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Abstract. An approach to describe the plasma parameter variation with the effective
minor radius across the edge region in the heliotron Large Helical Device (LHD)
in configurations without and with a resonant magnetic perturbation (RMP) is
elaborated, by averaging fluid equations for transport of particles, momentum and
heat over the flux surfaces. Numerical solutions of one-dimensional, time-dependent
equations derived and analytical estimates performed allow to interpret the LHD
experiments on the density limit. Calculations reproduce qualitatively the principal
difference between situations without and in the presence of RMP: in the former case
a thermal collapse of the discharge occurs immediately after the plasma detachment
from the divertor target plates at a radiation level of 0.4-0.5; in the latter one the
radiating layer is localized at the plasma edge even if the power radiated exceeds 90%
of the input one. The prominent role for such a behavior of plasma particle flows along
magnetic field lines perturbed by RMP, leading to a positive radial gradient of the
plasma density inside the magnetic island, is demonstrated.
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1. Introduction

A power of 100 MW and higher is expected to be transferred into the divertor of future
thermonuclear fusion reactors and handling of power loads onto divertor target plates
is one of the most critical issues. The most modern engineering technologies presumes
that a long enough life time of targets can be guaranteed if up to 90% of power, coming
out of the confinement region, will be removed before the plasma contacts them [1].
One of the most promising ways to achieve this is to realize a state with the plasma
detached from the target plates because the energy is mostly dissipated by the radiation
of impurity particles from the plasma edge. Therefore the understanding of conditions
and physical mechanisms of detachment and searching for possibilities to control reliably
the strongly radiating edge region, being simultaneously compatible with a good enough
confinement in the plasma core, is one of the most important tasks in fusion studies.

Although a significant progress in such investigations has been achieved on axis-
symmetric tokamaks, being presently the most advanced concept for magnetic fusion,
studies of detachment in helical devices [2,3] are also of importance for the reactor design.
Since the magnetic field in helical systems is completely generated by currents in external
coils, the field topology, its effects on the plasma transport and, in particular, on the
plasma detachment conditions and characteristics, can be investigated, by varying the
magnetic geometry in a wide range. One of very impressive findings in Large Helical
Device (LHD) is the effect on the behavior of detachment and detached plasma, by
applying a resonant magnetic perturbation (RMP) which generates at the very plasma
edge a broad magnetic island centered at the resonant flux surface (RS) [4]. To some
extend this is similar to the island divertor configuration realized in the stellarators
W7-AS and W7-X.

Without RMP the increase of the plasma density to a critical level, where the
radiated power approaches roughly to a half of the input one, leads to detachment from
the divertortargets and uncontrollable spreading of the radiation zone to the plasma
core, ending in a thermal collapse (TC) of the whole discharge. With the RMP even
after detachment the impurity radiation is remaining localized at the plasma edge, in
the region between the resonant magnetic surface and scrape-off layer boundary. By
rising the plasma density the radiation level can be significantly increased before a
TC is triggered. This behavior is demonstrated in figure 1 where the radiated power
measured by bolometers is displayed as a function of the plasma line averaged density.
On the one hand, the fact the RMP allows to initiate detachment at a lower plasma
density and to get before TC states with the power radiated above 90% of the input one
as shown in the present modeling, provides a promising approach to solve the problem
of plasma-wall interaction in a fusion reactor. On the other hand, the RMP doesn’t
affect noticeably the collapse density limit (DL). To increase DL one can try in future
to combine RMP operation with the injection of hydrogen isotope pellets. Recently it
has been demonstrated that the latter permits to rise DL significantly [5].

Figure 2 shows typical profiles of the plasma parameters measured at the outer
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Figure 1. The radiated power versus the plasma line averaged density [§].

plasma in a typical high-density discharge in the LHD at stages without and with RMP.
The behavior described above promises a robust approach to control detachment also
for tokamaks devices, where recently RMP have been widely used to mitigate excessive
divertor power load [6,7] Thus the understanding of detachment features in helical
devices like LHD is of general interest for magnetic fusion program.

