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Ion temperature ‘profiles of neutral beam heated plasmas in JT-60
have been estimated by using ion thermal diffusivities, Xg based on the
ion temperature gradient mode (ni mode) turbulence theories and compared
with experimental profiles measured by charge exchange recombination
spectroscopy (CXRS). We have adopted three different X4 models propesed
by Dominguez & Waltz, Lee & Diamond, and Romanelli.

The calculated ion temperature profiles show good agreement with
experimental data in the wide range of plasma parameter of L-mode
¢ischarges, which is T =1.0°v1.8MA, P, =1.3%16.7MW, Ee=1.2m5.0x1019m'3
for the divertor discharges and Ip=2.0m2.7MA, Pabs=3.0%17.4MW,
Eé=1.5m6.5XlOlgm_3 for the limiter discharges. Three different N
mode models of Xy do not show significant difference in this parameter
range, when the proper choice of numerical factor of Xg is employed.

In the high ion temperature plasmas (Ti(O)zilO keV), which were obtained
under the condition of Ipf;O.S MA and Pabszil5MW, the calculated ion
temperature profiles are broader than that of experiment. The large
toroidal flow, or the velocity shear, may have an effect on the peaking

of the ion temperature profile in these discharges besides the reduction

of Xi;

Keywords : Ion Temperature Profiles, JT-60, Plasma, Neutral Beam,

Ton Temperature Gradient Mode
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1. INTRODUCTION

In JT-60, transport analysis have been done both in ohmically heated and neutral beam
heated plasmas. In the previous work [1], we calculated electron and ion temperature
profiles by using a one dimensional tokamak transport code [2] with thermal diffusivities
based on the drift wave turbulence. We assumed that the electron and ion thermal
diffusivities were determined by trapped electron modes, circulation electron modes and
~ ion temperature gradient modes (Ni modes). We compared the results of calculation with
experimental data in the wide range of plasma parameters; the plasma current of Iy =
1.0 ~ 2.5 MA, the line averaged electron density of i, = 1.0 ~ 8.0 X 10" m-2 and the
neutral beam heating power of Pygp = 5 ~ 20 MW in discharges with the outside X-point
divertor and the limiter configurations

The calculated electron temperatures showed good agreement with the experimental data
in the medium range of line averaged electron density 71, ~ 4.0 % 1019 m-3 both in
ohmically heated and neutral beam heated plasmas. On the other hand, this model
underestimated both electron and ion temperatures in a low i, regime and could not
reproduce high temperature plasmas observed in neutral beam heating experiments.

The discrepancy between the calculated temperature and that of experimental data arises
from the sirong T, dependence of thermal diffusivity, especially the thermal diffusivity
induced by the dissipative trapped electron mode which has T]/2 dependence. Since the
effect of dissipative trapped electron mode was included in both electron and ion thermal
diffusivity formulas, not only the electron temperature but also the ion temperature is
strongly suppressed.

In these analysis, we calculated electron and ion temperatures simultaneously. In order
to exclude the influence on calculation results in either side of calculated temperature ( the
electron temperature or the ion temperature ) from the other side of calculated temperature
which may deviate from the experimental data , it is better to analyze each temperature
independently, that is, electron temperature only or jon temperature only, with all other
plasma parameters fixed. In those days, however, there were noways to compare the
calculated ion temperature profile with experimental data. Since 1988, the charge exchange
recombination spectroscopy (CXRS) system [3] provides 8 spatial points of ion
temperature data in the neutral beam heated plasmas.

In this paper, we concentrate ourselves on the analysis of the ion energy transport
mainly in L-mode discharges heated by the neutral beam in lower X-point divertor and
Jimiter configurations. We compare ion temperature profiles calculated from theoretical 10n
transport models with experimental results and check the validity of these models. We
solve the ion ternperature transport equation by using the Xi models based on Timode
" turbulence, while other plasma parameters such as ne, m;, Te, Zegps Prag are fixed. We
adopt three different Xi models proposed by Dominguez & Waltz [4], Lee & Diamond {6},
and Romanelli [7].

In the next section, we present the %i model based on M; mode, trapped electron mode
and circulating electron mode used in this paper. In section 3 and 4, the analysis of ion



JAERI-M 91-018

temperature profile in L-mode plasmas and high ion temperature plasmas are shown. In
Section 5, summary of this paper and some problems are discussed.

2. MODEL OF CALCULATION
2,1 Model of Ion Thermal Diffusivities

We employ the formula of ion thermal diffusivity, Xi, shown as follows;

Xi :xl +X1EICE+X1 .

(1)
The first term in the RHS of equation (1) is the thermal diffusivity based on the i mode
turbulence. The second term represents the edge transport model which is based on the
trapped electron mode and the circulating electron mode [4]. The third term is Chang &
Hinton's neoclassical diffusivity {8]. The first and the second terms are shown in detail in
the following subsections. The following formula is also adopted for comparison,

i INTOR , . NC
=% A K

2
INTOR o e

where Xi is the empirical thermat diffusivity of INTOR type.

