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Resonant Magnetic Perturbation (RMP) fields produced by external control coils are considered a

viable option for the suppression of Edge Localized Modes in present and future tokamaks. In

DIII-D, the RMPs are generated by six pairs of I-coils, each spanning 60� in toroidal angle, with

the currents flowing in opposite directions in adjacent pairs of I-coils. Reversal of the currents in

all I-coils, which produces a 60� toroidal shift in the RMP field configuration, generates uniquely

different edge pedestal profiles of the density, temperature, and rotation velocities, implying

different effects on the related edge transport phenomena caused by the difference in toroidal phase

of the I-coil currents. The diffusive and non-diffusive transport effects of this RMP toroidal phase

reversal are analyzed by comparing the ion and electron heat diffusivities, angular momentum

transport frequencies, ion diffusion coefficients, and the particle pinch velocities interpreted from

the measured profiles for the two phases of the I-coil currents. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4804350]

I. INTRODUCTION

In 1980s, a regime of enhanced plasma confinement,

H-mode, was discovered in the ASDEX tokamak in

Germany.1 H-modes can achieve high plasma pressure nor-

malized by the confining magnetic field and features rela-

tively flat profiles of temperature, pressure, and density across

the core and sharp gradients in the plasma edge. These pro-

files are said to sit on a “pedestal” because of this structure.

However, the superior confinement in H-mode comes

with a price. Magneto-hydrodynamic instabilities called

“edge localized modes” (ELMs) are caused by the large edge

pressure gradients and the resulting bootstrap currents in the

edge pedestal region. ELMs are cyclical instabilities that

spew plasma particles and energy from the edge region over

a very short time interval.2 The ELM degrades confinement

and introduces large heat and particle fluxes to the first wall

and the divertor plate, which can be detrimental to the integ-

rity of plasma facing materials and discharge performance in

fusion reactors such as ITER.3

Resonant magnetic perturbations (RMPs) have been iden-

tified as a means for both mitigating and suppressing ELMs,

while maintaining a steady state H-mode plasma4 with a

decrease in performance in terms of H98 or plasma beta factor

under some conditions. In DIII-D, external resonant magnetic

perturbation fields are applied to the tokamak by currents in

non-axisymmetric, three-dimensional, coils placed inside the

vacuum region between the graphite first wall and the stain-

less steel vessel wall. RMPs induce radial transport,5 decreas-

ing the density gradient (and temperature gradient to a smaller

degree6), which acts to lower the pressure gradient below the

peeling-ballooning mode ELM threshold. RMPs can also be

used to change the characteristics of the ELM, so that the

beneficial effect of impurity removal can be retained while

the detrimental effect of increased heat flux on the divertor

plate can be mitigated.

There has been widespread research on the effect of

RMP fields on toroidal plasmas over the past decade. Edge

pedestal profiles in “matched” RMP and H-mode shots7 have

been analyzed by comparing density and temperature pro-

files, confinement times, and particle fluxes on the divertor

plate,8 as well as the role of particle pinch in the generation

of a transport barrier for both scenarios.5 Active control

methods have been investigated to manipulate the safety fac-

tor profile in order to determine the window of resonance

operation when ELMs are suppressed.9 The dependence of

the effect of RMP on plasma shape10 and collisionality11 has

been investigated with particular emphasis on ITER similar

scenarios. In addition, the effect of RMP fields on magnetic

islands and overlapping islands to generate an edge stochas-

tic region has also been assessed.12 There has been previous

research on the effect of RMPs on magnetic braking via elec-

tromagnetic torque using resonant harmonics in the applied

field as well as the neoclassical toroidal viscosity model by

applying non-resonant harmonics.12,13

Prior analysis of RMP effects with respect to H-mode,

safety factor, plasma shape, collisionality, toroidal rotation,

and edge stochastic regions has laid the groundwork for

designing the RMP coil layout for ITER. However, the theo-

retical framework for the differences in edge transport when

the toroidal phase of the I-coil current producing the RMP in

DIII-D changes is not fully understood. There are toroidal

asymmetries in the “background” magnetic field in DIII-D,

which is a likely cause for the different edge profiles and

implied differences in edge transport observed when the to-

roidal phase of the RMP field is changed. The purpose of the

present work is to examine this difference in edge transport

between RMPs that have been applied with different toroidala)Electronic mail: theresa.wilks@gatech.edu
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phases, i.e., by the different resonant magnetic fields gener-

ated by currents flowing through I-coils with different toroi-

dal phases.

The RMPs considered in this paper are of toroidal mode

number n¼ 3 that resonate in the edge region to enhance ion

transport and decrease electron density and pressure,9 but do

not greatly affect the core of the plasma. Basic conservation

laws of particle, momentum, and energy balances are

employed to interpret both diffusive and non-diffusive trans-

port from measured density, temperature, and rotation veloc-

ity profiles in the edge pedestal.15 Interpretation of transport

parameters, such as diffusion coefficients, pinch velocities,

and momentum transfer frequencies, is used with the fluid

conservation requirements15 as a constraint for experimental

data to characterize the dominant mechanisms for particle

transport for each toroidal phase of the I-coil currents. The

motivation for this work is to understand the fundamental

transport changes caused by varying the I-coil phase in order

that this effect can be exploited in future reactors to suppress

ELMs in the most effective way.

