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ABSTRACT

Simulations of DIII-D, JET and TFTR L-mode tokamak plasmas are carried out us-

ing the PTRANSP predictive integrated modeling code. The simulation and experimental

temperature profiles are compared. The time evolved temperature profiles are computed

utilizing the Multi-Mode anomalous transport model version 7.1 (MMM7.1) which includes

transport associated with drift-resistive-inertial ballooning modes (the DRIBM model [T.

Rafiq, et. al, Physics of Plasmas 17, 082511 (2010)]). The tokamak discharges considered

involved a broad range of conditions including scans over gyroradius, ITER like current

ramp-up, with and without neon impurity injection, collisionality, and low and high plasma

current. The comparison of simulation and experimental temperature profiles for the dis-

charges considered is shown for the radial range from the magnetic axis to the last closed flux

surface. The regions where various modes in the Multi-Mode model contribute to transport

are illustrated. In the simulations carried out using the MMM7.1 model it is found that:

The drift-resistive-inertial ballooning modes contribute to the anomalous transport primar-

ily near the edge of the plasma; transport associated with the ion temperature gradient

and trapped electron modes contribute in the core region but decrease in the region of the

plasma boundary; and neoclassical ion thermal transport contributes mainly near the center

of the discharge.

I. INTRODUCTION

Predictive simulations are carried out utilizing the Multi-Mode anomalous transport

model version 7.1 (MMM7.1) in order to illustrate that the predictions of electron and

ion thermal transport yield temperature profiles that are consistent with profiles measured

in L-mode discharges in the Doublet III-D (DIII-D), the Joint European Tokamak (JET)

and the Tokamak Fusion Test Reactor (TFTR).

The Lehigh Fusion Physics Group has focused for a number of years on the development

of models for anomalous transport for tokamak plasmas. Members of the Lehigh group have

developed a new Multi Mode anomalous transport model MMM7.1 [1] to replace the older

MMM95 transport model [2] that was used for more than a decade. The predictions provided

by the MMM95 model have been verified against other anomalous transport models such
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as GLF23 and validated using experimental data from the Alcator C-Mod, DIII-D, TFTR,

JET and Tore-Supra tokamaks [3–7]. The MMM95 model was used together with models

for neoclassical transport and sources of heating and current drive in integrated modeling

codes in order to compute the evolution of temperature, density and magnetic-q profiles in

tokamak plasma discharges.

The MMM7.1 computation of transport for plasma regions with low and reverse magnetic

shear and finite plasma β (ratio of plasma to magnetic pressure) is based on an improved

theoretical foundation. The MMM7.1 model includes a theory-based prediction of momen-

tum transport, which was not available in the MMM95 model, and also includes a model for

transport driven by electron temperature gradient modes. The earlier MMM95 model con-

tained an empirical based resistive ballooning mode model. This empirical model is replaced

with a theory based drift resistive inertial ballooning mode (DRIBM) model [8]. Inclusion

of the contributions to transport, resulting from drift resistive inertial ballooning modes,

are necessary for simulations that include the low temperature edge region of L-mode and

Ohmic tokamak discharges.

The development of the Multi-Mode model has been guided by the philosophy of using

in integrated whole device simulations a combination of models, that are based on the best

available theoretically derived models, in order to produce predictive integrated modeling

results that are consistent with experimental data. In this research plasma profiles, obtained

in simulations using the Multi-Mode model, are compared with experimental profiles in order

to examine the aspects and components of the model that provide agreement with data under

a wide range of conditions for a number of tokamaks as well as to determine the aspects and

components of the Multi-Mode model that require improvement. Not only the strengths and

weaknesses of each component model is acquired, but it is also learned how a component

model works together with other models in the comprehensive integrated simulations.

The MMM7.1 model [1] that has been developed and tested includes transport driven

by instabilities associated with the ion temperature gradient (ITG), trapped electron (TE),

kinetic ballooning (KB), collisionless and collision dominated magnetohydrodynamic modes

(Weiland model by J. Weiland and his group at Chalmers University in Sweden [9]),

DRIBM modes (Rafiq model for Drift-resistive-inertial ballooning modes [8]) and ETG

modes (Horton model for anomalous transport driven by Electron Temperature Gradient

(ETG) modes [10] with the Jenko threshold [11]). The combination of modes in MMM7.1
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is required in order to include the transport associated with ion and electron temperature

and density gradients, resistive effects, and electron trapping.

