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Abstract. Scattering effects induced by edge density fluctuations on lower hybrid

(LH) wave propagation are investigated. The scattering model used here is based on

the work of Bonoli and Ott [Phys. Fluids 25 (1982) 361]. It utilizes an electromagnetic

wave kinetic equation solved by a Monte Carlo technique. This scattering model

has been implemented in GENRAY, a ray tracing code which explicitly simulates

wave propagation, as well as collisionless and collisional damping processes, over the

entire plasma discharge, including the scrape-off layer (SOL) that extends from the

separatrix to the vessel wall. A numerical analysis of the LH wave trajectories and

the power deposition profile with and without scattering is presented for Alcator C-

Mod discharges. Comparisons between the measured hard x-ray emission on Alcator

C-Mod and simulations of the data obtained from the synthetic diagnostic included in

the GENRAY/CQL3D package are shown, with and without the combination of scattering

and collisional damping. Implications of these results on LH current drive are discussed.
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1. Introduction

Because lower hybrid current drive (LHCD) is one of the most efficient methods

for driving current non-inductively in magnetically confined plasma, it can play an

important role for current profile control and instability suppression for the advanced

tokamak regime in devices such as Alcator C-Mod and ITER [1]. Though the

propagation of LH waves in tokamaks has been intensively studied in the past few

decades, there are still some unresolved issues. In addition to the well-known spectral

gap problem [2], the most recent one is related to an apparent “density limit” in which

the efficiency of LHCD decreases at high plasma density [3]. The underlying cause of

this “density limit” could be strong interactions between the LH waves and the scrape

off layer (SOL) and, in fact, several publications go in this direction. However, it is

still an open question exactly which physical mechanism or the combination of different

mechanisms is responsible. Many explanations have been proposed, such as parametric

instabilities [4, 5], collisions [3, 6], full wave effects [7, 8] and scattering induced by

the plasma density fluctuations [9]. In this work, the role of edge plasma density

fluctuations on the scattering and collisional damping of the LH waves is evaluated

by implementing a more complete model for the scattering into the ray-tracing code

GENRAY [10]. Unlike the recent work [9] based on the Andrews and Perkins model [11]

and other studies based on a statistical description of the electron density fluctuations

[12] and a Fokker-Planck formalism [13], scattering effects included here are based on

the model of Bonoli and Ott [14, 15] that introduces an electromagnetic wave kinetic

equation solved by a Monte Carlo technique. This model has been also adopted for

studying the effects of magnetic fluctuations on LH wave propagation [16]. Scattering of

the waves off of density fluctuations can enhance LH wave penetration into the plasma

core, due to the k∥ upshift through the poloidal field (because of the rotation of k⊥
that provides a finite poloidal mode number). Scattering can also inhibit the wave

penetration for high edge density due to enhanced collisional losses from rays spending

more time in the SOL. Because the earlier studies [14, 15] were done in circular, limited

discharges with low ray statistics, it is important to re-evaluate the scattering effects for

Alcator C-Mod, utilizing modern computational capabilities to include a larger number

of rays for the wave propagation and damping, as well as a detailed numerical fit to

the plasma equilibrium that encompasses the region between the magnetic axis and

last closed flux surface (LCFS), and the SOL region, outside of the separatrix. In this

work we have included the effects of scattering in the ray tracing code GENRAY, which

also computes collisional damping effects both inside the separatrix, where collisional

damping is small relative to Landau damping, and in the SOL, where collisional damping

may be more significant. The ray paths and the power deposition from GENRAY are then

used in the bounce averaged Fokker-Planck solver CQL3D [17] to calculate the perturbed

electron distribution function and the quasilinear wave absorption inside the LCFS.

CQL3D includes a fast electron bremsstrahlung x-ray synthetic diagnostic that can be

used to compare the simulation with the experimental observations.



The effects of the scattering by edge plasma density fluctuations on LH wave 3

The purpose of this paper is to describe the implementation of this particular

scattering model in a ray tracing code, to discuss the effects of scattering on LH wave

propagation and absorption and to compare the model predictions with the experimental

observations of the hard x-ray spectrum generated by the LH wave interaction with

plasmas on the Alcator C-Mod tokamak. The paper is structured as follows: the

derivation of the wave kinetic equation describing the effects of the scattering by the

plasma density fluctuations is reviewed and summarized in Section 2. Validity of the

wave kinetic equation together with a description of the main steps for solving this

equation by a Monte Carlo technique (as implemented in the ray tracing code GENRAY)

are also presented. Results from the model are discussed in Section 3, where single

ray trajectories are presented in order to illustrate the possible scattering effects on

LH propagation. The predicted power density profiles with and without scattering

are also shown, for different Alcator C-Mod discharges. A comparison between the

predictions from the synthetic diagnostic included in the GENRAY/CQL3D package and the

experimental hard x-ray data from Alcator C-Mod is presented. Finally, a discussion of

these results and the conclusions are given in Section 4.

