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Poloidal asymmetries [1, 2]that standard
neoclassical theory [3]cannot explain!
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FIG. 1: Example of the alignment technique for profiles
in an EDA H-mode. In the first column are shown

profiles mapped using the EFIT magnetic
reconstruction with their calibrated position. The

second column shows the profiles when the LFS and
HFS Tz profiles are matched. The third column shows
the alignment procedure used throughout this paper,
the total pressure-alignment, where profiles are shifted

until the HFS measured Er matches the expected
(Equation 5).

electron profiles to its corresponding flux surfaces in the
plasma (i.e. to the separatrix). Te is assumed to be a
flux function, while ne is allowed to vary poloidally, de-
termined by the poloidal variation in electric potential,
�. The LFS and HFS impurity profiles are shifted such
that the measured Tz pedestal top location is at or out-
ward of the Te pedestal top. The LFS and HFS impurity
profiles are aligned relative to each other by matching
the expected HFS Er to the measured HFS Er, using
Equation 5.

III. ELECTRON DENSITY ASYMMETRIES

In either the Tz- or total pressure-alignment, an asym-
metry between the LFS and HFS Er results, leading to
an electron density asymmetry through the Boltzmann
relation, Equation 2. For the Tz-alignment, the HFS ne

pedestal would be significantly shifted towards the core
compared to the LFS ne pedestal, based on the mea-
sured Er in the middle column of Figure 1. For the total
pressure-alignment, the HFS ne pedestal based on the
potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
be much smaller in magnitude than in the Tz-alignment
case.

An example of the expected HFS ne in the total
pressure-alignment is shown in Figure 2, derived using
Equation 4 with the radial electric fields from the third
column of Figure 1. Also shown in the lower plot of Fig-
ure 2 is the asymmetry factor, A = neH/neL, reaching a
maximum value of ⇠2.
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FIG. 2: Expected HFS electron density from Equation
4, based on the measured impurity temperature
asymmetry and an assumed LFS electron density
profile. This assumed LFS ne profile is based on

measurements of ne at the top of the plasma. Because
of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane

is an upper
limit. The lower limit Ane

would have a peak of 1.5.

As this is a sizeable di↵erence in electron density,
it might be independently detectable by the measured
D↵ radiance from the LFS and HFS gas pu↵9, ID↵

=
1
4⇡

R
d`PECEXC

32 nDne (PEC is the photon emissivity co-
e�cient for the D↵ transition, nD the neutral density,
and ` the viewing sightline). Qualitatively, the gas pu↵
neutral density, and therefore D↵ radiance, will decrease
sharply in the region of the electron density pedestal.
Unfortunately, the instantaneous flow rate for each sepa-
rate GP-CXRS LFS and HFS gas delivery capillary is not
well characterized9, making comparisons of the absolute
values of ID↵ between the LFS and HFS unusable. How-
ever, the maximum in the absolute value of the inverse

gradient scale lengths of D↵ radiance,
���L�1

ID↵

���, can indi-

cate the location of the electron density pedestal. The
measured inverse gradient scale lengths of D↵ radiance
for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
L�1

D↵
, obtained from OSM-EIRENE of the gas pu↵ neu-

tral density9. The solid vertical lines show a simulation
when background parameters are flux functions, and the
dashed vertical lines shows a simulation when Tz and ne

vary, as shown in Figure 1 and 2. As seen in Figure 3,
the location of maximum measured LFS L�1

D↵
matches

well with the simulation. The HFS is closer to the total
pressure-aligned case, but sits in between the two cases,
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second column shows the profiles when the LFS and
HFS Tz profiles are matched. The third column shows
the alignment procedure used throughout this paper,
the total pressure-alignment, where profiles are shifted

until the HFS measured Er matches the expected
(Equation 5).
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plasma (i.e. to the separatrix). Te is assumed to be a
flux function, while ne is allowed to vary poloidally, de-
termined by the poloidal variation in electric potential,
�. The LFS and HFS impurity profiles are shifted such
that the measured Tz pedestal top location is at or out-
ward of the Te pedestal top. The LFS and HFS impurity
profiles are aligned relative to each other by matching
the expected HFS Er to the measured HFS Er, using
Equation 5.
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In either the Tz- or total pressure-alignment, an asym-
metry between the LFS and HFS Er results, leading to
an electron density asymmetry through the Boltzmann
relation, Equation 2. For the Tz-alignment, the HFS ne

pedestal would be significantly shifted towards the core
compared to the LFS ne pedestal, based on the mea-
sured Er in the middle column of Figure 1. For the total
pressure-alignment, the HFS ne pedestal based on the
potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
be much smaller in magnitude than in the Tz-alignment
case.

