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Abstract. In tokamak plasmas with low levels of toroidal rotation, the radial

electric field Er is a combination of pressure gradient and toroidal and poloidal

rotation components, all having similar magnitudes. In order to assess the validity of

neoclassical poloidal rotation theory for determining the poloidal rotation contribution

to Er, Dα emission from neutral beam heated tokamak discharges in DIII-D [J.L.

Luxon, Nucl. Fusion 42, 614 (2002)] has been evaluated in a sequence of low torque

(electron cyclotron resonance heating and balanced diagnostic neutral beam pulse)

discharges to determine the local deuterium toroidal rotation velocity. By invoking

the radial force balance relation the deuterium poloidal rotation can be inferred. It is

found that the deuterium poloidal flow exceeds the neoclassical value in plasmas with

collisionality ν∗i < 0.1, being more ion diamagnetic, and with a stronger dependence on

collisionality than neoclassical theory predicts. At low toroidal rotation, the poloidal

rotation contribution to the radial electric field and its shear is significant. The effect

of anomalous levels of poloidal rotation on the radial electric field and cross-field heat

transport is investigated for ITER parameters.
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1. Introduction

The radial electric field in a tokamak plasma, and associated E × B shear, provides

stabilization of long wavelength turbulent modes and improves plasma confinement [1,

2]. In order to predict the heat transport and fusion performance in ITER, the

E×B shearing rate is required to compare with turbulent growth rates and determine

the effective suppression of cross-field heat transport driven by turbulent fluctuations.

Through the radial force balance relation, the radial electric field is a combination of

three terms, with dependencies on the pressure gradient, toroidal rotation and poloidal

rotation Er = ∇P/Zeni + VϕBθ − VθBϕ, where ∇P is the ion pressure gradient, Ze the

ion charge, ni the ion density and Vϕ, Vθ, Bϕ, Bθ being the toroidal (ϕ) and poloidal(θ)

velocities and magnetic fields, respectively. In tokamak discharges heated by uni-

directional neutral beams, the high toroidal rotation produces a large radial electric

field and E×B flow shear that suppresses turbulent transport [1]. As toroidal rotation

is lowered by reduced net torque, the benefit of the large shearing rate provided by

rapid toroidal rotation decreases [3]. Predictions of ITER with GLF23 [4, 5] and the

more recent TGLF [6] indicate a significant increase in fusion performance with increased

E×B shear, however in devices with low relative torque the benefits of the large toroidal

rotation may be absent. The core Er will be determined by the contributions from the

pressure gradient, toroidal rotation and poloidal flow, all having similar magnitude [7].

Although the poloidal flow is generally considered small, in a conventional tokamak (in

contrast to a spherical torus) Vθ enters into the radial electric field multiplied by the large

Bϕ. Predictions of Er and plasma performance in future devices rely on calculations and

simulations of the main-ion properties (Vϕ, Vθ,∇Pi and Er derived from these values) [7],

hence an understanding of the main-ion toroidal and poloidal flows is required when

evaluating Er. For ITER design parameters [Ip, Bt, neutral beam injection (NBI) all

clockwise from above], the contributions to Er from NBI-driven toroidal rotation and

ion-diamagnetic poloidal rotation add in a positive sense (E
Vϕ
r , EVθ

r > 0), while the

pressure gradient opposes these terms (E∇Pr < 0). Therefore both large toroidal and

poloidal rotation will increase the core radial electric field, and its shear. Indeed on

JET [8], an anomalously large poloidal rotation was observed to have a significant effect

on the core radial electric field, and was determined to play a significant role in the

formation of core transport barriers.

Poloidal rotation in tokamaks is strongly damped by the time variation of the

magnetic field seen in the rest frame of poloidally passing ions [9] (trapped particles

carry no net poloidal momentum). In the absence of poloidal momentum sources, the

damping rate of poloidal flow can be determined by the flux surface averaged parallel

stress 〈B · ∇ ·Π〉 [10], which damps poloidal flow to the neoclassical level on an ion-

ion collision time. Poloidal flow can be modified (“spin-up”) by steady-state poloidal

density asymmetries [11] or poloidally-asymmetric particle or momentum injection [12].

Additionally, turbulent generation of mean-field poloidal flow may be driven by Reynolds

stress when there is a radial gradient in the radial and poloidal velocities associated with
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the fluctuating electrostatic potential [13, 14, 15, 16, 17, 18].

