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Abstract 

Alcator C-Mod is the third in a series of compact high-field tokamaks built and operated on the 

MIT campus, the first to incorporate advanced shaping and poloidal divertors. For most of its 23 

year operational history, C-Mod was the only diverted tokamak in the world program 

exclusively using all metal high-Z plasma facing components, and the only diverted tokamak 

able to operate at and above the magnetic field strength of ITER, and for many other burning 

plasma tokamak designs. The C-Mod facility also exclusively used RF waves for non-inductive 

heating and current drive, highly relevant to burning plasma applications and likely to be the 

main such tools in any commercial tokamak power reactor. A comprehensive summary of the 

key technical accomplishments from the C-Mod program is published in the review paper, M. 

Greenwald, et al., Phys. Plasmas 21(2014)110501. This final report contains a brief overview of 

those results, along with updates covering the final 3 years of operation, through September 

2016. Ongoing analysis and modeling based on the archive of Alcator C-Mod data continues to 

provide new results, and this can be expected to continue for many years to come. 
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Introduction 

Alcator C-Mod [Hutchinson, et al., Phys. Plasma 1(1994)1511, and Marmar, Fusion Sci. Technol 

51(2007)261] is a compact, high-field tokamak, whose unique design and operating parameters 

have produced a wealth of new and important results since it bagan ipeation in 1993, 

contributing data that extends tests of critical physical models into new parameter ranges, and 

into new regimes. Using only high-power radio frequency (RF) waves for heating and current 

drive, with innovative launching structures, C-Mod operated routinely at reactor level power 

densities and achieves plasma pressures higher than any other toroidal confinement device. C-

Mod spearheaded the development of the vertical-target divertor, and has always operated 

with high-Z metal plasma facing components --- approaches subsequently adopted for ITER and 

likely to be applied in any power-producing reactor. C-Mod has made ground-breaking 

discoveries in divertor physics and plasma-material interactions at reactor-like power and 

particle fluxes, and elucidated the critical role of cross-field transport in divertor operation, 

edge flows and the tokamak density limit. C-Mod developed the I-mode and the Enhanced 

DH-mode regimes, which have high performance without large edge localized modes, and 

with pedestal transport self-regulated by short-wavelength electromagnetic waves. C-Mod has 

carried out pioneering studies of intrinsic rotation and demonstrated that self-generated flow 

shear can be strong enough in some cases to significantly modify transport. C-Mod made the 

first quantitative ling between the pedestal temperature and the I-mode’s performance, 

showing that the observed self-similar temperature profiles were consistent with critical-

gradient-length theories, and followed up with quantitative tests of nonlinear gyrokinetic 

models. RF research highlights include direct experimental observation of ion cyclotron range of 

frequency (ICRF) mode-conversion. ICRF flow drive, demonstration of lower-hybrid current 

drive at ITER-ike densities and fields, and, using a set of novel diagnostics, extensive validation 

of advanced RF codes. Disruption studies on C-Mod provided the first observation of no-

axisymmetric halo currents, and non-axisymmetric radiation in mitigated disruptions. Details of 

nearly all these results can be found in the review paper, 20 years of research on the Alcator C-

Mod tokamak, M. Greenwald, et al., Phys, Plasmas 21(2014)110501. The balance of this final 

report summarizes updates and new results obtained subsequent to the publishing of that 

review paper, through to the end of the Cooperative Agreement. 
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Alcator C-Mod Facility and Engineering 
Alcator C-Mod was a compact, high-field tokamak, with an advanced divertor, molybdenum 

plasma facing components, and magnets inertially cooled with liquid nitrogen. Approval to begin 

the design of C-Mod was given in April of 1987, the first plasma discharges were obtained in 

October of 1992, and the final discharge was on September 30, 2016. C-Mod operated at a 

maximum toroidal field of 8.11 T and plasma current of 2.02 MA, but the engineering design 

was qualified for 9 T and 3 MA operation, with disruption field variation rates of 1 T/ms. These 

high fields and currents, together with the forces expected during full current disruptions, 

required novel engineering concepts to be developed throughout the design process. Toroidal 

field flat-tops of up to 3.9 s were obtained at 5 T, which was reduced to about 1 s at 8 T. The C-

Mod engineers, scientists and students pioneered in the design of high field tokamak magnets 

and extremely high current joints, the design of metal divertors and cryopumps, ICRF antennas 

and coupling structures, Lower Hybrid launchers, and a comprehensive array of advanced 

diagnostics designed to survive a very hostile environment. A picture of some of these 

components is shown in figure 1. A table of achieved and design parameters is shown in Table I. 

Alcator C-Mod produced over 35,000 plasma discharges with a startup reliability of 80%. The 

engineering reliability, as defined by all systems operating properly during the plasma attempt, 

was over 96%. These excellent engineering statistics would not have been possible without the 

hard work and dedication of a remarkable technical staff. 

During its last plasma operation day Alcator C-Mod broke its own world’s record volume 

average plasma pressure, achieving 0.207 MPa. We expect this record to stand for at least seven 

years. 

  



 

5 
Final Report: DOE-MIT-54512 29 June 2018 

 

  

 

Figure 1.  In-vessel picture showing from left to right  the C-Mod inner molybdenum wall and lower divertor, the 

lower hybrid launcher, and one of three ICRF antennas. 
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TABLE I 

Major Machine Parameters for Alcator C-Mod 

Major Radius (m) 0.68 

Minor Radius (m) 0.21 

Maximum Elongation 1.85 

Maximum Triangularity 0.85 

Maximum Toroidal Field (T) 8.11 (9 T design) 

Maximum Plasma Current (MA)  2.02 (3 MA design) 

Plasma Volume (m3) 1 

Maximum Discharge Length (s) <5 

Maximum Stored Plasma Energy (kJ) 250 

Vessel Volume (m3) 4 

Highest Plasma Pressure (MPa) 0.207 

TMP Pumping Speed N2 (l/s) 2000 

Effective Pumping Speed N2 (l/s) 500 

Ohmic Heating Power (MW) 2.7 

ICRF Source Power (MW) 8 

Lower Hybrid Source Power (MW) 3 

Peak Available Utility Power (MVA) 32 

Peak Extracted Power Alternator/Flywheel (MVA) 400 design 

Total Stored Energy Alternator/Flywheel (GJ) 2 
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Core Transport Physics 

Recent core transport activity has focused on multi-scale turbulence interactions, the indluence 

of trapped electron modes on core energy transport, the LOC/SOC transition, understanding I-

mode, intrinsic rotation, impurity transport, fluctuation diagnostics, stiffness/critical gradients 

and uncertainty quantification. At least 32 papers on these topics have been published.  

Multi-scale turbulence: multi-scale gyrokinetic simulations that capture ion and electron scale 

turbulence simultaneously have revealed the dynamics of cross scale energy transfer and zonal 

flow modification that give rise to heat losses. These computationally expensive simulations 

have provided a likely explanation for the great unsolved problem of electron heat loss in 

tokamak plasmas. 

Trapped Electron Modes: Density gradient driven trapped electron modes were found to 

dominate inner core transport in moderately peaked H-mode plasmas in both C Mod and DIII-D, 

allowing local control of density peaking with electron heating. Gyrokinetic simulations 

reproduce the particle, electron thermal, and ion thermal energy fluxes in the experiments 

within measurement uncertainty in both Alcator C-Mod and DIII-D. Nonlinear gyrokinetic 

simulations using GS2, carried out for Alcator C-Mod experiments, revealed that the effective 

critical density gradient above which TEM turbulent transport becomes stiff lies well above the 

linear threshold for instability at high collisionality. This non-linear upshift in the Trapped 

Electron Mode (TEM) critical density gradient is associated with zonal flow dominated states, 

and increases strongly with collisionality. Alcator C-Mod experiments are consistent with this 

prediction – the H-mode ITB density gradient is effectively limited by the TEM nonlinear critical 

density gradient during on-axis heating, which arrests density peaking as it increases with time.  

The LOC/SOC transition: Several phenomenological transformations occur at the LOC/SOC 

transition- rotation reversals, ‘non-local’ cutoff and turbulence changes. The disappearance of 

measured electron temperature fluctuations in going from LOC to SOC has been captured in 

gyrokinetic simulations. The ‘non-local’ cutoff in cold pulse propagation can be explained 

without invoking non-local effects.  

Understanding I-mode: Long wavelength density and temperature fluctuations in the core are 

found to decrease significantly at the L- to I-mode transition. Non-linear gyrokinetic simulations 

suggest that ExB shearing and increased profile stiffness are responsible for the reduction in 

turbulence. 

Intrinsic rotation: The magnitude and scaling of intrinsic toroidal rotation in H- and I-mode 

plasmas agrees with the predictions of a fluctuation entropy balance model which gives a Mach 

number proportional to *. In plasmas with LHCD, the direction of the rotation depends upon 

the value of q0, with co-current rotation see in discharges with significant current drive. In L-

mode plasmas, rotation reversals cannot be due to changes in electron kinetic profile second 

derivatives.  
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Impurity transport: Impurity confinement has been characterized in L-, I- and H-mode plasmas, 

with the confinement time proportional to the pedestal density gradient across all regimes. The 

insensitivity of impurity transport to rotation profile shape in ICRF heated L-mode plasmas is 

captured in gyrokinetic simulations. 

Temperature and density fluctuation diagnostic development: A CECE diagnostics has been 

built for C-Mod enabling measurement of spatially localized electron temperature fluctuations, 

for direct comparison to gyrokinetic simulations. In addition, a fast TCI diagnostic has been 

fabricated for looking at long wavelength density fluctuations. 

Stiffness/critical gradients: Electron temperature profile stiffness has been explored by two 

different methods- analyzing heat pulse propagation by use of partial sawteeth and by using 

magnetic field jogs to sweep the radial coverage of ECE. Comparison with gyrokinetic 

simulations suggests that ETG mode turbulence is important in determining the electron 

temperature profile shape. 

Uncertainty quantification: Gaussian process regression has been used to obtain rigorous error 

bars in kinetic profiles, including gradients and 2nd derivatives, with a variety of applications. 
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Pedestal Physics, Confinement Transitions and access to I- and H-mode 

C-Mod experiments have explored access to H-mode and I-mode at magnetic fields approaching 8T, the 

highest field achieved to date in a diverted tokamak. Results at up to 8 T confirm that the L–I power threshold 

varies only weakly with field, and that the power range for I-mode increases with field; Conditions for I–H 

transitions have complex dependences on density as well as power. Changes in turbulence in the pedestal 

region accompany the transition from L-mode to I-mode. 

 
Hubbard, A; Baek, SG; Brunner, D; Creely, A; Cziegler, I; Edlund, E; Hughes, J; LaBombard, B; Lin, Y; Liu, Z; Marmar, E; 

Reinke, M; Rice, J; Sorbom, B; Sung, C; Terry, J; Theiler, C; Tolman, E; Walk, J; White, A; Whyte, D; Wolfe, S; Wukitch, S; 

Xu, X; “Physics and performance of the I-mode regime over an expanded operating space on Alcator C-Mod” Nuclear Fusion, 

57 (12) 126039 (2017). https://doi.org/10.1088/1741-4326/aa8570 

 

Hubbard, AE; Osborne, T; Ryter, F; Austin, M; Barrera Orte, L; Churchill, RM; Cziegler, I; Fenstermacher, M; Fischer, R; 

Gerhardt, S; Groebner, R; Gohil, P; Happel, T; Hughes, JW; Loarte, A; Maingi, R; Manz, P; Marinoni, A; Marmar, ES; 

McDermott, RM; McKee, G; Rhodes, TL; Rice, JE; Schmitz, L; Theiler, C; Viezzer, E; Walk, JR; White, A; Whyte, D; Wolfe, S; 

Wolfrum, E; Yan, Z; Alcator C-Mod, ASDEX Upgrade and DIII-D Teams; “Multi-device studies of pedestal physics and 

confinement in the I-mode regime” Nuclear Fusion 56 (8) 086003 (2016). http://dx.doi.org/10.1088/0029-5515/56/8/086003 

 

L-H transition studies have allowed extended evaluation of the ITPA scaling law for H-mode power 

threshold, and insight into the density dependence of the threshold at high magnetic field. Analysis of C-

Mod data extends a result previously found on ASDEX Upgrade: the edge ion heat flux at the L-H 

transition is found to increase linearly with density. Furthermore, the Alcator C-Mod data indicate that the 

edge ion heat flux at the L-H transition also increases with magnetic field. Combining the data from 

Alcator C-Mod and ASDEX Upgrade yields a general expression for the edge ion heat flux at the L-H 

transition, which compares favorably to the ITPA scaling law at high density.  