II. RESONANT MAGNETIC PERTURBATIONS
IN DIII-D SHOT 147170

Resonant magnetic perturbations are produced by mag-

net coils located in the vacuum region behind the plasma fac-

ing graphite tiles of the tokamak. These externally produced

non-axisymmetric radial magnetic fields are manipulated to

control edge pedestal plasma profiles, which result in the

mitigation or suppression of ELMs. The RMP can be used to

lower the magnitude and increase the frequency of ELMs to

lessen in the impact on plasma facing components; or in

some cases, completely stifle the ELMs altogether.4

The physical mechanisms concerning how the RMP

changes these plasma parameters are only beginning to be

understood. The RMPs tend to decrease the edge pedestal

density,5 which in turn decreases the pressure gradient to

below the peeling-ballooning mode ELM instability thresh-

old. One theory behind this concept is that the RMP pro-

duces a “density pump-out”16 in the edge region, by causing

radial particle streaming outward along the perturbed field

lines as a mechanism for diminishing density, and therefore

ELM suppression. Another possibility is that radial excur-

sion of the magnetic field lines provides a “braking” of the

plasma rotation, which affects the plasma force balance.14

There are many ways to apply such a resonant perturbation,

and the next step is to determine the most effective way to

suppress ELMs while maintaining impurity control and

energy confinement.

Different resonant magnetic perturbations are produced

in DIII-D by changing the parity, magnitude, and toroidal

phase of the externally applied magnetic fields. The two

types of non-axisymmetric coils used are C-coils for field

error correction and I-coils for RMP fields. As shown in Fig.

1, the C-coils are located parallel to the DIII-D tokamak axis

outside of the vacuum vessel wall. Six I-coil pairs, each with

one upper loop and one lower loop, are located toroidally

symmetrically around the plasma behind the graphite tiles of

the first wall that are facing the plasma. The RMP is said to

have even parity when the current in the upper and lower

coils of each pair is flowing in the same direction and odd

parity when the currents are opposite in the upper and lower

coils of a coil pair. The toroidal phase of the I-coil field is

defined in reference to the direction of current running

through the upper coil located at the 30� (clockwise from

North) measurement location on the tokamak.

DIII-D shot 147170 uses a toroidal mode number n¼ 3 in

the I-coils for RMP ELM suppression and n¼ 1 in the C-coils

for field error correction. A Toroidal mode number of three

produces a resonance at n¼ 3 rational surfaces such as q¼m/

n¼ 11/3, where m is the poloidal mode number and q is the

safety factor. For this shot, the I-coils have even parity and

each adjacent set of I-coils produces a radial magnetic field in

the opposite direction. Every 200 ms, the current in the I-coil

reverses direction, and therefore the toroidal phase changes

from 0� to 60� or vice versa. This process repeats and gener-

ates a toroidally shifting resonant magnetic perturbation field

structure, along with a change in the edge pedestal transport.

Currents running through the I-coil oscillate between roughly

–4 kA to þ4 kA to produce a non-axisymmetric radial pertur-

bation field of about 15 Gauss, as shown in Fig. 2, based on

modeling with the TRIP3D code,18 which includes models

describing the DIII-D field-errors.19 The six constant C-coil

currents used for the field-error correction are 975, �35,

�1030,�975, 35, and 1030 A. There is a “background” radial

FIG. 1. Schematic of I-coil and C-coil magnet locations for DIII-D RMP

shot 147170.17 Reprinted with permission from R. A. Moyer et al., Phys.

Plasmas 12, 056119 (2005). Copyright 2005 American Institute of Physics.

FIG. 2. Toroidal dependence of 0� and 60� radial magnetic fields produced

by n¼ 3 I-coils superimposed with the “background” field. “Background”

error field is produced by intrinsic field-errors and the n¼ 1 C-coil.20
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field generated by equilibrium coils, including the C-coils but

not the I-coils, shown as the 30� reference phase. Note that if

the “background” radial field were axisymmetric, then revers-

ing the toroidal phase between 0� and 60� would only shift the

field perturbation around the torus by 60�, which would result

in the same toroidal dependence of the radial perturbation due

to the symmetric nature of a torus and the layout of the I-coils

around the tokamak. A nulled “background” field would,

therefore, have no effect on the plasma parameters because it

would simply be redefining the reference position for the to-

roidal angle u.

However, as indicated in Fig. 2, there is a �15 Gauss

non-axisymmetric “background” radial field component, cen-

tered at u¼ 30�, that constructively interferes with the 0�

phase and destructively interferes with the 60� phase angle.

