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Inter-Linkage of Transports and its Bridging Mechanism
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The physical mechanisms determining the diffusive and non-diffusive terms of particle, momentum and heat
transports are described. The non-diffusive term in particle transport, which causes inward pinch or outward flux,
is driven by the temperature gradient and the magnetic field curvature. The non-diffusive term in the momentum
transport, which drives spontaneous toroidal rotation, is found to depend on the electric field and ion temper-
ature gradient in the plasma. In heat transport, no clear non-diffusive term is observed. The temperature and
temperature gradient dependences of the diffusive terms are discussed.
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1. Introduction

The transports in a magnetically confined plasma are
complicated because of the inter-linkage between parti-
cle momentum, and heat radial fluxes. In general, the ra-
dial fluxes of particle, momentum, and heat have diffusive
terms, in which the radial fluxes are proportional to the gra-
dients of density, momentum, and heat, and non-diffusive
terms as offsets of radial fluxes. Since the non-diffusive
terms are driven by the gradients of other plasma param-
eters, in the transport matrix, they are categorized as off-
diagonal terms, while the diffusive terms are categorized as
diagonal terms. The existence of the non-diffusive term of
transport has been recognized in particle transport (and im-
purity transport) as the Ware pinch by the toroidal electric
field [1] or convection by ion temperature (7;) gradient-
driven turbulence [2]. The peaked profile of the electron
density observed in the steady-state with gas puff fuel-
ing clearly shows the significant contribution of the non-
diffusive inward particle flux, because the particle source
is localized near the plasma periphery. The inward pinch
observed in a stellarator, where there is no toroidal elec-
tric field, suggests that turbulence-driven convection can
easily overcome thermodiffusion [3]. The non-diffusive
term in the momentum transport was found experimen-
tally [4-6], and it appears as a spontaneous toroidal ro-
tation [7]. The significant contribution of the non-diffusive
term to the transport shows a strong inter-linkage of the
transport between particle, (poloidal and toroidal) momen-
tum, and (ion and electron) heat transports.

In the plasmas with a transport barrier, where a strong
gradient is produced, the inter-linkage of the transports
becomes more significant. (A good example is a large
spontaneous toroidal rotation at the internal transport bar-
rier [8,9]). This is because these non-diffusive terms are
correlated to the gradients of other plasma parameters (ion
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temperature gradient for particle transport or potential gra-
dient for momentum transport). Therefore, these non-
diffusive terms are considered to be off-diagonal terms of
the so-called transport matrix. Turbulence transport the-
ory has explored the physics bridging mechanism for the
off-diagonal terms of the transport matrix [10]. Recently,
a theoretical model of symmetry breaking of turbulence by
radial electric field shear [11] was proposed to explain the
strong correlation between non-diffusive momentum flux
and ion pressure gradients (and also radial electric field)
observed in experiments. In this paper, non-diffusive terms
of particle and momentum transports and diffusive terms of
heat transport are discussed based on experiments in stel-
larators and tokamaks.

2. Diffusive and Non-Diffusive Terms
in Transports

It is well known that the non-diffusive term has a sig-
nificant contribution in the radial flux of particles and that
it causes the inward flux that is necessary to achieve a
peaked density profile with a particle source localized near
the plasma edge. Due to the role of spontaneous toroidal
rotation in magneto-hydro-dynamic (MHD) stability, the
non-diffusive term of momentum transport has been high-
lighted in recent momentum transport studies. On the other
hand, the non-diffusive term of heat transport has not been
clearly identified, although there were experimental results
that suggest the heat pinch. Figure 1 shows the physics
mechanism determining the diffusive term and the non-
diffusive terms of the radial flux of particle, momentum,
and energy transports. The radial profiles of density in the
plasma can not be explained by the diffusion process, be-
cause the density profiles are peaked at the plasma center,
although the particle source is localized near the plasma
edge. In order to explain the peaked density profiles, in-
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Fig. 1 Physics mechanism determining the diffusive term and the non-diffusive terms of the radial flux of particle, momentum, and energy

transports.

ward particle pinch has been introduced. This particle
pinch is considered to be a non-diffusive term in parti-
cle transport. There are various physics mechanisms con-
tributing to the non-diffusive terms in the particle trans-
port. The inward pinch driven by the toroidal electric field
is well known as the Ware pinch in tokamaks. However,
the inward pinch observed in steady-state plasmas in stel-
larators can not be explained by the Ware pinch, because
there is no toroidal electric field in these experiments. In
stellarator plasmas, the thermodynamic force driven by the
electron temperature (7,) gradient contributes to signifi-
cant outward flux. This term has been confirmed experi-
mentally in stellarators.

