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Abstract

High-resolution charge-exchange recombination spectroscopic measurements of B>t ions have
enabled the first spatially resolved calculations of the radial electric field (E;) in the Alcator C-Mod
pedestal region [E. S. Marmar, Fusion Science and Technology 51, 261 (2006)]. These observations
offer new challenges for theory and simulation and provide for important comparisons with other
devices. Qualitatively, the field structure observed on C-Mod is similar to that on other tokamaks.
However, the narrow high confinement mode (H-mode) E, well widths (5mm) observed on C-Mod
suggest a scaling with machine size, while the observed depths (up to 300kV/m) are unprecedented.
Due to the strong ion-electron thermal coupling in the C-Mod pedestal it is possible to infer
information about the main ion population in this region. The results indicate that in H-mode
the main ion pressure gradient is the dominant contributor to the E, well and that the main ions
have significant edge flow. C-Mod H-mode data show a clear correlation between deeper E, wells,
higher confinement plasmas, and higher electron temperature pedestal heights. However, Improved
L-mode (I-mode) plasmas exhibit energy confinement equivalent to that observed in similar H-mode
discharges, but with significantly shallower E, wells. I-mode plasmas are characterized by H-mode
like energy barriers, but with L-mode like particle barriers. The decoupling of energy and particle
barrier formation makes the I-mode an interesting regime for fusion research and provides for a

low collisionality pedestal without edge localized modes (ELMs).



I. INTRODUCTION

It is commonly accepted that ExB velocity shear is responsible for the suppression of
edge turbulence, which reduces the losses of both energy and particles across magnetic field
lines and results in the formation of edge transport barriers and H-mode confinement|I}-
3]. However, the self consistent evolution of the radial electric field profile, pedestal shape,
and improvement in plasma confinement are not well understood. Experimentally, it is
clear that core plasma confinement is directly connected to, if not controlled by, the edge
pedestal[4-]]. Plasma rotation and velocity shear are known to play an important role in the
transition from L-mode to H-mode with the plasma spin up at the transition propagating
from the plasma edge to the core[9, [10]. The source of this seemingly spontaneous rotation
is unknown, though it may be connected to scrape off layer (SOL) flows, which couple
across the last closed flux surface (LCEFS)[II]. Measurements of flows and radial electric
field behavior in the pedestal region may provide the missing link between the SOL and core
observations. A better understanding of the role the radial electric field plays in pedestal
physics should enable better control of edge transport and improve core plasma confinement.
This is especially important since future fusion devices, like ITER[12], will require H-mode
confinement to meet their operational goals.

On Alcator C-Mod a new pedestal charge exchange recombination spectroscopy (CXRS)
diagnostic has been installed, which provides high resolution measurements of pedestal pa-
rameters and the radial electric field structure and behavior in a unique and relevant parame-
ter regime. Most C-Mod discharges are free from any externally applied torque and operate
at ITER-like magnetic fields (~5T) and plasma pressures (1MPa). Additionally, at high
density, the C-Mod pedestal has ITER-like opacity to neutrals and thermally equilibrated
electrons and ions, conditions currently unique to C-Mod.

Experimental observations on many different tokamaks have demonstrated the existence
of a specific temporal and radial structure to the edge radial electric field surrounding the L-H
transition. In L-mode plasmas the radial electric field inside the LCFS is small in magnitude
and exhibits very little shear. However, in H-mode plasmas a negative radial electric field
well forms just inside the last closed flux surface (LCFS). On DIII-D[13], evolution of the
radial electric field has been observed prior to the L-H transition, as measured through an

increase in the edge impurity poloidal velocity in the electron diamagnetic direction[14] [15].



This is in keeping with the theory that ExB shear suppression is instrumental to the L-H
transition.

The E, well on DIII-D in standard ELM-y H-mode plasmas is typically between -15 to -25
kV/m deep[16], although wells as deep as -100kV/m have been observed in QH-modes[17].
For all types of H-modes and plasma parameters, the DIII-D E, wells are consistently of
order lem in width[16, 17]. ASDEX-Upgrade[18] also observes an E, well of order -35 to
-50kV/m deep, located in the pedestal region during H-mode operation[I9]. Like DIII-
D, little variation in the E, well width is observed. JET[20H22], JFT-2M[23, 24], and
MAST[25, 26] all report similar observations of E, well formation during H-mode operation,
though details of the E, well structure vary from machine to machine. Previous work
on C-Mod estimated the magnitude of the radial electric field based on the propagation
speed of magnetic fluctuations and inferred values of E, of up to 250kV /m; this magnitude
was over four times larger than measurements made on other machines [27]. The first
spatially resolved measurements of the radial electric field profile on C-Mod confirm the
initial estimates and will be described in detail in this paper.