An example of the expected HFS ne in the total
pressure-alignment is shown in Figure 2, derived using
Equation 4 with the radial electric fields from the third
column of Figure 1. Also shown in the lower plot of Fig-
ure 2 is the asymmetry factor, A = neH/neL, reaching a
maximum value of ⇠2.
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FIG. 2: Expected HFS electron density from Equation
4, based on the measured impurity temperature
asymmetry and an assumed LFS electron density
profile. This assumed LFS ne profile is based on

measurements of ne at the top of the plasma. Because
of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane

is an upper
limit. The lower limit Ane

would have a peak of 1.5.
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neutral density, and therefore D↵ radiance, will decrease
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potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
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the electrons, the asymmetry factor Ane

is an upper
limit. The lower limit Ane

would have a peak of 1.5.
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pedestal would be significantly shifted towards the core
compared to the LFS ne pedestal, based on the mea-
sured Er in the middle column of Figure 1. For the total
pressure-alignment, the HFS ne pedestal based on the
potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
be much smaller in magnitude than in the Tz-alignment
case.

An example of the expected HFS ne in the total
pressure-alignment is shown in Figure 2, derived using
Equation 4 with the radial electric fields from the third
column of Figure 1. Also shown in the lower plot of Fig-
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pedestal would be significantly shifted towards the core
compared to the LFS ne pedestal, based on the mea-
sured Er in the middle column of Figure 1. For the total
pressure-alignment, the HFS ne pedestal based on the
potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
be much smaller in magnitude than in the Tz-alignment
case.

An example of the expected HFS ne in the total
pressure-alignment is shown in Figure 2, derived using
Equation 4 with the radial electric fields from the third
column of Figure 1. Also shown in the lower plot of Fig-
ure 2 is the asymmetry factor, A = neH/neL, reaching a
maximum value of ⇠2.

0.5

1

1.5

2

2.5

3

3.5

4

4.5

n e [1
020

 m
−3

]
 

 

0.94 0.95 0.96 0.97 0.98 0.99 1 1.01 1.02
0.5

1

1.5

2

2.5

ρ

A

Sh
ot

: 1
12

08
03

01
1 

  T
im

e:
0.

94
s 
−1

.0
9s

LFS Assumed
HFS Expected

FIG. 2: Expected HFS electron density from Equation
4, based on the measured impurity temperature
asymmetry and an assumed LFS electron density
profile. This assumed LFS ne profile is based on

measurements of ne at the top of the plasma. Because
of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane

is an upper
limit. The lower limit Ane

would have a peak of 1.5.

As this is a sizeable di↵erence in electron density,
it might be independently detectable by the measured
D↵ radiance from the LFS and HFS gas pu↵9, ID↵

=
1
4⇡

R
d`PECEXC

32 nDne (PEC is the photon emissivity co-
e�cient for the D↵ transition, nD the neutral density,
and ` the viewing sightline). Qualitatively, the gas pu↵
neutral density, and therefore D↵ radiance, will decrease
sharply in the region of the electron density pedestal.
Unfortunately, the instantaneous flow rate for each sepa-
rate GP-CXRS LFS and HFS gas delivery capillary is not
well characterized9, making comparisons of the absolute
values of ID↵ between the LFS and HFS unusable. How-
ever, the maximum in the absolute value of the inverse

gradient scale lengths of D↵ radiance,
���L�1

ID↵

���, can indi-

cate the location of the electron density pedestal. The
measured inverse gradient scale lengths of D↵ radiance
for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
L�1

D↵
, obtained from OSM-EIRENE of the gas pu↵ neu-

tral density9. The solid vertical lines show a simulation
when background parameters are flux functions, and the
dashed vertical lines shows a simulation when Tz and ne

vary, as shown in Figure 1 and 2. As seen in Figure 3,
the location of maximum measured LFS L�1

D↵
matches

well with the simulation. The HFS is closer to the total
pressure-aligned case, but sits in between the two cases,

4

−100

−50

0

50

E
r [

k
V

/m
]

No Shift

0

100

200

300

400

500

600

T
 [
e

V
]

