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Abstract. The I-mode regime, routinely observed on the Alcator C-Mod tokamak,

is characterized by an edge energy transport barrier without an accompanying particle

barrier and with broadband instabilities, known as Weakly Coherent Modes (WCM),

believed to regulate particle transport at the edge.

Recent experiments on the DIII-D tokamak exhibit I-mode characteristics in various

physical quantities.

These DIII-D plasmas evolve over long periods, lasting several energy confinement

times, during which the edge electron temperature slowly evolves towards an H-mode-

like profile, while maintaining a typical L-mode edge density profile. During these

periods, referred to as I-mode phases, the radial electric field at the edge also gradually

reaches values typically observed in H-mode.

Density fluctuations measured with the Phase Contrast Imaging diagnostic during I-

mode phases exhibit three features typically observed in H-mode on DIII-D, although

they develop progressively with time and without a sharp transition: the intensity of

the fluctuations is reduced; the frequency spectrum is broadened and becomes non-

monotonic; two dimensional space-time spectra appear to approach those in H-mode,

showing phase velocities of density fluctuations at the edge increasing to about 10

km/s. However, in DIII-D there is no clear evidence of the WCM.

Preliminary linear gyro-kinetic simulations are performed in the pedestal region with

the GS2 code and its recently upgraded model collision operator that conserves

particles, energy and momentum. The increased bootstrap current and flow shear

generated by the temperature pedestal are shown to decrease growth rates, thus

possibly generating a feedback mechanism that progressively stabilizes fluctuations.

PACS numbers: 52.25.Fi,52.30.Gz,52.35.Ra,52.55.Fa
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1. Introduction

The most common scenario for operation in future fusion reactors is the H-mode

regime, which achieves good energy and particle confinement times, higher than in

other scenarios, via edge transport barriers in both temperature and density [1]. While

it is generally beneficial to fusion reactions to keep the energy confinement as high as

possible, it is also desirable to maintain a minimum level of particle transport. Indeed,

helium ash from fusion reactions and impurities from plasma-wall interactions must be

expelled from the plasma core in order to avoid degrading fusion performance or causing

a radiative collapse [2]. In ITER and beyond, it is currently envisioned that the two

opposite requirements for energy and particle transport will be fulfilled by adopting the

ELMing H-mode regime [3]. This particular H-mode allows the edge to develop gradients

in temperature and density steep enough to exceed the peeling ballooning threshold

[4, 5] and trigger Edge Localized Modes (ELMs) that, in turn, flush out impurities thus

providing a minimum level of particle transport that is required for successful operations.

However, ELMs are bursting phenomena that generate large and uncontrolled heat and

particle fluxes that are convected directly to the divertor. In ITER, uncontrolled type-I

ELMs are expected to convect about 20% of the stored energy in the pedestal region

to the divertor target, possibly causing significant cracking, erosion, or even localized

melting of the divertor. In general, erosion has to be limited to acceptable levels as

the resulting impurity influx would cause major disruptions by radiative collapse which,

besides degrading fusion performance, would damage PFCs thus limiting their life [6].

Recent studies suggest that the full tungsten divertor in ITER is expected to suffer

melting unless ELMs are controlled in amplitude and/or their footprint is broadened

[7]. It is therefore of paramount importance to develop alternative modes of operation

that suppress, or properly control, type-I ELMs.

A number of such scenarios are currently being studied by the fusion community

and can be essentially cast in three different categories. The first consists of driving

non-linearly saturated modes at the edge that, being coupled to the most unstable

peeling-ballooning mode, prevent the onset of type-I ELMs; techniques based on this

approach are the Quiescent High (QH) mode regime [8] and the Resonant Magnetic

Perturbation (RMP) [9]. The second approach is based on triggering ELMs when the

pedestal has lower energy than that at the peeling-balloning limit, so that the resulting

heat fluxes are below the damage threshold of PFCs; such techniques, known as ELM

pacing, generate small and frequent ELMs and are routinely executed via pellet [10] and

gas [11] injection, vertical stabilization control [12], or by means of modulated Electron

Cyclotron Heating absorbed near the plasma edge [13]. A third technique aims at

developing confinement scenarios that inherently provide necessary energy confinement

without the presence of a particle confinement barrier, and thus avoiding the necessity for

ELMs for impurity control while simultaneously keeping plasma edge below the peeling-

ballooning stability limits. Recent investigations have identified the I-mode regime [14]

as a promising candidate which, being the subject of this investigation on the DIII-D
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tokamak, is the only method described hereafter.

The I-mode regime, obtained on the Alcator C-Mod tokamak [14] and on the

ASDEX-Upgrade tokamak [15], is characterized by three distinct features: edge

transport barriers in electron and ion temperature but not in density, a change in

the fluctuation characteristics of the pedestal region manifested as a reduction in the

intensity of low frequency fluctuations and the appearance of broadband fluctuations

known as Weakly Coherent Modes (WCM) [16], and the absence of standard L-H

transitions such as a sudden drop in the divertor Dα light or uncontrolled increases

in density and/or core radiation. Although energy confinement is better than in L-

mode owing to the barrier in temperature, pressure and current gradients at the edge

are kept below the peeling-balloning threshold, resulting in the absence of large ELMs.

The WCM are instabilities localized near the temperature pedestal top and are believed

to play a similar role to ELMs in ELMing H-modes by regulating particle transport and

expelling impurities from the plasma core.