The MMM7.1 transport model is documented and organized as a stand-alone model,

which fully complies with the National Transport Code Collaboration (NTCC) standards [12]

and is available in the NTCC Model Library (w3.pppl.gov/NTCC). The MMM7.1 transport

model has a single clearly defined interface, which facilitates porting the model to whole

device modeling codes. In addition to its installation in the PTRANSP code, the MMM7.1

model has been ported to the Framework Application for Core-Edge Transport Simula-

tions code (FACETS) [13], Automated System for TRansport Analysis code (ASTRA) [14],

Tokamak Simulation Code (TSC) [15] and Simulation of Radio Frequency Wave Interac-

tions with Magnetohydrodynamics code (SWIM) [16]. PTRANSP predictive simulations

have been carried out using the MMM7.1 model for ITER target steady state and hybrid

discharges [17–19]. An objective of this modeling is to prepare for the commissioning of

ITER and to plan for the burn stages of ITER operation.

In this paper, electron and ion thermal transport in eight DIII-D, three JET and two

TFTR L-mode tokamak discharges are investigated by comparing predictive PTRANSP sim-

ulation results for the evolution of electron and ion temperature profiles with experimental

data. PTRANSP electron and ion temperature simulations are carried out using MMM7.1

anomalous transport model. Discharges with scans over gyroradius, ITER like current ramp-

up, with and without neon impurity injection, collisionality, low and high plasma current

are considered. The components of the MMM7.1 model provide contributions to transport

in the different regions of plasma discharge. It is found in the simulations that the DRIBM

contributes to the anomalous transport primarily near the edge of the plasma [20]. In that

region the contributions from other sources of transport is negligible since transport associ-

ated with ITG and TE modes diminish as a function of radius and neoclassical ion thermal

transport contributes mainly near the center of the discharge. Comparisons with data are

made using simulations carried out with and without the DRIBM component within the

MMM7.1 model. These comparisons illustrate the role played by the DRIBM component

in the MMM7.1 model. The comparisons between simulations and data include the entire

profiles from the magnetic axis to the plasma edge. Overall, good agreement with experi-

mental data is found when the DRIBM model is included as a component of the MMM7.1

model [20].
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The organization of the paper is as follows. In Section II, details are given regarding the

experimental data for DIII-D, JET and TFTR L-mode discharges considered. In particular,

the features of the thirteen different discharges, chosen for the study and validation of

MMM7.1, are described. Section III contains a description of the protocol for running

the PTRANSP predictive simulations. In Section IV, the transport coefficients, which are

predicted by the MMM7.1 model and which are utilized in the simulations, are presented.

Section V contains the simulation results, and the content of the paper is summarized in

Section VI.

II. L-MODE EXPERIMENTAL DATA

The symbols used to denote various plasma variables, the units for these variables, and

the variable definitions are presented in Table I. TRANSP (http://w3.pppl.gov/transp)

processed and analyzed L-mode experimental data for eight DIII-D, three JET and two

TFTR discharges are shown in Tables II and III. The features of the thirteen discharges

are described in order to illustrate the variety of discharges chosen for examining the role of

various components that are included in the MMM7.1 anomalous transport model.

DIII-D Discharges

Experimental data from eight DIII-D L-mode discharges spanning a variety of operating

conditions are considered in this paper. Some of the relevant experimental parameters for

the eight DIII-D L-mode discharges are listed in Table II.

Discharges 101381 and 101391 are part of a DIII-D ρ∗ scan in which each discharge is

designed to have the same plasma shape as well as the same plasma β, collisionality, safety

factor aspect ratio and Mach number. As shown in the Table II the discharge 101381 and

the discharge 101391 correspond to the high and low ρ∗ scans respectively. Existing toka-

maks can match all transport relevant local dimensionless parameters expected in reactor

scale devices with the exception of ρ∗. Thus the scaling of transport with ρ∗ is of central

importance [21]. The ρ∗ scan in 101381 and 101391 discharges was performed by varying

the toroidal magnetic field and plasma current (to match magnetic-q) by a factor of 2, as

has been the standard method in previous non-dimensional scaling experiments on DIII-
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D [21, 22]. The resulting temperature and magnetic field variation changes ρ∗ by a factor of

roughly 1.6 in these scans.