This paper is organized as follows: an introduction to the new pedestal CXRS diagnostic
is given in Section II. This includes hardware, geometry, and a description of the data
obtained from the diagnostic. Section III. describes two of the H-mode regimes seen on C-
Mod and the radial electric field behavior that is observed in each. In Section IV, information
about the behavior of the main ion population in the pedestal region is inferred through
the measured radial electric field profiles. Section V. explores the relationship between the
depth of the H-mode radial electric field, plasma confinement, and edge plasma parameters
and a potential scaling of E, well width with machine size is introduced. In Section VI.
the I-mode regime and the radial electric field structure observed in these plasmas are
described. Section VII. compares I-mode and EDA H-mode E, profiles and offers several
possible mechanisms that could explain the observed phenomenology. The key findings and

conclusions are summarized in Section VIII.

II. THE EDGE CXRS DIAGNOSTIC ON ALCATOR C-MOD

The standard method for obtaining radial electric field profiles in fusion plasmas is to

calculate them through the radial force balance equation|2§],



1 dP
n; Z;e dr
In Eq. the contributions from the Reynolds stress and the off diagonal terms in

E, = — ViBy + Vi By (1)

the pressure tensor have been ignored. Experimental measurements of the impurity ion
distribution function indicate that it is Maxwellian, justifying the simplification of the stress
tensor to the gradient of the pressure. The contribution to E, from the Reynolds stress is

assumed to be small, an assumption that is particularly valid for the impurity ion species.

1 dp;
n; Zie dr

The three terms left that contribute to E, are the diamagnetic ( ), poloidal velocity
(Vai By), and toroidal velocity (Vi Bg) contributions.

To calculate E, accurately, one needs to know the toroidal and poloidal magnetic fields
as well as the temperature, density, and toroidal and poloidal velocity for a single species
in the plasma. The poloidal magnetic field is determined by the EFIT reconstruction of the
plasma and a new high spatial resolution CXRS diagnostic on Alcator C-Mod can provide
simultaneous measurements of the necessary profiles for the B> population in the edge
pedestal region. The system measures the charge exchange enhancement to the intrinsic
B** emission (n=7-6, A\g=4944.67A) that results through the interaction of the diagnostic
neutral beam (DNB) with the B5* population in the plasma. All temperatures, densities,
and velocities in this paper refer to the B>* population unless otherwise specified.

The low-field side edge CXRS system on Alcator C-Mod consists of three periscopes:
a beam-viewing toroidal periscope, a beam-viewing poloidal periscope and a background
(non-beam viewing) poloidal periscope. All three of these periscopes have a 4cm viewing
range covering the entire pedestal region with 3mm (£ 1.5mm) radial resolution. In addition
to these three periscopes there is also a toroidal periscope that images the high-field side
pedestal region. This periscope utilizes a Dy gas puff at the inner wall to make localized
charge exchange measurements of the B> population. The views from this periscope, when
mapped to the outer wall, have equivalent spatial resolution to that of the low field side
periscopes and the temperature profiles derived from its spectra can be used to comple-
ment the outer wall profiles. The spectra from the edge CXRS periscopes are collected by
means of two fixed-grating Kaiser spectrometers[29], 30] coupled to two Photonmax CCD
cameras[31]. The system is capable of handling up to 108 views and typically operates with
5ms integration time and a duty cycle of 6.4ms.

Due to the narrow C-Mod pedestal widths (2-8mm)[7, B2], 3mm radial resolution is
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the minimum required to make meaningful measurements in the pedestal region. Fig.
shows example temperature, density, and velocity profiles obtained from the new CXRS
diagnostic during an EDA H-mode discharge and illustrates the radial resolution with which
the measurements can be made. The B®* temperature profile, shown in Fig. [I} forms a
clear pedestal in H-mode and typically agrees well with the measured electron temperature
pedestal. This is different from observations made on DIII-D, in which the impurity ion
temperature pedestal is found to be wider than the electron temperature pedestal[6]. The
H-mode B°" density tends to be of order 1% of the electron density and also forms a
clear pedestal in H-mode plasmas. The BT toroidal velocity is co-current in H-mode,
consistent with what is observed in the core[9]. The B5* poloidal velocity tends to be small
in magnitude except in the pedestal region where it forms a peak in the electron diamagnetic
direction.

