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Energy losses due to impurity absorption into the plasma
Introduction and motivation

i: FUEL 
z: IMPURITIES 

x Tokamaks with high-z
divertors (e.g. JET
and Alcator C-Mod)
can experience large
energy losses due to
impurity accumulation.

X Measuring pedestal
radial flux of non-trace
impurities could
suggest optimal
tokamak operation.

i: FUEL 

X

z: IMPURITIES 

⇒ Pedestal impurity radial flow provides insight on impurity confinement.
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Pedestal poloidal asymmetries in boron temperature and density
Introduction and motivation

Impurity
accumulation ↔

Pedestal impurity
radial flux ∝

Toroidal
mom.

Parallel
friction ↔

Helander
1998

Pedestal impurity
poloidal variation

E× B shear stabilization of turbulence:
◦ Heat transport (high order) → turbulence

◦ H-mode flows (low order) → neoclassical theory

Pedestal poloidal asymmetries:

◦ Boron temperature larger on outboard (LFS) side
compared to inboard (HFS).

◦ HFS accumulation of boron density up to six fold.

Can neoclassical theory predict H-mode pedestal flows?
Pedestal radial flux measuring method?
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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.

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,
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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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Equation 5.
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metry between the LFS and HFS Er results, leading to
an electron density asymmetry through the Boltzmann
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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.
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flux function, while ne is allowed to vary poloidally, de-
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ward of the Te pedestal top. The LFS and HFS impurity
profiles are aligned relative to each other by matching
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metry between the LFS and HFS Er results, leading to
an electron density asymmetry through the Boltzmann
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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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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
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measurements of ne at the top of the plasma. Because
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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
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lines shown are the expected location of the maximum in
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when background parameters are flux functions, and the
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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
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ure 2 is the asymmetry factor, A = neH/neL, reaching a
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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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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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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,
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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
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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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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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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
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���, 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
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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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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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4, based on the measured impurity temperature
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of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane
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would have a peak of 1.5.
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it might be independently detectable by the measured
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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,
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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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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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4, based on the measured impurity temperature
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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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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,
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���, 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
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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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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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4, based on the measured impurity temperature
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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
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would have a peak of 1.5.
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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,
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���, 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
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, 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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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↵
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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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neutral density, and therefore D↵ radiance, will decrease
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Unfortunately, the instantaneous flow rate for each sepa-
rate GP-CXRS LFS and HFS gas delivery capillary is not
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values of ID↵ between the LFS and HFS unusable. How-
ever, the maximum in the absolute value of the inverse
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when background parameters are flux functions, and the
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HFS Tz profiles are matched. The third column shows
the alignment procedure used throughout this paper,
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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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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
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lines shown are the expected location of the maximum in
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, 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
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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↵
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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,
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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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Main novel physics self-consistently allowed in theory developed
Explaining pedestal in-out asymmetries

Species: (i) Banana Maxwell-Boltzmann bulk ions
(z) Collisional highly charged non-trace impurities

Orderings keep diamagnetic effects:
◦ Radial variation:

Er = 1
zzenz

∂pz
∂r + VztBp − VzpBt

⇓
∇⊥nz

nz
∼ zz

zi

∇⊥Φ
Ti
zi e
� 1

ρpz
r

nz

ln
scale

Tz

Ti
ni
�

◦ Poloidal variation:
∂ lnB
∂θ︸ ︷︷ ︸
∼ε

.∂ ln nz
∂θ

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

T z
 [e

V
]

E
r [k

V
/m

]

0

500

1000

1500

0.9 0.92 0.94 0.96 0.98 1
−100

−80

−60

−40

−20

0

20

40

60

ρ

S
ho

t: 
11

20
92

10
26

   
T

im
e:

0.
96

6s
 −

1.
14

5s

Tpol

Ttor

Er

Er Vtor

Er dia

Er Vpol

0

500

1000

1500

0.9 0.92 0.94 0.96 0.98 1
−100

−80

−60

−40

−20

0

20

40

60

ρ

S
ho

t: 
11

20
92

10
26

   
T

im
e:

0.
96

6s
 −

1.
14

5s

Tpol

Ttor

Er
Er Vpol

Er Vtor

Er dia

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

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

H-mode, 
low field side 

(Theiler 2014)

⇒ Strong radial and poloidal impurity density variation.
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Need to retain 2D radial flow effects for self-consistency
Explaining pedestal in-out asymmetries

◦ ⊥ Momentum:

Vz⊥ = c
B2B×

[
∇Φ + 1

zzenz
∇pz

]
◦ Particles:

∇ · [Vznz ] = ∇ · [Vz⊥nz ]︸ ︷︷ ︸
Also radial flow!

+ ∇ ·
[
Vz‖nz

]
= 0

⇓
Vz‖ = V 1D

z‖ + V diamagnetic
z‖ + V radial

z‖

⌦

Bp

E

VE⇥B

Bt

⇒ RADIAL FLOW affects PARALLEL FLOW due to the strong radial variation.
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Need to retain 2D radial flow effects for self-consistency
Explaining pedestal in-out asymmetries

◦ ⊥ Momentum:

Vz⊥ = c
B2B×

[
∇Φ + 1

zzenz
∇pz

]
◦ Particles:

∇ · [Vznz ] = ∇ · [Vz⊥nz ]︸ ︷︷ ︸
Also radial flow!