This field results from the geometry of the buss bar connec-

tions used to power the toroidal magnetic field coils on DIII-

D. It is superimposed on a toroidally varying set of field-

errors due to small (¼<1 cm) radial shifts in several poloidal

field coils.19 The C-coil is used in DIII-D discharge 147170

to correct these field-errors on the q¼ 2 surface in order to

prevent locked modes. As seen in Fig. 2, the C-coil correction

field produces an n¼ 1 residual field on the equatorial plane

of the discharge at the separatrix location on the low-field

side of the discharge. This is approximately 2 cm outside the

top of the pedestal where the m/n¼ 11/3 resonant surface is

located. This n¼ 1 residual field modulates the n¼ 3 field

from the I-coil causing a toroidal variation that produces an

asymmetry in the 0� and 60� phases as shown in Fig. 2.

Figure 2 suggests the toroidal dependence of the radial

perturbed magnetic field as a possible cause of the difference

between plasma parameters obtained for the 0� and the 60�

RMP phases analyzed in this paper. Transport changes due

to a local shift in the magnetic topology from the RMP are

assumed to be negligible because vacuum field magnetic

islands are screened to some extent in the outer pedestal

region and are roughly an order of magnitude smaller than

diagnostic resolution.20 Further evidence supporting RMP

impact on confinement arises in measured changes in global

plasma parameters. Reversing the phase from 60� to 0�

changes the plasma stored energy from 0.96 MJ to 1.07 MJ,

confinement time from 0.112 s to 0.152 s, volume averaged

normalized beta from 1.65 to 1.82, and the HL89 H-factor

from 1.45 to 1.76. These changes will subsequently be

shown as consistent with interpreted transport parameters.

Figure 3 shows the reversal of the I-coil current in the

upper I-coil located at 30� (from North) around the tokamak

for DIII-D shot 147170 which has Ip¼ 1.6 MA, BT¼ 1.9 T,

j¼ 1.8, d¼ 0.64, �*¼ 0.09, and q95� 3.4. Also shown in

Fig. 3 is the measured line average density, the fluctuations of

which are clearly correlated with the reversal of toroidal phase

of the I-coil current. Phase change of RMP may play an inte-

gral role in tokamak operation just under the ELM suppres-

sion threshold if this density fluctuation can be controlled.

ELM suppressed time slices representing each toroidal

phase of the I-coil current chosen for analysis were

3115–3185 ms for the 60� phase and 3300–3380 ms for the

0� phase, as indicated by the vertical lines in Fig. 3. Though

the core plasma parameters are changing between RMP

phases, they remain relatively constant before and after the

chosen representative 0� and 60� time slices. Time deriva-

tives are then assumed to be insignificant for this analysis,

making differences in pedestal parameters likely to be most

influenced by the toroidal phase of the RMP currents and not

by fluctuations in plasma core parameters.

Data for each time slice was obtained from the DIII-D

database,21 and spline fits of the data collected from the

Charge Exchange Recombination (CER) system22 were used

to define the carbon ion impurity fraction, temperature, and

toroidal and poloidal velocity profiles. Hyperbolic tangent

fits were employed to fit the electron density, temperature,

and pressure profiles measured by the Thomson scattering

system.23 As an example, the hyperbolic tangent fits of the

electron density, and the experimental data are shown in Fig.

4 for both phases. Subsequently, the scale lengths and time

derivatives were calculated for each profile.24

After relevant parameters were obtained from the DIII-

D database and fitted, the GTEDGE pedestal code25–27 was

used to interpret various transport parameters for each time

slice. This code performs calculations of three separate bal-

ance conditions for the edge plasma in order to determine

the edge pedestal density radial profile. A particle and energy

FIG. 3. Change in density associated with toroidal phase reversal in the I-

coils and D-alpha signal showing ELM suppression during representative

time slices.

FIG. 4. Hyperbolic tangent fit for electron density [1020/m3] for 0� and 60�

I-coil phases with measured densities represented by the symbol þ.

Representative error from the fit statistics from time averaging for this mea-

surement is about 1 � 1018 m�3 in the edge pedestal region.
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balance is applied to the core to determine the net ion flux

across the separatrix. A two-dimensional neutral particle cal-

culation using integral transport theory is used to determine

the inward neutral particle flux across the separatrix. After

calculating the inward and outward particle fluxes across the

separatrix, the ion density at the separatrix is calculated

using a “2-point” divertor model calculation. With these

boundary conditions defined, the transport of neutrals refuel-

ing the plasma edge and the ion density profile are simulta-

neously calculated.28 GTEDGE model parameters such as

pedestal height, recycling neutrals source, particle confine-

ment time, and synthesized density and temperature profile

parameters are adjusted to predict the experimental plasma

core line average density, energy confinement time, and cen-

tral and edge pedestal temperatures. The normalized radius

q¼ r/a between q¼ 0.86 and q¼ 1 is divided into twenty-

five discrete points, which are the locations where the quanti-

ties calculated in GTEDGE are defined. With this adjusted

core plasma, the edge particle and energy fluxes can be cal-

culated and used to interpret measured densities, tempera-

tures, and rotation velocities, which can hence be interpreted

in terms of the radial electric field, the pinch velocity, the

particle diffusion coefficient, and the thermal diffusivities in

the edge pedestal.

