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I-mode is a high-performance tokamak regime characterized by the formation of a
temperature pedestal and enhanced energy confinement, without an accompanying
density pedestal or drop in particle and impurity transport. I-mode operation ap-
pears to have naturally-occurring suppression of large ELMs in addition to its highly
favorable scalings of pedestal structure and overall performance. Extensive study of
the ELMy H-mode has led to the development of the EPED model, which utilizes
calculations of coupled peeling-ballooning MHD modes and kinetic-ballooning mode
(KBM) stability limits to predict the pedestal structure preceding an ELM crash.
We apply similar tools to the structure and ELM stability of I-mode pedestals. Anal-
ysis of I-mode discharges prepared with high-resolution pedestal data from the most
recent C-Mod campaign reveals favorable pedestal scalings for extrapolation to large
machines — pedestal temperature scales strongly with power per particle Pyet/Te,
and likewise pedestal pressure scales as the net heating power (consistent with weak
degradation of confinement with heating power). Matched discharges in current,
field, and shaping demonstrate the decoupling of energy and particle transport in
I-mode, increasing fueling to span nearly a factor of two in density while maintaining

matched temperature pedestals with consistent levels of P, /7i.. This is consistent



with targets for increased performance in I-mode, elevating pedestal 3, and global
performance with matched increases in density and heating power. MHD calcula-
tions using the ELITE code indicate that I-mode pedestals are strongly stable to
edge peeling-ballooning instabilities. Likewise, numerical modeling of the KBM tur-
bulence onset, as well as scalings of the pedestal width with poloidal beta, indicate
that I-mode pedestals are not limited by KBM turbulence — both features identified
with the trigger for large ELMs, consistent with the observed suppression of large

ELMs in I-mode.

PACS numbers: 52.55.Fa, 52.55.Tn, 52.35.Py, 52.25.Fi, 52.40.Hf
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I. INTRODUCTION

Concepts for the development of tokamak magnetic-confinement fusion into an economical
form of power generation are characterized by two overarching requirements. First, a high
level of energy confinement is necessary for net energy production and the desired level
of self-heating of the plasma by fusion products. At the same time, particle transport
must be sufficient to avoid the deleterious effects of accumulated helium “ash” and other
impurities on fusion performance. A number of operating regimes, collectively referred to
as “high-confinement” or H-modes, satisfying these requirements has been established, the
most successful of which is the ELMy H-mode [1], which is therefore considered the baseline

for operation on ITER [2, 3].

H-modes are characterized by a steep gradient region in density, temperature, and pres-
sure at the plasma edge — the pedestal — the height of which strongly correlates with overall
performance [4]. However, this introduces an additional constraint — the steep gradients
found in the pedestal region have been shown to drive Edge-Localized Mode (ELM) MHD
instabilities [5-7]. While bursty ELM transport regulates impurity confinement in ELMy
H-mode, on ITER-scale devices ELM heat pulses lead to unacceptable levels of erosion and
damage to plasma-facing materials [8, 9]. As such, recent efforts have focused on mitigat-
ing or avoiding large ELMs in high-performance regimes, either via engineering solutions
(e.g., pellet pacing [10] or resonant magnetic perturbations [11-14]) or via alternate high-
performance scenarios which inherently avoid large ELMs, e.g. the EDA H-mode [15, 16] or
QH Mode [17-19].

The I-mode [20, 21], explored on the Alcator C-Mod tokamak [22], is such an alternative
regime to H-mode operation. I-mode is unique among high-performance regimes in that it
appears to decouple energy and particle transport, attaining the desired H-mode levels of
energy confinement while maintaining L-mode levels of particle transport, naturally achiev-
ing the desired flushing of impurities from the plasma. This manifests in the edge of the
plasma by the formation of a steep temperature pedestal without the accompanying density
pedestal found in conventional H-modes (see Figure 1), and with the formation of an edge
E, well comparable to that found in H-mode [21, 23, 24]. I-mode also appears to be natu-
rally 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 75 ~ P~%7 from

multi-machine analyses [2]) — a potentially highly-favorable scaling to reactor-scale devices.
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FIG. 1. Example n, and T, 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.