Poloidal flow of main-ions and impurities should be quite different, as the magnetic

pumping damps its own species [19] with a parallel viscosity proportional to collision

frequency µii ∝ νii that is larger for the more collisional impurity ions. It is this

fact that makes validation of the neoclassical theory a challenge for experimentalists,

as the impurity ions are measured much more commonly than the main-ions, but

are predicted to have much smaller magnitude flow velocities. Additionally, the

neoclassical theory of impurity poloidal rotation has three significant drive terms; main-

ion temperature and pressure gradient and impurity pressure gradient, whereas the

main-ion poloidal flow is dominated by the temperature gradient alone [19, 20], which

would greatly simplify designing experimental tests of the theory. In many cases, aside

from strong core transport barriers, the neoclassical prediction of impurity poloidal

rotation is quite small and near the resolution level of the diagnostic designed for the

measurement. Early accounts of poloidal rotation contained zero within the error bars of

the measurements [21], but through sophisticated atomic calculations [22, 23] and novel

diagnostic viewing configurations [24, 25, 26] the measurements uncertainties have been

reduced to such levels that the poloidal flow theory may be tested.

Experimental measurements of poloidal rotation have displayed a mix of agreement

and disagreement with neoclassical estimates. Here we neglect disagreement with

neoclassical theory prior to 2000 cf. reference [27]. Measurements on MAST [20]

and TCV [25] have displayed impurity poloidal rotation that is considered neoclassical

within the error bars. These tests have been done in plasmas with relatively low ion

temperatures, and hence in higher collisionality than fusion relevant conditions. A

recent test of neoclassical poloidal rotation was done by Bell, et al. on NSTX [28].

Here the measured impurity poloidal rotation was near neoclassical estimates, but

smaller in magnitude. Smaller magnitude here means that the flow was more ion

diamagnetic than neoclassical in all cases, and as the toroidal field was lowered, the

measured flow displayed a larger discrepancy with neoclassical, again being more ion

diamagnetic. Here ion diamagnetic means the direction of B × ∇P . Work on the

DIII-D tokamak in high performance QH and H-mode plasmas displayed significant

disagreement with neoclassical theory, in both sign and magnitude. In all cases reported

in reference [23], the impurity poloidal flow was more ion diamagnetic than neoclassical.

Previous measurements of the main-ion differential toroidal rotation on DIII-D displayed

an inference of the main-ion poloidal rotation that was more ion diamagnetic than

neoclassical [29], and an experimental database of observations are the subject of this

paper. Although flow in the H-mode pedestal is beyond the scope of this paper,

the poloidal rotation of helium main-ions near the separatrix have also been seen

as significantly more ion diamagnetic than neoclassical, approaching 30% of the ion

diamagnetic velocity [30]. A newly developed diagnostic for measuring the core poloidal

rotation, that in principle has higher accuracy than previous techniques, has recently

been commissioned on DIII-D and has reported poloidal flow that is near neoclassical,

but somewhat more ion diamagnetic [26].
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The primary difference between this and previous studies is that we are

experimentally investigating the main-ion poloidal rotation in deuterium plasmas. This

is only currently possible by directly measuring the toroidal rotation, and using the

force balance relation. This article further investigates the main-ion toroidal and

poloidal contributions to Er, and the studies are done under low rotation conditions

in DIII-D. Plasmas are either ohmic or H-mode heated by electron cyclotron heating

(ECH), with short NBI pulses used for diagnostic purposes. Thus the regime considered

here is well represented by Te ≈ Ti and nb � ne, nD, where nb is beam ion density

and ne, nD are electron and deuterium density, respectively. Main-ion [29, 31] and

impurity [32, 33, 34] charge exchange recombination (CER) spectroscopy are used to

measure the toroidal rotation of the deuterium and carbon ions, as well as the impurity

poloidal flow velocity [22, 23]. Neoclassical theory is used to predict the carbon and

deuterium poloidal rotation and the deuterium toroidal rotation. By comparing the

measured toroidal rotational velocities, and using the radial force balance relation, the

main-ion poloidal rotation can be inferred and compared to the neoclassical values. We

exploit the fact that the impurity poloidal rotation in these conditions is both predicted

and measured to be small, and hence little bias on the inferred main-ion poloidal rotation

is introduced by using the carbon measurements. Comparisons between measurements

and neoclassical models are done by forward modeling with neoclassical codes, as well

as deducing the fundamental neoclassical quantities (Vθ and coefficients depending

on collisionality) through the force balance relation. The second method permits a

straightforward propagation of errors in experimental profiles and gradients.

We find that the core main-ion poloidal flow exceeds standard neoclassical estimates

from the NCLASS [35] model, being significantly larger in the ion diamagnetic direction.

When Er is evaluated with the main-ion constituents, we find that the poloidal rotation

contribution dominates over the toroidal rotation, and the sum enhances the core radial

electric field to a value larger than neoclassical estimates. A database of discharges has

been evaluated, and a consistent trend has been exposed indicating a significantly larger

poloidal flow at low collisionality than conventional neoclassical theories predict.

