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Transport analysis codes have been developed in order to study
confinement properties related to particle and energy balance in ohmically
and neutral beam heated plasmas of JT-60. The analysis procedure is
divided into three steps as follows:

1) LOOK ; The shape of the plasma boundary is identified with a fast
boundary identification code of FBI by using magnetic data, and
flux surfaces are calculated with a MHD equilibrium code of SELENE.
The diagnostic data are mapped to flux surfaces for neutral beam
heating calculation and/or for radial transport analysis.

2) OFMC ; On the basis of transformed data, an orbit following Monte Carlo
code of OFMC calculates both profiles of power deposition and
particle source of neutral beam injected into a plasma.

3) SCOOP ; In the last stage, a one dimensional tramsport code of SCOOP
solves particle and energy balance for electron and ion, in order
to evaluate transport coefficients as well as global parameters
such as energy confinement time and the stored energy.

The analysis results are provided to a data bank of DARTS that is used to

find an overview of important consideration on confinement with a regres-

sion analysis code of RAC,

Keywords : Tokamak, JI-60, Transport analysis, LOCK, OFMC, SCOCF,
LIBRARY, DARTS, RAC
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1. Introduction

Now, in a study of tokamak plasmas, many kinds of calculation codes
have been developed and have produced a powerful way to understand the toka-
mak plasma. These codes are very useful not only for theoretical research
but also for experimental one, since these codes will enable us to extract
as much physical meanings as possible from limited experimental data and to
seek the direction of future experimentis.

Basic idea of the empirical analysis of the transport properties of
tokamaks are described in a few paperslz). The transport properties of
tokamak plasmas should depend on the transport coefficients. However,
theoretical efforts to find the transport coeffiicients in tokamaks have not
yet provided a reliable formula predicting the confinement properties of
tokamaks. Transport coefficients derived by using the experimental data

seems Lo be more reliable than those derived from the theoretical research.

Confinement analysis procedures in JT-60 are divided into a few steps
illustrated in Fig.1. The shape of the plasma boundary is identified at
first with the FBI(Fast Boundary Identification) code, in which macroscopic
equilibrium quantities such as major radius R,, minor radius a,, Shafranov A
(=fp+1i/2) and surface voltage Vs are evaluated by using magnetic data. The
equilibrium flux surface is calculated by SFLENES {numerical equilibrium
code) using the identified plasma boundary. The SELENE seeks a numerical
solution of the Grad -Shafranov equation in the rectangular grids, without
employing the moment. method. A position of the diagnostic data is recog-
nized at the flux coordinates and radial profiles of electron temperature
T., electron density n. and radiation loss P, are obtained by the least
square fitting technique. On the basis of T., n. and 7, (particle confine-
ment time), the power deposition and particle source profiles are evaluated
on the flux surfaces with the OFMC(Orbit Following Monte-Carlo) code that
can precisely calculate a loss fraction of NB power due to charge exchange
reactions as well as loss orbits. Above quantities calculated by both
codes are mapped to data in the one-dimensional coordinate in order to solve
the radial energy balances for the electron and the ion. A
one-dimensional transport code of SCOOP analyzes the data and calculates
global parameters such as energy confinement time 7g and stored energy Ws,
in addition to the transport coefficients. Major parameters of the

analyzed data are stored into the confinement data bank and are used for

-1 -
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finding the correlation between various shots.

The description of the diagnostic interface code LOOK is given in sec-
tion 2 and that of the neutral beam code OFMC is shown in section 3. The
descriptions of the one-dimensional radial transport code SCOOP and the data
bank system are shown in sections 4 and 5.

Z. LOOK : Diagnostic Interface Code
2.1 Diagnosis for Confinement Analysis

Various diagnostic data are useful for the empirical analysis of trans-
port properties of tokamak plasmas.

Radial profile of the electron temperature Te(r) is measured by the
multipulse Thomson scattering system and ECE foulier spectrometers. Radial
profile of the electron density ne(r) is measured by the Thomson scattering
and 4 channel interferometers. Ion temperature is measured by the doppler
broadening of the heavy impurity(crystal spectrometer), charge exchange
energy spectrum and the doppler broadening of the He active beam
probe. Particle confinement time Tp is measured by the 3 channel H,
photo-diodes. Radiation is measured by 15 channel bolometer array.

Typical equilibrium configuration and the rough sketch of the diag-

nostics available for the confinement analysis are shown in Fig.2.

2.2 Magnetic Analysis of Plasma Equilibrium

Magnetic analysis of the plasma equilibrium gives a basic transforma-
tion relation of the Diagnostics data between cylindrical coordinates and
flux coordinates. The shape of the plasma boundary in divertor and limiter
equilibrium is analyzed by the FBI (Fast Boundary Identification) code in
which measﬁred values of I,(plasma current), T.(poloidal coil currents,
c=F,V,H,Q,M), Ir{toroidal coil current) and Bpi, Busj(poloidal magnetic field
outside the plasma, j=1,6) are used to find the outermost flux surface and
the equilibrium field quantities such as Qeff and A, The flux surface
geometry inside the plasma is obtained from the fixed boundary numerical
solution or a simplified moment solution to the Grad-Shafranov

equation. Current density profile in the numerical analysis is assumed as

-2 —
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equation. Current density profile in the numerical analysis is assumed as

Az_
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Jo = —(BeR+(1-Bp)Re/R) (1= (h=Vez)/ (Ys—Vex) )" Where Var and Vs are poloidal
fluxes at magnetic axis and plasma surface, respectively. Unknown parameter
n is matched to the assumed !; value and 3, is assumed as f(; = Arpi-l;.
Faraday rotation angle is also calculated for the comparison with the
measurement. For the simplified moment solution, flux surface including
radial shift (A(p)) and ellipticity (E(p)} are used and the outermost flux

surface is matched with FBI code.