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
constraint on overall performance [4], as well as determining stability against large, delete-
rious ELMs. Recent cooperative efforts among theory, modeling, and experiment [25] have
resulted in a predictive model, termed EPED [26-28], for ELMy H-mode based on coupled
constraints from peeling-ballooning MHD stability [29-31] and kinetic-ballooning turbulence



[32]. The EPED model has successfully predicted pedestal structure in ELMy H-mode on
a number of machines [25, 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 (section III). Second, we take a detailed computational approach
to the MHD stability of I-mode pedestals (section IV). Finally, we examine the turbulence
characteristics of the [-mode pedestal region, notably the observed Weakly-Coherent Mode
(WCM) fluctuation found in I-mode (section V).

II. I-MODE ACCESS AND EXPERIMENTAL SETUP

[-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 By < 8.1 T. 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 materials — however, a recent boronization is not typically necessary 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.

[-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 collisionality (see
Figure 2). Notably, I-mode operation is naturally near ITER targets for edge collisionality

and safety factor. Here we use for the collisionality

RqneZ.ssIn A, (1)
g3/2T2

v =6.921 x 1078

with electron density n. in m~2 and temperature 7, in eV, major radius R in m, and with
the Coulomb logarithm defined by In A, = 24 —In (\/n_e / Te). For pedestal collisionality, v/gs,
we evaluate n., T,, and safety factor ¢ at the 95% flux surface. I-mode operation has been
maintained with heating power up to ~ 2x the L-I transition threshold without entering
H-mode [38, 39] (see Figure 3).

I-mode is typically accessed in the “unfavorable” drift configuration — that is, with ion
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FIG. 2. Edge collisionality and safety factors with accessible I-modes, with ITER target for com-

parison. Data from the high-resolution pedestal database are highlighted.
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unfavorable drift configuration.



V B 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 sustained. This drift configuration
has been achieved both with standard field and current in an upper-null shape, and in a
lower-null shape with reversed field and current. I-mode experiments in the most recent
run campaign have focused on reversed-field LSN plasmas, which exhibit the widest access
window and avoid difficulties with pedestal diagnostics. A subset of the results from these
experiments has been prepared with high-resolution pedestal measurements; this data, herein

termed the “pedestal database”, will be used for the balance of this paper.

IT1I. EMPIRICAL SCALINGS
A. H-Mode Baselines

To understand the physics of I-mode, it is useful to compare I-mode pedestals to estab-
lished scalings for baseline H-modes. First, we consider the ELMy H-mode, common among
high-performance tokamaks and considered the baseline scenario for ITER operation [2, 3].
Stationary ELMy H-modes are characterized by bursts of transport through the pedestal
driven by Edge-Localized Modes (ELMs), providing the necessary relaxation in particle con-
finement to avoid radiative collapse. ELMy H-mode pedestal structure appears to be limited
primarily by edge MHD instabilities, particularly coupling between pressure-driven balloon-
ing modes and current-driven kink/peeling modes [29-31]. The ballooning MHD instability
is expressed as an limit on the normalized pressure gradient aj;yp in the pedestal for a

general toroidal equilibrium [41],

e LAY - < (2
WD =002 99 \ 22 R ay

This is expressed more intuitively for a cylindrical plasma [42] as

2Rq*
B
with the ¢/ B7 factor effectively expressing the scaling as anpp ~ Vp/By. This is reflected

Vp (3)

QpHD = —

in plasma parameters by the scaling Vppeq ~ Ip2 , as has been observed in ELMy H-mode
experiments [33]. More simply, as pedestal width typically varies over a small range for a

given operating configuration [43], we may express the ballooning MHD limit as a simple



limit on pedestal pressure normalized to the poloidal field, /3, 4. To lowest-order approxi-
mation, then, for a given configuration of current, field, and shaping, the pedestal pressure
p ~ n.T, is limited. Altering the density with a change in fueling results in heating or cooling
the pedestal to maintain this limited pedestal pressure; alternately, modifying the pedestal
via a change in heating power alters the energy transport (increasing the ELM frequency
feLym ~ P for large Type I ELMs [44]) in response to maintain the limit.