+ ∇ ·
[
Vz‖nz

]
= 0

⇓
Vz‖ = V 1D

z‖ + V diamagnetic
z‖ + V radial

z‖

⌦
Bt

Bp

E⇤
new

VE⇤
new⇥B

⇒ RADIAL FLOW affects PARALLEL FLOW due to the strong radial variation.
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Self-consistent set of conservation equations for impurities
Explaining pedestal in-out asymmetries

Self-consistent set of conservation equations for impurities:
◦ ‖ Momentum:

����������

mznzVz ·∇Vz ·
B
B︸ ︷︷ ︸

Inertial term

+
�
���

���B
B · (∇ · πz)︸ ︷︷ ︸

Viscosity

+ ∇‖pz︸ ︷︷ ︸
Press.grad.

+ nzze∇‖Φ︸ ︷︷ ︸
Pot.grad.

= Rzi‖︸︷︷︸
Frict.

⇒ The impurity parallel flow modifies the friction with the background ions.

◦ Energy:

�������3
2nzVz ·∇Tz︸ ︷︷ ︸

Convection

+ pz∇ · Vz︸ ︷︷ ︸
Comp.heating

+����∇ · qz︸ ︷︷ ︸
Heat flux

+�����
πz : ∇Vz︸ ︷︷ ︸

Viscous

=
3
2nzνzi (Ti − Tz)︸ ︷︷ ︸

Equilibration

⇒ Compressional heating drives impurity temperature poloidal variation.
Its importance grows with the size of the flows.
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Momentum: Diamagnetic effects → Poloidal density variation
Explaining pedestal in-out asymmetries

Non-linear ‖ momentum:∇‖pz + nzze∇‖Φ = Rzi‖
−〈〉⇒
��drives

(1 + αn) ∂n
∂ϑ

= g
(
n − b2

)
+ U (n − 1)−D

[(
1− b2

)
− α (n − 1)

]
(Ball 2014)

Non-dimensionalization:
◦ Poloidal
◦ variation:

n = nz
〈nz〉

b2 = B2

〈B2〉

T = Tz
Ti

◦ Amplification factors
◦ (flux functions):

g = −ξ
〈
∂ ln pi
∂ψ

− 3
2
∂ lnTi
∂ψ

〉
U = ξγ

∫
d3vi

hi
B

vi‖

v3
i

D = −ξ 〈Tz〉
Ti

zi
zz

∂ ln 〈pz〉
∂ψ

α =
z2

z 〈nz 〉
z2

i 〈ni 〉
Ti

〈Tz 〉

1 + 〈ne〉
zi 〈ni 〉

Ti
zi Te

∼ 1

Radial derivatives of
poloidal variation ⇒

cancel
As 1D with 2D effects

Known Unknown
Magnetic field: b2

Poloidal variation: n, T
Radial variation: g , U, D

nz = 〈nz〉
known

(
1 + nz − 〈nz〉

〈nz〉

)
unknown
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Momentum: Diamagnetic effects → Poloidal density variation
Explaining pedestal in-out asymmetries

Linear parallel momentum:(1 + α) ∂n
∂ϑ

= (g−D)
(
1− b2

)
+(g + U+αD) (n − 1)

E.g.
∥∥∥∥∥ b2 = 1− 2ε cosϑ

n = 1 + C cosϑ+ S sinϑ
with S2 + C2 ≤ 1 (n ≥ 0)

The © corresponds to the ‘impurity
diamagnetic’ friction D with the closest
in-out asymmetry to the experiments.

⇒ Physical diamagnetic and radial
effects allows to robustly capture much

stronger in-out asymmetries.
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Quasineutrality → Radial electric field poloidal variation
Explaining pedestal in-out asymmetries

From quasineutrality and Maxwell-Boltzmann electron and main ions:

zi
zz

∇⊥ (nz − 〈nz〉)
nz︸ ︷︷ ︸

More -© nz slope on HFS

∼ ∇⊥ (Φ− 〈Φ〉)
Ti
zi e

∼ − Er − 〈Er 〉
Ti
zi e︸ ︷︷ ︸

Er less -© on HFS
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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
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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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measurements of ne at the top of the plasma. Because
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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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it might be independently detectable by the measured
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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,
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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
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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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4, based on the measured impurity temperature
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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.

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↵
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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,
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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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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
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for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
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, 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
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matches
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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
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would have a peak of 1.5.
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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
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for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
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, 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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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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is an upper
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would have a peak of 1.5.
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it might be independently detectable by the measured
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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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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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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,
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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
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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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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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4, based on the measured impurity temperature
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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↵
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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,
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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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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↵
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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,
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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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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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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
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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
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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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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↵
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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
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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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the electrons, the asymmetry factor Ane

is an upper
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would have a peak of 1.5.
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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
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lines shown are the expected location of the maximum in
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, 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
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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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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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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
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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
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, 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
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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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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
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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
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���, 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
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, 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
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matches

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

(Churchill 2015) (Theiler 2014)

Strong poloidal
impurity density

variation
⇓

Poloidal radial
electric field
variation in

agreement with
experiments.



16

Preventing
impurity

accumulation
Silvia Espinosa

Motivation
Impurity accumulation

In-out asymmetries

Poloidal variation
Diamagnetic effects

Impurity flow effects

Conservation equations

Momentum → Pol. n var.

