike point
was in all cases greater than any other individual chord viewing
the core plasma. In forward field, this edge emission was 5 times
greater than the peak core emission. However, the strike point emis-
sion in reverse field was significantly more intense than in forward
field. Shown in figure 5.14 and figure 5.15, the thick-target emis-
sion attributed to counter-current traveling fast electrons is signifi-
cantly more intense than from co-current fast electrons. The hard X-
ray count rate observed from the reverse field strike point is generally
5 to 10 times higher than the forward field strike point for the same
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plasma conditions. This leads to the strike point emission to be 25 to
50 times greater than the peak core emission in reverse field.

The asymmetry in the electron distribution needed for current drive
leads a larger population of counter-current traveling electrons (these
electrons are the driven plasma current by LHCD). Given that a fast
electron’s diffusion is equally likely for those traveling co- and counter-
current, it is expected that a larger number of electrons in the reverse
field will diffuse into the SOL. The observed difference in thick-target
bremsstrahlung for forward and reverse field validates that LHCD
creates a larger number of electrons which travel opposite of the Ip

direction thus creating current drive (assuming that the fast electron
confinement and energy distributions are similar between field direc-
tions). This gives confidence that the hard X-rays measured on Chord
1 (the chord viewing the strike point), are dominated by thick-target
emission. The HXR can be used to understand the SOL fast-electron
losses and related core dynamics.

Figure 5.15: The emission of
thick-target bremsstrahlung in reverse
field is significantly higher compared
to forward field. The ratio of peak core
emission to edge emission is a factor
of 10-30, which is higher than the
factor of 5 observed in forward field.
Limitations in the dynamic range (in
count rate) of the HXR makes
measuring both the core and edge
emission very difficult at statistically
significant levels.
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If the loss of current drive is due to an increase in edge deposition

or enhanced edge diffusion, then the magnitude of thick-target emis-
sion should be correlated with current drive efficiency. The core X-ray
emission is used as a proxy for the current drive efficiency and as a
benchmark for trends in the strike point emission. In the extreme case
that all of the current drive fast electrons diffused into the SOL, the
edge HXR emission should be anti-correlated with the core emission.
At the highest densities, all the fast electrons would be observed in
the SOL, unable to drive current.

However, because the formation of the core plateau of electrons
is a non-linear process, it is also possible that changes in the edge
loss of fast-electrons would manifest in the electrons’ energy distri-
bution. Those electrons lost to edge diffusion reflect the change in
the core populations. The loss of fast electrons to the edge could
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shift to a different distribution as the plateau cannot be sustained
in the core. Changes in the electron distribution would also modify
the bremsstrahlung spectrum and would be identified as a change in
the X-ray energy spectrum rather than in the X-ray count rate. Both
the magnitude and spectrum of X-rays are useful in understanding
electron distribution changes.

Evolution of core and edge HXR emission with n̄e

The significant separation between the core and edge emission in
count rate pushes the HXR camera to the limitations of its design.
The dynamic range of the HXR camera is set by the pile-up thresh-
old and limits in the statistical variation. The HXR’s lower limit is
around 5 · 103 counts/s for a 1 ms time bin which leads to around
5 measured counts. The upper limit is set by the time response of
the detector and pulse-shaping (which for the HXR is near 2.5 · 105

counts/s). This two order of magnitude dynamic range limits the
span of measurable thick-target electron fluxes and can be observed
in the trends versus density.

Figure 5.16: The emission of thick-target
bremsstrahlung at the inner divertor strike
point is proportional to the core
bremsstrahlung emission across the range of
current drive loss. The electrons traveling
opposite of n‖ in the SOL are observed on
Chord 1 in forward field, which decrease
with n̄e. The decreasing population of fast
electrons in the SOL indicated that the impact
of these electrons near the edge diminishes
with increasing density. Channel 1 represents
the thick target bremsstrahlung, while the
sum of channels 2-32 represent the free
electron bremsstrahlung.
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These issues led to two different experimental densities of HXR
data in forward and reverse field. The reverse field data was limited
to densities > 1.0 · 1020 [m−3] with its significantly higher SOL/core
count rate ratio. In contrast, the forward field data was measurable
across the current drive range for densities > 0.7 · 1020 [m−3]. While
this discrepancy could be corrected with attenuators placed in front
of the HXR pinhole (with varying thicknesses of 316L stainless steel),
this would significantly complicate the interpretation of the diagnos-
tic. The attenuation of photons is energy dependent, introducing an
ambiguity into the HXR interpretation (which cannot be deconvolved
due to detector-induced energy broadening). Changes in the energy
distribution in the attenuated energy range would manifest in the
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magnitude of emission. However, even with these limitations the data
from these two ranges overlap slightly. This allows for a direction
comparison in the density range with the greatest efficiency decrease
(around 1 · 1020 [m−3] at 800 kA).

The reverse field data set is skewed due to limitations in available
LHCD power and in the HXR dynamic range. The derived trends
likely underestimate the exponential coefficient in both the core and
edge. Even at minimal forward LHRF powers (300 kW) the SOL fast-
electrons were capable of exceeding the pile-up count rate limit ( at
1 · 1020 [m−3]). The low LHRF powers were insufficient to create sig-
nificant core HXR emission profiles, with the trends at high density
representing the lower limit on count rates. In both cases, it served to
“flatten” the trends in density, and highlights the difficulty of prop-
erly measuring HXR emission from the edge and core simultaneously.
However, the total core emission at n̄e of 1 · 1020 [m−3] shows order-
of-magnitude similarity in forward and reverse field. This provides
confidence that the LHRF damping in both field directions is simi-
lar and thus can be compared (which matches previous experimental
observations on Alcator C-Mod).

Figure 5.17: The observed X-ray count rate of
thick-target bremsstrahlung is an order of
magnitude greater in reversed field than in
forward field shown in figure 5.17. The
density range where Chord 1 properly
measures count-rates of thick-target
bremsstrahlung begins in the region where
current drive is relatively inefficient
(n̄e = 1 · 1020 [m−3]). The monotonic drop in
thick-target emission in reverse field is due to
a smaller LHCD fast electron population in
the SOL at higher densities. This suggests
that edge losses are not the cause of the
LHCD efficiency loss at high density. The
limitations in the HXR capabilities make the
comparison of core versus edge HXR
emission difficult. At low density, the
thick-target emission of the HXR is above the
pile-up threshold. At high density, the
emission of X-rays from the core is
statistically insignificant (at the noise floor).
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The HXR emission exponentially decreases with increasing plasma
density in both forward and reverse field plasmas shown in figure
5.16 and 5.17. This exponential dependence of the measured thick-
target bremsstrahlung on density matches the exponential trend in
core emission. However, the rate of decrease with density is slightly
weaker in comparison to the core emission. These results match those
previously observed in the comparison of normalized HXR profiles
on Alcator C-Mod.