2.2 Model of Ion Thermal Diffusivities by i Mode

We adopt three different types of Xi models based on the M mode turbulence, whose
formula are shown as follows;

(a) Dominguez & Waltz's model (4]

o | 2TiLami 172
2P = 2.5 v (T )
kg = ¢ 3)

(b) Lee & Diamond's modcl [6]
2
y D = 0.4 C ‘ n/2 (1+"q ) In(1+m;) } pics £y

4)
(¢) Romanelli's model [7]
R _ 1P1 1/2 172
f=30 £
%! I (M- Mic ) (5)
where
Ly _dInTj, din ne
n= L= dr /
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temperature profile in L-mode plasmas and high ion temperature plasmas are shown. In
Section 5, summary of this paper and some problems are discussed.

2. MODEL OF CALCULATION
2.1 Model of Ion Thermal Diffusivities

We employ the formula of ion thermal diffusivity, Xi, shown as follows;

: 4 TECE , . NC
xi= A G

(1)
The first term in the RHS of equation (1) is the thermal diffusivity based on the T}i mode
turbulence. The second term represents the edge transport model which is based on the
trapped electron mode and the circulating electron mode [4]. The third term is Chang &
Hinton's neoclassical diffusivity {8]. The first and the second terms are shown in detail in
the following subsections. The following formula is also adopted for comparison,

%=x + X )

NTOR +" X?ICJ
where Xi is the empirical thermat diffusivity of INTOR type.
2.2 Model of Ion Thermal Diffusivities by My Mode

We adopt three different types of Xi models based on the i mode turbulence, whose
formula are shown as follows;

(a) Dominguez & Waltz's model 4]

(T.m:\1/2
AP =25 o @ee | T e
12 TR
9 (3)
(b) Lee & Diamond's model [6]
2
L/D _ ;i ‘ L . . }2 PsCs .
x> =04 Cn2 7! (1+n;) In{1+n;) L H{yh) @
(¢) Romanelli's model [7]
2
R _ VP 12 (. e Y122
~=3CNh——¢ i~ Tic
xi 1, o (M- Mic ) (5)

where

nl=_I:n_”_=dlnTi/dlnne
"Lp dr dr
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Lo=ne/|8%  1p=m|8h L-rq/rG

keTe Te 2 1 (miTe)Uz (miTi)U2
= T O =\ i— = — =

m*e LneBt i (me) qR , pS eBt ’ 1 eBt ,
T.\12 T:\12

ool vefB"

kn = 0.3 _ _&

8 ps En= g
and
1
fin) =
M) = T Sp(-61i) ©

The numerical coefficient, C™, is set afterward. In this paper, we mainly adopt
Dominguez & Waltz's model and other models are used for comparison. These three ¥;
formula have the same temperature dependence of T13,if T, is close to T; . The function
f(ny gives the smooth transition of X; around the threshold value, Ni, of Mi. This function
is almost zero below N - 0.5 and almost one above M + 0.5 (See Fig.1). In the
Romanelli's model, we ‘also slightly modify the T; dependence on X; near the threshold
(Mie - 0.4 €M; € Mje + 0.2) in order to avoid the numerical problems arising from the large
value of 9%/OM; near M = Nic in the original formula. Figure 2 shows comparison of the
original M; dependence on X; of Romanelli's model (broken line) and the modified one used
in the following calculations (solid line).

The value of My is determined as follows [71,[9];

1 (£.<02)
1425 €02 (€.202) (7)

Nic = Nil€a) =

This formula indicates that T becomes large where the density profile is flat;.that is, near
the plasma central region. The unstable region against i mode by this M model is shown
in Fig.3 by (L1, L) space. We will compare the results of calculation with the constant
Ty case; Nk = 1, in Section 3.

2.3 Model of Plasma Edge Transport

In equation (1), T ECE represents thermal diffusivity contributed from trapped electron
mode, x?E, and circulating electron mode, XFE {41, that 1s;
TE CE
x"ii"E/CE = CTE o TE 4 CCE @)
%7€ is made up of the collisionless trapped electron mode and the dissipative trapped
electron mode
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x 1B :i%fimmin( 1,w*°€)
2 kg

Vei

®)

The value of X.* decreases toward the plasma center since the collisionless trapped electron
mode and the dissipative trapped electron mode have [;! and L;2 dependence in their
formula, respectively. % 5F is made up of the collisionless circulating electron mode and the
collisional circulating electron mode,

% $E =%M§ﬂe max(‘ 1,—"—2)
kg Oe Ore (10)
The value of X E also decreases toward the plasma center; more drastically comparing with
the trapped electron modes. These modes have [.;2 dependence in their formula and is large
only very near the plasma surface. The second term in the RHS of equation (2) is defined

as

5 INTOR — CINTOR 5 x 101
1 ng . (11)

Coefficients such as CTE, CE and CINTOR gre set afterward.

2.4 Methods of Calculation

We obtain the radial profiles of plasma parameters such as Ne, Te and T; from the
diagnostic data at discrete radial points by using the least square fitting method. We adopt
following two types of fitting function:

(1) Parabolic fitting function
f(r,o) = (FO)-(1)) ( 1-r2)* + £(1) . (12)

(i1) Pedestal fitting function
fi(r,00,B8) = (FO)-£(1) {1 - 2 + ar2( 1- 12 ) + Br2( 1- ) + £(1) (13)

f(O) and f(1) are the central and boundary values respectively. Coefficients such as ¢ and
B are determined by the least square method.