2. Neoclassical Theory

Neoclassical theory provides an expected poloidal flow, given the magnetic equilibrium

and plasma profiles [19]. Neoclassical poloidal flow of the main-ions is largely driven by

the temperature gradient, with a coefficient K1 that depends on collisionality

Vθ = K1
vT iρi
2LT i

BBϕ

〈B2〉
, (1)

where vT i is the ion thermal speed, ρi is is the gyro-radius, LT i is the ion temperature

scale length (Ti/∇Ti), Bϕ is the toroidal magnetic field, B is the total magnetic field,

and 〈 〉 denotes a flux-surface average. Here K1 is formed by evaluating the impurity

concentration and parallel viscous matrix elements. Calculations of the coefficient
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K1 can be done analytically [19], numerically [35, 36], or determined from plasma

simulations [37, 38, 39].

In the infinite aspect ratio (ε → 0), pure plasma collisionless limit, the coefficient

K1 → 1.17. This banana limit corresponds to main-ion poloidal flow in the ion

diamagnetic direction. For higher collisionality plateau (ν∗i > 1) and Pfirsch-Schlüter

(ν∗i > ε−3/2) regimes the coefficient changes sign and magnitude to -0.5 and -1.0

respectively. For intermediate aspect ratios K1 decreases in magnitude but remains

positive in the banana regime. Impurity poloidal flow is generally smaller than the

main-ion flow, but is more commonly measured [20, 23, 28, 40, 41]. Impurity poloidal

flow can be expressed as

V imp
θ =

vT iρi
2

[(
K1 +

3

2
K2

)
L−1T i − L

−1
Pi +

ZiTimp
ZimpTi

L−1Pimp

]BBϕ

〈B2〉
, (2)

where subscripts i and imp denote primary and impurity ions, respectively, and LP
is the pressure gradient scale length. Impurity poloidal flow largely depends on main-

ion parameters due to the Zi/Zimp dependence. Poloidal flow can be modified from

the neoclassical treatment by the turbulent Reynolds stress V RS
θ = −∇ · ΠRS

r,θ /µii =

−µ−1ii ∂〈ṽrṽθ〉/∂r [13, 15, 42], where µii is the ion viscosity and ṽr, ṽθ are the radial

and poloidal E×B velocities associated with a fluctuating electrostatic potential. The

turbulent contributions effectively add to the neoclassical level, Vθ = V NC
θ + V RS

θ (See

revised calculations of reference [43] in reference [44].). Non-local effects and inclusion

of the radial electric field can also provide a modification to the standard neoclassical

prediction of poloidal rotation values [38, 45].

In this paper we make use of a number of neoclassical models. The first model

that can be evaluated is the analytic Kim-Diamond-Groebner model (KDG) [19]. The

KDG model can be readily evaluated in post-processing of routine experimental profile

analysis. The second model is the NCLASS model, evaluated through the FORCEBAL

pre-processor [35, 46]. Typical NCLASS evaluation retains the full viscosity coefficients

that are valid across all collisionality regimes and aspect ratios(as was done previously in

references [23, 46]), but can also be evaluated neglecting the high collisionality, Pfirsch-

Schlüter viscosity. Neglecting the Pfirsch-Schlüter viscosity effectively increases the

poloidal flow coefficient K1, but decreases the differential poloidal flow between species.

The third model is NEO [36], a δf Eulerian model that solves the drift-kinetic equation

in a multi-ion species plasma. The fourth model is GTC-NEO [38, 45], a δf particle-

in-cell (PIC) code that solves the drift-kinetic equation by evolving a finite number of

particles based on the Lagrangian equation. Each neoclassical simulation (FORCEBAL-

NCLASS, GTC-NEO and NEO) is executed with the default settings for the respective

code. Some differences between the codes are the treatment of orbit squeezing effects

and the inductive parallel electric field. Orbit squeezing modifications to the viscosity

are not used in either FORCEBAL-NCLASS or NEO, but are included self-consistently

in the particle-following GTC-NEO and have been shown to affect the ion poloidal

rotation [39]. FORCEBAL-NCLASS by default includes an inductive parallel electric

field E‖ by assuming neoclassical resistivity for the ohmic current, whereas GTC-NEO



Collisionality Scaling of Main-Ion Flow 6

and NEO by default have chosen to set the parallel inductive field to zero, as E‖ is a

difficult quantity to determine accurately. A comparison of the various options for each

simulation such as orbit-squeezing, potato orbits near the magnetic axis, sensitivity to

a parallel electric field and other such effects are beyond the scope of this study, and

are left to future benchmarking. For all simulations, toroidal rotation of the main-ion

species is predicted by adding the pressure and poloidal rotation contributions to Er,

giving V D
ϕ = V C

ϕ + B−1θ (E∇PCr − E∇PDr ) + B−1θ (E
V Cθ
r − EV Dθ

r ), where the only quantities

used from the neoclassical models are V C
θ and V D

θ used in EVθ
r = −VθBϕ.