2. The lower hybrid scattering model

2.1. The wave kinetic equation with density fluctuations

In order to investigate LH wave propagation and the absorption in the presence of

density fluctuations, Bonoli and Ott [15] developed a wave kinetic equation, assuming

that the turbulence is weak and the random phase approximation is applicable. From

the Maxwell’s equations, taking into account the density fluctuations, δn/n (here, δn

and n are the density fluctuations and the equilibrium density, respectively), one find

that the electric field E(x, t) = E(x;ω)e−iωt (harmonic dependence on time) satisfies

the wave equation

∇×∇× E(x;ω)−
(ω
c

)2

ε · E(x;ω) (1)

=
(ω
c

)2 δn

n
(ε− I) · E(x;ω),

where c is the speed of light in free space, ε is the cold plasma dielectric tensor given

in the absence of density fluctuations and I is the identity tensor. Fourier transforming

equation (1) one obtains

Λ(k, ω) · E(k, ω) = (2)

−
(ω
c

)2 ∑
k′,ω′

δn(k− k′, ω − ω′)

n
(ε− I) · E(k′, ω′)

where

Λ(k, ω) ≡ c2

ω2
(kk− I) + ε (3)

is the dispersion tensor. Without density fluctuations, equation (2) reduces to the well-

known wave equation Λ ·E(k, ω) = 0, in which the wave mode with frequency ω = ωk is
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determined by the dispersion relationD(k, ω) = det|Λ(k, ω)| = 0. After introducing the

unit polarization vector, e(k), where E(k) ≡ E(k)e(k), expanding Λ(k, ω) in equation

(2) for ω = ωk + i∂/∂t with ωk ≫ |∂/∂t| and contracting the resulting equation with

e∗(k), one finds

ie∗(k) · ∂Λ
∂ω

· e(k) ∂
∂t

E(k) =

− ω2
k

c2

∑
k′

δn(k− k′)

n
e∗(k) · (ε− I) · e(k′)E(k′), (4)

where use has been made of the fact that e∗(k) · Λ(ωk,k) = 0. In equation (4), the

frequency shift ω′ introduced by the density fluctuations is neglected since the frequency

of the lower hybrid wave (∼ GHz) is much larger than the frequency of the density

fluctuations of interest (< 1 MHz) in this work. Bonoli and Ott [15], then introduce the

wave energy density,

u(k) =
ωk

8π
e∗(k) · ∂Λ

∂ω
· e(k)|E(k)|2 (5)

so that equation (4) can be rewritten in terms of C(k) = |u(k)|1/2, namely,

i
∂

∂t
C(k) =

∑
k′

V (k,k′, ωk)
δn(k− k′)

n
C(k′) (6)

where

V (k,k′, ωk) = −ωk

2

e∗k · (ε− I) · ek′√
e∗k ·M · ek

√
ek′ ·M · ek′

(7)

with the matrix M being defined by

M =
1

2
ωk

∂Λ

∂ω
. (8)

By the application of the random phase approximation to equation (6) together

with an integration over continuous k instead of a sum of discrete wavenumbers, we

arrive at the wave kinetic equation of Bonoli and Ott [15]:

dF

dt
+ 2γF = (9)∑
σ=S,F

∫ 2π

0

K(k′
⊥σ, k⊥, β)S(κσ)[F (ϕ+ β)− F (ϕ)]dβ

where

K(k′
⊥σ, k⊥, β) =

2πk′
⊥σ

Vg⊥σ

|V (k′
⊥σ, k⊥, β, ωk)|2. (10)

For additional details of the derivation of equation (9) the reader is referred to the

Appendix of [15] and [18, 19, 20]. However, some explanation of the terms in equation

(9) is required here. In order to derive equation (9), it has been assumed that the

frequency and the parallel wavenumber of the low-frequency fluctuations are neglected

with respect to ω and k∥ of the LH wave, respectively. Therefore, ω and k∥ are conserved
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during the scattering. This assumption is fulfilled for the particular cases of interest; in

fact, the density fluctuations along the magnetic field are typically mostly homogeneous.

