
  
  

  
  
     Recently, the impurity transport has been extensively 
studied to control the impurity accumulation of tungsten in 
tokamaks.  In the Large Helical Device (LHD), on the 
other hand, the ne profile can exhibit a variety of 
distributions of a peaked, flat or hollow shape.  If the 
impurity transport of heavy impurities is strongly affected 
by the ne profile, the impurity control is possible in the 
plasma core.  Therefore, it is of great importance to 
investigate the radial transport of heavy impurity in LHD.    

Radial profiles of line emissions of Fe16+ through Fe23+ 
ions have been simultaneously observed in the n = 3–2 Lα 
transition array using a space-resolved extreme ultraviolet 
spectrometer.1)  Based on the profile analysis, the radial 
profile of total iron density (NFe ( )) is then calculated for 
peaked and hollow ne profiles in discharges with magnetic 
axis Rax = 3.6 m and magnetic field Bt = 2.75 T.  The NFe 
in the plasma center (  = 0) and near the edge (  = 0.85) is 
also evaluated as function of central electron density, as 
displayed in Fig. 1.  The NFe (  = 0) at the peaked ne profile 
is at least one order of magnitude higher than that at the 
hollow ne profile over a wide range of electron density.  
Since the edge iron density does not vary so much between 
the two cases, the iron influx entering the plasma core also 
has a similar value in two cases.  Therefore, the present 
result strongly suggests the radial transport of iron ions is 
entirely different between the two ne profiles. 
     A one-dimensional impurity transport code is 
employed to simulate the iron density profile as a function 
of time with transport coefficients as an input parameter.2)  
The transport analysis is performed at quasi-stationary 
discharge phase in which the background plasma changes 
slowly and is not significantly perturbed by the Fe pellet.  
The emission intensity profile evaluated from the simulated 
time-dependent iron density profile is used to minimize the 
error (χ2) by comparing with the measured emission 
intensity profile.  The minimization process of χ2 through 
an iterative analysis determines the transport coefficients.  
The convective velocity V is assumed to be proportional to 
the ion charge q, while the diffusion coefficient D does not 
depend on q.3)  It should be noted here that the iron 
transport can be analyzed without any assumption on the 
radial structure of transport coefficients because the Fe Lα 
transitions are sufficiently distributed in a wide radial range. 
     In peaked and hollow ne profiles as plotted in Fig. 
2(a), the transport coefficients are evaluated as shown in Fig. 
2(b).  The V in the figure represents the convective 
velocity averaged by eight ionization stages of Fe16+ through 
Fe23+.  The D profile is very similar between peaked and 
hollow ne profiles, while the D value gradually increases 
toward the plasma edge from the center.  On the other hand, 
the V profile is entirely different between the two cases.  In 
the peaked ne profile, the V is negative, i.e. inward, and 
increases from the plasma center to the edge.  This 
indicates the impurity accumulation easily occurs with a 

peaked ne profile.  In the hollow ne profile, an outward V is 
obviously observed in the core region of   0.8.  The V 
changes from outward to inward near the edge where the ne 
gradient changes the sign from positive to negative.  The 
iron ion is pushed back outwards near  = 0.8 and 
concentrated near the edge when the ne profile is hollow.  
The impurity transport barrier is thus formed by this quick 
change in the radial structure of V.  As a result, the large 
difference in the nFe (  = 0) between peaked and hollow ne 
can be well explained by the significant difference in the 
radial V profile.   
     The present result demonstrates that the control of 
heavy impurities is possible in LHD by controlling the ne 
profile.  Hollow ne profiles are usually observed in high-
temperature and low-collision plasmas with high NBI power 
input.  Since the neoclassical theory predicts that the 
convective velocity increases with ion charge, the outward 
convection can work further favorably to heavier impurities 
such as tungsten, suggesting a better impurity control. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Iron density at =0 and 0.85 against central 
electron density for peaked (open circles and open 
squares) and hollow (solid circles and solid squares) ne 
profiles, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Radial profiles of (a) Te (squares) and ne (circles) 
and (b) diffusion coefficient (squares) and convective 
velocity (circles) for peaked (open symbols) and 
hollow (solid symbols) ne profiles. Hatched area 
denotes radial region of the impurity transport barrier. 
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Heat pulse propagation is a useful tool to investi-
gate the magnetic topology and transport in the toroidal
plasma. Recently, the heat pulse propagation has been
applied to identify the stochastization of magnetic field
in helical and tokamak plasmas. Originally, the heat
pulse propagation technique has been used to estimate
heat conductivity of plasmas. The heat pulse propaga-
tion has been recognized to be a powerful tool to study
the magnetic topology as well as transport and it is ap-
plied to the plasma with magnetic islands or stochastic
magnetic field 1). The heat pulses are produced by the
modulation electron cyclotron heating (MECH) with a
frequency of 30 ∼ 50 Hz.