Er poloidal variation

9 Energy → Poloidal T var.

Poloidal flow

Pedestal profile alignment

Radial flux
Radial flux evaluation

Impurity confinement

I-mode explanation

Summary

Silvia
ESPINOSA

SESP@mit.edu

Energy: Compressional heating→ Poloidal temperature variation
Explaining pedestal in-out asymmetries

Energy conservation equation for impurities:

pz∇ · Vz︸ ︷︷ ︸
Comp.heating

= 3
2nzνzi (Ti − Tz)︸ ︷︷ ︸

Equilibration

⇒ Tz − Ti
Tz

= σ (ψ)︸ ︷︷ ︸
≥0

(g + U+αD) 1
n2
∂n
∂ϑ

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

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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Vtor > 0

H-Mode parameters:

I-Mode parameters:
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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

(Theiler 2014)

g + U + αD < 0: g + U + αD > 0:

Impurity up-down asymmetry ⇒ Impurity temperature in-out asymmetry.
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Impurity poloidal flow: Much larger on the LFS and positive.
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Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to

109

LFS Poloidal
LFS Parallel

-= HFS Poloidal
HFS Parallel

6 20

5- 5 - + 15

E

20 10

V E
3 z0

2

0
0 . 9.B5+6 0

0 -5
500-

400 -30

-300 205

200 "notch" -10

100 T
B5+ z// 0

0 0.94 0.96 0.98 1 0.94 0.96 0.98 1
P P

E

M

r4

0O

Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to

109

LFS Poloidal
LFS Parallel

-= 
HFS Poloidal
HFS Parallel

6 
20

5-
5 

-
+ 

15

E20 
10

V
 

E
3 

z0

2

0
0 

.
9.B5+6 

0
0 

-5
500-

400 
-30

-300 
205

200 
"notch"

-10

100 
T

B5+ 
z// 

0
0

0.94 
0.96 

0.98 
1 

0.94 
0.96 

0.98 
1

P
P

EMr40O

Figure 4-4: LFS and H
FS B

'+
 profiles in an E

D
A

 H
-m

ode at low
er q95

L
FS im

purity tem
perature pedestal, w

hereas the H
FS separation betw

een n,,H
 and

TzH
 pedestal locations rem

ains approxim
ately the sam

e.

T
he L

FS poloidal velocity is reduced, 
and slightly w

ider for the higher q95 shot.

T
his can qualitatively be understood through the conventional neoclassical im

purity

poloidal velocity equation[102]:

VZ 
B

2)~ 
1 1 O9pZ 

1 api 
-

Y Ti(47
(B2 

Z
 nz &

0 
ni (90 

av

H
ere 

-yo 
is dependent 

on the collisionality 
regim

e, 
being 

constant 
for Pfirsch-

Schluter 
(-P

S 
=

 1.8), 
and depending in a com

plicated w
ay on the relative size of

V
E

xB
 to V

th,i in the plateau collisionality regim
e[103], and the banana regim

e[23, 102].

N
ote that w

e do not expect this expression to necessarily hold in the pedestal region

w
here pig 

~ 
L

1
, but use it here as guide, as it has been succesfully com

pared 
to

109

LFS Poloidal
LFS Parallel

-= HFS Poloidal
HFS Parallel

6 20

5- 5 - + 15

E

20 10

V E
3 z0

2

0
0 . 9.B5+6 0

0 -5
500-

400 -30

-300 205

200 "notch" -10

100 T
B5+ z// 0

0 0.94 0.96 0.98 1 0.94 0.96 0.98 1
P P

E

M

r4

0O

Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to

109

LFS Poloidal
LFS Parallel

-= HFS Poloidal
HFS Parallel

6 20

5- 5 - + 15

E

20 10

V E
3 z0

2

0
0 . 9.B5+6 0

0 -5
500-

400 -30

-300 205

200 "notch" -10

100 T
B5+ z// 0

0 0.94 0.96 0.98 1 0.94 0.96 0.98 1
P P

E

M

r4

0O

Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to

109

LFS Poloidal
LFS Parallel

-= HFS Poloidal
HFS Parallel

6 20

5- 5 - + 15

E

20 10

V E
3 z0

2

0
0 . 9.B5+6 0

0 -5
500-

400 -30

-300 205

200 "notch" -10

100 T
B5+ z// 0

0 0.94 0.96 0.98 1 0.94 0.96 0.98 1
P P

E

M

r4

0O

Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to

109

LFS Poloidal
LFS Parallel

-= HFS Poloidal
HFS Parallel

6 20

5- 5 - + 15

E

20 10

V E
3 z0

2

0
0 . 9.B5+6 0

0 -5
500-

400 -30

-300 205

200 "notch" -10

100 T
B5+ z// 0

0 0.94 0.96 0.98 1 0.94 0.96 0.98 1
P P

E

M

r4

0O

Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to

109

V
z
p

EDA H-mode at lower q95  

LFS 

HFS 

-ILFS Poloidal
LFS Parallel

n B5+

0.94 0.96 0.98
P

- HFS Poloidal
- HFS Parallel

0

0

0

0-

0-

T B5-
01

0.94 0.96 0.98
P

Figure 4-5: LFS and HFS B'+ profiles in an EDA H-mode at higher q9 5

measurement previously[35]. Rewriting using the circular approximation for safety

factor q - EL, and the derivative - = RB4y:

Bep av) 9
)R 2 (1 1 OPz 1 api ,Ti

Vn = B E -& YO (4.8),o B( q Z n, (9r ni (9r ior

Equation 4.8 suggests that the impurity poloidal velocity will decrease when q95
increases, since VO oc Q~ 2 , which agrees with our observation. However, the details of

the main ion and impurity gradients need to also be taken into account, as at higher

q95 both density and temperature pedestal width will increase. The collisionality is

also generally lower for higher q95 , most likely changing the form and possibly the

sign of yO. We also note that the form of yo, and of the general poloidal velocity

equation, can be modified by the presence of an impurity density asymmetry[104], in

addition to any changes due to global transport effects in the pedestal region, since
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The impurity density, like the other H-modes, is again in-out asymmetric, though

an accurate asymmetry factor is difficult to quantify due to the gaps in the HFS data.

The impurity density fraction is slightly higher, between 2-3% of n, compared to the

typical 1-2% in other H-modes.

