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Abstract

Intrinsic rotation generation has been observed and investigated in NSTX Ohmic plasmas, by

utilizing passive views of charge exchange recombination diagnostics. Particularly we focused

Ohmic L-H transition to minimize effects by other momentum exchange and sources such as an

intrinsic NTV. Results indicated that intrinsic rotation generation in the edge is well correlated

with ion temperature gradient change, compared with much weaker correlations with electron

temperature gradient or density gradient change. This is consistent with a corresponding theory of

residual stress and the measured torque could be directly compared with the theoretical prediction

using χi as a free parameter. However, an uncertainty of an order of diamagnetic rotation exists

in many places across measurement and theory, as well be discussed in details in this paper.
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I. INTRODUCTION

Intrinsic toroidal rotation and torque is an important subject in tokamaks as it is ex-

pected to play a dominant role in establishing toroidal rotation in ITER. Toroidal rotation

is tightly linked to E⃗×B⃗ rotation and its shearing rate, which can strongly influence various

instabilities from macroscopic scale [1, 2] to microscopic scale [3, 4], and therefore better

understanding for intrinsic toroidal rotation can lead to better prediction for stability in

ITER.

The terminology of intrinsic toroidal rotation typically refers to the finite toroidal rotation

in a tokamak even without an external toroidal momentum injection. Obviously there is

no momentum injection in Ohmically heated plasmas, but co-IP toroidal rotation has been

observed and reported in Ohmic H-mode discharges in many devices including COMPASS-

D [5], CMOD [6–8], DIII-D [9, 10], and TCV. This paper will add another case, but for

a Spherical Torus, National Spherical Torus eXperiment (NSTX) [11], by utilizing passive

view of charge exchange recombination spectroscopy (CHERS).

The link to the H-mode indicates the relation of the intrinsic rotation to the confined

thermal energy, phenomenologically, as now well known by WP/IP scaling [12]. The same

trends have been found in discharges heated by radio frequency wave heating including

ICRF, ECH, and LH (See also Ref. [12]), although the possibility of momentum exchange

between waves and high energy particles always exists and so still it is not entirely clear if

RF-heated discharges are indeed free from external toroidal momentum injection.

Even in a truly intrinsic situation without toroidal momentum injection, momentum

exchange inside plasma or with external system can complicate the determination of the

intrinsic part from measured toroidal rotation [13]. Three major components are the mo-

mentum diffusion, and the momentum convection or pinch [14, 15], and the momentum

damping associated with toroidal asymmetry in magnetic field [16, 17]. Including the in-

trinsic drive of momentum, these components are often not easily distinguishable from each

other and would require the complete profile evolution information of rotation with relevant

model for each part.

An innovative method was used in DIII-D, using the fact that the momentum diffusion

and pinch effects can be minimized if rotation is removed, and by estimating required NBI

torque to balance the intrinsic rotation and thus to maintain the almost zero level of rotation
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[18]. This method unfortunately needs the balanced NBI beams, which are not commonly

available in other devices. Also even with that advanced method, there is a possibility

of the momentum damping by toroidal asymmetry, namely intrinsic Neoclassical Toroidal

Viscosity (NTV) [17, 19, 20]. In this study, the focus was made to the intrinsic drive of

rotation through a short time period in L-H transition, where we believe the momentum

diffusion and pinch effects can be ignored, and also in Ohmic plasmas where the momentum

damping by toroidal asymmetry can also be ignored.

Once only the intrinsic part is pulled over from experiments, one can make a comparison

with theoretical prediction. One of novel mechanisms predicted in theory is the residual part

of Reynolds stress, by the reflection symmetry breaking in the parallel wave vector k|| of

turbulence [21–23]. This concept can be summarized as a conversion of thermal energy into

momentum by drift wave turbulence excited by inhomogeneity in T and n. So eventually the

predicted intrinsic drive is proportional to ∇T or ∇n, as will be tested in this study. Other

mechanisms, such as geometrical up-down asymmetry [24] or charge separation from the

polarization drift [25], are ignored since most of studied discharges are up-down symmetric,

and the investigated region is around the pedestal where the residual stress is expected to

play a major role.

Note another issue exists in measurement itself, since what is measured is the rotation of

impurity ions, not main ions, which therefore should be inferred based on equilibrium flow

balance. Main uncertainty in the flow balance is the poloidal rotation of each species, which

also should be inferred unless directly measured. Neoclassical theory is commonly used to

estimate the poloidal rotation and the flow balance, but uncertainty is probably as large as

the intrinsic rotation in both measurement and theory as will be illustrated.

