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Abstract. This paper presents an overview of recent highlights from research on Alcator C-Mod. 
Significant progress has been made across all research areas over the last two years, with particular 
emphasis on divertor physics and power handling, plasma-material-interaction studies, ELM-suppressed 
pedestal dynamics, core transport and turbulence, and RF heating and current drive utilizing Ion 
Cyclotron and Lower Hybrid tools. Specific results of particular relevance to ITER include: inner wall 
SOL transport studies that have led, together with results from other experiments, to the change of the 
detailed shape of the inner wall in ITER; runaway electron studies showing that the critical electric field 
required for runaway generation is much higher than predicted from collisional theory; core tungsten 
impurity transport studies reveal that tungsten accumulation is naturally avoided in typical C-Mod 
conditions. 

 

1. Introduction 

Alcator C-Mod combines high magnetic field, advanced shaping and divertor configurations, and 
the ability to operate with solid all-metal plasma-facing components. Because of its relatively 
compact size, C-Mod accesses regimes of extreme edge power density (1 MW/m2 average 
through the surface of the plasma); SOL power widths are of order of a few mm, implying mid-
plane parallel power flows >1 GW/m2, matching and even surpassing the design for ITER, and 
reaching the levels envisioned in DEMO power plants. Significant progress has been made across 
all research areas over the last two years, with particular emphasis on divertor physics and power 
handling, ELM-suppressed pedestal dynamics, core transport and turbulence, and RF heating and 
current drive utilizing Ion Cyclotron and Lower Hybrid tools.  
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I-mode, a naturally ELM-suppressed enhanced energy confinement regime, has been extended 
both to lower and higher magnetic fields. The window for entering and remaining in I-mode 
(between L- and H-mode) clearly widens at high field, important for consideration of 
extrapolation to ITER and high field reactors. Lower Hybrid frequency range microwaves have 
been used to modify the edge plasma, leading to increased pedestal pressure and improved 
confinement in H-modes. Studies of inter-ELM pedestal stability and fluctuations reveal an edge 
mode with many of the characteristics of Kinetic Ballooning, and direct correlation with pedestal 
saturation is directly observed. New tools are applied to yield detailed characterization of 
edge/SOL fluctuations: the mirror Langmuir probe, gives local measurements of Te, ne, p and 
their fluctuations, from a single probe, with msec time resolution, revealing unprecedented detail 
of the Quasi-Coherent Mode responsible for particle transport regulation in the EDA H-mode 
pedestal. Active MHD probing of the QCM, using a dedicated antenna (“shoelace”), shows that 
the mode can also be driven during ELM-free H-mode, where the QCM is not driven naturally by 
the free-energy in the plasma edge. Gyrokinetic simulations, which for the first time combine ion 
and electron scale turbulence, with realistic mass ratio, indicate that electron scale turbulence 
plays an important, even dominant role, in the core electron heat flux for L-mode plasmas, and 
may explain the under-prediction of experimentally observed e seen in the more standard, ion-
scale simulations. A detailed series of studies of the phenomena across the change from Linear 
Ohmic Confinement (LOC, tEn) and Saturated Ohmic Confinement (SOC) reveals strong 
correlations between the LOC-SOC transition and changes in core intrinsic rotation, core 
temperature response to edge cooling perturbations, and up-down asymmetries in impurity 
densities at the edge plasma. Many of the observations appear consistent with transport being 
dominated by ion temperature gradient (ITG) modes above a critical collisionality, with trapped 
electron modes (TEM) prevalent at below this critical collisionality. Results from an ICRF 
antenna which is aligned with the total local magnetic field, show that this modification can 
completely eliminate RF induced impurity sources local to the antenna and its protection limiters, 
the first demonstration of a reactor compatible antenna constructed entirely of high-Z metal. The 
important role of edge parametric decay instability (PDI) at high density has been documented in 
Lower Hybrid Current Drive studies. PDI is a significant player in the observed roll-off in current 
drive efficiency seen at high edge electron density. The first in-situ, between-shot surface 
analysis system, which can interrogate large regions of the plasma facing wall, has been 
successfully implemented, and used to study effects of wall conditioning and plasma-surface 
interactions during tokamak pulses. 

Specific results of particular relevance to ITER, described in Section 6, include: inner wall SOL 
transport studies that have led, together with results from other experiments, to changes in the 
detailed shape of the inner wall in ITER; runaway electron studies showing that the critical 
electric field required for runaway generation is much higher than predicted from collisional 
theory; core tungsten impurity transport studies which reveal that tungsten accumulation is 
naturally avoided in typical C-Mod conditions, and extrapolation to ITER indicates that the 
situation should be similar there. 
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2. Pedestal Dynamics 
 
2.1 I-Mode, a Naturally ELM-Suppressed Regime 

I-Mode is a promising ELM-suppressed regime that combines H-mode-like energy confinement 
with L-mode-like particle and impurity 
transport[1]. The key defining feature of the 
regime is the appearance of an edge 
temperature pedestal, similar to that in H-
mode, while the edge density profile remains 
unchanged from L-mode. Hence, particle and 
thermal transport are decoupled, an important 
feature for studying pedestal physics. High 
particle transport has a number of potentially 
important advantages for fusion energy over 
the H-mode regime, including lower intrinsic 
impurity and radiation levels which do not 
build up over time, less accumulation of 
helium ‘ash’ from fusion reactions, and 
compatibility with seeding to reduce divertor 
heat loads. Without a particle barrier, densities 
can also be more readily controlled by fueling 
or pumping[2]. Another key advantage is that 
the regime is naturally ELM-free, giving 

stationary conditions for many E without the need for active means to suppress ELMs. 

The I-mode regime has been most extensively and routinely studied in Alcator C-Mod[1]. As 
reported in the IAEA FEC 2012[3], stationary I-mode plasmas with energy confinement reaching 
or often exceeding the ITER H98,y2 scaling have been demonstrated over a wide range of plasma 
conditions. Experiments in the 2014 campaign have further extended the range of parameters, and 
improved the characterization of profiles and fluctuations. The lower field range has been 
extended to 2.8 T, using second harmonic D(H) heating, and some examples of I-mode have been 
noted in earlier 8 T experiments with D(3He) ICRH. I-modes have also been maintained in near 
double-null configurations, with dRsep as low as 1.5 mm, where dRsep is the distance between the 
primary and secondary x-point flux surfaces at the outboard midplane. 

A recent experiment was carried out on C-Mod to assess the toroidal field dependence of the 
power range in I-mode. Discharges at 2.8 T, 550 kA, were heated using second harmonic D(H) 
ICRH.  The observed power and density ranges for I-mode were much lower than for 5.4 T 
discharges with the same q95 and shape; L-I transitions occurred with Ploss=1.46 MW, while 
discharges transitioned to H-mode at only Ploss=1.54MW. This very narrow (5%) power range 
contrasts strongly with the much wider range seen at 5.6 T, and is closer to that observed on DIII-
D[4]. Figure 1 shows normalized power Ploss/ne S vs. BT. It appears that the lower bound of L-I 
thresholds has a weak BT dependence, less than linear, and perhaps even independent of B; a 
value of P/nS=0.15-0.25x1020MW-m is consistent with the transition data. For comparison the L-
H threshold scales ~B0.8[ 5]. The upper bound of I-mode powers increases strongly with BT; we 
note that many of the I-mode discharges with BT > 5 T, and all at 8T, are limited by available 

 
Figure 1: Normalized power Ploss/ en S, vs BT.  
Experimental points (solid circles) are for I-
mode discharges. 
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heating power; the 8 T discharges used a D(3He) ICRF scheme with low single pass absorption, 
hence the loss power may be overestimated. More experiments are required to confirm this trend 
of increasing power range for I-mode with higher BT, and to understand the underlying physics; 
we also note that some L to H transitions also occur within the “I-mode” window. However, 
these results are also consistent with observations from the low field DIII-D and ASDEX-U 
devices, where, to date, the window for obtaining I-mode is significantly smaller than it is on C-
Mod with BT>5T. This may well explain the different experience in terms of robustness of the 
regime on C-Mod (at B > 5 T) [4]. Additional experiments to study and optimize I-mode at 8 T 
are planned on C-Mod.  

In addition to the suppression of broadband turbulence seen in the I-Mode edge/pedestal region, 
core turbulence is also suppressed. Recent studies using reflectometry and Correlation ECE[6] 
show that long wavelength (ks<0.5) density fluctuations decrease from L-mode levels by up to 
30% in I-mode, while long wavelength (ks<0.3) Te fluctuation levels decrease by up to 70%. 
This reduction in core turbulence is correlated with the increases in E in I-mode compared to L-
mode. As the pedestal temperature increases across the L-I transition, core density fluctuations 
(0.40<<0.95) are reduced prior to the onset of the edge-localized (~0.99) weakly coherent 
mode (WCM)[1] and prior to the reduction of low frequency turbulence turbulence at this 
extreme edge radius, but simultaneous with the reduction near the pedestal top (~0.95). This 
result helps add to our understanding of the dynamics of confinement transitions such as I-mode, 
particularly compared to H-mode where changes in edge turbulence are more typically observed 
to occur prior to changes in the core. 