2.3 Flux Surface Transformation and Least Square Fit

The diagnostic data such as T. , n. , P+ are assumed to be constant on
a flux surface. Using the flux surface obtained in section 3-2, it is easy
to identify the flux surface of the Thomson scattering and ECE data
points. On the other hand, FIR interferometers and the bolometer array
gives line-integrated physical gquantities. We use the least square fitting
technique to get the radial profile of the electron density and the radia-
tion profile. The radial coordinate r used in the 1-D radial transport
analysis is defined as r = A/V(W)/(ZEZRP)
where R, = V(¥s)/(2rS{s)), S(¥) and V() are the poloidal cross section and
the volume inside the flux surface.

Electron density profile is assumed to be n.(r) = neo{l—{r/tb)z)“ where
.0 and m are the unknown parameters and are determined so that L(neo.m) =
E(fnedl?ﬂ—J?@dl?“”')z is minimized with respect to neo and m .

Bolometer signal Siol; gives the line integral of the radiation inside
the plasma Spoii = fP.dl; where P, is the local radiation power density. A
linear matrix relation between P, and Sy, can be obtained by Spoi =
D;;Pr;.  Unknown parameters P,; are determined so that L{(P;;) =
E(Sﬁﬁ;ﬂsﬁ??)z is minimized with respect to Prj. This minimization gives a

following matrix equation for Py;
HP, =F

where, Hj = ED;i;Dix and F; = ED;;SET; . The electron temperature profile
T.(r) is fitted with the polynomial T. = Teo (1-(r/ap)*ra(r/ap)’(1-r/u)+

B(r/ap)z(lf(r/bp)z)) and unknown parameters T.o, « and 3 are determined so
that L(Te,a,8) = L(T™™ -T2 is minimized with respect to T, a and 8.

This minimization is analytically obtained as follows,

_3_



JAERI-M 88-043

(Heeg1-Hi2g2) /D

=
1l

(Hige-H2:91) /D

=
1]

Teo

LT85% (aF 1+8F2+F3) / L(aF1+BF2+F3)2

where,

Hix = BAjA;j1 (1,k=1,2)

gk =EApd;s (k=1,2)
D = HzeHi1-HizHz
A = T2 SiFe
Sk = LT F) /rTneas 2
Fi = (r/ap)?(1-r/ap) F2 = (r/a)?(1-(r/ap)%), F3 = L (r/a?

Typical density and temperature profiles for both limiter and divertor
discharges are shown in Fig.3. The density profiles obtained by the 4 chan-
nel interferometers are consistent with the Thomson scattering measurement

2.4 Output Specification

The 10Ok code provides the contour plot of the flux surface , the mag-
netic summary ( Ro, ap , Ip , B: , 83 , A etc. ) , electron stored energy ,
ohmic input power and radial profiles of T. , n. , P, of a particular time
of interest and I, Vi-/n.dl wave forms. Typical example of the output is
shown in Fig.4.

The magnetic data and T.-n.-P, transformed into the 1-D radial coordi-
nate are stored in a binary data file ( SCOOP data ) which is called by the
SCOOP code described in section 4. Look code provides plasma parameter
file and the flux surface table for the neutral beam injection heating
analysis(OFMC code).
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3. OFMC : Orbit Following Monte Carlo Code
3.1 Neutral Beam Injection Heating

The thermalization process of fast iong is described by the drift
kinetic equations with Fokker-Planck collision terms of Landau form. In an
axisymmetric system, the projection chart of the collisionless guiding
center orbit on a poloidal cross section shows a completely closed contour.
This enables us to solve analytically the above menticned equations after
linearizing and averaging them over the bounce time of fast ions. Many
authors have adopted this method to solve the slowing-down process of fast

1477 or charged fusion productsg). In the presence of

ions produced by NB
ripple, however, the guiding center orbit never closes and consequently the
loss process of fast ions is seriously affected by the unclose collisionless
orbits. This makes it very difficult to apply the theoretical method to
solve the relaxation process of fast ions in a non-axisymmetric system.
To make a precise treatment of this kind of problem, an orbit-following
Monte-Carlo simulation code has been newly developed, in which the calcula-
tion of Coulomb collisions is executed at every several time steps of orbit
calculation (1/10~1/50 bounce time) until the test particle slows down to
the local ion temperature of bulk plasma.

For the convenience of calculations, following assumptions are made.
The background plasma parameters are immutable during the slowing-down time
Ts. Both distribution functions of bulk plasma ions and electrons are

Maxwellian. There is no electric field in the plasma.

Objectives of the present works are; 1) to investigate the thermaliza-
tion process of fast ions with large banana size, 2) to estimate the charge
exchange loss of fast ions during slowing down, 3) to study the effect of
loss orbits in an axisymmetric magnetic field as well as in a
non-axisymmetric field on the power loss of NBI, 4) to investigate the NBI
relevant phenomena such as plasma current induction, plasma rotation, and

5) to interpret the diagnostic results of CX loss neutrals and neutrons.