However, the emission from the strike-point monotonically decreases
with increasing density. The lower count rate means the electron pop-



www.manaraa.com

5.4 observation of fast electrons in the c-mod sol 181

ulation which diffuses into the SOL decreases with increasing den-
sity. A reduction in the edge emission would either come from a re-
duced core fast-electron population or from weaker edge diffusion.
The smaller core population (exhibited by the reduction of core HXR
emission) leads to the substantive change in the strike point thick-
target bremsstrahlung.

This argument can be understood through the theoretical deriva-
tion of fL. The core bremsstrahlung emission is roughly proportional
to
∫

V Ze f f nen f dV. The thick target bremsstrahlung emission from edge
fast electrons is proportional to SOL fast electron flux, which is pro-
portional to

∫
A D ∂n f

∂r |r=adA. Unlike the core emission, the edge emis-
sion occurs from collisions with an unchanging solid surface. The
ratio of these two bremsstrahlung sources (defined as g) is similar
to equation 5.3 if the following average is used (shown in equation
5.8) and the slowing down time τs is known. g is defined as the core
bremsstrahlung emission (roughly measured on chords 2-32) divided
by the thick-target inner wall emission (as measured on chord 1).

〈Ze f f ne〉 =
∫

V Ze f f nen f dV∫
V n f dV

(5.8)

In order to fully define g, we define β as the ratio of necessary co-
efficients for absolutely calculating this ratio without ne dependence.
β varies with many parameters including the fast electron energy dis-
tribution. In this case the distribution is assumed to vary minimally
across the range of density (shown by measurements of Tph in figures
5.20 and 5.21), and β is assumed to be similar for low and high den-
sity. β, fL and 〈Ze f f ne〉 can then be related to g, and the change in fL

can be roughly estimated. This is defined in equation 5.9.

g ≈ β

∫
V Ze f f nen f dV∫
A D ∂n f

∂r |r=adA
= β〈Ze f f ne〉τs( f−1

L − 1) (5.9)

The change in the edge fraction from low to high density can be
characterized by the respective values of g. The low density edge loss
fraction is defined as fL1, and the high density (no current drive) case
as fL2. The change in the edge loss is defined in equation 5.10.

fL1

fL2
= 1+(1− fL1)

( g2τs1〈Ze f f ne〉1
g1τs2〈Ze f f ne〉2

− 1
)
≈ 1+(1− fL1)

( g2Ze f f 1

g1Ze f f 2
− 1
)

(5.10)

For low density conditions (i.e. n̄e < 9 · 1019 [m−3]), g1 is ∼ 10
in forward field, and ∼ 5 in reverse field. The value of g2 at high
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density varies from ∼ 3 to ∼ 1.5 for forward and reverse field re-
spectively. Shown in figure 5.18, the observed core profiles of HXR
brightness changes minimally with increasing density, thus the ratio
〈Ze f f ne〉1/〈Ze f f ne〉2 ≈ Ze f f 1n̄e1/Ze f f 2n̄e2. The ratio of Ze f f 1/Ze f f 2 = 1
which is the most conservative value that can be used, though values
of 2-5 are also observed. The fast-electron slowing down time scales
inversely with the collision frequency which simplifies the slowing
down time ratio τs1/τs2 ≈ n̄e2/n̄e1.

In the limit that fL1 � 1, the fast electron edge fraction is expected
to change by less than an order of magnitude across the range of den-
sity. In the case that fL1 ≈ 1, the edge loss changes minimally. The
intermediate range of fL1 (for values greater than .1) could cause a
substantial change in the edge loss thereby causing the density limit.
However, the direct conduction of power to the divertor at low den-
sity is thermal in nature and is less than 20% of the LHRF power
(shown in chapter 3). Theoretical expectations of fL at low density
(shown in table 5.1) do not exceed .1 for deposition inside of ρ = .95
which suggests that fL1 is less than .1.

While the relative emission (edge versus core) from thick-target
bremsstrahlung increases with density, the change in the core pop-
ulation dominates the density dependence of the thick-target emis-
sion. The increase in the relative emission is less than an order of
magnitude across the tested span in density. While the importance
of thick-target emission becomes more important at higher densities,
this small change is unlikely to cause the multiple order of magnitude
variation in the LHCD efficiency.

Hysteresis effects on trends in HXR up/down asymmetries

As observed in the edge trends versus n̄e, other studies found that the
active divertor emission near the X-point becomes more prominent
with increasing density, becoming a factor of two to three larger (in a
normalized profile) at high density. The HXR emission core profile’s
shape was invariant with density, except at extremely high densities
where the profile was flat with nearly zero measured X-ray emission.
This result was most prominent in the lower-single-null data. How-
ever, it is unclear whether this effect is due to greater emission from
the core plasma or from background thick-target emission. Analysis
in the high strike point plasmas implicate hysteresis effects associated
with the density rise in enhancing this effect.

The asymmetry shown in previous analyses of LSN plasmas was
determined from density ramps. In these cases, a 25% change in den-
sity occurred over the span of 50ms, the edge densities across this
range not exceeding 1 · 1020 [m−3]. Theoretical slowing-down times
of the electrons measured with the HXR (as shown in figure 5.2) ex-
ceeded 2 ms in all cases, and are comparable to the density rise time.
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Figure 5.18: The normalized profiles of the
core X-ray emission (Chords 2-32) are shown
at 3 different densities. The profiles are
similar (with some statistical variation) except
for the strike-point viewing chord (Chord
1).The previously observed importance of the
active divertor at high density is specific to
the strike point (thick-target viewing). The
prominence of X-rays in the periphery of
other plasmas could be due to hysteresis
effects of the experimental design. The
density ramp of those discharges may be too
fast in time to ‘quench’ the edge fast-electron/
runaway population which can be observed
as thick-target bremsstrahlung. This can
distort the spatial distribution of hard X-rays.

5 10 15 20 25 30
Chord

0.00

0.02

0.04

0.06

0.08

0.10

N
or

m
al

iz
ed

co
u

nt
ra

te

11
50

61
10

21
,

11
50

61
10

28
,

11
50

61
10

31

0.8·1020

1.0·1020

1.2·1020

If a small population of high-energy electrons exists before the den-
sity ramp, they can still diffuse into the SOL at higher densities due to
their significant slowing-down times. These electrons travel through
the SOL and collide with the inner wall, resulting in an artificially
enhanced asymmetry at the higher density.