In addition to its highly favorable scalings of pedestal structure and overall performance, I-mode 
operation appears to have naturally occurring suppression of large ELMs. Extensive study of 
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[7,8]. In contrast, MHD calculations using 
ELITE indicate that I-mode pedestals are strongly stable to edge peeling-ballooning instabilities. 
Numerical modeling of the KBM turbulence onset, and scalings of pedestal width with p 
indicate that I-mode pedestals are not limited by KBM turbulence – both features identified with 
the trigger for large ELMs, and consistent with the observed absence/suppression of large ELMs 
in I-mode.  Analysis of structure and scaling of C-Mod I-mode pedestals reveals favorable 
scalings for extrapolation to large tokamaks[2] –pedestal temperature scales strongly with power 
per particle, Pnet/ne, and pedestal pressure increases as net heating power, consistent with the 
observed weak degradation of confinement with heating power and consistent with pedestals 
which are not saturating near stability limits[1]. Discharges matched in current, field and shaping 
demonstrate the decoupling of energy and particle transport in I-mode, and with increased 
fueling, can span nearly a factor of two in density while maintaining matched pedestal 
temperatures at constant power/particle. H-mode density pedestals, in contrast, respond only 
weakly to fueling or pumping [9]. 
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2.2 Lower Hybrid Pedestal Modifications 
to Improve H-mode 
 
Injecting Lower Hybrid Range of 
Frequencies (LHRF) waves into Alcator C-
Mod’s high-density H-mode plasmas has 
enhanced global energy confinement by 
increasing pedestal temperature and pressure 
gradients, while at the same time decreasing 
the separatrix density, modifying the pedestal 
radial electric field and rotation, and 
decreasing edge turbulence[10]. These 
experiments indicate that edge LHRF can be 
used as an actuator in these plasmas to 
increase energy confinement via modification 
of boundary quantities. Ray-tracing modeling 
and accessibility calculations for the LH 
waves indicate that they do not penetrate to 
the core region and are not driving current in 
these plasmas, and indeed neither of the two 
main diagnostics for detecting the presence 
of fast electrons accelerated by LH waves 
(the multi-chord hard x-ray array and the 
electron-cyclotron emission system) sees 
changes indicative of current-drive. Instead 
the LH power modifies the pedestal by 
increasing electron and ion temperatures at 
the pedestal top, reducing the density there 
slightly with a much larger reduction of the 
density at the separatrix. As a result, the 
electron pressure gradient in the pedestal 
increases significantly. The major changes to 
the core plasma temperatures and densities, 
responsible for the increased stored energy 
and confinement, are consistent with their 
responding via profile stiffness to the 
changes occurring in the pedestal.  

 
When moderate amounts of LH power (PLH/Ptot~0.15) are applied to high-density EDA H-modes 
( ~3.5x1020 m-3) with H-factors (H98) less than 1, we observe that the global energy 
confinement is improved such that H98 increases to ~1 (from as low as 0.75). There is a trend that 
the improvement is reduced when the confinement quality of the target H-mode plasma into 
which the LHRF is injected is higher. However, in a minority of cases the H98-factor is raised 
significantly above 1 with the LHRF. In addition to the changes to Te,ped, Ti,ped, ne,ped, the 
improvement is accompanied by the following effects in the edge: co-current pedestal rotation 

 
Figure 2: During the injection of modest power 
Lower Hybrid RF (shaded period), the H98-factor 
increases significantly. Pedestal pressure 
gradients rise substantially and edge turbulence 
is further suppressed during the same period. 
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velocities increase[11]; power to the (outer) divertor target increases promptly with an increment 
that is ~1/2 of the injected LH power, qualitatively consistent with the inaccessibility of the LH 
waves; the central frequency of the edge-localized Quasi-Coherent Mode (QCM) down-shifts, 
becomes more coherent, and becomes more constant in time; and the broadband mid-frequency 
(100-300 kHz) density fluctuations in the pedestal region decrease. Some of these effects are 
shown in Figure 2. There is good correlation between the confinement improvement and 
increased pedestal pressure gradients, as well good correlation between the confinement 
improvements and decreases in mid-frequency pedestal fluctuations.  
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2.3 Inter-ELM Pedestal Stability and Fluctuations 

Experiments studying inter-ELM edge fluctuations on C-Mod have resulted in direct 
observations of relatively coherent edge 
density fluctuations, and there is strong 
evidence that they are responsible for 
clamping the pedestal pressure prior to the 
ELM crash [12]. The fluctuations are absent 
immediately following an ELM crash and 
show a clear onset following the rebuild of 
edge Te. An example of some of the 
measurements is shown in Figure 3. Once the 
coherent fluctuations turn on, edge Te 
saturates, as does the amplitude of the 
fluctuations, suggesting that they are 
responsible for an increase in edge transport 
which limits the growth of Te. Stiff mode 
onset at a critical edge electron beta value is 
consistent with expectations for KBM 
turbulence. Characterization of the 
fluctuations in frequency and wavenumber 
shows that the mode propagates in the 
electron diamagnetic direction in the lab 
frame, with ks ~ 0.04. Due to uncertainties 
in the measured ExB velocity, and in the 
radial localization of the mode, it is not 
possible to determine with certainty the 
plasma frame propagation direction. However, 
measurements are compatible with an ion-
directed mode propagating at less than 
10km/s. This would be consistent with a 
KBM, although we cannot rule out that the 
mode propagates in the opposite direction, 
consistent with electron modes such as micro-
tearing. Linear gyrokinetic calculations with 
the code GS2 indicate ion-directed (in plasma 
frame) modes with KBM properties are most 
unstable in a wavenumber range consistent with that measured in experiment [13]. Altogether 
these results are consistent with a pedestal that is limited by both KBMs and peeling-ballooning 
modes, as assumed by the EPED predictive model. 

 
Figure 3: a) ELMs as seen in edge D b) 
Magnetic fluctuation spectrogram showing inter-
ELM fluctuations; c) Spectral amplitude 
integrated from 200 to 500 kHz; d) Edge Te 
evolution from ECE; e) line-average ne; f) 
Evolution of pedestal e. 
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2.4 Passive and Active Tools for Probing Edge Fluctuations 
Two new research tools – a Mirror Langmuir Probe[14-16] and a “Shoelace” antenna ([17-19]) – 
have been employed to diagnose and actively perturb fluctuations in the Alcator C-Mod tokamak 
edge plasma. Both tools elucidate the physics associated with the Quasi-Coherent Mode 

(QCM, cm−1, f∼50−200 kHz), the edge fluctuation responsible for the increased particle flux 
which sustains the steady-state, ELM-free Enhanced D

α
 H-mode. In particular, the MLP has been 

used to characterize the QCM with unprecedented detail, showing it to be primarily a drift wave, 
with curvature also playing an important role. In addition, the Shoelace antenna [17] inductively 
drove a fluctuation localized in the edge plasma and resonant at the QCM k  and frequency, 

representing the first time a drift-wave-like fluctuation has been driven actively in the tokamak 
edge. 

2.4.1 Mirror Langmuir Probe 

The Mirror Langmuir Probe (MLP) approach uses an individual electrode as a triple probe [14-
16]. This is accomplished by rapidly switching the probe bias voltage between a large negative 
(ion saturation), a near-floating, and a large positive (electron collection) state, with the entire 
cycle through all three states completed in 0.9 μs for a 1.1 MHz sampling rate. This is fast 
enough to resolve turbulent and coherent fluctuations in the edge, typically band-limited below 
500 kHz on Alactor C-Mod. The three voltage set points are selected via real-time feedback by an 
analog computer which “mirrors” the actual I/V characteristic of the Langmuir probe, adjusting 
and optimizing the three parameters in the probe current model, 

	

1 	, (1) 

where I
p
 is the current through the MLP, I

s
 is the saturation current, V

f
 is the floating potential, T

e
 

is the electron temperature (in eV), and V is the applied voltage. The direct parameters of this 
model are I

s
, V

f
, and T

e
. The electron density, n

e
, is extracted from the saturation current using 

the Bohm sheath condition, while the local plasma potential, Φ, is calculated from the plasma 
sheath drop model [20]. 
Figure 4 summarizes the operation of the probe, showing the rapid scanning of the probe voltage 
and the corresponding I/V curve parameters. The current through the probe is also shown. The 
MLP circuitry ensures that the voltage bias set points are optimized for rapid and well-
conditioned assessment of the entire I/V characteristic. The resultant characteristic, which is made 
available every 0.9 μs, can be fit to yield the floating potential, saturation current, and 
temperature. These fitted values are shown as the thick black traces in the bottom three panes of 
the figure, where they are compared with the real-time output computed by the MLP circuitry 
(thin, colored lines). While the fitted values are preferred for data analysis, the comparison 
reveals the high-quality of the MLP system’s real-time determination of I/V parameters.  
Two probe geometries used in conjunction with the MLP circuitry are shown in Figure 4(b). Both 
configurations employ four tungsten probes, closely-spaced to resolve the wave numbers 
associated with the turbulent and coherent fluctuations typical to the C-Mod edge. Each probe is 
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driven by a separate MLP circuit, yielding four independent sets of measurements of n
e
, T

e
, and 

Φ. The electrodes of the Langmuir-Mach probe sit on a single flux surface, and are designed for 
high heat flux. The other probe design, with radially-spaced electrodes, allows separate 
measurements of fluctuations and profiles at the front and in the wake of the plunging probe 
head, helping to determine whether the probe perturbs the local plasma. A pneumatic driver 
inserts and retracts the head though an in-going and out-going scan of ∼15 mm lasting about 
20 ms. 
The unique feature of the MLP is that it provides simultaneous measurements of n