The goal of ITER similar current ramp-up DIII-D L-mode experiments was to test

whether the proposed ITER startup scenarios are feasible and to develop improvements

in the ramp-up scenarios [23]. The discharges 132498, 136779, 132411, 136303 listed in

Table II are ITER similar current ramp-up DIII-D L-mode discharges [23].

Discharge 98775 is a neon impurity injected discharge while in the discharge 98777 no neon

impurity is injected. As it can be seen in Table II, the shape of the plasma (elongation and

triangularity), toroidal magnetic field and plasma current are held nearly constant in these

two discharges. However, the density and Zeff are different, in discharges 98775 and 98777,

due to the neon impurity injection. The purpose of these shots is to improve confinement

mechanism with impurity injection, in particular, correlation with reduction of fluctuations

and transport. The improvement is correlated with a reduction in ion and electron transport,

with ion energy transport reduced to nearly neoclassical levels [24, 25]. Suppression of the

long wavelength turbulence and transport reduction are attributed to the synergistic effects

of impurity induced enhancement of E×B shearing rate and the reduction of toroidal drift

wave turbulence growth rate.

A. JET and TFTR Discharges

Three JET L-mode discharges, 79575, 79811 and 79814, and two TFTR L-mode dis-

charges, 45950 and 45980, are considered in this paper. Some of the relevant experimental

parameters of these discharges are given in the Table III.

The JET discharge, 79575, is the stationary L-mode discharge where the beam config-

uration has been changed from tangential to normal in the middle of the current flat-top,

leading to the strong reduction of the torque, beam driven current and toroidal rotation

velocity.

The JET discharges 79811 and 79814 represent a collisionality scan carried out to study

momentum transport [26]. Collisionality was varied by altering the electron temperature

using neutral beam power at constant density while other dimensionless quantities, such as

ρ∗, normalized plasma βN , magnetic-q and ion to electron temperature ratio are kept as

similar as possible [26, 27].
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TFTR discharges 45950 and 45980 are high and low current L-mode discharges with

balanced neutral beam heating shots [28, 29]. Data for these discharges are taken from

the International Profile Database [30]. The density profiles in these two discharges are

somewhat peaked, and the ratio of the central ion and electron temperatures (Ti0/Te0) is

approximately 5.4/6.8 keV. Inclusion of high and low current discharges in TFTR were

carried out to illustrate the magnetic-q dependence of the transport model.

III. SIMULATION PROTOCOL

All the simulations are carried out using the time dependent PTRANSP integrated predic-

tive modeling code (http://w3.pppl.gov.transp). TRANSP/PTRANSP is a time-dependent,

1 1/2-D tool for both interpretive and predictive simulations of tokamak discharges. In in-

terpretive simulations, diffusion coefficients and fluxes are computed from the power balance

equations given the computed power deposition profiles and the measured temperature pro-

files. Conversely, in predictive simulations, diffusion coefficients and fluxes are computed

from theoretical models and used for a self-consistent solution of transport equations to

compute the plasma profiles.

The PTRANSP code includes a wide variety of models for transport, sources, sinks,

equilibrium, macroscopic instabilities and boundary conditions. Anomalous transport mod-

els in PTRANSP include Multi-Mode 7.1 (MMM7.1), the Gyro-Landau Fluid (GLF23),

the Trapped Gyro-Landau Fluid (TGLF) [31], the older Multi-Mode model (MMM95), the

gyro-Bohm model and the Coppi-Tang model. Options for neoclassical transport include the

NEO, NCLASS, Chang-Hinton and Sauter models. Sources of heat, particles, momentum

and current drive associated with neutral beam injection are described using the NUBEAM

model. Many options are available for radio frequency heating and current drive and to com-

pute the plasma equilibrium. Most models are available in the NTCC model library [12].