III. DIRECTLY MEASURED AND INFERRED
EXPERIMENTAL PROFILES

Diagnostic systems at DIII-D allow for direct measure-

ment of several key parameters used in the analysis of parti-

cle diffusion. These quantities include electron and carbon

ion density, electron and carbon ion temperature, and carbon

ion rotation velocities. The density and temperature profiles

for electrons are measured using the Thomson Scattering

system,23 and velocity, temperature, and pressure gradient

profiles of carbon impurities are measured with the CER

spectroscopy system.22

The electron density shown in Fig. 4 displays a higher

density and a larger density gradient for the 0� profile, which

generates a more pronounced pedestal (located at around

q¼ 0.96) as compared to the 60� profile. Because the density

profile in the plasma edge is a key contributor to the diffu-

sive and non-diffusive transport discussion, Fig. 4 will be a

reference for comparison to many of the later profiles

analyzed.

Ion and electron temperature profiles in Fig. 5 are simi-

lar for the 0� and 60� phases. The electron temperature pro-

file has a sharper gradient, giving rise to a more pronounced

pedestal, again around q¼ 0.96. The lack of ELMs in experi-

mental measurements for these time slices indicates that

both phases have suppressed ELMs by RMPs, meaning the

product of this temperature profile and the density profile is

small enough to be within the peeling-ballooning mode ELM

stability limits. Stability calculations using the ELITE

code3,29 are needed to see where these profiles reside with

respect to the linear peeling-ballooning stability boundary.

Experimental profiles are used with classical conserva-

tion law constraints in order to calculate additional experi-

mental values as well as infer transport coefficients. Plasma

fluid theory based on the first four velocity moments of the

Boltzmann transport equation is used to define constraints

for interpretation of the transport underlying the measured

density, temperature, and rotation profiles.30 The constraints

on plasma ion transport are (1) particle continuity, (2) mo-

mentum balance, (3) conservation of energy, and (4) heat

conductivity.

Taking the 0th velocity moment of the Boltzmann equa-

tion and assuming time independence, the first constraint on

transport is obtained: particle continuity or particle balance

for the main ion species j15

r � C ¼ r � njvj ¼ Sj; (1)

where nj is the density, vj is the velocity, and Sj is the source,

which is largely constructed from ionization of recycling

neutrals, as well as external particle sources, such as Neutral

Beam Injection (NBI). The source term is calculated in detail

by Stacey,27 using measured density, temperatures, and with

neutral recycling sources adjusted to yield the measured line

average density. Numerically integrating Eq. (1) inward

from the separatrix leads to the experimental ion flux for par-

ticle species j, given in Fig. 6 for the two RMP phases.

The particle flux in the radial direction is larger for the

0� phase than for the 60� phase, consistent with the larger

particle density for the 0� phase in Fig. 4 due to Eq. (1).

A radial momentum balance can be defined from the 1st

velocity moment of the Boltzmann equation15 and applied to

the carbon ion. Carbon rotation velocity profiles are meas-

ured with the CER system in DIII-D,22 therefore the radial

electric field is the only unknown in the radial momentum

balance in the below equation

Er ¼
1

ncec

@pc

@r
þ VUCBh � VhCBU; (2)

where Er is the radial electric field, nc is the carbon density,

ec is the charge of carbon, pc is the carbon pressure, Vuc and

Vhc are respectively the toroidal and poloidal carbon rotation

FIG. 5. Measured ion and electron temperature profiles as a function of nor-

malized radius.
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velocities, and Bh and Bu are the respectively the poloidal

and toroidal magnetic fields. The radial electric field is sig-

nificantly different between the two phases of the I-coil, as

shown in Fig. 7.

The radial electric field for the I-coil phase 60� remains

negative for q > 0.93, while the 0� case becomes positive

again just inside the separatrix at about q¼ 0.98, which can

be attributed to the larger density gradient (and therefore

pressure gradient) for the 0� phase seen in Fig. 4. The profile

change of the electric field between RMP phases will be

shown to affect the particle pinch velocity and thus have an

important effect on transport, and hence on the density pro-

files. Deuterium poloidal velocity profiles are calculated

from the deuterium radial momentum balance using the ra-

dial electric field profiles shown in Fig. 7.

One major observation is the shift in location of the

“well” between phase profiles. This may be due in part to

data processing from the original measured data, where the

boundary condition of the electron temperature is assumed to

be 50 eV at a normalized flux surface equal to one (the sepa-

ratrix). However, this shift was not applied to the ion pro-

files, therefore not affecting the velocity profiles from which

this electric field is calculated. This electron shift is a com-

mon practice for diagnostics in tokamaks, but remains an

issue to be examined in future analysis, possibly causing

errors in the alignment of profiles, such as the radial electric

field.