This paper is organized as follows. Section II will describe studied NSTX experiments

and the observations for intrinsic rotation during Ohmic L-H transitions, as well as the

correlation with ∇T and ∇n. Section III will discuss the torque balance and comparisons

with a corresponding theory of residual stress, followed by summary and discussion in Section

IV.
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FIG. 1. An example of NSTX Ohmic H-mode discharge (#141730) with time traces for (a) plasma

current, (b) stored energy, (c) toroidal rotation, (d) Dα, and (e) Mirnov signal indicating tearing

modes later in time. The L-H transition occurred at t = 220ms as indicated by the black vertical

line. The toroidal rotation in (c) is the average of the edge rotation in R = 130cm ∼ 140cm, which

was measured by passive views of CHERS. One can see the rapid increase of the toroidal rotation

right after the L-H transition.

II. OBSERVATION FOR INTRINSIC ROTATION AND CORRELATION WITH

ION TEMPERATURE GRADIENT

The increase of toroidal rotation to the co-IP direction could be clearly observed in NSTX

Ohmic H-mode plasmas, as has been reported in many devices. Figure 1 shows a typical

target plasma and a shot trace in experiments as an example. This is an 800kA Ohmic

discharge, with κ ∼ 1.9, δave ∼ 0.51, q95 ∼ 8.2, and with almost double-null and so up-down

symmetry. A few exceptional cases with up-down asymmetry existed, but no difference

was found in results indicating that intrinsic rotation drive by up-down asymmetry is not a

dominant mechanism and can be ignored in our study. The shot went into the H-mode at
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FIG. 2. Evolution of carbon toroidal rotation in the edge, measured by passive views of CHERS.

One can see clearly the increase of toroidal rotation after L-H transition t ∼ 0.22s.

t ∼ 220ms and the H-mode was maintained until t ∼ 505ms as indicated by Dα signal and

also as can be seen in the increase of stored thermal energy. Toroidal rotation measured in

the edge showed fairly rapid increase up to 10km/s, or often almost jump into a different

level when viewed by the limited time resolution of rotation measurement, and became

steady afterwards.

The steady rotation after about ∼ 30ms of L-H transition is somewhat inconsistent with

the continuous increase of thermal energy after the transition, i.e., W/IP scaling. One fea-

sible explanation for it in this case is that a damping by tearing mode might be involved as

can be seen by Mirnov signals. A low torque plasma provides better circumstances to study

intrinsic rotation, but may be vulnerable to MHD modes, which can give an additional mo-

mentum transport associated with modes. Our study excluded those cases or the periods of

MHD modes to avoid the complication in the analysis. Another possibility is the momentum

inward pinch, which can transfer the intrinsic torque in the edge to the core until balanced

with momentum diffusion, etc. These momentum exchange effects can be minimized in a

short time period right after L-H transition as long as the momentum confinement time is

longer than the studied period. Also normally at this time, MHD mode does not appear

either, possibly because L-H transition by only Ohmic heating may become more difficult

when MHD mode exists in the first place.

In principle, momentum exchange effects can be studied together with intrinsic torque

if profile evolution is fairly well resolved in space and time. This is often limited in the

measurement of toroidal rotation without NBI, as is the case in our study. We used the

passive view of charge exchange recombination spectroscopy (CHERS), which measures the

background and plume C5+ ions and gives their toroidal rotation by inverting line-integrated
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FIG. 3. Evolution of ion temperature in the edge, measured by passive views of CHERS. One

can see also the clear increase of ion temperature after L-H transition t ∼ 0.22s, but there is the

difference in the spatial profile compared to the toroidal rotation in Figure 2.

values by 63 pairs of sightlines [26]. Because the emissivity for those background ions is not

strong enough in the core, so the reliability of measurement is limited in the edge region.

Comparing the information from passive CHERS with active CHERS in a different shot

with NBI blips, one can find good agreement in the edge, 130 ∼ 145cm, or equivalently

0.60 < ψN < 0.95.

Figure 2 shows an example of the passive CHERS measurement for toroidal rotation, in

the edge 130 ∼ 145cm measured along the time. A H-mode was achieved and maintained

at t > 220ms in this discharge, as shown in Figure 1, and one can see the apparent increase

of toroidal rotation during H-mode phase until t ∼ 505ms. As introduced already, one of

the goals in this study is to find correlations with temperature or density gradient, and thus

ion temperature profile evolution is also investigated using the passive CHERS as shown

in Figure 3. An interesting feature can be unveiled if one compares Figures 2 with 3 and

notices that their peaks are located differently in general and the possibility of correlation

between rotation and ion temperature gradient.