0.92 0.94 0.96 0.98 1
0

1

2

3

4

5

ρ

n
 [

1
0
1

8  m
−

3
]

Tz-alignment

 

 

LFS

HFS

HFS Expected

 

 

Tz LFS

Tz HFS

Te

0.92 0.94 0.96 0.98 1
ρ

 

 

n
z
 LFS

n
z
 HFS

0.02*ne

Total pressure-alignment

0.92 0.94 0.96 0.98 1
ρ

FIG. 1: Example of the alignment technique for profiles
in an EDA H-mode. In the first column are shown

profiles mapped using the EFIT magnetic
reconstruction with their calibrated position. The

second column shows the profiles when the LFS and
HFS Tz profiles are matched. The third column shows
the alignment procedure used throughout this paper,
the total pressure-alignment, where profiles are shifted

until the HFS measured Er matches the expected
(Equation 5).

electron profiles to its corresponding flux surfaces in the
plasma (i.e. to the separatrix). Te is assumed to be a
flux function, while ne is allowed to vary poloidally, de-
termined by the poloidal variation in electric potential,
�. The LFS and HFS impurity profiles are shifted such
that the measured Tz pedestal top location is at or out-
ward of the Te pedestal top. The LFS and HFS impurity
profiles are aligned relative to each other by matching
the expected HFS Er to the measured HFS Er, using
Equation 5.

III. ELECTRON DENSITY ASYMMETRIES

In either the Tz- or total pressure-alignment, an asym-
metry between the LFS and HFS Er results, leading to
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compared to the LFS ne pedestal, based on the mea-
sured Er in the middle column of Figure 1. For the total
pressure-alignment, the HFS ne pedestal based on the
potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
be much smaller in magnitude than in the Tz-alignment
case.

An example of the expected HFS ne in the total
pressure-alignment is shown in Figure 2, derived using
Equation 4 with the radial electric fields from the third
column of Figure 1. Also shown in the lower plot of Fig-
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of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane

is an upper
limit. The lower limit Ane

would have a peak of 1.5.

As this is a sizeable di↵erence in electron density,
it might be independently detectable by the measured
D↵ radiance from the LFS and HFS gas pu↵9, ID↵

=
1
4⇡

R
d`PECEXC

32 nDne (PEC is the photon emissivity co-
e�cient for the D↵ transition, nD the neutral density,
and ` the viewing sightline). Qualitatively, the gas pu↵
neutral density, and therefore D↵ radiance, will decrease
sharply in the region of the electron density pedestal.
Unfortunately, the instantaneous flow rate for each sepa-
rate GP-CXRS LFS and HFS gas delivery capillary is not
well characterized9, making comparisons of the absolute
values of ID↵ between the LFS and HFS unusable. How-
ever, the maximum in the absolute value of the inverse

gradient scale lengths of D↵ radiance,
���L�1

ID↵

���, can indi-

cate the location of the electron density pedestal. The
measured inverse gradient scale lengths of D↵ radiance
for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
L�1

D↵
, obtained from OSM-EIRENE of the gas pu↵ neu-

tral density9. The solid vertical lines show a simulation
when background parameters are flux functions, and the
dashed vertical lines shows a simulation when Tz and ne

vary, as shown in Figure 1 and 2. As seen in Figure 3,
the location of maximum measured LFS L�1

D↵
matches

well with the simulation. The HFS is closer to the total
pressure-aligned case, but sits in between the two cases,
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FIG. 1: Example of the alignment technique for profiles
in an EDA H-mode. In the first column are shown

profiles mapped using the EFIT magnetic
reconstruction with their calibrated position. The

second column shows the profiles when the LFS and
HFS Tz profiles are matched. The third column shows
the alignment procedure used throughout this paper,
the total pressure-alignment, where profiles are shifted

until the HFS measured Er matches the expected
(Equation 5).

electron profiles to its corresponding flux surfaces in the
plasma (i.e. to the separatrix). Te is assumed to be a
flux function, while ne is allowed to vary poloidally, de-
termined by the poloidal variation in electric potential,
�. The LFS and HFS impurity profiles are shifted such
that the measured Tz pedestal top location is at or out-
ward of the Te pedestal top. The LFS and HFS impurity
profiles are aligned relative to each other by matching
the expected HFS Er to the measured HFS Er, using
Equation 5.