In the DIII-D tokamak, the carbon toroidal and poloidal

velocities are measured, and the deuterium velocities must

be calculated. The deuterium and carbon toroidal velocities

are frequently found to be comparable, allowing a first order

perturbation analysis31 to be used to obtain the toroidal ve-

locity profile for deuterium,

VUD ¼ VUC þ
ðnDeDEA

U þ eDBhCD þMUDÞ � nD�dDVUC

nDmDð�DC þ �dDÞ
;

(3)

where n is density, e is charge, EA is the induced toroidal

electric field, U is the particle flux calculated from Eq. (1),

M is the externally injected momentum, and the � quantities

are toroidal momentum transport frequencies, which are

composite parameters dependent upon charge exchange, vis-

cosity, inertia, and other anomolous processes.

Poloidal deuterium velocities are obtained by again rear-

ranging Eq. (2), this time balancing the deuterium ion

momentum32

VhD ¼
1

BU
BhVUD þ

1

nDeD

@pD

@r
� Er

� �
: (4)

Through measurement and momentum constraints, the poloi-

dal and toroidal velocities for both carbon and deuterium

have been determined, as well as the radial electric field. The

radial deuterium particle flux has been determined through

FIG. 6. Ion fluxes calculated from the particle balance equation for 0� and

60�. Ion velocities and impurity fractions are measured using the CER sys-

tem,22 and electron densities are measured using the Thomson scattering

system.23

FIG. 7. Measured radial electric field [kv/m] as a function of normalized

radius.

FIG. 8. Toroidal rotation velocities [km/s] for both measured carbon and

calculated deuterium ions in the 0� and 60� phases.
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particle conservation. Toroidal velocities for both carbon

and deuterium are shown in Fig. 8.

An increase in both toroidal rotation velocity and its gra-

dient can be seen for the 0� relative to the 60� phase in both

the carbon and deuterium velocity profiles. Carbon and deu-

terium velocity profiles for both phases are similar enough to

validate the use of perturbation theory shown in Eq. (3).

Poloidal rotation velocities, shown in Fig. 9, are similar

between phases for q < 0.96. However, for q > 0.96, the

poloidal rotation velocity is significantly larger for the 0�

phase for both carbon and deuterium.

IV. INFERRED PARTICLE TRANSPORT
IN THE EDGE PEDESTAL

The toroidal momentum balance equation introduces mo-

mentum transport or “drag” frequencies, which are not directly

measured quantities. Drag frequencies are denoted with a “d”

subscript, along with the designated ion subscript, and repre-

sent the momentum loss due to viscosity, charge exchange,

inertia, and other “anomolous” forces.32 The interspecies colli-

sion frequency is denoted by the subscript “DC,” and accounts

for the toroidal momentum transfer between deuterium and

carbon. By using first order perturbation analysis of the toroi-

dal and radial momentum balance equations, expressions for

these momentum transfer frequencies in terms of the measured

carbon rotation velocities and other known quantities can be

derived32

�dD ¼
ðnDeDEA

U þ eDBhCrD þMUDÞ þ ðnCeCEA
U þ eCBhCrC þMUCÞ

ðnDmD þ nCmCÞVexp
UC

; (5)

�dC ¼
ðnCeCEA

U þ eCBhCrC þMUCÞ þ mDnD�DCðVUD � VUCÞ0
nCmCVexp

UC

; (6)

where the difference in toroidal velocity between the deute-

rium and the carbon is defined in the perturbation analysis

above in Eq. (3), and U is the radial particle flux calculated

from Eq. (1).

The deuterium drag frequencies and collision frequen-

cies describing toroidal momentum transfer are shown in

Fig. 10, where it is shown that the momentum transport

across flux surfaces by viscosity, charge exchange, etc., dom-

inates collisional momentum transfer between ion species.

This figure shows that deuterium drag is the dominant mech-

anism for toroidal momentum transfer and will subsequently

be shown to determine radial diffusion.

Rearranging these momentum balance equations, a

pinch diffusion expression for the radial particle flux, U, can

be obtained32

CD ¼ nDVD ¼ �
nDDD

pD

@pD

@r
þ nDVpinch

rD ; (7)

where the diffusion coefficient, D, is defined as32

FIG. 9. Poloidal rotation velocities for measured carbon and calculated deu-

terium ions for 0� and 60�.