3.2 Calculation model

(1) Birth distribution of fast ions Fast neutral atoms injected into an
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ohmically heated plasma are ionized or charge exchanged by interactions with
field plasma ions and electrons. The fraction of neutral beams which is

trapped in a plasma can be described byw

Loor 21 rg L
s - T fo fo fo "f(rp.Bb) exp (- fo e ()03 (Ep/k)dL)

Xne (1) 01 (Ep/k) rpdrsd@pdls, (3-1)

where 1,0, are polar co-ordinates in the beam cross section perpendicular

to the beam line, I, the beam path length, Ls.: the maximum beam path length
which intersects the plasma column, a, the neutral beam radius, Ep the pri-
mary beam energy, yx the density fraction of beam atoms with energy of Ep/k,
g: the total ionization cross section, and f(rv,0) the normalized distribu-

tion of beam density which gives

a, Pox
j; j; flre, B rpdrydl, = 1.0 .

Provided that the cross section for ionization of atomic hydrogen by

stripped impurity ions is of the form!®-!'D
1.4
Oz = Zmp( Up + Gex ),

where op is the ionization cross section of atomic hydrogen by protons, Oer
the cross section for charge exchange by protons in atomic hydrogenm) and
Ziw the charge number of impurity ions. Then the total ionization cross

section is given by
= N ) 0.8 ~0.4
g; = 0 + (0p+06$/[ft + (1 - fi) (Zeff‘ft) 1.

where 0. 1s the cross section for ionization of atomic hydrogen by
electrons, Z.ss the effective Z and fi = ni/n..

Here we consider a circular cross-sectional neutral beam with

Fre,8) = —25 exp(l — (ro/a)?), (3-2)

X
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where ¢4 = e/(e-1). Introducing new variables

ry = A/Cgfl_exp(”(rb/ﬂb)z)]

I

8 O/ 2r

Ly’ = Lo/Lnax

and substituting eq. (3-2) into eq.{3-1), we obtain

1 21 1 Ly
S = ZLWZkaff exp [ —me ne (r)o; (Ep/k)dL]
k 0 V0 4D 0

Xne (1)0i (Eo/k) r’dry dfp’dLy” . (3-3)

Since the total number of test particles is limited within about 2000 due to
the long computational time, the Monte-Carlo integration method is again
adopted to calculate S numerically, in which five uniform random numbers
corresponding to rs. 6, Ly, beam ion species k, and co-injection fraction

are generated for every sampling point (= test particle 3.

(2) Guiding center orbit

Ion trajectories are followed by numerical integration of the standard

13

guiding center equations of motion The guiding center equations are

-

mi vB

Vg = —th_e ( Un + i Ugﬂ) %Xg‘ + Ugn » (3—4)

woljwe]

dvgu ﬂ QB_ (3_5)

di i al

vhere vy and vg, are the guiding center velocities parallel and perpendicu-
lar to the magnetic field line, | the length along the field line, m; the
charged particle mass, Z; the charge number , e=1.6x10", Up the mag-
netic moment, and B the total magnetic field, respectively. The method of
Runge-Kutta (second order) is adopted to the numerical integration.

The axisymmetric components of magnetic field are given by the deriva-
tives of ¥ which is obtained by the diagnostic interface code of LOOK. To
obtain the distribution of the field ripple, we consider a model torocidal
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coll current which is a sheet current on a torus with ripple component. The
field ripple is calculated by the method of Biot-Savart .

(3) Calculation of Coulomb collisions

The collisional process of fast iong has been simulated by a technique
of Monte Carlo. Provided that a test particle change its velocity compo—
nents parallel and perpendicular to the magnetic field line from
(v, wi) to (w', v." ) by collision with field particles as shown in Fig.

5, relations among these velocity components are given by

1

. v -
v o=y + sz-%} = My 3 sin{l (3-8

vo= (v + )+ o - A2 (3-7)

where v ( = A/uf + 1u2) is the total velocity of the test particle, Q the
Larmor phase, 4v; the longitudinal component of the velocity change, and 4u;
the transverse component, respectively. The velocity changes 4v; and au;
result from the slowing-down and pitch-angle scattering of the test parti-
cles due to Coulomb collision with field particles. Under the assumption
that the field particles have a Maxwellian velocity distribution, the mean

values and mean square deviations of 4u; and 4u; are given by'”

<> _ 3 at 2 Mpim:e T p(xp) ' ~
THo T e M L L T, 2% S
<Ay >
7~ = 0.0 (3-9)
<’ = 3 M 4t Z 7.2 mpI/Z np”  W{xp) (3-10)
vt 2 T T, V2 2y 372
2 1/2 .
< AU 4 m I
;;tz = %ﬁm?i‘;zpzmpuz Tfl/z
t ]
du (s ¢
Cul) + i) () 1 (311

cxp 2¥%p JXPI/Z ?
where 7, is the charge number of the respective plasma species denoted by

_8_



JAERI-M 88-043

p{ = e,i++ ), me the electron mass, m; the test particle mass, 4t a time

interval,
My = (me/m)>% (eme/me) ™y xp = (met?/mug) Ty T,
(e = Erf(/a) — 2a/4p/T exn(-xp) -
vg = &/2kTeo/my

and 7s is the slowing-down time of test particles with mass number A: and

charge number Z; at plasma center defined by
Ts = 0.125(4/Z+%) (Ten (keV)> 2 /ne0(10"%m™)y (3-12)

The summation 2: in egs. (3-8),(3-10) and (3-11) is taken for all the
plasma species. The plasma parameters such as temperature T,” and plasma
density n,” in the above expressions are normalized by the electron tempera-
ture T.o and the electron density n.p at the plasma center.

