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Local heat transport has been studied in auxiliary heated JT-60
plasmas with emphasis on understanding the deteriorated confinement
obgerved in L-mode plasmas. The systematic experiment and analysis
have been carried out in L-mode phase of divertor {(single null, lower
X-point), and limiter discharges with hydrogen neutral beam heating
into hydrogen plasmas, based on sets of consistent experimental data
including ion temperature profiles from CXR measurements. The
deterioration in the energy confinement time with increasing the
auxiliary heating power, so—called the power scaling, is mainly due to
the degradation in ion energy transport. The confinement improvement
as the plasma current increases is followed by both improvement in ion
and electron transport properties. It is found that the ion thermal
diffusivity has an approval dependence on the density. High ion
temperature (T;(0) < 12 keV} L-mode plasmas are attained at high Bp up
to 3.5. The centrally peaked ion temperature is significantly due to
the improvement in ion transport property, which is reduced to the level

of the electron thermal diffusivities.

Keywords: JT-60, Tokamak, L-mode, Transport, Thermal diffusivity,
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i. Introduction

As a tokamak plasma is auxiliary heated, the degradation in energy and parti-
cle confinement is generally observed. This plasma is so-called a L-mode.
Although additionally heated plasmas of the L-mode are the most universal situ-
ation of a tokamak plasma, as well as saturated ohmically heated plasmas, it is
presently uncertain which is responsible for the I.-mode characteristics, electron
or ion. Global confinement characteristics of such a L-mode are, however, well
summarized as a power scaling, like INTOR89[1], in which the energy confine-
ment time decreases in terms of the total heating power, Pabs, to the minus one-
half power and improves almost linearly with increasing plasma current and has
no or weak density dependence. The L-mode scaling also expresses the depen-
dence of energy confinement time on the isotope and elongation effects.
However, in order to extrapolate reliability to future plasma regimes, one needs
to understand physics for local confinement in tokamaks, capable of describing
global confinement scaling. The present work is intended to contribute to this
important topic by analyzing profile data more systematically and by attempting
to find mechanisms which are essential for the L-mode transport. In order to un-
derstanding the transport physics based on the theoretical background, it is very
important to clarify what parameter dependencies the local transport has.
Therefore, our study will be concentrated on studying the parameter dependence
of local thermal diffusivities in I-mode plasmas, so dependencies of density,
power and plasma current.

In this paper we present the results of an experimental study of the ion
thermal diffusion process in JT-60. The experimental method used to obtain the
ion temperature profiles is presented in Section 2. The transport analysis
method is described in Section 3. Section 4 contains the experimental results
and discussions. Finally, the main results are summarized in Section 5.

2. Diagnostics and Data Acquisition

A set of measured radial profiles relating with local transport analysis 1s brief-
ly summarized. Schematic views of diagnostic instruments for radial profile
measurements are shown in Fig. 1. The electron temperature profile was ob-
tained from two Thomson scattering systems with 8 points in space and from the
electron cyclotron emission (ECE) diagnostic with 28 points. Two Thomson
scattering systems enable us to evaluate the profiles in the minimum time dura-
tion of 2 msec. The electron density profile obtained from Thomson scattering
was cross-checked against the line electron densities obtained from the two
chord far-infrared interferometers and one chord of 2 mm-p wave interferometer
close to the plasma center. The ion temperature profile measurements were ob-
tained with toroidal rotation velocity profile measurements using a charge-ex-
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change recombination spectrometer (CXRS) viewing across a nearly
perpendicularly injected diagnostic neutral beam. The JT-60 CXRS diagnostic
uses the heating neutral beams as diagnostic beams. It features one tangential
line of sight, which intersects the heating beams, and a multi chord arrangement
for profile measurements with 8 nearly tangential viewing lines which intersect
the heating beams at major radii between 2.9 m and 3.8 m. The ion temperature
measurements by CXRS presented in this paper are based on Doppler
broadening of the n=8 to n=7 transition of C*3 at 5290.5 A. The radiated power
profile was measured from two bolometer array systems with 16 channel and 15
channel and determined by Abel inversion. The effective ionic charge, Z.g, was
estimated by two chord spectrometers for visible Bremsstrahlung emissions and
assumed to be spatially constant. The particle confinement time is inferred
from empirical scaling[2],

= -1 Py, 0.5
= 0.05]-Ze ( b 1
w005 T ] s g

This scaling shows that T, decreases inversely with the electron density and in
terms of the heating power to the minus half-power.