The analysis of the CXRS data does not take into account cross-section effects on the
charge exchange spectra33]. These effects can potentially shift and broaden the observed
spectra as a result of the energy dependence of the effective emission rate for the transition
being considered. The magnitudes of the resultant velocity shift and temperature increase
were evaluated for the Alcator CXRS system geometry and expected temperature and veloc-
ity ranges and were found to be negligible. The effect of the ion gyro-orbit and finite lifetime
of the transition on the measured poloidal velocities[34] is also not taken into account. This
effect is proportional to the plasma temperature and in the cold C-Mod pedestal region (0.1
KeV ST, S 0.5KeV) this omission is acceptable.

The measured B®' poloidal velocity profiles have been compared to neoclassical
predictions[35]. It was found that the neoclassically predicted profiles are qualitatively very
similar to the measured profiles. The Pfirsch-Schlutter formulation[36], which is appropriate
for the mid-pedestal region where the maximum poloidal velocity is measured, predicts a
poloidal velocity in the correct direction and of roughly the right magnitude. However, the
predicted velocity peak widths are wider than the measured (by 50-100%) and the peak
locations are typically displaced; the predicted poloidal velocity peak tends to be displaced
radially outward from the measured peak by several millimeters.

In this paper toroidal velocities are defined in a top down view of C-Mod. Velocities
in the clockwise direction are considered positive (forward field, co-current direction) and

counter clockwise flows are negative. Similarly, poloidal velocities that are vertically upward



at the low field side (forward field, electron diamagnetic direction) are positive, and verti-
cally downward velocities (forward field, ion diamagnetic direction) are considered negative.
These conventions do not alter when the magnetic field and plasma current directions are
switched. To calculate the radial electric field, the temperature and density profiles from
the CXRS diagnostic are fit to a modified tanh function, which is then used in conjunction
with the raw poloidal and toroidal velocity profiles in Eq. . The details of the tanh fitting

function can be found in Eq. (1) of reference [37].

III. E, BEHAVIOR IN H-MODE PLASMAS
A. EDA H-modes

Enhanced D-alpha (EDA) H-modes are one of the most common types of H-modes run
on C-Mod[38, 39]. They are quiescent H-modes without ELMs characterized by increased
particle transport through the edge relative to ELM-free H-modes. This increase in edge
transport can be observed through the increase in D, emission during the H-mode period as
shown in Fig. 2h. The enhanced particle transport is associated with a quasi-coherent mode
(QCM) observed on the density and magnetics fluctuations between 80 and 150kHz[39, 40].
The QCM develops shortly after the formation of the edge pedestals. It is localized to the
electron density pedestal and is likely the result of a resistive ballooning instability. It is
believed to be the density pedestal release mechanism that prevents impurities from accu-
mulating in the core and increasing the radiated power. The increased particle transport
allows for steady state H-mode operation with constant radiated power, density, tempera-
ture, and confinement. Fig. [2]shows the steady state nature of these parameters for a typical
EDA H-mode. The QCM, and thus EDA H-modes, are only observed in high collisionality
plasmas, typically v* >1 at the top of the pedestal, where v* is calculated according to

_ qRVei

*

(2)

€ %vth,e .
Here, q is the local safety factor, R the major radius, v,; is the electron ion collision frequency,
€ is the inverse aspect ratio, and vy, . is electron thermal velocity.

In EDA H-modes the radial electric field forms a deep negative well, relative to its L-mode

values, within 10mm inside of the LCFS. The full width half maximum (FWHM) of the E,



well is consistently 5mm + 1.5mm and the well is on average -75kV /m deep, although wells
as shallow as -30kV/m and as deep as -120kV/m deep have been observed in EDA H-mode
discharges. At smaller minor radii the radial electric field is always positive and exhibits a
smooth, slowly varying profile. Fig. (a) illustrates the general characteristics. Although
variation in the E, well depth has been observed on a shot to shot basis, the depth of the
well in a given EDA H-mode is constant as a function of time. This is consistent with the
steady-state nature of EDA H-modes. In Fig. [(a) E, profiles from several different time
slices within a single EDA H-mode are plotted together to illustrate the temporal constancy
of the E, profile. The typical EDA E, well yields an ExB shearing rate of order -3x10°Hz
as calculated via Eq. (3)[41].

ven = 52 (W F) ®)

As shown in Fig. [3(b) the shearing rate also remains constant in EDA H-modes.