The impurity temperature is large, reaching 1000 eV, more than 2x larger than

the other H-modes we've seen. However, the gradient scale length itself, LT, is of

the same order as, for example, that of the ELM-free H-mode in Figure 4-6. Similar

also to the ELM-free H-mode is the relatively small impurity temperature asymmetry,
here staying below 1.5x at maximum, with the peak asymmetry occurring near the

LFS T, pedestal top.

The poloidal velocity is much than any of the H-modes shown, with peaks of 25

km/s and 15 km/s for the LFS and HFS, respectively. The relative peak locations

are similar to the other H-modes, with the LFS being shifted slightly outward of the
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LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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shifts could cause this factor to be lower. The fact that impurity asymmetries exist in

ELM-free H-modes gives important evidence of the transport mechanism responsible

for the asymmetry, since ELM-free H-modes lack a strong fluctuating mode, which

will be further discussed Section 5.

There is an in-out asymmetry in temperature as in the EDA H-mode case, but

it is much smaller. As can be asserted from this, for ELM-free H-modes, when the

temperatures are aligned, the E,-alignment is also approximately satisfied. Temper-

atures at both the LFS and HFS decay at the same rate over time, closely following

the electron temperature decay, as would be expected.

The poloidal velocities have much higher peaks, this time for both the LFS and

HFS. This again can partly be explained by the conventional neoclassical poloidal

velocity expression, which predicts higher VO for lower q95 , with which ELM-free

H-modes tend to be observed (this ELM-free discharge had q9 5 ~ 3,2).
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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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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
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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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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,
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���, 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
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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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the electrons, the asymmetry factor Ane
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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
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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
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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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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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4, based on the measured impurity temperature
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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
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���, can indi-
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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
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, 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
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matches

well with the simulation. The HFS is closer to the total
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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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the electrons, the asymmetry factor Ane
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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
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cate the location of the electron density pedestal. The
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for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
L�1
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, 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
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matches

well with the simulation. The HFS is closer to the total
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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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measurements of ne at the top of the plasma. Because
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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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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,
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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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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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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
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���, 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
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matches

well with the simulation. The HFS is closer to the total
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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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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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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
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���, 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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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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4, based on the measured impurity temperature
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of the chosen absolute alignment of the impurities to
the electrons, the asymmetry factor Ane
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would have a peak of 1.5.
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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,
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���, 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
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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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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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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
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would have a peak of 1.5.
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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
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���, 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
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, 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
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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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profiles mapped using the EFIT magnetic
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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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4, based on the measured impurity temperature
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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
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would have a peak of 1.5.
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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
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���L�1

ID↵

���, can indi-
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lines shown are the expected location of the maximum in
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, 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
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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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profiles are aligned relative to each other by matching
the expected HFS Er to the measured HFS Er, using
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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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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↵
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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,
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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 2015)

⇒ The impurity poloidal flow affects the radial impurity flux via g + U.
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LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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measurement previously[35]. Rewriting using the circular approximation for safety

factor q - EL, and the derivative - = RB4y:
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Equation 4.8 suggests that the impurity poloidal velocity will decrease when q95
increases, since VO oc Q~ 2 , which agrees with our observation. However, the details of

the main ion and impurity gradients need to also be taken into account, as at higher

q95 both density and temperature pedestal width will increase. The collisionality is

also generally lower for higher q95 , most likely changing the form and possibly the

sign of yO. We also note that the form of yo, and of the general poloidal velocity

equation, can be modified by the presence of an impurity density asymmetry[104], in

addition to any changes due to global transport effects in the pedestal region, since
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The impurity density, like the other H-modes, is again in-out asymmetric, though

an accurate asymmetry factor is difficult to quantify due to the gaps in the HFS data.

The impurity density fraction is slightly higher, between 2-3% of n, compared to the

typical 1-2% in other H-modes.

The impurity temperature is large, reaching 1000 eV, more than 2x larger than

the other H-modes we've seen. However, the gradient scale length itself, LT, is of

the same order as, for example, that of the ELM-free H-mode in Figure 4-6. Similar

also to the ELM-free H-mode is the relatively small impurity temperature asymmetry,
here staying below 1.5x at maximum, with the peak asymmetry occurring near the

LFS T, pedestal top.

The poloidal velocity is much than any of the H-modes shown, with peaks of 25

km/s and 15 km/s for the LFS and HFS, respectively. The relative peak locations

are similar to the other H-modes, with the LFS being shifted slightly outward of the
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LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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shifts could cause this factor to be lower. The fact that impurity asymmetries exist in

ELM-free H-modes gives important evidence of the transport mechanism responsible

for the asymmetry, since ELM-free H-modes lack a strong fluctuating mode, which

will be further discussed Section 5.

There is an in-out asymmetry in temperature as in the EDA H-mode case, but

it is much smaller. As can be asserted from this, for ELM-free H-modes, when the

temperatures are aligned, the E,-alignment is also approximately satisfied. Temper-

atures at both the LFS and HFS decay at the same rate over time, closely following

the electron temperature decay, as would be expected.

The poloidal velocities have much higher peaks, this time for both the LFS and

HFS. This again can partly be explained by the conventional neoclassical poloidal

velocity expression, which predicts higher VO for lower q95 , with which ELM-free

H-modes tend to be observed (this ELM-free discharge had q9 5 ~ 3,2).
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for the asymmetry, since ELM-free H-modes lack a strong fluctuating mode, which

will be further discussed Section 5.
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atures at both the LFS and HFS decay at the same rate over time, closely following

the electron temperature decay, as would be expected.
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HFS. This again can partly be explained by the conventional neoclassical poloidal

velocity expression, which predicts higher VO for lower q95 , with which ELM-free

H-modes tend to be observed (this ELM-free discharge had q9 5 ~ 3,2).
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also to the ELM-free H-mode is the relatively small impurity temperature asymmetry,
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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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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 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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4, based on the measured impurity temperature
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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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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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reconstruction with their calibrated position. The

second column shows the profiles when the LFS and
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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.