The effective charge number, Z g, measured by the visible Bremsstrahlung is assumed
to be spatially constant. The fast ion density profile, nf, is calculated by Orbit-Following-
Monte Carlo Code ( OFMC code )[10]. The thermal ion density, n?‘, is then calculated as
ni = n; - ni. The neutral density profile is calculated by using the Monte Calro technique
and the absolute value of neutral density is evaluated from the particle confinement time
obtained by the empirical scaling law. The power deposition profile of neutral beam to
electrons, Py and to ions,Pli\]BI, are also calculated by OFMC. As for the plasma current
profile, we set J(r) = J(0) ( 1 - 12)¥1 - ! assuming q(0) = 1.

— 4 —
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For these plasma parameters, the ion temperature profile is calculated from the steady
state equation of ion energy balance with prescribed theoretical models of Xi. The
calculated ion temperature profile is compared with experimental data.

2.5 Thermal Diffusivity Calculated by Experimental Data Analysis

In the following section, we compare the profile of theoretical Xi model with that
obtained from the experimental data analysis of the measured Tj profile. We express the
latter as xis°°°p which is defined as follows;

r )
-iTiI‘m——l—w (-—ch—P.:q—{»Pﬁ:m)rdr
r<ivi®> Jo
JTi
Jr (14)

- l'l;

where [, Pcx and Peq represent the ion particle flux, the charge exchange loss and the
equi-partition energy exchange between electrons and ions, respectively. I, is defined as
follows.

r.
() =—1
1ﬂl (T) r('V[P) Iomr(sn+SNB )’ (15)

where S and SNB are a local particle source inferred from a particle confinement time and
a fast ion birth profile of neutral beam calculated by the OFMC code, respectively. The
particle confinement time is assumed by an empirical scaling of Tp (sec) = 0.05/
1,(102°m3) / P (MW)03 where T, is the line average density and Pyps totally absorbed

heating power.

3. RESULTS OF CALCULATION IN L-MODE PLASMAS

In this section, we calculate T; profiles of neutral beam heated, L-mode plasmas in JT-
60 by using the transport models described in the previous section. At first, we compare
the calculated T; profiles with and without the second term of RHS of eq.(1). Inthe
calculation hereafter, we employ two sets of coefficients in eq.(1) ;

case (D CMi=0.6, CTE= (. and CE=0,
and
. case @) CMi=05, CE=02andCE=02.
We adopt the Dominguez & Waltz's Xi model. These sets of coefficients are determined to
adjust the calculated ion temperature profile to the experimental data of typical 1.0 MA and

1.5 MA divertor shots.
We select the shot number E10737 (P = 11.1 MW, Tle =2.9 X 10 m3, Z =35
) as the typical discharge in the 1.5 MA lower X-point divertor configuration. The profile

_5_
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For these plasma parameters, the ion temperature profile is calculated from the steady
state equation of ion energy balance with prescribed theoretical models of Xi. The
calculated ion temperature profile is compared with experimental data.

2.5 Thermal Diffusivity Calculated by Experimental Data Analysis

In the following section, we compare the profile of theoretical X; model with that
obtained from the experimental data analysis of the measured Ti profile. We express the
latter as xiSCOOP which is defined as follows;

I .
-1Til";+—1—w—~—J (- Pex - Peg + Pnpr ) rdr
r<|v?> Jo
dli

i =

ar (14)

12 (1) =

where T, Pex and Peq represent the ion particle flux, the charge exchange loss and the
equi-partition energy exchange between electrons and ions, respectively. I, is defined as
follows.

.
) =1 .
T (1) i) jodrr(SﬁSNB)J (15)

where Sp and SNB are a local particle source inferred from a particle confinement time and
a fast ion birth profile of neutral beam calculated by the OFMC code, respectively. The
particle confinement time is assumed by an empirical scaling of Tp (sec) =0.05/
f1,(102°m3) / Pops(MW)®3, where T, is the line average density and Pgps totally absorbed

heating power.

3. RESULTS OF CALCULATION IN L-MODE PLASMAS

In this section, we calculate T; profiles of neutral beam heated, L-mode plasmas inJT-
60 by using the transport models described in the previous section. At first, we compare
the calculated T; profiles with and without the second term of RHS of eq.(1). In the
calculation hereafter, we employ two sets of coefficients ineq.(1);
casc (D CW=06, C'F=0. and CF =0,

and
. case (I) CMi=05, CTE=02and CE=02 .
We adopt the Dominguez & Waltz's ¥ model. These sets of coefficients are determined to
adjust the calculated ion temperature profile to the experimental data of typical 1.0 MA and
1.5 MA divertor shots.