Additionally, we may consider an alternate H-mode regime pioneered on C-Mod, the
Enhanced D, (EDA) H-mode [15, 16]. EDA H-mode is a higher-collisionality (vg; > 1)
regime, characterized by pedestal regulation through a continuous edge fluctuation, the
Quasi-Coherent Mode (QCM), rather than bursty ELM transport. EDA pedestals are lim-
ited primarily by transport effects, rather than macroscopic edge MHD instability [34] —
higher particle confinement causes the pedestal density to lock to a value set by the plasma
current, with additional fueling countered by increased density pumpout. Within this den-
sity limit, the pedestal temperature (and therefore pressure) respond positively to input

heating power [16].

B. Temperature Pedestal

[-mode is characterized, in part, by its H-mode-like temperature pedestal and energy
confinement. A scan of plasma current from from 0.85 to 1.35 MA in a reversed-field, lower-
null shape reveals a positive trend of pedestal temperature with plasma current, as shown in
Figure 4, with the I-mode pedestal T, (for this paper, we use pedestal parameters evaluated
at the 95% flux surface) meeting or exceeding that found in ELMy H-modes on C-Mod.
There is, however, significant spread at any given point in the I, scan, due to variation in
input heating power. Examining a single current slice (Figure 5), we see a strong dependence
of the temperature pedestal height on net heating power, P, = Prcrr + Porm — Prad —
dW/dt, normalized to density (effectively, input power per particle). A consistent pattern
is observed at other current points, with the suppressed temperature at the highest current
point explained by relatively low P, /ne.

This behavior is generally consistent with the behavior observed in H-modes; a compa-
rable sensitivity of the pedestal (in density, temperature, and pressure) to plasma current

is observed in ELMy H-modes [33], although the sensitivity of the temperature pedestal is
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FIG. 4. Pedestal temperature versus plasma current, comparing ELMy H-mode and I-modes. I-
mode temperature pedestals meet or exceed H-mode levels, and trend positively with current. The

spread at a given current point is due to varying power per particle (see Fig. 5).
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FIG. 5. Pedestal temperature versus heating power per particle, I, = 1.15 MA, illustrating ap-

proximate linear trend of pedestal T, with Pyet/Tie (Phet = Prorr + Pohm — Praa — dW)/dt).
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weaker than that observed in I-mode. The response of the temperature pedestal to heating
power is at least as strong as that observed in transport-limited EDA H-mode pedestals [16],

with the sensitivity in EDA H-mode scaling as T, peq o< (Pper/Te)?2%0 1.

C. Fueling Control and Density Profiles

In contrast to the temperature pedestal (section ITI B), the edge density in I-mode exhibits
markedly different behavior compared to H-mode. Edge density in I-mode is set primarily
through operator fueling control via gas puffing, maintaining an L-mode-like density profile
without the density pedestal found in H-modes. Given sufficient heating power, temperature
pedestals can be maintained alongside increased fueling. Example discharges matched in
current, field, and shaping are shown in figure 6, spanning a range in fueling and heating
power, M, = 1.0 — 1.7 x 10** m™3, P,.;, = 2.75 — 4.10 MW. Temperature pedestals are
matched across all three discharges, despite the wide variation in fueling levels and edge

densities, using consistent power per particle, Py /T = 2.4 — 2.7 MW /10%° m~3.

2.0
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FIG. 6. Three discharges, matched in current (1.1 MA), field (5.6 T) and shaping, fueled to
fie = 1.0,1.3,1.7x10%° m~3, spanning a large fraction of the density range in the I-mode discharges
presented here. With sufficient heating power (2.75, 3.65, 4.10 MW), temperature pedestals can
be matched across the fueling range. This corresponds to power-per-particle values of Pet/Tie ~

2.4 — 2.7 MW/10%° m~3,
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This behavior is distinct from that found in H-modes on C-Mod — ELMy H-modes at
fixed current and shaping exhibit an inverse relationship between pedestal n. and 7, due to
limited pedestal /3, while EDA H-mode pedestals lack the fueling control found in I-mode.
This is indicative of a path to strongly improved performance in I-mode, increasing pedestal
B, and global confinement via matched increases in fueling and heating power, maintaining
the target temperature pedestal with appropriate levels of P,.;/7.. Recent experiments on
C-Mod [39] have successfully applied this approach, reaching elevated density by fueling
into an established [-mode despite the application of heating power levels sufficient for a

transition to H-mode at higher starting density.