In the present paper an approach is proposed to understand, interpret and model
the impacts of RMP on detachment in the Large Helical Device. The reminder of the
paper is structured as follows. In next section the basic equations used henceforth
to describe the plasma components and magnetic geometry are introduced and one-
dimensional equations for the variation of the plasma parameters in the direction across
unperturbed flux surfaces are deduced. The results of calculations for the LHD without
and with RMP are presented and compared with the experimental data in section 3.

Conclusions are drawn in section 4.

2. Basic equations

2.1. Description of plasma components

The following set of transport equations [10] is applied to model the behavior of
the plasma parameters in the LHD edge region with the magnetic island. Figure
3a shows the Poincare plots for the LHD magnetic configurations without and with
the RMP of m/n
a vacuum approximation, i.e by neglecting plasma response against the RMP. In

1/1 helicity obtained, with field line tracing calculations in
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Figure 2. The profiles of the measured electron temperature (a), density (b) and
radiation power density estimated for a carbon impurity concentration of 1% (c) at
the outer edge of the LHD without (blue signs) and with (red signs) RMP [9].

figure 3b a schematic view of the plasma poloidal cross-section with the island, the
coordinate system used and components of charged particle and heat flows parallel and
perpendicular to the flux surfaces are demonstrated.

The density of plasma particles n is defined from the continuity equation:

on+V-I'=S5, (1)

where I' = b I'} + byI') with b) and b, being the components of the local unit vector,
') = —D b, - Vn - the density of the plasma flux perpendicular to the magnetic
field, D, - the plasma perpendicular diffusivity; the flux density along the magnetic
field, I'j = nV};, where V], is the plasma parallel velocity, is governed by the parallel
momentum balance equation:

ALy +by -V (nef) = V- [Diby (by- VL)) = =S, (2)
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Figure 3. The Poincare plots for LHD magnetic configurations without and with the
RMP (a) and a schematic view of the plasma poloidal cross-section with the island,
the coordinate system used and components of charged particle and heat flows.

where ¢, = \/(T, + T;) /m; is the ion sound velocity, T, and T; are the temperatures of
electrons and ions, respectively, m; is the mass of the main ions.

The densities of the plasma component thermal energy, W, ; = 1.5n1, ;, are computed
from the heat balance equations:

atVVe + V- 4e = _K(Te - TZL) - Qrad - Sea (3)
atWZ—qu@:K(Te—E)—SZ (4)

where ge; = qieibi + qeib) are the heat flux densities, with the parallel and
perpendicular components:

¢" = 1501 Ty — K7'bL - Ve, g = 250 T — &by - VT, (5)

Here, /-cii is the heat conductivity perpendicular to the magnetic field, and /iﬁ’i =
A.;T.; - the parallel heat conductivity with A, = 2.1 x 10*8gp;, and A; = 6.5 X
102%eV =25m~1s7! for electrons and ions, respectively; the heat flux limit factor Sypr =
0.1 takes into account the reduction of the parallel electron heat conduction [11] with
respect to the usual Spitzer-Harm approximation [10]. The first terms on the right hand
sides (r.h.s.) of equations (3,4) correspond to the heat transfer between electrons and
ions by coulomb collisions; here K = 3m.n/ (m;7.;), with m. being the electron mass
and 7,; ~ T}°/n - the e-i collision time [10]. The term Q,qq = nLiNjp, is the electron
energy loss on impurity excitation, with L; being the cooling rate, dependent on the
electron temperature and computed in a non-coronal approximation, see [12], and 7,
- the total density of impurity ions of all charge states Z. The approach to calculate
the radial profile of n;,, is outlined in the Appendix.
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The last contributions in the r.h.s. of equations (1-4) are the sources/sinks of
plasma particles, their momentum and energies:

Sp = Kionn(no + 1), Sy = Mmikeanoly, (6)
Se - kionn(no + n*)Eiona Sz = kcan(M/i - nEfc)a (7)

where ki, and k. are the ionization and charge exchange (cx) rate coefficients;
Eion = 30eV is the effective energy lost by electrons on the atom ionization assessed
by including losses on the excitation; ng - the density of primary Franck-Condon atoms
with the energy E. ~ 3eV born by the dissociation of gas molecules in a very thin outer
plasma layer, n, - the density of “hot” atoms generated by cx-collisions of primary atoms
with ions. By moving towards the plasma core ny decays according to the following
continuity equation:

_%arno = - (kion + kca:) nno, (8)

where Vy = \/2Ey/(3m;) is the characteristic velocity of primary atoms; the density of
cx-atoms is modeled in a diffusion approximation:

ar (_Dcxarn*> = n(kczno - kionn*)u (9)

with D, = T;/ [min (kion + ker)] being the diffusivity of cx-atoms; since in the LHD
the poloidal cross-sections of surfaces are close to elliptic ones the effective radius of
flux surfaces, r = 2V E, with z being the minor half-width of the surface and E - its
ellipticity.

