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Abstract
Power deposition profile is one of the essential keys in understanding the transport mechanism in the

plasma confinement devices. Using the power modulation techniques, the power deposition profile and

its change in shape and position by the focal position is clearly observed experimentally in Large Helical

Device (LHD). These power deposition profiles show fairly in good agreement with the results from ray

tracing calculation. Such experimentally observed power deposition profiles are used as the inputs of
newly developed one dimensional time dependent electron transport code to deduce the dynamic electron

heat diffusivity that reproduces the experimental data.
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1. Introduction
The specific features of the electron cyclotron

heating (ECH) are the capabilities that electrons can be

heated selectively and locally in both real and velocity

space. These features are fully utilized in LHD.
The fundamental and second harmonic ECH have

been used as a main plasma production and electron

heating method in the LHD. Recently, four gyrotrons at

the frequency range of 84 G}{z and three at 168 GHz

are used to inject total power of more than I MW in
LHD. The high central electron temperature, Z"o, of
more than l0 keV is achieved by concentrating almost

all the power in the central region near the axis within
(p - 0.2).The averaged electron density region was up

to - 0.6 x l0re m-3 when T"e reached l0 keV. The sharp

temperature gradient is normally observed in those high
temperature plasma. These are closely related to the

sharp power deposition profile and the change in the

local confinement in the plasma.

The conditions of the magnetic configuration, the

field strength and the focal points are the essential

factors to get a required power deposition profile. The

ECH system in LHD had been designed so that the

power deposition profile would be as narrow as

possible. The quasi-optical antenna system is used to

focus the injected beam on the rnid-plane with the width

of 15 mm as a Gaussian beam waist size.

To understand the heat transport properties in such

high temperature, low density region, it is of much

importance to know the power deposition profile, in
particular, the structure of the power deposition profiles

in the central region. The square wave power

modulation experiment at the frequency of 50 Hz for
both the fundamental and the second harmonic heating

are described in Sec. 2. Here, the deduced power

deposition profile using the boxcar averaging method is

compared with the ray tracing result.

A simple one dimensional time dependent electron

heat transport analysis code under such experimental
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condition is dr:veloped to deduce the power deposition
profile, electron heat diffusivity including its
dependence cn the tempelature and the gradient of
electron temperature. The thermal diffusivity and its
dependence on the local temperature and local
temperature gradient are discussed by comparing the

observed ECE response and the simulated one
qualitatively in Sec. 3.

2. Modulation Experiments
The modulation experiments described here are

performed at tre averaged electron density of 1.0 x lOre

m-3 with flat profile. The electron temperature of
parabolic proflle and T.o = 2.5 keV is sustained by NBI.
The magnetic field is set at 2.951 Tesla and magnetic

axis at 3.50 m. The fundamental and second harmonic

resonance layr:rs just cross the magnetic axis under this

condition. Both heating powers are injected from the

upper port antenna in the vertically elongated poloidal

cross section. The 32 channel electron cyclotron
emission (ECli) radiometer system is used to diagnose

the local teml'erature response to the modulated ECH
power. The vi,:wing chord of the ECE radiometer is on

the mid-plan,: of the horizontally elongated cross

section. The direction of the beam injection is labeled by

the radial focirl position, Rpo", where the center of the

injected beam crosses the mid-plane. Under the same

magnetic field, the radial position and shape of the cross

section betwet:n resonance layer and injected beam can

be varied by ,:hanging the Rso". Both injected powers

have elliptical Gaussian beam shape. The waist sizes of
each beam are 15 mm and 50 mm in radial and toroidal
direction, respr:ctively. The modulated power of both the

fundamental a:rd the second harmonic heating is applied

on this target Jrlasma. The fundamental heating power of
255 kW atth,e 82.7 GHz is applied from / = 1.02 to

1.42 s with tre 100 7o,50 Hz square wave power
modulation at the latter 300 ms of the pulse. The second

harmonic heat.ng power of about 400 kW at 168 GHz is

applied from / = 1.52 to 1.92 s with the identical
modulation as the fundamental heating. In Fig. 1 are

shown the time response of ECE radiometer channels.

Here, the caser; of Rpo" = 3.55 m and 3.4 m are shown in
a) and b), respectively.

In the case of R1o" = 3.55 m of the fundamental
heating, the central part of the electron temperature

shows the fast response to the modulation, while it
shows almost no response in the case of R1o":3.40 m.

In order to r;ee the spatial response in time, the

fundamental heating part is re-plotted as the equi-

temperature contours in the normalized radius, p, and

time plane in Fig. 2 for these two cases. It is clearly
seen that the region where the electron temperature

show the fast response is center localized within p = 9.2.

In case of Rs* - 3.40 m, the fast response is seen in the

region from p = 0.2 to 0.6.