e
, T

e
, and Φ of 

both fluctuations and the background profiles in which they are immersed. The resulting data set 
is ideally suited to diagnose the plasma edge. The relative phases between fluctuating quantities 
provide an excellent discriminant for the underlying mode physics, while also giving a direct 
estimate of the particle and energy transport associated with the disturbances. Because there is no 
ambiguity in how the fluctuation and profile measurements align, the data allow for robust, 
spatially-resolved comparison between experimental fluctuation measurements and theoretical 
models, which use the high-fidelity experimental profiles from the MLP as input. In addition, the 
data across multiple electrodes constrain the fluctuation dispersion relation in both the laboratory 
and plasma frames. 
Figure 5 shows data from the MLP obtained in a discharge bearing a QCM [16]. The plot shows 
the total n

e
, T

e
, Φ, and I

s
 signals gathered from one of the four available electrodes, plotted 

against distance from the last-closed flux surface (LCFS). It is important to note that the rapidly-
varying components of the signals are not noise, but direct measurements of the plasma 
fluctuations, themselves; the smoothed, time-averaged profiles are also plotted. Based on the 
measured Te profile, power balance considerations require that the electron temperature at the 
LCFS be in the range of 50 to 60 eV; i.e., this produces a power loss via electron parallel 
conduction on open field lines that accounts for the power entering into the scrape-off layer 
(ohmic input power minus radiation). In Figure 5, the profiles are shifted so that  = 0 
corresponds to the location where the time-averaged Te (black curve) is 50 eV, placing the peak 
in the Isat fluctuation power profile roughly at the LCFS.  Shifting the profiles to align Te = 60 eV 
at  = 0, would place the peak fluctuation power about 2 mm into the scrape off layer. In any 
case, these data tell us that the QCM lives at the location where Te is ~50 eV and occupies a 
3 mm (full-width at half-maximum) layer which spans the LCFS, commensurate with the well-
established role played by the QCM in regulating the pedestal. The radial electric field – supplied 
by the MLP’s Φ profile – points outward at this location, making the directions of the electron 
diamagnetic and E×B drift velocities oppose one another. This means that the mode rotates in the 
electron diamagnetic drift direction not only in the laboratory, but also the plasma frame, an 
insight not demonstrated prior to the availability of these results, and only achieved by the 
simultaneous measurements of profile and fluctuations afforded by the MLP. 
The MLP registered strong fluctuations on the order of %30~/ ee nn  and 

%45~/~/ eee TTT   for the QCM. Crucially, around the separatrix, the phase difference 

between potential and density fluctuations was also determined, with ~  lagging ñ
e
 by ∼16°, as 

demonstrated in Figure 5(b). This near-Boltzmann response is nonetheless large enough to 
produce an outward radial flow at 10 m/s, corresponding to a particle flux of ~1.4x1021m-2s-1. 
The small phase lag between ~  and ñ

e
 establishes the identification of the QCM as drift-wave-
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like. At the same time, MLP measurements, combined with Mirnov coil data, indicate a 
significant interchange component in the mode drive, and recent data suggest that further up the 
pedestal, the phase difference between ~  and ñ

e
 may increase. The importance of curvature in 

the QCM physics is also expected given the QCM’s ballooning shape [21]. 
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a)                 b) 

 
 
Figure 4: (a) MLP operation. Top trace shows voltage applied to Mach-probe tip. Underneath, the probe current 
trace, followed by I

s
, Φ, and T

e
, showing both real-time outputs of the MLP circuitry (thin colored lines) and 

values fitted to the I/V characteristic (thick black lines). (b) Probe geometries employed on C-Mod with MLP drive: 
Langmuir-Mach and radial “QCM” probe heads. A Mirnov coil head may also be fitted. From [16]. 

a)                 b) 

 
 
Figure 5: (a) Profiles of ne, Te, and Φ, as well as Is fluctuation power, obtained by the MLP from a 

discharge with a QCM. (b) “Lissajous” figure plotting the ñe and ~  signals against one another. The 

signals are almost co-linear on the plot, indicating a small relative phase angle (ñe leads ~  by ∼16°). 

From [16]. 
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 2.4.3  Shoelace Antenna 

Complementing the MLP’s passive diagnosis of the QCM is an attempt to drive the mode 
directly using a “Shoelace” antenna [17,19]. The inspiration for exciting the mode inductively 
derives from the fact that the QCM possesses a magnetic signature [22]; the Shoelace antenna 
induces a current pattern that mimics this signature in the hope that it may couple to the QCM. 
Figure 6a shows a photograph of the antenna mounted inside the Alcator C-Mod vacuum vessel. 
The single molybdenum winding zigzags back and forth across the support structure like a 
shoelace, climbing upward once and then back down to form 19 “rungs” in each of two layers. 
The rungs are nominally field-aligned, and are spaced to reproduce the measured perpendicular 

wave number of the QCM, k =1.5 cm−1 [16, 21, 22, 23]. 

 

 

      a)                 b) 

 
Figure 2: (a) Profiles of n

e
, T

e
, and Φ, as well as I

s
 fluctuation power, obtained by the MLP from a discharge with 

a QCM. (b) “Lissajous” figure plotting the ñ
e
 and ~  signals against one another. The signals are almost co-

linear on the plot, indicating a small relative phase angle (ñ
e
 leads ~  by ∼16°). From [Error! Reference source 

not found.]. 

a)             b) 
 

 
 
Figure 6: (a) The Shoelace antenna mounted inside Alcator C-Mod. (b) Short-time magnitude squared 

coherence between the antenna current and PCI, polarimeter, and Mirnov coil fluctuation signals. The en  and 

D
α

 traces are reproduced from[17].The time of the L- to H-mode transition is shown by the vertical dashed 

lines. 
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The antenna vacuum field falls off rapidly, with a radial e-folding length ∼k
−1

= 
2
3

 cm, 

necessitating a very narrow gap between the plasma and the antenna, only ∼3 mm away from the 
LCFS at closest approach. The rapid spatial attenuation of the vacuum field also necessitates high 
coupling efficiency between the RF power supply and the antenna to maximize the induced 
perturbation. This is accomplished with a custom matching network; in the experiments 
presented here, it coupled ∼2 kW of RF source power at an end-to-end efficiency of 85% or 
better, resulting in an antenna current ≥80 A, at an arbitrary and rapidly tunable frequency in the 
band between 45 and 300 kHz [18]. A phase lock system also provides the ability to lock to the 
fluctuation signal of a QCM in real time. 

 

 

Figure 7: From top to bottom: a PCI spectrogram, a comparison of the estimated coherent fluctuation 
magnitude, I

A
H

xy
, versus the peak amplitude in the fluctuation spectrum for a PCI chord signal; the same 

analysis for a Mirnov coil signal, and the location of the PCI and Mirnov peak frequencies plotted with 
the antenna frequency. Figure 7a shows data from a forward field discharge with a strong background 
QCM, while Figure 7b shows data from a reversed field discharge without a pronounced QCM. Despite 
the lack of a QCM in Figure 7b, the antenna response is still peaked. Adapted from [17].  
 

Figure 6(b) shows short-time cross-coherence spectra – the cross-power between the antenna 
current and a diagnostic signal, normalized by the product of the autopowers of the two signals, 

C
xy

=P
xy

/ P
xx

P
yy

 – from a discharge in which the antenna was energized. The spectra are given 

for three fluctuation diagnostics: a phase contrast imaging (PCI)[24] chord measuring ñ
e
, a 

polarimetry chord [25] with signal primarily ∝ , and a Mirnov coil sensitive to B
~

. The 
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antenna is energized for the duration of the discharge’s 1 s current flattop; its frequency is swept 
between 85 and 135 kHz in a triangular waveform with a 100 ms period. It excites a B

~
 

fluctuation throughout the discharge that is coherent with the antenna current; however, 
immediately after the transition to H-mode, a coherent density response is also observed. The 
density response first appears prior to the onset of an intrinsic QCM, and is maintained 
throughout the EDA phase of the H-mode.  

Analysis of the coherent ñ
e
 and B

~
 responses shows that they are approximately field-

aligned, k ≫k
∥
, and exhibit the same k =1.5 cm−1 as that imposed by the antenna. Moreover, 

while the antenna has no structurally-preferred perpendicular launch direction, the driven mode 
selects a laboratory-frame phase velocity in the electron diamagnetic drift direction. 

The plasma response to the antenna is strongly peaked at the QCM center frequency, 
indicating a resonance with a weak normalized damping rate, γ/ω=5−10%. Figures 7a and b show 
this peaked response by comparing the peak amplitude in the background spectrum to the 
amplitude of the coherent perturbation, estimated from the product of the antenna current, I

A
, 

with the transfer function, H
xy

=P
xy

/P
xx

, between I
A
 and the fluctuation signal; the fluctuation 

amplitudes are comparable. It is noteworthy that the antenna also drives a resonant fluctuation of 
smaller, but similar, magnitude in discharges without an intrinsic QCM (Figure 7b). This might 
suggest that a similar damped drift-wave resonance is available both in EDA and ELM-free H-
modes, and that the plasma enters the EDA H-mode when a source of free energy is coupled to 
this mode. From the ballooning nature of the QCM, we may speculate that this free energy 
derives from a curvature-driven instability appearing further up the pedestal, coupling to and 
exciting the damped drift-wave at the LCFS, which, in turn, is responsible for expelling particles 
across the plasma boundary and sustaining the H-mode. However, additional experiments are 
needed to determine whether such a scenario is, in fact, the mechanism underlying the QCM. 
 