D. Pressure Pedestal Scalings

Despite its lack of a density pedestal, [-mode is capable of reaching competitive levels of
pedestal thermal pressure, while maintaining favorable behavior in its density and temper-
ature profiles. I-mode pedestal pressure (we use twice the electron pressure measured by
Thomson scattering here, consistent with 7; ~ T, measurements [45]) versus plasma current
is depicted in Figure 7, with additional differentiation by fueling level indicated by color.
An increase in pedestal pressure at least as pgs ~ I, is observed, consistent with the scaling
of the temperature pedestal T, ~ I,. The pedestal pressure at a given current is seen to
increase strongly with increased fueling, consistent with the maintenance of the temperature
pedestal with increased heating power alongside increased fueling, maintaining consistent
levels of P, /T (see section IIIC). The effect of heating power on the pressure pedestal is
visible in Figure 8, showing a single current slice from the scan. At fixed current, the pres-
sure pedestal scales as pgs ~ Py, consistent with the previously observed T peq ~ Phet/Te
trend in the temperature pedestal. This is consistent with the favorable scaling of energy
confinement with heating power — plasma stored energy, which is set to lowest order by
heating power and energy confinement times W ~ P, is strongly influenced by pedestal
pressure. Thus, the trend ppeq ~ Py is consistent with little or no degradation of 75 with
heating power, which has been observed in global measurements of I-mode [20, 46] (see
Figure 9), and is distinct from the 75 ~ P7°7 scaling found for ELMy H-modes [2].

Trends in the pressure pedestal in I-mode are also indicative of MHD stability. As

shown in Figure 10, the peak pressure gradient (identified as the driver for ballooning MHD
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roughly pgs ~ I, trend of pedestal pressure with plasma current is observed. At a given current, a

strong increase of pedestal pressure with density is also observed (note: heating power also varied

in these discharges).
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FIG. 8. Pedestal pressure (2 X pe 95) versus net heating power, I, = 1.15 MA, illustrating the trend

P95 ~ Ppet, consistent with the power trending in I-mode temperature pedestals, T 95 ~ Pret/Tee.
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I, x POT W~ I, x PY3 . The observed roughly linear relationship, W ~ I, X Ppet, indicates

net net*

little to no degradation of 7 with heating power in I-mode.

instabilities) in I-mode is consistently shallower at a given I, than comparable ELMy H-
modes on C-Mod, due to the flat edge density profile. Moreover, pedestal pressure gradient
scales more weakly than the expected Vp ~ Ig expected from the ballooning stability
boundary (arising from the critical normalized gradient ap;gp identified with ballooning
drive [42]). This is consistent with the observed lack of large ELMs in I-mode operation,
indicating that I-mode pedestals are strongly stable to an MHD instability identified with
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and ELMy H-mode. I-mode consistently exhibits a weaker pressure gradient, as well as a weaker

scaling than Vp ~ Ig expected from ballooning MHD stability limits.

the ELM trigger.

IV. MHD MODELING

In addition to its favorable pedestal scalings in terms of performance, I-mode is character-
ized by consistent stability against large, deleterious Edge-Localized Modes (ELMs). ELM
triggering in H-mode has been identified with the interaction between pressure-driven bal-
looning and current-driven kink/peeling MHD instabilities in the pedestal [29-31]. Detailed
numerical studies of the MHD instabilities associated with ELM drive are accomplished
through the ELITE code [30, 47]. This method is also used for the MHD stability compo-
nent of the predictive EPED model [26-28]. MHD stability modeling has been successfully
applied on C-Mod in ELMy [33] and EDA [34] H-modes, and in extensive cross-machine
H-mode studies [25].