Estimates of the growth rates of the instabilities in the C-Mod pedestal region were ob-
tained from a stability analysis using GS2[42], a linear, electromagnetic, gyrokinetic stability
code[43]. GS2 is a core stability code that assumes that the gradient scale length is much
greater than the gyro radius and that the size of the fluctuations are small. These conditions
are not well met in the C-Mod pedestal, however, these runs represent the best available
estimates of the growth rates. The code was run using fully developed EDA H-mode temper-
ature and density pedestal profiles and resulted in a maximum growth rate of order 5x10°Hz.
This is similar in magnitude to the ExB shearing rates observed in EDA H-modes. One
should note that it is the L-mode instabilities that are theoretically suppressed by ExB
shear enabling the transition to H-mode, and that the growth rates of pressure driven in-
stabilities in L-mode plasmas will be less than those calculated for fully developed H-mode
pedestal profiles. However, after the transition the instabilities must remain suppressed if
the plasma is to remain in H-mode. Therefore, the comparison of the H-mode instability
growth rates to the H-mode ExB shear rate is appropriate.

Generally, the relative contributions to the E, well from the three components in Eq.
are similar from one EDA discharge to another. Fig. displays an example of the
various component profiles. The toroidal velocity contribution acts as a fixed positive offset

to E,., while the well itself is determined primarily by the poloidal velocity and diamagnetic



contributions. The contributions from the diamagnetic and poloidal velocity terms tend to
align well in location leading to an additive well depth. The poloidal velocity well depth is
typically greater than the diamagnetic depth and considerably narrower. As a result, the
poloidal velocity contribution tends to set the E, well width and the ExB shearing rate.
Inside the pedestal region the positive radial electric field is contributed to by a combination
of co-current toroidal rotation and slightly ion diamagnetic poloidal flow. These two con-
tributions far outweigh the slightly negative contribution from the diamagnetic component.
In the core of the plasma the radial electric field remains positive as a result of co-current
toroidal rotation, which is by far the dominant contribution. From these results it is clear
that it is important to measure all three components in Eq. in order to calculate the

radial electric field correctly.

B. ELM-free H-modes

ELM-free H-modes are inherently transient and are characterized by a strong particle
transport barrier. This barrier results in impurity accumulation during the H-mode, which
eventually causes its radiative collapse[7]. Plasma and impurity density increase monotoni-
cally during ELM-free H-modes, while T,, T;, and energy confinement peak early and then
degrade as a result of the increasing radiated power. These characteristics are shown in
Fig. fl Edge L-mode density and magnetic fluctuations are sharply suppressed at the on-
set of ELM-free H-modes, while the residual fluctuations during the ELM-free H-mode are
largely incoherent. ELM-free H-modes provide interesting cases for studying radial electric
field behavior because of their inherently transient nature and continuously evolving plasma
parameters.

The radial electric field well observed in the beginning of ELM-free H-modes can be
significantly deeper (over -300kV/m) than the wells observed in EDA H-modes. This is
consistent with the better plasma confinement observed in ELM-free H-modes relative to
EDAs. The best ELM-free H-modes can have energy confinement up to 30% higher than
the best EDA H-modes and much higher particle confinement[27, 44]. The E, well width,
however, like the pedestal width, remains the same as in EDA H-modes within the error bars
of the measurement (£ 1.5mm). This leads to ExB shearing rates in ELM-free H-modes

of up to -1.8x10” Hz, over 5 times larger than the shearing rates observed in EDA H-mode



discharges. The depth of the E, well and the ExB shearing rate are not constant during
ELM-free H-modes. Instead, as shown in Fig. [0, they decrease as the H-mode evolves. The
FWHM of the E, wells shown in Fig. [f] remain constant at 4mm =+ 1.5mm.

In ELM-free H-modes the particle transport barrier is too strong. It leads to the accu-
mulation of impurities in the plasma core, which in turn increase the radiated power. As
the radiated power approaches the input power, it cools the plasma, destroying the plasma
energy confinement and decreasing the edge temperature pedestal height and gradient. The
radial electric field and ExB shearing rate decline in response to the changes in the temper-
ature pedestal. These results indicate that ExB shear is linked more strongly to the edge
energy barrier than to the particle barrier. Also, an additional mechanism is needed to ex-
plain the observed particle transport in ELM-free H-modes, ExB shear alone is insufficient.