In equation (9), terms β and κσ result from a transform coordinate in evaluating the

integral in equation (6). In particular, the transformation is from (k′
⊥σ, ϕ

′) to (κσ, β)

with

κσ = |k′
⊥σ − k⊥|, and β = ϕ′ − ϕ. (11)

Here, β represents the rotation angle of the perpendicular (with respect to the magnetic

field) wave vector, k⊥, during a scattering event, in which

k⊥ · k′
⊥σ = k⊥k

′
⊥σ cos β, (12)

where k′
⊥σ denotes the perpendicular wave vector after a rotation. In equation (12),

k⊥ ≡ |k⊥| and k′
⊥σ ≡ |k′

⊥σ| are obtained from the respective dispersion relation according

to the mode in which the wave scatters. Like-mode scattering (slow → slow or fast →
fast) and unlike-mode scattering (slow → fast or fast → slow) are both taken into

account in the model. In fact, in equation (9), the summation over σ, with σ = S,F

denoting the slow and fast wave roots of the dispersion relation, includes possible mode

conversion between the fast and slow waves. F (≡ CkC
∗
k) and d/dt operator represent

the wave energy density and the conservative Lagrangian derivative following the ray,

respectively; γ is the electron Landau wave damping. Furthermore, in the integrand

of equation (9), F (ϕ + β) corresponds to the increase of the wave energy density F (ϕ)

due to the scattering at ϕ + β, while F (ϕ) corresponds to the attenuation of the wave

energy density F (ϕ) due to the scattering. Vg⊥σ, in equation (10), is the perpendicular

component (with respect to the magnetic field) of the group velocity. Finally, in equation

(9), S(ζ) is the perpendicular (with respect to the magnetic field) density fluctuation

wave-number spectrum, which is related to the mean-square density fluctuations by

[15, 18, 19] ⟨(
δn

n

)2
⟩

≡ 2π

∫ ∞

0

dζζS(ζ). (13)

S(ζ) is assumed to be isotropic in the plane perpendicular to the magnetic field and is

here approximated by a Gaussian [15, 21]

S(ζ) =
1

πζ20

⟨(
δn

n

)2
⟩
exp

(
−ζ2

ζ20

)
(14)

where ζ0 is related to the fluctuation correlation length λc of the density fluctuations,

such as ζ0 = 2π/λc.

2.2. Validity of the wave kinetic equation

The scattering model described above is characterized by the wave kinetic equation (9),

which has been obtained by applying a random phase approximation. From previous
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analysis [15, 18, 19], the validity of equation (9) is predicated on the following conditions:

if (k⊥/ζ0)
2 ≫ 1 then ζ0ls(k⊥/ζ0)

−2 > 1 (15)

if k⊥ . ζ0 then ζ0ls > 1 (16)

where ls is the scattering length that corresponds to the distance that the wave must

propagate in order that k⊥ rotates by an angle of 90◦. More specifically, the scattering

length is defined by ls = Vg⊥/ν1 where ν1 is given by [15]

νp = 2

∫ 2π

0

dβK(k⊥, β)S(κ) sin
2

(
pβ

2

)
(17)

with p = 1. It is a measure of the damping due to scattering of the lower order (p = 1)

harmonic of the wave energy density F . Conditions (15) and (16) are evaluated as the

ray is scattered in the subroutine implemented in GENRAY as a check of the validity of

the numerical results.

2.3. Monte Carlo solution to the wave kinetic equation

The wave kinetic equation (9) is solved here by using a Monte Carlo technique, following

the work of Bonoli and Ott [15]. Assume that P (β)dβdt represents the probability that

a scattering event occurs in an angle between β and β +dβ in a time interval dt, where

P (β) =
∑
σ=S,F

K(k⊥σ, β)S(ζ) ≡
∑
σ=S,F

Pσ(β) (18)

according to equation (9). The Monte Carlo integration of the wave kinetic equation is

accomplished as follows:

(i) choose a time interval ∆t so that the total probability of scattering with any angle

is small, namely,

p = ∆t
∑
σ=S,F

∫ 2π

0

dβPσ(β) ≡ pS + pF ≪ 1. (19)

Condition (19) is assumed in order to avoid multiple scattering events during the

time interval ∆t.

(ii) make use of the ray tracing code GENRAY, generalized to include the scattering model

described above, to advance the position of the ray by integrating equation (9) over

the time interval ∆t.

(iii) adopt a Monte Carlo procedure to describe the effects of the density fluctuations.

For illustrative purposes, assume that the wave is propagating in the slow mode

before the scattering event and generate a random number Xrandom from a uniform

probability distribution on the interval [0, 1]. Then, three possibilities can occur:

a) if 0 ≤ Xrandom < pS then the wave is scattered into another slow wave (like-

mode scattering: slow → slow)

b) if pS ≤ Xrandom < pS + pF then the wave is scattered into a fast wave (unlike-

mode scattering: slow → fast)



The effects of the scattering by edge plasma density fluctuations on LH wave 7

c) if Xrandom > pS + pF then the wave is not scattered.

(iv) If no scattering occurs in step (iii) then one goes back to step (ii).