The MHD stability of I-mode pedestals in ELITE (Figure 11) is consistent with the gen-
erally observed lack of ELMs — the [-mode pedestal is strongly stable to peeling-ballooning
MHD instabilities, as the lack of a strong density pedestal both reduces the total pressure

gradient (reducing ballooning drive) and the bootstrap current drive (reducing kink /peeling
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drive). However, under certain conditions, particularly reduced toroidal field and plasma
current, small (< 1% drop in stored energy) intermittent ELM-like events are occasion-
ally observed in I-mode. Examining the MHD stability of these cases (Figure 12), we see
that these cases are nevertheless far from the peeling-ballooning stability boundary. These
intermittent events occur shortly following sawtooth heat pulses reaching the edge, indicat-
ing a possible trigger due to transient modification of the pedestal — however, ELM events
are not consistently triggered by every heat pulse under similar conditions. Alternately,
the events may be indicative of a distinct phenomenon from large ELMs independent of
peeling-ballooning MHD instability. More study is required on this front.

Examination of I-mode pedestal parameters is also illuminating from the perspective of
MHD stability. Pedestal temperature versus density for I-mode and ELMy H-modes on
C-Mod is shown in Figure 13(a). The pedestal parameters shown are normalized to edge
poloidal field — this both provides normalization to current, and allows an intuitive picture
of ballooning MHD stability, as hyperbolas in the parameter space are curves of constant
pedestal poloidal beta. ELMy H-modes in a given shape are observed to lie on the expected
Bp-limited curve, with an inverse relationship between pedestal density and temperature;
[-mode pedestal density and temperature, on the other hand, are uncorrelated, consistent

with the pedestal not being limited by ballooning MHD instability. Pedestal pressure versus
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density, similarly normalized, is shown in figure 13(b). The linear response of pedestal 3,
with (normalized) density is consistent with the strong response of the pedestal pressure
with fueling observed in figure 7. The constant slope, set by T./B,, is consistent with the

Tt pea ~ Ip scaling previously observed as well.

V. KINETIC-BALLOONING TURBULENCE

Edge turbulence in I-mode is characterized by a strong reduction of mid-frequency turbu-
lence and the appearance of a higher-frequency (~ 200 — 400 kHz) fluctuation, dubbed the
“weakly-coherent mode” (WCM) [20, 45, 46, 48]. The WCM is well-characterized experimen-
tally, with density, temperature, and magnetic fluctuations visible on multiple diagnostics
[46, 48, 49]. However, as the density fluctuation is typically stronger by a factor of 5-10
[48], the mode is treated as predominantly a density fluctuation, consistently measured via
reflectometry [46] and gas-puff imaging [48]. The WCM appears to be connected to the
density pumpout and pedestal regulation in I-mode, with the WCM amplitude shown to
be correlated to particle flux through the LCFS [46]. The underlying physics of the WCM

and its regulation of the pedestal, then, is of high importance to the understanding of I-
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FIG. 13. Pedestal parameters versus pedestal density. Parameters are normalized by edge poloidal
field — this provides normalization to current, as well as allowing a natural representation of MHD
boundaries. (a) Pedestal temperature vs. density for I-modes and ELMy H-modes. Due to the
normalization to edge B, hyperbolas in the phase space are curves of constant 3}, ,.s. ELMy
H-modes lie on a f,-limited curve (indicated by the dashed line), with the expected inverse rela-
tionship between pedestal density and temperature; I-mode n. and T, however, are uncorrelated.
(b) Normalized pedestal pressure vs. density in I-mode. Pedestal 3, is linearly dependent on nor-
malized density, rather than lying on a [,-limited line (as with ELMy H-mode), consistent with
the strong response of I-mode pedestals to increased fueling. I-mode data lie on a line of constant

T/ By, consistent with the observed T¢ peq ~ I, scaling reported in section III B.

mode. An important starting point from the standpoint of ELM stability and turbulence
characterization, then, is the Kinetic Ballooning Mode (KBM) observed in ELMy H-modes.

