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Magnetic surfaces
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There are two 3 D effects (symmetry and topology)	


Tokamak (approximately 2-D) Helical system (intrinsically 3-D)

Closed surfaces formed by circum-navigating magnetic field lines

Requirement of rotational transform =
Circum-navigating magnetic field in torus (Toroidal)

+ Circum-navigating in the short way around closed surfaces (Poloidal)

Î Two ways to generate poloidal field
1)  Large net toroidal current in plasma : tokamak
2)  Twisted coils : helical system (stellarator, heliotron, heliac,)

A pair of helical coil (double helix) : Heliotron

Confinement of toroidal plasmas

Tokamak and Helical system
9 Large commonality as toroidal system
9 Difference due to existence/absence of net plasma current

Helical system : no requirement of current drive, 
no current driven instability (disruptions)

Î mitigates engineering demands for a fusion reactor
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Symmetry?  with/without Toroidal symmetry	


Topology ?  2D Magnetic flux surface or 3D magnetic field 
                    such as magnetic island or stochastization 	


Joint research for RMP and ELMs
Stochasticity of magnetic filed lines is also important issue in tokamaks. 

One critical issue: RMP to ELM mitigation/suppression

Ex: 3D field in ITER To understand how the RMP mitigates or 
suppresses the ELM, the identification of 
magnetic field structure is necessary.

International collaboration between LHD and 
DIII-D has started 
1. Identification of magnetic topology observing 

heat plus propagation,
2. Identification of plasma boundary observing 

radial electric field,
3. Tomography of magnetic islands by fast 

camera coupling 3D MHD modeling. 

Bilateral joint experiments
Bilateral share in common database
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Lack of symmetry	


Magnetic 
field 
ripple	


Toroidal 
(parallel) 
viscosity	


Closed	
  magne,c	
  flux	
  surface	
  
(topologically	
  2	
  dimensional	


open	
  magne,c	
  
flux	
  surface	

	


Non-
ambipolar loss	


Parallel 
transport	




3D	
  effect	
  in	
  toroidal	
  plasma	
  	
33--D Effects in D Effects in ToroidalToroidal PlasmasPlasmas

Mean flow Neoclassical 
transport

Transport

Viscosity

transport

f Turbulent

3-D effects

Zonal flow Turbulent 
transport

3 D equilibrium
in helical system

and tokamak

3-D equilibrium 
and transport are 
determined self-

Interaction

(with RMP) 

Magnetic M d l ki

consistently

Topology

Magnetic 
island Mode locking

Stochastic 
mag. field ELM controlMHD stability
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3D effect on parallel and perpendicular viscosity	


Parallel 
viscosity	


collision	
 radial 
current	


Pφ (r) =
1
r

!r Tcol ( !r )+TjxB ( !r )+Tvis ( !r )−Tno( !r )( )0

r
∫ d !r = ni (r)mi

Vr (r) Vφ (r)
neutral	


Ripple structure  

Trapped particle	


passing particle	

Friction between the passing 
particles and trapped particles 	


Poloidal flow in tokamak plasma 
both poloidal and toroidal flow in 
helical plasma	


Residual stress : part of Reynolds stress 
not proportional to ∇Vφ, Vφ 	
€ 

˜ V r ˜ V φ = −µ
⊥
∇Vφ +VpinchVφ +Γφ

RS

Perpendicular 
viscosity	


Non- Diffusive term 

Pinch term 	


Diffusive term 

Residual 
stress term	


Reynolds stress 	


Plasma magnetic 
flux surface 

Plasma vortex flow 
(Turbulence) 

€ 

µ
⊥



Bifurcation of radial 
electric field (Er)	


Ripple loss produce non-ambipolar flux and Er	
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Er	
 

Plasma center	
 

Low densirity	
 

High density	
 

edge	
 

Density dependence of radial electric field 	


Er is determined by the ambipolar 
condition  Γi = Γe	
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suppression of ripple loss by Er in the plasma with e-ITB	


It is important to study the electron transport for the
plasma with an ITB at much lower collisionality (!!