 
Tolman, EA; Hughes, JW; Wolfe, SM; Wukitch, SJ; LaBombard, B; Hubbard, AE; Marmar, ES; Snyder, PB; Schmidtmayr, M; 

“Influence of High Magnetic Field on Access to Stationary H-modes and Pedestal Characteristics in Alcator C-Mod" Nuclear 

Fusion, 58 (4) 046004 (2018). https://doi.org/10.1088/1741-4326/aaa8cc 

 

Schmidtmayr, M; Hughes, JW; Ryter, F; Wolfrum, E; Cao, N; Creely, A; Howard, N; Hubbard, A; Lin, Y; Reinke, M; Rice, J; 

Tolman, E; Wukitch, S; Ma, Y; “Investigation of the critical edge ion heat flux for L-H transitions in Alcator C-Mod and its 

dependence on BT” Nuclear Fusion, 58 (5) 056003 (2018). https://doi.org/10.1088/1741-4326/aaaed0  

 

Helium majority experiments were performed to compare with deuterium discharges, and inform ITER 

early operations. The power to access ELMy H-mode in He was found to be greater than ~2 times that for 

D discharges, in the low density region  <1.4  ×  1020/m3. However, it appeared to follow the D threshold 

for higher densities.  

 
Kessel, CE; Wolfe, SM; Reinke, ML; Hughes, JW; Lin, Y; Wukitch, SJ; Baek, SG; Bonoli, PT; Chilenski, M; Diallo, A; Alcator 

C-Mod Team; “Helium Experiments on Alcator C-Mod in Support of ITER Early Operations” Nuclear Fusion, 58 (5) 056007. 

https://doi.org/10.1088/1741-4326/aab1b7  

 

C-Mod research contributes to a growing body of research on multiple experiments, and from numerical 

simulation, pointing to a picture of the L-H transition in which edge shear flows interacting with edge 

turbulence create the conditions needed to produce a non-zero turbulent Reynolds stress at and just inside 

the LCFS during L-mode discharges. The dynamics of transitions between confinement regimes have 

been studied on C-Mod using gas-puff-imaging, with a focus on the interaction between the edge drift-

turbulence and the local shear flow. A key finding is that both the drive for edge zonal flow and the initial 

reduction of turbulence fluctuation power are consistent with a lossless kinetic energy conversion 

mechanism, which consequently mediates the transition into H-mode. The nonlinear drives involved in 

these processes were evaluated experimentally over a range of values of the plasma current, density and 

auxiliary heating, in order to establish parametric dependences which might lead to predictive capability. 

C-Mod L-mode data have been used as the basis for simulations with the gyrokinetic particle-in-cell code 

https://doi.org/10.1088/1741-4326/aa8570
http://dx.doi.org/10.1088/0029-5515/56/8/086003
https://doi.org/10.1088/1741-4326/aaa8cc
https://doi.org/10.1088/1741-4326/aaaed0
https://doi.org/10.1088/1741-4326/aab1b7
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XGC1, which purport to observe an edge confinement mode transition with turbulence and flow changes 

qualitatively similar to experiment. 

 
Cziegler, I; Tynan, GR; Diamond, PH; Hubbard, AE; Hughes, JW; Irby, J; Terry, JL; “Zonal flow production in the L-H 

transition in Alcator C-Mod” Plasma Physics and Controlled Fusion 56 (7) 075013 (2014). http://dx.doi.org/10.1088/0741-

3335/56/7/075013 

 

Cziegler, I; Tynan, GR; Diamond, PH; Hubbard, AE; Hughes, JW; Irby, J; Terry, JL; “Nonlinear transfer in heated L-modes 

approaching the L-H transition threshold in Alcator C-Mod” Nuclear Fusion 55 (8) 083007 (2015). 

http://dx.doi.org/10.1088/0029-5515/55/8/083007 

 

Tynan, GR; Cziegler, I; Diamond, PH; Malkov, M; Hubbard, A; Hughes, JW; Terry, JL; Irby, JH; “Recent progress towards a 

physics-based understanding of the H-mode transition” Plasma Physics and Controlled Fusion 58 (4) 044003 (2016). 

http://dx.doi.org/10.1088/0741-3335/58/4/044003 

 

Chang, CS; Ku, S; Tynan, GR; Hager, R; Churchill, RM; Cziegler, I; Greenwald, M; Hubbard, AE; Hughes, JW; “A fast low-to-

high confinement mode bifurcation dynamics in a tokamak edge plasma 

gyrokinetic simulation” Physical Review Letters 118 (17) 175001 (2017). https://doi.org/10.1103/PhysRevLett.118.175001 

 

Ku, SH; Chang, CS; Hager, R; Churchill, RM; Tynan, G; Cziegler, I; Greenwald, M; Hughes, J; Parker, S; Adams, M; 

D'Azevedo, E; Worley, P; “A fast low-to-high confinement mode bifurcation dynamics in the boundary-plasma gyrokinetic code 

XGC1” Physics of Plasmas, 25 (5) 056107 (2018). https://doi.org/10.1063/1.5020792  

 

I-mode pedestal 

I-mode is an ELM-free regime features high energy confinement and a steep temperature pedestal, while 

particle confinement remains at L-mode levels, giving stationary density and avoiding impurity 

accumulation. I-mode has now been obtained over nearly all of the magnetic fields and currents possible 

on C-Mod (Ip 0.55–1.7 MA, Bt 2.8–8 T). I-modes have been maintained in near-DN configurations, 

leading to improved divertor power flux sharing. Joint ITPA studies with ASDEX Upgrade and DIII-D 

accessed I-mode over a wide range of device parameters and pedestal conditions. Pedestals are stable to 

peeling–ballooning modes, consistent with lack of ELMs. Access to I-mode is independent of heating 

method (neutral beam injection, ion cyclotron and/or electron cyclotron resonance heating). Normalized 

energy confinement H 98,y2  ≥  1 has been achieved for a range of 3  ≤  q 95  ≤  4.9 and scales favorably 

with power. Core transport simulations are giving insight into the observed turbulence reduction, profile 

stiffness and confinement improvement. Gas puff imaging (GPI) and gas puff charge exchange 

recombination spectroscopy (GP-CXRS) were used to localize two I-mode features, a weakly coherent 

mode (WCM) and a putative geodesic acoustic mode, to the outer shear layer of the radial electric field 

(Er) well. This results in a weak plasma frame phase velocity mostly along the electron diamagnetic drift 

direction for the WCM. Using C-Mod experimental data as simulation input, the weakly coherent mode 

(WCM) in the edge of I-mode has been studied by a six-field two-fluid model based on the Braginskii 

equations under the BOUT++ framework. The WCM simulation shows some similarities to the 

experimental features of the mode, and indicates that free energy for the fluctuations is mainly provided 

by the electron pressure gradient. 

 

 
Hubbard, AE; Osborne, T; Ryter, F; Austin, M; Barrera Orte, L; Churchill, RM; Cziegler, I; Fenstermacher, M; Fischer, R; 

Gerhardt, S; Groebner, R; Gohil, P; Happel, T; Hughes, JW; Loarte, A; Maingi, R; Manz, P; Marinoni, A; Marmar, ES; 

McDermott, RM; McKee, G; Rhodes, TL; Rice, JE; Schmitz, L; Theiler, C; Viezzer, E; Walk, JR; White, A; Whyte, D; Wolfe, S; 

Wolfrum, E; Yan, Z; Alcator C-Mod, ASDEX Upgrade and DIII-D Teams; “Multi-device studies of pedestal physics and 

confinement in the I-mode regime” Nuclear Fusion 56 (8) 086003 (2016). http://dx.doi.org/10.1088/0029-5515/56/8/086003 

 

Hubbard, A; Baek, SG; Brunner, D; Creely, A; Cziegler, I; Edlund, E; Hughes, J; LaBombard, B; Lin, Y; Liu, Z; Marmar, E; 

Reinke, M; Rice, J; Sorbom, B; Sung, C; Terry, J; Theiler, C; Tolman, E; Walk, J; White, A; Whyte, D; Wolfe, S; Wukitch, S; 

Xu, X; “Physics and performance of the I-mode regime over an expanded operating space on Alcator C-Mod” Nuclear Fusion, 

57 (12) 126039 (2017). https://doi.org/10.1088/1741-4326/aa8570 

http://dx.doi.org/10.1088/0741-3335/56/7/075013
http://dx.doi.org/10.1088/0741-3335/56/7/075013
http://dx.doi.org/10.1088/0029-5515/55/8/083007
http://dx.doi.org/10.1088/0741-3335/58/4/044003
https://doi.org/10.1103/PhysRevLett.118.175001
https://doi.org/10.1063/1.5020792
http://dx.doi.org/10.1088/0029-5515/56/8/086003
https://doi.org/10.1088/1741-4326/aa8570
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Walk, JR; Hughes, JW; Hubbard, AE; Terry, JL; Whyte, DG; White, AE; Baek, SG; Reinke, ML; Theiler, C; Churchill, RM; 

Rice, JE; Snyder, PB; Osborne, T; Dominguez, A; Cziegler, I; “Edge-localized mode avoidance and pedestal structure in I-mode 

plasmas” Physics of Plasmas 21 (5) 056103 (2014). http://dx.doi.org/10.1063/1.4872220 

 

Theiler, C; Terry, JL, Edlund, E; Cziegler, I; Churchill, RM; Hughes, JW; LaBombard, B; Golfinopoulos, T; Alcator C-Mod 

Team; “Radial localization of edge modes in Alcator C-Mod pedestals using optical diagnostics” Plasma Physics and Controlled 

Fusion 59 (2) 025016 (2017). http://dx.doi.org/10.1088/1361-6587/aa52e5 
Liu, ZX; Xu, X; Gao, X; Hubbard, A; Hughes, J; Walk, J; Theiler, C; Xia, TY; Baek, SG; Golfinopoulos, T; Whyte, D; Zhang, T; 

Li, JG; “The physics mechanisms of the weakly coherent mode in the Alcator C-Mod Tokamak” Physics of Plasmas 23 (12) 

120703 (2016). http://dx.doi.org/10.1063/1.4972088 
 

 

H-mode pedestal regulation mechanisms 

Most high confinement operation on C-Mod utilized ELM-stabilized regimes (e.g. EDA H-mode and I-

mode) with pedestals regulated by turbulent transport. Dedicated experiments have sought to characterize 

these modes, including their localization in minor radius. GPI and GP-CXRS were used to localize the 

quasi-coherent mode (QCM) in EDA H-mode to the position of minimum Er to propagate along the ion 

diamagnetic drift direction in the plasma frame. However, a contrasting finding was obtained from probe 

measurements in ohmic EDA H-mode, in which the QCM was identified as an electron drift-wave located 

outside the Er well in a region of positive Er.  

 
Theiler, C; Terry, JL, Edlund, E; Cziegler, I; Churchill, RM; Hughes, JW; LaBombard, B; Golfinopoulos, T; Alcator C-Mod 

Team; “Radial localization of edge modes in Alcator C-Mod pedestals using optical diagnostics” Plasma Physics and Controlled 

Fusion 59 (2) 025016 (2017). http://dx.doi.org/10.1088/1361-6587/aa52e5 

 

LaBombard, Brian; Golfinopoulos, T; Terry, JL; Brunner, D; Davis, E; Greenwald, M; Hughes, JW; Alcator C-Mod Team; “New 

insights on boundary plasma turbulence and the quasi-coherent mode in Alcator C-Mod using a Mirror Langmuir Probe” Physics 

of Plasmas 21 (5) 056108 (2014). http://dx.doi.org/10.1063/1.4873918 

 

The Shoelace antenna was built to drive edge fluctuations in the Alcator C-Mod tokamak, matching the 

wavenumber and frequency of the QCM, which is responsible for regulating transport across the plasma 

boundary in EDA H-mode. In 2016, the Shoelace antenna was located such that its driven transport could 

be measured directly by a reciprocating Mirror Langmuir Probe, while also making available gas puff 

imaging and reflectometer data to provide additional radial localization of the driven fluctuation. Analysis 

determines a ~4 mm-wide mode layer centered on or just outside the separatrix. A modest radial electron 

flux is inferred to accompany fluctuations coherent with the antenna. Plasma response to the antenna is 

stronger in EDA H-mode than in ELM-free H-modes without an intrinsic QCM. 