This paper is organized as follows: Section 2 describes how the DIII-D experiments

were performed; Section 3 summarizes observations on transport quantities; Section 4

reports on measurements of density fluctuations collected by the Phase Contrast Imaging

(PCI) diagnostic; linear gyro-kinetic simulations aimed at interpreting the results are

presented in Section 5; conclusions are offered at the end.

2. Experimental set-up

Recent experiments were carried out on the DIII-D tokamak [17] to search for the I-mode

regime. In order to explore the operational space required to trigger I-modes, plasma

discharges were run spanning a wide parameter space: plasma current Ip in the range

1–1.6 MA, line averaged density ne = 2–5·1019m−3, auxiliary heating power via Neutral

Beam Injection (NBI) PNBI = 2–7 MW, NBI injected torque TNBI = 0–5 Nm, elongation

κ = 1.5–1.8, lower triangularity δl = 0.3–0.7 and upper triangularity δu = 0.3–0.4. The

toroidal vacuum magnetic field was kept fixed at 2.05 T, resulting in q95 between 2.8 and

5. A typical equilibrium used for this I-mode study, along with the physical location

of the PCI diagnostic beam, is depicted in Figure 1. Based on experience acquired

during I-mode campaigns on the Alcator C-Mod tokamak, plasmas were set in a Lower

Single Null (LSN) configuration with the ion ∇B drift pointed away from the primary

X-point. This configuration is called �unfavourable direction for the ion ∇B drift�and,

being known to significantly increase the amount of external power necessary to trigger

the H-mode transition [18, 19], is ideal for I-mode studies as it allows one to execute

larger power scans without having the plasma transition into H-mode. The value of the

safety factor on axis was generally allowed to decrease below unity as, on the Alcator

C-Mod tokamak, sawteeth are generally observed to trigger L-I transitions [14]. The

electron temperature was measured by the Thomson Scattering (TS) [20] as well as by

the Electron Cyclotron Emission (ECE) diagnostics [21]; density was gauged by TS,

CO2 Interferometer [22] and microwave reflectometry [23]; ion temperature along with
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toroidal and poloidal velocities were obtained by the Charge Exchange Recombination

diagnostic (CER) [24]; fluctuations were monitored by a number of diagnostics including

Beam Emission Spectroscopy (BES) [25], Doppler Back Scattering (DBS) [26] along with

the Phase Contrast Imaging (PCI) [27, 28], whose results are the focus of this paper.

The normalized radial coordinate used throughout this paper is defined as the squared

root of the normalized toroidal flux.

3. Experimental results

Standard L-H transitions are easily identified by a sudden drop in the Dα signal at the

divertor and/or by a prompt increase in the line averaged density; other characteristic

signatures of the transition are a clear increase in stored energy, normalized β and

confinement quality H-factor, as well as a sudden decrease of low frequency turbulent

density fluctuations. These are in addition to the defining characteristics of H-mode,

such as the formation of clear pedestals in temperature and density radial profiles just

inside the separatrix. Since I-mode transitions do not carry any noticeable change in

the plasma density, their identification relies on significant increases in temperature

gradient at the edge, an increase in stored energy and considerable changes in the edge

fluctuations.

As mentioned in Section 2, a large set of parameters was spanned in order to explore

accessibility conditions to the I-mode regime on the DIII-D tokamak: heating power was

varied in fine steps at various values of density, current, plasma shape and beam torque.

It will be shown in the following sections that this scan resulted in a number of cases

that show similarities to I-mode plasmas in confinement and equilibrium parameters;

however, the WCM, that are a key feature of the I-mode regime as seen on the Alcator C-

Mod tokamak [14], have not been detected with any fluctuation diagnostic on DIII-D. As

discussed in [29], however, the intensity of the WCM depends on pedestal parameters like

q95, Te and collisionality, and conditions for their excitation are not well understood at

the present time. Furthermore, from recent experiments on the Alcator C-Mod tokamak

[30] it appears that, at relatively low magnetic field, the I-mode and the H-mode power

thresholds are close to each other, preventing the I-mode from fully evolving into a robust

regime without transitioning to H-mode; the relatively low magnetic field used to run

plasma discharges on DIII-D is therefore likely to set operations in this narrow region.

The plasma discharges where we could identify features similar to those characterizing

the I-mode regime on the Alcator C-Mod and ASDEX-U tokamaks are, de facto, our

I-mode plasmas.

An overview of a typical I-mode discharge can be seen in Figure 2: as the injected

power is increased in discrete steps, the stored energy and edge electron temperature

increase slowly, at constant Dα light intensity, until the plasma suddenly transitions

into H-mode at 3.7 s, when the coupled external power exceeds the H-mode threshold.

During the time interval between 2.5 and 3.7 seconds we observe increases in the edge

electron temperature and stored energy by a greater percentage then the heating power,
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a constant recycling displayed by a steady level of Dα emission indicating that high

edge particle transport is maintained [19] and, as will be shown in the next section, a

drastic modification of the characteristics of edge fluctuations; for these reasons, in the

remainder of the paper, we will refer to this time window as the I-mode phase. Note

that the I-mode phase bears no relation to the I phase, or intermediate phase, a period

of unstable edge transport sometimes observed at the L-H transition [31]. The time

evolution of temperature and density profiles shown in Figure 2 is better described by

comparing edge radial profiles in L-, I- and H-mode phases. In Figure 3, where such

profiles are shown, it is evident how the temperature profile evolves towards a typical

H-mode profile with a pedestal like structure at the edge, while the density profile does

not show any sign of a pedestal and remains equal to that in L-mode until the H-mode

power threshold is reached.