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
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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,
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���, 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
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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).

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.

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
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the electrons, the asymmetry factor Ane
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would have a peak of 1.5.
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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,
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���, 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
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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
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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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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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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,
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���, 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
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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
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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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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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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
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���, 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
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, 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
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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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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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4, based on the measured impurity temperature
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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
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limit. The lower limit Ane

would have a peak of 1.5.
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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
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���, 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
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, 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,
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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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of the chosen absolute alignment of the impurities to
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would have a peak of 1.5.

As this is a sizeable di↵erence in electron density,
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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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the alignment procedure used throughout this paper,
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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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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
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for the LFS and HFS are shown in Figure 3. The vertical
lines shown are the expected location of the maximum in
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, 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,
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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
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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).

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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of the chosen absolute alignment of the impurities to
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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
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���, 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
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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
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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).

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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4, based on the measured impurity temperature
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would have a peak of 1.5.
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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
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���, 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
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, 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
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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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profiles mapped using the EFIT magnetic
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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).

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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4, based on the measured impurity temperature
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the electrons, the asymmetry factor Ane
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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
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���, can indi-
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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
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, 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
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matches

well with the simulation. The HFS is closer to the total
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the alignment procedure used throughout this paper,
the total pressure-alignment, where profiles are shifted
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(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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asymmetry and an assumed LFS electron density
profile. This assumed LFS ne profile is based on
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the electrons, the asymmetry factor Ane
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would have a peak of 1.5.
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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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is an upper
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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 2015)

⇒ Stronger poloidal variation of the impurity flow.
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LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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measurement previously[35]. Rewriting using the circular approximation for safety

factor q - EL, and the derivative - = RB4y:

Bep av) 9
)R 2 (1 1 OPz 1 api ,Ti

Vn = B E -& YO (4.8),o B( q Z n, (9r ni (9r ior

Equation 4.8 suggests that the impurity poloidal velocity will decrease when q95
increases, since VO oc Q~ 2 , which agrees with our observation. However, the details of

the main ion and impurity gradients need to also be taken into account, as at higher

q95 both density and temperature pedestal width will increase. The collisionality is

also generally lower for higher q95 , most likely changing the form and possibly the

sign of yO. We also note that the form of yo, and of the general poloidal velocity

equation, can be modified by the presence of an impurity density asymmetry[104], in

addition to any changes due to global transport effects in the pedestal region, since
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The impurity density, like the other H-modes, is again in-out asymmetric, though

an accurate asymmetry factor is difficult to quantify due to the gaps in the HFS data.

The impurity density fraction is slightly higher, between 2-3% of n, compared to the

typical 1-2% in other H-modes.

The impurity temperature is large, reaching 1000 eV, more than 2x larger than

the other H-modes we've seen. However, the gradient scale length itself, LT, is of

the same order as, for example, that of the ELM-free H-mode in Figure 4-6. Similar

also to the ELM-free H-mode is the relatively small impurity temperature asymmetry,
here staying below 1.5x at maximum, with the peak asymmetry occurring near the

LFS T, pedestal top.

The poloidal velocity is much than any of the H-modes shown, with peaks of 25

km/s and 15 km/s for the LFS and HFS, respectively. The relative peak locations

are similar to the other H-modes, with the LFS being shifted slightly outward of the
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The impurity density, like the other H-modes, is again in-out asymmetric, though

an accurate asymmetry factor is difficult to quantify due to the gaps in the HFS data.

The impurity density fraction is slightly higher, between 2-3% of n, compared to the

typical 1-2% in other H-modes.

The impurity temperature is large, reaching 1000 eV, more than 2x larger than

the other H-modes we've seen. However, the gradient scale length itself, LT, is of

the same order as, for example, that of the ELM-free H-mode in Figure 4-6. Similar

also to the ELM-free H-mode is the relatively small impurity temperature asymmetry,
here staying below 1.5x at maximum, with the peak asymmetry occurring near the

LFS T, pedestal top.
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LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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Figure 4-6: LFS and HFS B'+ profiles in an ELM-free H-mode

shifts could cause this factor to be lower. The fact that impurity asymmetries exist in

ELM-free H-modes gives important evidence of the transport mechanism responsible

for the asymmetry, since ELM-free H-modes lack a strong fluctuating mode, which

will be further discussed Section 5.

There is an in-out asymmetry in temperature as in the EDA H-mode case, but

it is much smaller. As can be asserted from this, for ELM-free H-modes, when the

temperatures are aligned, the E,-alignment is also approximately satisfied. Temper-

atures at both the LFS and HFS decay at the same rate over time, closely following

the electron temperature decay, as would be expected.

The poloidal velocities have much higher peaks, this time for both the LFS and

HFS. This again can partly be explained by the conventional neoclassical poloidal

velocity expression, which predicts higher VO for lower q95 , with which ELM-free

H-modes tend to be observed (this ELM-free discharge had q9 5 ~ 3,2).
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Figure 4-4: LFS and HFS B'+ profiles in an EDA H-mode at lower q95

LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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shifts could cause this factor to be lower. The fact that impurity asymmetries exist in

ELM-free H-modes gives important evidence of the transport mechanism responsible

for the asymmetry, since ELM-free H-modes lack a strong fluctuating mode, which

will be further discussed Section 5.