In the present Monte-Carlo simulation, Av; and 4v: are computed by gen-—
erating normal random numbers with the mean values and the mean square devi-
ations given by egs.(3-8) ~ (3-11) The Larmor phase @ in eq.{3-86) is given

by a uniform random number between zero and Zr.

(4) Simulation of charge exchange reactions
The charge-exchange process of fast ions is also simulated by a
Monte-Carlo technique. The charge-exchange probability during a small time

interval 4t is given by

P (at) = 1 - exp(—np <oumcat) (3-13)

~ oY <OUD AL

where ng is the neutral density, <ou=.. the charge-exchange reaction rate of
fast ions with back ground neutrals. To simulate the charge-exchange
process, a simple hit-or-miss Monte-Carlo method is employed. The
charge—-exchange probability eq.(3-13) is calculated at every time step 4t
for all the test particles, that is,
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Per{at, 1) (1=1,2,........ No)

where N, is the total number of test particles. Simultaneously, N, uniform

random numbers

(AFandon(1),1=1,2, ... ... .. N
are also generated at every 4t. Comparing P..(4t,1) with %don(1) for all
the test particles, we switch on the calculation of charge-exchange process
for only the particles whose P, (4,1} is greater than ¥ &wn{1). Once a
fast ion is charge-exchanged, it becomes a fast neutral and makes a straight

flight in a plasma until it is reionized by the field particles or lost to

the first wall. The reionization probability is described by
Pion{s) = j;exp(—-‘ﬂ\/;\ion) Adi/Rion (3-14)
where A is the flight length, Q&,.,, the ionization mean free path. The

above integration is executed up to

x:éndom = Pion(s),

where ¥ indon 1S another uniform random number between zero and unity, If a
fast neutral hits the first wall without being reionized, it is labeled as a

charge-exchange loss particle.

3.3 Calculation results

By using the above described Monte-Carlo code, one can obtain the fol-
lowing information;
1) loss fractions of NBI produced fast ions during slowing down due to
charge exchange reactions, loss orbit and shine through,
Z2) fraction of total unthermalized beam power, and
3) profiles of NBI power deposited on plasma ions and electrons.
Calculations are made for plasma and NBI parameters appropriate to JT-80

which are summarized in Table 1| and 2, respectively. Figure 6 shows the
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average density dependence of shine through, axi-symmetric orbit loss,
charge exchange loss and unthermalized beam energy for JT-60. The total
loss fraction of NBI power in JT-80 is about 10%. It must be noted that
more than 10% of NBI power does not work to heat up the high temperature
plasma. JT-80 employs an oblique injection. Therefore, the fraction of
neutral beams ionized in the plasma central region reduces in proportion to
the outward shift of the magnetic axis in a plasma with high 8, or in the
divertor configuration of JT-60. Figure 7 shows the birth profiles of fast
ions, (a) for the target plasma in limiter configuration with low §, and (b)
for the one in divertor configuration with high f8,, respectively. Because
the magnetic axis is about 20 cm away from the beam axis in the divertor
case (a), the deposition of fast ions in the central region becomes much
smaller than that in the limiter case (b). The respective distributions of
power deposition as a result of slowing down of fast ions are shown in Fig.
8-(a) and (b). The finite banana size of fast ions has an effect to level
the uneven power deposition. For this reason, the deposition profiles are

somevhat flat as compared with the birth profiles.
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4, SCOOP @ Time Slice Transport Analysis Code

There are frequently some differences between calculated results from
an interpretation code and a prediction code. In those cases, we have had
trouble with a problem whether two different kinds of codes have a common as
a tokamak code. A code library system has been developed to organize and
manage a large collection of computer codes used in the analysis of tokamak
plasmas. This system provides us a great deal of benefit like that codes
'generated by the system have something in common among physical models and
numerical calculation methods as tokamak codes. Therefore, when we come
across a difference in results of the data analysis, we will easily find out
the cause of it. The tokamak transport code library is referred to as
"LIBRARY " 1,

As one of interpretation codes produced from the LIBRARY. the SCOOP
code performs the transport analysis of a tokamak plasma by solving the ion
energy balance at a fixed time into a discharge. The schematic diagram of
the code is shown in Fig.9. The input data to the SCOOP consist of profiles
of electron density n.(r), electron temperature T.(r) and the radiated power
P:(r), and the central ion temperature 7;(0), together with the global para-
meters of plasma current I,, surface voltage V. and particle confinement
time 7,. The profiles of T., n., P, and the beam power deposition are mapped
to the magnetic surface by the LOOK/OFMC.

According to the input data, the magnetics field diffusion equation for
the poloidal magnetic field is solved to evaluate the current density J.(r)
and the effective charge number Z.;r. The particle flux is determined by the
particle source of neutral beam in addition to the neutral density calcu-
lated on the basis of the particle confinement time.

In the steady transport analysis, the ion temperature profile is calcu-
lated by employing the neoclassical ion heat diffusivity proposed by
Chang—Hinton'm with a multiplication factor. The power transport between
the electrons and the ions is calculated by the classical formula. The con-
vective power loss is obtained from the inferred particle flux. As known
the ion temperature diagnostic value, the multiplication factor could be
adjusted to yield a central ion temperature in agreement with the measured
one.