It is well known that momentum and energy transport
have convection terms due to the radial flux of particles. In
general, these convective terms are relatively small. In ad-
dition to the convective term, the non-diffusive term of mo-
mentum transport was found in the 1990’s. More recently,
the toroidal rotation driven by this non-diffusive term is
recognized as a spontaneous toroidal rotation, because a fi-
nite toroidal rotation can exist even for the zero momentum
radial fluxes (zero momentum source), if the non-diffusive
term is balanced with the diffusive term. Although there
are significant non-diffusive terms in the particle and mo-
mentum transports (identified as inward pinch and sponta-
neous toroidal rotation), there is no clear evidence of a non-
diffusive term in the energy flux of heat transport. It is in-
teresting that the radial electric field and the magnetic field
curvature affect both the non-diffusive terms of particle and
momentum transports, while the radial electric field and its
shear affect both the diffusive terms of momentum and en-

ergy transports. Therefore, particle, momentum, and heat
transport are coupled to each other through these physics
elements.

3. Particle Transport

The diffusive term of particle transport has been de-
rived from time-dependent transport analysis of a dis-
charge with gas puff modulation. Figure 2 (a) shows the
temperature dependence of the diffusion coefficient evalu-
ated in the Large Helical Device (LHD) [12]. The mea-
sured diffusion coefficient is larger than that predicted by
neoclassical theory by one order of magnitude. Both in
the core and the edge, the diffusion coefficient has an elec-
tron temperature dependence of @ ~ 1, where D « T¢,
which is weaker than that of the neoclassical prediction
(a = 2.6). Figure 2(b) shows the relationship between the
normalized temperature and density gradients experimen-
tally obtained in Wendelstein 7AS. Since both the density
and temperature gradients contribute to the outward flux,
there should be an inward flux to sustain the steady-state
density profile where I ~ 0. The particle flux can be
written as I = —ne(D11Vne/ne + D1oVT/T. — u) where
Dy, and D, are the on- and off-diagonal elements of the
transport matrix and the velocity u is a convective contri-
bution. The ratios of these coefficients derived from the
slope of the data plotted in Fig.2(b) are Dy»/D;; = 1.4
and u/Dy; ~ -12.5m™', respectively. The significant con-
tribution of the inward term of u/D;; overcomes the out-
ward term of Dy,/D;; of the non-diffusive term as well as
the diffusive term and sustains the peaked density profile in
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Fig. 2 (a) Temperature dependence of the diffusion coefficient in the core (0.4 < p < 0.7) and edge (p > 0.7) experimentally evaluated and
neoclassically predicted in LHD [12]. The core and edge values are estimated from the average value in the core (0.4 < p < 0.7)
and edge (0.7 < p < 1.0) at Ryx = 3.6m, B, = 2.75, 2.8 T. (b) The relationship between normalized temperature and density
gradient estimated between r = 2 and 8 cm for three densities in Wendelstein-7AS [3]. For I" = 0, it follows that Dy,/D,; ~ 1.4

~

and u/Dy; ~ —12.5m™".

the steady state. Because various physics mechanisms con-
tribute to the non-diffusive term of particle transport, it is
still open to question which physics mechanisms become
dominant. A more comprehensive understanding should
be sought from the comparison of density profiles in stel-
larators (typically flat or hollow) with those in tokamaks
(typically peaked).