FIG. 10. Calculated toroidal angular momentum transfer frequency �dD and

interspecies collision frequency, �DC.
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DD ¼
mDTD�DC

ðeDBhÞ2
1þ �dD

�DC
� eD

eC

� �
; (8)

and the pinch velocity is32

Vpinch
rD ¼

�MUD � nDeDEA
U þ nDmDð�DC þ �dDÞ

BUVhD

Bh
þ Er

Bh

� �
� nDmD�DCVUC

� �
nDeDBh

: (9)

It is clear from Eq. (7) that the ion flux consists of a

“standard” outward diffusive component from the deuterium

ion pressure gradient (and therefore density and temperature

gradients), as well as an inward non-diffusive, “pinch” term

defined by Eq. (9). The diffusive term is normally outward,

and non-diffusive pinch term can be either inward or out-

ward. This derived pinch diffusion relation in Eq. (7) has the

same form as the standard ad-hoc pinch diffusion relation,

except for having a thermal diffusion term in addition to the

density diffusion term. From the momentum balance, the

pinch term is associated with V�B, Er, and other terms in

Eq. (9) that can be determined from experiment.

Returning to Fig. 10, it is seen that deuterium drag fre-

quencies for 60� are larger than for the 0� case, resulting in

larger outward diffusion coefficients for the 60� case than for

the 0� case, as shown in Fig. 11.

The pinch velocity profiles, which are constructed using

measured and calculated data to evaluate Eq. (8), become

strongly negative (inward) in the plasma edge as shown in Fig.

12. Negative pinch velocities indicate an inward electromag-

netic force and inward non-diffusive particle flux, which is

significantly stronger for the 60� phase than for the 0� phase.

Momentum transfer frequencies, radial electric field,

rotation velocities, as well as other factors all influence the

pinch velocity profiles shown in Fig. 12. The decomposition

of the dependence of the pinch velocity on each term in

Eq. (9) can be seen for the 0� and 60� phases in Figs. 13 and

14, respectively.

Poloidal velocity plays a key role in defining the pinch

velocity for each phase, with a large negative Vpinch contri-

bution for q > 0.96. This is the same region where the calcu-

lated poloidal velocity profile notably increased for deuterium

ions in Fig. 9. The radial electric field component of the pinch

velocity is also an important term, enhancing the negative

electric field component for the 60� phase and partially can-

celling it for the for the 0� phase. These radial electric field

FIG. 11. Calculated radially outward diffusion coefficients as a function of

normalized radius.

FIG. 12. Calculated inward pinch velocity for 60� and 0�.

FIG. 13. Decomposition of components of calculated Vpinch for 0� with

terms depending on NBI and toroidal electric field, radial electric field,

poloidal velocity, and toroidal velocity. The ‘Beam and Ephi’ and ‘Vphi’

terms contribute nearly zero, and the ‘Erad’ is the only positive contribution.
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contributions reflect the sign of the field profiles shown in

Fig. 7.

The two major components of poloidal velocity and ra-

dial electric field are the only two terms that contain the to-

roidal drag frequency. Since the toroidal drag frequency

dominates the collision frequency, the poloidal velocity, and

radial electric field terms are more important in the expres-

sion for pinch velocity. Since the 60� drag frequencies are

larger than those of 0�, it is expected that the pinch velocity

will be larger, which is confirmed in Fig. 12.

Particle fluxes can be analyzed by looking at the diffu-

sive components compared to the non-diffusive pinch com-

ponents; however, it is first necessary to correct for ion orbit

loss. Ion orbit loss takes place when some thermalized

plasma ions and energetic neutral beam ions (and fusion

alpha particles) execute orbits that cross the last closed flux

surface. These ions are assumed to be lost to the plasma and

must be taken into account when interpretting measured data

in terms of diffusive and non-diffusive transport processes

taking place in the plasma.33 The decomposition of particle

fluxes in such a manner is shown in Fig. 15. Note that the

profiles in Fig. 15(b) are the same as the flux profiles calcu-

lated in Fig. 6 except with the ion orbit loss correction.

The larger diffusion coefficients for the 60� case than for

the 0� case shown in Fig. 11, together with the rather similar

density profiles shown in Fig. 4, imply a larger outward diffu-

sive flux for 60� than for 0�, which is consistent with the

smaller density profile for the 60� phase. However, the inward

non-diffusive pinch flux shown in Fig. 12 is also larger for

the 60� phase, so that both the outward diffusive particle flux

and the inward non-diffusive pinch transport are larger for the

60� phase, with values on the order of 10 � 1020 particles/

m2s in the transport barrier region. The net outward diffusive

plus non-diffusive flux is smaller for the 60� phase than for

the 0� phase and is on the order of 1�1020 particles/m2s,

which means that this cancellation could be sensitive to

uncertainties in edge measurements. The larger cancellation

of particle flux for 60� is associated with a lower edge pedes-

tal density for 60� as compared to 0�. Understanding the

underlying mechanisms which determine the pinch velocity

and radial diffusion coefficient, such as the dependence on

the toroidal angular momentum transfer frequencies and ion

orbit loss, is important for understanding how the RMP con-

trols the edge density and thereby suppresses ELMs.