It should be noted, however, that fusion performance in I-mode plasmas obtained in

this study is higher than in L-mode but lower than in H-mode plasmas. These reversed

ion ∇B drift H-modes achieve electron temperature pedestal heights Te,ped of about 450-

500 eV and confinement quality factors H98,y2 of about 1.2, while I-mode phases achieve

Te,ped of about 350 eV and H98,y2 of 0.7-0.8, which is still substantially better than in

L-mode, whose H98,y2 is roughly 0.5. Numerical values of the confinement quality factor

are consistent with the Te profiles in the I-mode phase being in an intermediate state

between L- and H-mode.

While the electron temperature at the plasma edge is the best quantity to identify

the appearance of the I-mode phase, it is not the only one. The radial electric field (Er)

at the edge also changes compared with profiles obtained during L- and H-mode phases.

In Figure 4 we show radial profiles of Er reconstructed from CER measurements as the

plasma transitions through L→I→H-mode phases; we see that the radial electric field

steadily and continuously evolves from values usually obtained in L-mode towards those

typical of an H-mode plasma, with the diamagnetic component becoming increasingly

more important in the region outside the top of the pedestal. The resulting radial shear

just inside the separatrix during the I-mode phase is larger than in L-mode plasmas

at the same power. A significant Er well is also observed to develop in I-mode on the

Alcator C-mod [32] and ASDEX-U [33] tokamaks. A striking result of this experiment

is that the plasma shape, and in particular the triangularity, appears to be one of the

key parameters to access the I-mode phase in DIII-D. In Figure 5 we compare the time

traces of auxiliary NBI power, stored energy and electron temperature at three radial

locations for two plasmas that differ only in the lower triangularity, being equal to 0.5

and 0.7 for discharges #149908 and #149917, respectively. It can be seen how, at 1.5

s, a slight increase in the auxiliary power triggers the I-mode phase, as indicated by

the electron temperature at the edge that increases by about 25%. The formation of

an Er well is temporally correlated with the time at which the temperature pedestal

forms. The importance of plasma shape as an accessibility conditions for the I-mode

regime was also reported by the Alcator C-Mod team [14], and its cause is currently

being studied. To conclude, plasmas with characteristics similar to the I-mode regime
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observed on the Alcator C-Mod and ASDEX-U tokamaks were obtained on the DIII-D

tokamak. Namely, it is possible to identify long phases during which, at the edge, the

electron temperature develops a pedestal and the radial electric field forms a well, both

of which are among the characteristic signatures of H-mode phases. The density profile,

in contrast, remains very close to that in the L-mode part of the discharge and the

divertor Dα light is not impacted at all. The I-mode phase can be difficult to identify

as, depending on the plasma parameters and on how the heating power is coupled,

the transition can be very slow and weak. On the contrary, as it will be shown in the

next section, fluctuation measurements from the Phase Contrast Imaging diagnostic can

identify the transition in a much sharper way.

4. Measurements of fluctuations

In this paper we will report mainly on fluctuations measurements from the Phase

Contrast Imaging (PCI) diagnostic as its wide frequency-wave number response and the

fact that it measures the line integral of density fluctuations are advantageous features

in experiments characterized by transitions.

The PCI system on DIII-D makes use of a CO2 laser beam to image the line

integral of electron density fluctuations along a vertical chord that is tangent to flux

surfaces around mid-radius and at the elevation of the magnetic axis. The location of the

vertical chord, depicted in Figure 1, is fixed in space and its value expressed in plasma

coordinates obviously depends on the equilibrium. The line integral is imaged onto a

linear array of 32 detector elements, allowing the computations of correlation lengths

and wave number spectra. The PCI, being a line integrated diagnostic, is only sensitive

to fluctuations oriented orthogonally to the direction of propagation of the laser beam

and, in the case of negligible electromagnetic fluctuations, orthogonally to equilibrium

magnetic field lines. This makes the diagnostic sensitive to wave vectors whose radial

and poloidal components vary along the line integral; in particular, the PCI is sensitive

to a mixed (kρ-kθ) everywhere but at the tangency point with any flux surface, i.e. on

the mid-plane in DIII-D, where it can only measure kρ components.

The difference in density fluctuations between a regular L-mode and an I-mode

plasma can be seen by comparing spectra from two discharges with similar parameters,

except for a small change in the lower triangularity that allowed one to access the I-

mode regime (see Figure 5). In Figure 6 we plot the time evolution of the PCI frequency

power spectra, averaged over all the PCI channels, for the two sister discharges of

Figure 5. Spectrograms are plotted covering the time interval 0.5-2 s, which is when the

two discharges are virtually identical, apart from the value of the lower triangularity.