As will be seen in the following section, the choice of neoclassical model can have

significant effects on the magnitude of the predicted poloidal rotation, varying by nearly

a factor of two. Thus the evaluation of agreement or disagreement with neoclassical

theory depends on which model is chosen to represent that theory.

3. Experimental Method

A sequence of discharges were performed in DIII-D to investigate the intrinsic rotation

characteristics of the main-ions and impurities using the newly commissioned main-

ion CER system [31]. The discharges were executed by Ohmic startup, with a single

short beam pulse for diagnostic purposes. Plasma current and toroidal field were varied

between 0.7–1.1 MA and -1.7, -2.0 T on a shot-by-shot basis. Diagnostic pulses provide

core ion temperature, main-ion and carbon toroidal rotation, carbon poloidal rotation

and carbon density. Second harmonic ECH (X-mode) of 0.9 MW was applied to trigger

the low to high (L-H) confinement transition and enter edge localized mode (ELM) -free

H-mode. During the H-mode phase, diagnostic beam pulses were applied to obtain the

spectroscopic measurements at three more times. Diagnostic beam pulses were designed

to impart zero net torque by usage of co- and counter-current NBI.

Early ohmic conditions have the lowest ion temperature (Ti ∼ 1.0 keV) and highest

collisionality, with line-averaged density approximately 〈ne〉 = 3 × 1019 m−3. H-mode

temperatures reach Ti ∼ 2.0 keV with line-averaged density of 〈ne〉 = 5.5×1019 m−3. No

significant MHD or other instabilities such as ELMs or sawteeth were observed. During

ECH a reversal of the q profile develops for ρqmin ≈ 0.2−0.3. Profiles of ion temperature

in H-mode develop a steepened gradient inside of ρ ∼ 0.4, and the carbon density in

this region is reduced.

One example of the plasma conditions during the ECH H-mode is provided in

figure 1(a,b). Here the profiles of electron, deuterium, and carbon density are displayed

as a function of flux-surface label, ρ =
√
ψt/π/Bcenter, where ψt is toroidal flux and

Bcenter is defined at the magnetic axis, normalized to the value at the boundary.

In all cases, error bars on the experimental profiles are obtained from Monte-Carlo

perturbations within the experimental data points. Ion temperature is obtained

from CER and electron temperature is obtained from Thomson scattering and ECE.

Figure 1(c) presents the measured carbon and deuterium toroidal rotation from the

two spectroscopy systems. Here the values of toroidal rotation are outboard-midplane
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measurements. The carbon toroidal rotation possesses a feature that is hollow in the

same region of the plasma as the hollow carbon density profile, apparently caused by

ECH. The deuterium toroidal rotation profile is slightly slower than carbon at outer

locations, and faster at ρ ≈ 0.25. Also included in figure 1(c) is the predicted toroidal

rotation profile of the deuterons from the NCLASS code [35]. This NCLASS analysis

includes all viscosity contributions. It can be seen that the NCLASS prediction is

significantly faster in the toroidal direction (direction of plasma current) than the

measured deuterium rotation. This difference, (V D
ϕ − V C

ϕ ) is presented in figure 1(d),

as well as predictions from two other neoclassical models; Kim-Diamond-Groebner, and

NEO.

The neoclassical quantity required for the prediction of V D
ϕ is the difference

V D
θ − V C

θ . Using radial force balance, we can define ∆Vθ as

(V D
θ − V C

θ ) =
1

Bϕ

( ∇PD
ZDenD

− ∇PC
ZCenC

)
+
Bθ

Bϕ

(V D
ϕ − V C

ϕ ). (3)

The terms on the RHS of equation (3) are readily evaluated from the equilibrium

reconstruction and experimental measurements and do not rely on any theoretical

predictions. The LHS of equation (3) is then defined as ∆V exp
θ and will be used for

comparison to the neoclassical theory.

Neoclassical calculations produce V D
θ and V C

θ individually on the outboard

midplane, and the quantity ∆V NC
θ can be formed from calculations and simulations.

Thus this differential poloidal flow velocity is the clearest comparison to the neoclassical

theory of poloidal rotation that does not depend on the measurement of poloidal velocity.