b "
0:03), where the neoclassical heat transport due to the
helical ripple loss would be serious. In order to achieve a
plasma with lower collisionality, the electron density is
reduced to 0:14# 1019 m$3, which is lower than the
critical electron density for the transition of Er by a
factor of 3. As the electron density decreases, the central
electron temperature increases sharply up to 8 keV. The
maximum of the normalized Te gradient (R=LTe) jumps
from 6 to 23 in the regime of transition and increases
from 23 to 30 after the formation of the ITB. As shown in

Fig. 3(a), the density dependence of the central Te in the L
mode (ne < 0:5# 1019 m$3) is n$0:43

e , which is consistent
to that predicted by the L-mode scaling of Te%0& / n$0:39

e
in LHD [26] and also consistent with gyro-reduced Bohm
transport [Te%0& / n$0:4

e ]. It should be noted that in the
regime of the improved mode (ne < 0:5# 1019 m$3) the
density dependence of the central Te is Te%0& / n$0:6

e ,
which is much stronger than that in the L mode. The
formation of the electron internal transport barrier is
due to the bifurcation phenomena of the electron heat
transport, which is clearly demonstrated in the relation
between the electron heat flux normalized by density and
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FIG. 3 (color online). (a) Central electron temperature Te as a function of line averaged electron density (shots 32958, 32957,
32940, 32942, 32968, 32970, and 32971). (b) Electron heat flux normalized by the electron density as a function of the temperature
gradient at various averaged minor radii " and (c) normalized heat diffusivity measured as a function of R=LTe inside (open
symbols) and outside (closed symbols) the internal transport barrier.
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FIG. 2 (color online). Radial profiles of (a) electron density, rotational transform #, (b) electron temperature, (c) ion temperature,
(d) radial electric field, (e) $e, and (f) $e normalized by T3=2

e measured and predicted by NC theory for the plasma with ECH above
the threshold (shot 32940) and below the threshold (shot 32942) for the formation of ITB with the magnetic field of 1.52 T and with
the magnetic axis of 3.8 m. The profiles of the plasma without ECH are also plotted as a reference.
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It is important to study the electron transport for the
plasma with an ITB at much lower collisionality (!!

b "
0:03), where the neoclassical heat transport due to the
helical ripple loss would be serious. In order to achieve a
plasma with lower collisionality, the electron density is
reduced to 0:14# 1019 m$3, which is lower than the
critical electron density for the transition of Er by a
factor of 3. As the electron density decreases, the central
electron temperature increases sharply up to 8 keV. The
maximum of the normalized Te gradient (R=LTe) jumps
from 6 to 23 in the regime of transition and increases
from 23 to 30 after the formation of the ITB. As shown in

Fig. 3(a), the density dependence of the central Te in the L
mode (ne < 0:5# 1019 m$3) is n$0:43

e , which is consistent
to that predicted by the L-mode scaling of Te%0& / n$0:39

e
in LHD [26] and also consistent with gyro-reduced Bohm
transport [Te%0& / n$0:4

e ]. It should be noted that in the
regime of the improved mode (ne < 0:5# 1019 m$3) the
density dependence of the central Te is Te%0& / n$0:6

e ,
which is much stronger than that in the L mode. The
formation of the electron internal transport barrier is
due to the bifurcation phenomena of the electron heat
transport, which is clearly demonstrated in the relation
between the electron heat flux normalized by density and

0

2

4

6

8

10

0.0 0.5 1.0 1.5 2.0

R/LTe > 23

R/LTe < 6

T
e(0

) (
ke

V
)

n
e
 (1019m-3)

n
e
-0.6 

n
e
-0.43

n
e
-2.7

1

2

3

4

(a)

0

2

4

6

8

10

-1.2 -0.6 0.0 0.6 1.2

T
e(k

eV
)

ρ

1

2

3

4

10-1

100

101

102

0 10 20 30 40

ρ = 0.15
ρ = 0.2
ρ = 0.25

ρ = 0.7
ρ = 0.75
ρ = 0.8

χ e / 
T

e3/
2  (m

2 /s
/k

eV
3/

2 )

R/L
Te 

L-mode

Improved 
mode

ITB 
formation

outside ITBinside ITB(c)