 
Golfinopoulos, T; LaBombard, B; Brunner, D; Terry, JL; Baek, SG; Ennever, P; Edlund, E; Han, W; Burke, WM; Wolfe, SM; 

Irby, JH; Hughes, JW; Fitzgerald, EW; Granetz, RS; Greenwald, MJ; Leccacorvi, R; Marmar, ES; Pierson, SZ; Porkolab, M; 

Vieira, RF; Wukitch, SJ; Alcator C-Mod Team; “Edge Transport and Mode Structure of a QCM-Like Fluctuation Driven by the 

Shoelace Antenna” Nuclear Fusion, 58 (5) 056018 (2018). https://doi.org/10.1088/1741-4326/aab2c8  

 

C-Mod identified some of the earliest direct evidence of density and magnetic fluctuations showing the 

stiff onset of an edge instability leading to the saturation of the pedestal between ELMs. These were part 

of dedicated experiments meant to test a key hypothesis of the EPED model, namely the existence of a 

soft limit set by microinstabilities such as the kinetic ballooning mode. Edge stability analyses indicated 

that the pedestal is unstable to both ballooning mode and kinetic ballooning mode in agreement with 

observations. The high-fidelity BOUT++ two-fluid code suite was used to simulate the observed quasi-

coherent fluctuations (QCFs) noted between ELMs on C-Mod.  Simulated QCFs are localized in the 

pedestal region having a predominant frequency at f≃300−400 kHz and poloidal wavenumber at 

kθ≃0.7 cm−1, and propagate in the electron diamagnetic direction in the laboratory frame. The overall 

signatures of simulation results for QCFs show good agreement with measurements.  

http://dx.doi.org/10.1063/1.4872220
http://dx.doi.org/10.1088/1361-6587/aa52e5
http://dx.doi.org/10.1063/1.4972088
http://dx.doi.org/10.1088/1361-6587/aa52e5
http://dx.doi.org/10.1063/1.4873918
https://doi.org/10.1088/1741-4326/aab2c8
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Diallo, A; Hughes, JW; Greenwald, M; LaBombard, B; Davis, E; Baek, SG; Theiler, C; Snyder, P; Canik, J; Walk, J; 

Golfinopoulos, T; Terry, J; Churchill, M; Hubbard, A; Porkolab, M; Delgado-Aparicio, L; Reinke, ML; White, A; Alcator C-

Mod team; “Observation of edge instability limiting the pedestal growth in tokamak plasmas” Physical Review Letters 112 (11) 

115001 (2014). http://dx.doi.org/10.1103/PhysRevLett.112.115001 

 

Diallo, A; Hughes, JW; Baek, SG; LaBombard, B; Terry, J; Cziegler, I; Hubbard, A; Davis, E; Walk, J; Delgado-Aparicio, L; 

Reinke, ML; Theiler, C; Churchill, RM; Edlund, EM; Canik, J; Snyder, P; Greenwald, M; White, A; Alcator C-Mod Team; 

“Quasi-coherent fluctuations limiting the pedestal growth on Alcator C-Mod: experiment and modeling” Nuclear Fusion 55 (5) 

053003 (2015). http://dx.doi.org/10.1088/0029-5515/55/5/053003 

 
Xu, XQ; Xia, TY; Yan, N; Liu, ZX; Kong, DF; Diallo, A; Groebner, RJ; Hubbard, AE; Hughes, JW; “Toward integrated multi-

scale pedestal simulations including edge-localized-mode dynamics, evolution of edge-localized-mode cycles, and continuous 

fluctuations” Physics of Plasmas 23 (5) 055901 (2016). http://dx.doi.org/10.1063/1.4948283 

 

 

H-mode Pedestal structure 

Experiments on the Alcator C-Mod tokamak have utilized reactor-relevant magnetic fields to sustain 

substantially higher pedestal pressure than in other devices and allow close approach to the ITER H-mode 

baseline target pedestal pressure of 90 kPa. The EDA H-mode at high power has approached the pedestal 

predicted by EPED, and has given rise to volume-averaged core plasma pressure in excess of 0.2MPa, a 

world record value for a magnetic fusion device. Another approach to achieving high pressure utilizes a 

pedestal limited by current-driven modes at low collisionality, in which pressure increases with density 

and which allows access to a higher EPED solution, termed "super-H". C-Mod experiments accessed this 

regime, producing pedestals with pressures up to 80kPa (approximately 90% of the ITER target) and 

temperatures of nearly 2 keV.  

 
Hughes, JW; Snyder, P; Reinke, M; LaBombard, B; Mordijck, S; Scott, S; Tolman, E; Golfinopoulos, T; Hubbard, AE; Marmar, 

E; Rice, J; White, A; Whyte, D; Wilks, T; Wolfe, S; “Access to pedestal pressure relevant to burning plasmas on the high 

magnetic field tokamak Alcator C-Mod” Nuclear Fusion, accepted. https://doi.org/10.1088/1741-4326/aabc8a  

 

All three types of H-mode routinely observed at lower magnetic field on C-Mod have been extended 

toroidal field operation near 8T: EDA H-mode, nonstationary ELM-free regime, and H-mode. The 

parameter space in which these regimes occur at 7.8 T is consistent with lower magnetic field experience. 

Pressure pedestal height at 7.8 T was compared favorably to EPED model predictions. A scaling law for 

EDA density pedestal height developed between 4.5 T and 6.0 T was updated to include fields from 2.7 T 

to 7.8 T.  

 
Tolman, EA; Hughes, JW; Wolfe, SM; Wukitch, SJ; LaBombard, B; Hubbard, AE; Marmar, ES; Snyder, PB; Schmidtmayr, M; 

“Influence of High Magnetic Field on Access to Stationary H-modes and Pedestal Characteristics in Alcator C-Mod" Nuclear 

Fusion, 58 (4) 046004 (2018). https://doi.org/10.1088/1741-4326/aaa8cc 

 

Inboard (HFS) and outboard (LFS) radial electric field (Er) and impurity temperature (Tz) were measured 

in the I-mode and H-mode pedestal of C-Mod. Comparison of HFS and LFS profiles indicates that 

impurity temperature and plasma potential are not simultaneously flux functions. A technique based on 

total pressure conservation to align profiles measured at separate poloidal locations can be applied, an 

approach supported by theoretical considerations, as well as gyrokinetic neoclassical simulations. Since 

impurity density asymmetries are only present in plasmas with strong electron density gradients, and 

radial transport timescales become comparable to parallel transport timescales in the pedestal region, it is 

suggested that global transport effects relating to the strong electron density gradients in the pedestal are 

the main driver for the pedestal in-out impurity density asymmetry. 

 

http://dx.doi.org/10.1103/PhysRevLett.112.115001
http://dx.doi.org/10.1088/0029-5515/55/5/053003
http://dx.doi.org/10.1063/1.4948283
https://doi.org/10.1088/1741-4326/aabc8a
https://doi.org/10.1088/1741-4326/aaa8cc
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Theiler, C; Churchill, RM; Lipschultz, B; Landreman, M; Ernst, DR; Hughes, JW; Catto, PJ; Parra, FI; Hutchinson, IH; Reinke, 

ML; Hubbard, AE; Marmar, ES; Terry, J; Walk, JR; Alcator C-Mod Team; “Inboard and outboard radial electric field wells in 

the H-and I-mode pedestal of Alcator C-Mod and poloidal variations of impurity temperature” Nuclear Fusion 54 (8) 083017 

(2014). http://dx.doi.org/10.1088/0029-5515/54/8/083017 

 

Churchill, RM; Theiler, C; Lipschultz, B; Hutchinson, IH; Reinke, ML; Whyte, D; Hughes, JW; Catto, P; Landreman, M; Ernst, 

D; Chang, CS; Hager, R; Hubbard, A; Ennever, P; Walk, JR; Alcator C-Mod Team; “Poloidal asymmetries in edge transport 

barriers” Physics of Plasmas 22 (5) 056104 (2015). http://dx.doi.org/10.1063/1.4918353 

 

 

Pedestal modification by auxiliary means 

Injecting Lower Hybrid Range of Frequency (LHRF) waves into Alcator C-Mod's high-density H-mode 

plasmas has led to enhanced global energy confinement by increasing pedestal temperature and pressure 

gradients, decreasing the separatrix density, modifying the pedestal radial electric field and rotation, and 

decreasing edge turbulence. The LHRF power appears to be deposited in plasma boundary region, with a 

large fraction of the injected power increment appearing promptly on the outer divertor target. There is no 

evidence that the LH waves are driving current in these plasmas. The LHRF-actuated improvements are 

well correlated with suppressed pedestal density fluctuations in the 100–300 kHz range. There is also a 

correlation between the improved confinement and a drop in separatrix density, a correlation that is 

consistent with previous H-mode results with no LHRF. 

 
Terry, JL; Reinke, ML; Hughes, JW; LaBombard, B; Theiler, C; Wallace, GM; Baek, SG; Brunner, D; Churchill, RM; Edlund, 

E; Ennever, P; Faust, I; Golfinopoulos, T; Greenwald, M; Hubbard, AE: Irby, J; Lin, Y; Parker, RR; Rice, JE; Shiraiwa, S; Walk, 

JR; Wukitch, SJ; Xu, P; C-Mod Team; “Improved confinement in high-density H-modes via modification of the plasma 

boundary with lower hybrid waves” Physics of Plasmas 22 (5) 056114 (2015). http://dx.doi.org/10.1063/1.4920964 

  

http://dx.doi.org/10.1088/0029-5515/54/8/083017
http://dx.doi.org/10.1063/1.4918353
http://dx.doi.org/10.1063/1.4920964
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Boundary Plasma Research 

As summarized in the 2014 review of Alcator C-Mod research, “20 years of research on the Alcator C-Mod 

tokamak”, M. Greenwald et al., Phys. Plasmas 21 (2014) 110501 [1], boundary plasma research on Alcator 

C-Mod has been highly successful; it has uncovered key edge and divertor physics phenomena in reactor-

relevant regimes, pioneered divertor research in preparation for ITER and produced seminal results and 

insights in many areas. Alcator C-Mod experiments performed more recently (FY14, FY15 and FY16) have 

continued to produce high quality data and high impact results, and through on-going analysis, will likely 

produce much more. This section briefly summarizes research activities and key results that have been 

obtained as a result of experiments performed during the last three years of C-Mod operations and from 

subsequent and on-going data analyses. 

Scrape-off Layer Heat Flux Widths 

The physics that controls the scrape-off layer heat flux widths under a variety of conditions (H-mode, L-

mode, I-mode, inner-wall limited L-mode) was a major research thrust for Alcator C-Mod during the FY14-

FY16 run campaigns. Experiments made use of the extensive suite of divertor heat flux diagnostics, 

originally developed to support the 2010 Joint Research Target [2], combined with new high-resolution 

divertor ‘Rail probe’ diagnostic [3], a new method for direct feedback control of divertor nitrogen seeding 

[4], and exploiting the newly developed Mirror Langmuir Probe (MLP) technique [5] coupled with an 

advanced, self-adaptive, scanning probe driver [6]. The research was targeted to address an ITER urgent 

need to understand heat flux widths in inner-wall limited startup plasmas (2014), support the 2017 Joint 

Research Target on dissipative and advanced divertor research and to extend the heat flux width database 

to poloidal magnetic fields above 1.2 tesla. 