There is an in-out asymmetry in temperature as in the EDA H-mode case, but

it is much smaller. As can be asserted from this, for ELM-free H-modes, when the

temperatures are aligned, the E,-alignment is also approximately satisfied. Temper-

atures at both the LFS and HFS decay at the same rate over time, closely following

the electron temperature decay, as would be expected.

The poloidal velocities have much higher peaks, this time for both the LFS and

HFS. This again can partly be explained by the conventional neoclassical poloidal

velocity expression, which predicts higher VO for lower q95 , with which ELM-free

H-modes tend to be observed (this ELM-free discharge had q9 5 ~ 3,2).
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LFS impurity temperature pedestal, whereas the HFS separation between n,,H and

TzH pedestal locations remains approximately the same.

The LFS poloidal velocity is reduced, and slightly wider for the higher q95 shot.

This can qualitatively be understood through the conventional neoclassical impurity

poloidal velocity equation[102]:

VZ B2)~ 1 1 O9pZ 1 api - Y Ti(47
(B2 Z nz &0 ni (90 av

Here -yo is dependent on the collisionality regime, being constant for Pfirsch-

Schluter (-PS = 1.8), and depending in a complicated way on the relative size of

VExB to Vth,i in the plateau collisionality regime[103], and the banana regime[23, 102].

Note that we do not expect this expression to necessarily hold in the pedestal region

where pig ~ L1 , but use it here as guide, as it has been succesfully compared to
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The impurity density, like the other H-modes, is again in-out asymmetric, though

an accurate asymmetry factor is difficult to quantify due to the gaps in the HFS data.

The impurity density fraction is slightly higher, between 2-3% of n, compared to the

typical 1-2% in other H-modes.

The impurity temperature is large, reaching 1000 eV, more than 2x larger than

the other H-modes we've seen. However, the gradient scale length itself, LT, is of

the same order as, for example, that of the ELM-free H-mode in Figure 4-6. Similar

also to the ELM-free H-mode is the relatively small impurity temperature asymmetry,
here staying below 1.5x at maximum, with the peak asymmetry occurring near the

LFS T, pedestal top.

The poloidal velocity is much than any of the H-modes shown, with peaks of 25

km/s and 15 km/s for the LFS and HFS, respectively. The relative peak locations

are similar to the other H-modes, with the LFS being shifted slightly outward of the
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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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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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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↵

=
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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,
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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↵

=
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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,
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���, 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
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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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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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4, based on the measured impurity temperature
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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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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
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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).

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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asymmetry and an assumed LFS electron density
profile. This assumed LFS ne profile is based on
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the electrons, the asymmetry factor Ane

is an upper
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would have a peak of 1.5.
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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,
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���, 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
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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
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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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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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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
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���, 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
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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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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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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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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,
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���, 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
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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.

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,
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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
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���, 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
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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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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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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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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
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���, 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
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, 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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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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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,
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���, 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
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matches

well with the simulation. The HFS is closer to the total
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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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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
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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
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, 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
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matches

well with the simulation. The HFS is closer to the total
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(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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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,
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���, 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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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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4, based on the measured impurity temperature
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the electrons, the asymmetry factor Ane
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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,
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���, 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
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matches

well with the simulation. The HFS is closer to the total
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profiles mapped using the EFIT magnetic
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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).

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↵
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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,

(Churchill 2015)

⇒ For positive poloidal flow, g + U + αD ≥ 0.
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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

(Theiler
2014)

⇒ Upper impurity
accumulation in
agreement with
the experiments.

Experimental physics captured Us
Strong poloidal imp. density variation X
Weak poloidal imp. temperature variation X
Weak poloidal radial electric field variation X

X The measured impurity density and
temperature in-out asymmetry can
be successfully captured without
invoking anomalous transport.

X Self-consistent ‘2D’ radial and
impurity diamagnetic flow effects!
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Pedestal profile alignment: Total pressure with HFS temperature
Explaining pedestal in-out asymmetries

Poloidal variation Variables
Strong nz

Weak ��Tz , ��Er

Very weak Φ, ni , ne

Flux functions Ti ,Te

ptot = neTe + ni Ti

↓
��Tz

Tz,HFS
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∼

z2i
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ni Ti

⇒ Sharp prediction of the pedestal profile alignment:
total pressure with inboard impurity temperature.
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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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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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4, based on the measured impurity temperature
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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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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
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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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sharply in the region of the electron density pedestal.
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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↵
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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,
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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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would have a peak of 1.5.
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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,
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���, 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
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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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in an EDA H-mode. In the first column are shown

profiles mapped using the EFIT magnetic
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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).

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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the electrons, the asymmetry factor Ane
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would have a peak of 1.5.
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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
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���, 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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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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4, based on the measured impurity temperature
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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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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
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���, 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
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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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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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4, based on the measured impurity temperature
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profile. This assumed LFS ne profile is based on

measurements of ne at the top of the plasma. Because
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the electrons, the asymmetry factor Ane
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would have a peak of 1.5.
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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
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���, 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
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matches

well with the simulation. The HFS is closer to the total
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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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4, based on the measured impurity temperature
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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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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
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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
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, 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
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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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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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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
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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).

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.