2.5 Poloidal Variation of Pedestal Parameters 
 
On C-Mod, the operating regimes with differing combinations of pedestals in edge density and/or 
temperature (L-, I-, and H-mode) provide a unique testbed for the effects of strong gradients on 
plasma transport in the pedestal region. 
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Measurements at two separate poloidal 
locations on C-Mod show that, in plasmas 
with edge density and/or temperature 
pedestals, significant poloidal asymmetries 
can arise in density, temperature, and electric 
potential in the confined edge region[26-28]. 
These asymmetries are especially 
pronounced in plasmas with strong electron 
density gradients (i.e. H-mode). 
Example measurements from an EDA H-
mode are shown in Figure 8. Part (a) shows 
measurements of impurity temperature and 
radial electric field measured across the 
pedestal region at both the HFS and LFS 
midplane. Constraining the uncertainty in the 
relative alignment of HFS and LFS profiles, 
by requiring total pressure to be a flux 
function, results in an approximate alignment 
of the Er wells. As shown in Figure 8 (a), the 
impurity ion temperature in the steep 
gradient region is then nearly 125 eV larger 
at the LFS, corresponding to a factor ~1.7. 
These variations in ion temperature were 
quantitatively reproduced by the total-f 
gyrokinetic neoclassical code XGCa, and 
further revealed variations in electron 
density of the same order (~1.7), being 
higher at the HFS [28]. The poloidal 
variations in main ion density and 
temperature can potentially have an effect on 
the impurities in the pedestal region. Indeed, 
large in-out impurity density asymmetries on 
the order of ~6x are observed in the H-mode 
pedestal region (see Figure 8(b)), but are 
absent in L- and I-mode plasmas [26]. This 
suggests that retaining non-local transport 
effects due to steep gradients, including 
resulting poloidal variation in main ion 
density and temperature, are important for understanding pedestal impurity transport. We note 
that the I-mode results separate the n and T pedestal effects, since both go up in tandem for H-
mode, while only the temperature gradient is modified in I-mode. 

 
Figure 8: Inboard-outboard asymmetries in the 
EDA H-mode pedestal. (a) shows HFS and LFS 
profiles of impurity temperature and radial electric 
field. (b) shows HFS and LFS profiles of impurity 
density together with the profile of electron density 
(rescaled). 
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3. Core Transport and Turbulence 
 
3.1 Realistic Mass, Multi-Scale Gyrokinetic Simulations of an Alcator C-Mod Discharge 
 
Despite decades of research, electron heat transport in 
the tokamak core remains both poorly understood and 
extremely important for the success of ITER and 
future fusion devices.  It is generally assumed that 
long wavelength (ion-scale: ks ~1.0) turbulence 
accounts for almost all heat and particle transport in 
the tokamak core.  However, recent gyrokinetic 
simulations performed on the Alcator C-Mod tokamak 
suggest that long wavelength turbulence may be 
insufficient for describing electron heat transport in 
the core of some standard tokamak discharges[29-32]. 
In particular, long wavelength turbulence simulations 
have demonstrated up to ~3x under-predictions of the 
experimental electron heat flux that cannot be 
explained within the uncertainties in input 
parameters[32]. 
In an attempt to resolve this discrepancy, nonlinear 
gyrokinetic simulations that simultaneously capture 
both the ion (ks ~1.0) and electron (ke ~1.0) 
spatio-temporal scales have been performed in the 
core (r/a = 0.6) of a standard, Alcator C-Mod L-mode 
discharge[33].    These multi-scale simulations, 
performed using the GYRO code[34], capture ion and 
electron-scale turbulence up to ks = 48.0; ke = 0.8 
and are the first to utilize realistic experimental 
profiles, magnetic geometry, impurities and realistic electron mass ratio ((mD/me)

1/2 = 60.0), 
allowing for the first quantitative comparison of multi-scale simulation with experiment.  The 
high fidelity of these simulations makes them amongst the most computationally expensive 
gyrokinetic simulations performed to date, requiring 20 Million CPU hours on the NERSC 
Hopper supercomputer for the completion of two simulation conditions.  As demonstrated in 
Figure 9, electron-scale turbulence was found to play a significant, even dominant role in the core 
of a standard L-mode discharge, driving experimentally-relevant levels of electron heat flux in 
the form of radially elongated ETG “streamers” (with ks ~ 6.0) that coexist with large, ion-
scale (with ks ~ 0.4) turbulent eddies.  The effect of these ETG streamers is two-fold.  In 
addition to driving heat flux at small scales, the inclusion of the electron-scale physics and 
instabilities is demonstrated to enhance both the electron and ion heat fluxes arising from long 
wavelength (ion-scale) turbulence.  The increase in long wavelength heat fluxes implies cross-
scale coupling between the ion and electron-scales and is the subject of ongoing work.  When 
compared with the standard, long wavelength simulation, a ~150% increase in the simulated 
electron heat flux was found in the multi-scale simulation.  This drastic increase in electron heat 
flux appears to explain the well-documented discrepancy between ion-scale simulation and 

 
Figure 9: (A) Turbulent potential 
fluctuations from a long wavelength, ion-
scale simulation. (B) potential 
fluctuations from a first of a kind, 
coupled short and long wavelength, 
multi-scale turbulence simulation. 
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experimental electron heat fluxes, and represents an important step towards the development of a 
predictive transport model. 
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3.2 Non-local Heat Transport and the Transition from the Linear Ohmic to the Saturated 
Ohmic Regime 

There are several longstanding mysteries in tokamak research, including: explanation of the 
observed edge up/down impurity density asymmetries[35],  the mechanism governing the 

linear Ohmic confinement (LOC, also 
known as neo-Alcator scaling) regime 
and the transition to saturated Ohmic 
confinement (SOC, L-mode)[36], and 
the underlying  cause of `non-local 
electron heat transport' following  cold 
pulses[37].  A recent mystery to add to 
this list is the rotation reversal 
process[38-40], in which the core  
toroidal rotation abruptly switches 
direction, with negligible effect on other 
macroscopic plasma parameters. 
Rotation reversals constitute a novel 
form of momentum transport 
bifurcation and have been induced by 
changes in the collisionality through the 
density, plasma current and magnetic 
field. Recently, the connection among 
rotation reversals, the transformation 
from LOC to SOC, saturation of 
electron density profile peaking and 
changes in turbulence characteristics 
has been demonstrated[39-42]. This 
connection has been extended to 
include `non-local electron heat 
transport' and up/down impurity density 
asymmetries[43,44]. A working 
hypothesis suggests that many of these 
observations are consistent with 

transport dominated by ion temperature gradient (ITG) modes above a critical collisionality, 
with trapped electron modes (TEMs) prevalent below the critical collisionality.   

 
Figure 10: The global energy confinement time 
(top), percent change in electron temperature at 
R = 0.78 m following impurity injections 
(second frame), core toroidal rotation velocity 
(middle), the inverse density gradient scale 
length (fourth frame) and up/down edge 
impurity brightness ratio (bottom) as a function 
of electron density for 0.8 MA, 5.4 T discharges. 
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The relationship among energy confinement, 
non-local heat transport, core toroidal 
rotation reversals and particle confinement 
(including edge up/down  impurity density 
asymmetries) is demonstrated in Figure10, 
obtained from shot-by-shot scans of the 
electron density in 0.8 MA, 5.4 T, (q95~4.2) 
discharges. For this value of q95, there is an 
abrupt change in the direction of the core 
toroidal rotation velocity (middle frame) 
from co-current below an electron density of 
0.82x1020m-3, to counter-current above.  The 
vertical line indicates this critical density. 
Also shown is the global energy confinement 
time (top frame) and the related transition 
from LOC (shown by the dotted line, neo-
Alcator scaling) to SOC (dash-dot line, L-
mode scaling) is clear[39, 40 42].  Near this 
same critical density there is also a saturation 
of electron density profile peaking [40, 41], 
as seen in the fourth frame. Shown in the 
second frame is the percentage change of the 
electron temperature just inside of the profile flex point (R~0.79 m, r/a~0.5 for these 
conditions), evaluated 10 ms following the edge cold pulse. The temperature inside of this 
radius increases for densities below the rotation reversal and LOC/SOC  threshold, and 
decreases above the critical density; a critical `non-local' cut-off density has been observed  in 
many experiments. This emphasizes the intimate relationship among `non-local' heat 
transport, rotation reversals and confinement saturation. The rotation reversal seems to be the 
most sensitive indicator of the LOC/SOC transition, since it is easy to detect a change in 
rotation direction, and this can be determined in a single discharge. In contrast, to ascertain 
the LOC/SOC transition density, a complete shot-by-shot density scan of the kinetic profiles 
is required. In the bottom frame of Figure10 is shown the ratio of the Ar16+ forbidden line, z, 
with brightnesses taken along lines of sight which are  tangent to r/a=0.9 from the top and 
bottom of the plasma. This brightness ratio is indicative of the edge up/down impurity density 
asymmetry. For low density LOC plasmas, the impurity densities are up/down symmetric, 
and become asymmetric at higher electron densities, with an impurity density surplus in the 
direction opposite to the ion BxB drift direction. The threshold for this behavior is 
somewhat lower (~0.6x1020m-3) than the reversal, LOC/SOC and Te inversion (non-local cut-
off) density, perhaps because this effect is only seen at the plasma edge (r/a~0.9), well outside 
of the Te profile flex and rotation reversal anchor points.   Similar density scans have been 
carried out for 5.4 T plasmas at 0.55 MA (q95~ 5.8) and 1.1 MA (q95~3.3). The results are 
summarized in Figure11, showing the critical densities for rotation reversal, non-local cut-off 
(transient eITB formation), the LOC/SOC transition and edge up/down impurity density 
profile asymmetry formation,  which all increase with plasma current.  These effects all occur 
at a fixed collisionality, ∗neq95= constant).  The rotation reversal and LOC/SOC transition 
are well correlated[39-42], as is the electron temperature non-local cut-off at the lower 