We select the shot number E10737 (P = 11.1 MW, B = 2.9 x 101 m-3, Zere = 3.5
) as the typical discharge in the 1.5 MA lower X-point divertor configuration. The profile

_5_
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of plasma parameters of this shot such as ne, n;, n nt", T,, Py and Pkgy are shown in Fig.4.
The i profile of case (I) is shown in Fig.5(a). The thin solid line is the contribution from
the M; mode, ¥, and the dotted line corresponds to the neoclassical diffusion, X Ne The
thick solid line is the sum of them, x;rmal We can see that %'V is the dominant term in the
core plasma. Since X" has_the temperature dependence of T 'IO'5 it decreases toward the
plasma edge region. The X~ is about one ordcr smaller than " and becomes comparable
to ™ only very near the magnetic axis where %€ increases as £1°5. Fig.5(b) is the
profile of case (II). The broken line is the contribution from trapped electron modes and
circulating electron modes, xTE/CE Other lines are the same as in Fig.5(a). The value of
x;rE/C Eis large in the plasma penpheral region, where the main conmbutlon comes from
circulating electron modes, X1 Apart from the plasma periphery, the X1 E value decreases
rapidly and the contribution from trapped electron modes, xlTE, takes its place. Because the
%i TECE decreases toward plasma center, the T; mode turbulence is still the dominant
conduction loss mechanism in the core plasma as in the case (1).

Figure 5(c) is the comparison of Mi (eq.(7); broken line) and 7; values of case (I)
(dotted line) and case(IT) (solid line). Except for the plasma center, both M; are larger than
Ne. At r ~ 0.4 m where the density gradient is small, the M values becomc somewhat
larger than that of other region. Flgure 5(d) is the comparison of X1 2l of case (I) (dotted
line) and case(II) (solid line) with X; Scaop (broken line) calculated by experimental data
analysis (eq.(14)). The calculated % of case (II) agrees well with X; seoo P The calculated Xi
of case (I) also agrees with x o°P except in the plasma peripheral region.

Figure 5(e) shows the calculated T; profile of case (I) (dotted line) and (IT) (solid line)
and experimental data measured by CXRS. It is interesting to see that the calculated ion
temperature profile in the case (I) agrees with experimental data’ in spite of the discrepancy
of calculated X value with x ? in the plasma peripheral region. In the case (II), better
agreement of calculated T; profile with experimental data can be seen.

The reason why the deviation of calculated X from xl P in the plasma peripheral
region does not make so much difference in the T; profile between the calculation and the
experimental data is apparent from Fig.6. This figure shows the ion energy flow integrated
from the plasma center of each case (Fig.6(a) for case (I) and Fig.6(b) for case (II}). In
this figure, the thin solid line, the thick solid line, the broken line, the dotted line and the
dotted-broken line are the neutral beam heating power, conduction loss, convection loss,
charge exchange loss and the equi-partition between electrons and ions, respectively. The
dominant loss channel in the core plasma is the conduction loss. In the plasma peripheral
region, however, the equi-partition loss or convection loss becomes comparable to or
greater than the conduction loss. For this reason, the difference between theoretical Xiand
x?cmp in the plasma peripheral region weakly affects the T; profile.

 We tried the comparison of calculated T; profile with experimental data for both case
(D) and (11) in several shots. The calculated T; profiles for both cases agree with
experimental data. The %TECE term in eq.(1) affects the T; profile only near the plasma
peripheral region in the parameter range of the L-mode discharges. The T; profile of case
(D) is slightly fat at the plasma edge region comparing with case (II). Since the better
agreement of calculation and experimental data can be seen in case (II), we study the

A6_
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plasma current dependence and the absorption power dependence of transport
characteristics with coefficients of case (II) hereafter.

Figure 7 shows the comparison of calculated T; profiles with experimental data in the
different plasma current; (a) 1.0 MA, (b) 1.8 MA, (c) 2.0 MA and (d) 2.7 MA. The case
(a),(b) and (c),(d) are divertor and limiter shots, respectively. The absorption power range
is 9.7 ~ 12.1 MW . The solid line is the calculated T; profile. Good agreement of
calculated Ti and experimental data can be seen.

Next, we show the comparison of calculated T; profiles with experimental data for
different absorption powers. They are shown in Fig.8 (1.0 MA divertor shots), Fig.9 (1.5
MA divertor shots), Fig.10 (2.0 MA limiter shots) and Fig.11 (2.7 MA limiter shots). The
calculated Ti profiles shown in solid line agree well with experimental data in the wide
range of plasma parameters; I, = 1.0 ~ 1.8 MA, P = 1.3 ~ 16.7 MW,
fi, = 1.2 ~ 5.0 x 10! m3 for the lower X-point divertor shots and I = 2.0 ~ 2.7 MA,
Pas=3.0~17.4 MW, 1. = 1.5 ~ 6.5 X 101? m-3 for the limiter shots. For these shots, the
line averaged electron density is not always in the same range because the change of neutral
beam heating power accompanies the change of electron density, especially in limiter
discharges.

The comparison of ion stored energy obtained by the calculation above and that of
experimental data are compared in Fig.12. They show good agreement except for some
1.0 MA limiter shots. The results of 1.0 MA limiter case is presented afterward.

We have obtained the similar calculation results by using other theoretical Xi models
based on the T; mode turbulence, mentioned in the section 2.2. Figure 13 is the calculation
results of typical shot E10737 by Lee & Diamond's Xi model (eq.(4)), in which we set
CMi = 2.5, CTE = 0.2 and CCE = 0.2. This ¥%; model has strong dependence on T; value and
the difference between Thic and the calculated 1 is not so large everywhere (0.7 at the
utmost ), different from the Dominguez & Waltz's model. Since Lee & Diamond's model
has L;! dependence, the Xi value decreases toward the plasma center. As the result, the
calculated ;i has the somewhat convex shape comparing with xiSCOOP. However the
calculated T; profile agrees well with experimental data within their error bars..

