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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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(Equation 5).
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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
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the expected HFS Er to the measured HFS Er, using
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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
sharply in the region of the electron density pedestal.
Unfortunately, the instantaneous flow rate for each sepa-
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compared to the LFS ne pedestal, based on the mea-
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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
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An example of the expected HFS ne in the total
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column of Figure 1. Also shown in the lower plot of Fig-
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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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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
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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
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ure 2 is the asymmetry factor, A = neH/neL, reaching a
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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
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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
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an electron density asymmetry through the Boltzmann
relation, Equation 2. For the Tz-alignment, the HFS ne
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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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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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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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it might be independently detectable by the measured
D↵ radiance from the LFS and HFS gas pu↵9, ID↵
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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,

Figure 1: High and low field side

radial profiles of electric field,

boron temperature and density [3].

C-Mod experimental results using the total pressure-
alignment. Indeed, the total pressure pe þ pi from the XGCa
simulation is very symmetric between the LFS and HFS,
with a maximum variation of 18%. The assertion that the
total pressure is approximately constant on a flux surface is
thus well founded based on these XGCa simulation results.

The poloidal variation of the parallel ion flow obtained
(not shown) is qualitatively similar to the variation obtained
with the PERFECT code23 for a steep pedestal density gradi-
ent. In that work, the poloidal variation is due in part to the
strong radial variation of the parallel flow, which produces a
finite divergence in the pedestal which is negligible in the
core. Further investigations will seek to identify if similar
mechanisms cause the poloidal variation observed in the
XGCa simulations.

These XGCa simulation results give confidence in the
total pressure-alignment, including the findings of significant
asymmetries in ion temperature and electron density. Unless
explicitly stated otherwise, the following experimental profiles
will be aligned exclusively using the total pressure-alignment.

V. IN-OUT ASYMMETRIES IN THE PEDESTAL REGION

Impurity density asymmetries are observed in all flavors
of H-mode in Alcator C-Mod.1,8 When aligning LFS/HFS
impurity profiles using the total pressure-alignment tech-
nique, the impurity density asymmetry is considerably
reduced from that which resulted from aligning by Tz, but
still very large. Figure 5 shows the impurity density asym-
metry ratio, Anz ¼ nzH=nzL, that results when using the two
different alignments, Tz-alignment, and total pressure-
alignment, for a number of EDA H-modes.

A very interesting result going from the Tz-alignment to
the total pressure-alignment (see Sec. II) is that the impurity
pressure asymmetry is also reduced, even more than the den-
sity asymmetry since an out-in temperature asymmetry also
results. This can be seen from the relative profile shifts in
Figure 1 for the different alignments. We show in Figure 6
the asymmetry factors, e.g., ncos

z ¼ ðAnz $ 1Þ=ðAnz þ 1Þ, for
impurity density, temperature, and pressure (ncos

z ; Tcos
z , and

pcos
z ) in the two different alignments.

Plotted in Figure 7 is the difference between the
B5þ density pedestal location at the HFS and the LFS,

Dqped ¼ qped;HFS $ qped;LFS as a function of the edge safety
factor, q95, for several H-mode discharges. Dqped is shown
for when profiles are Tz-aligned (in blue) and total pressure-
aligned (red). An upward trend in Dqped with q95 is seen. The
trend remains relatively unchanged for the different align-
ments, though in the total pressure-alignment Dqped increases
slightly slower with q95 (here Bf was basically fixed, so this
corresponds to lower Ip).

Also shown in Figure 7 are results from a previous study
on C-Mod,24 which measured the hydrogen-like fluorine
emission at the top of the plasma and at the LFS midplane
using a line-integrated measurement of the soft X-ray emis-
sion.25 The spacing between the pedestal locations is similar
for the two impurity species, though for fluorine increases
more strongly with q95. This may indicate a significant up-
down component in the poloidal variation of the impurity
density, however without additional information on the B5þ

at the top of the plasma, or Fl8þ at the HFS midplane, this
remains speculative.

The growing difference in H-mode plasmas between the
nB5þ pedestal location for the LFS and HFS is not just a sim-
ple shift, but rather the pedestal width on the LFS is also

FIG. 5. Example density asymmetry
ratios Anz for several EDA H-modes:
(a) Tz-aligned profiles and (b) total
pressure-aligned profiles. Note the dif-
ferent y-scales, showing that there is a
large reduction in asymmetry ratios
when using the total pressure-
alignment.