 
Fig 11: The density for rotation reversal 
(dots), electron temperature inversion 
(boxes), LOC/SOC transition (asterisks) 
and up/down impurity brightness 
asymmetry (triangles) as functions of 1/q95. 
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currents.  The up/down impurity density asymmetry follows the same trend but appears 
systematically at a lower density. This may be because this effect transpires near r/a~0.9, 
while the rotation reversal and transient eITB occur more towards the plasma interior.  
Rotation reversals on C-Mod occur with nq95=constant[39, 40, 42]. Confinement saturation 
on many devices (with similar aspect ratio) appears to occur with the product nq95constant 
[42], which is consistent with ∗~constant, since for C-Mod at least, Zeff/Te

2 is constant at the 
transition. These results suggest a unified explanation of several seemingly disparate elements 
of Ohmic L-mode confinement phenomenology. Central to this unification is the idea that 
above  a critical collisionality, electron-ion collisional thermal coupling will become 
sufficient to trigger the excitation of ion temperature gradient (ITG) modes, causing a 
transition from collisionless TEM (CTEM) to ITG dominated turbulence. For this to occur, 
the coupled power must be comparable to the power transported by CTEMs. Evidence for this 
CTEM to ITG transition includes changes in both macroscopic parameters and in fluctuation 
characteristics, and the explanation of several other results follows directly. First, the 
disappearance of electron 'non-locality' phenomena in SOC is a consequence of the fact  that 
electron thermal power transfer exceeds power transport, effectively eliminating any electron 
transport dynamics. In the SOC regime, the power is carried by neo-classical processes and 
by ITG modes, so that any non-locality should appear in the ion channel. Second, rotation 
reversal results as a  consequence of a change in the sign of the turbulent residual stress, res, 
the gradient of which sets the intrinsic torque. res is predicted to change sign with the 
turbulent propagation direction[45] (i.e. electron to ion diamagnetic, as CTEM goes to ITG), 
consistent with the observation of reversal. Third, an up/down impurity density asymmetry 
develops with SOC. This may be a consequence of the appearance of robust ITG turbulence 
driven zonal flows which develop in the SOC regime. Gyro-kinetic simulations suggest that 
ITG driven zonal flows are larger scale, and more temporally coherent, than CTEM zonal 
flows. In the SOC case, a coherent zonal ExB shear should develop, and then cause a 
coherent eddy shift and tilt (in position space), and thus an up/down asymmetry (in 
ballooning space). An up/down asymmetry in turbulence intensity should then leave a 
footprint as an up/down asymmetry in impurity density.   
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4. Radio Freqency Heating and Current Drive 
 

4.1 Ion Cyclotron RF Heating  

In present day devices, ion cyclotron range of frequency (ICRF) heating and current drive 
actuators utilize low Z armor and coatings on the antenna and machine to ameliorate RF sources 
and impurity contamination.  In fusion reactors, neither of these techniques is likely to be 
compatible with reactor conditions.  Since the core wave physics issues have been experimentally 
established and the results scale favorably to reactor plasmas without density wave penetration 
issues, we attempt to address RF impurity sources and contamination through antenna geometry. 

A classic ICRF antenna can be characterized by current straps that are perpendicular to the 

toroidal magnetic field.  In C-Mod, we 
have observed that the core molybdenum 
contamination and antenna molybdenum 
impurity sources are correlated with 
ICRF power from the classic 
antennas[46].  Furthermore the scrape 
off layer (SOL) transport, SOL density 
and potential profiles, and SOL 
temperature are modified during 
operation of the classic antennas[47].  
For a field aligned (FA) ICRF antenna 
shown in Figure 12, the antenna current 
straps are perpendicular to the total 
magnetic field and the symmetry along 
the total magnetic field line is expected 
to reduce the RF plasma interaction[48]. 

To characterize the local antenna 
impurity source, the molybdenum I and 
titanium I lines are monitored using four 
views to cover the FA antenna and two 
to cover the classic antennas.  Prior to 
boronization, we monitored the antenna 
impurity source response at the classic 
and FA antennas in L-mode discharges.  

 
Figure 12: Field aligned and classic antennas mounted inside Alcator C-Mod.  Note that the antenna straps are 
perpendicular to the total field whereas the classic antenna straps are perpendicular to the toroidal field but has 
Faraday rods that are aligned with the total field. 

 
Figure 13: Comparison of the local antenna source at 
the FA and classic antennas when the antenna is 
powered.  The reference is the local source for a similar 
discharge with the antenna off. 
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In Figure 13, we concentrate on molybdenum 
source response at each antenna.  The RF 
power is increased in three steps: 1 MW (0.6-
0.725 s) to 1.75 MW (0.725-0.875 s) to 2.5 
MW (0.875-1 s) and is shown in the bottom 
panel.  In the top panel, the black trace is the 
molybdenum I signal when the antenna in the 
view is off for a similar discharge (same 
injected power, B-field, density, and plasma 
current).  Signal response above this level is 
defined to be the RF enhanced source.  The 
blue trace is the molybdenum I signal (386.4 
nm) from a view at the classic antenna with the 
classic antenna powered.  The response is 
familiar: the source approximately doubles 
with each power step and is present only when 
the antenna is powered.  The red trace is the 
molybdenum I signal at the FA antenna when 
the FA is powered, and responds weakly.  
These measurements indicate that the RF 
enhanced impurity source at the FA antenna is 
nearly eliminated and is dramatically lower 
than the impurity source at the classic antenna.  
This represents the first demonstration that an ICRF antenna can be made with reactor compatible 
plasma facing materials. 
 To characterize the impurity 
contamination, a series of L and H-mode 
discharges has been performed to 
compare the overall stored energy and 
radiated power.  An example of these 
results is shown in Figure 14 for an EDA 
H-mode discharge.  The global impurity 
contamination is lower for the H-mode 
heated by the FA antenna but it is not as 
dramatic as the reduction in the antenna 
impurity source.  There appears to be a 
residual impurity contamination 
associated with the FA antenna as 
evidenced by the increasing radiated 
power throughout the H-mode phase.  
This suggests a source associated with far 
field sheaths [49, 50] or transport changes 
due to the RF. 
 The emerging physics explanation for 
the elimination of the RF impurity source 
at the FA antenna is that the FA antenna is aligned to the RF driven convective cell[51-53] via 

 
Figure 14: Comparison of the plasma stored 
energy and radiation response to the FA and 
classic antennas in an EDA H-mode.  The stored 
energy is similar and the radiated power is lower 
for the FA antenna heated discharge. 

 
Figure 15: Comparison of the plasma response to the 
FA antenna for discharge where the antenna is aligned 
and intentionally misaligned.  The classic antenna serves 
as a reference to show that the increased impurity 
contamination from FA antenna required the FA 
antenna to be powered. 
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geometry.  For the FA antenna, the antenna structure is normal to the total magnetic field and 
inherently aligned to the RF driven convective cell in the near field of the antenna.  For a classic 
antenna, the antenna is misaligned to the convective cell and results in a strong interaction at the 
antenna when the antenna is powered.  To test this hypothesis, we ran a series of discharges 
where the plasma was intentionally misaligned to the antenna by a 1 cm vertical displacement, 
thus the FA antenna would intersect the RF driven convective cell.  For the misaligned discharge, 
we expect to find significant impurity contamination.  In Figure 15 the blue trace is the plasma 
response to ~2 MW of ICRF power from the classic antenna and will serve as a reference.  The 
green trace is the plasma response when the discharge is heated with the FA antenna with 
intentional misalignment.  Despite the similar stored energy response, the core molybdenum 
contamination is dramatically higher at the onset of H-mode and increases near the end of the RF 
pulse as expected.  The red trace is the plasma response of a following discharge showing the 
return of a low impurity contamination – core molybdenum has a slow response to the FA power 
in H-mode.  These observations are consistent with the hypothesis that the elimination of the 
local antenna impurity source is a result of the antenna alignment to the convective cell. 
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4.2 Parametric Decay and the Density Limit for Lower Hybrid Current Drive 
There is a universally observed roll-off in Lower Hybrid Current Drive (LHCD) efficiency at 
density higher than a critical value, which for typical C-Mod conditions is  ~1x1020 m-3 [54]. 
This loss of efficiency has prevented access to advanced tokamak regimes on C-Mod since higher 
density operation is critical to realizing high bootstrap current fraction in C-Mod. Successful 
LHCD operation at higher density is also crucial for developing a reliable steady state RF current 
drive actuator for future reactor-relevant tokamaks (e.g., for ITER, FNSF [55], and DEMO) in 
which neutral beams might have limited heating and current-drive capabilities [56].  
 