All of the components that contribute to the radial electric field evolve during ELM-free
H-modes. This is shown in Fig. [/} The decay of the E, well depth is observed through the
evolution of both the B>* diamagnetic and poloidal velocity contributions, which decrease
by 30 and 50%, respectively. The toroidal velocity in the pedestal region remains fixed over
the entire duration of the ELM-free H-mode and thus does not contribute to the change.
However, the toroidal velocity inside the pedestal region decreases as the plasma confinement
degrades as shown in Fig. [f|(c). This is consistent with prior observations of intrinsic toroidal
rotation on Alcator C-Mod tracking with plasma energy confinement[45]. The measured
impurity poloidal velocity and the gradient of the electron temperature pedestal both show
similar rates of decay during ELM-free H-modes. This is not surprising since neo-classically,

poloidal impurity flows are driven, in part, by edge temperature gradients|36), [46], 47].

IV. COMPARISON TO MAIN ION E, ESTIMATES

Impurity ion profiles are employed to calculate E,. due to the relative ease with which they
can be measured. However, impurity profiles are not necessarily representative of the main
ion population, which controls the plasma dynamics and is thus the real species of interest.
Since the radial electric field is the same for all species, information about the main ion
population can be inferred by comparing the total radial electric field to an estimate of the
main ion diamagnetic contribution. The difference between E, and the main ion diamagnetic

contribution provides a measure of the main ion flow perpendicular to the magnetic field,



which is useful for comparing to theoretical predictions of main ion velocities. Additionally,
this comparison can potentially yield information about the source or formation physics
of the radial electric field as well as suggesting guidelines for creating self-consistent radial
electric field profiles for modeling codes.

In the C-Mod pedestal the main ions and the B®" impurity population are thermally
very well coupled. Typical thermal equilibration times for the two species in EDA H-modes
are between 1 and 5us, while local transport times scales are much longer, between 0.1 and
1ms. Therefore the B>* temperature profiles are highly representative of the main ions.
Experimentally, we observe good agreement between the B>™ and the electron temperature
profiles as measured by the millimeter resolution edge Thomson scattering system[48]. From
this, one can conclude that the edge electron temperature profiles are good estimates of
the main ion temperature profiles. Additionally, by invoking quasi-nuetrality, the main
ion density profiles can be represented by the electron density profiles (also from the edge
Thomson scattering system). Here the effect of Z.f; on the ion density has not been taken
into account, as on C-Mod it is typically very small.

Together the edge n., and T, profiles can be used to estimate the main ion diamagnetic
contribution to E,. This estimate can then be compared to the total radial electric field
profile, as measured through the Bt ions. During EDA H-modes it is possible to obtain
high resolution, low noise, E, profiles by averaging over the steady state portion of the
discharge. As shown in Fig. [ this method can illustrate the full shape and depth of the
E, profile and facilitate the comparison to the main ion diamagnetic contribution.

From Fig. |8/ one can also see that the main ion diamagnetic contribution is similar in
shape, depth, and position to the total radial electric field well, but is offset by 30-40 kV /m.
These similarities indicate that the main ion pressure gradient is the dominant contributor to
the radial electric field well in H-mode plasmas[49]. However, to satisfy the main ion radial
force balance equation, Eq. , the difference between the total radial electric field and
the main ion diamagnetic term must be realized by main ion rotation perpendicular to the
magnetic field. This can be seen by rearranging Eqn. and solving for the perpendicular

velocity,

. B V., P,
=——x (B, — . 4
Vii= g ( niZie) : )

From this the main ion perpendicular flow is inferred to be of order -10km/s as shown
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in Fig. [9 One should note that the radial alignment of the main ion diamagnetic estimate
from the Thomson data with respect to the radial electric field from CXRS data is subject
to calibration errors in both systems as well as flux surface mapping uncertainties. These
radial uncertainties are of order + 2mm and can have dramatic effects upon the shape, if not
the magnitude, of the inferred main ion perpendicular velocities. The dashed lines in Fig.
indicate the changes to the main ion perpendicular flow profile that result if the alignment
between the Thomson and CXRS data is shifted by 1mm in either direction. It is not possible
to break down the main ion perpendicular rotation into toroidal and poloidal flows without
making an assumption about the main ion flow parallel to the magnetic field. It is also
possible to compare E, to the electron diamagnetic contribution and infer information about
the electron flows in the pedestal region. This comparison gives an electron perpendicular
flow velocity of order 40km/s in the pedestal region. This is expected as the electrons must

speed up to to satisfy J x B = VP.