2.2. Boundary conditions

The set of equations above has to be supplemented by boundary conditions. The inner
boundary of the computation domain corresponds to the interface with the plasma core,
r = Teore, Where direct impacts of the edge magnetic island are negligible. Here, the
particle and heat fluxes are prescribed:

Tcore - FL - ‘/E)TL() - Dcxarn* = Fc; ch_,i = QC/Q (10)

with the magnitudes of I'. and ¢. defined by the particle and heat source in the
plasma core due to neutral beams.
The outer border is defined by the scrape-off layer (SOL) formed by divertor legs,
r = rsor. In the legs of the LHD the plasma density does not usually exceed
10"m =3 [14,15] and, therefore, the particle sources and energy losses are negligible here
and the plasma parameters change weakly along the legs. In particular, the parallel
velocity is comparable with its value at the targets, which is, according to the Bohm’s
criterion, is equal cq, i.e. the perpendicular component of the velocity is of ¢, where
f = B,/Bs < 1. Thus for the densities of the particle and energy flows at the SOL
border one has:

r=rgor: 'L = pncs, CIT = Yeile il L (11)
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where 7. ; are the sheath heat transmission coefficients for electrons and ions. The
boundary condition for the continuity equation (6) of impurity ions are similar to those
for equation (1).

For equation (8) the density of primary neutrals at r = rgoy, is chosen to reproduce
the required value of the plasma density at the plasma core boundary, n (reore) = ne;
it is assumed that cx-atoms escape from the computation domain with their thermal
velocity, i.e. D.0.n. = £n,/T;/m; are the boundary conditions for equation (9) at
T = reore and 7 = rgor, with signs (+) and (—), respectively.

2.3. Magnetic geometry

By currents in a special coil a resonant magnetic perturbation (RMP) can be generated
in the LHD. This provides a perpendicular component of the magnetic field, B, =
BrypBysind, where Spyp ~ 1072 is the RMP relative amplitude and the phase
0 = y/a, with y being the distance from a particular field line on the resonant flux
surface (RS) of the minor radius r = rzg where the rotation transform ¢ = (2x)~". In
the presence of the RMP the magnetic geometry is principally changed and instead of the

unperturbed RS a magnetic island is formed [16] of the radial width 2A = 4, /%7
where Rprg is the RS major radius. Within the island field lines form closed flux surfaces
nested around the island axis at y = 0. The cross-section of such a surface in a plane
perpendicular to the island axis is described by the equation for the radial deviation

from the RS, ¢ :

€= +\/68 - A%sin® (6/2) (12)

with &, being the maximum value of ¢ at y = 0 for the flux surface in question. By
moving along a field line within the island a radial shift at a distance up to 2A occurs
and, therefore, the parallel transport of charged particles and heat contributes to the
transport in the direction r across unperturbed magnetic surfaces. One of the important
geometric characteristics is the angle a between the x-direction and the normal b, to
the flux surface; one can find that in a point with the coordinates z,y

g +AZ%sing

Ty At (13)

2.4. One-dimensional approximation

In the present paper the global features of the magnetic island impact on the LHD
plasma, such as the density limits for the onsets of detachment and RC, are mostly
considered. For this purpose the equations above are reduced to one-dimensional (1D)
ones under the following assumptions: (i) even in the presence of the island the plasma
parameters change mostly in the radial direction r perpendicular to the unperturbed
magnetic surfaces, (ii) the radial width of the calculation domain, rsor, — reore, is small
compared to rsor and 7. and a slab approximation can be applied (iii) the electron
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and ion temperatures are close each other as it is expected at the plasma edge by
approaching to the density limit due to the increase of the heat transfer rate coefficient
K ~ n?/T}5. Therefore, henceforth, we introduce a single plasma temperature 7' and
neglect components of the plasma parameter gradient other than 0, (...). The densities
of plasma particle and total heat fluxes in the r-direction are as are equal I'; = I"y, +1",
and ¢, = ¢5, + ¢\, + qfj T qﬁr, respectively, where