Normalized HXR profiles were generated using the low-elongation
shape shown in figure 5.18 in forward field (at the same plasma cur-
rent). Minimal change in the asymmetry was observed across all core
channels (i.e. all but Chord 1), shown by three different constant den-
sity plasmas. At the highest densities, low count rates caused signifi-
cant variation in the profile shape (as can be observed in the increas-
ing size of the σ error bars). The strike point thick-target emission
became more prominent with higher densities (which follows the ob-
served trends versus n̄e). While this data shows that the density ramp
is responsible for the profile change in HXR, it does not prove that
edge thick-target emission causes the increasing prominence of asym-
metry.

The edge fast-electron population’s hysteresis and its associated
thick-target emission can be seen in low-density modulated plasmas.
Shown in figure 5.19, a small amount of LHCD power (100 kW) can
seed a slow change of HXR emission during the course of the plasma
discharge. Superimposed on this chord is a modulation of the HXR
count rate on the timescale of the modulated LH power; this is also ob-
served, at a slightly different level, on a chord viewing the other side
of the plasma. Similar to the expected hysteresis during fast density
transients, the two temporally distinct features could also be caused
by a normal core population of fast electrons with a small higher-
energy component. The small high-energy component responds on
very long timescales by minimally interacting with the low density
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Figure 5.19: Bremsstrahlung near the strike
point displays two different timescale effects
dependent the background density and the
modulating LHCD. Modulations 1,3 and 4

can be distinctly seen on the upper (Chord
30) and lower (Chord 2) views. The change in
the HXR count rate is of the same order of
magnitude following the modulation
timescales on both chords. However, the
active divertor channel observes an increasing
‘background’ of X-rays which trends inversely
with density during the application of LHCD.
This effect is more important the closer to the
strike point the chord views. It is theorized
that this is due to a very small population of
higher energy electrons striking the divertor
on field lines farther out in the SOL.
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edge plasma but can be immediately observed upon collision with
the divertor. The high probability of X-ray emission for thick-target
bremsstrahlung can significantly weight measured profiles even in
the case of small electron populations.

The initial asymmetry has been investigated using ray-tracing mod-
els. The enhanced path length through the plasma exhibited near the
active X-point increases the observed chord count-rate. The asymme-
try was reproduced with GENRAY/CQL3D using a full 2D conduction-
limited SOL model of Alcator C-Mod.

If the electron distribution which induces thick-target bremsstrahlung
is different from the core LHCD-driven electrons, the energy spec-
trum of emitted X-rays should also be different. Comparing the strike-
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point energy spectrum with the core can hint at differences in electron
distributions. Characterizing the changes in the X-ray energy spec-
trum provides a possible window in the energy dynamics of edge
losses. The energy dynamics can confirm this theorized trend and
thus help characterize the SOL’s fast electron energy distribution.

Thick-target and core bremsstrahlung energy spectra

The higher count rate from reverse field thick-target bremsstrahlung
can be attributed to the LHCD-induced core fast-electron asymmetry.
While the electron energy distributions in each direction and their
respective diffusion rates are likely to be different, the asymmetry is
predominantly due to the difference in population. The energy spec-
trum of bremsstrahlung X-rays can test the similarity in energy dis-
tribution between forward and reverse field. In principle, the energy
discrimination capability of the HXR can be used to validate this the-
ory and characterize any energy dependencies in the edge loss.

Physical effects of the hard X-ray emission and its measurement
make this characterization difficult. First, the distribution of thick-
target X-ray energies (highlighted by figure 5.8) is nearly exponen-
tial for a given electron energy. This exponential’s coefficient weakly
varies with the initial electron energy, making it difficult to deter-
mine a spectrum of energies. Second, the detector response function
leads to a significant spread in the measured X-ray energies (FWHM
> 20 keV on the C-Mod HXR camera). This leads the observed X-
ray spectrum to possibly be non-unique. Attempts to use this require
additional assumptions or simple metrics in order to determine the
electron distribution’s attributes.

The ambiguity and difficulty caused by these effects has been noted
previously in the analysis of other hard X-ray cameras and cannot
be verified in this analysis. These effects diminish HXR’s capabil-
ity to determine changes in the bremsstrahlung spectra. However,
large discrepancies between the X-ray spectra from the thick-target
bremsstrahlung will definitively disprove the assumptions in the dif-
ferences between forward and reverse field. Experimental hard X-ray
spectra tend to be exponential in nature, and are characterized with
an effective temperature Tph known as the photon temperature, as
described in equation 5.11.

dI(E)
dE

∝
1
E

e−E/Tph (5.11)

Observing trends in Tph and its error can describe macroscopic
changes in the spectrum. Increases in the value of Tph suggest an
increase in higher energy fast electrons. Significant changes in the er-
ror describes deviation from the exponential spectral shape. Tph has
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Figure 5.20: The photon temperature (Tph) is
similar between core and thick-target
measuring chords. Tph is an exponential fit of
the energy distribution of X-ray counts. The
similar error bars and values of Tph in the
core and edge means that the energy
spectrum are very similar (as measured by
the detector). Due to the limitations in the
HXR camera, this result is not a sufficient
condition in proving the similarity of
fast-electron distributions in the core and
edge.
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been used on a range of tokamaks with LHCD systems to reduce the
higher dimensional data. This parameter is a simplified metric for
describing changes in the core fast electrons and edge in time.

The photon temperature and associated error was calculated in
each time bin based on the count rate energy spectrum. The fit of Tph
is strongly correlated with the overall count rate, as greater variabil-
ity in the spectrum is observed with a lower count total causing. This
is generally seen as a higher value of Tph with an equivalently high
error. In low count rates the the calculated error in Tph approaches
the value of Tph, sometimes exceeding 80keV. However, at sufficiently
high count rates Tph was found to fall within the range of 30-40 keV
in nearly all circumstances in forward field.