Figure 14 is the calculation results of Romanelli's %; model (eq.(5)), in which we set
CNi = (.8, CTE = 0.2 and C“E = 0.2. The i show the similar radial profile as xiScoop and
the calculated T; agrees well with experimental T; profile in the whole plasma region. We
also obtained good agreement of calculated T; and experimental data in other shots with
using the same coefficients mentioned above.

Tn the 1.0 MA limiter shots, the calculated T; profile by the Ni mode turbulence
models used above becomes much larger than experimental data. For example, we show
the typical 1.0 MA limiter shot case (E10619, P,y, = 5.58 MW, D = 1.67 X 10" m-3 ,
Zegt = 3.5)- The profiles of n. , nj, nih, T,. Pfpyand PrinI are shown in Fig.15. We use
the Dominguez & Waltz's My mode model. Figure 16(a) shows the profile of Nic and the
calculated );. Figure 16(b) shows the profile of calculated ¥ and its composition. We can
see that the T; mode is the dominant conduction loss. The comparison of calculated Xi with
X-SCOOP and the comparison of calculated T; with experimental data are shown in Fig.16(c)

I

— 7 -
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and (d). The value of calculated Xi becomes lower than xiSCOOP, which gives rise to higher
value of calculated T; comparing with experiment.

In order to realize the degree of difference between the calculation and the
experimental data, we compare the calculated T; profile by changing coefficients such as
CNi, Figure 17 shows the result. The solid line, the broken line and the dotted line indicate
the case of ( C, CTE, CCE } = (0.5, 0.2, 0.2), (1.0, 0.4, 0.4) and (2.0, 0.8, 0.8)
respectively. The increase of transport coefficients by factor 4 makes agreement of
calculated T; and the experimental data. Results of other two 1.0 MA limiter shots also
indicate that the calculated T;is higher than experimental data.

We suppose two poséibility to explain this. One is that local i strongly depends on
I in the limiter plasmas while weakly depends on I in the divertor plasmas. Actually, the
global energy confinement time, g, is proportional to 18‘74 in the limiter plasmas, which is
stronger dependence than the case of lower X-point divertor plasmas in which g is
proportional to 13‘39 [11]. Of course it is uncertain whether both electron and ion transport
equally depend on I, in the limiter. However, if this is the case, the Xi model mentioned
above cannot explain the experimental T; because there is essentially no I dependence in
the i formula in the models used above.

The other possibility is that because the Z values are large (~ 4)in these limiter
shots, the ion density dilution affects the calculation results. For example, if carbon is
supposed to be the dominant impurity species in the plasma, the ion density in the Zg = 3
plasma is 50% larger than that of Z. = 4 plasma. In order to evaluate the effect of Z  on
the calculation results, we calculate the same shot again changing the 7,z value. In Fig.
18, the solid line, the broken line and the dotted line indicate the case of Zyy = 3.0, 2.0 and
1.5 respectively. The decrease of Zg value accompanies the decrease of calculated T; and
better agreement with experimental data.

At the present time, there are only three 1.0 MA data available and the much impurity
background in the limiter case degrades the precision of T; measurement. We cannot
definitely conclude on this matter.

4. RESULTS OF CALCULATION IN HIGH-TI PLASMAS

In this section, we analyze high ion temperature (high T;) plasmas with the central 10n
temperature around 10 KeV or larger. These plasmas are obtained in the high power
neutral beam heated case ( Paps = 15 MW ) with low plasma current; I < 0.5 MA. We
select the shot number E10300 (E10300, I, = 0.57 MA, Py = 15 MW,

M. = 3.49 x 1019 m3 , Zegr = 2.82 ) for the typical high T; case. The profiles of ne, nj, ni",
T, P$ppand Pip are shown in Fig.19.

The characteristics of high T; shot is that the Ne profile as well as the T; profile is
highly central peaked pedestal profile. Still more, the T; value in the region of % 20.51s
very low. Especially in the I, = 0.3 MA case, T; value is 1 ~ 2 keV at  ~ 0.5 whereas the
central T, value is about 10 keV. It is as if there are two different plasmas; the peaked
profile and very high temperature central plasma and the low temperature edge plasma.

_8A
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and (d). The value of calculated Xi becomes lower than xiScoop’ which gives rise to higher
value of calculated T; comparing with experiment.

In order to realize the degree of difference between the calculation and the
experimental data, we compare the calculated T; profile by changing coefficients such as
C"i. Figure 17 shows the result. The solid line, the broken line and the dotted line indicate
the case of { C, CTE, C°E } = (0.5, 0.2, 0.2), (1.0, 0.4, 0.4) and (2.0, 0.8, 0.8)
respectively. The increase of transport coefficients by factor 4 makes agreement of
calculated T; and the experimental data. Results of other two 1.0 MA limiter shots also
indicate that the calculated T; is higher than experimental data.

We suppose two poséibility to explain this. One is that local Xi strongly depends on
I, in the limiter plasmas while weakly depends on I, in the divertor plasmas. Actually, the
global energy confinement time, Tg, is proportional to I0-74 in the limiter plasmas, which is
stronger dependence than the case of lower X-point divertor plasmas in which Tg is
proportional to 13-39 [11]. Of course it is uncertain whether both electron and ion transport
equally depend on I in the limiter. However, if this is the case, the Xi model mentioned
above cannot explain the experimental T; because there is essentially no I dependence in
the %i formula in the models used above.