Figure 2 shows typical time evolutions of the central ion temperature, the line
electron density and the diamagnetic measured stored energy of a L-mode, di-
verted discharge with I, = 1.5 MA. Since the ion temperature from CXRS is
obtained after subtracting the cold component level from measured spectrum,
the JT-60 CXRS diagnostic is restricted to the duration in which the cold com-
ponent level is estimated by stopping the diagnostic beam injection for 50 msec
and could be interpolated, as shown in Fig. 2. NB heating starts at 5.5 second
and lasts in 2 seconds with the power of ~ 15 MW. The central temperature of
ion and electron vary little during heating phase. The radiated power increases
by heating, but remains at about 10-15 % of the heating power. The diamagnet-
ic measured stored energy and the line electron density reach steady state quick-
ly. The density rises initially at a slow rate, due mainly to the beam fueling,
then reaches at a steady state. So, the profile data for transport analysis are
taken at this steady state of 7.1 sec. Figure 3 shows profile data of ion tempera-
ture, electron temperature, radiated power, and electron density at that steady
state. It is found that the radiated power profile is fairly flat, which is commonly
observed in divertor discharges.

Diagnostics data measured in the space of (R,Z) are mapped to flux surfaces
calculated by the magnetic fitting / MHD equilibrium code[3] and are reduced to
profile data as a function of effective minor radius r, which is defined by
r=4V/2r*Ry ( V; volume, Rg ; major radius ). These profile data in the r space
are least-square-fitted by using a proper functional form. As the standard, we
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select the following two types of fitting functions, depending on the number of
available data points,

£(p) = (fo - £){1 - p + ap?(1 - p) + BpX(1 - p2)] +fa @)
f(p) = (fo - f)(L - pD* + £, (3)

where p =r/a. ‘a’ is the minor radius at a plasma boundary flux surface. “fo” and
‘t.’ are central and boundary values, respectively. All these profile data are
stored in the transport data base “SCOOP DATA” together with magnetic data
and so on. .

3. Analysis Procedure

The particle and energy transport have been analyzed by the 1% D, steady-state

transport analysis code SCOOP([4] using the SCOOQOP DATA. For these fitting
data and the effective charge state value, which is assumed to be constant in the
plasma, profiles of NBI power deposition, the fast ion density and the toroidal
momentum input are calculated by the Orbit-Following Monte-Carlo method
and finally the proton density profile is evaluated taking into account of the fast
ion density: Note that the effective ionization crosssection of fast neutrals with
fast ions is the almost same as the one with bulk proton ions in the energy range
of JT-60 NBL The first ion density calculated by the OFMC code, in which the
particle diffusion is not considered, gives a good approximation. Figure 4
shows the effect of particle diffusion on fast ion slowing-down process. Even if
the large particle diffusion is considered (t;D/a®= 0.5), the fast ion density still
remains about 60 % of these in the case of no-diffusion. Therefore, the diffu-
sion of fast ions was neglected as the first approximation in our analyses.
Assuming a steady state and using profile data, the thermal diffusivities of
electron and ion, and the momentum diffusivity are determined as;
the electron thermal diffusivity,

Ar.Te—1—{ rdr(Pi+Pnpe+Qei-Pr)
2" o veP),

4

Yelr) = T,

or

the ion thermal diffusivity,
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2 rq Vr |2> 0
o

e or

4)

Xe(r) =

the ion thermal diffusivity,
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-iriTi"‘ 1 rdr(Pnei-Qei-Pcx)
2 rq Vr |2> [ N

_nl

()

xi(r) = 3T,

or

and the momentum diffusivity,

_pil RV + 1 Trdr
"° rdwmfu
IV,

or

(6)