V. SCALING OF E, WITH PLASMA CONFINEMENT

The relationship between the depth of the radial electric field well and plasma energy
confinement has been explored and a clear correlation found between deeper H-mode radial
electric field wells and higher energy confinement plasmas. This correlation is shown in Fig.
and is in keeping with the paradigm of ExB shear suppression as the mechanism by which
pedestals form and H-mode confinement is achieved. Within this framework, deeper E, wells
provide stronger ExB shear, which gives an increased capacity for turbulence suppression,
leading to higher pedestal heights and improved plasma confinement, as a result of stiff core
T; profiles.

The depth of the radial electric field is also correlated with local pedestal parameters. In
Fig. the E, well depth is shown as a function of electron pedestal density, temperature,
and pressure. There exists a weak correlation between the well depth and pedestal density,
but a much stronger correlation with the pedestal temperature, and as a result the pedestal
pressure. These results reinforce the observations made in ELM-free H-modes, that particle
confinement and energy confinement are controlled by different physical mechanisms. How-
ever, as H-mode density and temperature pedestals are observed to form simultaneously, the

mechanisms are likely linked. The correlation between deeper radial electric field wells and

11



higher pedestal pressure heights is in keeping with the main ion diamagnetic term being the
dominant contribution to E,.

The narrow E, well width on C-Mod, as compared to the widths measured on other
devices, suggests a scaling of E, well width with machine size. One expects this trend if the
main ion pressure gradient is the dominant term setting the E, well, since H-mode pedestal
width also scales roughly with machine size. As can be seen in Fig. [I2] the published radial
electric field structure data from several different devices[16] 17, 21, 24], with the exception
of the JFT-2M data point, supports this supposition. These E, well widths were obtained
by fitting the data from these machines to a single Gaussian plus a polynomial background,
which for the most part represented the data well. The JFT-2M data, which was published
in 1990, was not well represented by a single Gaussian. However, even by simple inspection
the FWHM of this well is of order 2cm, which does not support the trend created by the

other machines.

VI. E. BEHAVIOR IN IMPROVED L-MODE

On Alcator C-Mod typical transitions between L. mode and H-mode occur on a sub
mili-second time scale. This is too fast to capture the dynamics of the edge radial electric
field with the current CXRS diagnostic system. However, discharges in the unfavorable ion
B x VB drift direction with input power just below the H-mode threshold can evolve more
slowly towards L-H transitions, providing a potential tool for studying and understanding L-
H transition dynamics. This slow evolution has been observed previously on both C-Mod and
ASDEX Upgrade[8, 50, 5], but always as transient phenomena[51]. Recent experiments on
C-Mod have developed this transient period into a steady state operational regime that can
persist for many energy confinement times. This regime is characterized by an L-mode like
edge particle barrier, but an H-mode like energy barrier and has been termed an 'Improved
L-mode’, or '[-mode’.

In I-mode the plasma density increases modestly coincident with the application of ICRF
power, but does not increase further or approach its H-mode values. The plasma temper-
ature, however, approaches and maintains its full H-mode value during the I-mode period.
These features can be seen in the core plasma traces shown in Fig. [I3] The key differences

between L, I, and H-mode plasmas are illustrated in Fig. [I4] which displays the edge electron
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temperature and density pedestals in these regimes. Here, the [-mode electron temperature
pedestal approaches a full H-mode pedestal, while the electron density pedestal remains
significantly closer to its L-mode levels. Similar behavior is observed in the corresponding
B®* temperature and density pedestal profiles.

The I-mode evolves smoothly from L-mode plasmas after the application of ICRF heating,
there is no apparent bifurcation or clear transition point. Although the I-mode appears to be
an intermediate state between L-mode and H-mode, the transition from I-mode to H-mode
remains an apparent bifurcation, only after which an H-mode density pedestal forms. During
I-mode, H-mode like plasma confinement (H98 = 0.8) is maintained concomitant with H-
mode like plasma temperature Fig. (d—e). The improved confinement can be maintained
in steady state, due to the L-mode like particle confinement, which prevents the buildup of
impurities and consequently the increase in radiated power. The steady state operation in
[-mode is associated with an edge turbulence mode observed on the density and magnetic
fluctuations around 100kHz as shown in Fig. [13| (f). The mode appears to be similar to the
QCM observed in EDA H-mode operation, but exists at much lower collisionality (v* < 1)
and is spread over a much wider frequency range.