The spectra of X-rays were compared in discharges which have suf-
ficient count rates in the core and at the strike point. Shown in figure
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Figure 5.21: Comparsions of the edge and
core Tph show similar values. Due to the
extremely large thick-target X-ray fluxes, the
corresponding core emission is weak. This
weak emission causes significant error in the
determined Tph and is subsequently difficult
to determine. The count rate in the edge
allows for proper calculation of Tph, but the
corresponding core count rate is too low to
properly generate a measurement of the
photon temperature. t [s]

0.500

0.833

1.167

1.500

n̄
e

[1
020

m
−

3
]

11
50

91
50

26

0.0

0.2

0.4

0.6

0.8

L
H

[M
W

]

0.0

30.0

60.0

90.0

120.0

H
X

R
01

T
ph

[k
eV

]

SOL

0.6 0.8 1.0 1.2 1.4 1.6
t [s]

0.0

30.0

60.0

90.0

120.0

H
X

R
17

T
ph

[k
eV

]

Core

5.20 the Tph of a core viewing chord is compared to the strike point. It
shows that both spectra have similar exponentials with values of Tph
which are in the range of 30-40 keV. The similarity in Tph is observed
in all circumstances with sufficient count rates. In forward field Tph
fluctuates in correspondence to the fitted error and is only observed
to contain time dependent structure near the low count rate condi-
tion.

The significant difference in count rate between the core and edge
in reverse field makes the comparison of energy spectra extremely
difficult. However, the measured thick-target spectrum can be easily
compared to the forward field data. The core Tph rises in the low
power portion of the modulation due to the very low count rates ob-
served, causing possibly erroneous structure in the time history of
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Tph. However, the measured Tph is similar to the forward field distri-
bution suggesting similarity between the electron distributions.

As was previously mentioned, the unquantified systematic errors
in the measured X-ray spectrum leads to systematic errors in the cal-
culated Tph. Due to this effect, the sensitivity of Tph to changes in the
electron distribution is effectively unknown for C-Mod through mea-
surements of the HXR (though attempts at forward modeling this de-
pendency have been made). As a consequence, Tph and the associated
photon energy spectra are the same and not useful in understanding
the fast-electron distribution. Regardless, the equivalent values of Tph
in the core and edge for forward and reverse field are a necessary but
not sufficient condition in proving the similarity in the distribution of
edge lost fast electrons and core electrons.

Little variation is observed in the X-ray energy spectra in vari-
ous locations in the plasma. The trends in edge thick-target emis-
sion cannot be discerned from core emission through differences in
the energy spectrum. The similarity in the spectra does not disprove
similarity in the electron energy distribution. Calculations of thick-
target bremsstrahlung are required at many energies, which can sig-
nificantly change the efficiency of X-ray emission.

Quantification of fast electron edge losses using Win X-ray

As shown in the previous section, the strike-point bremsstrahlung
emission becomes a slightly more pronounced feature of the HXR
profile with increasing densities. This result suggests that the edge
becomes increasingly important at lower current drive efficiencies.
However, thick-target emission is more efficient in X-ray production
for a given electron flux. The direct comparison of the magnitude
of X-ray intensities will improperly weight the importance of strike
point emission. Generating an accurate value of the SOL fast electrons
from the X-ray intensity requires a different method than is used for
the core. The results using Win X-ray will give a quantity and a level
of importance to the edge loss in the LHCD density limit.

The data from Win X-ray shown in figure 5.8 are used with the
HXR experimental data to determine the magnitude of fast-electrons.
The modeled spectra from a range of monoenergetic electron beams
(50 to 70 keV) were used to give a bounded value to the electron fluxes
to the inner wall in a low-density discharge (.7 · 1020[m−3). Equation
5.7 which uses Win X-ray spectrum is integrated from across the en-
ergy range of the HXR with the observed count-rate spectrum (> 20
keV). The transmission factor is assumed to be 1 (no attenuation of
the photons by the vacuum window).

The chosen low density plasma is representative of the lower bound
of the high strike-point discharge density range. This shot has signif-
icant current drive and the highest edge X-ray intensity in forward
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field. The highest edge X-ray count rates were observed at the lowest
densities. The following calculation makes use of the upper bound
on the observable HXR count rate (2.5 · 105 counts/s). This is in an
attempt to set a quantitative upper bound on the measurable SOL
electrons.

When combined together, several trends are observable based on
the energy chosen for the SOL electrons. Results showed that the in-
terpreted current densities (fluxes) became larger for lower energy
electrons. This is due to the efficiency of X-ray production scaling
with the electron energy. This would suggest looking at even lower
electron energies (< 40 keV) for the possibility they contain signifi-
cant electron fluxes.

Figure 5.22: The fast electron flux
calculated from the measured
thick-target bremsstrahlung on Chord
1 with data from Win X-ray versus
time. This is a low density plasma
(n̄e = .7 · 1020[m−3]) forward field
discharge. While the predicted flux of
particles increases for lower electron
energies and spans an order of
magnitude, the heat flux (q = Ei j f )
does not exceed 50 kW/m2. This is a
small value in comparison to the
expected thermal heat flux, suggesting
that the total heat through the edge
from fast electrons is small.
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However, the X-ray spectrum requires that higher energy electrons
greater than 70keV must exist for energy conservation. While phys-
ically impossible, the lower (50 keV) bound at low density is likely
representative of the highest possible SOL fast electron fluxes. Even
in this case, 1A/m2 of fast electrons is at least 3 orders of magni-
tude less than the measured ground current densities with Langmuir
probes (> 1 kA/m2). The change in the observed floating potential
(given by equation 5.5) will be negligible, as the ratio of j f to jsat is at
minimum 1/1000.

A rough estimate of the observed heat flux can be calculated by
taking the current density and multiplying by the energy per particle
(q = Ei j f . This assumes that the electron distribution is monoener-
getic and moving only towards the target plate. In this case, the elec-
tron heat fluxes are approximately 50 kW/m2, which is significantly
lower than the background heat flux (> 1 MW/m2). At the strike
point the heat flux is likely to be extremely thermal in character.

The calculated value of heat flux and current density are averaged
over the view of the HXR chord. The width of the fast-electron SOL
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scale-length (assuming an exponential/ diffusion-dictated profile) is
much smaller than the SOL width. This is due to the significant drop
off in X-ray emission on chords 2 and 3. It is likely that the small
flux occurs over a small area meaning that the total current of fast
electrons is very small.

The similarity in the X-ray energy distributions makes calculations
in other conditions (i.e. different densities or reverse field) propor-
tional to the calculated result. This result suggests that the reverse
field spectrum (those electrons which carry the LHCD current) likely
has upwards of 100s of kA/m2 of current density at low densities
(due to the count rate exceeding the HXR measurement range). This
current density translates to a current of less than 10 kA to the in-
ner wall due to fast electrons. Even at those levels, the effect on the
SOL’s measured parameters of the SOL will be minimal. At the high-
est densities in the reverse field plasmas the previous result shows
minimal and decreasing population of SOL fast electrons. This com-
pletely rules out fast electrons streaming to the divertor plate to be a
significant power loss mechanism at high densities.