(v) If scattering occurs in step (iii) according to conditions (a) and (b) then a random

scattering angle β is generated from the distribution

Gσ(β) =
Pσ(β)∫ 2π

0
dβPσ(β)

. (20)

and a new value of k′ after the scattering event is calculated by using the following

equations

k′
ϕ = k∥bϕ +

k′
⊥

k⊥
[(kϕ − k∥bϕ) cos β + (kzbr − krbz) sin β],

k′
z =

br(k⊥k
′
⊥ cos β + k2

∥)− krk∥ − k′
ϕ(kϕbr − krbϕ)

kzbr − krbz
, (21)

k′
r =

k∥ − k′
zbz − k′

ϕbϕ

br
.

These equations provide the new components of k′ after a scattering event, as a

function of the component of the wave vector, k, before scattering, assuming that

during the scattering k∥ is conserved and a rotation of k⊥ by an angle β occurs

according to equation (12). In equations (21), b ≡ B/|B| is the unit vector in the

direction of the magnetic field and the value of k′
⊥ is obtained from the appropriate

(slow or fast mode according to the kind of scattering event) dispersion relation.

(vii) The entire process is repeated (steps (ii)-(v)), until all of the power in the ray has

been damped.

The procedure described above is performed in order to obtain the energy deposition

profile for one particular realization of the random scattering process. The average

energy deposition profile is then obtained by performing N different realizations of the

random scattering process, using N different random number seed for each scattering

event. In principle, in the limit N → ∞ and ∆t → 0, a Monte Carlo type solution of

the wave kinetic equation (9) is performed. It is crucial to recognize that, although k∥
is conserved during the scattering event itself as mentioned above (see steps (iii)-(v)),

k∥ can be modified through the poloidal field because the rotation of k⊥ induces a finite

poloidal mode number.

3. Numerical results

The scattering model presented above has been implemented in the ray tracing code

GENRAY [10], which has been generalized recently to include a 2D model for the scrape-

off layer (SOL). More specifically, an exponential decay of the density from its value on

the LCFS is included with a density decay length, σn (as input) which is a function of

poloidal angle. In addition, an exponential decay of the temperature from its value on

the LCFS is also implemented with a temperature decay length, σT (as input). The
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Figure 1. Electron density (a) and electron temperature (b) profiles of Alcator C-Mod

discharges with line averaged density equal to n̄e = 0.53×1020 m−3 (solid blue curve),

n̄e = 0.97× 1020 m−3 (dashed green curve) and n̄e = 1.47× 1020 m−3 (dashed-dotted

red curve).

2D SOL model, used in this numerical analysis, includes the C-Mod vacuum vessel and

the reflection of the ray trajectory from the metallic surface. Furthermore, collisional

damping are implemented in GENRAY both inside the separatrix and in the SOL region,

by replacing the electron mass me with me(1 + iνei/ω) in the cold plasma dispersion

relation, where νei is the effective electron-ion momentum collision frequency [2, 3]. The

magnetic field structure from the magnetic axis to the vessel boundary is imported from

a magnetic field equilibrium reconstruction [22]. The measured density and temperature

profiles on the closed flux surfaces within the separatrix are provided. For more details

on the 2D SOL model implemented in GENRAY, the reader is referred to [3, 23].

Plasma parameters and equilibria, adopted in these numerical calculations, model

a series of Alcator C-Mod discharges in which the discrepancies between the measured

and predicted hard x-ray emission increase at the higher densities [3]. In Figure 1, the

electron density and temperature as a function of the normalized minor radius r/a are

shown for three cases, corresponding to a line averaged density n̄e = 0.53 × 1020 m−3

(low density, shown in solid blue curve in Figure 1), n̄e = 0.97 × 1020 (mid density,

shown in dashed green curve in Figure 1), and n̄e = 1.47 × 1020 m−3 (high density,

shown in dashed-dotted red curve in Figure 1). With regard to the SOL parameters,

the density decay length, σn varies between 0.1 m in the divertor regions and 0.02

m on the outer midplane. The temperature decays length σT is of 0.005 m until the

temperature reaches a minimum value of 5 eV, beyond which the plasma temperature

remains constant. These values are typical for Alcator C-Mod L-mode discharges [3].

In addition, the effective charge of the plasma in the SOL is assumed to be Zeff = 1.8.

This parameter has been chosen, within the experimental data range, to emphasize more

scattering than collisional damping effects (being νei ∝ neZeffT
−1.5
e ) [3, 28].

The radial density fluctuations profile necessary for solving equation (9) has been
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chosen such that

δn(r)

n
=


(r
a

)
f1 + f2, 0.8 ≤ r

a
< launching point;

0, for 0 ≤ r
a
< 0.8.