Xo(r) =
-piR

where Py is the joule heating power density profile, Pnpe and Pnp; neutral beam
heat deposition profiles to electrons and ions, respectively, Qei is the electron-
ion energy transfer term, and Pg and Pcx are the radiated power and charge-
cxchanged energy loss terms. I'e and T are the particle fluxes of electrons and
ions, respectively. The coefficient in the convective term of energy balance
equations is taken as 3/2, though there is a divergence of opinion associating
with this coefficient [5],[6]. In the momentum diffusivity pi(=X min;) is the
local mass density, and w(=RV,) the angular velocity. Vo is the toroidal rota-
tion velocity. T is the torque density from sources due to collision, beam-
thermalization, and ionization, and from the loss due to charge-exchange in the
slowing-down process.

From the steady particle balance equation, the ion particle flux, I, is given
by, '

Tir) =1 J(Sn+ Snp)rdr NG

rQ Vr |2>

where S, and Sng are particle sources from neutrals estimated by the particle
confinement time and due to the beam fueling, respectively. With the
assumptions of the electrical neutrality of a plasma and of one ionic impurity
specie as a dominant impurity, the electron density is

Ne = N + Nf + Zyng (8)

where 1 is the thermalized ion density, n¢ the fast ion density, and ny the impuri-

ty ion density with fully stripped ionic charge state of Zy.
If the toroidal electric field is assumed to be radially constant, the current pro-
file is
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o=l V1 9
b N 2rRy _ ® ‘
where v, is the loop voltage and M the neoclassical resistivity [7]. The Joule

input power is evaluated as,

J-E) = Mgy (10)
-119lg Vr ? B 11
=T 5 N R | an

2\-1 ‘ 1 2
| <1'{i> iy rdr (12)
0

It is well known that for plasmas with the ion temperature close to the elec-
tron temperature, the uncertainty in the electron-ion energy exchange term
makes it difficult to separate the electron and ion transport loss channels.
However, large difference between electron and ion temperatures is not always a
necessary condition to separate thermal transport channels. Dominant terms in
the ion heat flux are the beam heating power and the energy equipartition terms.
So, if the ion heating power is much grater than the energy equipartition, we can
separately determine each thermal transport loss channel for plasmas with rela-
tively small temperature differences between electrons and ions. And for many
L-mode shots, the energy equipartition term is smaller than the beam heating
power. Through our analyses, error bars on the computed diffusivities are eval-
uated for varying profile data in their error bars so that the diagnostic
uncertainties of gradients and temperature differences become maximum.

where

and

4. Experiments and Transport Analyses

In order to study the thermal transport properties of L-mode plasmas, system-
atic experiments were performed in the wide regions of plasma parameters

where, for divertor discharges, major radius, R = 2.9 m, minor radius, a = 0.64
m, elongation, k = 1.4, the plasma currents, I, = 1.0 ~ 1.8 MA, the line aver-

aged electron density, ne= 1.2 ~ 5.0<10" m3, total input powers including
Joule and neutral beams heating powers, Pyps = 1.3 ~ 16.7 MW, and for limiter
discharges, Rop=3.0m, a = 0.88 m, x=0.96 I = 1.0 ~2.7 MA,
i, = 1.2 ~ 6.5x10'° m3, and Pyps = 3.0 ~ 17.4 MW. The toroidal filed, B is 4.5
T throughout experiments. The plasma configurations are slightly shifted into
0.1 ~ 0.2 m inside, compared with normal discharge configurations [8], for better
accessibility of diagnostics to the center region of plasmas. The characteristics

on
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(J-E) = Njqis (10)
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_113 E2>, }
Jo Ho T é?[R%q R Bg (11)
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2\ -1 ' 1 2
<~é3> A/ rdr (12)
0
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feature of the consistent data set for limiter discharges is that the electron densi-
ties are increasing with heating power due to the neutral beam particle source.
On the other hands, for divertor discharges, the power scan could be performed

with almost constant electron densities (3.0x10" < #i, < 4.0x10* m3).