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
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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,
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���, 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
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matches

well with the simulation. The HFS is closer to the total
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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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the electrons, the asymmetry factor Ane
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limit. The lower limit Ane

would have a peak of 1.5.
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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,
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���, 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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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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4, based on the measured impurity temperature
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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
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would have a peak of 1.5.
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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,
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���, 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
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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↵
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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,
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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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Novel insight: Radial impurity flux from existing measurements
Radial flux measurement to avoid impurity accumulation

1. Large aspect ratio (without diamagnetic effects) → Espinosa & Catto, POP 2017

Radial
impurity flux∝ −

〈 BRzi‖
1 + (b2 − 1)

〉Solubility:〈
BRzi‖

〉
= 0

↓
=
〈
BRzi‖

(
b2 − 1

)〉
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Available measurements

[1 + O (ε)]

Radial
impurity flux ∝ −

2ε2
↓〈(

1− b2
)2〉

g

↑
Radial profiles

∝
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1
2
∂ lnTi
∂ψ − ∂ ln ni

∂ψ

)
+

Imp. density
εnHFS−nLFS
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Computationally demanding
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New realization: Radial impurity flux from existing measurements
Radial flux measurement to avoid impurity accumulation

Radial
impurity flux ∝ −

2ε2
↓〈(

1− b2
)2〉

g

↑
Thomson scattering
∝
(
1
2
∂ lnTe
∂ψ − ∂ ln ne

∂ψ

)
+

Charge exchange spectroscopy︷ ︸︸ ︷
Imp. density
εnHFS−nLFS

nHFS+nLFS
↓〈

(n − 1)
(
b2 − 1

)〉
Imp. pol. flow
∝ nzVz ·∇θ

B·∇θ

↓
(g + U)

X Electron temperature profile twice as steep as the electron density or more.

X HFS impurity accumulation with poloidal flow in the magnetic field direction
OR LFS accumulation with poloidal flow in the opposite direction.

⇒ Novel insight: The impurity radial flux can be obtained from measurements
currently available, bypassing the computationally demanding kinetic calculation.
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Techniques for actively preventing impurity accumulation
Radial flux measurement to avoid impurity accumulation

2. General geometry with inertia and plasma heating→ Espinosa&Catto,PPCF 2017

◦ Outboard → Inertia
◦ Inboard → Plasma heating (ICRH,NBI)
◦ ↑ ∂ lnTe

∂ ln ne
→ Seeding

Solubility
constraint〈BRzi‖

nz

〉
= 0

 Relates


fluid i (g) X

kinetic i (U)
poloidal flow z X

Nucl. Fusion 51 (2011) 113003 J. Schweinzer et al

Figure 3. Electron temperature Te (right axis) and density profiles
ne (left axis) of the AUG plasma edge for unseeded (blue, #24681)
and nitrogen seeded (red, #24682) improved H-modes (see also
figure 2). Symbols represent data points of ECE, Thomson
scattering, reflectometry and lithium beam diagnostics. Only data in
between ELMs have been taken in the time interval
4.2 s ! t ! 4.5 s. In addition, spline fits (Te: dotted lines, ne: solid
lines) to the data points are shown. For the electron density fit also
the edge channel of the DCN interferometry diagnostic has been
taken into account.

Figure 4. Zeff profiles (right axis, dash-dotted line) of the AUG
plasma edge for unseeded (blue, #24681) and nitrogen seeded (red,
#24682) improved H-modes (see also figure 2). These profiles
originate from IDA. Assuming an average charge of 7 for the
dominant impurity ion in the unseeded (average of fully stripped
oxygen and carbon) and the seeded case (fully stripped nitrogen),
one can calculate deuterium density profiles (dotted line) using the
fitted electron density profiles of figure 3 (solid line) and the
presented Zeff profiles.

values of Ti and Te are measured [12]. Therefore, electron
temperature is also affected by the introduction of N and higher
electron pressure (see figure 5) is measured for ρ ! 0.93
in the seeded case. In the steep gradient region ρ > 0.93),

Figure 5. Profile data of figures 5 and 6 combined to calculate
electron pressure (solid) and electron collisionality (dotted) profiles
for unseeded (blue, #24681) and nitrogen seeded (red, #24682)
improved H-modes. In addition, the D ion pressure (dashed–dotted)
is calculated with nD data from figure 4 and the assumption Ti = Te
(Te profile data from figure 3).

however, the electron pressure profiles of both discharges are
the same. For completeness also the electron collisionality
(same definition of ν∗

e as in [11]) is plotted in figure 5. No
significant changes are visible. In the N seeded discharge, the
higher Zeff is compensated by higher Te values.

In figure 6, electron temperature and density values close
to the pedestal top (ρpol = 0.9) are plotted for a set of
discharges similar to the presented pair #24681/#24682 in
order to document the robustness of the found effects. While
the range of pedestal densities is not affected at all by the
introduction of N, the pedestal electron temperature Te of N
seeded discharges is considerably higher than in the unseeded
case. A similar effect has been found for Ti (not shown) for a
smaller data set.

A strong correlation between Zeff values and the H98

factor for IPHMs with and without N seeding was found
in [15]. Here an attempt is made to highlight the important
role of the Zeff parameter for the scaling of the thermal
energy confinement time τth (see figure 7). Together with
heating power Pheat and the average Zeff a power law fit
τth ∝ P −0.5

heat · Z0.5
eff to a subset of 2008/2009 IMPH data was

established, which describes the experimental τth data rather
well. Inclusion of additional parameters did not improve the
fit. In particular, no dependence of τth on electron density ne

was found. This is in agreement with the much larger dataset
of figure 1, where normalized confinement H98(y,2) factors are
plotted on the ordinate instead of confinement times τth as
in figure 7. As stated in section 2, the obvious degradation
of normalized confinement H98(y,2) with increasing density in
figure 1 reflects just the positive density dependence of the
H-mode scaling (τ98(y,2) ∝ n0.41

e ), while τth values do not show
such a dependence.