_DLarn BT .
—— I, =Tyy—=T 0,
1+tanZa’ | ”B¢ |Brap SID

', =I,cosa =
e,
k0T

¢t _ 150 ol — ——
Lir + 1+ tan? a

L qi =250, T — &[" (Brarp sin6)* 0,7,

with o being the angle between the normal to the flux surface and the direction r;
by moving along a surface in the island « changes from 0 at the surface point of the
minimum X, being closest to the plasma axis, to m at the point where x is the maximum
one.

1-D equations, describing the variation of parameters in the z-direction follow by
averaging equations (1), (2), the sum of equations (3) and (4), and equation (6) over
the RMP phase 0 < 0 < 7

o + 0, (G, — Desp0m) = S, (14)
Gy — 110, (Dey0,Gr) + 2850, p00y (n€2) = —keynoG, (15)
30, (NT) = 0, [Kes ;0T 4 (3Des 0y — 5G,) T) = =S, — S; (16)
OiMimp — Or [DestOriimp — (G /1 + CBRp p 00T ) M) = kg™ (17)

where G, = (I'|sin§) with (- - -) denoting the average over the RMP phase; the effective
radial transport coefficients

DJ_ Hi‘i‘fil

Depp = o Rerr = + (K} + Kl) Brares

with v = 1 A—22 —H_T_Me_ : 1 — r—rrs?2 <
Y= + 5| Y= , 0, = arcsin (=x2=)" and p < 1.

ta(r—rrs ™ A
A similar approach was used before [17,18], by considering the RMP coupling to zonal
flows through the parallel electric field.

It is interesting to note that v — oo and D.sy — 0 by r — rgg, i.e. by approaching
to the resonant surface. Physically this means that here the normal to the local flux
surface is perpendicular to the radial direction. On the contrary the contribution of
the parallel transport, being proportional to the factor ¢, approaches its maximum at
the RS and remains the only one to the effective radial transport here. From equation
(15) one can see the parallel particle flow is driven by the plasma pressure gradient,
in turn this is reduced through the flow. After several sound oscillations damped by
the perpendicular momentum transfer and friction with neutrals a stationary state is
established finally.
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3. Results of calculations

The following input parameters have been used for calculations in the 1D approximation:
the positions of the computation domain boundaries, r.,.. = 0.576m and rgor, = 0.76m,
of the resonant surface rpg = 0.714m, the island half-width A = 0.024m; the density
of the heat flux from the core g, = 80 kW m~2; the perpendicular transport coefficients
D, = 05m?s7 !, k. = 2 x 10®m~'s~!. Instead of an explicit modeling, by using
equations (7) and (20), a typical concentration of carbon impurity n,,/n of 0.01
has been fixed. Equations (17)-(19) have been solved numerically by the method
outlined in [19] with a typical time step of 50us and 201 equidistant grid point in
the computations domain 7. <1 < rsor.

Figure 4 shows the plasma temperature at the SOL boundary T (ry,;) and the
radiation level

TSOL

Vrad = — nLNimpdr
C
Tcore

versus the plasma density at the core border, n., controlled by the hydrogen gas density
on the plasma boundary, ng (rsor), in configurations without and with the RMP. In
the former case the parts of the dependencies marked by the pluses have the form
typical for a bifurcation and the corresponding states have to be unstable from a general
point of view. The fact that these states are obtained in the present calculations is
explained by a not long enough calculation time and, by increasing this sufficiently,
final indeed stationary states of extremely small Ty = T (ryy) =~ 0.1 — 0.2eV were
got. This is demonstrated in figure 5a where the profile T'(x = 7 — r¢ppe) is shown
for 2 magnitudes of the core plasma density in the vicinity of its critical for the SOL
detachment level n., of 5 x 109m=2s71, differing by less than 1%, see figure 5b with
the plasma density profiles. States of a very low T (r4,) are not fully realistic because
some physical processes important under such conditions, e.g., recombination, are not
included into the present model. The transition to such states, initiated as 7,.4 exceeds
a critical value 0.4, corresponds actually to a thermal collapse when the radiation zone
uncontrollably penetrates towards the plasma core. This can be seen in figure 5c where
the corresponding profiles of Q.4 (r) are displayed. The picture of detachment in the
LHD revealed above is essentially similar to the radial detachment in Ohmic discharges
in the tokamak TEXTOR and the exhaustive analysis in [12,20] can be principally
applied here.