Comparison of ∆V exp
θ to ∆V NC

θ displays how quickly poloidally passing main ions and

impurity ions move past each other, regardless of any common poloidal flow that may

exist for the two ion species. The results from experimental profiles and neoclassical

theory are presented in figure 2(a) for the same ECH H-mode displayed in figure 1. The

experimental and neoclassical models all display the same qualitative feature, namely

a peak in the differential flow velocity at the location of the largest ion temperature

gradient. By examining the various models, we see that the KDG analytic model

produces the smallest differential poloidal flow, followed by the NCLASS model with

full viscosity evaluation, NEO and GTC-NEO. It is the NCLASS profile in figure 2(a)

that was used to produce the toroidal rotation profile in figure 1(c). The fact that the

NCLASS ∆V NC
θ is approximately 2 km/s below the observation is manifested as a peak

18 km/s difference in predicted toroidal flow. This is due to the factor of Bϕ/Bθ in

the equation for differential toroidal flow. The GTC-NEO model produces the largest

differential poloidal flow at the location of the steep temperature gradient.

We can arrive at an inferred main-ion poloidal flow velocity by using the

experimental measurements of the carbon poloidal velocity; V D
θ = V C

θ + ∆V exp
θ . The

experimentally measured carbon poloidal flow is displayed in figure 2(b), along with the

neoclassical calculations from the various models. Under these conditions, the diagnostic

difficulties associated with impurity poloidal rotation are reduced compared to rapidly

rotating plasmas because there is little “toroidal pickup”, as the toroidal rotation is



Collisionality Scaling of Main-Ion Flow 8

only tens of km/s, and the ion temperature is quite low. Here “toroidal pickup” is

defined as the contribution to a vertical (poloidal) velocity due to toroidal rotation

when the angle between a vertical sightline and the toroidal direction is not exactly

perpendicular. As expected, the measured and predicted carbon flow velocities are very

small, and nearly zero within the error bars. The NCLASS model for V C
θ displays

a strong electron diamagnetic feature at ρ ≈ 0.2, with the other two models, NEO

and GTC-NEO displaying a weaker feature. However, this feature is not observed

experimentally. It is noteworthy that the measured impurity poloidal flow is more

ion diamagnetic than the neoclassical models in the region of steep pressure. For the

conditions in figure 1, the main-ions are in the banana collisionality regime across the

entire core profile (ν∗i ≈ 0.05), while carbon enters the plateau regime at ρ ≈ 0.5. Thus

we expect the main-ion poloidal flow to be ion diamagnetic, as displayed in figure 2(c),

and largest at the location of steepest temperature gradient. However, and similar to

previous investigations, the inferred deuterium poloidal rotation is more ion diamagnetic

than neoclassical predictions. Kexp
1 (ρ) (not shown) is consistent with expectation, being

approximately 1.0 at the location of smallest collisionality. The NEO and NCLASS

models are somewhat below this limit (K1 ≈ 0.8, 0.3, respectively), where NCLASS

presents the smallest value. By neglecting Pfirsch-Schlüter viscosity in the NCLASS

evaluation, the value of K1 increases uniformly to K1 ≈ 0.5. The radial electric field is

displayed in figure 2(d,e). At the location of the steepest ion temperature gradient, the

core Er is enhanced above the NCLASS estimate by approximately a factor of two. By

examining the contributions to Er from main-ion properties, it is clear that the poloidal

rotation contribution is not negligible. Inside of ρ of 0.4, the poloidal rotation dominates

over the toroidal rotation term and is comparable in magnitude to the pressure gradient

term.

4. Scaling trends

In the sequence of discharges performed to investigate main-ion and impurity intrinsic

rotation, the variation in plasma current naturally causes changes in plasma density,

temperature and collisionality. Thus, a database of measured differential toroidal and

poloidal flow, and inferred main-ion poloidal flow, can be used to expose trends in the

data and compare to expected trends in the theory. For each time in each discharge,

an MSE-constrained, kinetic equilibrium reconstruction was performed using plasma

profiles and ONETWO [47] transport analysis to obtain the q profile and magnetic

axis location. For each set of equilibria and profiles, the carbon poloidal rotation

was determined by the method detailed in references [22, 23], accounting for the

energy dependence and gyro-orbit cross-section effects on the apparent velocity. Each

equilibrium and set of profiles were evaluated with NCLASS.

First, the trends in the difference between direct measurements of deuterium and

carbon toroidal rotation are investigated. We display the difference in toroidal rotation

V D
ϕ − V C

ϕ averaged over ρ = [0.2, 0.7] in figure 3. It can be seen that NCLASS always
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predicts this quantity as positive, i.e. deuterium is predicted to rotate more co-current

than carbon, and trends more positive at lower collisionality, where the temperatures

are higher and the pressure profile more peaked. The measured difference in toroidal

rotation is only positive at the highest collisionality, and trends more negative at lower

collisionality. As will be shown later in this section, this discrepancy between theory and

experiment, that appears initially as a sign error, can be explained by a simple increase

of the magnitude of main-ion poloidal rotation in the ion diamagnetic direction, at low

collisionality.