FIG. 6. Asymmetry factors for impurity density (ncos
z ), temperature (Tcos

z ),
and pressure (pcos

z ), using both the Tz-alignment and total pressure-
alignment. The total pressure-alignment has a reduced impurity pressure
asymmetry, due to the reduction of the density asymmetry, and formation of
an opposing temperature asymmetry.
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Figure 2: Experimental in-out

asymmetries, HFS−LFS
HFS+LFS [3].

Since high confinement operation was discovered, under-

standing tokamak pedestal physics has become one of the

most crucial challenges facing the development of magnetic

fusion energy. Gaining insight into flows and transport in this

region may lead to the achievement of even higher energy

confinement times and, consequently, fusion performance.

It has been suggested that the sudden transition between

states of low and high confinement, the L-H transition, in-

volves the suppression of turbulence by sheared radial elec-

tric fields [1]. For H-mode pedestals, the amount of turbu-

lence may be only large enough to affect high order phenom-

ena, such as heat transport. Neoclassical collisional theory

may than be expected to properly treat low order phenom-

ena, such as flows.

Nevertheless, high confinement mode edge pedestals on

Alcator C-Mod [2, 3] (Fig. 1 and 2) exhibit significantly

stronger poloidal asymmetry in both boron temperature and

density than predicted by the most comprehensive neoclassi-

cal theoretical models developed to date [5]. First, the boron

temperature is larger on the outboard (LFS) side compared

to the inboard side (HFS) by up to a 70%. Hence, it seems

not to be a flux surface as assumed by the previous models.

Second, there is accumulation of boron density on the high

field side up to six fold, which almost doubles the theoret-

ical predictions. Thus, the magnetic field in-out asymmetry

seems not to be its only drive. Importantly, the largest in-out

asymmetry in density and temperature are not reached at the

same radial location (Fig. 2). As a result, there is concern [3]

that turbulence might affect even the lowest order phenom-
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ena, via for instance ballooning modes.

Physics captured [4] [5] Us
Non-trace impurities X X
Strong radial electric field X X
Diamagnetic flow effects X
Strong temperature gradient X
Sonic background ions X

Poloidal density variation Weak X
Poloidal temperature variation X

Table 1: Physics captured and compar-

ison with previous pedestal models.

We propose a novel self-consistent neoclassical the-

oretical model that allows us to explain these poloidal

asymmetries, without the need of invoking anomalous

transport. Its main novel features are listed on Table 1.

First, impurity temperature asymmetries can be driven by

inertial effects, which are significant when impurities are

allowed to reach sonic speeds. Second, a much stronger

impurity density in-out asymmetry than given by just the

magnetic field can be introduced by the poloidally varying impurity diamagnetic drift.

Self-consistent predictive neoclassical model for pedestal poloidal asymmetries

Figure 3: Effect on the ratio of out-

board to inboard impurity tempera-

ture of the impurity density up-down

asymmetry and ratio between poloidal

and collisional impurity flow, σ . Both

strong (up) and weak (down) impurity

density in-out asymmetry are presented.

In this section, the novel physics included in the im-

proved neoclassical theory developed and their implica-

tions are introduced. The mathematical details will be

found in a publication to follow.

Orderings: The theoretical model consists of highly

charged non-trace collisional impurities, bulk ions and

almost collisionless electrons. Strong impurity tempera-

ture and density poloidal variation are allowed. A small

aspect ratio limit is assumed, so the poloidal background

ion gyroradius is much larger than the ion gyroradius.

The pedestal width of electrostatic potential can be com-

parable to the poloidal background ion gyroradius, so

that the impurity and background ion flows can reach the

ion thermal speed. In addition, the pedestal width of the

impurity density is such that the impurity diamagnetic

drift contribution is allowed to be comparable to the im-

purity poloidal and toroidal flow terms when measuring

the radial electric field, as experimentally observed [2].

Sonic behavior is assumed to happen for the background

ion diamagnetic term. The bulk ion temperature pedestal

width is taken to be of the same order as that of its den-

sity. Finally, it is assumed that the impurity and back-

ground ion temperatures are of the same order at all pedestal radial locations, and hence its
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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

1110309024
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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 

Figure 4: Tokamak

poloidal cross section [2].