On the basis of above quantities, the electron heat diffusivity is
estimated from the electron energy balance equation and the particle diffu-

sion coefficient from the particle conservation equation.
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4.1 Plasma resistivity

The resistive voltage, V,, which is important to estimate the ohmic

input power is defined by

Ve = Vp + ‘Ezp:;i | (4-1)

where L, is the internal inductance. Although duration of JT-80 discharges
is 10 sec, the effect of temporal evolution of L; can not be neglected at a
high plasma current( 2 MA ), leading to an uncertainty in the V, of less
than 20 %. From Shafranov A(=fy+1;/2) evaluated by the equilibrium, the

time derivative of L; is expressed as
Li = moRe(A ~ Bp) (4-2)

where pg is the vacuum permeability and §, the beta poloidal. As are
assumed invariable profiles in time, the time evolution of B, is approxi-
mated by

B =t [ hetry s i v (B2 (4-3)

Ne (0) Fre (1) Te (1) +11e (1) T (0) fre (1),

Pe(T)

pi(r) = (O fri (T )+ (M) T (0 Fri ()

where 1.(0) and T.(0) are measured by FIR and ECE diagnostics, respectively,
and fo(r) and fr{r) are normalized profiles for the density and the
temperature. The time derivative of ion pressure 1s approximated from the
electrons, assuming T;(0)=T.(0) and n;{(0)=n.(0).

The plasma resistivity n, in the quasi-steady state is important in
determining the electron energy balance of chmically heated plasmas. As

17,18.18,20)

have been mentioned uncertainties in the plasma resistivity , two

kinds of formula are used i.e. Spitzer resistivity and the neoclassical one

21)

with trapping correction®’. In the calculation of the resistivity, the Zet

ig iteratively evaluated so that the resistive input power meets the input
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power of I,Vp, followed by
IV, - fO 07y (Zat Te (P40 () 2AV (4-4)

In the following, we have used the two types of current density profiles.
The first one is from the usual assumption of the constant electric field

over the radius,

F. :
Ny Less  Te(r)) (4-5)

J2(r) =
vhere E.=V,/27R,. Another model of J.{r) is represented by
J=(r) = Jo(1-(5)%e. (4-6)

The central current density Jo is given by assuming q{0)=1 and the value of
a is adjusted to yield the A in agreement with the Arz from the FBI code.
Both values of resistive Z.; from two different J. agree well in the case of
small amount of scatter in measured T.(r). As is employed the eq. (4-5), the
scatter of T.(r) leads to serious uncertainty in the resistive Zeff.
Therefore, the eq.(4-6) is preferred rather than the eq. (4-5),

We can now calculate the energy confinement time defined as -

We +Wl‘
VoI +Pg— (WetW;)

TE =

where W, and ¥W; are, respectively, kinetic energies of the electron and the
ion integrated over the plasma volume and Py is the absorbed power of the

neutral beam.

4.2 Particle Balance

The particle balance equation is
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e - LoGr) + S, + Sw (4-T)

where I, is the particle flux, S, the ion particle source and Syg the neu-
tral beam icnization source. The particle flux is determined by integrating
eq. (4-7),

Fe(r) = %fo (St Syg= T el (4-8)

The time derivative of density is determined from the experimental measure-
ments as mentioned in section 4.1. The local particle sources, S, and Ss

are calculated by a neutral penetration model code and the OFMC code. The
normalized neutral density profile is obtained by the solution of Boltzmann

22) employing two models of neutral fluxes. The first is a cold

equation
neutral flux corresponding to puffing gas with the energy of 5 eV. The
second 1s a warmer neutral flux corresponding to recycling particles the
energy of which is taken as D eV for a divertor discharge and 50 eV for a
limiter dischargezw. The absolute magnitude of the neutral density is
determined by the particle confinement time from Hu measurements.

Ion density depletion is considered from the fast ion densities of neu-
tral beam nz(r), and the Z.;; assuming a single species of impurity ion. The

ion density profile is obtained from the condition of quasi-neutrality
ne(r) = Zini(r) + ng(r) + Ziu(r), (4-9)
in which Z; is the ionic charge number and nx the impurity ion density wi;h

the k-th charge number of Zx. The impurity density is deduced by assumed an

uniform profile of the Z.fs
ne(r). (4-10}

The ion particle flux I'; is equated with the electron particle flux from the

condition of ambipolar diffusion,

Fir) = Te(r)/Z;. (4-11)
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As 1s ignored the anomalous convective flow, the particle transport can
be characterized by the anomalous diffusion coefficient,

Di(r) = —Te/mn,. (4-12)
Figure 10-(a) shows profiles of the electron density( solid line ), the ion
density( dotted line ) and the fast ion density (dashed line). The anoma-
lous diffusion coefficient is shown in Fig.10-(b) for a neutral beam heated
plasma, compared with the INTOR type scaling of DA(r):lxIOI%ﬁQ(r)(m%/s).

4.3 Ion Energy Balance

The steady state equation has been used in the transport analysis for

the ion energy balance

l(?”Qi)4’Q«zi'*'PNBi“-PCX+Pn=O (4-13)

-1
rar

where ¢; 1s the ion heat fJlux

q; =-ﬂﬂi§}+%Tfi (4-14)

with the ion heat diffusivity,
o= Cal, (4-15)

where xc? 1s the neoclassical ion heat diffusivity by Chang and Hinton mul-
tiplied by Z.s; and C; is an arbitrary multiplier varied so that the central
lon temperature agrees with the experimental value. The Q.; is given as the

classical electron-ion energy equipartition term,

N A
o (Te=T

-8 _
Qui = Hne—_ (4-16)
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where T.q is the electron-ion equipartition time including the effect of

impurity collisions,

Sy (Ameg) T

= !
W 942(%% In Acj)
7 i

(4-17)