The radial electric field in I-mode plasmas is qualitatively similar to that observed in
EDA H-modes, but smaller in magnitude as can be seen in Fig. The I-mode E, well
is between 15 and 30 kV/m deep and forms at the edge of the plasma within 10mm inside
of the LCFS. The width of the well remains roughly 5mm leading to ExB shearing rates
between 0.5 and 2MHz. This is less than typical EDA ExB shearing rates. In keeping
with the ExB shear suppression theory, it is possible that in improved L-mode plasmas the
level of ExB shear attained is approaching, but still less than, the critical value needed to
suppress the edge turbulence effectively and initiate the transition to H-mode.

In I-mode plasmas all three components in Eq. contribute to the FE, well structure.
This is different than in the H-mode plasmas, in which the toroidal velocity component
acted as a fixed offset only. In I-mode, the toroidal velocity decreases in the counter-current
direction instead of increasing in the co-current direction as it does in H-mode. This decrease
acts to increase the E, well depth and the ExB shear rate. The counter current toroidal
rotation is potentially connected to the observed turbulence mode and may be critical to

understanding the I-mode transport.
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VII. COMPARISON OF I-MODE TO EDA H-MODE

I-modes and EDA H-modes represent two steady state, high energy confinement regimes
that are free from ELMs and exist in very different collisionality regimes. I-modes and
EDA H-modes with similar L-mode parameters, including plasma shape, density, and input
power can be compared and it is found that the I-mode attains the same energy confinement
(H98) as the EDA H-mode, but does so with only half the edge ExB shear, Fig. [17]
This is consistent with the ELM-free H-mode result that the control mechanism for plasma
energy transport is separate from the particle transport. However, it is inconsistent with
the observed H-mode correlation between improved energy confinement and increased ExB
shear.

As I-modes are only observed in discharges with the x-point in the unfavorable drift
direction, this suggests that doing so alters edge conditions such that the particle and energy
transport can be decoupled. The mechanism by which this happens is unknown. It is
possible that operating in the unfavorable drift direction changes the dominant instability
at the edge or alters the phase correlation between the density, temperature, and potential
fluctuations[52] resulting in modified energy and particle transport. This could potentially
occur as a result of changes in edge magnetic shear, SOL flows[IT], or flows of the edge
turbulent density fluctuations[b3]. Alternatively, given that ExB shear is more effective at
longer wavelengths, the observed I-mode transport could be explained if, in the unfavorable
drift direction, the radial edge turbulent energy flux peaked at a higher poloidal wave number

than the particle flux. In this case the same ExB shear would effect the two fluxes differently.

VIII. CONCLUSIONS

A new high resolution CXRS system measuring B°" ions has enabled the determination
of the radial electric field in the C-Mod edge pedestal with 3mm spatial resolution and
5ms temporal resolution. During H-mode operation, the radial electric field is positive in
the core, but forms a negative well up to -300kV/m deep in the region 10mm inside of
the LCFS. The well is consistently 5mm 4 1.5mm in width regardless of type of H-mode or
plasma parameters. This well is largely determined by the poloidal velocity and diamagnetic

contributions in the B®* radial force balance equation. The poloidal velocity contribution
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is typically the larger and narrower contribution of the two and dominates both the E, well
width and the ExB shear. In determining E, from B°* measurements it is essential to
measure accurately all three terms in the force balance equation.

On C-Mod the strong ion-electron thermal coupling allows the use of the electron tem-
perature and density profiles to estimate the main ion diamagnetic contribution to the total
radial electric field. The comparison of this estimate to E, shows striking similarities in
shape, location, and well depth between the two, indicating that in H-modes the main ion
pressure gradient makes the dominant contribution to the radial electric field. In addition,
the offset in magnitude between the main ion diamagnetic term and the total electric field
indicates that the main ions cannot be stationary at the edge; they must have a significant
flow component perpendicular to the magnetic field.