First, the density dependence of the kinetic stored energy is considered. Fig-
ure 5-(a) shows the diamagnetic measured stored energy against the density for
1.0 MA, divertor discharges. with the fixed beam power of 2.1 to 2.6 MW. As
the L-mode scaling indicates, the diamagnetic stored energy is independent on
the density. However, the kinetic stored energy, which is estimated by subtract-
ing the unthermalized beam component from the diamagnetic one, apparently
increases with a rise of the density, as shown in Fig. 5-(a). So, there should be
some improvements in the plasma confinement, as the density increases. The
thermal diffusivities at half radii of plasmas indicate the reduction of the ion
thermal diffusivity with increasing the density (Fig. 5-(b)). On the other hands,
the electron thermal diffusivity does not seem to be reduced. Therefore, the im-
provement in the ion transport may account for the density dependence of the ki-
netic stored energy. Even.in much higher heating power region of 11.1 to 13.7
MW for 1.5 MA, divertor discharges, we can also see that the kinetic stored en-
ergy increases with the density (Fig. 6-(a)). And the ion thermal diffusivity still
seems to be a decreasing function of the density (Fig. 6-(b)), although the
separation of the transport loss channel becomes to be slightly difficult because
of high density.
~ In order to find out what changes in the transport, when the density increases,

the temperature profiles of electron and ion are shown in Fig. 7, for two dis-
charges with different densities of 1.4x10'” m3 and 3.1x10"” m3. As the density
increases from 1.4x10'% m3 to 3.1x10'® m3, the electron temperature decreases
over the whole radius (Fig. 7-(a)). On the other hands, the ion temperature mod-
erately decreases, as shown in Fig. 7-(b). Figure 8 shows the comparison of the
neutral beam deposition profiles. Since the JT-60 neutral beams are nearly per-
pendicularly injected, the deposition profile in higher density is not much differ-
ent from that in the lower density. Therefore, the difference in temperature pro-
files shown in Fig. 7 are not caused by the difference in the neutral beam deposi-
tion profiles but by the transport process depending on the electron density. For
these discharges, the inferred X: and Xe profiles are shown in Fig. 9. When the
density increases, ¥: remarkably decreases by a factor of 10 inside the half radi-
us. On the other hands, X. does not show the reduction that is corresponding to
the temperature degradation over the whole radius, as the density increases.
This reduction in Xi suggests that the density dependence of the kinetic stored
energy is mainly due to the improvement in the ion thermal transport with in-
creasing the density. This density dependence, however, makes the transport
study confusing. In the local transport study presented we have paid carefully
attention to the density.
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Next, the power dependence of the confinement, which is the most basic pa-
rameter dependence appeared in the L-mode scaling, is studied. Figure 10-(a)
presents the kinetic stored energy, Wy, including the beam component, Wi,
against the diamagnetic measured stored energy, Wda, for 1.0 MA, divertor dis-

charges in the density region of n. = 3.0 ~ 4.4%x10" m3, where only two shots

have the density higher than 4.0x10" m-3, accompanied by higher heating
power of around 15 MW, and the other shots are in the relatively narrow density

region of 3.0 ~ 4.0x10* m3. The reasonable agreement shown in Fig. 10-(a)
gives us confidence that we have an accurate estimate of the kinetic stored ener-
gy, as well as the beam component evaluated. In order to determine the each
dependence of the stored energy components of ions, electrons, and unthermal-
ized ions on the total heating power, the kinetic stored energy is decomposed
into three components of ion, electron, and unthermalized ion, and shown
against the total heating power in Fig. 10-(b). From this figure, it is found that
the parts of electron and unthermalized ion increase with a rise of heating
power. The ion stored energy, however, slightly increases and the increment of
ion energy to the total power is only one-third of those of electron. Figure 10-
(c) shows the change of Z.gy value followed by the increase of total heating
power. As the power is grater than 15 MW, the value of Zgg increases
nonlinearly due to the radiative enhancement sublimation at the edge of the di-
vertor plates [9]. Within a power of 10 MW, Zf is still less than two, in which a
fraction of the ion density to the electron density is grater than 80 %. Therefore,
the slight increase in the ion stored energy cannot be caused by proton dilution,
for the power region less than 10 MW. It may be concluded that the deteriora-
tion of ion confinement will be responsible for the power degradation of the L-
mode.