Discharge #149908, i.e. the I-mode plasma, shows a decrease of the intensity of

low frequency fluctuations accompanied by an increase in the spectral width at 1.5

s, which is when the edge electron temperature experiences a sudden rise due to a

slight augmentation of the auxiliary power (Figure 5). In order to fully appreciate this

effect, it has to be noted how the broadening of the spectrum caused by 20% increase
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in heating power at 1.5 s is almost one order of magnitude larger than that in the sister

discharge #149917; moreover, it is also approximately twice as large as the broadening

happening at 1 s, caused by the NBI heating being turned on to deliver 2.24 MW. This

abrupt change in the spectral width is a clear indication of an increase of the plasma

fluid velocity, and is consistent with the radial electric field reconstruction shown in

Figure 4. In order to better illustrate the reduction in the intensity of fluctuations

accompanying the frequency broadening of the spectrum, Figure 7 shows frequency

power spectra computed in time windows of interest. As the plasma transitions from

L- through I- and finally into H-mode, we can observe a progressive reduction of the

intensity of fluctuations below 300 kHz. This steady decrease is consistent with a parallel

augmentation of the H98,y2 confinement enhancement factor reported in Section 3,

where we showed a progressive increase in the edge electron temperature gradient

and related quantities, including the radial electric field, at constant injected power.

Interestingly, the total power of fluctuations during I-mode phases exhibits values that

are quantitatively in between those computed during L- and H-mode phases; in the case

shown in Figure 7, for example, the total power of fluctuations during the I-mode phase

is approximately equal to the arithmetic average of those in L- and H-mode phases.

We can now highlight what is probably the most important feature related to the

broadening of the frequency spectrum shown in Figure 7. In addition to the broadening

and amplitude reduction, the PCI power spectrum develops a non-monotonic feature

in the I-mode phase. Indeed, as soon as the plasma hits the transition, the frequency

spectrum develops a local peak above 300 kHz that is reminiscent of that routinely

observed in H-mode plasmas. It is important to state that such peaks at high frequency

are never observed in regular L-mode plasmas on DIII-D, and that PCI results from

dedicated H-mode experiments indicate that they are due to fluctuations localized in

the pedestal region, where the radial electric field develops a well [34]. As was mentioned

in Section 3, it is not always trivial to identify the I-mode phase due to the gentle nature

of its transition that does not show any sharp change in equilibrium quantities, e.g. the

divertor Dα light. Based on our current data set, the appearance of the aforementioned

peak at high frequency in the PCI spectra coincides with the formation of an electron

temperature pedestal, and is therefore a clear signature of a transition into the I-mode

phase. This is one of the greatest benefits of monitoring fluctuations with the PCI:

the identification of a pedestal in the electron temperature does not necessarily have to

rely on accurate radial fits of the edge electron temperature or the electric field which,

depending on the quality and quantity of raw data, could prove to be a difficult task.

Rather, the edge temperature barrier is identified through an immediately noticeable

Doppler shifted PCI spectrum; transitions to I-mode phases are thus efficiently captured

by the PCI diagnostic.

Even though the I-mode discharges show notable similarities with I-mode plasmas

obtained on the Alcator C-Mod tokamak both in equilibrium parameters and in

fluctuations, on DIII-D we do not observe the WCM on any of the fluctuation diagnostics

available. In particular, the WCM as observed on the Alcator C-mod tokamak by various
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diagnostics, notably the PCI, are characterized by a well defined spatial wave-number

and are extended over a broad range of frequencies; instead, the peak at high frequency

detected on the PCI spectra at DIII-D extends over a finite region both in frequency

and wave-number, which is a typical feature of broadband turbulence. It is an open

question whether the WCM are not excited at all or are not visible with the present

diagnostic coverage; if the WCM were excited to amplitudes above noise, unless they

were always masked by fluctuations generated by broadband turbulence, one would have

to postulate that their ballooning character locates them outside of the PCI line of sight,

their spatial structure is narrower that the spatial separation of DBS channels and their

wavenumber is higher than the BES system response.

Two dimensional frequency-wavenumber spectra extracted from the PCI diagnostic

usually carry more complete information about fluctuations, and will be discussed

hereafter. The PCI diagnostic measures the line integral of density fluctuations that are

Doppler shifted by an amount that depends on the plasma fluid velocity and geometrical

factors at the interaction point with the probing laser beam along the line of sight. The

resulting two dimensional, frequency-wave number spectrum turns out to be dominated

by bands, whose slope is the result of Doppler shifted fluctuations integrated along the

laser beam path: at fixed plasma shape, the steeper the slope the higher the Doppler

shift. The Doppler shift, in turn, is due to the phase velocity of fluctuations propagating

in a plasma that advects at the E×B velocity. Depending on the velocity magnitude, the

shape of the spectrum can be significantly altered: a simple cartoon showing this effect

is given in Figure 8 for illustration purposes. The two dimensional spectrum is usually

symmetric in wave-number, unless fluctuations as seen from the PCI are not up-down

symmetric. Possible causes for such asymmetries are due to the plasma shape being up-

down asymmetric or to a substantial shear in the plasma velocity radial profile. Both

causes are immediately understandable by realizing that strong asymmetries in plasma

shape and strong velocity radial shear alter the orientation, in real space, of fluctuations

that mainly propagate in the poloidal direction. Therefore, fluctuations localized below

and above the mid-plane and propagating in opposite horizontal directions in real space,

would be measured by the PCI as asymmetric in wave-number, even though they had

the same wave-numbers in plasma coordinates. While a rather strong geometrical

asymmetry is required to see a clear imbalance in the wave-number spectrum, in [34]

it is shown how a sheared E × B velocity in H-mode plasmas can tilt turbulent eddies

located below and above the mid-plane in different directions with respect to the probing

beam, resulting in an asymmetric spectrum in wave number. This asymmetry is not

due to an up-down asymmetry in the strength of the eddies themselves, rather to the

transfer function of the PCI diagnostic that mainly measures fluctuations propagating

orthogonally to the direction of the probing beam, which on DIII-D is vertical. Our

experimental dataset includes triangularity scans that allowed us to exclude plasma

shape up-down asymmetries as a possible cause for the afore-mentioned asymmetry in

the spectrum.