The intensity of X-rays for a given electron flux is higher for thick-
target bremsstrahlung due to the density of solid molybdenum. The
large discrepancy in particle density and in Z from the molybdenum
surface to the Deuterium plasma makes the wall significantly more
sensitive to high energy electrons. The quantitative analysis enabled
by Win X-ray shows that a population with .1 % of the total fast
electron population colliding with the wall can cause significant X-
ray emission. The features induced by thick-target emission strongly
weight the profile, and can easily overwhelm the core emission of
bremsstrahlung.

Future tokamaks which have high Z divertors (i.e. tungsten) will
likely generate significant X-ray fluxes from even small populations of
fast-electrons in the SOL. Great care must be taken in designing hard
X-ray cameras which have functional viewing dumps. Cameras which
view the outer midplane (radial cameras) rather than the inner wall
(poloidal cameras) are unlikely to see limiting points or strike points.
Radial views also benefit from the higher X-ray fluxes expected from
the bremsstrahlung of the passing fast electrons’ small-angle scatter-
ing. Future hard X-ray camera designs should focus on radial, rather
than poloidal measurements.

summary and discussion

The creation of a non-thermal tail of electrons using LHCD leads
to the possibility of fast-electrons in the SOL of tokamak plasmas.
The population of fast electrons observed in the SOL is dependent
on where they are created, their diffusivity and their slowing down
times. The loss of current carrying electrons to the edge represents a
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process which can reduce current drive efficiency. In most tokamaks
the electrons will thermalize before diffusing into the edge plasma,
leading to minimal edge loss. However, there is the possibility that
deposition of LHCD very close to the edge can induce significant
edge losses. This nearly collisionless beam of high energy particles
can possibly induce significant heat fluxes near the strike point.

In order to test the importance of edge fast-electron losses on Al-
cator C-Mod, a specially designed discharge was developed. The low
elongation and high inner strike point of the plasma was measured
with with the HXR camera. The generation of thick-target bremsstrahlung
from the inner strike point was compared to the core emission of
hard X-rays in both field directions. The high Z wall (molybdenum)
is extremely efficient at X-ray generation, leading to a very sensitive
measure of unconfined fast electrons.

Several steady-state plasmas with LHCD modulation were used to
create a density scan. The hard X-ray emission from core and edge
reduced exponentially with rising n̄e in forward and reverse field.
However, the exponential decay with the density of strike point emit-
ted X-rays was slightly weaker than that of the core. The increasing
prominence of the edge suggests that edge loss plays an increasing
role at higher densities. However, the monotonically decreasing trend
in edge emission suggests a reduced edge population at high densi-
ties. This would suggest that edge loss of fast-electrons is not the
cause of the LHCD density limit.

Differences in the forward and reversed field emission of strike-
point hard X-rays highlight the asymmetry in LHCD electrons. Ob-
servations of these populations find no difference in the X-ray energy
spectra reinforcing this theory. Trends in the observed strike-point
emission implicates edge emission in causing the increasing HXR
asymmetry observed at higher plasma densities. The magnitude of
the fast-electrons required to generate this asymmetry can describe
the importance of edge loss at high density.

The strike-point emission was quantitatively bounded using the
Win X-ray code. This code is designed to calculate the X-ray spec-
trum from a known electron beam in scanning electron microscopes.
Data from Win X-ray finds the flux of fast-electrons necessary to gen-
erate the observed emission is less than 10A/m2. This current density
carries a heat flux less than 500 kW/m2, a small fraction (< 1%) of
the observed heat flux. With the applied LHRF representing a 50%
change in the total input power, the edge loss of fast-electrons is a
small fraction of the changing conducted heat flux. This quantitative
measure of the edge fast electron population finds that fast-electron
edge loss is not the definitive cause of the LHCD density limit.

A small population of edge electrons is capable of influencing HXR
measurements and is difficult to discern from core emission. The
small flux of electrons at high density minimally impacts the elec-
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tron distributions of the SOL. Comparisons of the total conducted
heat with IR thermography[25] and Langmuir probes[24] are similar
within their respective errors. This suggests that the parasitic edge
loss of LHCD occurs in a thermal-like process.

This work suggests that future HXR designs must take great care
in minimizing thick-target emission within the view. The observed
edge emission and its increased importance to density was found to
be a red herring. However, this result highlights the importance of
characterizing the thermal nature of the parasitic edge loss.
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6
C O N C L U S I O N S & F U T U R E W O R K

In this thesis the unexpected loss of current drive at high density
on Alcator C-Mod was investigated using power modulation. Previ-
ous experimental work suggests that edge losses are responsible for
the reduced current drive efficiency. This work completed the LHRF
power balance, proved edge losses in causing the loss of current drive,
and derived further attributes at high n̄e. The loss of LHRF is ob-
served to have the following empirical characteristics with new re-
sults in bold:

• A loss of current drive is exhibited in diverted plasmas at high
densities which contrasts the significant current drive in similar
limited plasmas[1, 2].

• The fast electron population decreases exponentially with in-
creasing n̄e. This is measured via non-thermal ECE emission
and hard X-ray bremsstrahlung[1, 2].

• Thermoelectric currents are generated by LHRF in the edge
with the loss of current drive[1, 2].

• Core HXR brightness profiles do not change in shape, but in
magnitude with increasing n̄e[3].

• Ion-cyclotron quasi-mode PDI is observed with the onset of the
LHCD density limit[4, 5].

• The loss of current drive correlates with the plasma current.
Higher currents maintain current drive to higher densities[6].

• LHRF power in H-modes causes changes in the pedestal Er-well
which can modify pedestal characteristics[7, 8].

• LHRF absorption is not observed in any core population, ther-
mal or fast.(Chapter 3) The stored energy of the core plasma
only changes due to an increased edge particle source. No mea-
surable change in core temperatures were observed (within the
precision of the diagnostics).

• Prompt edge losses balance the loss of power to current drive.
(Chapter 3) The fast response in edge radiation and conduction
prove with a completed power balance that the edge absorption
of LHRF power is a competitive mechanism to current drive.
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• Edge losses occur at low densities with efficient current drive.
(Chapter 3) A small prompt response is observed in the con-
ducted power at low density, which suggests that the loss of
current drive is not a ‘threshold’ behavior.