(22)

where f1 and f2 are chosen so that δn/n = 40% at launching point and δn/n = 2.5% at

r/a = 0.8; the fluctuations correlation length, λc, is taken to be 0.5 cm and 1 cm. These

parameters are based on the Alcator C-Mod experimental observations [24, 25, 21, 26].

3.1. Scattering effects on ray trajectories and N∥ evolution

Figures 2 and 3 illustrate the main possible effects of scattering on a single ray trajectory

in the low (see solid blue curve in Figure 1) and high density (see dashed-dotted red

curve in Figure 1) parameter regimes, respectively. The initial value of the parallel

refractive index is N∥ = −1.5 and the fluctuation correlation length is λc = 1 cm. Both

Figure 2 (low density) and 3 (high density) show three possible paths for the scattered

rays, obtained by using three different seeds in the Monte Carlo simulations. Note that

ray trajectory terminates when the power is fully absorbed.

In these density regimes, scattering may either to enhance penetration of the ray in

the good confinement region (cf. Figures 2(a) for low density and 3(a) for high density)

or to keep the ray longer on the edge of the plasma (Figures 2(c) and 3(c)) or even in

the SOL (cf. Figure 3(b)). In addition, one can note that for low density case (Figures

2(a)-(c)) the ray trajectories are basically inside of the LCFS (apart from the beginning

of the rays propagation); on the other hand, for high density case (Figures 3(a)-(c))

the ray trajectories initially linger at or outside the LCFS. A more systematic analysis

with good statistics for the scattering calculations by using a large number of rays will

be utilized in the remaining of this paper. With regard to the evolution of N∥ along

the ray, Figures 4 and 5 show N∥ as a function of the poloidal distance along the ray

for the trajectories shown in Figure 2 and 3, respectively. It appears that scattering

generally induces a quite significant N∥ upshift when the scattering enhances the ray

penetration into the plasma core. When the ray either stays longer in the edge plasma

region or has a long path before power is fully absorbed, the profile of N∥ has several

oscillations around its initial value. This is in part because the ray receives random

kicks that increase and decrease the N∥ value during the scattering events.

3.2. Scattering effects on the power density profile

Another important aspect to be investigated is the impact of the scattering on the power

absorption profile. Here, ray tracing together with Fokker-Planck calculations, obtained

with the generalization of GERNAY/CQL3D package, show how scattering can affect the

power absorption profile when taking into account the 2D SOL region. While the 2D

SOL region is included in the ray tracing calculations, it is important to note that this

region is not directly included in CQL3D. Therefore, the quasilinear diffusion coefficient

is not evaluated outside of the LCFS for the Fokker-Planck calculations. Hence, the
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Figure 2. Poloidal ray trajectories for an Alcator C-Mod discharge at low density

(n̄e = 0.53 × 1020) including a 2D SOL model. Dashed (red) curve represents the

ray trajectory without scattering while the solid curves represents three different

realizations of scattering, shown in (a), (b), and (c), for λc = 1 cm. The initial

value of N∥ is -1.5. Alcator C-Mod vacuum vessel (solid black line) and the separatrix

(solid blue line) are also shown for reference. Limiter geometry (dashed black line) is

shown although is not included in the simulation.
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Figure 3. Poloidal ray trajectories for Alcator C-Mod discharge at high density

(n̄e = 1.47 × 1020) including a 2D SOL model. Dashed (red) curve represents the

ray trajectory without scattering while the solid curves represents three different

realizations of scattering, shown in (a), (b), and (c), for λc = 1 cm. The initial

value of N∥ is -1.5. Alcator C-Mod vacuum vessel (solid black line) and the separatrix

(solid blue line) are also shown for reference. Limiter geometry (dashed black line) is

shown although is not included in the simulation.

power available for damping within the SOL depends on the amount of power lost in

the SOL, due to collision. This reduced power is used in the CQL3D calculations within
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Figure 4. Parallel (with respect to the magnetic field) refractive index, N∥, as a

function of the poloidal distance along the ray. Dashed (red) curve represents the N∥
evolution without scattering while the solid curves represents the N∥ evolution of three

different realizations of scattering corresponding to the three ray trajectories shown in

Figure 2(a), 2(b), and 2(c), respectively, for low density case. The initial value of N∥
is -1.5.
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scattering: case (b)
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Figure 5. Parallel (with respect to the magnetic field) refractive index, N∥, as a

function of the poloidal distance along the ray. Dashed (red) curve represents the N∥
evolution without scattering while the solid curves represents the N∥ evolution of three

different realizations of scattering corresponding to the three ray trajectories shown in

Figure 3(a), 3(b), and 3(c), respectively, for high density case. The initial value of N∥
is -1.5.

the separatrix region.