Local thermal transport analysis provide a better description of confinement
properties of plasmas with substantially different heating powers. Thus, we de-
scribe radial transport analysis of the electron and ion thermal conductivities
under several beam injection configurations with the low density of
1.0x10"° m-3 < i, < 3.0x10'° m3, so that we can separate the electron and ion
channels. Figure 11 shows thermal conductivities of ion and electron at a half
radii of plasmas as a function of the total heating power, in which open symbols
correspond to divertor discharges and closed one to limiter discharge. For both
configurations with the plasma current of 1 MA (Fig. 11-(a)), the ion thermal
conductivity significantly increases in proportional to the heating power and is
about three times the electron thermal conductivity at around 9 MW, whiles the
electron conductivity gradually increases with the power. This figure strongly
suggests that the ion conduction loss plays a major role of energy loss mecha-
nisms for low plasma current discharges of I, = 1 MA.

On the other hands, in the case of 2 MA plasmas under limiter configurations
(Fig. 11-(b)), the transport loss process seems to be fairly different from the low
current case. The electron conductivity is found to be larger than that of the ion,
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at low power level of 4 MW as shown in Fig. 11-(b). The ion thermal conduc-
tivity, however, still increases to a level comparable to the electron
conductivities, following a rise of auxiliary heating power : Data points shown
by bracket in Fig. 11-(b) are only presented as a reference for higher heating

power, because the line average electron density for this shot is 4.0x10" m3
and out of the limitation. Interesting feature that can be seen in Fig. 11 is that
the dominant loss channel is different at a low power region of around 4 MW,
depending on the plasma current. For two discharges where the plasma current

is 2 MA, the line average electron density is 2.3x10' m-3, and heating powers
are respectively ~3.7 MW and ~6.3 MW, radially integrated power flows of
electron and ion are shown in Figs. 12 and 13, in which conduction, Peng, is the
dominant loss in the both electron and ion power balances. The energy equipar-
tition, Peg, and convection, Peny, remain small loss. In the electron power bal-
ance the radiative power loss, Pra, becomes comparable to Peyg at a peripheral
region. In the case of lower heating power of ~3.7 MW (#10620), the joule
input, Pjute, is still the dominant heating power in the electron power balance,
comparing with auxiliary heating power. On the other hands, in the case of
higher heating power of ~6.3 MW (#10643), Pjouc and the additional heating
power to electrons, P&y, becomes comparable, and Pjoule results in a small frac-
tion of total input power. The energy exchange is so small that the input power
must be carried out through each loss channel. Therefore, the large input power
into the electron channel and small energy exchange term between the clectron
and ion mean that the large flow through the electron channel can carry out the
most of input power. That is the reason why the electron conduction is larger
than that of ion at a low power level. For these shots, the profiles of Xe and Xi
are shown in Fig. 14. A comparison of profiles under different heating power
levels shows that as the auxiliary heating power increases by a typical factor of
ohmic power, the ion diffusivity is enhanced over the whole radius and the
enhancement factor of neoclassical Xi surprisingly increases by a factor of 13 to
36. On the other hands, Xe shows little changes in magnitude. Again, come
back to the power dependence, we can still say that even in a higher current of 2
MA., the ion loss channels increases as the heating power increases. Therefore,
power degradation is mainly caused by enhanced ion thermal transport and starts
only with a slight auxiliary heating power.