In the configuration with the RMP T (r,y;) decreases and 7,,5 increases
monotonously as the plasma core density grows up with ng (rsor). Therefore no thermal
collapse occurs even after the SOL detachment at n., ~ 4.1 x 10'%m ™3, as one can see
in figure 6 where the profiles of T'(x), n(z) and Q,qq(x) are presented for 3 magnitudes
of n.. The radiation layer stays always at the very plasma edge mostly in the region
between the RS and SOL, see figure 6¢. By increasing the neutral influx in order to
rise n,. further the collapse of the profiles of all parameters considered takes place: the
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Figure 4. The temperature at the SOL-border, Ts = T(rsor,) (a) and radiation level
(b) versus the plasma density at the core border, n., calculated with (solid lines) and
without (dotted lines) RMP impacts.

temperature drops in the whole computation domain, due to deeper penetration of
neutrals a strong density maximum arises at the inner boundary z = 0 leading to a
strongly peaked there radiation losses. This behavior can be interpreted as a thermal
collapse but the present model is not sufficiently sophisticated to describe it firmly.

At a finite [Bryp parallel flows affect the transport in the r-direction both of
heat and of charged particles. On the one hand, a finite plasma pressure gradient
O.P ~ 0, (nc?) generates the particle flux G,, see equation (19), by leading to the
decrease of |0,P| and formation in the island region of profiles with 9,7 < 0 and
d.n > 0. It is a self-sustaining situation: since Q,qq ~ n? the energy loss is higher
in the outer island-half, therefore 0,7 becomes more negative and, consequently, 0,n
increases. This development is terminated as the plasma temperature drops to the level
of several electron-volts and impurity cooling rate L; begins to decrease. On the other
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Figure 5. The profiles of the plasma temperature (a), density (b) and radiated power
density (c) calculated without RMP impacts for 2 slightly different magnitudes of n.;
T=T— Teore-

hand, with RMP the parallel heat conduction x| ~ T*° contributes to s.ss, by making
it larger and dependent on the plasma temperature. As it was demonstrated [12] such a
modification affects the threshold of detachment in limiter tokamaks like TEXTOR, and
may be of importance for the LHD conditions. To investigate the relative importance of
modifications induced by the RMP in the transport of particles and heat, calculations
have been performed by applying the finite Sryp = 1073 either in equation (19) and
D.sy or in ke¢r only. If the RMP impact on the particle transport is taken into account
the results are only slightly different from those found with the complete model above.
In the case of modifications induced in the effective heat conduction no RMP effect is
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Figure 6. The profiles of the plasma temperature (a), density (b) and radiated power
density (c) calculated with Brarp = 1072 for 3 values of n..

seen: the SOL detachment at v,,q =~ 0.4 leads to a thermal collapse. Thus changes
induced in the particle transport, leading to non-monotonous plasma density profiles,
with d,n > 0 in the magnetic island, are decisive for the stabilizing effect of RMP on
the detachment in the LHD.

4. Qualitative analytical analysis

To elucidate futher the mechanisms for the radiation layer stabilization by the RMP
a very simplified model for the heat transport at the plasma edge with and without
magneic island is considered in this section. This model includes the momentum balance
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in the island in the simplest form of the pressure constancy:
n(x)T (z) = const = n.T,

with the prescribed density n. at the interface of the island with the plasma core, z = z.,
and the plasma temperature 7, determined below;
the heat balance equation inside magnetic island taking into account the parallel heat
conduction only:

d 9 dr Ly
— | = AT*— | = —¢;n’L; = —em?T? =
dr ( ﬂRMP Il dl‘) I I I ¢ T2
By multiplying the latter with 2724 one gets:

d [, AT\ > dT
— AT =) =2UT*VTL;—
dx (BRMP [ dx) c\/_ Id:lf

where U = S%,,pA)cin?.