0

50

100

150

0 10 20 30 40 50

inside ITB ( ρ=0.15)
outside ITB ( ρ=0.4)
plasma edge (ρ=0.8)

 Q
 c

on
d+

co
nv

 /n
e (k

eV
m

s-1
)

dT
e
/dr (keVm-1)

dχ
e
/d(P/ne) > 0

dχ
e
/d(P/ne) < 0 

L-mode
transition

ITB plasma

χ
e

inc = 1m2/s

(b)

FIG. 3 (color online). (a) Central electron temperature Te as a function of line averaged electron density (shots 32958, 32957,
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FIG. 2 (color online). Radial profiles of (a) electron density, rotational transform #, (b) electron temperature, (c) ion temperature,
(d) radial electric field, (e) $e, and (f) $e normalized by T3=2

e measured and predicted by NC theory for the plasma with ECH above
the threshold (shot 32940) and below the threshold (shot 32942) for the formation of ITB with the magnetic field of 1.52 T and with
the magnetic axis of 3.8 m. The profiles of the plasma without ECH are also plotted as a reference.
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electron temperature increases sharply up to 8 keV. The
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the threshold (shot 32940) and below the threshold (shot 32942) for the formation of ITB with the magnetic field of 1.52 T and with
the magnetic axis of 3.8 m. The profiles of the plasma without ECH are also plotted as a reference.
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Peaked Te profile in 
the plasma e-ITB	


Large radial electric 
field (Er) is produced	

	


NC transport is suppressed much 
below the turbulence transport	


3D	
  effect	
  of	
  ripple	
  loss	
  on	
  heat	
  transport	
  (enhancement	
  of	
  thermal	
  diffusivity)	
  was	
  not	
  
observed	
  because	
  of	
  the	
  self-­‐organized	
  radial	
  electric	
  field	
  in	
  the	
  3D	
  configura,on.	
  	


3D	
  effect	
  on	
  heat	
  transport	
  à	
  negligible	
  
3D	
  effect	
  on	
  par,cle	
  transport	
  à	
  Er	
  and	
  screening	
  à	
  important	
  on	
  impurity	
  transport	
  
3D	
  effect	
  on	
  momentum	
  	
  transport	
  à	
  enhance	
  parallel	
  viscosity	
  à	
  mean	
  and	
  zonal	
  flow	
  

K.Ida	
  et	
  al.,	
  	
  Phys.	
  Rev.	
  Le2.	
  91	
  (2003)	
  085003.	
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Figure 9. Measured parallel flow velocities as a function of the magnetic ripple strength at (a) ρ = 0.07 and (b) ρ = 0.58.

Figure 10. Measured parallel flow velocities at ρ = 0.07 as a
function of the external momentum input in the three mirror
configurations.

of µ‖NC is hollow for the three mirror configurations. The
calculated reference parallel viscosity coefficients at ρ = 0.07
in the high mirror, standard and reversed mirror configurations
are approximately 1000 s−1, 200 s−1 and 150 s−1, respectively.
In the high mirror configuration, µ‖NC is clearly higher than
those in the standard and reversed mirror configurations. The
difference between µ‖NC in the standard configuration and
µ‖NC in the reversed mirror configuration is small at the plasma
center. And µ‖NC in the standard mirror configuration becomes
larger than that for µ‖NC in the reversed mirror configuration
toward the plasma edge.

The observed parallel flow velocity shows a positive
response to the external momentum input, as shown
in figure 10. The experimental effective parallel
viscosity coefficient near the plasma center is defined as