As a consistency check, a comparison is made between

the radial ion particle fluxes calculated using the experimen-

tal data to solve the continuity equation of Eq. (1) with those

obtained by using the experimental and calculated data to

evaluate the pinch diffusion relation of Eq. (7). Note that the

two radial fluxes without the ion orbit loss correction are the

total radial fluxes calculated from integrating the continuity

equation or by evaluating the pinch diffusion relation with

experimental measurements. A fraction of this total flux is

due to outstreaming by ion orbit loss, and should not be

included in the total transport flux. The remaining flux that is

not caused by ion orbit loss is shown in the corrected curves,

and is associated solely with the outward transport of par-

ticles. These fluxes, with and without corrections for ion

orbit loss,33 are shown in Fig. 16 for both phases.

It is clear that there is agreement between the two calcu-

lations of flux, and for each phase the average discrepancy is

FIG. 14. Decomposition of components of calculated Vpinch for 60� into

terms depending on NBI and toroidal electric field, radial electric field,

poloidal velocity, and toroidal velocity. The ‘Beam and Ephi’ and ‘Vphi’

terms contribute nearly zero, and the ‘Erad’ term is the slightly negative

contribution around �50 m/s.

FIG. 15. (a) Calculated diffusive and non-diffusive pinch particle flux com-

ponents of total flux with ion orbit loss correction. The 60� phase has a

larger magnitude for both diffusive and non-diffusive flux than the 0� phase.

(b) Net flux with the ion orbit loss correction.
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within 8.5%, with the largest discrepancy being just under

15% at the beginning of the profiles most likely due to bou-

dary condition constraints used in the calculation.

V. THERMAL TRANSPORT

Previous analysis has shown that pressure gradients for

DIII-D RMP shots with n ¼ 3 I-coil perturbations sometimes

have been reduced due to density decrease without an effec-

tive change in energy transport,4 while others have displayed

a temperature modulation affecting pressure gradients.6

Thermal transport is an important part of plasma edge analy-

sis and the formation of transport barriers, and therefore it is

necessary to calculate the effect of the difference in toroidal

phase on the inferred thermal diffusivities. Plasma edge anal-

ysis is further constrained by conserving energy. The 2nd ve-

locity moment of the Boltzmann equation is the conservation

of energy for both the ions (D,C) and electrons (e)32

@QD

@r
¼ � @

@t

3

2
nDTD

� �
þ qnbD � qDe

� nenC
0 hrvicx

3

2
ðTD � TC

0 Þ; (10)

@Qe

@r
¼ � @

@t

3

2
neTe

� �
þ qnbe þ qDe � nenCLCðTeÞ; (11)

where the total heat flux is Q ¼ q þ (3/2) U T and q is the

conductive heat flux. The souce of ion energy is NBI or other

external heating (about 8 MW for this discharge), and the

sinks include collisions with electrons and charge exchange.

The energy sources for electrons are external heating and the

energy transferred from ions, while energy may be lost due

to radiative cooling.32

The 3rd velocity moment of the Boltzmann equation

constrains heat conduction, however for simplicity, the fa-

miliar heat conduction relation shown in below equation for

both the deuterium ion and electrons is used in lieu of the

complex third velocity moment equation

qD;e ¼ �nD;evD;e

@TD;e

@r
: (12)

Using Eqs (10)–(12) to solve for the ion and electron heat

fluxes and the calculated particle fluxes from the 0th moment

constraint, the experimental heat diffusivities for both ions

and electrons can be inferred from the measured temperature

profiles

vD;e ¼ �
Qexp

D;eð1� EorbDÞ �
3

2
Cexp

D;eð1� ForbDÞTexp
D;e

nexp
D;e

@Texp
D;e

@r

 ! ; (13)

where ForbD is the cumulative fraction of the radial ion flux

lost by ion orbit loss in the edge, and EorbD is a similarly

defined ion orbit energy loss fraction. Neither of these ion

orbit loss fractions appear in the electron version of Eq. (13).

Inferred electron thermal diffusivities are shown in Fig.

17. The strong dip in the pedestal region of the experimental

diffusivity profiles implies the presence of an energy trans-

port barrier around q¼ 0.96. This thermal transport barrier

aligns with the pinch velocity inward electromagnetic force

barrier discussed previously in Fig. 12. The electron thermal

diffusivity is much larger for q < 0.92 in the 60� case, but

the two phases have similar thermal diffusivities in the outer

pedestal region.

FIG. 16. Comparison of particle fluxes with and without orbit loss calculated

via the continuity equation and the pinch diffusion relation for (a) 0� and (b) 60�.

FIG. 17. Inferred electron thermal diffusivities for 60� and 0�.
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Ion thermal diffusivities, shown in Fig. 18, also show a

trend for higher values for the 60� situation, however not

with as great a difference as the electron diffusivities. (The

total ion particle and heat fluxes used in Eq. (13) are reduced

by the ion orbit loss fractions.)

The constant decreasing thermal diffusivity trend does

not suggest as much of an energy transport barrier for ions as

did the electron thermal diffusivity profiles, especially for the

60� profile. The inferred thermal diffusivities shown in Figs.