• Edge power losses of LHRF power are toroidally symmetric.
(Chapter 4) Changes in edge radiation with diodes and cam-
eras occur symmetrically about the torus. Measurements of the
conducted power suggests a similar conclusion.

• Edge losses of LHRF power occur near the separatrix. (Chapter
4) Profiles of the conducted power by Langmuir probes and IR
thermography have a maximum change in the heat flux near
the LCFS with applied LHRF power. Deposition of power must
occur near the LCFS.

• Edge losses appear in the thermal plasma distribution in the
SOL. (Chapter 4) The balance of LHRF conducted and radiated
power to the inner and outer divertor are influenced by field re-
versal. Measurements of the LHRF total heat from IR thermog-
raphy and Langmuir probes are similar, indicating thermal as-
sumptions in Langmuir probe theory still hold. Measurements
of Vf l/Te also change minimally, suggesting thermal SOL distri-
butions.

• Edge-deposited LHRF instantly enhances ionization in the ac-
tive divertor (Chapter 4) Measurements of the Lyα emission
show a large change in brightness in the active divertor in all
diverted topologies. This is matched by changes in the neutral
pressure and edge density, which acts as the particle source for
the observed core density rise.

• Edge-deposited LHRF can induce H-modes. (Chapter 4) At
specific conditions, the additional LHRF power can trigger H-
modes in specific diverted plasmas.

• The LHRF density limit is not due to fast-electron edge losses.
(Chapter 5) Observation of the inner strike-point in both field
directions show decreasing thick-target X-ray emission with n̄e.
Order-of-magnitude calculations of the X-ray flux suggest that
this emission comes from a small < 10 A/m2 flux. Fast electron
transport to the edge changes minimally with n̄e.

This evidence can be used to categorize the mechanism behind the
loss of current drive. While it does not definitively prove a specific
mechanism, all of the results are quantitatively and qualitatively con-
sistent with collisional damping of LHRF waves. The characteristics
of edge absorption highlight the importance of edge collisionality in
LHCD. The loss of current drive on Alcator C-Mod is a cautionary
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tale of the effects of collisionality. Future tokamaks must avoid LHRF
wave propagation through regions of high collisionality for use in
current drive.

Finally, the path towards proving collisional absorption in the diver-
tor is described. Further work on the power balance with H-modes
can find if the power is absorbed just inside the LCFS, or in the di-
vertor. Time-delay studies with better time precision can be used to
separate upstream from downstream changes, which can also address
this ambiguity.

conclusions

Parasitic edge absorption of LHRF power

Previous results had conjectured that the response the in the edge
plasma and lack of core fast electrons indicated edge absorption. In
this work, the edge absorption of LHRF waves at high density was
proven through modulation power balance. This LHRF power bal-
ance contains errors typical in other power balance calculations, with
a difference in Ptot of less than ∼ 20% across the range in density.
However, for increasing n̄e it is definitely shown that current drive
(via ∆POH) is replaced by larger edge losses. These edge losses bal-
ance the loss of core absorption.

This calculation required the synthesis of different measurements
at multiple locations to verify assumptions in the power balance,
specifically the toroidal symmetry of loss. The fast edge response to
LHRF power and its extensive influence was widely observed, un-
derstating the large change in Ptot by modulated LHRF power. The
results of Hughes[7] and Terry[8] are a by-product of this significant
change in the SOL, leading to the observed modification of ionization
and H-mode characteristics. The edge LHRF deposition can be sim-
plified to an efficient actuator of PSOL due to the thermal nature of
the observed power.

These losses occur at a small but measurable level at low density
indicating that the loss of current drive is not a threshold mechanism.
Edge ionization and its effect on the particle inventory can be ob-
served even at the lowest densities. Increases in the strike point heat
flux also occur promptly in the divertor. Some edge absorption exists
due to the high n‖ reverse LHRF spectrum, but the launched waves
are asymmetrically damped along field lines near the antenna. This
has been characterized to contain a small fraction of the power, some
of which causes ionization in front of the grill[1, 9] but the n‖ for
maximal damping would occur inside the LCFS (reverse spectrum n‖
peak is near 10). The lack of a threshold to the LHCD density limit
was theorized from a different HXR analysis[10]. Prompt edge losses
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exist at low density and increase in magnitude with increasing n̄e

proving that no threshold is observed.
Edge LHRF power loss follows typical in/out asymmetries observed

in low edge collisionality/ sheath-limited regimes (L/λee < 15, where
L is the field line length and λee is the mean-free-path for electron-
electron collisions). In forward field, the inner divertor plasma has
a low temperature and high density with more intense radiation.
The outer divertor plasma is higher temperature and lower density,
with plasma flows from on divertor to another possibly coupled by
a thermoelectric current. LHRF power application enhances these
attributes with higher outer divertor temperatures, higher inner di-
vertor densities, increased thermoelectric currents, and larger in/out
radiation asymmetries. Observations of thermoelectric currents with
LHRF power at high densities is an indicator of this enhanced SOL
asymmetry and is verified by the path of conducted and radiated
power.

The completed power balance motivated the analysis of various
plasma diagnostics. Changes in plasma attributes due to edge ab-
sorbed LHRF were correlated with a fraction of power loss and given
a relative importance. The large number of plasma diagnostics spread
about the tokamak recording various attributes yielded multiple con-
clusions which were used to determine a mechanism for the edge loss.
The evidence suggests that the SOL collisionality is key in causing the
LHCD density limit on Alcator C-Mod.

Evidence correlates with SOL collisionality

The toroidal symmetry and strike-point loss of edge deposited LHRF
power indicates that localized SOL effects (especially in the far SOL)
are unimportant in the loss of current drive. Two possible conclusions
can be derived from this result when combined with the nearly instan-
taneous response of the edge. The deposition of power must occur
very close to the LCFS, either just inside or just outside this boundary.
Each of these cases has an associated dominant mechanism for wave
absorption.

First, high n‖ Landau damping could occur on electrons at the
LCFS (with Te ∼ 100 eV). This requires values of n‖ greater than 17 to
be generated in the SOL either at that location or farther out radially.
The damping of power should create an epithermal ‘bump’ in the elec-
tron velocity distribution. These electrons are unlikely to generate a
current due to their low velocities and cannot asymmetrically modify
the resistivity due to the minimal change in their collisionality. When
lost to the SOL, electrons with energies greater than > 900 eV have
momentum mean-free paths similar or longer than the SOL field-line
length in Alcator C-Mod. This should lead to some non-thermal con-
tribution to the distribution of electron energies at the divertor plate.
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However, measurements of X-ray emission from high-strike point dis-
charges limit this absorption to the electron population with energies
less than 3 keV.