Recent C-Mod experiments have explored the role that Parametric Decay Instabilities (PDI) in 
the edge plasma could be playing in this efficiency roll-off [57]. It has been found that PDI 
strength correlates with the level of SOL density and with the loss of efficiency. In plasmas 
where PDI are suppressed by reducing the SOL density, fast electron generation is enhanced, as 
will be discussed below. While a quantitative understanding of the role that PDI play is yet to be 
determined, the experimental results show that PDI are involved in the observed loss of 
efficiency at high density. The PDI observed in Alcator C-Mod are linked to the conditions in the 
SOL of diverted plasmas.  
 
The discovery of ion cyclotron PDI in Alcator C-Mod was reported in the last IAEA meeting and 
the downshift of the sideband frequencies was found to be characteristic of the magnetic field 
strength near the inner separatrix [58, 59]. The location of the PDI at onset has since been 
observed to be dependent on the X-point location [60]. Recent experiments with field- and X-
point reversals have revealed that this equilibrium dependency can be generalized to the B× B 
direction dependency with respect to the X-point. 
 
In experiments in which the TF direction was varied (while maintaining the same helicity), it was 
found that in H-mode favorable (unfavorable) equilibria with B× B pointing toward (away from) 
the active divertor, ion cyclotron PDI initiate in the inner (outer) SOL. This has been explained 
by asymmetries that occur in the SOL due to the effect of an 	  flow near the separatrix. 
Since the direction of this SOL flow depends on the toroidal magnetic field direction, it can 
reduce the level of heat transport from the outer to the inner SOL [61]. As a result, in the H-mode 
favorable equilibrium, temperatures decrease in the inner SOL, and the density at the inner SOL 
increases to preserve pressure balance along the open field lines. These inner SOL conditions 
(i.e., low temperature and high density) are found to be particularly favorable to excite PDI, as 
indicated by growth rate analyses [62]. The observed ion cyclotron PDI onset near the inner 
separatrix is also evidence of weak single-pass absorption of the launched LH waves radiated 
from a grill located in a midplane port. 
 
Conversely, in a single null equilibrium with the B× B drift direction away from the active X-
point, probes do not show evidence of PDI initiated near the inner SOL, as the observed 
frequency spectra are dominated by ion cyclotron sideband LH waves that are characteristic of 
the magnetic field strength near the outer separatrix. While even in this magnetic configuration 
LH waves need multiple bounces at the inner and outer edge to be Landau damped, wave-edge 
interactions including PDI, collisional absorption, non-specular reflection and turbulent scattering 
in the inner SOL are all weakened due to the lower SOL density. Wave-edge interactions near the 
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inner-SOL will be eliminated by strong single pass absorption so that most of the applied power 
is dissipated before LH rays reach the inner separatrix. Thus, when launching LH waves from 
outside the separatrix, interactions with the inner SOL are considered to be less threatening in 
future reactor conditions because of the higher plasma temperature which will ensure strong 
single pass absorption. 
 
C-Mod experiments also show that as densities increase well above ~1x1020 m-3, even in 
conditions that favor PDI excitation initially at the inner wall, ion cyclotron harmonics 
characteristic of the field strength at the outer wall are ultimately observed. Independent of the 
measurement location, the observed LH frequency spectra show that the energy content of 
cyclotron harmonics with frequencies characteristic of the inner wall field strength ultimately 
dominates the spectra, regardless of probe location. Neither current drive effects nor evidence of 
fast electron generation is observed above ne = 1.2x1020 m-3 in these conditions. The observed 
PDI occurring in the outer SOL are potentially problematic since they convert at least some of the 
applied power to waves that are ineffective for driving current. Even a small  ∥ up-shift in the 
launched waves can result in a significant loss of efficiency because efficiency is inversely 
proportional to ||.  

 
Since the analysis of growth rates from the PDI dispersion relation suggests that reducing the 
SOL density could mitigate their growth, a recent experiment focused on controlling SOL density 
by varying plasma current in high density C-Mod plasmas. The density in the far SOL in C-Mod 
is found to decrease with decreasing Greenwald fraction in Ohmic L-Mode plasmas [63]. A linear 
density ramp from ne = 0.8x1020 m-3 to ne = 1.4x1020 m-3 at three different currents (Ip=0.55, 0.8, 
and 1.1 MA) showed that PDI onset occurs at higher line-averaged densities as the plasma 
current is increased. SOL profile measurements with a scanning probe at the outer midplane 
confirm the density dependence of PDI onset. As an example, Figure 16 shows that the PDI 
strength is a function of the local plasma density in front of the LH launcher. Here the PDI 
strength is defined as the integrated spectral power of the first harmonic of the ion cyclotron 
sideband LH waves. This figure suggests that the local density at which PDI occurs is 
approximately independent of current, emphasizing the importance of the density in the SOL or 
possibly near the separatrix in determining the onset.  
 
Figure 17 shows that for fixed core density, the fast electron population in the plasma, as 
measured by hard X-ray emission, increases dramatically at fixed ne as Ip is increased. In plasmas 
where PDI is suppressed, fast electron production rates are observed to be enhanced by more than 
an order of magnitude, implying that PDI are causally involved in the universally observed roll 
off in LHCD efficiency at high density. Thus, promising results have been obtained in mitigating 
the effects of outer SOL PDI and extending the density range over which fast electrons are 
generated by taking advantage of the lower SOL densities which occur at higher current in C-
Mod L-modes. 
 
Eliminating the onset of PDI in the outer SOL will require control of the SOL density which may 
be difficult or impractical in reactor scale devices. A possible new approach to address this issue 
would be to locate the LH launcher [57, 64] at the inner wall in double null equilibria, where the 
turbulent fluxes crossing the separatrix are negligible and where it may be possible to create low 
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density plasma conditions that avoid  PDI and other turbulent scattering mechanisms. In addition, 
the effect of higher field at the launcher can substantially open the penetration window, resulting 
in a deeper poloidal trajectory of the LH rays and a broader off-axis driven current profile [64]. 
This can be appreciated by examining the “ ∥-window” available for LH waves, which is set 
from below by accessibility and from above by the threshold for Landau damping: 
 

1 2 2⁄ 2 2⁄ ⁄ ∥ 40/  

 
From this one can see that increasing the field lowers the left hand side of the inequality, thereby 
allowing lower values of ∥ that will damp at higher temperature, i.e., farther from the plasma 
edge.  
 
While conceptual designs have been developed for a test antenna to be installed in Alcator C-
Mod, installing an inside launch LH antenna presents a non-trivial engineering challenge. 
Retrofitting such a launcher to an existing machine could be difficult, but incorporating this 
launcher early in the tokamak design could enable a successful deployment. An inside launch LH 
antenna conceptual design is being developed for a proposed new machine called the Advanced 
Divertor Experiment (ADX) [65], a new device being developed by an MIT-led consortium to 
demonstrate an integrated approach to managing reactor-relevant heat and particle fluxes. 
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Figure 16: Growth of PDI fundamental, ω = ωci(LFS)  as a function of density in the SOL 
(r/a1.1) for  discharges at 3 different plasma currents. The ratio of line-averaged density to 
density at the plasma edge is a strong function of current. For example at 1.4 10 , it 
increases by a factor of ~5 as the current increases from 0.55 to 1.1 MA. 
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Figure 17: Comparison of x-ray count rates in the range 40 – 200 keV as a function of line 
average ne for the three discharges in Figure 16. 
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5. Accelerator-based In-situ Materials Surveillance 
 

The Accelerator-based In-situ 
Materials Surveillance (AIMS) 
system is a novel diagnostic that 
nondestructively measures the 
evolution of plasma facing 
component surfaces (PFC) inside 
Alcator C-Mod [66]. The 
diagnostic aims to remotely 
generate isotopic concentration 
maps on a plasma shot-to-shot 
timescale that cover a significant 
fraction (~1 m2) of the PFC 
surfaces inside Alcator C-Mod 
without the need for vacuum 
breaks or physical access to the 
PFCs. AIMS uses a compact (~1 
meter), high-current (~1 
milliamp) radio-frequency 
quadrupole accelerator to inject 
0.9 MeV deuterons into the 
vacuum vessel. In between shots, 

the tokamak magnetic fields steer the deuteron beam to the PFC surface of interest where the deuterons 
cause high-Q nuclear reactions with low-Z isotopes ~10 microns into the material. The induced neutrons 
and gamma rays are measured with scintillation detectors; energy spectrum analysis provides quantitative 
reconstruction of surface compositions. An overview of the diagnostic technique is shown in Figure 18.  
First deployed on Alcator C-Mod in 2012, AIMS has demonstrated the capability to measure the evolution 
of thin-film boron coatings and retained deuterium fuel on PFC surfaces in between plasma shots. As an 
example, Figure 19 shows a time 
series of AIMS measurements on an 
inner wall tile for two different 
plasma configurations: lower single 
null (LSN) diverted and inner wall 
limited (IWL). Measurements 
indicate that net boron deposition 
seen during LSN operation switches 
to net erosion during IWL 
operation, consistent with previous 
measurements[67].  In addition, the 
AIMS measurements indicate that 
the plasma does not deplete retained 
deuterium from the boron films 
over the course of a run day. This 
provides additional evidence that 
retention in boron films cannot 
sufficiently explain the net fuel 
retention observed on Alcator C-
Mod, as there is insufficient atomic 
capacity for deuterium storage [68]. 
 