Next, we will study the plasma current dependence of the confinement which
is not only another important feature of the L-mode scaling but also a key issue
to extrapolate reliability to future plasma regimes. A plasma current scan from
1.0 MA to 2.0 MA was performed for limiter discharges at nearly constant heat-
ing power of 5.6 MW to 6.3 MW and the same Zg value of 3.9, though the line

average electron density for 2.0 MA shot (i, = 7 3%10%° m-3) is slightly higher
than that for 1.0 MA discharge (7, = 1.6x10Y° m-3). The experimentally inferred
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diffusivities of i and Y are compared in Fig. 15. The small input power to the
ion channel and the strong sensitivity to the difference in temperature of the
energy exchange term in the ion power balance mean that the error in Xi is very
large indeed. Interestingly, however, despite the problems in determining X, it
seems that X is somewhat improved across the entire plasma cross section as
shown in Fig. 15-(a). The enhancement factor of the neoclassical Xi at r/fa=0.5
decreases from about 34 to 17, as the plasma current increases. The electron
thermal diffusivity increases toward the plasma edge for high g discharge, as
shown in Fig. 15-(b). -Thus, the improvement in Xe for plasma scans from 1.0
MA to 2.0 MA is clear at r=2a/3 where the plasma is dominantly confined. In
spite of large error bars, the reduction of i and X. allows the determination that
both improvements in the ion and electron confinement with the increase of I
are responsible for the origin of linear current scaling in L-mode confinement.

High central ion temperature up to 12 keV was obtained at high poloidal-beta
plasmas with high power long pulse neutral beam heating. Plasma profiles for
High-Ti mode and L-mode discharges are compared in Fig. 16; electron and ion
temperature, electron density, and toroidal rotation velocity. In this High-Ti
mode, extremely peaked ion temperature profiles and well peaked density pro-
file were realized in a narrow range of I, = 0.3 ~ 0.5 MA. The most remarkable
feature is that the central ion temperature is about two times the electron
temperature, decoupling of energy balance between electrons and ions. Another
feature is the toroidal rotation velocity, which grows up to 75 to 100 km/s in a
central region. Because of nearly balanced injection in JT-60, the rotation ve-
locity in L-mode discharges is still small, as shown in Fig. 16-(d).

To study what changes in transport occur between High-Ti mode and L-mode
discharges, comparisons of both discharges for X and Xi are performed in Fig.
17. We can see that )i is significantly reduced by a factor of 10 to 5 inside a
half-radius, compared with that in the L-mode. However, there is little change
in both %e. It is also found that the momentum diffusivity is comparable to X
and Xe, around r/a = 0.4. Therefore, the improvement in ¥ is responsible for the
High-Ti mode.

5. Summary

Local heat transport has been studied in auxiliary heated, JT-60 plasmas with
emphasis on understanding the deteriorated confinement observed in L-mode
plasmas. The systematic experiment and analysis have been carried out in L-
mode phase of divertor (single null, lower X-point), and limiter discharges with

hydrogen neutral beam heating (Pyg < 18 MW, Eg = 65 ~75 keV) into hydro-
gen plasmas (I, = 1.0 ~ 2.7 MA, B, = 4.5 T, fi, = 1.2 ~ 6.5x10" m3), based on
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seems that ¥ is somewhat improved across the entire plasma cross section as
shown in Fig. 15-(a). The enhancement factor of the neoclassical Xi at r/fa=0.5
decreases from about 34 to 17, as the plasma current increases. The electron
thermal diffusivity increases toward the plasma edge for high q discharge, as
shown in Fig. 15-(b). -Thus, the improvement in Xe for plasma scans from 1.0
MA to 2.0 MA is clear at r=2a/3 where the plasma is dominantly confined. In
spite of large error bars, the reduction of %i and X. allows the determination that
both improvements in the ion and electron confinement with the increase of Ip
are responsible for the origin of linear current scaling in L-mode confinement.

High central ion temperature up to 12 keV was obtained at high poloidal-beta
plasmas with high power long pulse neutral beam heating. Plasma profiles for
High-Ti mode and L-mode discharges are compared in Fig. 16; electron and ion
temperature, electron density, and toroidal rotation velocity. In this High-Ti
mode, extremely peaked ion temperature profiles and well peaked density pro-
file were realized in a narrow range of I, = 0.3 ~ 0.5 MA. The most remarkable
feature is that the central ion temperature is about two times the electron
temperature, decoupling of energy balance between electrons and ions. Another
feature is the toroidal rotation velocity, which grows up to 75 to 100 km/s in a
central region. Because of nearly balanced injection in JT-60, the rotation ve-
locity in L-mode discharges is still small, as shown in Fig. 16-(d).