Indicators of non-thermals are not observed symmetrically in the
SOL and deposition inside the LCFS was not found. The measure-
ment of the heat flux by Langmuir probes assumes a thermal distri-
bution of electrons and ions but their measurements are still similar to
the heat fluxes calculated from IR thermography and fast thermocou-
ples. Also, the ratio of the floating potential to electron temperature
changes with non-thermal distributions[11, 12] but was not observed
in the divertor with LHRF power. An increase in the electron temper-
ature at the edge (.8 < ρ < .95) was not observed with LHRF to the
precision of the available diagnostics. The changes in n‖ would need
to occur in cases with good drive where power in ion-cyclotron quasi-
mode PDI is low. Finally, fast modulation of LHRF power at 3-10 kHz
is not in the core plasma where deposition inside the LCFS would be
expected.

For edge Landau damping to cause meet the necessary thermal con-
ditions, power must either be absorbed by thermal electrons (necessi-
tating higher values of n‖), damp inside the LCFS or have a shorter
collision mean free path than estimated. The creation of thermal elec-
trons in the SOL would require higher n‖ values that would seem to
violate the ∼ 3vth damping condition or violate the deposition loca-
tion evidence. This odd circumstance is only possible if the waves are
absorbed as they are created, as they cannot propagate and thus is
highly unlikely.

Damping just inside the LCFS can properly thermalize the particles,
but sets strict limitations on the absorbed n‖. It cannot absorb in the
SOL (for Te < 100eV) and cannot absorb far from the LCFS (for Te >

300 eV), this translates to 17 < n‖ < 30. Observations of very prompt
changes in the SOL upstream far from the launcher are not observed.

The slowing down distance on Alcator C-Mod for 3vth electrons
are on the order or greatly exceed the SOL connection length. The
absence of these effects are necessary conditions for disproving edge
Landau damping as cause for the LHCD density limit. However, this
does not disprove the existence of significant absorption caused by
this mechanism. These attributes only make it more unlikely.

Collisional absorption meets most, if not all of the evidence listed at
the beginning of this chapter. First, the wave absorption can meet the
necessary symmetrization and strike-point localization constraints.
The collisionality is highest near the strike point and the strike point
detaches first to detach at high densities. Wave damping is expected
to be weak in the core with many reflections in the SOL. A large
number of passes through the SOL can lead to toroidal symmetriza-
tion. Toroidal symmetrization by collisional absorption can be caused
by a low-probability single pass with significant damping or by many
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high-probability traversals with weak damping. A collisional zone ex-
ists in the high density, low temperature divertor plasma and can lead
to large absorption in a single pass. However, this region is small and
distant from the core plasma. Either of these cases can become domi-
nant when the average absorption per pass through the edge plasma
exceeds the core absorption. Collisional absorption represents a para-
sitic mechanism.

Collisional absorption leads to the thermal attributes of LHRF edge
losses. The field-direction dependence, enhanced asymmetry, thermal
nature of the conducted power, and increase in ionization all suggest
thermal absorption. The absorption of power via collisions is approx-
imately proportional to v−3, meaning a large fraction is absorbed in
low-energy thermal bulk of the electron distribution. The changes in
the thermal plasma by LHRF power are dictated by the SOL charac-
teristics typically observed in ohmic plasmas.

Collisionality of tokamak SOLs increases with the addition of a
divertor when compared to a limited discharge[13]. The LHCD effi-
ciency’s plasma current dependence also mirrors trends in the SOL
with higher plasma currents. Higher plasma currents have been rig-
orously shown to create smaller SOL widths[14, 15] and lead to lower
SOL collisionalities. The collisionality of the SOL scales with the Green-
wald fraction, similarly to the trends in current drive loss.

Finally, low density edge losses can also be expected with colli-
sional absorption. Collisional absorption is dictated by k⊥I and scales
with ωpeνein‖/2cω for typical SOL parameters. The finite value of k⊥I
at all collisionalities can lead to finite absorption at low densities. To-
gether, these results indicate that collisional absorption does not have
a threshold-like nature, only a changing importance.

These attributes advocate for collisional absorption as the dominant
absorption mechanism in the edge. However, this is a circumstantial
set of evidence which does not prove, but suggests one mechanism
over another. Measurements which unequivocally prove or disprove
edge Landau damping or collisional absorption are difficult. High n‖
absorption affects the same electrons as collisional absorption. With-
out high accuracy measurements of the electron distribution function,
other attributes must be found. Additional characteristics to separate
these two mechanisms can be found based off of the evidence and are
described in the future work.

Irrelevance of fast electron edge losses

Langmuir probes are sensitive to the fast electron content in the SOL[11,
12]. A population of fast electrons as small as a .1% can cause a
doubling in the sheath potential[16]. The trends in particle flux, den-
sity and temperature derived from Langmuir probes can be misin-
terpreted under the influence of fast electrons. The edge loss of fast
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electrons can also be a substantial loss mechanism and has been ob-
served on other tokamaks as discussed in chapter 1.

A simple theoretical model of the edge loss was generated from
the balance of diffusion and slowing down processes. Edge losses are
only substantial for LHRF deposition > .95ρ on Alcator C-Mod with
experimental diffusion coefficient values determined by Schmidt, et.
al.[3]. Extrapolation to future devices finds edge loss to be negligi-
ble, even with the expected edge electron pedestal temperatures. This
work highlights the need for current and magnetic field dependencies
for the fast-electron radial diffusivity.

Thick-target bremsstrahlung measurements were interpreted with
a Monte-Carlo scanning electron microscope X-ray code (Win X-ray).
The interpretation of the X-ray count rate found small currents of
high energy electrons (for E > 25 keV) could generate the prominent
strike point X-ray emission. High Z walls like molybdenum are ideal
surfaces for X-ray generation and can make substantial backgrounds.
Similarly, measurements of soft X-rays using the XTOMO system
found no sign of the LHRF modulation (for E > 3 keV). As a con-
sequence, the order-of-magnitude fast electron current was ∼ 10−6

times less than the thermal ion saturation current.
This small population can only account for a very small fraction

of the power and was observed to decrease with increasing density.
The fraction lost to the edge did not change substantially, which was
expected to increase in the case that edge diffusion caused the LHCD
density limit. These three methods using modeling, experiment and
theory all suggest that edge losses on Alcator C-Mod are small and
will be inconsequential on future steady-state devices. However, the
large X-ray fluxes from minuscule fast electron populations will re-
quire future hard X-ray cameras to avoid viewing the strike point.