In Figure 9 we show the time evolution of the phase velocity, obtained as the
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ratio of frequency to the wave number that maximizes the power spectrum, averaged

over multiple frequencies and corrected for geometrical factors, for fluctuations localized

near the edge of the plasma of I-mode discharge #149908. The phase velocity is seen to

increase whenever the input power is increased and at 1.5 s, i.e. when the I-mode phase

is triggered. It is interesting to note that the phase velocity progressively reaches values

typically observed in H-mode, consistent with reconstructions of the radial electric field

from the CER diagnostic shown in Section 3. In regular L-H transitions, instead, the

phase velocity of fluctuations usually exhibits a sharp discontinuity, displaying much

larger values in the H-mode phase. A more striking proof of how fluctuations change

between L- and I-mode phases can be seen in Figure 10, where we show two dimensional

power spectra of the two sister discharges of Figure 5 in three phases: when they are

both in L-mode, when, at same power, #149908 is in the I-mode phase while #149917

remains in L-mode, and when they are both in H-mode. It can be seen that, even

though the two discharges are almost identical until 2 s as they differ only in the bottom

triangularity, the spectrum computed during the I-mode phase is significantly different

from that computed during a regular L-mode phase. Indeed, during the I-mode phase,

the spectrum is more asymmetric in wave-number and the phase velocity of fluctuations

significantly increases; both of which are characteristics of the H-mode phase. Since the

plasma shape is fixed during those three phases, we can conclude that an increasingly

sheared E× B velocity at the edge, as measured by the CER system, tilts fluctuations

in such a way as to produce an asymmetric spectrum.

To summarize, the PCI diagnostic measures three distinct features during the

I-mode phase: a reduction of the intensity of fluctuations below about 300 kHz, a

broadening of the spectrum with the appearance of a peak at high frequency that is

reminiscent of what is commonly observed during H-mode phases, and an increase of

the phase velocity of fluctuations towards values typically measured in H-mode. It is

important to note two key characteristics of these three features: firstly, all of them

happen simultaneously; secondly, they become progressively more evident with time,

consistent with the time evolution of transport parameters shown in Section 3.

Even though the I-mode phase in DIII-D does not, in general, show confinement

properties as good as in H-mode, it does show fluctuation characteristics that are

reminiscent of H-mode phases, but without ELMs. Therefore, since it is challenging

to efficiently diagnose and study the dynamics of regular L-H transitions due to its

extremely fast evolution, the long duration of the I-mode phase makes it also an ideal

test-bed to study the H-mode triggering mechanism.

5. Gyrokinetic modeling

Simulations were performed with the gyrokinetic (GK) flux-tube GS2 code [35] that

solves the GK Vlasov–Maxwell system of equations as an initial value problem. The

gyrokinetic GYRO code [36], run both as an initial value and as an eigenvalue solver, and

the gyro-fluid TGLF code [37] were used to benchmark the results from GS2. In view
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of the limited knowledge about the plasma edge from the gyrokinetic standpoint, the

modeling work presented in this paper is limited to exploratory local linear simulations

for which the gyrokinetic ordering is valid, we found reasonable agreement among

the afore-mentioned codes and understandable dependences of the solution on plasma

parameters. A much more rigorous validation of gyrokinetic modelling near the plasma

edge will have to rely on numerical tools specifically developed to handle the plasma

region across the separatrix, as well as on experimental benchmarks.

Particle drifts and geometric coefficients are computed in real geometry: an

initial equilibrium reconstruction was performed by the EFIT code [38] constrained

by measurements from magnetic loops and the Motional Stark Effect (MSE) diagnostic

[39]; the 1.5 dimensional ONETWO transport code [40] was used to derive the steady-

state current profile, which was then provided as input to the EFIT code during the

calculation of the complete kinetic equilibrium, which is subsequently read directly by

GS2 and GYRO. This method ensures a correct evaluation of the magnetic geometry.

Convergence studies performed during this modelling indicate that the fluctuating

parallel vector potential must be included in the calculations, while retaining the

fluctuating component of the parallel magnetic field does not significantly alter the

results. Two kinetic species were retained, with impurities only contributing to the

effective charge value used to compute the collision frequency; the inclusion of one

impurity as a kinetic species does not significantly alter the results. The poloidal wave

vectors shown below have zero radial component, which were always found to be the

most unstable mode. Simulations benchmarked against GYRO were in the collisionless

regime, while collisional simulations were computed only with the GS2 code, as it

implements a recently developed collisional operator that conserves particles, energy

and momentum [41]. The need of this advanced collision operator was dictated by the

high values of collisionality ν∗ that, at the top of the pedestal, are greater than one.

Various flux surfaces near the plasma edge were examined, from the outer part of

the temperature pedestal to inner regions well inside it. Results shown in this section

refer to ρ = 0.945, i.e. in the pedestal, and ρ = 0.8 which, being away from the steep

gradient region, constitutes a reference location for mode comparison. The choice of

the flux surface located at ρ = 0.945 was dictated by practical reasons that emerged

when comparing L-mode and I-mode phases: it is in a narrow region near this flux

surface that the Doppler Back Scattering diagnostic detects the largest decrease in the

intensity of fluctuations (see Figure 11), and that the reconstructed Er radial profile

is expected to generate a frequency Doppler up-shift measured by the PCI diagnostic

that is consistent with experimental two dimensional (f-k) spectra. This radial location,

which is also where the pressure radial gradient reaches its maximum, is then assumed

to be the dominant source of fluctuations measured by the PCI diagnostic that are used

to compare L- and I-mode phases.

