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1. Introduction
Many types of internal transport barrier (ITB) have been observed in many tokamaks.

Recently, a quasi steady I'TB has been obtained in the reversed magnetic shear operation
of JT-60U[1]. The ITB observed in JT-60U has steep gradients of electron temperature
1., ion temperature T} and electron density n., where thermal and particle transport is
significantly reduced. The width of some I'TBs becomes around 5~10 cm where the scale
length is comparable to the ion poloidal Larmor radius. A strong radial electric field is
also observed around the ITB layer, which is evaluated at about —50kV/m. The ion
and electron thermal diffusivities evaluated by experimental observation are considered
to be reduced down to the same level predicted by the neoclassical theory.

Many ions around the I'TB layer pass through the ITB due to a large orbit width. These
ions experience different collisionality inside and outside of the ITB and are affected by
the radial electric field. Such a situation suggests that a conventional neoclassical theory
is hardly applied. In this paper, the effects of finite orbit width and radial electric field on
ion transport are analyzed by using the orbit following Monte Carlo (OFMC) code[2].
2. Effects of electric field on particle orbit
We start from the conservation law for the energy FE, canonical angular momentum
P, and magnetic moment yu, where the poloidal flux function ) and the electrostatic

potential ¢ are given as functions of minor radius r. After straightforward calculation
under the assumption of circular magnetic surface, we obtain the orbit equations:

P, —0 \? ji _ P,— W
=FE—-07 = — 1
(1+ecos€) +1+ecos€ > 1+ €ecosb ( )

where U = qip(r)/(mRay), ® = 2q¢(r)/m, E = 2E/m, ji = 2uBay/m, € = 1/ Ray, Ray is
the major radius, m is the mass, B, is the magnetic field at R = R,,, # is the poloidal
angle and v|| is the parallel velocity. The pitch angle region of trapped particle is obtained
from Eq.(1). In the case of the negative electric field (E,o < 0), the region is

— V20 = Upp(1 —2¢9) S v, /oo £ 0 and  —2Ugg < vy /vo = 260 — Upo(1 —2¢) (2)

where Urg = Vio/vo, Vo = Ero/Bpo and By is poloidal magnetic field. Here, the suffix
“0” means the quantity on the equatorial plane in the low field side. The banana width
is also evaluated as

pO T'o

421



26" EPSCCFPP 1999 ; K.Hamamatsu et al.: Monte Carlo Smulation of Particle and Heat Transport in Int...

where pyjio = v)1,/Qpo and Qpo = ¢Byo/m. In the derivation of Eqs.(2) and (3), we use
the following assumption: €y < 1, ppjjo/ro < 1 and |Ugg| < 1. The Eq.(2) shows that
the trapped particle region is separated into two regions. The mid-region (0 < v /v <
—2Ugy) is occupied by transit banana particles. The banana width of the transit banana
particle changes the sign at v, = —Ugovo (see Eq.(3)). The radial electric field makes
the inward transit banana particles in the region of 0 < vHO/vo < —Ugg.

In the numerical calculation, we follow the guiding center motion:
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where vg, is the drift velocity perpendicular to the magnetic field, B is the static
magnetic field, ¢ is the arc length along the magnetic field line. Figure 1 shows numerical
results obtained in the JT-60U configuration, where the particle energy is mva /2 ~ 5keV,
Rax ~ 3.4m, By ~ 38T, I, ~ 1.5MA, a ~ 0.8m and k ~ 1.6. Figure 1.(a) is the case
of week electric field (E,g ~ —10kV/m) and ro ~ 0.49m. The orbit width is draw in
the upper side for a given particle energy. In the lower side of figure, the inward transit
banana and trapped banana regions are shown by the dark and pale shaded regions,
respectively. The strong electric field case (E,o ~ —50kV/m) is shown in Fig.1(b),
where 19 ~ 0.46m. The population of inward transit banana increases. The strength
of electric field used in Fig.1(a) and (b) corresponds to the center and edge region of
ITB, respectively. The maximum banana width does not so much change around 0.05 in
the both cases. The banana particle may experience the velocity space, which changes
between Fig.1(a) and (b). At the same, the particle is affected by the Coulomb collision.
Figure 2 shows the typical orbit of the inward transit banana, which corresponds to
cos™!(v),/vo) = 89° and v = v in Fig.1(b). The orbit projected on the poloidal plane
is shown in Fig.2(a), where the starting point is indicated by the symbol 'x’. The
poloidal position along the toroidal direction ( is shown in the Fig.2(b). To investigate
the particle and energy transport, we perform the Monte Carlo simulation.