In this study, the PTRANSP code is used to compute the evolution of electron and ion

temperature and magnetic-q profiles. Initial conditions and time dependent boundary con-

ditions for the electron and ion temperatures are taken from experimental data, and the

MMM7.1 anomalous transport model is utilized to compute electron and ion thermal trans-

port. The neoclassical ion thermal transport, bootstrap current, and neoclassical electrical

resistivity are all computed using the NCLASS model [32]. The TEQ model [33] is used to
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compute the evolution of the equilibrium, and the NUBEAM Monte-Carlo model [34] is used

to compute neutral beam injection heating and current drive. Electron density and toroidal

frequency and effective plasma charge are taken from experimental data. Quasi-neutrality

is employed to yield ion density. The Porcelli model [35] is used to trigger sawtooth crashes

and the effect of each sawtooth crash is computed using the KDSAW model[36]. The evolu-

tion of the current density and magnetic-q profiles are computed by advancing the magnetic

diffusion equation. The initial q-profile for JET discharges is obtained from an EFIT recon-

struction, which is using magnetic probe measurements. The time evolution of predicted

electron and ion temperatures profiles (obtained using the transport coefficients computed

with the MMM7.1 transport model) are compared with corresponding DIII-D, JET and

TFTR experimental profiles.

IV. TRANSPORT COEFFICIENTS

The MMM7.1 model is a combination of the Weiland ITG/TEM, the Rafiq DRIBM and

the Horton ETG transport models. The effective diffusivities from these independently

derived theory based transport models are added together. The development of MMM7.1

transport model results from using different sets of approximations to estimate the transport

from distinct instabilities. These instabilities tend to dominate in various regions of the

plasma. The extent of each region of dominance follows naturally from the characteristics

of each model, rather than being imposed by arbitrary cut-offs or step functions.

The neoclassical transport coefficients and the anomalous MMM7.1 component diffusion

coefficients are combined for the self-consistent solution of the transport equations yielding

the plasma profiles obtained in the simulations described in Section V. The total electron

thermal diffusivity is

χe = χWNC
e + χW19

e + χETG
e + χDRBM

e , (1)

and, similarly, the total ion thermal diffusivity is

χi = χWNC
i + χW19

i + χDRBM
i . (2)

The notation used in the diffusivity equations, Eqs. 1-2, is defined in Table IV.
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V. SIMULATION RESULTS

PTRANSP integrated modeling simulations of electron and ion temperature profiles and

magnetic-q profiles are carried out using the MMM7.1 anomalous transport model for DIII-

D, JET and TFTR L-mode discharges listed in Tables II-III. These discharges represent

scans in normalized gyroradius, ρ∗ (DIII-D: 101381 and 101391); ITER similar current ramp-

up (DIII-D: 132498, 136779, 132411 and 136303); neon impurity injection (DIII-D: 987775

and 98777); plasma current ramp-up (JET: 79575); collisionality, ν∗ (JET: 79811 and 79814);

and plasma current ramp-up and ramp-down (TFTR: 45950 and 45980).

The comparison of the simulated and experimental profiles for high ρ∗ DIII-D discharge

101381 is shown in FIG. 1. Predictive simulations are carried out using the MMM7.1 trans-

port model and using the MMM7.1 transport model with the DRIBM model excluded.

Overall, reasonable agreement with experimental data is found when the MMM7.1 model

is used. In Panel (c) of FIG. 1, it is seen that when the DRIBM model is not included as

a component of the MMM7.1 transport model, there is shortfall in the contribution to ion

transport in the edge region of the L-mode discharge resulting in an over-prediction of ion

temperature.

The comparison of simulated and experimental ion and electron temperature as a function

of radius and time for the low ρ∗ DIII-D discharge 101391 and the components of electron

thermal diffusivity as a function of radius at t = 3.4 sec are shown in Fig. 2. It can be seen in

Fig. 2d that the diffusivity due to the ion temperature gradient and trapped electron modes

(χW19
e ) diminish with increasing normalized radius, ρ, and that the χDRIBM

e contribution is

dominant at the outer 10% of the discharge. The ETG electron thermal diffusivity (χETG
e )

contribution to χe is found to be larger than the Weiland contribution (χW19
e ) [37]. The

neoclassical electron thermal diffusivity (χWNC
e ) is included in the simulations but not plotted

in Fig. 2d since the neoclassical electron thermal transport is negligible and does not affect

the simulated temperature profiles.