The information of the profile gradient is harder than the profile itself due to various

error sources in measurement and inversion of diagnostic data. Especially noises upon the

overall envelope should be eliminated by smooth fitting. We selected 4 spatial points at

R = 132, 136, 140, 144cm and obtain the quantity and the gradient by taking average around

each point without an overlap. Errors then of course will be accumulated and propagated,

from the emissivity, the inversion, to the finally obtained profile, but the level is tolerable as

will be shown later. For electron temperature and density, multi-point Thomson scattering
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FIG. 4. Edge profiles of rotation, temperature, and density after the smoothed fits that are

necessary to take the gradient information. Note the separatrix is located at R = 1.46m, and the

magnetic axis R ∼ 1.0m is far from the left. Passive CHERS becomes unreliable with larger errors

in R < 1.30m. The time resolution is limited by ∆t ∼ 10ms. One can see clearly the rapid change

in toroidal rotation and ion temperature through L-H transition (t = 185ms → t = 195ms).

is much more reliable with small errors, but only the same 4 spatial points were selected

and averaged for comparison.

An example of results is shown in Figure 4. It shows the edge profile evolution of toroidal
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FIG. 5. Correlation between the measured changes of carbon toroidal rotation and ion temperature

through L-H transition. One can find ∆VEx = Cz∆Vd with Cz ≈ 0.57 in average with an offset

∼ 5km/s. There is a reasonable positive correlation compared to Figure 6.

rotation, ion and electron temperature, and electron density in 3 different time slices in L-

mode (t = 165, 175, 185ms) and 4 different time slides in H-mode (t = 195, 205, 215, 225ms).

One can see very rapid changes in toroidal rotation V ≡ Vϕ and ion temperature Ti profiles

through L-H transition, compared to electron temperature Te or density ne profiles. More-

over, the greatest change in V occurs at R < 1.42m, where is deeper to the core than the

density pedestal. In fact, one can see that the increase of Te or ne is largely driven by each

gradient increase in the density pedestal, while Ti increases along with broader gradient

increase which might be correlated with the increase of V . Note it is quite surprising that

a very large change of V occurs within 10ms after L-H transition, but unfortunately, 10ms

was our smallest time resolution used in experiments and so dynamics in such a short time

period could not be studied.

Using the smoothed profiles, correlation studies were performed over about ∼ 10 Ohmic

H-mode discharges in NSTX 2005∼2011 operation. At 4 selected points for each shot, we

compared the change of toroidal rotation ∆V with the change of temperature and density

gradient ∆(dT/dψ) and ∆(T/n)(dn/dψ) in 10ms around L-H transition. The reason why the

change is measured in a short time period is again to minimize other momentum exchange
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FIG. 6. Correlation between the measured changes of carbon toroidal rotation and electron temper-

ature (Green diamond) and density (Orange square) through L-H transition. There is no apparent

correlation found.

effects, which will be further discussed later with torque balance issues.

As the possibility was discussed in profile evolutions, the best correlation was found

indeed with ion temperature gradient, as in Figure 5. In average we found

∆VEx = Cz∆Vd (1)

with Cz ≈ 0.57, where a diamagnetic-like speed Vd is defined as

Vd ≡ RdT/dψ. (2)

This is convenient in experimental point of view since dT/dψ becomes in units of rad/s

when units of T [eV ] and the poloidal flux function ψ = ψpol/2π are used. Note the offset

up to 5km/s within error bars. An offset was also found in recent DIII-D results [18].

Correlations with electron temperature and density are much poor, as shown in Figure 6,

because the gradient change for dTe/dψ and dne/dψ is not spatially aligned with the change

for V . Here ion density profile ni is not shown since impurity profiles are not available and

so cannot be compared. Nonetheless a test shot with NBI blips indicated ne ∼ ni only with

∼ 5% difference, so we conclude that the only ion temperature gradient shows the relevant

correlation with intrinsic toroidal rotation through L-H transition.
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FIG. 7. NCLASS prediction for the main ion toroidal rotation using the measured impurity toroidal

rotation as an example (#116326 at t = 195ms). Zeff = 1.5 is assumed.