Figure 18: The AIMS diagnostic installed on the Alcator C-Mod 
tokamak showing (A) the RFQ accelerator, (B) three different 
beam trajectories, (C) the toroidal field magnets used for beam 
steering, (D) the PFC tiles, and (E) the reentrant particle 
detectors. 

 
Figure 19: AIMS measurements of the fractional change in boron 
and deuterium on an inner wall tile relative the measurement 0. 
The boxes indicate the order of number and magnetic 
configuration - LSN is lower single null diverted; IWL is inner-
wall limited - of plasma shots. 



Alcator C-Mod: Research in support of ITER and steps beyond 
 

30 
 

 
6. ITER-Specific Research 
 
6.1 Scrape-off Layer Heat Flux Profiles – Guidance for ITER Limiter Design 
The shape of ITER’s inner-wall limiter panels was chosen to accommodate heat loads from 
limiter startup discharges under the assumption of a single exponential e-folding heat flux profile 
in the scrape-off layer (SOL), q~50 mm [69]. But recent experimental evidence from JET [70] 
and other tokamaks [71-73], primarily from thermal imagining measurements, indicates that a 
‘narrow heat flux feature’, of order 1 to 5 mm, exists near limiter contact points. With the 
exception of recent swing-probe measurements on the high-field side SOL of DIII-D [73], 
scanning probes at other poloidal locations have not clearly detected such a feature in the density 
and/or electron temperature profiles, implying that the physics might instead involve focused 

heating of the limiter surface by a ‘funneling effect’ [74 Stangeby1992].  
 
Experiments were undertaken in C-Mod to investigate this phenomenon at ITER magnetic field 
strengths and to explore dependences on plasma current and magnetic field. C-Mod is ideally 
suited to do this, with its array of three scanning probes (see Figure 20), including an 
electromagnetically actuated wall-scanning probe (WASP) [75] on the high-field side and a 
Mirror Langmuir Probe (MLP) [76] on the low-field side. In particular, the MLP records time-
averaged SOL profiles with very high spatial resolution. Inner-wall limited, ohmically heated 
discharges were investigated (21 total), with toroidal field of 4 to 6.5 tesla, plasma current 0.4 to 
1.1 MA, vertical elongation ~1.2 and plasma densities chosen to place the SOL in a sheath-
limited heat flux regime (Greenwald fraction: 0.22 < ne/nG < 0.35). An overlay of profiles from 
the three scanning probe systems for a representative discharge is shown in Figure 20 (6.4 tesla, 
1.0 MA case). A narrow feature in the SOL is clearly seen on all probes; plasma density and 
electron temperature are also found to align among all probes, consistent with a sheath-limited 
parallel heat conduction regime. The equivalent parallel heat flux profile on the limiter surface is 

 
Figure 20: Representative magnetic equilibrium and locations of probe diagnostics for an 
inner-wall limited discharge (left panel); overlay of electron pressure and parallel heat flux 
profiles (assuming sheath model) from the three scanning probe diagnostics (right panel).  
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shown in the bottom panel. These results indicate the ‘narrow heat flux feature’ reported on 
inner-wall limiters is a plasma profile effect, its root cause being associated with cross-field 
plasma transport. 
 
High resolution, parallel heat flux profiles obtained from the MLP diagnostic were fitted by a 
double exponential function and tracked systematically as a function of field and current (Figure 
21). All discharges exhibited a two-exponential shape with the ‘short’ e-folding length (q1) 
being a factor of ~10 smaller than the ‘long’ e-folding length (q2) and producing a peak heat flux 
at the last-closed flux surface typically a factor of ~4 higher than would be projected using just 
the long e-folding length. q1 as small as ~1 mm are seen in 1.0 MA discharges. This two-
exponential structure is essentially identical to the ‘near’ and ‘far’ SOL features identified in 
diverted discharges in C-Mod [77] and associated with a transition from a zone of diffusive 
transport (near SOL) to that of an intermittent, ‘blobby’ convective transport (far SOL). 
 
Remarkably, q1 are found to scale approximately inverse with plasma current and to exhibit no 
significant sensitivity to toroidal field or safety factor. These observations are very similar to the 
~1/Ip heat flux channel width scalings reported from C-Mod EDA H-modes and ohmic heated L-
modes [78] and from a multi-machine database for H-mode discharges [79]. An important 
implication of these results, which has escaped notice until now, is that similar physics controls 
the SOL profiles and the heat flux channel widths over a wide variety of conditions. In almost all 
cases, q1 is found to be within a factor of two of the heat flux channel width derived from 
Goldston’s heuristic drift model [80], which suggests that the poloidal ion Larmor radius is an 
appropriate scale parameter in these cases. 
 

As a consequence of these experiments in C-Mod and others performed on COMPASS [71], 
TCV [72], DIII-D [73] and JET [70 Arnoux], ITER has recently implemented a reshaping of 
inner-wall tile panels to accommodate the narrow heat flux feature [69]. 
  

 
Figure 21: A two-exponential fit is performed to high resolution parallel heat profiles 
obtained from the MLP diagnostic (left panel); the short e-folding distance (q1) is found to 
scale approximately as ~1/Ip with no dependence on magnetic field or edge safety factor. 
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6.2 Runaway Electron Generation 

Understanding the physics of Runaway Electron (RE) growth and mitigation is motivated by the 
theoretical prediction that disruptions of full-current (15 MA) ITER discharges could generate up 
to 10 MA of REs with 10-20 MeV energies[81].  The ITPA MHD group is conducting a joint 
experiment to measure the RE detection threshold conditions on a number of tokamaks under 
quasi-steady-state conditions in which V loop, ne, and REs can be well-diagnosed and compared to 
collisional theory, which predicts, for a given density, a critical electric field, Ecrit, above which 
runaways should be produced[82]. Conversely, below Ecrit, runaways should be suppressed.  

An example of results from C-Mod is plotted in Figure 22, and shows that E much greater (>5x) 
than Ecrit is required for runaway generation, implying that loss mechanism(s) other than 
collisional damping play a dominant role. Data from 4 other facilities have also been obtained for 
the ITPA joint experiments, and the consensus to date is that the threshold E-field is significantly 

higher than predicted by relativistic collisional theory, or conversely, the density required to 
damp REs is significantly less than predicted, which could have significant implications for RE 
mitigation on ITER[83]. 

  