To verify the results and to assess the impact of experimental uncertainties, we

performed sensitivity scans by varying density and temperature profiles within error

bars. The minor changes to real frequencies and to the envelope of eigenfunctions
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resulting from these variations indicate that the experimental parameters are not close

to any threshold. Uncertainty tests can also be used as an indication of the main

instability drive by monitoring how growth rates, γ, respond to varying parameters.

When modifying a given physical quantity X by a few percent of its value, the resulting

relative variation δln(γ)/δln(X) is found to be greater than unity only for the electron

temperature scale length, which is then assumed to be the dominant driving energy.

Increasing Te/Ti,R/Lne and R/LTi
are found to be stabilizing. Increasing collisionality

is also stabilizing, which rules out the Dissipative Trapped Electron Modes (DTEM) as

a significant instability in this regime. We note that complex frequencies of the modes

are strongly impacted when β exceeds twice the experimental value.

In Figure 12 we summarize differences in the character of the instability between

the two radial locations considered during the I-mode phase. At the inner location,

away from the steep gradient region, the spectrum is characterized by an ITG mode

and an TEM mode at lower and higher wave-numbers, respectively, with well defined

phase velocities. The envelope of the field potentials along the field line is very regular

and peaked at the outboard mid-plane, and is consistent with numerous results already

published in the literature. At the outer location, i.e. ρ = 0.945, there are still two

distinct branches at lower and higher wave-numbers, but with notable differences with

respect to those at the inner location. Firstly, for kθρi < 1, as the wave-number increases

the dominant instability reverses its direction of propagation from the electron to the

ion diamagnetic direction, with growth rates peaking at zero phase velocity in the

plasma frame, which is reminiscent of a particular class of trapped particle instabilities

called the ubiquitous mode [42]. Secondly, for kθρi > 1.5, the group velocity of the

electron mode is approximately null (see Figure 12b). Thirdly, field potentials along

the field line are reasonably smooth for wave-vectors lower than that at which the

phase velocity goes through zero, while they develop off-axis peaks at all higher wave-

numbers. Similar characteristics were found by other authors as well, even though in

different regimes [43, 44]. The fluctuating distribution function, which usually shows

signatures of the dominant instability in phase space, e.g. a clear peak in the trapped

region for resonanting TEM modes, does not clearly identify the aforementioned modes

as TEM because the imbalance between the trapped and the untrapped region is not

always significant. Therefore, also due to the irregular character of complex frequencies

and field potentials along the field line, it is difficult to describe the turbulent edge

of these plasmas with a model that considers the entire spectrum to be dominated by

only one instability. Another feature that distinguishes the low wave-number modes

at the outer location from regular ITG or TEM turbulence is the cross phase between

density and temperature fluctuations θn,T. While, at the inner location, the ion and the

electron modes show, respectively, finite positive and negative phase shifts that agree

with theoretical expectations based on ITG and TEM turbulence [45], the ubiquitous-

like mode at the outer location displays a near zero phase shift, with a negligible

dependence on collisionality. In case the plasma edge is sufficiently optically thick,

θn,T can be directly measured and may provide a valid experimental benchmark.
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Based on mixing-length arguments, transport coefficients can be roughly estimated

by χ = γ/〈k2
⊥〉 [46], where an effective k⊥ can be computed as a field line average

weighted by the field potentials [47]. Therefore, even though the growth rates of electron

modes at kθρi > 1 increase steadily, instabilities at those high wave-numbers are not

expected to cause significant transport†. It is interesting to compare complex frequencies

at the very edge, i.e. ρ = 0.945, between experimental profiles measured during regular

L-mode and I-mode phases. Larger gradients in the temperature radial profile during the

I-mode phase slightly enhance growth rates in physical units that, for kθρi ≤ 1, do not

exceed 250 · 103 rad/s. Cross phases between temperature and density fluctuations with

the field potentials are not significantly altered by the transition, which results in a slight

increase of the estimated mixing length transport when the plasma transitions from L-

to I-mode phases. This, being in contradiction with the clear increase in confinement at

constant auxiliary power and the reduction in the intensity of fluctuations measured by

the PCI diagnostic, requires additional physical effects in the model, e.g. flow shear and

non-linear effects. Discarding non-linear effects that are not included in this modelling

work, we now turn to analyze the well known stabilizing effect exerted by flow shear

on ion scale fluctuations [48]. As shown in Section 3, since I-mode plasmas develop

a significantly larger Er than L-mode plasmas in the pedestal region, it is natural to

compare the increasingly larger flow shear to growth rates as the plasma evolves from

L- to I-mode. At ρ = 0.945, the Hahm-Burrell shearing rate [49] during L- and I- phases

is in the range 200–350 · 103 rad/s and 400–600 · 103 rad/s, respectively, depending

on how radial fits are computed and including uncertainties. Turbulence quenching

is expected to take place when the shearing rate γE and the maximum linear growth

rate in the absence of flow shear γmax satisfy the relation αEγE ' γmax, where αE is a

numerical coefficient that, based on a fit on non-linear gyrokinetic simulations of ITG-

TEM turbulence at mid-radius, can be estimated to about 0.4 for the plasma shape

adopted in these experiments [50]. Therefore one could expect that, as the pressure

profile develops a pedestal at the edge, the increasingly larger shearing rate would

overcome the growth rate of the most unstable mode, thus progressively stabilizing

fluctuations, in agreement with the measurements‡. Transport coefficients would then

be reduced leading, at constant injected power, to a local increase of the temperature

gradient that, in turn, would enhance the flow shear thus providing a stabilizing feedback

loop. This reasoning, however, has to be quantitatively verified by non-linear gyro-

kinetic simulations valid in the pedstal region as the widely used rule of thumb of

visually comparing the Hahm-Burrell shearing rate to the linear growth rates of the

most unstable mode may not hold up in this context.