The correlation with the ion temperature gradient is consistent with theoretical predic-

tion. Before making comparison, however, it is necessary to discuss the difference between

the impurity rotation Vz measured and the main ion rotation Vi. Considering the flow

balance for each species [27]

Vs · ∇ϕ = −
(
dΦ

dψ
+

1

Zsens

dPs

dψ
− qVs · ∇θ

)
, (3)

where the contribution from the poloidal rotation is qVs·∇θ = (I/R2)(Vsθ/Bθ) with I = RBϕ.

So the difference in toroidal rotation between Vz and Vi is given by

Vi · ∇ϕ− Vz · ∇ϕ =−
(

1

eni

dPi

dψ
− 1

Zenz

dPz

dψ

)
+

I

R2

(
Viθ
Bθ

− Vzθ
Bθ

)
. (4)

The impurity diamagnetic rotation can be ignored in most cases, so the difference becomes

the difference in the poloidal rotation in addition to the ion diamagnetic rotation. One

way to evaluate the poloidal rotation when it is not directly measured is to use neoclassical

theory. A few cases were tested with TRANSP and NCLASS [28, 29] by assuming Zeff = 1.5

based on NBI blip shot data, as an example shown in Figure 7 at a time slice right after

L-H transition.

One can see the significant difference in main ion rotation R > 1.35m, up to a factor of

2. In principle, one can run NCLASS for every case to find out the prediction for the main

ion rotation. Many assumptions should however be needed, such as carbon and impurity
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Rotation vs. Ti with Vdia
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FIG. 8. Revised correlation with ion temperature gradient for the main ion rotation, which is

calculated by neoclassical flow balance ignoring the poloidal rotation [26] and impurity pressure.

As a result, the toroidal rotation change is increased by diamagnetic rotation change.

III. TORQUE BALANCE AND COMPARISON WITH THEORY

The increase of the toroidal rotation without an external torque is driven by intrinsic

toroidal torque. The intrinsic torque is more fundamental mechanism and the rotation is

the consequence of the torque balance between the momentum exchange. For comparison

with experiments, consider the torque balance in a cylindrical limit,

∂MnRV

∂t
= Tinput −∇ · Π3D

rϕ +∇ · Πrϕ, (6)

where

Πrϕ =MnR

(
χϕ
dV

dr
− VpinchV +Πex

rϕ

)
. (7)

Obviously Tinput = 0 in Ohmic plasmas. The torque by 3D field∇·Π3D
rϕ includes the resonant

electromagnetic torque at the rational surfaces when tearing mode exists and also Neoclassi-

cal Toroidal Viscosity (NTV) torque [17, 19, 20] if axisymmetry is broken. Especially NTV

torque almost always exists in tokamaks due to intrinsic asymmetry in the magnetic field,

and it would not be ignorable especially for a low torque plasma, where an intrinsic torque

can play an important role. This intrinsic error torque is however small in Ohmic plasmas,

due to the low pressure and the high collisionality, and can be ignored in our studies. Actual
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Torque vs. Ion temperature
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FIG. 9. Correlation between measured torque (density) change and ion temperature gradient

change through L-H transition. This torque generation is likely to be purely intrinsic.

modeling is presented in Appendix.

Now if one assumes −mnRV/τϕ = ∇ · (mnRχϕdV/dr −mnRVpinchV ) with momentum

confinement time τϕ >> 10ms based on previous NSTX momentum transport studies [13],

dominant terms through L-H transition within ∆t ∼ 10ms are

∆(MnRV )

∆t
≈ T ex

ϕ . (8)

So, the increase of the toroidal rotation in our experiments can be regarded as the drive

by pure intrinsic torque change. Including the diamagnetic correction, one can study the

correlation between the intrinsic torque and the ion temperature change as shown in Figure

9, and obtains

T ex
ϕ = CexnRVd, (9)

where Cex ≈ 2× 10−2(1 + Cz) when units n[1020m−3] and Vd[km/s] are used. Note that ∆

can be dropped at this point, by assuming the relation holds from Vd → 0. Here we keep

the dependency on the density and the size, as they tend to be natural in a torque density

calculation.