The comparison of the simulated and experimental ion temperatures and of the com-

ponents of ion thermal diffusivity is presented in Fig. 3 for the current ramp-up discharge

DIII-D 132498. In the Fig. 3b it is shown that the DRIBM ion thermal diffusivity increases

towards the plasma edge and provides a non-zero contribution to the total thermal diffusivity

in the outer 35% of the plasma. The ion thermal diffusivity from the Weiland model (χW19
i
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which is mainly a result of ITG/TEM modes) is marginally stable near the magnetic axis

and increasingly deviates from marginal stability with increasing the normalized radius. The

neoclassical ion thermal diffusivity (χWNC
i ) is found to be dominant in the deep core region

of the plasma, where the contributions from other modes are negligible. In the Fig. 3c, it

can be seen that the simulated and experimental ion temperature at ρ = 0.75 increase as

a function of time. The increase in the ion temperature is due to the increase in plasma

current with time.

For the ITER like plasma current ramp-up DIII-D discharge 132411, the comparison of

simulated and experimental temperature profiles at t = 0.56 sec and at t = 1.2 sec and the

contributions to ion and electron thermal diffusivities t = 0.56 sec are shown in Fig. 4. The

discharge 132411 is the slower current ramp-up discharge in the ITER like current ramp-up

series of three DIII-D discharges (132411, 136303 and 136779). All three discharges are

simulated but only the results of the simulation of the 132411 discharge are presented since

the results of other two discharges, 136303 and 136779, are found to be similar to the results

for discharge 132411 presented here. In Panel (f) of Fig. 4 it is shown that at t = 0.56

sec, the contribution due to the ETG component of of electron thermal diffusivity (χETG
e ) is

dominant. In general, the dominance of one mode of transport over another varies from one

region of the plasma to another depending on plasma conditions. The total electron thermal

diffusivity is found to be larger than the ion thermal diffusivity, which is consistent with

the experimental measurements (not reported here) based on power balance analysis. In the

power balance analysis, diffusion coefficients are computed from the power balance equations

given the computed power deposition profiles and the measured temperature profiles.

The magnetic-q profile and the central ion and electron temperatures are shown in Panel

(a) of Fig. 5 for the discharge 132411 discussed above. The evolution of the magnetic-q

profiles is computed by advancing a magnetic diffusion equation. It is found that q-profile

stays above unity during the discharge. Therefore, this discharge is not subject to the effects

of sawteething. It has been found that the DRIBM transport increases with decreasing

plasma current (q increases) [8]. Moreover, in the start of the plasma current ramp up

phase, the DRIBM transport is found to contribute over a larger region of the plasma

radius, but as the plasma current increases (q decreases) the region in which the DRIBM

transport contributes decreases. The agreement between simulated and experimental central

electron and ion temperatures as a function of time is illustrated in Panels (b) and (c) of
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Fig. 5.

The profiles shown in Fig. 6 are for DIII-D discharge 98777, no neon impurity injected, and

for DIII-D discharge 98775, neon injected. For the 98775, the neon is injected 2.0 T�/s (torr

liters per second) into the edge of the plasma at time t = 0.8 sec. These experiments were

carried out to demonstrate improvement in confinement with impurity injection. It has been

found in experiments and in our simulations that the neon injected DIII-D discharge shows

reduction in transport. In the neon injected discharge both the simulated and experimental

electron and ion temperature are found to be higher than in the corresponding discharge

in which neon is not injected. The difference in simulated central and experimental ion

temperatures depends somewhat on the choice of the diagnostic time.

Simulation results for the JET plasma current ramp-up discharge 79575, carried out

using the anomalous transport model MMM7.1 are shown in Fig. 7. Comparison between

simulation and experimental results is presented in Panels (a) and (b). Both the electron

and ion thermal diffusivities are found to be increasing with increasing radius, Panel (c).

Time evolution for the simulated and measured central electron and ion temperatures are

presented in the Panels (e) and (f) of Fig. 7. The time evolution of the central temperatures

indicate sawteething in this plasma current ramp-up discharge. The Porcelli model [35] is

used to trigger sawtooth crashes with the times of the crashes taken from measurements,

and the effects of each sawtooth crash are simulated using the KDSAW reconnection model

of Kadomstev [36]. The flattening of central q-profile for the discharge 79575, shown in

the Panel (d) of Figure 7, is a consequence of sawteething. The equilibrium reconstruction

with EFIT constrained by the polarimetry and MSE measurements is not available for the

discharge, so the simulated q-profile shown in the Panel (d) of Fig. 7, is not compared with

the q-profile from EFIT.