Figure 5: Dimensionless impurity density (left) and temperature (right)

polar profiles, for points marked on Fig.3.

pedestals widths are of the same order. As a result, the impurity density pedestal width is smaller

than that of its temperature by approximately the ratio of impurity to background atomic num-

bers, which is also in agreement with the experiments (Fig. 1).

Conservation equations for impurities: In order to analyse the parallel dynamics on each flux

surface separately, the parallel equilibrium is assumed to be reached much faster than the cross

field equilibrium. The perpendicular momentum conservation is assumed to be given by

Vz⊥ =
c

B2 B×
(

∇Φ+
1

zzenz
∇pz

)
(1)

where Vz is the impurity flow, B is the magnetic field, Φ the electrostatic potential and zz, nz

and pz the impurity atomic number, density and pressure, respectively. Using conservation of

particles on the flux surface,

Vz =−cR2
∇ζ

(
∂Φ

∂ψ
+

1
zzenz

∂ pz

∂ψ

)
+

Kz

nz
B (2)

where R is the tokamak major radius, ζ and ψ the poloidal angle and flux and Kz a flux function.

The parallel momentum and energy conservation equations are assumed to be the following:

mznzVz ·∇Vz ·
B
B
= Rzi‖, Rzi‖ =

1
2

mznzνzi
(
Vi‖−Vz‖

)
+O

(√
ε
)

(3)

n2
z

T
1
2

z

Vz ·∇


T

3
2

z

nz


= Qzi, Qzi =

3
2

nzνzi (Ti−Tz)+O
(√

ε
)

(4)

where mz is the impurity mass and νzi the collision frequency of bulk ions and impurities, Vi‖ the

bulk ion parallel flow, ε the aspect ratio and Tz and Ti the impurity and bulk ion temperatures.

Conclusions

Given an impurity density profile, such us n≈ 1+C cosθ +S sinθ , the energy equation can be

solved numerically for the impurity temperature (Fig. 3); where n≡ nz
〈nz〉 ,T ≡

Tz
Ti

, σ ≡ KzB·∇θ

νzi〈nz〉 ∼
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Figure 6: Dimensionless boron density, temper-

ature and poloidal velocity polar profiles, for the

green point marked on Fig.3.

Nucl. Fusion 54 (2014) 083017 C. Theiler et al

0

200

400

600

0.9 0.92 0.94 0.96 0.98 1

−80

−60

−40

−20

0

20

40

ρ

S
ho

t: 
11

20
80

30
14

   
T

im
e:

0.
92

2s
 −

0.
99

9s

T z
 [e

V
]

E
r [k

V
/m

]

0

200

400

600

0.9 0.92 0.94 0.96 0.98 1

−80

−60

−40

−20

0

20

40

ρ

S
ho

t: 
11

20
80

30
14

   
T

im
e:

0.
92

2s
 −

0.
99

9s

Tpol

Ttor

Tpol

Ttor

Er

Er Vpol

Er Vtor

Er dia

Er

Er Vtor
Er dia

Er Vpol

(a)   H-Mode, LFS (b)   H-Mode, HFS

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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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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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.
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Figure 7: Inboard (left) and outboard (right) radial

profiles of the radial electric components [2] (top) and

boron poloidal flow (down) [3].

Vzp
νziqR , θ the poloidal angle and 〈〉 denotes flux surface average. It can be seen that, in the small

aspect ratio limit, the model developed can capture the experimental temperature by selecting

appropriately the up-down asymmetry of the density (Fig. 3 and 5).

When the bulk ion density and temperature vary slowly poloidally, the parallel momentum

equation has an analytical solution given by n = 1
D+U +O

(√
ε
)
; where U ≡ BV‖i〈nz〉

Kz〈B2〉 ∼
V‖i
Vzθ

and

D≡ c〈nz〉
√
〈R2〉

Kz

√
〈B2〉

(
∂Φ

∂ψ
+ 1

zzenz

∂ pz
∂ψ

)
∼ Vzζ

Vzθ
. It can be solved for the poloidal variation of the impurity

diamagnetic flow, which is similar to that of the impurity poloidal flux (Fig. 6). These predic-

tions successfully agree with the experiments (Fig. 7). Hence, this theory may be used in the

future to get information, for instance, about all poloidal angles or the background.

We conclude that these extensions in neoclassical theory successfully capture the strong ex-

perimental poloidal impurity temperature and density variation, providing a more realistic pre-

dictive model for pedestal observations without the need of invoking anomalous transport.
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