By using the differential toroidal rotation displayed in figure 3, we can then calculate

the differential poloidal rotation. We compare this quantity ∆V exp
θ and ∆V NC

θ to the

neoclassical theory because this quantity does not require the more complicated measure

of carbon poloidal rotation. However, the differential poloidal rotation does not provide

a scaling of the absolute main-ion poloidal flow, which would be beneficial to predictions

of Er and E×B suppression of turbulence on future devices. Therefore, in order to make

progress we must also form the main-ion poloidal flow by adding the measured poloidal

rotation of carbon to ∆V exp
θ , and computing the dimensionless poloidal flow coefficient,

Kexp
1 . This coefficient is also computed from the neoclassical models either directly (as

in the case of KDG), or numerically by inverting the equation V D
θ = (K1/miΩci)∇Ti

for KNC
1 on the outboard midplane. Here collisionality is defined as the ratio of ion-ion

collision frequency to bounce frequency, ν∗i = νiiRq/ε
3/2vth,i.

In order to expose scaling trends in the sequence of discharges, we evaluate the

quantities ∆V exp
θ , ∆V NC

θ , V D
θ and K1 over a relatively large fixed range in ρ = [0.2, 0.7],

providing a general impression of the core poloidal flow properties. Figure 4(a) displays

the trend in the differential poloidal flow obtained from experimental measurements,

as well as differential poloidal flow from neoclassical calculations. Error bars here

represent the error in the velocities as well as the collisionality range covered by the

radial region. It is stressed that this experimental quantity does not depend on the

direct measure of the impurity poloidal flow. From figure 4, we see a strong increase

in the differential poloidal flow at low collisionality. This scaling trend is expected,

because the strongest drive for the differential poloidal flow is the ∇Ti that naturally

increases at low collisionality for these discharges conditions. The experimental ∆Vθ
exhibits a stronger scaling than the NCLASS evaluation as collisionality decreases. A

simple offset would not account for the observed mismatch with the theory. Subtracting

the offset would still result in a factor of two difference at ν∗i ≈ 0.05. By adding the

carbon poloidal rotation measurement, we calculate and display the main-ion poloidal

flow velocity, seen in figure 4(b). As with the observed trends in the differential toroidal

and poloidal flow, at low collisionality the discrepancy with neoclassical becomes larger.

Here we point out that what appears to be a significant change in both sign and trend

in differential toroidal flow, figure 3, is resolved by a “spin-up” of main-ion poloidal flow

in the ion diamagnetic direction.

Differential poloidal rotation has a strong dependence on the temperature gradient,

and this dependence is removed by displaying the dimensionless poloidal flow coefficient
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K1 as a function of ν∗i , presented in figure 5. An error band was formed by Monte-Carlo

linear fits with error bars on both K1 and ν∗i , and the shaded region falls inside of one-

sigma. Scaling of K1 for experimental measurements and NCLASS are approximately

linear and show an increase in K1 as collisionality is lowered. Experimental values are

larger than NCLASS at low collisionality, and display a stronger slope across the range

of ν∗i in these discharges. An additional measurement point is introduced in figure 5

at the lowest collisionality that was taken from a distinctly different set of discharge

conditions, and first presented in reference [29] during the formation of a strong core

transport barrier in a strongly NBI heated plasma with both co- and counter-Ip injection.

The data point presented is consistent with the scaling trend observed in the rest of the

database.

The implications are that main-ion poloidal flow is significantly more ion

diamagnetic than NCLASS predictions as the collisionality approaches zero. Neglecting

the Pfirsch-Schlüter contributions to the viscosity produces a K1 from NCLASS that is

more positive, but not to observed levels. Scaling results from the GTC-NEO code are

left to a future exercise, as the computational time is prohibitive.

The scaling trends in figure 4 are consistent with the reasonable agreement

demonstrated in other devices at higher collisionality [20, 25], and the disagreement

at lower collisionality [8, 23]. Data at higher collisionality are more difficult to obtain as

it requires very low ion temperatures. The inherent error bars on the measurements will

dominate over the extremely low level of poloidal flow expected under those conditions,

and the high collisionality regime is irrelevant to high performance plasmas. At low

collisionality the poloidal flow is enhanced, and this is consistent with an increased

turbulent drive. Turbulent poloidal flow generation should increase at low collisionality,

as V tur
θ ∼ µ−1ii , where µii ∼ νii.

Future experiments in helium main-ion plasmas with deuterium neutral beams offer

a further test of the neoclassical theory, as outlined in this manuscript. It has been noted

that the toroidal rotation of helium ions in intrinsic rotation conditions with carbon

impurity also disagreed with the neoclassical estimates [48], and a database similar to

the one presented in this paper could be formed that uses both the differential toroidal

flow, as well as the direct measure of helium poloidal rotation.