The other possibility is that because the Z values are large (~ 4)in these limiter
shots, the ion density dilution affects the calculation results. For example, if carbon is
supposed to be the dominant impurity species in the plasma, the ion density in the Zeg = 3
plasma is 50% larger than that of Z g = 4 plasma. In order to evaluate the effect of 7, on
the calculation results, we calculate the same shot again changing the 74 value. In Fig.
18, the solid line, the broken line and the dotted line indicate the case of Z.g = 3.0, 2.0 and
1.5 respectively. The decrease of Zr value accompanies the decrease of calculated T;and
better agreement with experimental data.

At the present time, there are only three 1.0 MA data available and the much impurity
background in the limiter case degrades the precision of T; measurement. We cannot
definitely conclude on this matter.

4. RESULTS OF CALCULATION IN HIGH-TTI PLASMAS

In this section, we analyze high ion temperature (high T;) plasmas with the central ion
temperature around 10 KeV or larger. These plasmas are obtained in the high power
neutral beam heated case ( Pups = 15 MW ) with low plasma current; I, < 0.5 MA. We
select the shot number E10300 ( E10300, I, = 0.57 MA, Py = 15 MW,
fle = 3.49 x 10'® m=3 | Zesr = 2.82) for the typical high T;case. The profiles of ne, n;, Hﬁh,

T Pipyand Pl are shown in Fig.19.

The characteristics of high T; shot is that the De profile as well as the T; profile is
highly central peaked pedestal profile. Still more, the T; value in the region of % 20518
very low. Especially in the I; = 0.3 MA case, T;valueis 1 ~2keV at _ar_ ~ 0.5 whereas the
central T; value is about 10 keV. Tt is as if there are two different plasmas; the peaked
profile and very high temperature central plasma and the low temperature edge plasma,

w8_
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Figure 20(a) indicates the profile of Nic and the calculated M value. In the plasma
center, the M; value becomes less than unity, which means the stabilization of M mode. The
calculated M; value takes maximum value at £ ~ 0.5 where the density gradient is small.
Figure 20(b)is the profile of calculated Xi and its content. Since the electron temperature is
high ( Te(0) ~ 6 keV ), the Xi contribution from the trapped electron mode becomes large at
the plasma central region. This causes the flattening of ion temperature in the plasma
central region and 7; value decreases below Tic.

Figure 20(c) shows the comparison of the calculated Xi with x P, They
conmderablgr disagree. The calculated ¥; is almost constant in the plasma. On the other
hand, the X; P is very low in the plasma center; almost the same as neoclassical value,
and very large at the peripheral region. This is apparent from the experimental T; profile
and the formula of eq.(14). In the high T;shots, the temperature gradient is very large in
the plasma center reglon and is very small, nearly zero gradient, in the penpheral region.
This results in the X; P profile shown in Fig.20(c). The similar profile of Xl 7°P is seen
in other high T;shots. For this reason, the calculated T; profile becomes broader than
experimental data (Fig.20(d)).

Even in the calculation without the trapped electron mode model in order to avoid its
strong effect on the X in the plasma central region where T, is very high, we get similar
calculation results which are shown in Fig.21. Three figures indicate the profile of (a)
calculated Mi, and Mic (b) calculated % and (c) comparison of calculated T; and experimental
data. The solid line, broken line and dotted-broken line shown on each figure are the
results of X; model by Dominguez & Waltz, Lee & Diamond and Romanelli respectively.
Coefficients C™ are the same as that we use in the previous section. We can see that the
role of the trapped electron mode is replaced by the Ti mode. Among three models, Lee &
Diamond's model reproduce more peaked T; profile companng with the other models
because calculated i becomes convex profile similar to xl %P However, it is less peaked
than experimental data.

Since the discrepancy between the calculated T; and the experimental data is large in
the plasma peripheral region, next we investigate whether M; mode model is applicable at
least in the plasma central region (r < 0.5) where the gradient of density and ion
temperature is large. In order to reproduce the low ion temperature region in the plasma
edge, we define the ion thermal diffusivity as follows;

Neoclassical ., Scoop )

xi=max(x e e (16)
Since the xiScoop value in the high plasma is very large in the plasma edge region, we can
study the T); mode transport only in the plasma central region. Figure 22 shows the profile
. of the calculated ; and T; profiles. The calculated central T; value is smaller than the
experimental data.

After all, the T; profile calculated by Mi mode model does not agree with the pedestal
and center peaked T; profile of high T; shots. Other transport mechanism, for example
inward heat pinch in the plasma central region which may be caused by the negative
potential in the plasma central region, must be considered to explain the experimental data.

— 9 —
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5. SUMMARY AND DISCUSSION

We investigate the effect of Tlic model on the calculation results. We compare the four
constant Mic models with Mjc =- o, 1, 1.5 and 2. The case of Nic = - o means that 7;
mode is always destabilized. The results of Romanelli's Mic model presented in the section
3 and 4 is almost the same with the Mic = 1 case. Since the calculation with the same C:
value all through the different Njc value results in the considerably different central ion
temperature, the C™ value is adjusted for each Tic case in order to, at least, reproduce the
central ion temperature of experiment. In the Dominguez & Waltz's model, we set Ci
values as 0.5, 0.5, 0.6 and 2.0 for the case of Mjc =- oo, 1, 1.5 and 2, respectively. In the
Lee & Diamond's model, we set them 2.5, 2.5, 3, 10.