Teq =

~in which the summation is taken over all ion species except fast ions and A;
is a mass ratio of j-specie ion. The neutral beam heating power absorbed
into the ions, Pwsi 1s determined by the OFMC code. The charge-exchange

loss term, Pcy due to thermalized ions, is defined as
Pex =3 (Ti-To)nmo<ov>cx. (4-18)

The power gain and loss related with neutral particles by ionization and

recombination is

P, = %T0n0m<ov>ioniz_%Tinine<UU>Tecomb- (4-19)

With assumed ion heat diffusivity, the equation of (4-13) is solved to
evaluate the ion temperature. Figure 11 shows integrated ion power flow
profiles and both profiles of used ion heat diffusivity coefficient in a
solid line and the one reversely deduced from the eq. (4-13) in a dotted

line.

4.4 Electron Energy Balance
In the last stage of transport analysis procedure, the electiron energy

balance equation is solved to decide the electron heat diffusivity

coefficient. The time-independent electron energy equation is

—%g%ﬁﬁﬂ“9m+ﬁ+ﬁmrpﬁ= 0 (4-20)
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vhere q. is the electron heat flux

Qe = “TLQXE%%"‘%Tere 1 (4‘21)

with the electron heat diffusivity coefficient %.. The P; is the ohmic heat-

ing power density given by
P; = mijs (4-22)

where m and j. are obtained as described in the section 4.1. The Pype is
the neutral beam heating power density absorbed into the electron calculated
by the OFMC code. The Pp is decided by the sum of the ionization loss and
the diagnostic radiative power loss P,, from which the charge exchange loss
should be subtracted,

Pr = P, - P+ —S‘Tenen0<01}>ioniz- (4-23)

Integrating eq. (4-20), the electron heat diffusivity coefficient Xe

is determined consistently with the available data,

T
rr. + L[ @utPeoPi-Pueyrr
Yo () = " . | (4-2)

or

Figure 12 shows the profile of the electron heat diffusivity coefficient
( solid line ), comparing with the INTOR type scaling of x.=5x10'"/n,

( dotted line ) and integrated electron power flow profiles.
5. DARTS/RAC . Data bank/Regression Analysis Code

The transport analysis results are provided to a data bank of DARTSZY
that manages data of diagnosisses, operations and magnetic analysis results

at a fixed time in a discharge. Since the DARTS includes a large amount of
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where g, is the electron heat flux

Qe = —NeXe %’1;} +%Tere . (4-21)

with the electron heat diffusivity coefficient %.. The P; is the ohmic heat-
ing power density given by

P; = miZ (4-22)

where n and j. are obtained as described in the section 4.1. The P, is
the neutral beam heating power density absorbed into the electron calculated
by the OFMC code. The Py is decided by the sum of the icnization loss and
the diagnostic radiative power loss P,, from which the charge exchange loss
should be subtracted,

Pr = P, — P+ %Tenen0<gv>ioniz- (4-23)

Integrating eq. (4-20), the electron heat diffusivity coefficient Ye
is determined consistently with the available data,

S1are + L[ @t Pr-Pi-Pan) relr
Xe(T) = = : | (4-24)

ar

Figure 12 shows the profile of the electron heat diffusivity coefficient
( solid line ), comparing with the INTOR type scaling of x.=5x10'""/n,
( dotted line ) and integrated electron power flow profiles.

5. DARTS/RAC : Data bank/Regression Analysis Code
The transport analysis results are provided to a data bank of DARTSZV
that manages data of diagnosisses, operations and magnetic analysis results

at a fixed time in a discharge. Since the DARTS includes a large amount of
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data on JT-80 experiments up to now, we can easily produce any data base
related to special plasma characteristics.

The data are investigated by using a code of RAC in order to find an
over viev of important consideration on the confinement. The RAC makes a
non—-linear regressive analysis between prominent data, in addition to the
correlation among those. Figure 13% shows the regressive fitting on the
plasma stored energy of JT-60 ohmic plasmas. The view of correlation
between the plasma stored energy, the plasma current and the line averaged
electron density is also presented. The details of the DARTS and the RAC

will be described in elsewhere,

6. Concluding Remarks

The transport analysis code is very useful to infer an unknown quantity
in a tokamak plasma, that is not yet determined by the diagnostic
measurements., in addition to compare some theoretical works with the experi-
mental transport coefficients, and to establish the confinement scaling for
future tokamaks.

The tokamak experiment is now located at a new step that the break even
condition would be attained by three large tokamaks of JT-80, TFIR and JET.
In those large tokamaks, however, some experimental results which are diffe-
rent from ones found in medium or small tokamaks have been pointed out.

This section will review such different points and the principle problems
which remain to be solved.

The trapped electron plays an important role on the efficiency of the
current drive through the plasma resistivity. Although the neoclassical
resistivity with the trapped electron correction factor has been reported to
explicate with experimental results of the current density profile, the
safety factor and the surface voltage. the neoclassical resistive Zggr in
the JT-680%% shows that the trapped electron correction factor should be
reduced or suppressed, and the Z.f; value from the visible bremsstrahlung in
the TFIR®® lies between the neoclassical and Spitzer Z.s's. It is very
important to directly measure the current profile, since the analysis
results of the resistive Z.; is very sensitive to the boundary electron
temperature.

2 27

An anomalous inward flux of a form of —2n.Dir/a is introduced so

that the electron density profiles have a nearly parabolic or Gaussian shape
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data on JT-B0 experiments up to now, we can easily produce any data base
related to special plasma characteristics.