17 and 18, together with the similar temperature profiles in

Fig. 5, imply larger diffusive heat transport for the 60� phase.

VI. INTRINSIC ROTATION

When analyzing ion orbit momentum loss, it has been

recognized34,35 that momentum loss in the edge occurs in a

preferential direction, usually counter-current for anti-

parallel toroidal current and magnetic field, leaving more

particles in the plasma with co-current rotation velocities. A

counter-current sink in momentum appears as an increase in

intrinsic co-current rotation in the plasma edge. An expres-

sion for the increase in toroidal rotation velocity can be

shown to be34

DVU ¼
2ffiffiffi
p
p MorbðqÞVthðqÞ; (14)

where Morb is the cumulative momentum loss fraction,33 and

Vth is the ion thermal velocity. Intrinsic rotation, shown in

Fig. 19(a), is induced more for the 0� RMP phase because

the momentum loss fraction is larger, while the ion tempera-

tures are similar for the two phases.

The maximum increase in deterium toroidal velocity

due to ion orbit loss for 0� is roughly 5� 104 m/s at

q¼ 0.97, implying that RMPs may cause intrinsic rotation in

tokamaks. The calculated changes in deuterium intrinsic to-

roidal velocity for the 0� case is about the same. This is sug-

gestive that ion orbit loss could be causal for the observed

differences in toroidal velocity between the two phases.

However, there may be other mechanisms, such as torque

from the radial magnetic field perturbation, that are more

dominant.

VII. CONCLUSIONS

Repeated reversals of resonant magnetic perturbations of

the I-coil between 0� and 60� toroidal phases in DIII-D shot

147170 generate different edge pedestal profiles. Measured

density, temperature, and rotation profile variations can be

interpreted as differences in diffusive and non-diffusive trans-

port, resulting in a theoretical basis for a better understanding

of RMP toroidal phase effects on pedestal transport.

Large outward diffusive particle fluxes and comparably

large inward electromagnetic particle pinches are found for

both RMP toroidal phases. The opposing fluxes compensate

each other and produce a net outward particle flux smaller

than its diffusive and non-diffusive components by an order

of magnitude. The net outward particle flux is found to be

larger for the 0� than for the 60� RMP phase, consistent with

the larger density for 0�. The 60� phase has both larger diffu-

sive and non-diffusive flux components than in the 0� phase.

The particle fluxes found from evaluating the pinch-

diffusion relation using experimental data agree with the

fluxes obtained by solving the continuity equation for both

toroidal RMP phases, confirming the internal consistency of

this analysis.

FIG. 18. Inferred ion thermal diffusivities for 0� and 60� phases with the

inclusion of the ion orbit loss correction.

FIG. 19. (a) Calculated change in deuterium toroidal rotation velocity due to

ion orbit loss. (b) Measured carbon and calculated deuterium toroidal

velocities.
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Electron and ion thermal diffusivities inferred from the

density and temperature profiles are similar for the two toroi-

dal phases in the steep-gradient pedestal region, but differ in

the flattop region further inward, where the 60� phase is

larger than the 0� phase for both species. The electron ther-

mal diffusivity profiles exhibited a “transport barrier” well

just inside the separatrix.

Toroidal momentum transport frequencies, or “drag”

frequencies, are larger than interspecies collision frequencies

and had a major effect on both the diffusive and non-

diffusive transport. The 60� phase had larger inferred “drag”

frequencies, which appeared to be the driving factor for the

increased flux components for this phase. Since the toroidal

magnetic field asymmetries were larger for the 0� phase than

for the 60� phase, the magnetic asymmetry magnitude would

not seem to be the cause for different transport between the

two phases.

By interpreting the density and rotation velocity profiles,

an argument can be made that the increased density for the

0� toroidal phase relative to the 60� phase may be ultimately

driven by the larger intrinsic rotation velocity attributable to

ion orbit loss. The larger toroidal velocity for 0� leads to an

inference of smaller momentum transport “drag” frequen-

cies, which results in smaller interpreted particle diffusion

coefficients and pinch velocities for the 0� phase. The

smaller diffusion coefficients for 0� lead to fewer particles

leaving the plasma via diffusive processes for 0� than 60�.
Other plausible explanations, which have not been examined

in this work, such as the torque from radial currents and the

non-axisymmetry of the “background” or “error” radial mag-

netic field, may also play a role in driving intrinsic rotation.

For this analysis, increased transport was observed when

the RMP toroidal phase destructively interfered with the

“background” magnetic field, and an increase in confinement

was seen for the phase with constructive interference. Future

work includes applying the present analysis to a similar

RMP shot in DIII-D with a nulled out interference, or n¼ 0,

in the RMP fields between toroidal phases or an opposite

case where the 60� RMP phase exhibits constructive interfer-

ence with the “background” field to determine if similar

trends occur.
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