µ‖eff = dFext(0.07)/nimidv‖(0.07). Figure 11(c) shows
a comparison between the experimental effective parallel
viscosity coefficient and the reference parallel viscosity
coefficient. The ion densities are assumed to be ni(0)(1−ρ2),
ni(0)(1−ρ8) and ni(0)(1−ρ2)3, where Zeff is assumed to be 2.
The external momentum input is evaluated using the FIT code
for each case of ion density profile. The experimental effective
parallel viscosity coefficients for the high mirror, standard
and reversed mirror configurations are approximately 4200–
4700 s−1, 1600–1800 s−1 and 1200–1400 s−1, respectively. In
the case of peaked ion density profile, ni(0)(1 − ρ2)3, µ‖eff

is smaller than the other cases. The experimental effective
parallel viscosity coefficients are approximately 4–10 times
larger than the reference parallel viscosity coefficients. The
result of this comparison is qualitatively consistent with the
results of CHS [5], where γ is less than 0.2 m−1, and HSX
[6]. However, further studies are necessary for a detailed
comparison between experimental results and theoretical
prediction. In particular, a detailed and extensive calculation
of the NC parallel viscosity in Heliotron J is required. An NC
transport code based on the parallel momentum conserving
moment method, which has been developed by Sugama and
Nishimura [16], has started being applied to Heliotron J for
the detailed and extensive calculation of NC parallel viscosity
[17]. Measurements of plasma density and radial electric field
are necessary for this calculation. In addition, we should
improve the signal-to-noise ratio in the region of ρ > 0.8 for
comparison with the result of HSX. These will be addressed
in future works.

5. Summary

To investigate the effect of magnetic field configurations on
plasma flow velocity, parallel flow velocity, v‖, was measured
using a CXRS system in three mirror configurations. The
magnetic ripple strengths were controlled by changing the
bumpy component and those in the high mirror, standard
and reversed mirror configurations were γ = 0.073 m−1,
0.031 m−1 and 0.027 m−1, respectively, near the plasma center
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Relation between poloidal and toroidal flow	


Both of poloilda 
and toroidal rotation 
are driven by ECRH 	
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Plasma performance and impurity behaviour on LHD
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Figure 12. Decay time of TiKα emission as a function of
normalized collision frequency for impurity ions. The central iron
density (•) in a density ramp-up discharge is also indicated to
compare the collisionality with that in the impurity accumulation
window.

in the core plasma if the impurity influx is larger than the
loss of impurities. Furthermore, significant inward convection
must be taken into account for understanding the temporal
behaviour of the TiKα emission in the transport analysis.
In order to compare the plasma parameters with impurity
accumulation with those in the impurity accumulation window
described above, the decay time of TiKα emission is plotted
as a function of normalized collision frequency for impurity
ions as shown in figure 12, where the central iron density in
a long pulse discharge with density ramp-up is also plotted.
The iron density is calculated from measured radiated power
density by coupling the MIST with measured plasma density
and temperature profiles. As described before, the metallic
impurities accumulate in a specific region of the collisionality
and diffuse out in the high density region for the density
ramp-up discharge. The impurity accumulation window is
represented by the increasing phase of the central iron density
as indicated by the dashed lines. The decay time increases
gradually with increasing density (the collisionality) and then
increases abruptly in the impurity accumulation window.
Moreover, the intrinsic impurity accumulation is also observed
in the FeKα emission signal for the discharges with a decay
time of more than 3 s, which are in the impurity accumulation
window. The experimental results of the impurity pellet
injection are in good agreement with the impurity behaviour
observed in long pulse discharges.

4.3. Role of radial electric field

Another important experiment into the relationship between
impurity behaviour and radial electric field in the plasma
was carried out by neon gas injection with a short pulse
(100 ms). In particular, it is of great importance to clarify the
influence of radial electric field on impurity transport in the low
collisionality (1/ν) regime, where helically trapped particles
play an important role in the transport for a nonaxisymmetric
device such as LHD. Figure 13 shows the profiles of the
radial electric field and the fully ionized neon density for the
discharges with various electron densities. The radial electric
field (Er) was derived from the poloidal rotation velocity
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Figure 13. Radial profiles of (a) radial electric field and (b) fully
ionized neon density for the discharges with a pulsed neon gas
injection. The radial electric field is measured in the midplane at a
position where the plasma is vertically elongated. The electric field
changes from positive to negative with increasing electron density.
The neon density increases monotonically as the density is
increased.