To study what changes in transport occur between High-Ti mode and L-mode
discharges, comparisons of both discharges for Xe and Xi are performed in Fig.
17. We can see that % is significantly reduced by a factor of 10 to 5 inside a
half-radius, compared with that in the L-mode. However, there is little change
in both %e. It is also found that the momentum diffusivity is comparable to Xi
and Xe, around r/a = 0.4. Therefore, the improvement in X is responsible for the
High-Ti mode.

5. Summary

Local heat transport has been studied in auxiliary heated, JT-60 plasmas with
emphasis on understanding the deteriorated confinement observed in L-mode
plasmas. The systematic experiment and analysis have been carried out in L-
mode phase of divertor (single null, lower X-point), and limiter discharges with

hydrogen neutral beam heating (Pyp < 18 MW, Eq =65 ~ 75 keV) into hydro-
gen plasmas (Ip = 1.0 ~2.7 MA, B;=4.5T, n. = 1.2 ~6.5x10" m3), based on
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sets of consistent experimental data including ion temperature profiles from
CXRS measurements.

It is now generally acknowledged that heat flux through the ion channel may
be important in determining confinement. The deterioration in the energy con-
finement time with increasing the auxiliary heating power, so called the power
scaling, is mainly due to the degradation in ion energy transport. The
confinement improvement as the plasma current increases is followed by both
improvements in ion and electron transport properties. It is found that the ion
thermal diffusivity has an approval dependence on the density. This cannot be
excluded even at medium density.

The parameter dependence of Xi will be illustrated with a rough picture that X;
is a decreasing function of the density, but increases with a rise of the auxiliary
heating power, and Xi is improved with increasing plasma current. However,
parameter dependence of Xe is essentially indeterminate. This is because that in a
hydrogen plasma, the ion anomalous transport is so dominant in the power bal-
ance that the electron transport is masked behind the ion transport characteristic.

High ion temperature (T;(0) < 12 keV) L-mode plasmas are attained at high Bp
up to 3.5. The centrally peaked ion temperature is significantly due to the

improvement in ion transport property, which is reduced to the level of the elec-
tron thermal diffusivities.
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Fig.1 Experimental set up of the JT-60 diagnostic systems; Thomson
scattering and ECE for Te, CXRS for Ti, interferometers of two chord
FIR and 2 mm-} wave for i, two channel spectrometers of visible
bremsstrahlung for Zg, and nearly perpendicular injected beam lines.
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Fig. 2 Typical time evolutions of plasma parameters for the divertor discharge
(#10737) with [,=1.5 MA, fi, = 2.7x10"’m-3, Paps = 11.1 MW and
Zosi= 3.8: a) central temperatures of the ion and the electron from
CXRS and ECE, respectively; b) neutral beam heating power and total
radiation power; ¢) diamagnetic stored energy; d) the line electron
density at r/a~1/2.
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Fig. 3 Typical profile data of the divertor discharge (#10737) at a quasi-steady
state of 7.1 sec: a) profiles of electron and ion temperatures, and
radiation power; b) electron density profile. .
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Effect of particle diffusion on fast ions in slowing-down process. The
beam acceleration energy is 75 keV. Normalized particle diffusion co