 Inner Wall Limited SOL physics 

Support of ITER urgent need [7] 

The inboard limiters for ITER were initially designed on the assumption that the parallel heat flux density 

in the scrape-off layer (SOL) could be approximated by a single exponential with decay length q. This 

assumption was found not to be adequate in 2012, when infra-red (IR) thermography measurements on 

the inner column during JET limiter discharges clearly revealed the presence of a narrow heat flux channel 

adjacent to the last closed flux surface. A multi-machine study involving the C-Mod, COMPASS, DIII-D and 

TCV tokamaks, employing inner wall IR measurements and/or inner wall reciprocating probes, was 

initiated to investigate the narrow limiter SOL heat flux channel. Alcator C-Mod contributed key data to 

this effort [7-9], utilizing its new MLP scanning probe system to provide high-resolution SOL profile 

measurements.  

SOL Turbulence Simulations 

In addition to providing information on heat flux widths, a wealth of SOL turbulence data were obtained 

from MLP and gas-puff imaging (GPI) diagnostics during this study of inner-wall limited plasmas. These 

have proven extremely valuable to test first-principles plasma turbulence simulation codes. Turbulence 

simulations of these C-Mod discharges were performed by collaborators at the Swiss Plasma Center using 

the GBS code [10], examining the role of ExB flow shear and by Dartmouth collaborations [11] using the 

GBD code. Most recently, there is strong interest in using these data to performing validation studies of 

the newly developed gyrokinetic Gkeyll code (Greg Hammett). 
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Heat Flux Widths at High Poloidal Magnetic Field; 2017 JRT 

A major focus of the final experimental campaigns on Alcator C-Mod was to characterize the heat flux 

width, q, over a wide range of conditions, utilizing a unique array of heat flux sensors with unprecedented 

spatial resolution and heat flux dynamic range. Analysis of these data was performed in part to support 

the 2017 Joint Research Target. A major finding is that the inverse poloidal heat flux width scaling was 

found to extend up to Bp~1.3 T in H-mode. These findings will be reported at the 2018 Plasma Surface 

Interaction Conference as well as published in Nuclear Fusion. These data will also be shared with 

modelers to test first-principles turbulence code predictions, such as from the XGC1 and BOUT++ 

simulation codes, extending work that has been done previously [12, 13]. Another area of focus was an 

examination of the power sharing among divertors as the magnetic topology is varied from single-null to 

balanced double null [14]. It was found that power sharing amongst the outer (upper versus lower) and 

inner (upper versus lower) pairs of divertors can be described in terms of a logistic function of magnetic 

flux balance, consistent with heat flux mapping along magnetic field lines to the outer midplane. The 

overall behavior of H-modes operated near double null and for I-modes operating to within one heat flux 

e-folding of double null were found similar to Ohmic L-modes, with a significant reduction of power on 

the inner divertor legs. In addition, heat flux footprints and power e-folding widths, q, on the inner 

divertor in I-modes were explored in I-modes, and will be reported at the upcoming 2018 Plasma Surface 

Interaction Conference. It is found that these q are slightly larger than those obtained on the outer 

divertor but similarly tend to follow an inverse scaling with poloidal magnetic field strength. 

 

Influence of Divertor N2 Seeding on SOL Heat Flux Widths; 2017 JRT 

The effect of divertor nitrogen seeding on scrape-off layer heat flux widths was explored during the FY15 

and FY16 run campaigns making use of a new feedback control technique to inject nitrogen in the C-Mod 

divertor [4]. Data analysis was performed as part of the 2017 JRT and will be reported at the upcoming 

2018 Plasma Surface Interaction Conference. It is found that the SOL power e-folding width is robustly 

insensitive to divertor conditions, spanning the range of sheath-limited to high-recycling to near detached 

conditions with parallel at the divertor target varying by a factor of ~10. These results challenge the idea 

that divertor conditions affect plasma turbulence and transport ‘upstream’ (and thus q) and have 

important implications for the use of advanced divertor configurations, such a long-leg divertors. 

Diagnostic Development 

The seminal results from Alcator C-Mod were made possible in large part due to the development and 

use of advanced plasma diagnostics. The Alcator team has continued and is still continuing to make 

fundamental contributions in this area, as highlighted by in following research reports. 

Multispectral imaging – tests on C-Mod, deployment on TCV [15] 

The goal of Multi-Spectral Imaging (MSI) is to capture simultaneous spectrally filtered images from a 

common sight view (e.g. divertor region) while maintaining a large etendue and high spatial resolution. A 

four-wavelength system was successfully installed and tested on Alcator C-Mod and is presently relocated 

to TCV for further development and for divertor physics experiments. 

Divertor “Rail” Langmuir Probes [3, 16] 
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An array of flush-mounted and toroidally elongated Langmuir probes (rail probes) was specifically 

designed for the Alcator C-Mod’s vertical target plate divertor and operated over multiple campaigns. The 

new rail probes provide unprecedented probe-based coverage of the divertor target. They successfully 

operated during C-Mod’s FY2015 and FY2016 experimental campaigns with no evidence of damage, 

despite being regularly subjected to heat flux densities parallel to the magnetic field exceeding ~1 GW m−2 

for short periods of time. Sheath expansion effects typically associated with flush probes were successfully 

mitigated by the rail design, extending the use of these Langmuir probes to incident magnetic field line 

angles as low as 0.5°. 

Experimental Test of Secondary Electron Emission Models [17] 

Plasma potentials computed from Langmuir probe data rely on a method to account for secondary 

electron emission (SEE) from the electrodes. However, significant variations exist among published 

models for SEE and the reported experimental parameters used to evaluate them. As a means to critically 

assess SEE computation methods, two of four tungsten electrodes on a Langmuir–Mach probe head were 

replaced with molybdenum and exposed to Alcator C-Mod boundary plasmas where electron 

temperatures exceed 50 eV and SEE becomes significant. Of six methods used to compute SEE, only two 

are found to produce consistent results (Sternglass model with Bronstein experimental parameters and 

Young–Dekker model with Bronstein experimental parameters). This information has proven essential for 

an accurate computation of turbulence-induced transport using the Mirror Langmuir Probe (MLP) 

diagnostic. 

 

Self-Adaptive Servomotor Scanning Probe Drive [6]  

A new servomotor drive system was developed for the horizontal reciprocating probe on Alcator C-Mod. 

Real-time measurements of plasma temperature and density—through use of a mirror Langmuir probe 

bias system—combined with a commercial linear servomotor and controller enable self-adaptive position 

control. Probe surface temperature and its rate of change were computed in real time and used to control 

probe insertion depth. It was found that a universal trigger threshold can be defined in terms of these two 

parameters; if the probe is triggered to retract when crossing the trigger threshold, it will reach the same 

ultimate surface temperature, independent of velocity, acceleration, or scrape-off layer heat flux scale 

length. In addition to controlling the probe motion, the controller can be used to monitor and control all 

aspects of the integrated probe drive system. 

 

Diagnostic Review papers 

The Alcator Team has contributed to a number of diagnostic review papers, as highlighted below. 

Impurity Spectroscopy [18] 

New techniques that attempt to more fully exploit spectroscopic diagnostics in the divertor and pedestal 

region during highly dissipative scenarios were demonstrated using experimental results from recent low-

Z seeding experiments on Alcator C-Mod, JET and ASDEX Upgrade. Radiation enhancement for nitrogen is 

shown to arise primarily from changes in Li- and Be-like charge states on open field lines, but also through 

transport-driven enhancement of H- and He-like charge states in the pedestal region. Examples from JET 
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and Alcator C-Mod experiments which employ nitrogen seeding highlight how improving spectroscopic 

coverage can be used to gain empirical insight and provide more data to validate boundary simulations. 

 

Diagnostic Tools for Divertor Detachment [19] 

Key aspects of divertor detachment that are addressed by bolometry, impurity spectroscopy, hydrogen 

spectroscopy, and measurements of divertor target heat-flux were reviewed including feedback control 

of detachment using some of these diagnostics as the 'sensors'. Challenges and some future directions for 

these diagnostics in the context of studying divertor detachment were identified. 

Gas Puff Imaging Diagnostic Review [20] 

This paper reviews gas puff imaging diagnostics of edge plasma turbulence in magnetic fusion research, 

including 10 GPI systems implemented over the past 15 years. Comparison of GPI results with other edge 

turbulence diagnostic results is described, and the many common features observed. Several issues in the 

interpretation of GPI measurements are discussed, and potential improvements in hardware and 

modeling are suggested. 

 

Real Time Feedback-Controlled Divertor N2 Seeding Using Surface Thermocouples [4] 

Mitigation of the intense heat flux to the divertor is one of the outstanding problems in fusion energy. 

One technique that has shown promise is impurity seeding, i.e., the injection of low-Z gaseous impurities 

(typically N2 or Ne) to radiate and dissipate the power before it arrives to the divertor target plate. To this 

end, the Alcator C-Mod team created a first-of-its-kind feedback system to control the injection of seed 

gas based on real-time surface heat flux measurements. Surface thermocouples provide real-time 

measurements of the surface temperature response to the plasma heat flux. The surface temperature 

measurements are inputted into an analog computer that “solves” the 1-D heat transport equation to 

deliver accurate, real-time signals of the surface heat flux. The surface heat flux signals are sent to the C-

Mod digital plasma control system, which uses a proportional–integral–derivative (PID) algorithm to 

control the duty cycle demand to a pulse width modulated piezo valve, which in turn controls the injection 

of gas into the private flux region of the C-Mod divertor.  

 

Mirror Langmuir Probe (MLP) Diagnostic Development and Investigation of the Quasi-Coherent Mode [5] 

A new “Mirror Langmuir Probe” diagnostic [21], combined with a double-coil scanning magnetic probe, 

was used to interrogate Alcator C-Mod's quasi-coherent mode (QCM) with unprecedented detail. In ohmic 

EDA H-modes, the QCM was found to reside in a region of positive radial electric field, with a radial width 

(3 mm) that spans open and closed field line regions. Large amplitude, in-phase sinusoidal bursts 

(100 kHz) in density, electron temperature, and plasma potential are observed, with potential lagging 

density by 16°, producing an outward radial transport velocity of 10 m/s. Mode propagation 

corresponds to the sum of local E × B and electron diamagnetic drift velocities. Poloidal magnetic field 

fluctuations project to current filaments carrying peak current densities of 25 A cm-2. An evaluation of 

parallel electron force balance (Ohm's law) over a fluctuation cycle indicates a significant electromotive 
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component. Interchange drive is also a contributor in the current continuity (vorticity) equation. Thus, the 

QCM is identified as being primarily a separatrix-spanning electron drift-wave with interchange and 

electromagnetic contributions. 

SOL Turbulence, Transport and Modeling 

SOL Plasma Fluctuations Statistical Analyses 

The Alcator C-Mod team has had a very productive collaboration with the plasma physics group at the 

Arctic University of Norway, Tromsø , headed by Odd Erik Garcia. The four following papers highlight 

results obtain from analysis of recent C-Mod data. 

Comparison of SOL Plasma Fluctuations in Different Confinement Regimes [22] 

A remarkable similarity of the fluctuation statistics in ohmic plasmas and in edge localized mode-free and 

enhanced D-alpha high confinement mode plasmas is found. In all cases investigated, the time series of 

emission from a single spatially resolved view into the gas puff provided by the GPI diagnostic are 

dominated by large-amplitude bursts, attributed to blob-like filament structures moving radially outwards 

and poloidally. Conditionally averaged waveforms have a two-sided exponential shape with comparable 

temporal scales and asymmetry, while the burst amplitudes and the waiting times between them are 

exponentially distributed. These results provide strong evidence in support of a stochastic model 

describing the plasma fluctuations in the scrape-off layer as a super-position of uncorrelated exponential 

pulses.  

Analysis of SOL Electron Temperature Fluctuations [23] 

A statistical analysis of one second long time series of electron density, temperature, radial electric drift 

velocity and the corresponding particle and electron heat fluxes in the far scrape-off layer is performed. 

The electron density and temperature are found to be strongly correlated and feature fluctuation 

statistics similar to those of the ion saturation current. Both electron density and temperature time series 

are dominated by intermittent, large-amplitude bursts with an exponential distribution of both burst 

amplitudes and waiting times between them. Describing these time series as a superposition of 

uncorrelated exponential pulses, we find that probability distribution functions, power spectral densities 

as well as auto-correlation functions of the data time series agree well with predictions from the stochastic 

model. 