measured with charge exchange spectroscopy (CXS) [23] at
the midplane (vertically elongated cross section) in the LHD
plasma by using a charge exchange reaction between fully
ionized neon impurity and atomic hydrogen from the NB,
which was employed as the main plasma heating source. The
neon density was estimated from the NeX line intensity in
CXS by using the beam density profile, which was determined
from measured NB port-through power by using a Monte Carlo
calculation [17]. The neon gas was injected into the NBI heated
plasmas at 1.5 s and the neon density profile was measured
at intervals of 2 s by integrating the NeX line emission for
about 2 s. In figure 13, the measured profiles at the same
time (t = 3 s) when the line intensity has a maximum value
are indicated. The radial electric field is positive (electron
root) in the low density region and negative (ion root) in the
high density region, in particular, near the plasma edge [20].
The transition from electron root to ion root is observed at the
density of around 1.0 × 1019 m−3 and the radial electric field
is nearly zero at all radii. The impurity collisionality at the
critical density is nearly equal to that at the left-hand side of the
impurity accumulation window in figure 12. The penetration
of neon impurity into the plasma core increases as the electron
density is increased as shown in figure 13(b). The MIST
code shows that the neon density in the plasma core depends
on the diffusion coefficient and the convection velocity for
impurities. The result from neon penetration indicates that the
inward convection component (negative convection velocity)
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Fig.8 (Color) (a) Temporal evolution of line integrated radiation profiles measured by the AXUVD 

for without (left figure) & with (right figure) the n/m=1/1 island. (b) The viewing lines of the 

AXUVD, which has 16 channels numbered from the lower to upper lines. (c) Initial results of 

impurity radiation distributions obtained with EMC3-EIRENE for without (left figure) & with (right 
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Transport near the magnetic island	
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FIG. 10: Profiles of electron thermal diffusivity as a function
of helical coil current. The vacuum low order rationals ι/2π =
8/5 and 5/3 are shown with white lines. Two higher order
rationals (ι/2π = 13/8 and 18/11) are indicated with dashed
lines (from Fig.8 in [40] ).

vicinity of a magnetic island based on the island-induced
symmetry-breaking transport flux is proposed[33]. In
this model, the radial electric field is governed by a non-
linear equation that can have multiple equilibrium solu-
tions as plasma parameters change[34]. This results in
a bifurcated state of the radial electric field which is ob-
served in the experiments in LHD, when the size of mag-
netic island becomes large enough. This theory predicts
an important role in the plasma confinement in the vicin-
ity of the lower-order rational surfaces and may explain
the plasma confinement improvement in the vicinity of
the lower order rational surfaces observed in the stellara-
tor and tokamak experiments[35–37]. The mechanism
of the transport reduction near the rational surface is
not fully understood yet, however the radial electric field
shear near the rational surface is one of the candidates
for suppressing the turbulence.

An other interesting observation of the poloidal flow in
the magnetic island is the bifurcation phenomena. When
the width of a magnetic island exceeds a critical size, a
spin up of the poloidal flow inside the magnetic island is
observed. This spin up causes a finite radial electric field
and a peaked space potential profile inside the magnetic
island, although the temperature profile is flat inside the
magnetic island. This spin up of the poloidal flow is due
to the difference in poloidal flows at the two boundaries
of the magnetic island (the boundary inner side and the
boundary outer side). It is an important fact that the
spin-up of the poloidal flow appears abruptly, which sug-
gests the strong non-linearity of flow damping and/or
generation in the vicinity of the magnetic island. The
multiple equilibrium solutions of the radial electric field
in the vicinity of the magnetic island are also predicted
theoretically[34]. It should be noted that the Er shear at

the boundary of the magnetic island tends to disappear
when the spin-up takes place for the large size magnetic
island. Therefore strong Er shear is expected in a plasma
with a small magnetic island.

This Er shear is one of the candidates for the transport
improvement mechanism near rational magnetic surfaces,
where small magnetic islands may exist. The T-J II stel-
larator device was the ideal device to explore the effects
of rational surfaces and possible small magnetic islands
on the transport, because the rotational transform can
be scanned over a wide range ι/2π = 0.9 ∼ 2.2 during
the discharge [38, 39]. Figure 10 shows the contours of
the electron thermal diffusivity in the helical coil current
scan during a discharge[40]. The electron thermal diffu-
sivity is derived from the electron temperature gradient
measured with ECE, which gives precise relative values,
although the absolute value of the gradient may have
a large uncertainty due to the calibration. It is clearly
demonstrated that the the electron thermal diffusivity is
strongly coupled with the low order rational surface of
ι/2π = 8/5 and 5/3 indicated with solid lines.