C-Mod data clearly show a correlation between deeper H-mode radial electric field wells,
higher confinement plasmas and higher T ,.q and P, ,.q heights, consistent with ExB shear
suppression theory and the main ion pressure gradient term being the dominant H-mode
contributor. In I-mode plasmas, however, it is possible to obtain significantly improved
energy confinement with less ExB shear than is required in H-mode operation. The E,
measurements in ELM-free H-modes and I-modes indicate that the control mechanisms for
particle and energy transport, although likely connected, are separate and ExB shear alone

is insufficient to explain all of the observed phenomenology.
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FIGURE CAPTIONS

Figure 1 (Color online) Simultaneous high-confinement mode profiles of (a) temperature
Tpg+s, (b) density ngs+, and (c) toroidal and poloidal velocity v4 s+, vy gs+ from the edge
CXRS diagnostic. The solid curves are fits to the data using a modified tanh function
defined in equation [1] of reference[37]. The gray boxes highlight the pedestal region for each
parameter. The vertical dashed line indicates the position of the last closed flux surfaces .
Figure 2 (Color online) Characteristics of a C-Mod EDA H-mode. (a) D,, (b) radiated
power, (c) line averaged density, (d) electron temperature, (e) plasma confinement factor
H98, (f) magnetic fluctuations, and (g) input ICRF power. The gray highlighted region
indicates the H-mode portion of the discharge.

Figure 3 (Color online) Examples of radial electric field and ExB shear profiles in EDA
H-modes. (a) E, forms a deep negative well just inside the LCFS in H-mode. (b) The ExB
shearing rate frequency is of order 3MHz in the pedestal region. (b) The L-mode profiles
are shown by the solid black lines. The circle symbols indicate the H-mode profiles. The
colored profiles (online) are individual time frames.

Figure 4 (Color online) Contributions of the three components from Eq. [1] to the radial
electric field in an EDA H-mode. The poloidal velocity contribution dominates the width of
the E, well.

Figure 5 (Color online) Characteristics of a C-Mod ELM-free H-mode. (a) D, (b) radiated
power, (c) line averaged density, (d) electron temperature, (e) plasma confinement factor
H98, (f) magnetic fluctuations, and (g) input ICRF power. The gray highlighted regions
indicate the H-mode portions of the discharge.

Figure 6 (Color online) Examples of evolving radial electric field and ExB shear profiles in
ELM-free H-modes. (a) The depth of the E, well diminishes as the H-mode evolves. (b)
The ExB shear frequency also decays as the ELM-free H-mode evolves.

Figure 7 (Color online) Evolution of all three contributions from Eq. [1] to the radial
electric field in an ELM-free H-mode. The (a) diamagnetic component, (b) poloidal velocity
contribution, (c) and toroidal velocity contribution all diminish as the ELM-free H-mode
evolves.

Figure 8 (Color online) Comparison of E,, as measured using B>" ions, to an estimate of

the main ion diamagnetic contribution to E, from the Thomson scattering diagnostic. The
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main ion diamagnetic estimate can account for most of the shape, depth, and position of
the E, well.

Figure 9 (Color online) Main ion perpendicular velocity determined by the difference between
the total radial electric field and the estimate of the main ion diamagnetic contribution. The
main ions have a significant flow component perpendicular to the total magnetic field in the
pedestal region.

Figure 10 (Color online) Plasma confinement (H89) versus E, well depth for EDA and ELM-
free H-modes. There is a correlation between deeper radial electric field wells and improved
plasma energy confinement.

Figure 11 (Color online) Edge electron pedestal parameters, (a) n. ped, (b) Te ped, (¢) Pe ped
as a function of E, well depth. There is a correlation between deeper radial electric field
wells and higher temperature pedestal heights. There is little correlation between E, and
density pedestal heights.

Figure 12 (Color online) Radial electric field well widths (FWHM) versus machine major
radii collected from the published literature, [16], 17, 21, 24]. The width of the radial electric
field well appears to scale, to first order, with machine size.

Figure 13 (Color online) Characteristics of a C-Mod I-mode plasma. (a) D, (b) radiated
power, (c) line averaged density, (d) electron temperature, (e) plasma confinement factor
H98, (f) magnetic fluctuations, and (g) input ICRF power. The gray highlighted region
indicates the [-mode portion of the discharge.

Figure 14 (Color online) Comparison of (a) edge electron temperature and (b) electron
density profiles between [-mode, [-mode and H-mode plasmas. The I-mode temperature
profile approaches H-mode values, while the I-mode density profile remains closer to L-mode
levels.

Figure 15 (Color online) Comparison of (a) the radial electric field and (b) the ExB shear
profiles between an L-mode, I-mode, and EDA H-mode. I-mode radial electric field well

depths and ExB shear rates are lower than their H-mode counterparts.
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