5. Discussion of effect anomalous poloidal rotation has on E×B shear rates

in ITER-relevant conditions

Enhanced poloidal rotation above the NCLASS neoclassical level directly affects the

radial electric field. In order to assess the effect of enhanced Vθ on E × B shearing

rates, an ITER scenario will be investigated to determine possible consequences if

the experimental scaling presented in figure 5 is relevant to plasmas expected in

ITER. This investigation will ignore speculation on turbulent generation of poloidal

rotation and any ρ∗ scaling of such effects. Predictive transport run 20100N05 at 245

seconds has been investigated recently [49] for predictions of ITER performance with
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coupled PTRANSP [5, 7]-TGLF [50], and contrasted with previous predictions using

GLF23 [4, 51]. The results of Budny et al. [49] displayed prediction of core Te, Ti with

a higher sensitivity to the E×B shearing rate than previous GLF23 simulations, hence

modifications to the core Er will be more pronounced within the new, more accurate

TGLF modeling.

Two profiles of Er are given in figurre 6(a,b). figure 6(a) displays the radial electric

field evaluated by the deuterium pressure, toroidal and poloidal flows and used in the

PTRANSP simulation. The toroidal rotation was computed by the injected neutral

beam torque, and the assumption that χφ/χi,GLF23 = 0.5, resulting in a peak rotation of

approximately 75 km/s at R = 6.8 m. Poloidal rotation was computed using NCLASS,

and under these low collisionality conditions the the dimensionless flow coefficient is

KNC
1 ≈ 0.5 across much of the core profile, consistent with the NCLASS scaling in

figure 4(b) at very low ν∗i . By enhancing the poloidal rotation in accordance to the

scaling trend observed experimentally, assuming K1 = 2.0, the effect on the core radial

electric field can be determined and used in assessing the enhancement of Er, seen in

figure 6(b). It can be seen that the magnitude of Er in increased across the entire core

plasma.

Here we compute the long wavelength ion growth rates from TGYRO-TGLF in the

linear stability mode of the simulation. The reported growth rate is γi where γi/(kyρ)2

is maximized, typically near kyρ = 0.3. This is compared against the E ×B shear rate,

where we define here the familiar Hahm-Burrell shear rate and the Waltz-Miller rate

γHBE×B =
(RBθ)

2

B

∂

∂ψ

( Er
RBθ

)
, (4)

γWM
E×B = − r

q

∂ω0

∂r
, (5)

where R is major radius, Bθ is the poloidal field, B is the total field and ψ is the

poloidal flux. For the Waltz-Miller form, ω0 = −c∂φ−1/∂ψ is a flux-function and is the

E×B rotation, locally Er/RBθ on the outboard midplane. Displayed in figure 7 are the

turbulent growth rates and shearing rates across the outboard midplane, where both

forms of the shearing rate are presented (Hahm-Burrell and Waltz-Miller). Two cases

of calculated shearing rate are included in figure 7, derived from the original Er profile

with NCLASS poloidal rotation, and the modified Er with poloidal rotation enhanced

above the neoclassical value with coefficient K1 = 2.0. It can be seen that the modified

shearing rate is above the original shear rate, and that over a significant fraction of the

core profile (R . 7.4 m) that the E × B shear rate with modified poloidal rotation

equals or exceeds the linear turbulent growth rate.

When local E × B shear rates approach and exceed the linear turbulent growth

rates, the turbulent transport can be suppressed [1]. In order to asses the effects

of the enhanced poloidal rotation on the temperature profiles, the TGYRO [52]

framework with TGLF has been employed to produce self-consistent steady-state ion

and electron temperature profiles for the this ITER scenario. TGYRO here utilizes

the ITER geometry and heating sources to predict the ion and electron temperature
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profiles consistent with neoclassical and turbulent transport. At each grid point in the

simulation, the flux-matching gradients are predicted, which in turn determines the

temperature profile. The simulation has the profiles fixed at a reference minor radius

(here r/a = 0.84, R ≈ 7.9 m, inside of the pedestal) and interior points are predicted

by TGYRO. Toroidal rotation prediction from TGYRO-TGLF is currently undergoing

validation, and therefore we suppress any evolution of the toroidal rotation profile in

these simulations and retain the assumed toroidal rotation profile from the original

PTRANSP simulations. A self-consistent evolution of the equilibrium, temperature,

density and rotation profiles of all species is beyond the scope of the present investigation

and is left to future work.

Ion and electron temperature profiles from the TGYRO analysis are given in figure 8

for a scan in poloidal flow coefficient from the original NCLASS and K1 = 1.0, 1.5, 2.0.