Relationship Between Frequency Power Spectra and Intermittent, Large-Amplitude Bursts [24] 

Fluctuations in the boundary region of the Alcator C-Mod tokamak were analyzed using gas puff imaging 

data from a set of Ohmically heated plasma density scan experiments. It was found that the relative 

fluctuation amplitudes are modest and close to normally distributed at the separatrix but become 

increasingly larger and skewed towards the main chamber wall. The frequency power spectra are 

nevertheless similar for all radial positions and line-averaged densities. Predictions of a stochastic model, 

describing the plasma fluctuations as a super-position of uncorrelated pulses, are shown to be in excellent 

agreement with the measurements. This implies that the pulse duration is the same, while the degree of 

pulse overlap decreases radially outwards in the scrape-off layer.  

Comparison of SOL and Divertor Fluctuation Statistics [25] 
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Long time series of the ion saturation current and floating potential are examined, sampled by Langmuir 

probes dwelled in the outboard mid-plane scrape-off layer and embedded in the lower divertor baffle of 

Alcator C-Mod. A series of ohmically heated L-mode plasma discharges is investigated with line-averaged 

plasma density ranging from n/nG=0.15 to 0.42, where nG is the Greenwald density. All ion saturation 

current time series that are sampled in the far scrape-off layer are characterized by large-amplitude burst 

events. Histograms of the ion saturation current time series are found to agree well with a prediction of 

a stochastic model for the particle density fluctuations in scrape-off layer plasmas. Conditional averaging 

reveals that the radial blob velocity, estimated from floating potential measurements, increases with the 

normalized burst amplitude in the outboard mid-plane scrape-off layer. For low density discharges, the 

conditionally averaged waveform of the floating potential associated with large amplitude bursts at the 

divertor probes has a dipolar shape. In detached divertor conditions the average waveform is random, 

indicating electrical disconnection of blobs from the sheaths at the divertor targets. 

Turbulence Imaging of Filaments Near the X-point [26] 

A rich variety of field-aligned fluctuations has been revealed using fast imaging of Dα emission from 

Alcator C-Mod's lower X-point region. Field-aligned filamentary fluctuations were observed along the 

inner divertor leg, within the Private-Flux-Zone (PFZ), in the Scrape-Off Layer (SOL) outside the outer 

divertor leg, and, under some conditions, at or above the X-point. The locations and dynamics of the 

filaments in these regions are strikingly complex in C-Mod. Changes in the filaments’ generation appear 

to be ordered by plasma density and magnetic configuration. Filaments are not observed for plasmas with 

n/nGreenwald ≲ 0.12 nor are they observed in Upper Single Null configurations. In a Lower Single Null 

with 0.12 ≲ n/nGreenwald ≲ 0.45 and Bx∇B directed down, filaments typically move up the inner divertor 

leg toward the X-point. Reversing the field direction results in the appearance of filaments outside of the 

outer divertor leg. With the divertor targets “detached”, filaments inside the LCFS are seen. 

Simulation of C-Mod SOL Turbulence using the SOLT Code [27] 

Two-dimensional scrape-off layer turbulence (SOLT) code simulations were compared with an L-mode 

discharge. Density and temperature profiles for the simulations were obtained by smoothly fitting 

Thomson scattering and mirror Langmuir probe (MLP) data from the shot. Mean flow profiles and density 

fluctuation amplitudes are found consistent with those measured by MLP in the experiment and with a 

Fourier space diagnostic designed to measure poloidal phase velocity. It is found that neither sheared flow 

nor pressure gradient modification can be excluded as turbulence saturation mechanisms. 

Simulation of C-Mod SOL Turbulence using the GBS Code [28] 

A quantitative comparison is made between gas-puff imaging (GPI) turbulence measurements in Alcator 

C-Mod inner-wall limited discharges and 3D flux-driven drift-reduced Braginskii turbulence simulations of 

scrape-off layer dynamics. The comparison is carried out for a series of inner-wall limited discharges where 

the magnetic field and the density are varied. The comparison between GPI data and non-linear 

simulations yields overall good agreement for several observables, such as the Dα emission levels and 

intermittency, the radial and poloidal correlation lengths and propagation velocities, and the power and 

frequency spectral density. 

Parallel Structure of  SOL Fluctuations [29] 



 

20 
Final Report: DOE-MIT-54512 29 June 2018 

The parallel structure of blob filaments in the far scrape-off layer of Alcator C-Mod was investigated by 

combining electrostatic probe measurements with localized measurements of D or He I line emission. 

The spatially resolved emission measurements were made in the outboard midplane region, while probes 

sampled fluctuations both close to the magnetic X-point and at the outer divertor target. Time-delay 

correlation analysis reveals that far-SOL blobs form highly elongated filaments along the ambient 

magnetic field from the midplane to the divertor target. Those filaments appear to be fairly unaffected by 

the strong magnetic shear region close to the X-point with maximum correlation amplitudes of 

approximately 75% between near-midplane and near-X-point fluctuations, as well as between near-

midplane and divertor-target fluctuations. However, the filaments do not form at the same time 

everywhere within a flux tube, but appear, on average, first nearer the midplane and show diffusion along 

the magnetic field. This parallel propagation occurs on a time-scale that is much faster than expected from 

particle diffusion, but agrees with fundamental dispersion estimates. 

Active Probing and Excitation of Quasi-Coherent Edge Modes with a Shoelace Antenna 

Recognizing the importance of the Quasi-Coherent Mode in the regulation of the EDA H-mode pedestal 

and its short-wavelength (k⊥ ~ 1.5 cm-1) electromagnetic character, the Alcator C-Mod team sought to 

actively probe this class of modes using a specially-designed ‘shoelace antenna’.  This research was very 

successful, both technically and scientifically, leading to a deeper understanding of the physics behind the 

QCM and the response of the edge plasma to external excitation. It was found that the shoelace antenna 

was able to excite a QCM drift wave like mode at will, either separately or in resonance with the intrinsic 

QCM in an H-mode plasma. These data in combination with the MLP measurements confirm that the 

antenna-driven mode and intrinsic mode are essentially the same fluctuation. It was also found that the 

intrinsic QCM is a damped mode, which means that the QCM is not in itself the manifestation of a plasma 

instability but rather it is weakly damped mode that can be excited by free energy in the plasma – akin to 

the way a QCM-like mode can be driven by the shoelace antenna. 

 

Shoelace Antenna Matching System [30] 

A wide-frequency range (50–300 kHz) power system was implemented for use with a new RF antenna – 

the “Shoelace” antenna – built to drive coherent plasma fluctuations in the C-Mod edge. A custom, 

dynamically tunable matching network allowed two commercial 1 kW, 50-Ω RF amplifiers to drive the 

low-impedance, inductive load presented by the antenna. At least 85% of source power was dissipated in 

the antenna across the operational frequency range, with a minimum frequency slew rate of 1 MHz/s; the 

best performance was achieved in the narrower band from 80 to 150 kHz which was of interest in typical 

experiments. These tools enabled first-of-a-kind measurements of the tokamak edge plasma system 

response in the frequency range and at the wave number at which coherent fluctuations regulate heat 

and particle transport through the plasma boundary. 

 

First Time Demonstration of External Excitation of QCM-like Mode [31] 

A novel “Shoelace” antenna was used to inductively excite a short-wavelength edge fluctuation in 

a tokamak boundary layer for the first time. The principal design parameters, k⊥=1.5±0.1 cm−1 and 
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45<f<300 kHz, match the Quasi-Coherent Mode (QCM, k⊥1.5 cm−1, f50−150 kHz) in Alcator 

C-Mod, responsible for exhausting impurities in the steady-state, ELM-free Enhanced D H-

mode. In H-mode, whether or not there is a QCM, the antenna drives coherent, field-aligned 

perturbations in density and poloidal field, which are guided by field lines, propagate in the 

electron diamagnetic drift direction, and exhibit a weakly damped resonance near the natural QCM 

frequency. This result is significant, offering the possibility that externally driven modes may be 

used to enhance particle transport. In L-mode, the antenna drives only a non-resonant magnetic 

field response.  
 

Edge Transport of a QCM-like Fluctuation Driven by the Shoelace Antenna [32] 

In 2016, the Shoelace antenna was relocated to enable direct measurements of driven transport by a 

reciprocating Mirror Langmuir Probe, while also making available gas puff imaging and reflectometer data 

to provide additional radial localization of the driven fluctuation. This new data suggests a  ~4 mm-wide 

mode layer centered on or just outside the separatrix. Fluctuations coherent with the antenna produced 

a radial electron flux with /n ~ 4 m s−1 in EDA H-mode, smaller than but comparable to the QCM level. 

But in transient ELM-free H-mode, /n was an order of magnitude smaller, and driven fluctuations 

reduced by a factor of ~ 3. The driven mode is quantitatively similar to the intrinsic QCM across measured 

spectral quantities, except that it is more coherent and weaker. This work informs the prospect of 

achieving control of edge transport by direct coupling to edge modes, as well as the use of such active 

coupling for diagnostic purposes. 

 

Validation of SOLPS-ITER Code 

As part of a collaborative effort to validate the edge plasma model in the SOLPS-ITER code suite under 

ITER-relevant divertor plasma and neutral conditions, modeling of some specific Alcator C-Mod divertor 

plasmas were undertaken with this new code [33]. Simulations were performed with a complete drifts 

model and kinetic neutrals, including effects of neutral viscosity, ion-molecule collisions and Lyα-opaque 

conditions, but assuming a pure deuterium plasma. Through a series of simulations with varying divertor 

geometries, the importance was highlighted of including neutral leakage paths through the divertor 

substructure on the divertor plasma solution. The impact of drifts on inner-outer target asymmetries as 

additionally assessed. Including both effects, excellent agreement between simulations and upstream and 

outer target Langmuir Probe data was obtained. In absence of strong volumetric losses due to e.g. 

impurity radiation in the simulations, the strong inner target detachment observed experimentally still 

remains elusive to the modeling at present. 

 

Toroidally Localized Divertor Impurity Seeding 

Motivated by an ITER urgent need to determine the number of gas injectors required for divertor impurity 

seeding, Alcator C-Mod undertook a series of experiments to examine the response of the divertor plasma 

to toroidally localized injections. Results from these experiments and subsequent modeling efforts are 

described below. 
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Non-Axisymmetric Divertor Seeding Experiments [34] 

Experiments on Alcator C-Mod were performed to investigate the impact of toroidally localized impurity 

injection on H-mode exhaust scenarios to help inform sub-divertor gas injector designs for ITER. In 

repeated EDA H-modes, the amount of N2 injected into the private flux region was scanned up to levels 

which strongly impacted normalized energy confinement, H98, and led to an H/L back-transition. 

Repeated scans increased the toroidal peaking of the gas injection, reducing from five equally spaced 

locations to a single toroidal and poloidal injector. Results show the impact on the pedestal and core 

plasma is similar between all cases as long as the total gas injection rate is held constant. 

 

Modeling of Non-Axisymmetric Divertor Seeding with EMC3-EIRENE [35] 

Experiments on Alcator C-Mod with toroidally and poloidally localized divertor nitrogen injection were 

modeled using the three-dimensional edge transport code EMC3-EIRENE. In these experiments five 

toroidally distributed gas injectors in the private flux region were sequentially activated in separate 

discharges resulting in clear evidence of toroidal asymmetries in radiated power and nitrogen line 

emission as well as a 50% toroidal modulation in electron pressure at the divertor target. The pressure 

modulation is qualitatively reproduced by the modeling, with the simulation yielding a toroidal asymmetry 

in the heat flow to the outer strike point. Toroidal variation in impurity line emission is qualitatively 

matched in the scrape-off layer above the strike point, however kinetic corrections and cross-field drifts 

are likely required to quantitatively reproduce impurity behavior in the private flux region and electron 

temperatures and densities directly in front of the target 

 

Modeling of high-power enhanced D-alpha H-mode plasmas subjected to Non-Axisymmetric Divertor 

Seeding [36] 

Experiments in Alcator C-Mod to assess the level of toroidal asymmetry in divertor conditions resulting 

from poloidally and toroidally localized extrinsic impurity gas seeding showed a weak toroidal peaking 

(1.1) in divertor electron temperatures for high-power enhanced D-alpha H-mode plasmas. This is in 

contrast to similar experiments in Ohmically heated L-mode plasmas, which showed a clear toroidal 

modulation in the divertor electron temperature. Modeling of these experiments using the 3D edge 

transport code EMC3-EIRENE qualitatively reproduced these trends, and indicates that the different 

response in the simulations is due to the ionization location of the injected nitrogen. Low electron 

temperatures in the private flux region (PFR) in L-mode result in a PFR plasma that is nearly transparent 

to neutral nitrogen, while in H-mode the impurities are ionized in close proximity to the injection location, 

with this latter case yielding a largely axisymmetric radiation pattern in the scrape-off-layer. 