III. ELECTRON DENSITY ASYMMETRIES

In either the Tz- or total pressure-alignment, an asym-
metry between the LFS and HFS Er results, leading to
an electron density asymmetry through the Boltzmann
relation, Equation 2. For the Tz-alignment, the HFS ne

pedestal would be significantly shifted towards the core
compared to the LFS ne pedestal, based on the mea-
sured Er in the middle column of Figure 1. For the total
pressure-alignment, the HFS ne pedestal based on the
potential asymmetry would be shifted further outward
than the LFS ne profile, and the ne asymmetry would
be much smaller in magnitude than in the Tz-alignment
case.

An example of the expected HFS ne in the total
pressure-alignment is shown in Figure 2, derived using
Equation 4 with the radial electric fields from the third
column of Figure 1. Also shown in the lower plot of Fig-
ure 2 is the asymmetry factor, A = neH/neL, reaching a
maximum value of ⇠2.
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FIG. 2: Expected HFS electron density from Equation
4, based on the measured impurity temperature
asymmetry and an assumed LFS electron density
profile. This assumed LFS ne profile is based on

measurements of ne at the top of the plasma. Because
of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane

is an upper
limit. The lower limit Ane

would have a peak of 1.5.

As this is a sizeable di↵erence in electron density,
it might be independently detectable by the measured
D↵ radiance from the LFS and HFS gas pu↵9, ID↵

=
1
4⇡

R
d`PECEXC

32 nDne (PEC is the photon emissivity co-
e�cient for the D↵ transition, nD the neutral density,
and ` the viewing sightline). Qualitatively, the gas pu↵
neutral density, and therefore D↵ radiance, will decrease
sharply in the region of the electron density pedestal.
Unfortunately, the instantaneous flow rate for each sepa-
rate GP-CXRS LFS and HFS gas delivery capillary is not
well characterized9, making comparisons of the absolute
values of ID↵ between the LFS and HFS unusable. How-
ever, the maximum in the absolute value of the inverse

gradient scale lengths of D↵ radiance,
���L�1

ID↵

���, can indi-

cate the location of the electron density pedestal. The
measured inverse gradient scale lengths of D↵ radiance
for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
L�1

D↵
, obtained from OSM-EIRENE of the gas pu↵ neu-

tral density9. The solid vertical lines show a simulation
when background parameters are flux functions, and the
dashed vertical lines shows a simulation when Tz and ne

vary, as shown in Figure 1 and 2. As seen in Figure 3,
the location of maximum measured LFS L�1

D↵
matches

well with the simulation. The HFS is closer to the total
pressure-aligned case, but sits in between the two cases,

(Churchill 2014)
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E × B flow [9, 10]. Despite substantial progress, a first
principles understanding of ETBs has not yet been obtained.
Numerical and analytical studies are complicated by the short
radial scale lengths in the pedestal [11, 12] and experimental
measurements are challenging and usually limited to a single
poloidal location, such that information about variations of
plasma parameters on a flux surface is often missing. As
poloidal asymmetries are expected to scale with the ratio
of poloidal Larmor radius and radial scale length [13], they
could be important in the pedestal region. Recent neoclassical
calculations have indeed revealed strong poloidal asymmetries
associated with steep pedestal gradients [12, 14].

In this paper, we present new experimental insights on
the poloidal structure of the pedestal. In particular, our
measurements indicate that in the pedestal, plasma potential
and temperature are not necessarily constant on a flux
surface. The measurements, performed on the Alcator C-Mod
tokamak [15–17], are enabled using a recently developed gas-
puff charge exchange recombination spectroscopy technique
(GP-CXRS) [18], allowing for measurements at both the
inboard or high-field side (HFS) and the outboard or low-field
side (LFS) midplane. This technique has previously allowed
insights about poloidal variations of toroidal flow and impurity
density on Alcator C-Mod [19, 20] and ASDEX-U [21, 22].
As shown here, GP-CXRS reveals clear Er wells and impurity
temperature pedestals at both measurement locations in I-mode
and EDA H-mode plasmas. When HFS measurements are
mapped along magnetic flux surfaces to the LFS, there is an
uncertainty in the radial alignment of HFS and LFS profiles
due to uncertainties in the magnetic reconstruction. Aligning
the profiles such that the impurity temperature profiles align
results in an outward shift of the HFS Er well with respect to
the LFS one by a substantial fraction of its width. On the other
hand, aligning the location of the Er wells results in LFS to
HFS impurity temperature ratios up to ≈1.7.