Similar experiments have been performed in steady-
state fully noninductive current plasmas in tokamaks to
eliminate the contribution of the Ware pinch due to toroidal
electric field to drive ohmic current. Figure 3 shows the re-
lationships between Vn,/ne, VT /T, and Vq/q in the Tore
Supra tokamak. As seen in Figs. 3(a) and (b), there are two
distinguishable regions (p < 0.3 and 0.35 < p < 0.6) that
show different slopes [13]. According to the turbulent the-
ory [14,15], turbulent thermodiffusion can generate a pinch
velocity, inward or outward, proportional to the inverse of
electron gradient length. In general, since the temperature
gradient is negative, the thermo-diffusion force produces
the outward flux by the collision process in the neoclassi-
cal transport. However, when the turbulence transport be-
comes dominant, the particle fluxes are determined by the
phase relationship between the density and potential fluctu-
ations driven by the temperature gradients; the particle flux
can be inward for a negative temperature gradient if the
turbulence-driven term is dominant. The direction of the
thermodiffusion flux is found to change when moving from
the outer to the inner plasma. The sign of the thermodif-
fusion pinch is determined by the slope. This experiment
shows that thermo-diffusion can be inward (o < 0.3 ) or
outward (0.35 < p < 0.6) depending on the plasma radius,
where the unstable mode (ITG or ETG) is expected to be
different because of the change in the ratio of V7./VT;. In

the region of p = 0.35-0.6, where the thermo-diffusion flux
is outward, a physics mechanism driving the inward pinch
is necessary in order to sustain the sharp density gradient
in the steady state. The clear relationship between Vn./n,
and Vgq/q in Fig. 3(c) strongly suggests that the magnetic
field curvature (Vg/q, where q is a safety factor) drives the
inward pinch [16, 17]. It is interesting that the sign of the
magnetic field curvature-driven flux in stellarators is op-
posite to that in tokamaks, and that the non-diffusive term
becomes outward flux in the plasma core. However, the
existence of the inward convection is clearly observed ex-
perimentally and is necessary to explain the sharp gradient
of electron density near the plasma edge. It is still open
to question how the physics mechanism affects the inward
flux near the plasma edge in sterllarators, where there is no
Ware pinch and both the thermo-diffusion flux and the flux
driven by the magnetic field curvature are expected to be
outward because VT./T. < 0 and Vg/q < 0.

In neoclassical theory, the impurity density profiles
are expected to be more peaked than the bulk ions because
the density gradient of impurities should be larger than the
density gradient of bulk ions by a factor of ion charge Z.
This is because both the impurity and bulk ions satisfy the
radial force balance and the rotation velocity of impurity,
and bulk ions tend to be equal due to the friction between
impurity and bulk ions. Because the impurity has a higher
ion charge, Z, impurity transport is more sensitive to the ra-
dial electric field than bulk particle transport. The positive
radial electric field in the electron root tends to drive out-
ward flux and suppress the accumulation of impurities and
radiation collapse [18, 19]. It is a crucial issue to achieve
poor impurity confinement (impurity exhaust) and good
energy confinement, simultaneously. In stellarators, poor
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Fig. 4 Radial profiles of (a) toroidal and (b) poloidal rotation velocities, and (c) relationship between toroidal and poloidal rotation

velocities in LHD [23].

impurity confinement is observed in plasmas with good en-
ergy transport; for example, the HDH mode in Wendelstein
7-AS [20] and the electron ITB and high-ion-temperature
mode in LHD.

4. Momentum Transport

Since the damping of the plasma toroidal velocity
owing to parallel viscosity is significant near the plasma
periphery in stellarators [21], toroidal rotation near the
plasma edge is determined by the radial electric field, while
the core toroidal rotation is determined by the momentum
from the tangential NBI. The momentum flux including the
non-diffusive term due to the radial electric field can be ex-
pressed as Py = —mn(u, VVy—EE,/By) [22]. In order to in-
vestigate the effect of the radial electric field on the toroidal
rotation, a density scan is performed near the threshold of

the transition from the ion root (negative E,) to electron
root (positive E,). In LHD, the transition from the ion root
to the electron root takes place at low density, where the
plasma is well into the collisionless regime u; < 0.1, be-
cause of the non-ambipolar particle flux, as predicted by
neoclassical theory. As seen in Fig. 4, the plasma rotates
more in the “counter” direction (anti-parallel to equiva-
lent plasma current) for positive E,, while it rotates more
in the “co” direction for negative E, [23]. The relation-
ship between the toroidal rotation and the radial electric
field is plotted in Fig. 4(c). This result shows that the pos-
itive radial electric field drives the toroidal rotation in the
counter direction, where the toroidal rotation contributes to
the negative radial electric field. It should be emphasized
that the non-diffusive term is comparable or even larger
than the diffusive term in the momentum transport, and that
the direction of the toroidal flow due to the non-diffusive
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(b) radial-parallel Reynolds stress component in the TJ-II plasma boundary region at different plasma densities. Parallel velocity
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term is anti-parallel to the direction of the <E, X By> drift.
This is in contrast to the spontaneous flow in tokamaks,
where the direction of the toroidal flow is parallel to the
direction of the <E, X Bg> drift, because the toroidal vis-
cosity is nearly zero due to the toroidal symmetry.