In order to simulate LHCD on Alcator C-Mod and to have good statistics for the
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Figure 6. Power absorption profile as a function of the normalized minor radius,

r/a, calculated by GENRAY/CQL3D for an Alcator C-Mod discharge at n̄e = 0.53× 1020

m−3. Power damping profile without scattering is shown in dash (black) curve while

two different scattering cases are shown in green and red curves, corresponding to a

fluctuation correlation length λc = 0.5 cm and 1 cm, respectively.

scattering calculations, the LH antenna is modeled with two “grills”, one launching

waves in the current drive direction with N∥ = −1.5 to −2.4, peaked at N∥ = −1.9 and

one in the counter current drive direction with N∥ = 6.9 to 7.8, peacked at N∥ = 7.4.

Each grill has four rows (to model the real LH antenna) distributed across the height

of the antenna. For each row there are 15 rays in the current drive direction and 4 in

the counter current drive direction. In addition, all rays are launched from outside the

LCFS, in particular, for r/a = 1.05. To evaluate the scattering effects, twenty different

simulations are produced, each with a unique random seed in the scattering model. For

each seed, a GENRAY run including scattering effects is performed obtaining all ingredients

needed for the evaluation of the quasilinear diffusion coefficient in the Fokker-Planck

calculations. Then, for each specific seed (i.e., for each specific GENRAY’s output) an

iteration with CQL3D in order to reach a steady state is performed in order to evaluate

the electron distribution function and the power density profile. Finally, an average of

the power density profiles, obtained with this procedure, is performed and compared

with the power density profile evaluated without scattering. It is important to mention

that twenty different scattering realizations (namely, twenty different random seeds)

together with the large number of rays considered for modeling the LH wave beam,

mentioned above, result to be a good ensemble in solving the wave kinetic equation

9. In fact, no significant changes in the power density profile are found increasing the

number of random seeds.

The results of the numerical procedure described above indicate that a general

broadening of the power deposition results from the wave scattering. Figures 6 and
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Figure 7. Power absorption profile as a function of the normalized minor radius, r/a,

calculated by GENRAY/CQL3D for an Alcator C-Mod discharge at n̄e = 1.47× 1020 m−3.

Power damping profile without scattering is shown in black curve while two different

scattering cases are shown in green and red curves, corresponding to a fluctuation

correlation length λc = 0.5 cm and 1 cm, respectively.

7 show the power absorption profiles as a function of the normalized minor radius,

r/a, with and without scattering for Alcator C-Mod discharges at low density (n̄e =

0.53 × 1020 m−3) and high density (n̄e = 1.47 × 1020 m−3), respectively. The dashed

(black) curve represents the power density profile without scattering while the solid

curves include the effects of scattering. Two different fluctuation correlation lengths are

plotted: λc = 0.5 cm (green curve) and 1 cm (red curve) both for low and high density

cases. For the low density case (cf. Figure 6), scattering seems to have basically two

effects on the power density profile: (i) a broadening and redistribution of the power

density as a function of r/a and (ii) a reduction of the power density near the magnetic

axis of the plasma. In addition, it appears that the integrated power within r/a < 1

is less for the case with the shorter fluctuation correlation length (see green curve with

respect to red curve). For the high density regime (cf. Figure 7), a radial redistribution

of the power density is once again found, though a less of reduction of the power density

near the magnetic axis is less pronounced than in the low density case. The integrated

power absorbed with λc = 0.5 cm is smaller than with λc = 1 cm case, as in the low

density regime. Furthermore, for λc = 1 cm, it appears that the integrated power within

the separatrix is larger than in the case without scattering. This may be due in part to a

k∥ upshift together with a better core penetration (as shown in the previous subsection)

induced by the scattering in the SOL region.
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3.3. Comparison between Hard X-ray data from Alcator C-Mod and GENRAY/CQL3D

simulations

In recent experiments on LHCD in Alcator C-Mod [3, 27, 28], a strong interaction

between LH waves and SOL region has been found together with a significant drop

in the LHCD efficiency at high electron density plasmas. These observations are now

referred to as the “density limit” effect. Furthermore, in these studies it has been

shown that collisional damping effects in the SOL region can contribute to decrease the

LHCD efficiency at high density plasma, although collisional damping alone does not

seem to be sufficient to fully reproduce so strong a drop in the LHCD efficiency for the

highest density cases. Collisional damping effects are included in the ray tracing/Fokker-

Planck numerical code both inside the separatrix, where collisional damping is typically

smaller than Landau damping, and in the SOL region, where collisional damping is more

significant due to the low temperature in this region.

Here, simulations of the effects of wave scattering in LHCD experiment in Alcator

C-Mod, with and without collisional damping, are used to evaluate if wave scattering

effects can contribute significantly to the loss in the LHCD efficiency at high density.