IV. IMPLICATIONS TO ITER

Experiments on toroidal and poloidal viscosities
demonstrated that these viscosities have reasonable
agreement with that expected from neoclassical theory.
At the plasma edge, friction with neutral particle has a
significant role and it can be larger than the poloidal vis-
cosity. Since the friction with neutral particles decreases
as the edge temperature becomes higher, the friction may
not be crucial in large devices such as ITER. Therefore
the experiments on toroidal and poloidal flow suggest
that the theory of neoclassical viscosity can give a reason-
able prediction of the flow pattern (toroidal and poloidal
flows) for the plasma with normal nesting magnetic flux
surface in future devices such as ITER.

In contrast, the physics of a complicated magnetic
topology (magnetic flux surface with magnetic island)
is not well understood. For example, the flattening of
temperature inside the magnetic island is commonly ob-
served, however this flattening of the temperature is not
due to the enhancement of cross field transport (large
thermal diffusivity) but due to the change of topology.
The heat flux parallel to the magnetic field becomes
significant in this region and most heat flux in the ra-
dial direction is through the X-point of the magnetic
island[41]. In fact heat pulse propagation experiments
suggest reduction of cross field transport (low thermal
diffusivity) inside the magnetic island[42]. The existence
of a magnetic island would be crucial in ITER, when
the resonance magnetic perturbation field is applied to
control the Edge Localized Mode. The magnetic island
causes a significant poloidal asymmetry of radial heat
flux and also significant complicated flow patterns in the
plasma. Therefore the toroidal and poloidal viscosity in
the plasma with a magnetic island should be investigated

Profiles of electron thermal diffusivity as a 
function of helical coil current.  
Reduction of thermal diffusivity near the low 
order rational surface 
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Delay time shows the jump at the 
magnetic island	


K.Ida et. al., Phys plasmas 11 (2004) 2551	


Large Er shear is observed at the 
boundary of magnetic island	
 What is the transport near the magnetic island?	


K.Ida et. al., Phys Rev Lett 88 (2001) 015002	
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Heat pulse propagation by Modulation ECH	
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modulation ECH is applied to study the heat pulse propagation in the Te flat region	


The modulation power (square of 
amplitude) drops at r/a ~ 0 and 
increases at r/a ~ 0.5 

Flattening of modulation power suggests  that heat pulse propagates radially  
faster than the transport time scale determined by thermal diffusivity χe. 
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There are two pattern of 
radial profiles of delay 
time of heat pulse  
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Summary	

There	
  are	
  two	
  3D	
  effects	
  	
  
1	
  	
  Symmetry	
  :	
  tokamak⇔	
  helical	
  à	
  ripple	
  and	
  viscosity	
  	
  
2	
  Topology:	
  	
  2D	
  closed	
  flux	
  surface	
  ⇔3D	
  magne,c	
  field	
  strucutre	
  	
  

Symmetry	
  breaking	
  	
 Topology	


Helical	
  ripple	
 Parallel	
  viscosity	


Radial	
  electric	
  field	
  	
 Flow	
  damping	
 Impurity	
  screening	


Reduc,on	
  of	
  Impurity	
  	


Magne,c	
  
island	


stochas,za,on	
Ergodic 
open field 	


Enhancement	
  of	
  
heat	
  transport?	


Reduc,on	
  of	
  heat	
  
transport	


Parallel	
  heat	
  
conduc,on	


Suppression	
  
of	
  ELM	


3D	
  effects	
  contribute	
  reduc,on	
  of	
  impurity	
  but	
  not	
  reduc,on	
  of	
  heat	
  transport	
  because	
  of	
  
flow	
  damping	
  and	
  also	
  suppression	
  of	
  ELM	
  trough	
  change	
  in	
  transport	
  and	
  Er	
  (flow)	