 

Examining the Limitation of Feedback Controlled Divertor Seeding 

Making use of the new feedback system to measure and control surface heat flux in real-time [4], the 

Alcator team sought to test this tool with an eye towards its application for a reactor [37]. While the 
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system was found to work quite well under relatively steady conditions, use of it during transients 

revealed important limitations on feedback control of impurity seeding in conventional vertical target 

plate divertors. In some cases, the system was unable to avoid plasma reattachment to the divertor plate 

or the formation of a confinement-damaging x-point MARFE. This was due to the small operational 

window for mitigated heat flux in the parameters of incident plasma heat flux, plasma density, and 

impurity density as well as the relatively slow response of the impurity gas injection system compared to 

plasma transients. Given the severe consequences for failure of such a system to operate reliably in a 

reactor, these results highlight that the conventional vertical target plate divertor is not likely to provide 

an adequately controllable system in reactor-class devices. These considerations motivate the need to 

develop passively stable, highly compliant divertor configurations and experimental facilities that can test 

such possible solutions. 

 

Long Leg Divertor Physics 

Recognizing the limitations of the conventional vertical target divertor for feedback control of divertor 

heat fluxes and the severity of the power exhaust problem, as encapsulated in the Eich scaling for q, the 

C-Mod boundary physics team sought to explore advanced divertor geometries that might solve both 

challenges and to devise an experiment that would be able to test their applicability for a reactor in 

regimes that are relevant (e.g., heat flux densities, plasma pressures, magnetic fields expected for a 

reactor). To this end, the team invented the X-point target divertor concept (XPTD), proposed an 

experiment (ADX) to test this and other advanced divertors and formed a divertor modeling working group 

with LLNL and U. York to perform long-leg divertor modeling for XPTD concept and other schemes under 

the plasma conditions projected for ADX and for the ARC fusion pilot plant. 

 

Invention of X-point target divertor and the ADX tokamak [38] 

The MIT Plasma Science and Fusion Center and collaborators proposed a high-performance Advanced 

Divertor and RF tokamak eXperiment (ADX) to test innovative divertor ideas, including an ‘X-point target 

divertor’ concept, at the required performance parameters while simultaneously producing high-

performance core plasma conditions that are prototypical of a reactor: equilibrated and strongly coupled 

electrons and ions, regimes with low or no torque, and no fuelling from external heating and current drive 

systems. Equally important, the experimental platform was designed to test innovative concepts for lower 

hybrid current drive and ion cyclotron range of frequency actuators with the unprecedented ability to 

deploy launch structures both on the low-magnetic-field side and the high-magnetic-field side. Such an 

integrated demonstration of high-performance core-divertor operation with steady-state sustainment 

was seen as a necessary step towards an attractive pilot plant, as envisioned in the ARC reactor concept 

that makes use of high-temperature superconductor technology. 

 

Attainment of Stable Detachment Front in Long-Leg Divertor Study [39] [40] 

A study of long-legged tokamak divertor configurations was performed with the edge transport code 

UEDGE with model parameters based on the ADX tokamak concept. Several long-legged divertor 
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configurations were considered, in particular the X-point target configuration, and compared with a 

standard divertor. For otherwise identical conditions, a scan of the power entering the boundary from the 

core plasma was performed. It was found that for the studied parameters, the operation window for a 

detached divertor in the standard divertor configuration was very small, or even non-existent; under the 

same conditions for long-legged divertors the detached operation window is quite large, in particular for 

the X-point target configuration, allowing a factor of 5–10 variation in the input power. These modeling 

results pointed to possibility of stable fully detached divertor operation for a tokamak with extended 

divertor legs. 

 

Modeling of Long-Leg Divertors for ARC [41] 

Simulations of the ARC scrape-off layer and divertor configuration were carried out using UEDGE to 

perform the first power-handling assessment for the divertor design. A convective–diffusive anomalous 

transport model was implemented in the code to reproduce the radial plasma profiles anticipated for the 

device at the outer mid-plane. Levels of exhaust power from the core are varied, and a 0.5% fixed fraction 

neon impurity seeding was included in investigations to find steady state detached solutions. Initial 

studies employing a super-X divertor configuration showed that a stable detached divertor-operational 

window exists for reactor exhaust powers in the range of 72–92 MW, which is close to projected levels of 

exhaust power of 105 MW across the separatrix anticipated for ARC. Under these conditions, the divertor 

heat flux is fully dissipated by radiation and radial losses to the sidewalls of the divertor channel, leading 

to acceptable levels of power flux density on plasma-facing components. Simulations are presently being 

extended to study the performance of the X-point target geometry and to explore the sensitivity to the 

physics model and input parameters. 

Scrape-off Layer Impurity Screening 

It is well recognized that robust physics and technology solutions to control plasma-material interactions 

(PMI) on main-chamber components, including RF actuators, must be demonstrated in order to develop 

credible designs for steady-state, electricity generating fusion reactors. One promising approach is to 

locate all RF actuators and close-fitting wall structures on the high-field side (HFS) of the tokamak and 

operate with near-double null magnetic configurations [38, 42-45]. Among other things, the impurity 

screening characteristics of the HFS was thought to be excellent, based on previous experiments in single-

null magnetic configurations [46]. Motivated by this vision, the impurity screening response of the high-

field side (HFS) scrape-off layer (SOL) to localized nitrogen injection is investigated on Alcator C-Mod during 

the 2015 and 2016 run campaigns for magnetic equilibria spanning lower-single-null, double-null and 

upper-single-null configurations under otherwise identical plasma conditions [47, 48].  L-mode, EDA H-

mode and I-mode discharges were investigated. HFS impurity screening is found to depend on magnetic 

flux balance and the direction of B×Grad B relative to the most active divertor. Impurity ‘plume’ emission 

patterns indicate that both parallel and perpendicular (E× B) flows in the SOL contribute to the ‘flushing’ 

of impurities towards the active divertor, thereby affecting the overall impurity screening behavior. 

Despite the fact that the HFS SOL is extremely narrow in near-double-null configurations, this SOL is able 

to screen locally injected nitrogen at least as effectively as the low-field side (LFS) SOL—up to a factor of 

10 more effective, depending on specific plasma conditions and whether the magnetic geometry produces 

parallel flows that work with or against E×B flows. For situations in which the E×B drift of the impurity ions 
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opposes parallel flow toward the primary divertor, HFS impurity screening is found to be least effective. 

When E×B drifts assist parallel flow toward the primary divertor, HFS impurity screening is found to be 

very effective. These data support the idea of placing RF actuators and close-fitting wall components on 

the HFS of the tokamak. With this configuration, near-double-null magnetic topologies may be used for 

active control of plasma parameters at the antenna/plasma interface for optimal RF coupling, mitigate the 

generation of local impurities from plasma–material interactions and, taking advantage of favorable 

plasma flows and good screening properties of the HFS SOL, further minimize the impact of wall-born 

impurity sources on the plasma core. 
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Disruption Studies and Machine Learning 

The study of the threshold electric field to generate relativistic runaway electrons (RE's) on C-

Mod revealed that synchrotron emission was a major energy loss mechanism on C-Mod.  This is 

a consequence of Alcator C-Mod's high magnetic field, which also results in the RE synchrotron 

radiation being emitted strongly in the visible wavelength range. Absolutely-calibrated 

spectrometers, distortion-corrected cameras, and the Motional Stark Effect (MSE) diagnostic 

have been used to measure synchrotron spectra, images, and polarization information, 

respectively. The new synthetic diagnostic SOFT [Hoppe2018] has been used to simulate all 

three measurements, with the first work on C-Mod images published in [Hoppe2018] and the 

most complete work on spectra published in [Tinguely2018a]. Spectra were measured at three 

magnetic fields (2.7, 5.4, and 7.8 T), and a test particle model of RE energy and density was 

input into SOFT to reproduce experimental data. The data were consistent with RE energies 

decreasing as magnetic field was increased, motivating further exploration of high-field 

tokamaks. 

In Alcator C-Mod triggered vertical displacement events, plasmas moved downward and 

contact the first wall.  Halo currents were measured with a set of outboard divertor Langmuir 

"rail" probes, which have high poloidal resolution (~1 cm spacing), while still having a large 

collection area. The plasma contact point on the divertor plate and its downward motion were 

clearly seen from positive and negative currents measured.  Magnetic reconstructions of the 

plasma boundary matched probe data and were used to calculate the edge safety factor, which 

was found to decrease to approximately rational values (~1 and 3/2) before disruption. Finally, 

from reproduced VDEs, the halo region temperature was estimated to be ~35-60 eV, which is 

consistent with previous simulations and can guide future ones [Tinguely2018b]. 

In recent years, there has been a concerted effort to establish disruption databases for C-Mod 

and other tokamaks, and to apply artificial intelligence to develop disruption prediction 

capability by training machine learning algorithms on these databases.  During the past year, 

our machine learning activities have focused specifically on:    1) training and testing AI 

algorithms for disruption prediction using several of our tokamak databases; 2) installing and 

operating a trained disruption prediction algorithm in     the DIII-D real time plasma control 

system; and  3) expanding our multi-machine databases. 

We have been extensively developing disruption prediction algorithms based on an AI method 

known as Random Forests, and trained on our C-Mod, DIII-D, and EAST databases.  We are 

finding that the plasma parameters that are most relevant for disruption prediction are 

different on the different machines.  Furthermore, the prediction success rates for Random 

Forests trained on each machine database varies significantly.  The details of this work will be 

presented at the upcoming IAEA conference.  We have just started training recurrent neural 

networks (RNNs) on the EAST database. RNNs have the ability to incorporate information from 

past times when classifying the disruption probability at the current time. 

A trained Random Forest algorithm was painstakingly adapted, installed, and run in real time in 

the DIII-D plasma control system (PCS) [Rea2018a]. This technical work required extensive help 
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from DIII-D PCS experts to set up two-way communication interfaces and protocols between 

the PCS and our software.  Our disruption prediction algorithm ran on about 400 discharges, 

right up until the end of DIII-D's current run campaign.  We are encouraged by our algorithm's 

prediction performance, as well as its computational speed, and we are currently analyzing the 

results in detail. 

Last July DoE requested that we start a collaboration with Korea's NRFI to begin developing and 

populating a database of disruption-relevant parameters for KSTAR, to complement our existing 

databases on Alcator C-Mod, DIII-D, and EAST.  This is synergistic with our goal of determining 

whether or not a reliable universal disruption warning algorithm can be developed for ITER and 

future reactors based on today's operating tokamaks [Rea2018b]. 

A Machine Learning Working group was started at the PSFC in Dec 2017.  The mission of the 

working group is to foster the application of machine learning tools to plasma research, 

independently of the physics domain and to provide a platform to share such data-driven 

methodological approaches, thus guaranteeing much broader collaborations. 
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MDSPlus 

MDSplus is the de facto standard for data acquisition and data management in the U.S. fusion program, 

in use at all of its major facilities, and is used as well for many international sites important for U.S. 

collaboration including W7X, EAST, KSTAR, AUG, JET and TCV. It serves as the underlying data archive 

and management system for the plasma control systems for many fusion experiments around the world. 

It is currently installed at over 30 sites spread over 4 continents. Prior to FY14 MDSplus was largely 

developed and supported through the Alcator C-Mod operations and research budget. In FY14, the 

funding moved to an independent DOE grant. 

MDSplus is a set of software tools for data acquisition and storage and a methodology for management 

of complex scientific data. It allows all data from experiments, analysis or simulation codes to be stored 

into a single, self-descriptive, hierarchical structure. The system includes a data-driven workflow engine, 

which can be used to run timing and data acquisition systems during an experimental shot and to 

schedule pre-pulse initialization and post-pulse data analysis. The system continues to evolve based on 

user requirements. 