The data are investigated by using a code of RAC in order to find an
over view of important consideration on the confinement. The RAC makes a
non-linear regressive analysis between prominent data, in addition to the
correlation among those. Figure 135 shows the regressive fitting on the
plasma stored energy of JT-60 ohmic plasmas. The view of correlation
between the plasma stored energy, the plasma current and the line averaged
electron density is also presented. The details of the DARTS and the RAC

will be described in elsewhere.

6. Concluding Remarks

The transport analysis code is very useful to infer an unknown quantity
in a tokamak plasma, that is not yet determined by the diagnostic
measurements. in addition to compare some theoretical works with the experi-
mental transport coefficients, and to establish the confinement scaling for
future tokamaks.

The tokamak experiment is now located at a new step that the break even
condition would be attained by three large tokamaks of JT-80, TFIR and JET.
In those large tokamaks, however, some experimental results which are diffe-
rent from ones found in medium or small tokamaks have been pointed out.

This section will review such different points and the principle problems
which remain to be solved.

The trapped electron plays an important role on the efficiency of the
current drive through the plasma resistivity. Although the neoclassical
resistivity with the trapped electron correction factor has been reported to
explicate with experimental results of the current density profile, the
safety factor and the surface voltage, the neoclassical resistive Zgfr in
the JT-60°> shows that the trapped electron correction factor should be
reduced or suppressed, and the Z.;; value from the visible bremsstrahlung in
the TFIR?® lies between the neoclassical and Spitzer Z.s's. It is very
important to directly measure the current profile., since the analysis
results of the resistive Z.f is very sensitive to the boundary electron
temperature.

2 27}

An anomalous inward flux of a form of -2Zn.Dsr/a is introduced so

that the electron density profiles have a nearly parabolic or Gaussian shape
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in the inner region of the plasma column. In the JT-80, the flat density
profiles with n.(0)/<n.>=1.1~1.2 are realized for middle- and high-density
discharges, though peaked profiles like a parabolic shape are seen in lim-
iter discharges at the low density. Without introducing the anomalous
invard flux, the characteristics of the density profiles are satisfactory
simulated by the difference in the neutral energy. Therefore, the anomalous
invard flux is excluded from the particle transport analysis.

The particle confinement time is very important to estimate the parti-
cle flux and easily evaluated by the H, measurements. However because of
the large radial, poloidal and toroidal variations in the H, intensities,
the accurate estimation is very difficult. On the JT-80 divertor
discharges, the particle confinement time has been well studied®® due to
the good homogeneity of the toroidal variations. The evaluated time is only
30ms for the NB heated plasmas, that causes a large amount of the charge
exchange loss and makes it very difficult to clarify the insight of the
energy balance on beam heated plasmas.

The ion temperature of the ohmically heated plasmas in the large toka-
maks is very close to and strongly coupled with the electron temperature,
because the energy confinement time is greater than the energy equipartition
time between electrons and ions. Then, the energy equipartition is so
strong that the usual procedure way to decide the enhancement factor to the
neoclassical ion heat diffusivity coefficient is not appropriate to the
plasmas with small differences in temperature between electrons and ions ;
the required enhancement factor would be 50~100 to produce the ion tempera-
ture difference of 50eV in an ohmically heated, high density plasma. FEven
in beam heated plasmas, the terms of equipartition and convection are promi-
nent in the ion energy balance. As evaluating the empirical ion heat diffu-
sivity coefficient, we should pay close attention to the uncertainty in béth
the measurements and the numerical calculation, since the conduction term is

only a small fraction of the ion energy balance.
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in the inner region of the plasma column. In the JT-80, the flat density
profiles with n.(0)/<n.>=1.1~1.2 are realized for middle- and high-density
discharges, though peaked profiles like a parabolic shape are seen in lim-
iter discharges at the low density. Without introducing the anomalous
inward flux, the characteristics of the density profiles are satisfactory
simulated by the difference in the neutral energy. Therefore, the anomalous
invard flux is excluded from the particle transport analysis.

The particle confinement time is very important to estimate the parti-
cle flux and easily evaluated by the H, measurements. However because of
the large radial, poloidal and toroidal variations in the H, intensities,
the accurate estimation is very difficult. On the JT-80 divertor
discharges, the particle confinement time has been well studied®® due to
the good homogeneity of the toroidal variations. The evaluated time is only
30ms for the NB heated plasmas, that causes a large amount of the charge
exchange loss and makes it very difficult to clarify the insight of the
energy balance on beam heated plasmas.

The ion temperature of the ohmically heated plasmas in the large toka-
maks is very close to and strongly coupled with the electron temperature,
because the energy confinement time is greater than the energy equipartition
time between electrons and ions. Then, the energy equipartition is so
strong that the usual procedure way to decide the enhancement factor to the
neoclassical ion heat diffusivity coefficient is not appropriate to the
plasmas with small differences in temperature between electrons and ions ;
the required enhancement factor would be 50~100 to produce the ion tempera-
ture difference of 50¢V in an ohmically heated, high density plasma. Even
in beam heated plasmas, the terms of equipartition and convection are promi-
nent in the ion energy balance. As evaluating the empirical ion heat diffu-
sivity coefficient, we should pay close attention to the uncertainty in both
the measurements and the numerical calculation, since the conduction term is

only a small fraction of the ion energy balance.
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Table