The correlation with Vd ≡ RdTi/dψ implies the process of intrinsic rotation drive is essen-

tially associated with ion-temperature-gradient (ITG) driven modes, as has been proposed

theoretically [21, 22] and experimentally in CMOD [32]. If ITG is the dominant instability
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FIG. 10. Comparison between residual-stress theory prediction and measurement for torque den-

sity, using χi as a free parameter. In theory, higher order temperature variations than T ′ and

toroidal effects are ignored.

source and if E⃗× B⃗ shearing rate balances the entropy production from ITG in a stationary

state, one can estimate the residual stress by E⃗ × B⃗ shearing rate and the intrinsic flow in

a stationary state. Diamond obtained the residual stress as [22]

Πrs
r|| = −ρ∗χi

Ls

2cs

(
∇T
T

)2

v2thi, (10)

where the normalized ion sound Larmor radius ρ∗ = ρs/a, ion sound speed cs =
√
Te/M ,

shear length L−1
s = ŝ/qR, ion diffusivity χi, and thermal ion speed vthi =

√
Ti/M . Ignoring

other spatial variations and higher-order spatial temperature variations than T ′, and taking

a cylindrical approximation, i.e. ϕ̂ ∼ b̂, one can obtain the theoretical intrinsic torque

density as

T rs
ϕ =

MnϵRχi

2ŝL2
T

Vd, (11)

Then this becomes consistent with observation as they both are correlated with the ion

temperature gradient ∇T . For deuterium ions and adopting previous units again, one has

T rs
ϕ = CrsnRVd, (12)

where Crs = 1.67× 10−4(ϵ/ŝL2
T )χi. Comparing Equations 9 and 12, one can see that theory

and experiment can be quantitatively compared if χi is used for a free parameter, as shown
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in Equation 10. The variation of χi > 0.5 is wide, but the range is consistent with previous

NSTX momentum transport studies [33]. In principle, χi can be estimated with TRANSP

by assuming some kinetic profiles that are not available in our study. However, several

tests showed that χi’s based on TRANSP does not seem to well represent the χi’s based

on Figure 10 probably due to various approximations such as T ′′ = 0 as well as unavailable

profiles such as Zeff . Only the overall range for χi seems to agree. Also note the measured

and predicted torque density in NSTX is small just due to ∝ nR that does not affect the

determination of rotation in intrinsic environment, as can be seen from Equation 7.

The prediction of toroidal rotation by intrinsic torque is another important issue, but is

not straightforward even if the intrinsic torque can be well predicted. This is beyond the

scope of this paper, but it is interesting to consider the consequence of the theory, Equation

10. When there is no other torque than the Reynold stress term in Equation 6, one can use

−χeff
ϕ ⟨Vϕ⟩′ + Πrs

rϕ = 0 in a stationary state. Again ignoring other variation and high order

temperature variation, one can integrate it and obtain

⟨Vϕ⟩
vthi

∼=
1

2
ρ∗
χi

χeff
ϕ

Ls

LT

√
Ti
Te
, (13)

as obtained by Kosuga [34]. Simplifying the equation, one can see that it becomes

⟨Vϕ⟩ ∼=
1

2ŝPr
Vd, (14)

where Pr ≡ χeff
ϕ /χi. If Pr is an order of unity, Pr ∼ 1, the predicted rotation is possibly

much less than the diamagnetic rotation ∼ Vd. This is highly unfavorable and even it will be

very difficult to resolve it in experiments due to the neoclassical uncertainties as discussed

in the previous section. If a higher toroidal rotation than a diamagnetic level is desired to

avoid various instability, a small Pr < 1/(2ŝ) is required, or otherwise another torque driver

will be necessary.

IV. SUMMARY AND DISCUSSION

This paper reported an investigation of intrinsic rotation in NSTX Ohmic H-mode plas-

mas and a comparison with a corresponding theory of residual stress. Results and issues

can be summarized as follows.
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1. Experimentally, the increase of toroidal rotation, by ∼ 10km/s to the co-IP direc-

tion, could be clearly observed during L-H transition without any external toroidal

momentum injection.

2. Passive views of CHERS provided essential measurements in the edge region and indi-

cated the best correlation between the increase of toroidal rotation and ion temperature

gradient as ∆VEx = Cz∆Vd, Equation 1.

3. However, the difference between impurity ions and main ions should be corrected. In

NSTX, the poloidal rotation may be ignorable and then the flow balance indicated

∆VEx = (1 + Cz)∆Vd. The neoclassical uncertainties, represented by the order of

unity 1 is as large as measured intrinsic rotation and so resolution of the rotational

difference between species will be equally important.

4. A rotation measurement would not guarantee a torque measurement, so other torque

sources should be carefully considered. Our experiments are almost free from momen-

tum pinch, diffusion, and NTV damping effects and so give the information of pure

intrinsic torque as T ex
ϕ = CexnRVd, Equation 9.