In section 2, we discuss the experimental setup and
diagnostic technique. Radial electric field measurements
are presented in section 3, followed by inboard-outboard
comparisons in section 4. In the latter, we also discuss
questions related with the measurement technique and give
further details in appendix. Section 5 describes simplified
estimates to determine which species are expected to have
poloidally varying temperature, what poloidal potential
asymmetries imply for the electron density, and what insights
we get from total parallel force balance. Section 6 summarizes
the results.

2. Experimental setup and diagnostics

The experiments are performed on the Alcator C-Mod tokamak
at MIT, a compact, all-metal walled device operating at
magnetic fields, densities, neutral opacity, and parallel heat
fluxes similar to those expected in ITER. Here, we focus on
measurements in enhanced D-alpha (EDA) H-mode [7] and
I-mode [6, 23–26]. These are both high-confinement regimes
with an ETB that typically does not feature ELMs. Different
edge instabilities, the quasi-coherent mode in EDA H-mode [7]
and the weakly coherent mode in I-mode [6, 27, 28], are
believed to regulate particle transport and avoid impurity
accumulation in these regimes. EDA H-modes are obtained at
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Figure 1. Left: typical magnetic equilibrium of a lower single null
discharge on C-Mod. Arrows indicate the positive direction of HFS
and LFS poloidal flows as well as toroidal flow, magnetic field, and
plasma current. Right: some key parameters of the discharges
discussed in this paper.

high collisionality, while I-mode is a low collisionality regime,
usually obtained with the ion ∇B drift away from the active
X-point. The decoupling between energy and particle transport
in I-mode, as well as other properties [6, 25, 29], make it
a promising regime for future fusion reactors. Some key
scalar parameters of the EDA H-mode and I-mode discharge
investigated here are given in figure 1. Both discharges are
run in a lower single null configuration. The I-mode discharge
is performed in reversed field, with toroidal field and plasma
current in the counter-clockwise direction if viewed from
above. Figure 2 displays radial profiles at the LFS midplane of
the ion Larmor radius ρi and ρθ

i = B
Bθ

ρi , the radial temperature
and electron density scale lengths LT = |Tz/(dTz/dr)| and
Lne = |ne/(dne/dr)|, and the collisionality [30] ν⋆ =
ν̂iiqR/(ϵ1.5vth,i ) in these plasmas. Electron density ne is
measured at the top of the machine with the Thomson scattering
diagnostic [31] and mapped along magnetic flux surfaces to the
LFS midplane. In figure 2, we also show the radial profile of
the impurity (B5+) temperature, Tz, revealing a clear pedestal.
Here and throughout this paper, the radial coordinate ρ = r/a0

is used. It is a flux surface label, where r is the radial distance
of a flux surface at the LFS midplane from the magnetic axis
and a0 is the value of r for the last closed flux surface (LCFS).
Typically, a0 ≈ 22 cm on C-Mod. Figure 2 shows that for
the H-mode case, the main ions are in the plateau regime,
1 < ν⋆ < ϵ−1.5 ≈ 6, and, from the center of the Tz pedestal
at ρ ≈ 0.985 outwards (towards larger minor radii), in the
Pfirsch–Schlüter regime. In I-mode, main ions are in the
banana regime, ν⋆ < 1, almost all the way to the LCFS. In
agreement with previous studies [3, 6], we find that in the
pedestal region both LT and Lne can be comparable to ρθ

i .
These are conditions not covered by any current analytical
treatment of neoclassical theory (see e.g. [12]). We note that
depending on the application, a more accurate expression for
ν⋆ than the one above could be used [32, 33]. Replacing q by
L∥/(πR) for instance, with L∥ the distance along the magnetic
field between LFS and HFS midplane when going around the
direction opposite to the X-point, would reduce ν⋆ near the
separatrix, by a factor 0.65–0.75 for ρ = 0.99–0.999.

The main diagnostic used in this work is GP-CXRS [18].
A localized source of neutrals leads to charge exchange

2

HFS LFS 

(Theiler 2014)

◦ Boron temperature
larger on outboard (LFS)
side compared to inboard
(HFS) by up to 70%.

◦ HFS accumulation of
boron density up to six
fold, not simultaneously.

Is TURBULENCE needed to predict PEDESTAL
FLOWS?