Figure 23(a) 1s the comparison of N; profile by these models for the discharge of
E10737. We adopted Dominguez & Waltz's ;i model. The solid line, broken line,
dotted-broken line and the dotted line indicate the cases of Nic =- o0, 1, 1.5 and 2. In the
Tlic = - oo case, the T; value becomes maximum at r ~ (.4 m where the L, takes maximal
value. Apart from r ~ 0.4 m, the M; value deceases and is almost one at the plasma center
and the edge region. As the Mic value increases, the 1 value of plasma center and edge
region increases whereas itdeceases att ~ (.4 m. As a result, the Mj profile becomes flatter
as the increase of Njc value. Figure 23(b) shows the comparison of f(1)) profile (eq.(6))
for these models. As the Mic value increases, the f(1;) value becomes smaller because the
Mi mode is easier to be stabilized with high M;c value. Figure 23(c) shows the calculated ¥
profiles. In spite of the different value and shape of f(1;) for each model, the obtained X;
profile becomes similar because of the different CMvalue. Asa result, the calculated T;
profiles (Fig.23(d)) are almost the same and agree well with experimental data.

The reason why the N; value at r ~ 0.4 m decrease as the increase of N is as follows:
As the Mic value increase, the 1i mode tends to be stabilized at the plasma center and the
edge region in the first place, where originally the T; value is small. This results in the
decrease of Xi in this area. Since the C™i value is adjusted to reproduce the central T; value,
the ¥i value other than this area increase, especially around r ~ 0.4 m where the T value is
originally large and it is harder to stabilize Mi mode, and the ion temperature gradient
around r ~ 0.4 m is compelled to be decreased. As a result, the 1 value atr ~ 0.4 m
decrease. In short, the increase of both MNic and C™ makes flatter N; profile as the increase
of Nic.

We made the same calculation with Lee & Diamond's Xi model. They are shown in
Fig.24. Since the Lee & Diamond's Xi formula has L;! dependence, which becomes zero
toward the plasma center, the Xi value is small at the plasma center region. For this reason,
different from the Dominguez & Waltz's case, the M; value is large at the plasma center. As
the Mic value increases, the M value decreases at the plasma center and increases at the edge
region because of the reason mentioned above. The calculated T; profiles are almost the
same and agree with experimental data for the different value of Nie, although the shape of
f(ny is considerably different.
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Next we examine the same matter on the high T; plasma. In this case the second term
of RHS of eq.(1) is eliminated. The result of Dominguez & Waltz's model with different
Tic value is shown in Fig.25. The C" values are set 0.5, 0.5, 0.6 and 2.0 for the case of
Nic = - o, 1, 1.5 and 2, respectively which is the same with the L-mode case. As the Nic
value increases, in the plasma central region where the Nj value is essentialty small
comparing with that in the plasma edge region, the T mode becomes stabilized in the first
place. It gives rise to the reduction of %; value in the plasma central region as the increase
of Mic value. Different from the L-mode case, the calculated T; profile drastically changes
as the increase of Tic value. We can see better agreement between the calculated T; and the
experimental data with the higher Mic value.

The same tendency is obtained for the Lee & Diamond's X; model. The calculation
results is shown in Fig.26. The C™ values are set 2.5, 2.5, 3 and 10 for the case of Nic =
-0, 1, 1.5 and 2, respectively which is the same with the L-mode case. Since T value is
small in the plasma central region, the Ti mode is easily stabilized there and the X value
decreases as the increase of Tic value. As a result, the calculated T; and the experimental
data agree well in the higher Tjc value.

There are many formula of Mic value but we cannot tell which is the conclusive one at
the present time. At least for the high T; plasmas in JT-60, the higher Tic makes better
agreement between the calculation and the experiment.

The ion temperature profiles of JT-60 neutral beam heated plasmas have been
analyzed in the wide range of plasma parameters by using three different formula of Xi
model based on Mi mode turbulence. The calculated T; profiles are compared with
experimental data measured by charge exchange recombination reaction.

The calcutated T; profiles in the L-mode plasmas show considerably good agreement
with experimental data in the wide range of plasma parameter; [p = 1.0 ~ 1.8 MA,

P, = 1.3 ~16.7 MW , B, = 1.2 ~ 5.0 x 10! m-3 for the divertor plasmas and
Ip=2.0~27MA, Py =3.0~17.4 MW, Tl = 1.5 ~ 6.5 X 1019 m-3 for the limiter
plasmas with the fixed coefficients, C = (.5, CTE = 0.2, and CCF = 0.2 for Dominguez &
Waltz's model. Good agreement between the calculated T; and the experimental data can
also be seen in the different formula of the Mi mode model; Lee & Diamond's model with
CMi = 2.5 and Romanelli's model with C"i = (0.8

In these calculations, the dominant conduction loss is caused by the N; mode
turbulence in the bulk plasma. The decrease of X value by this model toward the plasma
edge region because of the low temperature is compensated with X by the trapped electron
mode and the circulating electron mode which increases toward plasma surface. However
the edge i enhancement is not always necessary because the dominant energy loss