A direct measure of the validity of the simulations is the degree of agreement between

the measured and simulated x-ray spectrum emission generated during the LH pulse

in the plasma discharge. CQL3D includes a fast electron bremsstrahlung x-ray synthetic

diagnostic, the output of which can be directly compared with the hard x-ray (HXR)

emission measured in the experiment.

Figure 8 shows a comparison between the Alcator C-Mod experimental observations

and the numerical results obtained from GENRAY/CQL3D simulations. The green circles

correspond to the experimental HXR count rates for L-mode discharges at 800 kA and

5.4 T with a bremsstrahlung emission in the 40-200 keV range [3, 27, 28]. Chords 9-24

of a 32-chord poloidally viewing HXR diagnostic on Alcator C-Mod [29] have been used

to determine the non-thermal electron population in the plasma core [3]. In Figure 8,

three numerical simulations are shown: a case without collisional damping and scattering

effects, shown in dashed black line, and two cases including only scattering effects with

two different fluctuation correlation lengths: λc = 0.5 cm (shown in dashed green line)

and 1 cm (shown in red line). From Figure 8, one can clearly see that the numerical

results without collisional damping and scattering follow the expected ∼ 1/ne behavior,

as predicted from the theory [30, 31] and already shown in Wallace et al [3]. At the same

time, it appears that including only scattering effects does not to capture the behavior of

the experimental HXR emission. Only a small deviation from the case without collisional

damping and scattering is noted. Moreover, no significant differences in the predictions

are seen using the two fluctuation correlation lengths. Error bars, for the scattering

cases, indicate a standard deviation from the average value obtained by following the

numerical procedure described in the subsection 3.2, using twenty different scattering

realizations. In these numerical simulations, a mid density case (n̄e = 0.97× 1020 m−3)

has been considered together with the low (n̄e = 0.53 × 1020 m−3) and high density
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Figure 8. Comparison between the hard x-ray (HXR) emission from Alcator C-Mod

experiment and the simulated (HXR) emission from GENRAY/CQL3D as a function of

the line averaged density. Green circles indicate the experimental HXR count rates for

L-mode discharges at 800 kA and 5.4 T [3, 27, 28]. The dashed lines represent HXR

emission predicted by GENRAY/CQL3D. Results shown in dashed black line represent the

case without both collisional damping and scattering effects. The dashed green and red

lines take into account only scattering effects with λc = 0.5 cm and 1 cm, respectively.

Error bars in the green and red lines indicate a standard deviation from the average

value obtained by making use of twenty different scattering realizations.

(n̄e = 1.47 × 1020 m−3) cases already presented in subsection 3.1 and 3.2. For the low

density case, scattering effects seem to slightly reduce the HXR count rates; on the

other hand, for the mid and high density cases, scattering effects introduce only a small

perturbation with respect to the case without scattering and collisional damping (note

that Figure 8 has a logarithmic scale). Predictions of the hard x-ray spectrum obtained

by combining collisional damping and scattering effects are compared in Figure 9 to the

experimental observations. The simulated spectrum obtained by taking into account

only collisional effects is shown in dashed black line, as well as predictions from two

additional cases that include both collision and scattering for λc = 0.5 cm (green line)

and 1 cm (red line). From this figure, it appears that scattering added to collisional

damping only slightly reduces the drop in LHCD efficiency for the high density case with

the shorter fluctuation correlation length (λc = 0.5 cm). Therefore, though scattering

can enhance collisional damping in the edge of the plasma, it does not appear to be

strong enough to reproduce the experimental results. Low and mid density cases, with

collision and scattering included, have a behavior similar to the results shown in Figure

8 although, of course, with a smaller HXR count rates mainly due to collisional damping

effects. For high density case, unlike Figure 8, error bars are larger for both fluctuation
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YES collision and NO scattering
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c
 = 0.5 cm
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Figure 9. Comparison between the hard x-ray (HXR) emission from Alcator C-Mod

experiment and the simulated (HXR) emission from GENRAY/CQL3D as a function of

the line averaged density. Green circles indicate experimental HXR count rates for

L-mode discharges at 800 kA and 5.4 T [3, 27, 28]. The dashed lines represent HXR

emission predicted by GENRAY/CQL3D. Results shown in dashed black line represent

the case with only collisional damping effects considered. The dashed green and red

lines take into account both collisional damping and scattering effects with λc = 0.5

cm and 1 cm, respectively. Error bars in the green and red lines indicate a standard

deviation from the average value obtained by making use of twenty different scattering

realizations.