Time scales of the transition between two states
in the bifurcation phenomena of magnetic topology and
transport are important parameters in understanding
the mechanism of the bifurcation. Figure 1(a)(b) show
the contour of the modulation amplitude (δTe/Te) and
the delay time (τd) of a fundamental component of the
heat pulse in space and time in the discharges with for-
ward and backward transitions from magnetic island to
stochastic magnetic field and vise-versa in LHD plasmas.
Here the running FFT with a time window length of
240ms, which corresponds to six periods of the MECH,
and a time shift of 0.5ms was performed to obtain the
time evolution of the amplitude and phase delay profiles.
The Hanning window was used as the window function,
whose half width of the half maximum is 0.5 times the
window length. Therefore, the effective time resolution
is 120ms that corresponds to 3 periods of the MECH.
The transition of topology bifurcation is more clearly ob-
served in the contour of the delay time. The small peak
of the delay time at t = 5.85 sec and t = 6.45 sec indicate
the appearance of magnetic inlands, while a large area
of small delay time (close to zero) at t = 5.94 - 6.32 sec
indicate the stochastization of the magnetic field. It is in-
teresting that the region of the stochastic magnetic field
shows abrupt expansion at t = 6.14 sec as the location of
rational surface of q = 2 (ι/(2π) = 0.5) moves outwards.
The outward movement of rational surface is consistent
with the jump of magnetic island location from reff/a99
∼ 0.3 (at t = 5.85 sec) to reff/a99 ∼ 0.4 (at t = 6.45 sec).

The time scale of the transition is evaluated from
the time derivative of the delay time at the transition
from magnetic island to stochastic field (t = 5.95 sec)
and the transition from magnetic island to stochastic
field (t = 6.35 sec) as seen in Fig.1(c)(d). The transi-
tion time defined by the 1/e width of the peak of time
derivative delay time (dτd/dt) are 120 ms and 160 ms for

the transition from magnetic island to stochastic field
and vise-versa, respectively. This is not the time scale
of local stochastization of magnetic field at the ratio-
nal surface but the time scale of radial expansion of the
stochastic region from the rational surface to the mag-
netic axis as seen in the radial propagation of the onset
time of the flow damping ?). Therefore, the transition
time scale from magnetic island to stochastic field dis-
cussed here is determined by the speed of radial expan-
sion of the stochastic region from the rational surface to
the magnetic axis and depends on the change in ι/(2π)
profiles.
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Fig. 1: Contour of (a) temperature modulation am-
plitude (δTe/Te) and (b) delay time of a fundamental
component of a heat pulse in space and time for the
discharges with the transition from magnetic island to
stochastic magnetic field and stochastic magnetic field to
magnetic island, (c) time evolution of the delay time at
reff/a99 = 0.28 and 0.4, and (d) time derivative of delay
time for the transition from magnetic island to stochastic
magnetic field and the transition from stochastic field to
magnetic island in LHD plasmas.

1) K.Ida, et. al., submitted to Nuclear Fusion.
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