The boxcar technique is used for +3 ms data points

at every tum on and offtimings [1,2] to deduce the first
order power deposition profile. The differences of the

inclination of each ECE channel are plotted as a

function of normalized radius in Fig. 3 a) for the cases

of R1* - 3.55,3.53,3.45 and 3.40 m. The label "up" and

"down" correspond to those estimated at turn-on and off
timings, respectively. Here, the differences of the
inclination (eV/s) are multiplied by the local density
(m-3), factors (312 and e), and normalized radius to
represent the total power deposited at each flux surface.

The power deposition profile is compared with the result

from ray tracing calculations. The ray tracing code used

here calculates the power deposition profile summing up

the deposition fraction of multi-ray using the quasi
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Fig. 1 Electron temperature evolution measured by 32
channel ECE radiometer. The fundamental and
second harmonic ECH are applied from t = 1.02 to
1.42 and 1.52 ro 1.92, respectively. The 50 Hz
square wave modulation is applied at the latter
300 ms of each pulse. The focal point is set at a)
3.55 m and b) 3.40 m. The other injection condi-
tions and the target plasma parameters are kept
constant.
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Fig. 2 Equi-electron temperature contour measured by
32 channel ECE radiometer. The focal point is set
at a) 3.55 and b) 3.40 m. The other injection condi-
tions are kept constant.
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perpendicular, weakly relativistic absorption formula

[3]. Each ray is calculated using the cold plasma

dispersion. The ray start points are distributed on the

real equi-phase plane so that each ray represents the

same area within two times of the waist size there. The

ray starting direction is taken to be perpendicular to the

equi-phase plane. The Gaussian weighting function is

convoluted to sum up the deposition profile. The

Gaussian beam parameters and beam position are taken

as the same as the designed values of the antenna, which

are confirmed by the low power testing [2]. Both the

deduced and the calculated power deposition profiles
and those peak positions change correspondingly as the

focal point is varied, although the peak positions for
both are shifted about 0.1 in averaged radius. The

discrepancies between calculated and deduced profiles

in 168 GHz case may indicate the limitation of the ray

tracing calculation using geometrical optics. The

calculated power deposition profile is more sensitive to

the antenna and resonance confieuration for 168 GHz

injection.
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Fig. 3 a): Power deposition protite lor 82.7 GHz esti-
mated from boxcar method for B,o" = 3.40, 3.45,
3.53 and 3.55 m. The sample data are restricted
within +3 ms at each turn on and off timings in or-
der to reduce the diffusion effect.
b): Power deposition profile (upper traces) and
total absorption fraction within given flux surface
(lower traces) estimated from ray tracing calcula-
tion for 82.7 GHz

Fig. 4 a): Power deposition profile for 168GHz estimated
from boxcar method for Ro" =3.40,3.45,3.53 and
3.55 m. The sample data are taken as the same as
the case for Fig. 3 a).
b): Power deposition profile (upper traces) and
total absorption fraction within given flux surface
(lower traces) estimated from the ray tracing cal-
culation for the 168 GHz.
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In Fig. 4 are shown the deduced and calculated
power deposi:ion profiles for the similar focal point
settings in the case of 168 GHz modulation. The central
ECE channels are affected by the stray of the gyrotron
power and a:e not available. This shift might be

interpreted by the shift of the magnetic axis, since the

axis shift due ro the finite beta is not included in the ray
tracing code. The other possible interpretation might be

the presence of the high energy electrons. The
calculation of the deposition profile only includes the

weakly relativistic effects but not the non thermal
component of the plasma.

3. Time Dependent l-D Electron Transport
Code

The limit of applying boxcar analysis is that the
data points to analyze should be restricted within the

T" (eV

time window where the adiabatic condition is satisfied.
It is also reported that total modulated power apt to be
lower than the experimentally modulated one [4]. In
order to clarify this point and more over to deduce
electron thermal diffusivity and its dynamic response to
the local plasma parameters, a time dependent one

dimensional electron transport code is developed.

This code solves time dependent diffusion equation
with the dependence of the electron thermal diffusion
coefficient on radius, p, local temperature, T.(p,t) and

aT"@.tl
the local temperature gradient, T included. Figure

5 shows examples of the output from this code. The
thermal diffusivity ranges below I m2ls in both cases

near the axis. It is noted that including somewhat
negative dependence of the diffusivity on the
temperature gradient is necessary to reproduce both on
axis and off axis cases.

4. Conclusion
The power deposition profile is the essential key in

analyzing and understanding the transport mechanisms.

The power deposition profiles are deduced by the
boxcar method during the power modulation
experiment. These profiles are compared with those
calculated from the ray tracing, showing good
coincidence. The developed one dimensional time
dependent transport code is tried to use for the purpose

of deducing the diffusion coefficient and its dependence

on the local temperature and local temperature gradient.

The deduced thermal diffusivity ranges below 1 m2ls

near the axis, and needs negative dependence on the
temperature gradient for the analyzed cases.
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Fig. 5 The result from 1-dimensional time dependent
code. The power deposition profile deduced from
the boxoar analysis is included for both a) r9,o" =
3.55 and b) 3.40 m cases. The parameters of diffu-
sion coefficient are selected so that these contour
plots well reproduce the Fig. 3.
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