 
Figure 22: Runaway Electron data from Alcator C-Mod, based on analysis of a large set of non-
disruptive discharges.  The solid colored points in the plot correspond to discrete times during the 
flattop when hard x-rays are observed above the noise; the gray points represent discharges where 
hard x-rays are not seen. Runaways only appear at the very low end of the C-Mod density range, at E-
fields that are > 5 x Ecrit. 
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6.3 Tungsten Transport with Strong Central ICRF Heating and the Absence of Core 
Fueling 
ITER will operate with a tungsten (W) divertor (PFCs) and in regimes with high energy 
confinement in order to demonstrate high fusion power amplification [84]. Control of the central 
concentration of W to avoid large radiative losses from the plasma core is thus mandatory to 
achieve ITER’s performance. In order to achieve a low enough W density in the core plasma, the 
W source by plasma-divertor interactions should be minimized, W transport through the transport 
barrier should be optimized by ELM control [85] and, finally, excessive peaking of the W density 
profile in the core plasma must be avoided in ITER. 
Uncontrolled increases of the core W density peaking (for quasi-stationary values of the edge W 
concentration) are frequently observed for H-mode discharges in tokamaks operating with W 
divertors whose plasma heating is dominated by neutral beam injection (NBI) [86, 87], 
particularly for discharges at low collisionality with ITER-like H-mode density profile peaking, 
although this can be avoided to some degree by application of central RF heating [86, 88]. In 
order to study if such behaviour is intrinsically linked to the density profile peaking expected in 
ITER or if it is driven by the specific dominance of NBI heating and its large associated central 
source and plasma rotation, a set experiments has been carried out in Alcator C-Mod EDA H-
modes by injecting W with the laser blow-off technique. In these Alcator C-Mod EDA H-mode 
experiments the plasma is heated with ICRH (ITER-like electron dominant heating, no central 
particle source and low toroidal rotation), at low plasma currents (0.44 MA <Ip < 0.6 MA) so that 
plasma collisionality is low and density profiles have a similar peaking to that expected in ITER 
[89], as shown in Figure 23. 
The experimental results in Alcator C-Mod show that strong W density accumulation does not 
occur for these plasmas, despite the sizeable plasma density peaking, as shown in Figure 24 [90]. 
This is due to the dominance of neoclassical transport for W in the central plasma region and the 
favorable scale lengths of the density and temperature profiles provided by ICRH heating that 
ensure good screening of W in this region. These findings on the nature of W transport in the 
central plasma region and on its control by density and temperature gradients are in agreement 
with previous results of NBI heated plasmas [86]. However, the lack of a core source associated 
with the ICRH heating scheme in Alcator C-Mod leads to flat W profiles in the central plasma 
region despite the overall peaked ITER-like plasma density profiles, which is in contrast to 
observations in NBI heated plasmas in other tokamaks. Modelling for ITER Q = 10 plasmas 
(with the same physics basis found to describe Alcator C-Mod experimental results) shows that 
W behaviour in ITER is expected to be closer to that found in Alcator C-Mod (flat W profiles) 
than to other NBI heated experiments (peaked W profiles), despite the use of NBI heating in 
ITER. This is due to the high energy of ITER’s NBI (1 MeV) which provides a very low core 
particle source. When the plasma volume is taken into account, the fueling rate per unit volume 
in the central plasma of ITER provided by NBI is typically two to three orders of magnitude 
smaller than in present NBI heated dominated experiments. 
On the basis of the results obtained in the Alcator C-Mod experiments and in the corresponding 
modeling for ITER it is expected that W accumulation will not take place for reference Q = 10 
plasmas in ITER in spite of the moderate peaking of the plasma density profiles caused by 
anomalous transport. 
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Figure 23. Measurements of electron plasma density and electron and ion temperatures for ITER-like H-
mode plasmas in Alcator C-Mod (black PICRH = 1.5 MW and magenta PICRH = 3.0 MW). 
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Figure 24. Top) Measurements of the increased radiated and soft X-ray power densities (through a 50 m 
Be filter) following W LBO is an ITER-like Alcator C-Mod H-mode plasma. Bottom) Estimated W density 
from the radiated and soft X-ray power densities from the measured plasma density and temperature 
profiles and the expected radiation efficiency of W in these conditions. Full lines and dashed-lines 
correspond to estimates based on the different sets of atomic modeling data for the SXR emission. 
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7. Advanced Divertor eXperiment (ADX) 
The MIT PSFC and collaborators are proposing an advanced divertor experiment (ADX) – a 
tokamak specifically designed to address critical gaps in the world fusion research program on 
the pathway to a Fusion Nuclear Science Facility (FNSF) or Demonstration Power Plant 
(DEMO)[91]. ADX, a high field (6.5 tesla, 1.5 MA), high power density (P/S ~ 1.5 MW m-2) 
facility will test innovative divertor concepts for next-step DT fusion devices (e.g. FNSF, 
DEMO) at reactor-level boundary plasma pressures and parallel heat flux densities while 
producing high performance core plasma conditions. The experimental platform will also test 
advanced lower hybrid current drive (LHCD) and ion-cyclotron range of frequency (ICRF) 
actuators, and wave physics at the plasma densities and magnetic field strengths of a DEMO, 
with the unique ability to deploy launcher structures both on the low-magnetic-field side and the 
high-field side – a location where energetic plasma-material interactions can be controlled and 
wave physics is most favorable for efficient current drive, heating and flow drive [92]. This 
innovative experiment will perform plasma science and technology R&D necessary to inform the 
conceptual development and accelerate the readiness-for-deployment of FNSF/DEMO – in a 
timely manner, on a cost-effective research platform. ADX is envisioned as a key stepping stone 
along an accelerated fusion energy development pathway that utilizes high-field, high-
temperature, demountable super conducting magnetic technology to produce a compact, 
affordable, intrinsically stable pilot plant demonstration facility, as embodied in the ARC reactor 
design concept [93] – a tokamak designed to generate 270 MW of net electricity in a facility the 
size of JET. 

  
 

Figure 25 – Design concept for ADX: a high‐field, high power density, advanced divertor tokamak 
test facility and development platform for RF heating and current drive technologies. 
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Figure 26: Initial scoping of divertor configuration flexibility with a fixed poloidal field coil 
set. ADX could support testing different arrangements of divertor PF coils and vacuum 
geometries, including liquid metal target options. 

An initial design concept for an ADX is shown in Figure 25, which makes use of the 
demountable, high-field copper magnet technology developed for Alcator C-Mod, the extensive 
infrastructure at MIT that presently supports the C-Mod facility and takes advantage of MIT’s 
high-power LHCD and ICRF heating equipment and physics expertise, including the 
development of an advanced field-aligned antenna on the low-field side [94]. Using cryogenically 
cooled copper magnetics, the plasma pulse length in ADX is projected to be ~3 seconds at full 
performance and longer (~5 s) at reduced field and current. This pulse length is ideal – long 
enough to fully accommodate plasma transport, plasma-material interaction and current 
relaxation time scales for non-inductively driven current [95] but short enough to allow the use of 
inertially cooled first wall and divertor target components. State-of-the-art in-situ [66] and ex-situ 
PMI diagnostics can be employed to assess material erosion rates and PMI responses. Solutions 
identified in ADX can therefore be projected with confidence toward long-pulse operation. The 
overall footprint of ADX is similar to that of Alcator C-Mod, allowing the ‘domes’, horizontal 
magnet ‘arms’ and ‘wedge plates’ to be reused. The vertical height of toroidal field coils, central 
solenoid and outer support cylinder is increased by approximately 0.5 meters, providing space for 
a load-bearing vacuum vessel that contains PF coils needed for a variety of advanced divertor 
configurations (Figure 26), such as such as the X-divertor (XD)[96], snowflake (SF)[97], super-X 
divertor (SXD)[98] and X-point target divertor (XPT)[99]. 

Divertor plasma parameters: Recent experiments have found that the heat exhaust channel 
width (q) is independent of machine size and scales inversely with poloidal magnetic field 

strength [79]. This projects to q that is ~5 times smaller than originally planned for ITER and 
indicates that q// scales as ~ PSOLB/R, with PSOL being the total power entering the scrape-off 
layer (SOL). ADX’s combination of high field, high power and small major radius would 
produce B, PSOLB/R,q and q// values that are comparable to ITER. Should research find that q 
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departs from the multi-machine H-mode scaling and exhibits a scaling with major radius, then 
ADX would access divertor q// values that exceed projected values for ARIES reactor design 
studies [100] (e.g., ACT1, ACT2) and all other world tokamaks presently existing or being 
planned. 

7.1 High-field side LHCD: ADX will have the appropriate infrastructure built into its vacuum 
vessel (vacuum windows, waveguide structures) to test a variety of high-field side launcher 
designs. Wave coupling, current drive efficiency, heat load tolerance, PMI, and overall impurity 
behavior would be studied with an eye towards applicability for a reactor. Successful 
implementation of LHCD would also facilitate cutting-edge research on fully non-inductive 
scenarios in reactor grade plasmas with advanced divertor configurations. Figure 27 shows a 
conceptual design for a launcher placed below the inner wall midplane. Initial GENRAY 
modeling of ray trajectories (n// = 1.6, plasma parameters similar to a C-Mod I-mode target) is 
also shown. As anticipated, favorable ray trajectories and efficient off-axis current drive can be 
obtained. Simulations of LHCD comparing HFS versus LFS launch[64] for an FNSF-AT 
design[101] project to a 40% improvement in current drive efficiency with the ability to drive 
current inside r/a = 0.7. Inside launch is therefore a potential game-changer for attaining steady 
state tokamak reactor operation. Alcator C-Mod presently has the equipment and infrastructure 
needed to deliver 4 MW LHRF source power (4.6 GHz), which would be ideal for testing these 
ideas in ADX. 

 
Figure 27 – (left) Simplified conceptual design of a multi-junction high-field side LHCD launcher 
for ADX with customized ports for vacuum windows and in-vessel waveguides. GENRAY modeling 
with C-Mod plasma conditions (right) indicates excellent ray trajectories and enhanced current 
drive efficiency. 
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7.2 High-field side ICRF: Figure 28 shows a highly simplified conceptual design for a high-
field side ICRF antenna option in ADX. The vacuum vessel would be designed specifically to 
accommodate RF vacuum feedthroughs and internal striplines required for a multiple-strap ICRF 
antenna to be located on the inner wall. Initial full-wave modeling with the TORIC code projects 
to efficient heating (40% to electrons, 30% to H 1st harmonic, 30% to D 2nd harmonic). This 
mode conversion scenario (FW to IBW) has also been shown to provide efficient flow drive 
[102]. It is envisioned that ADX would test moderate-power (~2 MW) high-field side ICRF 
antenna concepts in a diverted tokamak for the first time and evaluate performance and scalability 
to reactor concepts (heating, flow drive, load tolerance, PMI, impurities). 
7.3 Core and pedestal parameters: Plasma performance and pedestal parameters are also 
expected to be similar to C-Mod, or better, due to the advanced divertor and enhanced RF 
systems – central temperatures exceeding 8 keV, equilibrated electrons and ions, regimes with 
low or no torque, and no fueling from external heating and current drive actuators. These 
conditions, combined with access to world-record volume-average plasma pressures (1.8 atm at 
5.4T in C-Mod [103]), are truly prototypical of a reactor and directly relevant to the development 
of high-field, compact reactor concepts [93].  While ADX is conceived primarily as a divertor 
and RF R&D test facility, it would facilitate cutting-edge research on integrated core, RF wave 
and divertor plasma physics. 
 
  

 
Figure 28 – (left) Vacuum feedthroughs, in-vessel strip-line feeds for a single-strap high-field ICRF 
antenna concept in ADX. TORIC modeling with a C-Mod plasma (electric field amplitude shown, 
right) indicates excellent RF absorption and good prospects for flow drive. 
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