5. A theory based on residual stress can be simplified as T rs
ϕ = CrsnRVd, Equation 12,

and a good comparison could be made using χi as a free parameter.

6. However, there are a couple of important issues. First, all of discussions in this paper

are based on a large-aspect-ratio geometry, which may be not so relevant in a Spherical

Torus, and toroidal effects should be accounted in the future.

7. More important issue is that theory originally predicts the residual stress including

(∇T )2 and so the torque density involves higher order temperature-gradient depen-

dency, such as (T ′)2 and T ′′. Our experiments showed only the correlation with T ′,

but the resolution in measurements was not good enough to pin it down and may be

embedded in our free parameter χi. A very high spatial resolution in measurements

will be challenging without NBI, but seems necessary to resolve the higher order de-

pendency.

8. The determination of rotation is a different issue since it additionally requires the

information of momentum pinch and diffusion. The corresponding theory predicts
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V ∼= (1/2ŝPr)Vd, which is less than or equal to the diamagnetic level, as experimentally

indicated. Small Pr is required or other momentum sources seems necessary to achieve

the rotation higher than the diamagnetic rotation.

In the future work, it will be also important to consider how the intrinsic toroidal rotation

can modify E⃗×B⃗ rotation, which is the ultimate target in the study of the intrinsic rotation.

This part in fact constructs the closed loop among E⃗ × B⃗, the intrinsic torque, and the

toroidal rotation. Note that the presented theory of the residual stress begins with E⃗ × B⃗

and assumes the intrinsic flow as the next order. It will be desirable to remove the assumption

and incorporate other novel mechanisms such as the intensity gradient, since all of pieces

involved in the determination of intrinsic rotation may be in a similar order of diamagnetic

rotation.
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Appendix: Intrinsic Neoclassical Toroidal Viscosity torque in NSTX Ohmic H-mode

In this appendix a calculation of torque by intrinsic error field in NSTX will be presented.

Intrinsic error field almost always exists in tokamaks due to imperfect axisymmetry and can

induce a toroidal torque by non-ambipolar momentum transport. This so-called intrinsic

neoclassical toroidal viscosity (NTV) torque can be important in a low torque and slowly

rotating plasmas, depending on the level of error field and collisionality.

In NSTX, there are two well-known error fields, by the distortion of the centerstack

and by the non-circularity of PF5 coils. The developed models for both sources have been

well validated in previous studies and so used to calculate non-axisymmetric variation in

the field strength including ideal plasma response. The result for n = 1 δB calculated by

ideal perturbed equilibrium code (IPEC) [35] is shown in Figure 11. One can see clearly

the effects of large error field at the inboard side due to the centerstack distortion, as well

as small deviations at the outboard side due to PF5 coil errors [36, 37]. In fact n = 3

components is larger than n = 1 in PF5 coil errors, but can be ignored compared to large
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FIG. 11. An example of Lagrangian variation in the field strength δB (#116326 at t = 195ms),

calculated by IPEC, using the n = 1 intrinsic error field model in NSTX. One can see clearly the

large error field at the inboard side by centerstack distortion, and the small error at the outboard

side by non-circular PF coils.
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FIG. 12. Calculated torque density profile produced by intrinsic error field, using IPEC δB and

combined NTV formula. One can see the intrinsic error torque (Red) is small and can be ignored,

compared to the measured intrinsic torque (Blue), as typical in low temperature Ohmic plasmas.
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centerstack distortion in Ohmic plasmas and even were corrected by error field correction

(EFC) coils in a few cases.

Using the IPEC δB, we used a combined NTV formulation [20] to calculate the intrinsic

NTV torque as this method has been validated in many cases within an order of magnitude

[38–40]. The result, Figure 12 shows that the intrinsic NTV torque is much less than the

measured intrinsic torque. Therefore we entirely neglected the intrinsic NTV torque in

investigation, but note that this should not be generalized to other studies. In fact, two

primary reasons of our low NTV torque are the low pressure and the high collisionality in

Ohmic plasmas. The low pressure decreases the Lagrangian variation in the field strength

as well as the plasma response, and the high collisionality decreases the non-ambipolar

transport in 1/ν regime. Considering the NTV torque is proportional to (δB)2, one can

easily find ∇ · Π3D
rϕ can increase very rapidly along the temperature [20]. That is, the

intrinsic NTV torque can be important when a high confinement with high temperature is

targeted without a low external torque, as is the case in ITER.
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