Simulation and experimental profiles are shown in Fig. 8 for the JET low ν∗ discharge

79811 and for the JET high ν∗ discharge 79814. For the discharges 79811 and 79814, the

measurements of ion temperature data near the plasma edge are not available so that,

consequently, the electron edge temperature is used as the boundary condition for both the

electrons and the ions in the simulations. Unlike the JET stationary L-mode, 79575, in the

low and high ν∗ discharges, 79811 and 79184, there is no indication of sawteething.

The simulated and experimental electron and ion temperatures are shown in Fig. 9 for

TFTR plasma current ramp NBI heated L-mode high current discharge, 45950, and low
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current discharge, 45980. These discharges are taken from the ITER Profile Database.

The objective of these current ramp experiments carried out on TFTR was to examine

the magnetic-q dependence of the transport model. The agreement of the simulated and

experimental electron and ion temperatures is illustrated for the two TFTR discharges in

Fig. 9. The simulated temperatures and corresponding experimental data are compared at

time t = 4.2s when one discharge, 45950, is in the flattop phase (steady state) and the

other discharge, 45980, is in the ramp down phase (transient phase). The q-profiles in these

discharges are nearly the same in the core region, while they are different in the edge region.

The differences in the q-profiles in the edge region, resulting from the decrease in current

in the ramp down impacts the contribution to diffusivity provided by the DRIBM modes.

Consequently, the DRIBM transport is found to be larger in the ramp down phase of the

discharge. This result follows from the relationship between the value of q in the plasma

edge region and the dependence of the DRIBM diffusivity on the plasma current. It is this

relationship that impacts the agreement between the predicted and experimental profiles.

VI. SUMMARY AND DISCUSSION

The Lehigh fusion physics group has focused for a number of years on the development

of a model for anomalous transport in tokamak plasmas. The focus has been on the use

of the model (as well as on using models developed by others) in the predictive integrated

modeling of tokamak discharges. The first model was released in 1995, MMM95, and was

used until two to three years ago to the release of MMM7.1 model, which had a substantially

improved physics basis. The MMM95 model was calibrated using experimental data, and

coefficients for the transport associated with different modes were fixed in 1995. Once fixed

in 1995, these coefficients remained unchanged in our studies until MMM7.1 was introduced.

In MMM7.1 anomalous transport model, there are no parameters or coefficients introduced

and associated with any of the theory based components of the model. All components of the

Multi-Mode model are precisely those provided by the authors of the components used in the

Multi-mode model. There are no adjustable parameters used to fit experiments. The goal

is to continue to add to the physics basis of the transport model that describes anomalous

particle, thermal and momentum transport, and when there are significant advances, to

release new versions of the model.
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A significant advancement associated with the MMM7.1 transport model is the inclusion

of the DRIBM model which takes into account transport associated with drift resistive

inertial ballooning modes without the use of any adjustable parameters. It is found in the

simulations carried out using the MMM7.1 model that the transport due to drift resistive

inertial ballooning modes dominate at the edge of the plasma where the collisionality and

magnetic-q values are highest, while the ITG and TEM mode dominates in the plasma core.

The ion thermal neoclassical transport is found to be dominant near the the magnetic axis.

Simulations of the evolution of a variety of L-mode discharges in DIII-D, JET and TFTR

tokamak plasmas are carried out, and the evolution of temperature profiles obtained using

the MMM7.1 anomalous transport model are compared with the corresponding experimental

data. It is found that the inclusion of the DRIBM component in the MMM7.1 transport

model improves the match between the simulation and experimental temperature profiles.

The comparisons between simulations and data include the entire temperature profiles from

the magnetic axis to the plasma edge and contribute to the validation of the MMM7.1

anomalous transport model.
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TABLE I. Notation of plasma parameters used in this paper.