_mechanisms in the plasma edge region are the convection loss or the equi-partition loss or
the charge exchange loss, not the conduction loss. For this reason, the calculated T; profile
without the trapped electron mode or the circulating electron mode does not make so much
difference from the results with these modes. Only at the plasma edge region, the T; profile
becomes somewhat fat if these modes are not considered.
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Inclusion of these modes makes better agreement between the calculation results and
experimental data. However, the edge transport model is not necessary to be the trapped
electron mode nor the circulating electron mode. A mode with which X value becomes
large enough to compensate the decrease of %i by the Ti mode turbulence at the plasma edge
region will do. For example, INTOR type thermal diffusivity is also available. We have
also obtained the good agreement of calculated T; with experimental data by using eq.(2)
with the coefficient of CINTOR = 0.6, In this case, the second term of RHS of eq.(2) is
large near the plasma surface and decreases toward the plasma center like the case of TE/CE
model. The M;mode contribution to ¥; is also dominant conduction loss in the core plasma
region all the same. This means that if we select the thermal diffusivity model which
becomes large enough toward the plasma peripheral region to compensate the reduction of
™ value, it does not matter whatever this additional X ; model 1s.

In the 1.0 MA limiter plasmas, on the other hand, the calculated T; becomes much
higher than that of experimental data. The calculated i is smaller than X5 by factor 4.
There are two possibility to explain this discrepancy. One is that local X; strongly depends
on I in the limiter plasmas whereas weakly depends on Ip in the divertor plasmas. In this
case, the %; model mentioned above cannot explain the experimental T; because there is
essentially no I, dependence in the %: formula in these models. The other possibility is that
the ion density dilution due to the large Z. value can affect the calculation results.
However, there are only three 1.0 MA data available and the much impurity background in
the limiter case degrades the precision of T; measurement. We cannot definitely conclude
on this matter at the present time.

In the high T; shot cases, the calculated T; profiles becomes broader ones comparing
with the experimental data which is pedestal and center peaked profile. Other transport
mechanism, an inward heat pinch for example, must be considered in the plasma central
region in order to explain the experimental data.
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Fig.1  The profile of N mode on/off function, f M) = 1/{ 1 +exp(-6 (Ni-Mic ) ) ).
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Fig.2  The original i dependence on X; of Romanelli's model (broken line) and the
modified one we use in the calculation (solid line).
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transport model ), (¢) comparison of T value of case(D) (dotted line), case(1l)
(solid line) and Nic (broken line), (d) comparison of X; of case(I) (dotted line),
case(ID) (solid line) and xiSCOOP (broken line), (e) comparison of calculated T; of
case(I) (dotted line), case(II) (solid line) and TE*P in E10737. The calculated T;
profile of case(IT) shows good agreement with experimental data.
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limiter. The absorption power is 9.7 ~ 12.1 MW. They show good agreement.
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Fig.12 Comparison of ion stored energy by calculation with that of experimental data.
They show good agreement except for some 1.0 MA limiter shots.
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Fig.15 The profile of (a) Ne, T4, ntih, (b) Te measured by laser Thompson scattering, ()
PXsr and PNBI calculated by OFMC in the 1.0 MA limiter shot (E10619).
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Fig.18 The profile of calculated T; and To* in E10619 with Zeff = 3.0 (solid line), 2.0
(broken line) and 1.5 (dotted line).
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Fig.19 The profile of (a) e, Ni, ntih, (b) Te measured by laser Thompson scattering, (c)
PXBI and PNgI calculated by OFMC in the 0.5 MA high T; shot (E10300).
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Fig.20 The profile of (a) calculatcd i, (b) %i and its composition, (c) comparison of Xi

(solid line) with X, P (broken line), (d) comparison of calculated T; with TE P
in E10300.
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Fig.22 The profile of (a) %i and (b) comparison of T; with T* in E10300, in which i
model by i mode is effective only in the region of % < % The calculated central
T; value is smaller than experimental data.
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Fig.23 The profile of (a) Ni, (b) f(ny , () Xiand (d) comparison of T; with T?XP in
E10737 calculated by Dominguez & Waltz's model with the different value of
TMic. The solid line, the broken line, the dotted-broken line and the dotted line
correspond to Thc = - o0, 1, 1.5 and 2 respectively. The C": values are 0.5, 0.5,

0.6 and 2 respectively.
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Fig.24 The profile of (a) M;, (b) £(n) , (¢) Xi and (d) comparison of Tj with T?Xp in
E10737 calculated by Lee & Diamond's model with the different value of Tic.
The solid line, the broken line, the dotted-broken line and the dotted line
correspond to Mic = - o0, 1, 1.5 and 2 respectively. The C values are 25,2.5,3

and 10 respectively.
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Fig.26 The profile of (a) M, (b) f(ny , (c) Xi and (d) comparison of T; with TI;:XP in
E10300 calculated by Lee & Diamond's model with the different value of Mic.
The solid line, the broken line, the dotted-broken line and the dotted line
correspond to Mic =- ==, 1, 1.5 and 2 respectively. The CMi values are 2.5, 25,3 p"
and 10 respectively. The edge transport model is not adopted in this calculation.