Ion temperature profiles from the simulations begin to diverge near R ≈ 7.1 m. At this

location, the relationship between the growth and shearing rates (figure 7) qualitatively

change. For R & 7.3 m the turbulence growth rate exceed the E × B shear rates

γE×B, γmodE×B. For R . 7.3 m the modified shear rate approaches or exceeds the

turbulence growth rates, while the original shear rate is below the ion growth rate,

γmodE×B > γi > γE×B. Enhanced shear causes a decrease of the turbulent heat flux,

and an increase of the ion temperature by approximately 25% is seen at the magnetic

axis for the case with K1 = 2.0. The effect on the electron temperature profile is

qualitatively similar, but the enhancement to Te is weaker (9%). Although the plasma

volume decreases towards the magnetic axis, raising the central ion temperature by 25%

will result in an increase in fusion power. Volume integrated alpha power for K1 = 2.0

is approximately 15% higher than the NCLASS case.

This investigation of the effects of anomalous poloidal rotation in ITER-relevant

conditions motivates future study of main-ion toroidal and poloidal rotation properties

in deuterium and D-T plasmas.

6. Conclusion

A series of discharges were executed with the aim to determine the intrinsic rotation

properties on main-ions and impurity ions in the DIII-D tokamak. Measurements of the

toroidal rotation of main-ions and impurity ions were taken to compare to neoclassical

calculations. By using the force balance relation, we find that the differential poloidal

flow of carbon and deuterium ions must be significantly larger than the prediction

from the NCLASS model. Other models, such as NEO and GTC-NEO are closer to

experimental observations, especially in regions of the plasma where the ion thermal

diffusivity χi is close to neoclassical levels. By using the measured carbon poloidal

rotation, the main-ion poloidal rotation can be inferred and compared to neoclassical

theory. We find that the deuterium poloidal flow exceeds neoclassical estimates, being

more ion-diamagnetic. A database of discharges with various levels of Ip and Bt

was constructed, and it is found that the deuterium poloidal rotation becomes more
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anomalous at low collisionality. The construction of Er from main-ion contributions

reveals that in the core of low rotation plasmas, Er can be dominated by the poloidal

rotation contribution.

In this article, we have presented the observation that the poloidal rotation of the

main ions is consistently more rapid in the ion diamagnetic direction on DIII-D when

the plasma is in the low collisionality “banana” regime. This conclusion was based

on measurements of toroidal rotation profiles of the main-ions, and the requirement

of satisfying radial force balance on a flux surface. A literature review also indicates

that stronger ion diamagnetic flow is observed more commonly, when the poloidal flow

deviates from neoclassical. Some such examples of this are seen from JET [8, 15] interior

to a transport barrier, and NSTX [28, 53].

By removing the dependencies of main-ion poloidal flow on ion temperature gradient

and magnetic field strength, a scaling of the effective dimensionless flow coefficient K1

has been experimentally determined as a function of ion collisionality. Extrapolation to

ITER collisionality reveals that the main-ion poloidal flow may significantly exceed the

neoclassical estimates, with direct consequences on the magnitude of the radial electric

field and its shear. Through a predictive TGYRO-TGLF simulation, the increased E×B

shearing rate associated with anomalous poloidal flow reduces the turbulent ion thermal

transport, resulting in an increased central ion temperature and improved performance.
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Figure 1. Profiles of density, temperature, toroidal rotation and differential toroidal

rotation for ECH H-mode. Monte-Carlo error bars included for region where main-

ion measurements are available. Differential toroidal rotation includes prediction of

deuterium rotation from various neoclassical models.

Figure 2. Differential poloidal rotation (a), carbon (b) and deuterium (c) Vθ, and

Er (d) for the profiles in figure 1. Error bars on NCLASS results are from Monte-Carlo

perturbation. (e) Displays the significance of all three components when forming the

radial electric field.

Figure 3. Scaling of differential toroidal rotation between deuterium and carbon over

a range of collisionality

Figure 4. (a) Comparison of measured differential poloidal flow (that does not depend

on measuring V Dθ or V Cθ directly) to neoclassical calculations. (b) Main-ion poloidal

flow.

Figure 5. Variation of K1 with ion collisionality.

Figure 6. (a) Radial electric field from ITER case 20100N05 at 245 seconds and

(b) modified with enhanced poloidal rotation in accordance with the experimental

scaling of figure 5.

Figure 7. Long wavelength ion growth rates compared to E×B shear rates for radial

electric field from ITER case 20100N05 at 245 seconds and modified with enhanced

poloidal rotation.

Figure 8. TGYRO-TGLF result for original E × B shearing rates from PTRANSP

20100N05, and with modified radial electric field. Ion and electron (inset) temperatures

increase as poloidal flow coefficient K1 is increased above the NCLASS value.
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