efficient is assumed as 1,D/a2 = 0.5, in which 7 is the slowing-down
time.
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Density dependencies of the diamagnetic measured stored energy, the
kinetic stored energy, and the local thermal diffusivities of ions and
electrons at half radii of plasmas with 1.0 MA, divertor configurations
and the fixed beam powers of 2.1 MW to 2.6 MW: (a) the density
dependencies of the diamagnetic stored energy, Waa (open square
symbols) and of the kinetic stored energy, Wi(closed square symbols),
subtracted the beam component, Wy, from the W4y (b) the thermal
diffusivities of ions (open circles) and electrons (closed circles) versus
the line average electron densities.
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Temperature profiles of 1.0 MA, divertor discharges for two different
electron densities of 1.4x10'® m3 (dashed lines) and 3.1x10'® m-3 (solid
lines) with the fixed neutral beam heating powers of 2.1 MW to 2.6
MW: (a) the electron temperature profiles; (b) the ion temperature
profiles.
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Fig. 8 Comparison of neutral beam deposition profiles of 1.0 MA, divertor
discharges for two different electron densities of 1.4x10'¥ m* (dashed
lines) and 3.1x10'° m3 (solid lines) with the fixed neutral beam heating
powers of 2.1 MW to 2.6 MW,
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Flg 9 The thermal diffusivity profiles of ions and electrons for 1.0 MA,
divertor discharges with two different electron densities of 1.4x10!% m?3
(dashed lines) and 3.1x10'® m3 (solid lines). The neutral beam heating

powers are 2.1 MW to 2.6 MW: (a) the ion thermal diffusivity profiles
: (b) the electron thermal diffusivity profiles.
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Fig.10 Dependence of the stored energy components on the total heating
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Fig. 11 Power dependence of thermal conductivities at half radii of plasmas
under divertor and limiter configurations with low densities of
1.0x10"7 m3 < Ne < 3.0x10% m3: (a) for I, = 1.0 MA, circle and
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“conductivities, respectively, in which open and closed symbols show

divertor and limiter discharges, respectively.; (b) for Ip = 2.0 MA and
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a reference data for higher heating power, because the line average

electron density is 4.0x10" m3.
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Fig.12 Radially integrated power flows of limiter discharge (#10620) with
I, = 2 MA, Paps = 3.7 MW, T, = 2.3x10" m3 and Zerr = 2.7 :
(a) electron power flows, in which the electron conduction loss is Pgng
the electron convection loss P&y, the energy exchange term Peg, the
radiation loss Pry, the joule input power Pjoule, and the neutral beam
heating power to electrons Pxg ; (b) ion power flows, in which the ion
conduction loss is PLyg, the ion convection loss PL,., the charge
exchange loss Pcx, and the neutral beam heating power to ions P;iqB.



Power Flow (MW)

Fig.

JAERI-M 91—026

(a) Electron (b) Ion

3.0

2.0L Prbe —
\ 3
1.0 S
2
0.0 =
K
QL
-1.0 =
=]
o
-2.0
Pcnd
3.0 l , , -3.0 , ) ,
0.0 0.25 0.5 0.75 0.0 0.25 0.5 0.75
radius (m) radius (m)

13 Radially integrated power flows of limiter discharge (#10643) with
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Fig. 14 The inferred diffusivity profiles of electron and ion under different
heating powers. Two shots are #10620 and #10643, plasma parameters
of which are referred in Figs. 12 and 13, respectively : (a) the inferred
ion thermal diffusivity and the predicted neoclassical value, x{qc;

(b) the experimental value of the electron thermal diffusivity.
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Fig. 15 Comparison of experimentally inferred X and Xe for plasma current
scans from 1.0 MA to 2.0 MA at almost same heating power of 5.6
MW or 6.3 MW and constant Zeg of 3.9. The line average electron
densities are 1.6x10'® m3 for I = 1.0 MA and 2.3x10" m-3 for
I, = 2.0 MA: (a) ion thermal diffusivity profiles; (b) electron thermal
diffusivity profiles.
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Fig. 16 Comparison of plasma profiles between High-Ti mode and L-mode
discharges: (a) electron and ion temperature profiles for High-Ti mode

discharge withI, = 0.5 MA,B; =45 T, qa = 13.1, Paps = 18 MW, and
Ne = 3.5%10'%; (b) electron and ion temperature profiles for L-mode
discharge with I, = 0.7 MA, B(= 3.5, qa = 5.0, Paps = 18 MW, and

e = 3.5%10 m3; (c) electron density profiles, in which peaking
factors of density profile are 2.3 for High-Ti mode and 1.7 for L-mode,
respectively; (d) the rotation velocity profiles.
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