Symbol Unit Definition

a m Plasma minor radius (half-width)

R m Major radius to geometric center of each flux surface

κ Plasma elongation

δ Flux surface triangularity at the edge

BT Tesla Vacuum toroidal magnetic field at R

Ip MA Toroidal plasma current

n̄e,19 1019m−3 Line averaged electron density

Zeff Effective charge of plasma

PNB MW Injected neutral beam power at wall

Te keV Electron temperature

Te0 keV Central electron temperature

Ti keV Ion temperature

Ti0 keV Central ion temperature

ρs m Ion Gyroradius

ρ∗ Normalized gyroradius [ρs/a]

β Ratio of kinetic pressure to magnetic pressure

ν∗ Plasma collisionality

18

TABLE II. Plasma parameters for the DIII-D L-mode ρ∗, ITER similar current ramp-up (ISCR),

neon injected impurity and no neon injected impurity scan discharges.

Tokamak DIII-D DIII-D DIII-D DIII-D DIII-D DIII-D DIII-D DIII-D

Discharge 101381 101391 132498 136779 132411 136303 98775 98777

Type High ρ∗ Low ρ∗ ISCR ISCR ISCR ISCR Neon No Neon

R (m) 1.65 1.65 1.70 1.75 1.74 1.74 1.66 1.67

a (m) 0.63 0.63 0.77 0.76 0.77 0.78 0.60 0.60

κ 1.54 1.54 1.78 1.75 1.80 1.75 1.68 1.68

δ 0.05 0.05 0.55 0.58 0.54 0.55 0.63 0.63

BT (T) 1.03 2.07 2.14 1.90 2.16 1.90 1.57 1.58

Ip (MA) 0.65 1.30 1.64 1.45 1.10 1.40 1.19 1.18

n̄e,19 2.12 5.20 2.68 2.81 2.68 2.75 3.32 2.85

Zeff 1.50 1.45 1.40 1.18 1.16 1.22 2.64 1.41

PNB (MW) 1.85 6.10 0.19 1.40 1.80 1.30 4.89 5.03

Table 1: Notation of plasma parameters used in this paper.

Table 2: Plasma parameters for the DIII-D L-mode ρ∗, ITER similar current ramp-up (ISCR), neon injected impurity 
and no neon injected impurity scan discharges.
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TABLE III. Plasma parameters for the JET and TFTR L-mode discharges with Ip ramp-up, low

ν∗, high ν∗, high Ip and Low Ip.

Tokamak JET JET JET TFTR TFTR

Discharge 79575 79811 79814 45950 45980

Type Stationary L-mode Low ν∗ High ν∗ High Ip Low Ip

R (m) 2.95 3.00 3.00 2.54 2.60

a (m) 0.98 0.98 0.98 0.80 0.80

κ 1.66 1.70 1.65 1.04 0.96

δ 0.23 0.26 0.23 0.00 0.00

BT (T) 2.50 3.36 2.05 4.80 4.77

Ip (MA) 2.50 2.05 1.20 2.00 1.00

n̄e,19 2.00 1.60 1.55 3.30 3.42

Zeff 2.00 1.55 1.35 2.72 2.46

PNB (MW) 3.00 6.25 3.00 11.4 11.4

Table 3: Plasma parameters for the JET and TFTR L-mode discharges with Ip ramp-up, low ν∗, high ν∗, high Ip and 
Low Ip.
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TABLE IV. Symbols, units and definitions for the total electron and ion thermal diffusivities,

neoclassical ion thermal diffusivity, and diffusivities associated with components of the MMM7.1

model.

Symbol Unibt Definition

χe m2/s Total electron thermal diffusivity

χWNC
e m2/s Neoclassical electron thermal diffusivity

χW19
e m2/s Electron thermal diffusivity from the Weiland model

χETG
e m2/s Electron thermal diffusivity from the Horton ETG model

χDRBM
e m2/s Electron thermal diffusivity from the DRIBM model

χi m2/s Total ion thermal diffusivity

χWNC
i m2/s Neoclassical ion thermal diffusivity

χW19
i m2/s Ion thermal diffusivity from the Weiland model

χDRBM
i m2/s Ion thermal diffusivity from the DRIBM model
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FIG. 1. (Color online) Simulation results for the DIII-D high ρ∗ discharge, 101381. The ion

temperature, in Panel (a), and the electron temperature, in Panel (b), are shown as a function of

normalized minor radius (ρ) at time t = 3.9 sec. In Panel (c) the ion temperature, at the normalized

radius ρ = 0.75, is shown as a function of time. In each panel, results obtained using the MMM7.1

model is indicated by a solid line; results obtained when the DRIBM model is excluded from the

MMM7.1 model is indicated by a dashed line; and the experimental results are indicated by a

square-dashed line.