JAERI-M 88-043

1

Plasma parameters

major radius

minor radius

toroidal field

plasma temperature

plasma density

safety factor
plasma ion species

effective Z

R = 3.04 m {limiter)}
3.1% m {divertor)

a = 0.83 m (limiter)
0.83 m {divertor)

Be = 45 T atR=3.04m

Te(w)y = Teo(1-{yo—¥)/¥0)

Wo: ¥ at plasma center

T = Te(¥)

Tew = 1.0 x 10" ev

ne(¥) = meo(1-( (o) A0)%)
neo = 0.1 to 1.1 x 102 m?
@a = 2.5

H*

Zett = 1.0 (uniform)

Table 2 Parameters of neutal beams in JT-860

beam energy
beam power

power ratio of neutral
beam components

effective injection
angle

injection scheme

beam particle species

E 5 keV

P 20 MW

Pz @ Pep o Prss
=0.8:0.126 : 0.074

Bin; about +70 deg. {(co)
+110 deg. {(counter)

Peo ¢ Poounter = 11

H°
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Analysis Procedure
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Rough sketch of the confinement analysis procedures. The plasma

boundary is identified with FBI code. The internal flux surface is
calculated with the numerical equilibrium code SELENE in which inner
and outer plasma surfaces are matched to the FBI results. The radial
profile of the diagnostics data such as T. n. and P, are obtained by
the least square fitting to the measurement as a function of the flux
surface label. The particle and power deposition profiles of the
injected neutral beam are calculated with the orbit following
monte-carlo code. The transport coefficients such as ¥., ¥ and D
are obtained in 1-D radial transport analysis code SCOOP. Power
balance of electron and ion, global parameters such as T¢, W, are
also obtained in SCOOP. The analyzed data are stored in the confine-
ment data bank.
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Fig.2 Typical equilibrium configuration and the diagnostics available for
the confinement analysis in JT-60. Four channel interferometers are
looking vertically (1) and 3 channel H, detectors are used for Tp
measurement (2). The central ion temperature is measured by the
crystal spectrometer, rutherford scattering of active He beam and
charge exchange spectrum analyzer (3). Faraday rotation angle ié

also measured (4). A set of bolometer array is used for the radia-

tion profile measurement.
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Fig.3 Typical temperature and density profiles during the ohmic and neutral
beam heating. The broken lines are T. and n. profiles measured by
the Thomson scattering. The solid lines are density profile obtained

by the 4 channel interfercometers.
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Fig.5 Schema for conversion of velocity change due to Coulomb collisions.

MAJOR RADIUS = 3.15 Cad  MINDR RADIUS = @.83 ()

Zeff = 1.8 Te@d = 10 (keVd Pyg; = 1.0 (W)
Eg = 75 (keVd - PEiPE 27PE,3 =0.8:0. 126:0. @74
¥1071 '
2.0
] o SHINE THROUGH
R DRBIT LOSS
i R CHARGE EXCHANGE LOSS
A ———-  DUMMY BEAM ENERGY

~—a

9.1 9.2 8.3 8.4 2.5 ©.6 0.7 2.8 0.9 1.0 1) g20

<Ng>

Fig.6 Average density dependence of shine through, axi-axi-symmetric orbit

loss, charge exchange loss and dummy energy for JT-60.
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Fig.7 Birth profiles of fast ions, (a) for target plasma in limiter confi-

guration with low 8, and {(b) for the one in divertor configuration

with high 3.
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Fig.8 Distributions of power deposition of NBI, (a) for target plasma in
limiter configuration with low 3, and (b) for the one in divertor

configuration with high ;.
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Fig.9 Structure of transport analysis code of SCOCP.
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Fig.10 (a) Profiles of electron density (solid line), ion density (dotted
line) and fast ion density {dashed line).
(b) The profile of anomalous diffusion coefficient deduced from diag-
nostic electron density profile, particle source of injected NB and
background ion particle source. The solid line indicates the profile
of anomalous diffusion coefficient, compared with the INTCR type
scaling of DA=IXIO'%#Q(r) shown in a dotted line.
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Fig.11 (a) The profile of volume integrated ion power flow versus a radius:
QICND ; ion conduction loss,
QICNV ; ion conﬁection loss,
QINBI ; NB power deposited into lons,

QICX ; charge exchange loss,

QIEQ ; energy equipartition term between ions and electrons,
QIIQ ; energy equipartition term between ions and impurity
ions,

QIRF ; RF power deposited into ions.
{b) Comparing between assumed ion heat diffusivity { solid line ) and
the one ( dotted line ) reversely deduced from the ion energy balance

equation.
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Fig.12 (a) The prbfile of volume integrated electron power flow versus a

radius:

QECND ; electron conduction loss,

QECNY ; electron convection loss,

QJOUL ; Joule input power,

QENBI ; NB power deposited into electrons,

QERAD ; radiation loss,

QIEQ . energy equipartition term between ions and electrons,

QERF ; RF power deposited into electrons.
(b) The profile of anomalous electron heat diffusivity ( solid line )
from deduced diagnostic profiles of electron temperature, density and
radiation loss, and calculated results on power balance and NB
heating. The INTOR type scaling of xi=5x101%ﬁg is also presented in

a dotted line.



JAERI-M 88-043

Stored Energy Scaling (Ohmic Plasma)
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Fig.13 (a) Plasma stored energy during ohmic heating as a function of the
electron density and the plasma current. (b} Regression fit of the
stored energy Ws during ohmic heating as a function of the line
averaged electron density n. and the plasma curren£ Io. The experi-

mental data are compared with the regression fit (W seating