The spontaneous toroidal flow becomes more signif-
icant in plasmas with an internal transport barrier, where
large electric fields are observed. In CHS, a spontaneous
toroidal flow overcomes the toroidal flow driven by co-
NBI, and the plasma rotates in the counter direction as-
sociated with the formation of a large positive E,. In con-
trast, the plasma rotates in the counter direction at the ITB
region where a strong negative radial electric field is pro-
duced in JT-60U. The significant difference between toka-
mak and heliotron devices is in the relationship between
the poloidal field direction and the direction of the domi-
nant symmetry. The pitch angle of the dominant symmetry
is even larger than that of the averaged poloidal field in a
heliotron device, while it is zero due to the toroidal sym-
metry in tokamaks.

In a stellarator, turbulence in the plasma as well as
non-ambipolar flux can drive flows perpendicular (E X B)
and parallel (spontaneous toroidal flow) to the magnetic
field through Reynolds stress. Experiments to investi-
gate the turbulence-driven E X B flow and the spontaneous
toroidal flow have been performed in the vicinity of the last
closed flux surface (LCFS) in JET and in TJ-II. The radial-
perpendicular component of the production term has been
investigated in the vicinity of LCFS in the JET tokamak,
as seen in Fig. 5(a) [24]. The Reynolds stress perpendic-
ular to the magnetic field is evaluated from the coupling
of fluctuations of radial velocity and E X B velocity mea-
sured with probes in JET. As seen in Fig. 5(a), the signifi-
cant Reynolds stress is observed near the separatrix of the
plasma (|r—rgep| < 1 cm), which would be clear experimen-
tal evidence of turbulence-driven poloidal rotation in toka-
maks. Figure 5(b) shows the radial structure of the cross-

correlation between parallel and radial fluctuating veloc-
ities in the proximity of the LCFS in the TJ-II stellara-
tor [25]. The level of cross-correlation <vM|> increases
for plasma densities above the threshold value to gener-
ate E X B sheared flows. The appearance of gradients on
<vM,;> is due to both radial variations in the level of fluc-
tuations and in the cross-phase correlation between fluctu-
ating radial and parallel velocities. It has been found that
the energy transferred from dc flows to turbulence, directly
related to the momentum flux and the radial gradient in the
perpendicular flow, can be both positive and negative in the
proximity of sheared flows. Furthermore, the energy trans-
fer rate is comparable with the mean flow of kinetic energy
normalized to the correlation time of the turbulence, im-
plying that this energy transfer is significant. These results
show that turbulence can act as an energy sink or energy
source for the mean flow near the shear layer.

5. Energy Transport

There is no clear evidence of a non-diffusive term of
the energy transport except for a few experiments in plas-
mas with electron cyclotron heating (ECH) [26]. In most
cases, the diffusive term only can explain the energy trans-
port observed in experiments. The diffusive term of en-
ergy transport is evaluated as thermal diffusivity (ratio be-
tween heat flux normalized by density and the temperature
gradient). In general, the heat flux depends on the tem-
perature and the temperature gradient, and it is non-linear.
Therefore the thermal diffusivity has a temperature depen-
dence and also a temperature gradient dependence in the
non-linear regime. Figure 6 shows the VT, dependence of
Y. (obtained from the static analysis, i.e., the power bal-
ance analysis) in JT-60U, Wendelstein 7-AS, and LHD. In
Fig. 6, the thermal diffusivity is normalized by T72/?, which
is predicted by Gyro-Bohm transport, in order to eliminate
the T, dependence of y. and make the VT, dependence

S1003-5



Plasma and Fusion Research: Review Articles

Volume 3, S1003 (2008)

(a) (b)
3 0.2
L T T

~ [n,=1.6-25x10"m> p e Experiment
o el
a> |p=0.8MA A 0.17-0.19 . O Model
© [B_=2277 | ® 030041 % o5p