Implications for future LHRF systems

Similar regimes of L/λee occur in the SOL of across various tokamaks
(where L is the connection length, and λee is the electron collision
mean-free-path), yielding sheath-limited, high-recycling and detach-
ing divertor conditions. However, the small C-Mod size is balanced by
highly collisional divertor conditions. This is emphasized by the high
heat and particle fluxes capable in Alcator C-Mod SOL. As was de-
rived in Chapter 1, the scale length of absorption (k⊥i) is proportional
to ωpeνei/cω. Future tokamaks will likely have similar divertor con-
ditions, LHRF frequencies, and SOL collisionalities as those observed
on Alcator C-Mod.

The trends of edge losses with increasing collisionality indicates
that collisional regions of the plasma must be avoided. This matches
conclusions in previous theses[1, 17], which state that it is vital to
maximize absorption on the first pass through the core plasma. It is
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possible that the LHRF waves propagate through and interact with a
collisional region before entering plasma. This can cause significant
edge losses even with conditions leading to significant core absorp-
tion. The results of thesis dictate a stricter requirement for ‘single-
pass’ absorption: LHRF waves must not travel through highly colli-
sional regions. As an example, LHCD launching from the divertor
could also significantly reduce the efficiency.

Even in future LHCD systems the initial propagation through the
SOL must be evaluated. Designs which send waves through condi-
tions similar to the Alcator C-Mod divertor plasma (n̄e > 2 · 1020 m−3,
Te < 10 eV) must be considered with a high degree of caution. Long
distance coupling needed for large devices[18] can lead to long traver-
sals through the SOL before reaching the core plasma. In cases with
weaker k⊥i, the longer traversed distance can still lead to substantial
absorption.

However, there are characteristics of future tokamaks which could
be utilized to minimize parasitic edge losses. The use of alternate
launching locations[19] in favorable SOL conditions[20] (i.e. high-field
side launch in double null plasmas) can lead to improved core damp-
ing. PDI and collisional absorption depend on the launched frequency,
higher frequency RF sources can reduce these effects. The trends in
SOL heat flux widths which trend inversely with plasma current[14]
indicate that future SOLs may also be ‘thin’ enough radially to avoid
significant edge absorption. However, operation of future tokamaks
will be near the Greenwald limit, which will lead to significant SOL
collisionalities and wider far-SOL density and temperature widths[21].
Conditions on future tokamaks will require further experimentation
to test edge LHRF absorption at these conditions, as is apparent
by this work. The extremely complex nature of effects like PDI and
collisional absorption need to be experimentally evaluated with the
changing plasma conditions of high performance tokamaks. The par-
asitic edge loss of LHRF power on Alcator C-Mod accentuates the
importance of tailoring the propagation of LHRF to minimize interac-
tion with the edge plasma.

future work

Precise time delay determination in the SOL

The short time delay observed in multiple edge characteristics con-
firmed the edge deposition of LHRF power. However, measurement
of these parameters were limited in time resolution which prevented
the poloidal localization of the power. Power on a SOL field line will
propagate to the divertor over a finite time. The time for thermal
plasma to travel the length of a field line (tR ∼

√
miL2/Te), is less than

a millisecond with tR ∼ 200µs for a 5m long, 10 eV SOL. Only fluctu-
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ation measurements with Nyquist frequencies of 100 kHz or greater
can determine the poloidal location of deposition to the necessary
precision. The differences in SOL when comparing wave damping in-
side and outside the LCFS can be separated from the differences in
upstream from downstream plasma conditions.

While data from several measurements indicate the lack of up-
stream deposition, these are necessary but insufficient criteria for
proving divertor deposition. The mirror Langmuir probe[21] does not
observe fluctuating LHRF at the midplane, and a finite time delay
is observed in the midplane density rise. These prove the absence
of deposition, not the deposition itself. Edge LHRF absorption in
the SOL with an extremely short time (< 10µs) delay would prove
local deposition. The use of fast cameras[22] and mirror Langmuir
probes[21] in the divertor can provide the necessary time resolution.
These measurements must occur on field-lines not connected to the
LHRF launcher to minimize asymmetric contributions. Observation
of extremely short time delays would sufficiently prove collisional
absorption as the edge absorption mechanism.

The confinement of particles and energy on open fields line are
sufficiently weak that the deposition via collisional absorption would
be on the order of the electron thermalization time. With collision
frequencies ∼ 1MHz, delay from the finite absorption time is on the
order of ∼ 10µs, still allowing for the localization of power to occur
in the SOL. The time for light to propagate 1 km is ∼ 3µs; waves can
propagate toroidally around the C-Mod plasma many times before
generating a significant time delay. The deposition and propagation
times are short enough to allow for this determination. The direct
observation of deposition is necessary to fully prove a specific mech-
anism for the edge absorption of LHRF power.

H-mode power balance for core absorption

The significant difference in diffusion coefficients parallel and perpen-
dicular to the magnetic field can also be used to separate the location
of LHRF deposition. The SOL decay length on Alcator C-Mod dic-
tates that D⊥ ∼ .1 m2s−1[23], with D‖ ∼ L2/tR ∼ Lvs ∼ 105[13]. The
significant difference in diffusion can be used to understand flow of
edge-deposited LHRF power. As shown in chapter 4, the edge LHRF
power can induce H-modes in certain circumstances. The higher core
stored energy indicates a power flow into the plasma.

Power deposited in the SOL will predominantly flow along the
field lines to the divertor surfaces. If the increase in stored energy
occurs with a reduction in edge losses, then it is likely that the edge
deposited power is increasing the stored energy. This would indicate
that the power is not deposited on open field lines and that the LHCD
density limit is not caused by collisional absorption. In the case that
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the edge losses are maintained with the increasing stored energy of
the H-mode, then the power flow in the SOL is the same indicating
collisional absorption in the SOL. However, if the conditions of the
SOL change dramatically with the onset of the H-mode, then it can
affect the loss mechanism thereby rendering this argument moot.

Testing these hypotheses in a limited set of experiments should be
possible and could definitely prove the cause of the LHCD density
limit on Alcator C-Mod. However the results and evidence of this
thesis indicates that the losses are strongly correlated with higher
SOL collisionalities. Great care must be taken into the design and
implementation of future LHRF systems to avoid the possible edge
losses which appear in collisional regions of the plasma.
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