EPED modeling in ELMy H-modes [26-28] uses KBM turbulence as an additional con-
straint on the pedestal at the ELM stability boundary — KBM turbulence and peeling-
ballooning MHD set distinct constraints on the pressure pedestal width and height (ppeq ~
Af’/ * from peeling-ballooning MHD, ppeq ~ Afp from KBM turbulence, using the pedestal
width in normalized poloidal flux space Ay), with their intersection setting the predicted
pedestal at the ELM crash. ELMy H-mode studies [25] have established a predictive line
for KBM-limited pedestals used in EPED, with the width (in normalized poloidal flux) pre-
dicted by Ay = 0.07661/ > A comparison of I-mode pedestals against this predictive line,

p,ped”
as well as C-Mod ELMy H-modes, is shown in figure 14. I-mode pedestals are wider on
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average than predicted by the KBM-limited (~ ﬁ;ﬁd) line, and show no trend of pedestal
width with poloidal beta, consistent with stability against the turbulence identified with the

ELM trigger.

0.06

-

0.041 . -7 .

pressure pedestal width (% flux)

R = = ELMyH-mode
.. 0.076B)2,
," ~ 4 I-mode
0080 o1 02 03

pedestal poloidal beta

FIG. 14. Pedestal width versus poloidal beta in I-mode and ELMy H-mode. ELMy H-modes lie
on the line Ay = 0.076ﬁ;/pzed predicted for KBM-limited pedestals. I-mode shows no scaling of
pedestal width with 3,, and exhibit pedestals consistently wider than predicted for ELM-limited

pedestals.

Computational modeling of KBM stability is also possible, using infinite-n ballooning
MHD stability calculated by BALOO [50] as a surrogate for the turbulence threshold [26, 32].
As infinite-n modes are perfectly localized on rational surfaces, it is not possible to model
the pedestal as unstable to a single mode — rather, the “ballooning-critical pedestal” (BCP)
technique [27] takes the KBM threshold to be where the pressure gradient is sufficiently high
for half of the pedestal width to be ballooning critical (i.e., containing infinite-n unstable
surfaces). Infinite-n modeling results for two test cases are shown in figure 15, overlaid on
their finite-n ELITE modeling results (see figures 11 and 12). The two cases span the range
in pedestal widths of the I-mode cases considered here (see figure 14), with case (a) near
the KBM-limited prediction line, Agpgp = 0.076B1/ > and case (b) far from the predicted

p,ped’
line. In both cases, the pedestal is found to be far from the ballooning critical threshold.
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FIG. 15. Infinite-n MHD stability predictions, overlaid on finite-n ELITE calculation (see figures

11 and 12). Contours depict the percentage of poloidal flux covered by infinite-n unstable surfaces;

the KBM threshold is set where half of the pedestal is thus unstable. (a) Low pedestal width case,

with experimental Ay near level predicted by KBM/EPED theory (Agprp = 0.0763/> ). (b)

p,ped

High pedestal width case, far from KBM theory prediction. In both cases, the pedestal is not near

the BALOO-predicted KBM stability boundary.
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VI. CONCLUSIONS

[-mode is a promising alternate regime for ITER and reactor-scale operation, character-
ized by its apparent decoupling of energy and particle transport channels. [-mode operation
generates a high-temperature, low-collisionality pedestal (with natural operation near ITER
target vgs and qos, as shown in Figure 2) with comparable energy confinement to more
conventional H-modes. At the same time, [-mode lacks a density pedestal or significant
reduction in particle transport, maintaining desirable L-mode-like levels of impurity con-
finement for stationary operation with high-Z metal wall materials. I-mode appears to be
naturally free of large ELMs, avoiding the deleterious pulsed heat loading anticipated for
uncontrolled ELMy H-modes in [TER-scale devices without the need for externally-applied
ELM mitigation or suppression. Additionally, scalings of global stored energy with heating
power in I-mode are consistent with little or no degradation of energy confinement with heat-
ing power [20], in contrast to ELMy H-mode (approximately 75 ~ P~%7 from multi-machine

analysis [2]), a potentially highly favorable scaling to reactor-scale devices.