(18)

For the present analysis we fix both boundary conditions for equation (22) at the

outer island border, z, = z.+2A: T =T;, _B%MPAHT%% - _’ﬂ%. An integration
provides:
2 25T 2 9
—Bramp AT i (k1 Ts/0r)” +2UT2g
with

T
g(T,,T) = / VOLde
Ts

By integrating once more, we get an integral equation for the temperature profile:
T(x)
/ 02540 _2A+$C—J}
o 2
Ts \/(’fLTs/5T)2 +2UT2?g (T, ©) BrupA

and a transcendent one for the core temperature T.:

Te

/ T%°dT o 2A
T2
1 ST e? +2um2g(r, ) Phuard

Physically, in a steady state the heat flux from the core, —B%MPAHTZE’% (x = x.),
is compensated by the total heat loss from the island with the conduction through the
outer border and impurity radiation

Qloss = \/(KLTS/5T)2 + 2UTC29 (Tsa Tc)
For the level of radiation losses one has:
K J_TS
6quoss
Stationary states are defined from the island heat balance

Yrad =

Qloss = Qheat
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Figure 7. The total energy loss from the island with heat conduction and impurity
radiation (a) and the radiation level (b) vs. the temperature at the island outer border
for different values of the density at the interface with the plasma core, n.; steady
states are defined by the balance between ¢j,ss and the heat influx into the island
Gheat = 10W m=3.

The dependencies qoss (Ts) and 7,44 (Ts) for different n, are presented in figure 7. With
Qheat = 10W/cm? steady states exist for n. < ne. &~ 3.75 - 10'9m=3; for higher n. there
is no thermal equilibrium and a thermal collapse has to occur. The steady states, in
which 7,44 can exceed 0.95, are stable. Indeed, the stability condition [12]:

dQIoss dIn Qloss
dT'a dlnTh

is satisfied for all cases. This situation is different to the one without RMP considered

>0
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below and in [12] for a limiter tokamak. To understand the behavior with the RMP we
analyze the dependence of d1n gy /dInTys on Ty. One can get:

d1n qposs UTCZQ (Ts; Tc)

—— = =Y 2 -
dln Ts ( ’7 d) _'_ ql2038 (Oé 5)
with
1.5 1.5
o —0 2+Tc L[(TC) ’ ﬂ:Ts L[(TS)7 :dlnTC
g (T, T.) g (T, Te) dInT,

Figure 8 shows dependencies of 8, o and 8 on T} for n, = n.,.

Thus, the effect of impurity radiation on stability is defined by the sign of the
difference o — 3. In the Ti-range of interest this difference is always positive, see figure
8, and the radiation losses are not destabilizing. Qualitatively one can explain this
as follows. Consider a spontaneous drop of T,. If T, would be independent of T, by
meaning 0, « = 0, this should lead to the plasma density increasing according to the
local law n (z) ~ 1/T (z). As a result Q,qq will grow as 1/T? and instability develops if
YVraq 18 large enough. However, not T, but the heat influx into the island from the core is
fixed. As a result, T, somewhat decreases and n does not grow so strongly with droping
T,. Formally this is revealed through # > 0 and, thus, a > 0. In addition, because 6 < 1
the radial gradient of T'(x) increases with diminishing Ty, the stronger the closer to the
outer island boundary x = x,, since x| ~ T*°. Therefore the regions with the largest
increase in the plasma density are becoming less extended in the radial direction. This
is mimicked in the decrease of g with T;. Note the same argumentaion is relevant by
explaining why the Q,.q peak becomes narrower with decreasing 7%, see figure 6¢: the
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smaller T the larger temperature gradient, figure 6a, the more n(x), figure 6b, and,
thus, Q,qq ~ n?, are peaked in the island.
Consider now the situation without RMP. The heat balance equation in this case,

d dT )
— | kL5 | =— L
dr ( K1 dx) e L,

is treated, by assuming for clarity both s, and n indpendent of x. Similarly to the
analysis above we get for the total heat loss from the edge with heat conduction and
radiation:

7.\’ r
Qloss = (K,J_ s) "‘ZHLCITLQ/LICZT
or

Ts

Without RMP the width of the radiation layer is not related to that of the island.
Therefore the value of the T, is restricted from above by the requirement only that it
is reached at the plasma periphery. According to the measurements [4] one can assume
T. =~ 300eV. For the temperature dependence [12] assumed in the present study

/T [T
L; = L™ exp —< 7 1)
2

T.> Ty =~ 60eV > T ~ 5eV in the case of carbon impurity under consideration. Thus,
the integral in the relation above is very weakly dependent on the upper limit and one
gets:
dIn Qloss 2 ’iLC]n2TsL] (Ts)
—— = (1 = Yrad)” — 5
dInTy Tit ss

Thus, impurity radiation losses are always destabilizing and d In gjoss/d In T can become

negative by approaching of v,,4 to 1 for small enough 7.

5. Conclusions

Time dependent one-dimensional transport equations to model the dependence on
the effective minor radius of the plasma parameters averaged in the poloidal and
toroidal directions are deduced by taking into account the presence of resonant magnetic
perturbations at the plasma edge of the LHD. Calculations reproduce qualitatively the
modifications of the plasma parameters and of the plasma behavior after detachment
induced by the RMP: the generation inside the magnetic island of the plasma density
profile with the positive radial gradient and stabilization of the layer where the impurity
radiation losses are mostly localized at the plasma edge up to the loss power above 90%
of the input one. This differs principally from the behavior without RMP where a
thermal collapse and the plasma termination sets in immediately after the detachment
from the SOL at a radiation level of 40-50%. Although the RMP affects both heat and
particle transport in the magnetic island, where the strong parallel transport contributes
to the effective radial one, namely the latter, leading to the inverted profile of the plasma
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density, is decisive for the radiation zone stabilization. Up to now the calculations did
not reveal usually expected strong flattening of the temperature profile within the island;
this aspect has to be elaborated deeper in the future.

The 1D model elaborated in the present paper is not appropriate to reproduce
important features of the RMP influence. A 2D modeling approach proposed and
numerically realized in [21] allows to demonstrate in calculations many characteristics
experimentally observed in the LHD configuration with the RMP. In particular, it is
possible to reconstruct in 2D computations the concentration of impurity radiation
losses in the vicinity of the magnetic island X-point, where finally a thermal collapse is
initiated. These study is an intermediate step between the 1D consideration above to 3D
simulations with the code suite EMC3-EIRENE applied normally to model the plasma
edge in heliotrons, in particular, in the LHD [22]. Tt is planned to perform necessary
developments in the code EMC3-EIRENE and to start in a near future 3D plasma
simulations of the LHD discharges with the RMP. Such simulations are important to
put a firm solid basis for the implementation of the RMP concept in future heliotron
fusion reactors.
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Appendix

An equation for the impurity ion density 7, follows from the summation of continuity
equations over all charge states Z:

OMimp + V- Ly = kY nn?

on imp
where iy = Nimp Vimg| b)) — D1 (b1 - Vnimp) by is the impurity ion flux density, with
the parallel velocity of impurity assessed from the balance of the friction and the thermal
forces [13], Vimp| = Vj+Cb)-VT;, C &~ 3.2x 10T}/ (ny/m;); ki, is the ionization rate

coefficient of impurity neutrals and their density n?mp is determined from the continuity
equation:
0 0 0 0
_‘/z’mpa’f’nimp - _kionnnimpv

where V2 = = \/ 2EY /(3Mimy) is the velocity of impurity atoms.

imp
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At the SOL boundary, r = rgor, the influx of impurity neutrals is defined by

their erosion at the divertor targets by the main ions, Vo, ny, . = YT, with the rate
coefficient Y dependent, as well as the impurity atom energy E?mp, on the erosion
mechanism. In the case of carbon sputtering Ef,  ~ 3eV; Y is a function both of

the energy of the main ions impinging the targets (physical sputtering) and of the
temperature of the target surface (chemical sputtering). Both contributions to Y are
reduced by the plasma detachment.