correlation lengths, probably due to a stronger interplay between collision and scattering

in the SOL region with the low temperature and relatively high density. Moreover,

the shorter correlation length case (λc = 0.5 cm) shows a larger reduction in HXR

count rates with respect to the λc = 1 cm case, in agreement with the power density

profiles analyzed in subsection 3.2. A reason why scattering effects in combination with

collisional damping do not seem to explain the drop in the LHCD efficiency, might

be the fact that Alcator C-Mod discharges are commonly in the multi-pass regime (in

particular, the discharges presented and analyzed in this work). Therefore, the already

stochastic behavior of the rays is less sensitive to the scattering induced by the edge

density fluctuations. In other words, scattering effects act as a additional perturbation

to the rays trajectories but they are not able to induce any really significant differences

to the already chaotic behavior of the ray paths obtained in the multi-pass regime,

at least in this specific numerical analysis. In fact, it is important to note that the

ray tracing formalism may have limits of applicability, in particular, in the frequency

range corresponding to LH waves and in the multi-pass regime [32, 33]. Numerical

results shown here, together with their interpretation, are in agreement with the work of
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Peysson et al [12], where the electron density fluctuations are described with a statistical

model.

4. Summary and discussion

In this work, the effects of scattering induced by the edge density fluctuations

on the LH wave propagation and absorption have been evaluated by comparing

a ray tracing/Fokker-Plack simulations against Alcator C-Mod experiments. The

scattering model adopted in this numerical analysis, which utilizes a wave kinetic

equation developed by Bonoli and Ott [15], has been described. This equation has

been implemented in the ray tracing code GENRAY and solved by a Monte Carlo

technique. Evaluation of the scattering effects on the LH wave propagation with

the ray tracing/Fokker Planck code package GENRAY/CQL3D including a SOL region

and a scattering model for Alcator C-Mod discharges, in a multi-pass regime, has

been performed. This numerical analysis illustrates and quantifies the consequences

of scattering effects on LH wave propagation and absorption for low and high density

discharges. It has been found that scattering effects can either enhance the core

penetration of LH waves, due to a k∥ upshift, or inhibit the wave penetration, keeping

the LH rays on the edge of the plasma. With regard to the impact of scattering on

the power absorption profile, the main conclusion is that scattering generally induces

a broadening and a redistribution of the power density profile. In addition, scattering

induced by fluctuations with shorter correlation length tends to further reduce the power

available for current drive and profile control in the plasma within the LCFS. On the

other hands, a k∥ upshift induced by the scattering results in an increase of the power

available within the LCFS.

A detailed comparison between the fast bremsstrahlung electron emission measured

in Alcator C-Mod experiment for L-mode discharges at 800 kA and 5 T [3, 27, 28]

and the numerical results including scattering, obtained from the hard x-ray synthetic

diagnostic implemented in CQL3D, has been also presented and discussed. Based on

the simulations presented here, scattering effects alone are not able to reproduce the

observed steep decrease in LHCD efficiency at high density plasmas in the experiment on

Alcator C-Mod. Only a small deviation in the HXR count rates from the case without

scattering has been found. On the other hand, by combining collisional damping with

scattering effects, a reduction of the HXR emission for high density plasma is found,

for scattering by density fluctuations characterized with a shorter correlation length.

Therefore, scattering seems to enhance the collisional damping, reducing the LHCD

efficiency. Although such scattering effects, combined with collisional damping, seem

to go in the direction to improve the agreement with the experimental data, they do

not appear to be the dominant physical mechanism that causes the decrease in LHCD

efficiency observed in experiments on Alcator C-Mod in the multi-pass regime. However,

in [28] has been shown that the collisional damping effects alone with an higher Zeff value

tend to further reduce the disagreement with the experimental data. A reason why the
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impact of the scattering effects on the LH wave propagation and absorption may not

play the major role in causing the observed “density limit” is that, in the multi-pass

regime, the stochastic behavior of the rays is so pronounced that additional stochasticity

induced by wave scattering is not significant. In other words, wave scattering due to

density fluctuations certainly contributes to either enhancing the collisional damping

or helping the core penetration at the edge of the plasma but, within this model, it

cannot play a really major role. Such result is, indeed, in agreement with the recent

work of Peysson et al [12] where a fluctuating layer model, based on electron drift

wave turbulence, has been developed. Finally, it is important to mention that this

conclusion is intrinsically related to the fact that LH wave propagation and absorption

are commonly evaluated within the ray tracing (or geometrical optics) formalism. The

use of the ray tracing method for waves in the LH frequency range, in particular, in

the multi-pass regime, is, indeed, in the limit of its applicability [32, 33]. Some recent

attempts to describe a scattering model by the edge electron density fluctuations in the

full-wave formalism have been presented [34], but the primary cause of the observed

“density limit” is still under investigation.
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