Table 4: Symbols, units and definitions for the total electron and ion thermal diffusivities, neoclassical ion thermal 
diffusivity, and diffusivities associated with components of the MMM7.1 model.
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Figure 1: (Color online) Simulation results for the DIII-D high ρ∗ discharge, 101381. The ion temperature, in Panel 
(a), and the electron temperature, in Panel (b), are shown as a function of normalized minor radius (ρ) at time t = 
3.9sec. In Panel (c) the ion temperature, at the normalized radius ρ = 0.75, is shown as a function of time. In each 
panel, results obtained using the MMM7.1 model is indicated by a solid line; results obtained when the DRIBM model 
is excluded from the MMM7.1 model is indicated by a dashed line; and the experimental results are indicated by a 
square-dashed line.
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Figure 2: (Color online) Simulation results for the DIII-D low ρ∗ discharge, 101391. The predicted (solid line) and 
experimental (square-dashed line) ion and electron temperatures are shown in Panels (a) and (b), respectively, as 
a function of normalized minor radius (ρ) at time t = 3.4sec. In Panel (c) the ion and electron temperatures, at the 
normalized radius ρ = 0.95, are shown as a function of time. In Panel (d) the MMM7.1 component contributions to 
electron thermal transport are plotted as a function of radius at t = 3.4sec.
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Figure 3: (Color online) ITER similar current ramp-up DIII-D discharge 132498. The predicted (solid line) and 
experimental (square-dashed line) ion temperature, Panel (a), and the MMM7.1 component contributions to ion thermal 
transport, Panel (b), are plotted as a function of radius at t = 2.7sec. In Panel (c) the predicted and experimental ion 
temperatures, at the normalized radius ρ = 0.75, are shown as a function of time.
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Figure 4: (Color online) ITER similar current ramp-up discharge DIII-D 132411. The predicted (solid line) and 
experimental (suare-dashed line) ion temperature, Panel (a), and electron temperature, Panel (b) are plotted as a 
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contributions to ion thermal transport, Panel (e), and to electron thermal transport, Panel (f ) are plotted as a function 
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Figure 6: (Color online) The ion and electron temperatures, in Panels (a) and (b) for the no neon injected DIII-D 
discharge 98777 and in Panels (c) and (d) for the neon injected DIII-D discharge 987775 are plotted as a function of 
normalized minor radius (ρ) at time t = 1.2sec.
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Figure 7: (Color online) For the JET plasma current ramp-up L-mode discharge, 79575, the ion temperature, Panel 
(a), the electron temperature, Panel (b), the total ion and electron thermal diffusivity, Panel (c), and the magnetic-q, 
Panel (d), are plotted as a function of normalized minor radius (ρ) at time t = 13sec. The central ion and electron 
temperatures are shown in Panels (e) and (f) as function of time. The square dashed curves represent experimental 
data and the solid curves are the results of simulations using the MMM7.1 anomalous transport model.
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Figure 8: (Color online) The simulated and experimental ion and electron temperatures for the low ν∗ JET discharge, 
79811, are shown in Panels (a) and (b) as a function of normalized minor radius (ρ) at time t = 5.5sec. The simulated 
and experimental ion and electron temperatures for the high ν∗ JET discharge, 79814, are shown in Panels (c) and 
(d) as a function of normalized minor radius (ρ) at time t = 4.5sec. Since for these discharges, measurements of ion 
temperature are not available near the plasma edge, the electron edge temperature is used as the boundary condition 
for both the electrons and the ions in the simulations.
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Figure 9: (Color online) (a) The plasma current as a function of time (b) magnetic-q profiles as a function of normalized 
minor radius (ρ) at time t = 4.2s for the two TFTR discharges 45950 and 45980. (c) Ion temperature (d) electron 
temperature as a function of normalized minor radius (ρ) at time t = 4.25s for simulation of the high Ip discharge TFTR 
45950. (e) Ion temperature (f) electron temperature as a function of normalized minor radius (ρ) at time t = 4.2s for 
simulation of the low Ip discharge TFTR 45980.
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