& 2f | B 057059 | &
: . '== , z 01}
[ i g
=
1 i s

& 5 005}

x o
0 0 L L

(c)
T T 3 T T T T
W7-AS —~ [n=083x10"m* p
2, FR_=35m : g-i
e [B” =2820T .
= ax
3 of @ 0.6]1
& o
E LHD o @
3 3 By
b A (L) B
2 L YN Py
= AA AA
O 2 7"27% "% 10
R /L
ax T

Fig. 6 VT, and T. dependence of y. at different normalized radii in (a)JT-60U, (b) Wendelstein 7AS, and (c) LHD NBI plasmas. y. is
normalized by the gyro-Bohm 7. dependence and VT is normalized by (R/T.), where R is the major radius and Ly = VT./T. in

(a) and (c) [27,28].

clear. VT, is normalized by R/T. because the ratio of the
major radius to the scale length of the temperature is ex-
pected to give the threshold of turbulence in the critical
temperature gradient transport model. As seen in Fig. 6,
there is no clear critical gradient scale length observed in
LHD [27], although the existence of a critical gradient
scale length is suggested in Wendelstein 7-AS [28] and
JT-60U. The thermal diffusivity y. shows a Gyro-Bohm-
type T. dependence when the temperature gradient is small
enough, while it depends mostly on the scale length above
a critical value of the temperature gradient. This implies
that there is a strong nonlinear mechanism in the trans-
port. One of the candidates for the mechanism causing
this strong non-linearity is non-linear flow damping of the
zonal flow in a tokamak plasma [29].

In the LHD heliotron, there is no critical value of the
temperature gradient, because the transition from the L-
mode to an electron ITB takes place at a lower temperature
gradient [30]. The transition from L-mode to the electron
ITB is due to the change in the temperature dependence
of a from a positive value (~ 3/2, as predicted by gyro-
Bohm scaling) to negative value (~ —3/2), where « is de-
fined as Q/n. o« TS VT, [31]. The temperature dependence
tends to decrease (weak temperature dependence) as the
electron density is increased. This change in the temper-
ature dependence of the thermal diffusivity is consistent
with the change in the power degradation of the energy
confinement time. It should be noted that the L-mode scal-
ing of the global energy confinement time expressed by
tg « (n./P)*” is equivalent to the temperature dependence
of the thermal diffusivity expressed by y o T: /2 There-
fore, the weak temperature dependence (@ = 1/2) appears
as a tendency of the saturation of the energy confinement
time at higher density as né/ 3. The temperature dependence
factor @ becomes ~0.5 at lower temperatures below the
critical value (in the more collisional regime [32]) or in
the plasma with pellet injection [33].

6. Summary

In summary, the non-diffusive term driven by the
thermo-diffusion due to the temperature gradient is ex-
perimentally identified in stellarators and tokamaks. In
stellarators, thermo-diffusion always drives outward flux,
while that in tokamak it drives inward or outward flux de-
pending on the unstable mode of the turbulence. The in-
ward pinch due to the magnetic field curvature is found in
steady-state, fully non-inductive current plasmas in toka-
maks. However, this does not explain the inward pinch
observed in the heliotron plasma, where the non-diffusive
term due to the magnetic field curvature is expected to be
outward.

In momentum transport, the significant contribution
of the non-diffusive term is experimentally observed and is
identified as spontaneous flow. The physics mechanisms
driving the spontaneous flow, which is parallel to the mag-
netic field, are investigated. Both the mean flow perpen-
dicular and parallel to the magnetic field are driven by tur-
bulence as well as by non-ambipolar flux both in tokamak
and helical plasmas. The mean flow parallel to the mag-
netic field (spontaneous toroidal flow) is in the direction of
the toroidal flow anti-parallel to the <E, X By> drift, which
is in contrast to the spontaneous flow in a tokamak, where
the direction of the toroidal flow is parallel to the direction
of the <E, X By> drift.

Finally, the parameter dependence of the diffusive
term of the energy transport is discussed. The thermal dif-
fusivity shows a Gyro-Bohm-type 7. dependence when the
temperature gradient is small. When the temperature gra-
dient exceeds the threshold of the scale length, the ther-
mal diffusivity increases rapidly if the plasma stays in the
L-mode. The threshold of the scale length is observed in
tokamaks and Wendelstein 7-AS plasmas, but not in LHD
plasmas, where the transition from the L-mode to the elec-
tron ITB mode takes place before the threshold.
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