Another mechanism that may play a role in these experiments is the following: as

the pressure profile develops a pedestal at the edge, the increasingly larger bootstrap

† unless in the presence of inverse cascade events, which cannot be predicted by linear simulations and

are thus excluded from the discussion
‡ A similar conclusion is reached by considering the flux surface constant Waltz-Miller formula [51] for

the flow shear and the relative numerical fit for the coefficient
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current modifies the equilibrium and flattens the radial profile of the safety factor; this

alters particle drifts and results in a modifications of real frequencies and growth rates.

In order to test this effect, we performed simulations of one of our I-mode discharge at

the usual edge location in the temperature pedestal, i.e. ρ = 0.945, for a regular and

a kinetic equilibrium. The density and temperature profiles are kept fixed, resulting

in the two simulations being identical in everything but in the equilibrium, with a

reduction of 11% in the magnetic shear caused by the bootstrap current at ρ = 0.945.

In Figure 13, where we compare real frequencies and growth rates, we can observe

how, using a kinetic equilibrium, growth rates decrease by about 8% with respect to

the regular equilibrium, thus proving a direct impact of the bootstrap current on the

mode stability. It has to be stressed that the reduction in the growth rates, even

though it might not appear to be significant, is actually comparable to the reduction in

the intensity of fluctuations measured by the PCI which, depending on discharge and

time instant considered, is in the range 10–20%. This result suggests an explanation

for the experimental observations reported in Section 3 and 4 that is complementary,

although similar, to the effect exerted by flow shear. If, under certain experimental

conditions, such as for specific values of collisionality or plasma shape, it was possible to

drive current near the edge of the plasma, the resulting modification to the equilibrium

would start reducing the intensity of fluctuations. Transport coefficients would then

be reduced leading, at constant injected power, to a local increase of the temperature

gradient that, in turn, would drive more current thus providing a stabilizing feedback

loop. Both mechanisms are consistent with a progressive stabilization of the intensity

of fluctuations measured by the PCI diagnostic, as well as with a steady increase of

the temperature gradient and of the radial electric field measured by other diagnostics.

Non-linear simulations are now required to compare the relative impact of the two

aforementioned stabilizing loops and, most importantly, whichever mechanism turns

out to have the major effect in quenching fluctuations, it should only affect energy

transport as I-mode plasmas are characterized by an L-mode particle transport.

6. Summary and Conclusions

Recent experiments were carried out on the DIII-D tokamak to search for the I-

mode regime which, featuring good energy confinement properties without large type-I

ELMs, may be an attractive candidate for operations in ITER and beyond. Selected

discharges show notable similarities with I-mode plasmas in confinement and equilibrium

parameters, while fluctuations measured by the Phase Contrast Imaging diagnostic

(PCI) show characteristics typically observed during DIII-D H-mode phases. More

specifically, these plasmas evolve over long periods, lasting several energy confinement

times, during which the edge electron temperature evolves towards a pedestal-like profile

0.35 keV high. During these transient phases, referred to as I-mode phases, plasmas

maintain a typical L-mode edge density profile. The radial electric field at the edge

also progressively reaches values typically observed in H-mode. It is important to note
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that, unlike the H-mode transition, the I-mode phase is not characterized by abrupt

changes in equilibrium quantities, such as a sudden drop in the divertor Dα light, which

makes the identification of the transition more difficult. During the I-mode phase,

fluctuations measured by the PCI diagnostic show three distinct features typical of

H-mode spectra: a reduction of the intensity of fluctuations below about 300 kHz, a

broadening of the frequency spectrum with the appearance of a peak at high frequency

that is never observed in L-mode, and an increase of the phase velocities towards values

typically measured in H-mode. All these features are immediately observable from the

PCI data which, as opposed to diagnostics monitoring equilibrium quantities, captures

very efficiently the transition.

In I-mode plasmas on Alcator C-Mod, it is believed that broadband instabilities,

known as Weakly Coherent Modes (WCM), regulate particle transport to levels typically

observed in L-mode. In DIII-D we do not observe any evidence of such modes in any

of the fluctuation diagnostics, notably on PCI. However, I-mode plasmas on DIII-D,

Alcator C-Mod and ASDEX-U show notable differences in the pedestal parameters

believed to regulate the intensity of the WCM. Future work on DIII-D will explore

the dependence of confinement factor on magnetic field intensity, geometry and type of

heating in these I-mode phases.