A firm understanding of the pedestal is essential for extrapolation of high-performance
regimes to ITER and reactor-scale devices. Mirroring recent successes in theory, modeling,
and cross-machine experiment in ELMy H-mode [25, 27], we applied three approaches in the
study of I-mode pedestals: empirical scalings of the pedestal with engineering parameters,
computational modeling of pedestal stability against peeling-ballooning MHD instabilities,

and investigation of the turbulent characteristics constraining the I-mode pedestal.

An empirical examination of the I-mode pedestal (section III) reveals pedestal scalings
consistent with other high-performance regimes, modified by the enhanced particle transport
in I-mode. The temperature pedestal is found to scale strongly with plasma current and
heating power per particle, T, ey ~ Ppet/Tie. The pressure pedestal, likewise, exhibits a
scaling ppeq ~ I,, comparable to ELMy H-mode on C-Mod [33]. Moreover, the pedestal
pressure scales strongly with heating power, ppeq ~ n.1. ~ P, — a significantly stronger
response than in ELMy or EDA H-modes on C-Mod, and consistent with the observed weak
degradation of global energy confinement with heating power in I-mode [20, 46].

In contrast to its H-mode-like energy confinement, I-mode exhibits L-mode-like density
profiles, with straightforward density control through operator fueling (section IIIC). Due

to the strong response of the temperature pedestal with heating power, and the decoupled
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particle and energy transport in [-mode, temperature pedestals can be matched given suffi-
cient heating power across a broad range of fueling levels, in contrast to the trade-off between
the n, and T, pedestals in ELMy H-mode. This is indicative of a path to increased pedestal
B, (and therefore overall performance) — increasing fueling and heating power apace with
each other, maintaining an appropriate level of P, /7. to sustain the target temperature
pedestal, tuning both the density and temperature profiles to the desired level.

[-mode pedestals are also observed to be strongly stable to the coupled edge peeling and
ballooning MHD instabilities identified with the trigger for large, deleterious Type I ELMs
[29-31]. I-mode pressure pedestals are observed at a weaker peak pressure gradient than
that found in ELMy H-modes, and scale more weakly than the Vp ~ [5 trend expected
from ballooning stability; similarly, the pedestals are not constrained on the ,-limited line
exhibited by ELMy H-modes. Numerical modeling of peeling-ballooning MHD stability using
the ELITE code [30, 47] indicates that I-mode pedestals are far from the computed stability
boundary, consistent with the observed lack of large ELMs. However, small, intermittent
ELM events have been observed under certain conditions in I-mode. These cases are found
to also be peeling-ballooning stable, potentially indicating that these events are distinct
phenomena consistent with the observed stability against traditional Type I ELMs in I-
mode.

Edge turbulence in I-mode, particularly the mid-frequency “weakly-coherent mode”
(WCM) is well-characterized experimentally, but nevertheless the underlying physics basis
is poorly understood. I-mode pedestal data are compared to predictions based on kinetic-
ballooning mode (KBM) turbulence (section V), which is thought to set a strong constraint
on the pedestal in ELMy H-modes [26-28]. I-mode pedestal widths are observed to have no

trend with [, ,eq, in contrast to the Ay o ﬁll)fed

scaling predicted from KBM physics, and
are generally wider than predicted based on KBM-limited physics. Numerical modeling of
the KBM threshold using infinite-n ballooning MHD as a surrogate [26, 32| indicates that
[-mode pedestals are not limited by kinetic-ballooning turbulence.

Substantial physics work remains in characterizing I-mode pedestals, particularly in un-
derstanding the underlying physics of the WCM, expansion of pedestal stability modeling
to include additional effects, e.g., resistivity, via additional codes, such as BOUT++ [51],

and characterization of the small, intermittent ELM events observed at reduced magnetic

field. Nevertheless, observed pedestal phenomena in I-mode are consistent with scalings of
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pedestal parameters and confinement competitive with other high-performance regimes, and

stability against conventional triggers for large, deleterious ELMs. Further development of

[-mode as a candidate reactor regime is ongoing, particularly towards an expansion of the

[-mode operating window through improved understanding of I-H threshold physics, and

achievement of I-mode operation on other devices.
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