3. Simulation model

We assume for simplicity that the plasma is Maxwellian and uniform along the magnetic
surface. The radial profiles of temperature and density are given by functions of radial
coordinate p. The radial coordinate is defined by p = /V(¢0)/V (1), where V is the
volume surrounded by the magnetic surface and 15 shows the most outer surface.

The transport coefficients are obtained by observing the propagation of particle and
energy pulses. In this study, we evaluate the transport coefficients of the test particles
not of the total plasma. As an initial condition, test ions are distributed uniformly along
the magnetic surface of p = pg, where velocities are distributed as Maxwellian with
bulk ion temperature T;(pg). The ion motion is simulated by guiding center motion, i.e.,

Eq.(4). Coulomb collision effects, i.e., slowing down, pitch angle scattering and energy
diffusion effects, are simulated from a Monte Carlo technique. Numerical simulation
is performed by using the OFMC code. Trajectories of ions in the phase space give a
distribution function f(p,v,t). The particle and energy densities, n(p,t) and e(p,t), are
defined as

npt) = [dvfp oty o elpt) = [dv |20t +a(6(0) = d(0))| flp, 0.0 (5)

where the electrostatic potential is included to satisfy the energy conservation law. The
time evolutions of n(p,t) and e(p,t), which are obtained by the OFMC, are assumed to
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be described by the following equations

Gt = —L o) P 4 oo | ©)
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where scq(p,t) = (m/2) [ dvv*C(f(p,v,t)) is a source and/or sink term of energy due
to the Coulomb collision. The time evolution of s., is also obtained by the OFMC code.
The diffusion and flow coefficients, DP, D¢, FP, F'¢, are numerically evaluated from the
k-th radial moments of n, e and s, i-e., [; dpp*n(p,t) and so on.

4. Numerical results

The simulations are performed in plasmas with a typical ITB configuration of JT-60U.
The plasma consists of electrons, protons and carbon impurities (Z=6). The profiles of
plasma, electrostatic potential and safety factor ¢, are shown in Fig.3. The impurity
profile is assumed to be the same as that of electron and Zeff=3. The temperature of
impurities is the same as bulk-proton temperature. In Fig.3(c), the minimum value of
electric field, Epmin, is set at —50kV/m at p = 0.6.

In Fig.4, the transport coefficients of energy for F,pnn = 0,—50 and —100 kV/m are
shown by the solid, dashed and dotted line, respectively. The minimum electric field
E,min = —100kV/m is changed by the absolute value of ¢. In these simulations, 4 x 10*
particles are used. The diffusion coefficient is shown in Fig.4(a). The spatial profiles of
diffusion coefficient are similar and strongly depend on the square of banana width. The
flow coefficient is described in Fig.4(b). In the case of E, = 0, the energy flow is not
induced, where the fluctuation is in the noise level. The outward flow is caused around
the strong electric field near p ~ 0.6 and the inward flow is induced in the week electric
field regions of both sides of the strong electric field. The velocity spaces shown in Fig.1
(a) and (b) just correspond to two positions of p ~ 0.6 and p ~ 0.65. The transport
coefficients of particle are also similar dependence of the energy transport.

5. Summary and Discussion

The obtained results show that the diffusion is not so much changed by the radial electric
field. The reduction of transport at the ITB can be caused by the inward flow related
to the radial electric field. We consider the transport of total energy, which includes
the electrostatic potential, to satisfy the energy conservation law. When the energy flow
is induced, we must take account of the exchange between the kinetic energy and the
potential energy, which is related to the particle transport.

In this paper, the distribution function of bulk ions is fixed, i.e., the momentum and

energy of the whole plasma are not conserved in the used Coulomb collision model. A
simulation method to obtain the transport coefficients of the total plasma is now under
discussion. Furthermore, the consistency between the electric field and the transport is
not considered. It is left to a future work.
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Fig.3 Plasma and field profiles used in the Monte Carlo simulation.
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Fig.4 Transport coefficients of energy.
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