Predictive model for poloidal asymmetries at the edge pedestal

Main novel physics allowed in the model and implications

Novel physics allowed in the improved model:

1. Sonic impurities (strong Er)

2. Strong diamagnetic flow effects

Er =
1

Zenz

∂pz
∂r

+ Vz,torBpol − Vz,polBtor
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Figure 3. (a) GP-CXRS measurements (B5+) at the LFS midplane in H-mode. The top panel shows boron temperatures measured with
poloidal and toroidal viewing optics. The bottom panel shows the radial electric field obtained using equation (1). Er,dia, Er,Vpol, and Er,Vtor
show, respectively, the contributions from the individual terms on the right of equation (1). (b) The same as in (a) for measurements at the
HFS midplane.
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Figure 4. The equivalent to figure 3 for I-mode.

the electron diamagnetic drift direction. It shows only a weak
dip around the mid-pedestal, where a strong dip is observed in
H-mode. At somewhat larger minor radii, however, there is a
strong shear in poloidal velocity and the velocity is oriented
along the ion-diamagnetic drift direction near the LCFS. While
diamagnetic and toroidal velocity terms also contribute to the
structure of Er, this shear in poloidal velocity is responsible for
an asymmetric Er well in I-mode, with a stronger shear layer
at the outer edge of the Er well. This asymmetric structure is
actually observed in all I-modes investigated with GP-CXRS.
HFS measurements in I-mode also reveal an Er well. It is

determined mainly by the poloidal and the toroidal velocity
terms in equation (1). As in H-mode, toroidal velocity is also
co-current in I-mode [38] and strongly sheared near the LCFS
at the HFS.

4. Poloidal variations of temperature and potential

In figures 3 and 4, we have shown HFS and LFS radial
profiles of Tz and Er as a function of the coordinate ρ. For
the mapping of the discrete radial measurement locations of

4
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Conservation equations for impurities:

◦ Energy:

n2
z

T
1
2
z

Vz · ∇

(
T

3
2
z

nz

)
︸ ︷︷ ︸

Compressional heating

+ ���∇ · qz︸ ︷︷ ︸
Div.heat flux

= −((((πz : ∇Vz︸ ︷︷ ︸
Viscous

− nz (Tz − Ti)

τzi︸ ︷︷ ︸
Equilibration

◦ Momentum:
mznzVz · ∇Vz · b︸ ︷︷ ︸

Inertial term

+ ��
�∇‖pz︸ ︷︷ ︸

Press.grad.

+���
�nzze∇‖φ︸ ︷︷ ︸

Pot.grad.

+���
��b · (∇ · πz)︸ ︷︷ ︸

Viscosity

= Rzi︸︷︷︸
Frict.

Non-dimensionalization:

Vz = −cR2∇ζ
(
∂Φ

∂ψ
+

1

zzenz

∂pz
∂ψ

)
+
Kz

nz
B, Kz = Kz (ψ)

n ≡ nz

〈nz〉
, T ≡ Tz

Ti
, b2 ≡ B2

〈B2〉 , σ ≡ τziKzB · ∇θ
〈nz〉

∼ V pol
z τzi
qR

D ≡ cI 〈nz〉
Kz 〈B2〉

(
∂Φ

∂ψ
+

1

zzenz

∂pz
∂ψ

)
∼ V tor

z

V pol
z

, V ≡
BV‖i

Kz〈B2〉
〈nz〉

∼
V‖i

V pol
z

Energy

σ
∂

∂θ
ln

(
T

3
2

n

)
=

3

2

n

T
(1− T )

σ�1⇒ T = 1 +
2σ

3n2

∂n

∂θ
+O

(
σ2
)

Fourier decomposition:

n = 1 + c cos θ + s sin θ

Momentum

0 =
b2

n
−D − V + σ

∂

∂θ

(
b2

n2
− D2

b2

)

Numerical solvers can be checked by analytical solutions:
∥∥∥∥∥
n = b2

D , if V negligible

n = b2

D+V , if V (2D+V )
b2 a flux function

Kz, and thus flow, is obtained by flux surface averaging.

∂Φ
∂ψ+ 1

zzenz

∂pz
∂ψ

〈 ∂Φ
∂ψ+ 1

zzenz

∂pz
∂ψ 〉

q= 4
R0= 0.67m

ni= 1020m−3

nz= 3 · 1018m−3

Ti= 100eV

These extensions in neoclassical theory allow strong poloidal impurity temperature and density vari-
ation, providing a MORE REALISTIC MODEL FOR PEDESTAL OBSERVATIONS, WITHOUT
INVOKING ANOMALOUS TRANSPORT.
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