Led by staff at the Massachusetts Institute of Technology, MDSplus was developed jointly with the 

Fusion Research Group in Padua, Italy (Istituto Gas Ionizzati and Consorzio RFX), and the Los Alamos 

National Lab. MDSplus is the most widely used system for data management in the magnetic fusion 

energy program. Total development investment to date has been more than 55 man-years (of which ~33 

have been at MIT). A partial list of sites and facilities using MDSplus is included in Appendix 6. Though 

not actively “marketed” outside of fusion, MDSplus has found application in diverse fields, for example 

bio-medical imaging or space propulsion. 

MDSplus was designed to give researchers the ability to produce complete, coherent, self-descriptive 

data sets and to provide tools for efficient access to that data in a distributed computing environment. 

The result was a system with sufficient flexibility and extensibility such that all information associated 

with an experiment (or simulation) can be stored in the same structure and accessed through the same 

set of simple calls. By unifying setup, calibration, geometry and so forth with task descriptions, 

scheduling, status and all raw and processed data, MDSplus makes it easy to share data and tools across 

applications, facilitating collaborative research and reducing duplication of efforts.  Interfaces are 

provided that allow MDSplus data to be written or read in a large number of programming languages 

currently including fortran, c , c++ , java , javascript, idl, matlab, visual basic, labview, php and python. 

Remote access through a client-server model was a an early innovation and enabled secure remote data 

access and the first demonstration of full remote control of a fusion experiment. Recent enhancements 

enable MDSplus to record data for steady-state or very long pulse experiments. Though initially 

designed for experiments, modelers have also found MDSplus to be a useful as an API (Application 

Programming Interface) and for archiving code inputs and outputs in coherent, self-descriptive data 

structures. 

First developed over 25 years ago, MDSplus is built on a conceptual framework that translates well to 

newer programming and data management paradigms. For example, data can be accessed via globally 

unique data names, analogous to the way that web pages are located in the World Wide Web via a URL. 

Thus data can be retrieved from multiple sites, in the same application, without any ambiguity as to 

which data items have been specified. This makes web-based tools particularly straightforward. Users 
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have no need to understand underlying file or storage mechanisms, they need only specify a data name 

in the MDSplus Application Programming Interface (API). Data access is implemented as a service, 

similar to approaches used in Service Oriented Architectures (SOA). MDSplus is “data-centric” with 

complex applications orchestrated through communication with the data archive. Finally, MDSplus has 

many object-oriented features – these are explicitly exposed in the recently implemented python, c++, 

java, and matlab interfaces.  

2.1 Comparison With Other Data Standards  
As noted above, MDSplus is not simply a data standard as it provides support for data acquisition, task 
description, scheduling and dispatching, asynchronous event generation and distribution, etc. However, 
MDSplus is a highly capable data storage and management system with a unique combination of 
features and functions including:  

● A rich set of simple and composite data types  

● Hierarchical structure  

● Self-descriptive - "metadata" included with each data item  

● Expression evaluation, enabling "indirect" reference to data  

● Lossless data compression and decompression  

● Remote access via client/server model  

● Service vs file oriented - "logical" rather than "physical" data access  

● Extensible  

● Scalable to very large and complex data sets including continuous input 

● Support for many concurrent readers and writers (particularly important for run-time data 

access in fusion experiments) 

 

History of MDSplus supported facilities 

 

Site Experiment Year Adopted 

MIT, Cambridge, MA C-Mod 1991 

MIT, Cambridge, MA LDX 2001 

CNR, Padova, Italy RFX 1991 

CNR, Padova, Italy 
SPIDER (ITER neutral beam 

test facility) 
2011 

EPFL, Lausanne, Switzerland TCV 1992 

EPFL, Lausanne, Switzerland TORPEX 2001 

EPFL, Lausanne, Switzerland 
GT-170 (ITER gyrotron 

development facility) 
2007 
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Taejeon, South Korea KSTAR 1996 

General Atomics, San Diego, CA DIII-D 1997 

PPPL, Princeton, NJ NSTX, NSTX-U 1997 

PPPL, Princeton, NJ LTX 2007 

Max-Planck-Institute for Plasma 

Physics,Garching, Germany 
ASDEX Upgrade 2002 

Max-Planck-Institute for Plasma 

Physics,Greifswald, Germany 
W7X 2015 

Chinese Academy of Sciences. Hefei China EAST 2010 

U of Washington, Seattle, WA HIT-SI 1998 

U of Washington, Seattle, WA ZaP 1998 

U of Washington, Seattle, WA RPPL 1998 

U of Washington, Seattle, WA TIP 1998 

U of Washington, Seattle, WA WATCS 2001 

ANU, Canberra, Australia H1 1999 

Frascati,Italy FTU 1999 

EFDA JET 2000 

Tianjin University of China, PRCHT-7U 2000 

NIFS, Tajimi, Japan CHS 2000 

UCSD, San Diego, CA PISCES 2000 

SAIC, San Diego, CA NIMROD 2000 

Columbia U, NY, NY HBT-EP 2000 

Columbia U, NY, NY CTX 2001 

Kurchatov Institute, Moscow, Russia T-10 2001 

LANL, Los Alamos, NM FRX-L 2001 

LBL/NERSC, Oakland, CA NIMROD 2001 

U of Wisconsin, Madison, WI MST 2001 

U of Wisconsin, Madison, WI Pegasus Toroidal Exp 2006 
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U of Wisconsin, Madison, WI Rotating wall experiment 2006 

Institute for Plasma Research, India ADITYA 2004 

Nasa, Huntsville, AL Marshal Space Flight Center 2005 

Ad Astra Rocket, Houston, TX VASIMR 2005 

Ad Astra Rocket, Houston,TX VX-200 2007 

Ad Astra Rocket Company Costa Rica 
VX-CR VASIMR engine 

experiment 
2007 

University of Sao Paulo, Brazil TCABR 2010 

Tri Alpha Energy C2 2007 

Berndorf Band, Austria BRM7L 2006 

Culham Center for Fusion Energy, UK ITPA databases 2005 

CEA, France  2000 

Tsinghua University, Beijing, CHINA SUNIST 2009 
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SUMMARY OF SIGNATURE C-MOD ACHIEVEMENTS 

•  C-Mod is the highest field, diverted tokamak in the world with operation at 8 T and 2 MA. 

•  Demonstrated tokamak initiation and control with a solid conducting vessel and structure. 

•  Set world-record P/S power densities of rv1 MW/m2, pro- ducing  reactor-level  SOL  parallel  

heat  flux  densities approaching 1 GW/m2 

•  Demonstrated the feasibility of a very high-power tokamak operation with a high-Z divertor 

and plasma facing components, including measurement of erosion and fuel retention rates. 

•  Invented and established the vertical plate divertor as most favorable for power and particle 

handling and explored divertor regimes at reactor-like plasma parameters including the neutral-

neutral collisionality, neutral opacity, and photon opacity. 

•  Discovered  “main-chamber  recycling”  phenomenon  in C-Mod’s diverted plasmas and 

revealing intermittent, non- diffusive transport in the scrape-off layer as the underlying cause. 

• Demonstrated  controlled  divertor  detachment  using seeded impurities at high power 

density and demonstrated good  H-mode  confinement,  H98~1,  with  Demo-like fractions (90%) 

of radiated power  

•  Uncovered evidence for the marginal stability paradigm for SOL turbulent transport with a 

critical bP  gradient decreasing at higher collisionality. 

•  Identified edge plasma transport and its scaling with collisionality as a key physics ingredient 

in the empirical tokamak density limit. 

• Demonstrated that spatial asymmetries in turbulence and transport drive near-sonic parallel 

plasma flows in the plasma edge, imposing a toroidal rotation boundary condition for the 

confined plasma—suggesting a mechanism for the B drift asymmetry in the L-H threshold. 

•  Carried  out  the  first experiments  that  characterized  the L-H threshold as a critical local 

temperature or temperature gradient. 

• Demonstrated the two stationary ELM-free regimes, the EDA H-mode and I-Mode, where 

particle and impurity confinement were controlled by continuous, short wave- length 

electromagnetic modes in the pedestal. 
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•  Demonstrated the quantitative link between pedestal height and core performance across a 

wide range of oper- ating conditions, validating the theoretically predicted de- pendence of 

turbulence on R/LT. 

•  Discovered  and  explored  large  self-generated  toroidal flows in the core plasma. 

• Demonstrated creation of Internal Transport Barriers via self-generated plasma flows and 

demonstrated transport control with on-axis RF heating, identifying TEM turbulence via first 

direct comparison of experiment to nonlinear gyrokinetic simulations processed with synthetic 

diagnostic. 

•  Validated  gyrokinetic  models  simultaneously for  ion energy, electron energy, and particle 

transport through groundbreaking, multi-scale simulations. 

• Proved experimentally that impurity asymmetry on flux surfaces occurs through mechanisms 

other than centrifugal force. 

•  Carried  out  extensive  studies  of  the  spectroscopy  and atomic physics of highly ionized 

atoms, including high n transitions  and  satellites,  critical  for  development  of plasma 

diagnostics and validation of atomic physics codes. 

•  Operated ICRF systems routinely at power densities above 10 MW/m2. 

• Validated full-wave ICRF models by comparison with measured wave fields, fast particle 

distributions, and local heating. 

• Demonstrated RF flow drive by ICRF mode conversion. 

•  Pioneered the field aligned-antenna concept that dramatically reduced high-Z impurity levels 

in ICRF heated plasmas. 

• Demonstrated efficient off-axis current drive with lower hybrid. 

• Developed the first full-wave LH codes, using these to explain the decrease in current drive 

efficiency at high densities. 

• Showed the importance of spatial asymmetries and fast dynamics for disruption halo currents 

and disruption mitigation radiation. 

•  Advanced  the  state-of-the-art  for  diagnosing  the  core, edge, and SOL plasma and plasma-

material interactions. 

•  Developed MDSplus, a data acquisition and data management system that has become the 

world standard for fusion experiments. 

•  Trained nearly 200 graduate students in fusion science, engineering, and plasma physics. 
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Publications (1998-2018) 

  

Measurements of runaway electron synchrotron spectra at high magnetic fields in 
Alcator C-Mod 

Tinguely, R.A. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., 
Cambridge, MA, United States); Granetz, R.S.; Hoppe, M.; Embre´us, O. Source: 
Nuclear Fusion, v 58, n 7, p 076019 (14 pp.), July 2018 

  

The dependence of divertor power sharing on magnetic flux balance in near 
double-null configurations on Alcator C-Mod 

Brunner, D. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., Cambridge, 
MA, United States); Kuang, A.Q.; LaBombard, B.; Terry, J.L. Source: Nuclear Fusion, v 
58, n 7, p 076010 (17 pp.), July 2018 

  

Verification of GENE and GYRO with L-mode and I-mode plasmas in Alcator C-
Mod 

Mikkelsen, D.R. (Princeton Plasma Phys. Lab., Princeton, NJ, United States); Howard, 
N.T.; White, A.E.; Creely, A.J. Source: Physics of Plasmas, v 25, n 4, p 042505 (11 
pp.), April 2018 

  

Intermittent electron density and temperature fluctuations and associated fluxes 
in the Alcator C-Mod scrape-off layer 

Kube, R. (Dept. of Phys. & Technol., UiT The Arctic Univ. of Norway, Tromso, Norway); 
Garcia, O.E.; Theodorsen, A.; Brunner, D.; Kuang, A.Q.; LaBombard, B.; Terry, J.L. 
Source: Plasma Physics and Controlled Fusion, v 60, n 6, p 065002 (16 pp.), June 
2018 

   

The flush-mounted rail Langmuir probe array designed for the Alcator C-Mod 
vertical target plate divertor 

Kuang, A.Q. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., 
Cambridge, MA, United States); Brunner, D.; LaBombard, B.; Leccacorvi, R.; Vieira, R. 
Source: Review of Scientific Instruments, v 89, n 4, p 043512 (7 pp.), April 2018 

  

Investigation of the critical edge ion heat flux for L-H transitions in Alcator C-Mod 
and its dependence on BT 