The weaker degradation of τth with Pheat (∝P −0.5
heat )

compared with the H-mode scaling τ98(y,2)(∝P −0.69
heat ) reflects

5

Seeded
Unseeded

(Schweinzer 2011)

⇒ Solve the solubility condition for the kinetic effects, which cannot be measured,
to express the radial impurity flux as a function of available diagnostics.
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density pedestal found in conventional H-modes (see
Figure 1), and with the formation of an edge Er well compa-
rable to that found in H-mode.21,23,24 I-mode also appears to
be naturally stable against large ELMs, avoiding the need for
active ELM control systems. Finally, energy confinement in
I-mode shows little to no degradation with input heating
power,20 in contrast to the degradation of confinement in
ELMy H-mode (roughly sE ! P"0:7 from multi-machine
analyses2)—a potentially highly-favorable scaling to reactor-
scale devices.

A firm understanding of the pedestal is essential for the
extrapolation of any high-performance regime to ITER and
reactor-scale devices: the pedestal structure sets a strong con-
straint on overall performance,4 as well as determining stabil-
ity against large, deleterious ELMs. Recent cooperative efforts
among theory, modeling, and experiment25 have resulted in a
predictive model, termed EPED,26–28 for ELMy H-mode
based on coupled constraints from peeling-ballooning MHD
stability29–31 and kinetic-ballooning turbulence.32 The EPED
model has successfully predicted pedestal structure in ELMy
H-mode on a number of machines25,33,34 spanning a range of
parameters, reaching ITER-relevant pedestal pressures in the
case of H-modes on Alcator C-Mod. We apply a similar
approach to the study of I-mode pedestals. First, we explore
the empirical scalings of I-mode pedestals, which is important
for extrapolation to larger machines and can give an intuitive
picture of pedestal MHD stability (Sec. III). Second, we take a
detailed computational approach to the MHD stability of
I-mode pedestals (Sec. IV). Finally, we examine the turbu-
lence characteristics of the I-mode pedestal region, notably the

observed Weakly Coherent Mode (WCM) fluctuation found in
I-mode (Sec. V).

II. I-MODE ACCESS AND EXPERIMENTAL SETUP

I-mode experiments were carried out on the Alcator
C-Mod tokamak,22 a compact, high-field device with major
radius R ! 0.67 m, minor radius a ! 0.22 m, and toroidal
magnetic field BT # 8:1T. Alcator C-Mod operates with
entirely high-Z metal plasma-facing components, and
reaches comparable divertor heat flux to that anticipated for
ITER.35–37 High-performance operation is commonly
assisted by boronization treatment of plasma-facing materi-
als—however, a recent boronization is not typically neces-
sary in I-mode due to the low particle confinement. Alcator
C-Mod plasmas are heated with up to 5.5 MW of ion-
cyclotron RF power.

I-mode operation is robustly accessible on Alcator
C-Mod, with steady I-modes sustained in a variety of shapes
and edge current profiles, and with low to moderate colli-
sionality (see Figure 2). Notably, I-mode operation is natu-
rally near ITER targets for edge collisionality and safety
factor. Here, we use for the collisionality

!$ ¼ 6:921& 10"18 RqneZef f ln Ke

e3=2T2
e

; (1)

with electron density ne in m–3 and temperature Te in eV,
major radius R in m, and with the Coulomb logarithm
defined by lnKe ¼ 24" ln

ffiffiffiffiffi
ne
p

=Te

" #
. For pedestal collision-

ality, !$95, we evaluate ne, Te, and safety factor q at the 95%
flux surface. I-mode operation has been maintained with
heating power up to !2& the L-I transition threshold without
entering H-mode38,39 (see Figure 3).

I-mode is typically accessed in the “unfavorable” drift
configuration—that is, with ion rB drift directed away from
the primary X-point.20 This elevates the H-mode threshold
power,40 widening the range over which I-mode can be sus-
tained. This drift configuration has been achieved both with
standard field and current in an upper single null (USN)
shape, and in a lower single null (LSN) shape with reversed

FIG. 1. Example ne and Te edge profiles, comparing L-mode (black) and I-
mode (red) from a single discharge. I-mode maintains a comparable edge
density, without the formation of a steep gradient region, while forming an
H-mode-like temperature pedestal.

FIG. 2. Edge collisionality and safety factors with accessible I-modes, with
ITER target for comparison. Data from the high-resolution pedestal database
are highlighted.

056103-2 Walk et al. Phys. Plasmas 21, 056103 (2014)
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like in the H-modes, it has a stronger gradient than the electron density (ne is basically

flat), following closely the impurity temperature profile. Because it follows closely the

temperature, the n, pedestal in I-mode may be due more to ionization physics rather

than transport. Relative to the electron density, the boron density is at the same

level as H-modes, about 2%.
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(Churchill 2014)
⇒ I-mode regime is favourable to avoid impurity accumulation.
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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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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

(Theiler 2014)

⇒ I-mode regime is favourable to avoid impurity accumulation,
without invoking anomalous transport due to weakly coherent mode.
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Major ideas and results

X Self-consistent model with ‘2D’ radial and impurity diamagnetic flow effects.

X Experimental values of impurity density, temperature and radial electric field
in-out asymmetries successfully explained neoclassically.

2D diamagnetic → Espinosa & Catto 2017, prep.
Density asymmetry → "
Temperature asymmetry → "

X First method of measuring the radial impurity flux from available diagnostics,
without the need of a computationally demanding kinetic calculation.

X Outward neoclassical impurity flux and inward fueling found for I-mode.
Large aspect ratio → Espinosa & Catto 2017, POP
General geometry → Espinosa & Catto 2017, PPCF
I-mode → Espinosa & Catto 2017, PRL sub.
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