Preliminary linear gyro-kinetic simulations at the edge show the existence of

electron modes driven unstable by R/LTe and having field potentials with peaks in

amplitude located away from the outboard mid-plane. Increased bootstrap current

and flow shear generated by the temperature pedestal progressively reduce growth

rates, the intensity of fluctuations and the associated anomalous transport. At fixed

auxiliary power, this would translate in a further steepening of the temperature gradient

which, in turn, would drive more bootstrap current and increase flow shear. This

results in a stabilizing feedback mechanism which is consistent with the progressive

stabilization of fluctuations observed with the PCI diagnostic and the steady increase in

the edge electron temperature gradient. Detailed non-linear simulations with validated

gyrokinetic codes will be necessary to determine if such speculative postulates would

explain the transition to I-mode and/or H-mode plasmas.
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Figure captions

Figure 1. Schematic view of the DIII-D poloidal cross section. Flux surfaces of one of

the actual lower single null plasmas used in the experiments are represented in red, the

PCI beam path in purple. Plasma current and toroidal magnetic field are oriented in

the counter clock-wise direction as seen from the top, resulting in the B ×∇B drift to

be directed away from the X point

Figure 2. Overview of DIII-D discharge #155503, one of the I-mode plasmas.

Time history of (left axis, solid blue line) plasma current, divertor Dα, neutral beam

power, line averaged electron density and (right, dashed green line) internal inductance,

radiated power, stored energy, edge electron temperature. The yellowed region indicates

the I-mode phase interval between 2.5 and 3.7 seconds.

Figure 3. Radial profiles in the outer part of the normalized minor radius for

electron temperature (a) and density (b) during L-mode (blue stars), I-mode (green di-

amonds) and H-mode (red squares) phases of discharge #155503. Relative uncertainties

are within 5% inside ρ = 0.9 and within 10% for 0.9 < ρ < 1, as measured by the TS

system.
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Figure 4. Radial electric field, plotted as a function of the major radius minus the

radial position of the separatrix, reconstructed from the force balance equation. The

radial shear during the I-mode phase of discharge #149908 (a) is larger than in L-mode

at the same power, as indicated by a regular L-H transition in sister discharge #149917

(b). In the time window 0-2 s the two plasmas only differ in the lower trinagularity.

Figure 5. Time evolution of auxiliary NBI power, stored energy and electron

temperature at three radial locations for similar discharges #149908 (I-mode, green

dash-dotted), and #149917 (regular L-mode, blue solid) that differ only in the lower

triangularity in the shown time window. The transition into the I-mode phase happens

at 1.5 s, when the injected time averaged power is increased from 2.24 MW to 2.72 MW.

Figure 6. Auxiliary power (top) and power spectrogram from PCI (bottom), in

logarithmic scale and arbitrary units, for I-mode discharge #149908 (left) and regu-

lar L-mode sister discharge #149917 (right). Density fluctuations are approximatively

equal until 1.5 s, when discharge #149908 transitions into the I-mode phase, showing a

robust increase in bandwidth for a modest increase in input power.

Figure 7. Power spectra of density fluctuations measured by the PCI diagnostic

on the I-mode discharge #153031 during L-mode (blue), I-mode (green) and H-mode

(red) phases. Compared to L-mode, during I- and H-mode phases the intensity of fluc-
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tuations is progressively reduced and spectra develop a peak at high frequency.

Figure 8. Schematic representation of a typical two dimensional, frequency-wave

number, spectrum obtained from the Phase Contrast diagnostic. The line integral gen-

erates bands that are approximately symmetric in wave-number for up-down symmetric

plasmas. An increased fluid velocity differentially shifts up in frequency fluctuations at

different wave-numbers according to the relation ∆ω = k ·v, thus increasing the overall

group velocity.

Figure 9. Time evolution of auxiliary beam power (a) and phase velocities of

fluctuations at the edge reconstructed from the PCI diagnostic (b) for I-mode discharge

#149908. The phase velocity shows breaks in slope at the transition into the I-mode

phase at 1.5 s and whenever the beam power is increased; it eventually reaches values

obtained in H-mode.

Figure 10. Comparison of the time evolution of two dimensional, frequency-wave

number, power spectra of density fluctuations for sister discharges #149908 (a-b-c) and

#149917 (d-e-f). While the spectra are similar in the early phase of the discharge (a vs.

d), the I-mode phase (b) features the characteristics of an H-mode phase (c); namely,

the spectrum becomes more asymmetric in wave number and the phase velocity signif-

icantly increases. The two spectra during H-mode are not directly comparable to each

other as the two discharges were heated differently after 2 s.
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Figure 11. From top to bottom, time evolution of divertor Dα light, line averaged

electron density from CO2 interferometer, and rms signal of the Doppler Back-Scattering

diagnostic for discharge #155503. Channels in the region 0.9 ≤ ρ ≤ 0.95 detect the

most significant decrease of the intensity of fluctuations in the I-mode time window

2.5-3.7 s.

Figure 12. Real frequency and growth rates as a function of wave-number (top),

electrostatic (middle) and parallel vector potentials (bottom) as a function of the bal-

looning angle computed at two radial locations: ρ = 0.8 (a-c-e, left) and ρ = 0.945

(b-d-f, right) for I-mode discharge #155503. The sign convention is such that positive

real frequencies are in the ion diamagnetic direction. The electron to ion temperature

ratio is equal to about 0.7 at both radial locations.

Figure 13. Real frequency (a, left) and growth rates (b, right) as a function of

wave-number computed in the middle of the electron temperature pedestal for I-mode

discharge #155503 at ρ = 0.945. Simulations differ only in the equilibrium; the boot-

strap current lowers the magnetic shear by 11% and reduces growth rates.
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