Schmidtmayr, M. (Inst. of Appl. Phys., Tech. Univ. Wien, Vienna, Austria); Hughes, 
J.W.; Ryter, F.; Wolfrum, E.; Cao, N.; Creely, A.J.; Howard, N.; Hubbard, A.E.; Lin, Y.; 
Reinke, M.L.; Rice, J.E.; Tolman, E.A.; Wukitch, S.; Ma, Y.; ASDEX Upgrade Team; 
Alcator C-Mod Team Source: Nuclear Fusion, v 58, n 5, p 056003 (9 pp.), May 2018 



 

39 
Final Report: DOE-MIT-54512 29 June 2018 

  

Helium experiments on Alcator C-Mod in support of ITER early operations 

Kessel, C.E. (Princeton Plasma Phys. Lab., Princeton, NJ, United States); Wolfe, S.M.; 
Reinke, M.L.; Hughes, J.W.; Lin, Y.; Wukitch, S.J.; Baek, S.G.; Bonoli, P.T.; Chilenski, 
M.; Diallo, A. Source: Nuclear Fusion, v 58, n 5, p 056007 (14 pp.), May 2018 

   

Electron critical gradient scale length measurements of ICRF heated L-mode 
plasmas at Alcator C-Mod tokamak 

Houshmandyar, S. (Inst. for Fusion Studies, Univ. of Texas at Austin, Austin, TX, United 
States); Hatch, D.R.; Horton, C.W.; Liao, K.T.; Phillips, P.E.; Rowan, W.L.; Zhao, B.; 
Cao, N.M.; Ernst, D.R.; Greenwald, M.; Howard, N.T.; Hubbard, A.E.; Hughes, J.W.; 
Rice, J.E. Source: Physics of Plasmas, v 25, n 4, p 042305 (11 pp.), April 2018 

  

Intermittent fluctuations in the Alcator C-Mod scrape-off layer for ohmic and high 
confinement mode plasmas 

Garcia, O.E. (Dept. of Phys. & Technol., UiT The Arctic Univ. of Norway, Tromsø, 
Norway); Kube, R.; Theodorsen, A.; LaBombard, B.; Terry, J.L. Source: Physics of 
Plasmas, v 25, n 5, p 056103 (7 pp.), May 2018 

 

Influence of high magnetic field on access to stationary H-modes and pedestal 
characteristics in Alcator C-Mod 

Tolman, E.A. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., 
Cambridge, MA, United States); Hughes, J.W.; Wolfe, S.M.; Wukitch, S.J.; LaBombard, 
B.; Hubbard, A.E.; Marmar, E.S.; Snyder, P.B.; Schmidtmayr, M. Source: Nuclear 
Fusion, v 58, n 4, p 046004 (11 pp.), April 2018 

  

An experimental assessment of methods used to compute secondary electron 
emission yield for tungsten and molybdenum electrodes based on exposure to 
Alcator C-Mod scrape-off layer plasmas 

McCarthy, W. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
LaBombard, B.; Brunner, D.; Kuang, A.Q. Source: Plasma Physics and Controlled 
Fusion, v 60, n 3, p 035011 (11 pp.), March 2018 

   

High-resolution disruption halo current measurements using Langmuir probes in 
Alcator C-Mod 

Tinguely, R.A. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
Granetz, R.S.; Berg, A.; Kuang, A.Q.; Brunner, D.; LaBombard, B. Source: Nuclear 
Fusion, v 58, n 1, p 016005 (9 pp.), Jan. 2018 

 

Multi-scale gyrokinetic simulations of an alcator C-Mod, ELM-y H-mode plasma 
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Howard, N.T. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
Holland, C.; White, A.E.; Greenwald, M.; Rodriguez-Fernandez, P.; Candy, J.; Creely, 
A.J. Source: Plasma Physics and Controlled Fusion, v 60, n 1, p 014034 (11 pp.), Jan. 
2018  

 

Exploratory machine learning studies for disruption prediction using large 
databases on DIII-D 

Rea, C., Granetz, R.S,. Source: Fusion Science and Technology, 2018 

 

Disruption prediction investigations using machine learning tools on DIII-D and 
Alcator C-Mod 

Rea, C., Granetz, R.S., Montes, K., Tinguely, R.A., Eidietis, N., Hanson, J.M., Sammuli, 
B., Source: Plasma Physics and Controlled Fusion, vol. 60, 084004, 2018 

  

Design and operation of a high-heat flux, flush-mounted `rail’ Langmuir probe 
array on Alcator C-Mod 

Kuang, A.Q. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
Brunner, D.; LaBombard, B.; Leccacorvi, R.; Vieira, R. Source: Nuclear Materials and 
Energy, v 12, p 1231-5, Aug. 2017 

  

Fast imaging of filaments in the X-point region of Alcator C-Mod 

Terry, J.L. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
Ballinger, S.; Brunner, D.; LaBombard, B.; White, A.E.; Zweben, S.J. Source: Nuclear 
Materials and Energy, v 12, p 989-93, Aug. 2017 

  

SOLPS-ITER Study of neutral leakage and drift effects on the alcator C-Mod 
divertor plasma 

Dekeyser, W. (ITER Organ., St. Paul-lez-Durance, France); Bonnin, X.; Lisgo, S.W.; 
Pitts, R.A.; Brunner, D.; LaBombard, B.; Terry, J.L. Source: Nuclear Materials and 
Energy, v 12, p 899-907, Aug. 2017 

   

ICRF mode conversion in three-ion species heating experiment and in flow drive 
experiment on the Alcator C-Mod tokamak 

Lin, Y. (Plasma Sci. & Fusion Center, MIT, Cambridge, MA, United States); Wukitch, 
S.J.; Edlund, E.; Ennever, P.; Hubbard, A.E.; Porkolab, M.; Rice, J.; Wright, J. Source: 
EPJ Web of Conferences, v 157, p 03030 (4 pp.), 2017 

   

LHCD during current ramp experiments on Alcator C-Mod 

Wallace, G.M. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); Poli, 
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F.; Chilenski, M.A.; Hughes, J.W.; Mumgaard, R.T.; Scott, S.D.; Shiraiwa, S.; Wukitch, 
S.J. Source: EPJ Web of Conferences, v 157, p 03063 (4 pp.), 2017 

   

Impact of perturbative, non-axisymmetric impurity fueling on Alcator C-Mod H-
modes 

Reinke, M.L. (Oak Ridge Nat. Lab., Oak Ridge, TN, United States); Lore, J.D.; Terry, J.; 
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(Princeton Univ., NJ. Plasma Physics Lab.) Sponsor: Department of Energy, 
Washington, DC. Report: PPPL-4438, 16p, Sep 2009 



 

80 
Final Report: DOE-MIT-54512 29 June 2018 

  

ICRF specific impurity sources and plasma sheaths in Alcator C-Mod 

Wukitch, S.J. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
LaBombard, B.; Lin, Y.; Lipschultz, B.; Marmar, E.; Reinke, M.L.; Whyte, D.G. Source: 
Journal of Nuclear Materials, v 390-391, p 951-4, 15 June 2009 

   

Spatial structure of scrape-off-layer filaments near the midplane and X-point 
regions of Alcator-C-Mod 

Terry, J.L. (Plasma Sci. & Fusion Center, MIT, Cambridge, MA, United States); Zweben, 
S.J.; Umansky, M.V.; Cziegler, I.; Grulke, O.; LaBombard, B.; Stotler, D.P. Source: 
Journal of Nuclear Materials, v 390-391, p 339-42, 15 June 2009 

   

Overview of the Alcator C-Mod research program 

Marmar, E. (Massachusetts Inst. of Technol., Cambridge, MA, United States); Bader, 
A.; Bakhtiari, M.; Barnard, H.; Beck, W.; Bespamyatnov, I.; Binus, A.; Bonoli, P.; Bose, 
B.; Bitter, M.; Cziegler, I.; Dekow, G.; Dominguez, A.; Duval, B.; Edlund, E.; Ernst, D.; 
Ferrara, M.; Fiore, C.; Fredian, T.; Graf, A.; Granetz, R.; Greenwald, M.; Grulke, O.; 
Gwinn, D.; Harrison, S.; Harvey, R.; Hender, T.C.; Hosea, J.; Hill, K.; Howard, N.; 
Howell, D.F.; Hubbard, A.; Hughes, J.W.; Hutchinson, I.; Ince-Cushman, A.; Irby, J.; 
Izzo, V.; Kanojia, A.; Kessel, C.; Ko, J.S.; Koert, P.; LaBombard, B.; Lau, C.; Lin, L.; Lin, 
Y.; Lipschultz, B.; Liptac, J.; Ma, Y.; Marr, K.; May, M.; McDermott, R.; Meneghini, O.; 
Mikkelsen, D.; Ochoukov, R.; Parker, R.; Phillips, C.K.; Phillips, P.; Podpaly, Y.; 
Porkolab, M.; Reinke, M.; Rice, J.; Rowan, W.; Scott, S.; Schmidt, A.; Sears, J.; 
Shiraiwa, S.; Sips, A.; Smick, N.; Snipes, J.; Stillerman, J.; Takase, Y.; Terry, D.; Terry, 
J.; Tsujii, N.; Valeo, E.; Vieira, R.; Wallace, G.; Whyte, D.; Wilson, J.R.; Wolfe, S.; 
Wright, G.; Wright, J.; Wukitch, S.; Wurden, G.; Xu, P.; Zhurovich, K.; Zaks, J.; Zweben, 
S. Source: Nuclear Fusion, v 49, n 10, p 104014 (10 pp.), Oct. 2009 

   

Comparison of scrape-off layer turbulence in Alcator C-Mod with three 
dimensional gyrofluid computations 

Zweben, S.J. (Princeton Plasma Phys. Lab., Princeton, NJ, United States); Scott, B.D.; 
Terry, J.L.; LaBombard, B.; Hughes, J.W.; Stotler, D.P. Source: Physics of Plasmas, v 
16, n 8, p 082505 (12 pp.), Aug. 2009 

 

An intermediate power amplifier upgrade for 40 to 80 Mhz for the alcator C-Mod 
ICRF transmitters 

Binus, A. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., Cambridge, 
MA, United States); Wukitch, S.J.; Lin, Y.; Murray, R.; Pfeiffer, A.; Gwinn, D. Source: 
2009 23rd IEEE/NPSS Symposium on Fusion Engineering - SOFE, p 4 pp., 2009  

  

New Alcator C-Mod rotated 10° 4-strap ICRF antenna 



 

81 
Final Report: DOE-MIT-54512 29 June 2018 

Koert, P. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., Cambridge, 
MA, United States); Lin, Y.; Mucic, N.P.; Beck, W.K.; Wukitch, S.J.; Doody, J. Source: 
2009 23rd IEEE/NPSS Symposium on Fusion Engineering - SOFE, p 3 pp., 2009  

  

Upgrade of the ICRF fault and control systems on alcator C-Mod 

Murray, R.A. (Plasma Sci. & Fusion Center Alcator C-Mod, Massachusetts Inst. of 
Technol., Cambridge, MA, United States); Terry, D.; Lin, Y.; Wukitch, S.; Burke, W.; 
Parkin, B.; Kanojia, A.; Binus, A. Source: 2009 23rd IEEE/NPSS Symposium on Fusion 
Engineering - SOFE, p 4 pp., 2009 

  

Phase contrast imaging measurements of reversed shear Alfven eigenmodes 
during sawteeth in Alcator C-Mod 

Edlund, E.M. (MIT Plasma Sci. & Fusion Center, Cambridge, MA, United States); 
Porkolab, M.; Kramer, G.J.; Lin, L.; Lin, Y.; Wukitch, S.J. Source: Physics of Plasmas, v 
16, n 5, p 056106 (8 pp.), May 2009  

  

Edge radial electric field structure and its connections to H-mode confinement in 
Alcator C-Mod plasmas 

McDermott, R.M. (Plasma Sci. & Fusion Center, Massachusetts Inst. of Technol., 
Cambridge, MA, United States); Lipschultz, B.; Hughes, J.W.; Catto, P.J.; Hubbard, 
A.E.; Hutchinson, I.H.; Granetz, R.S.; Greenwald, M.; LaBombard, B.; Marr, K.; Reinke, 
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