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The core toroidal plasma intrinsic rotation has been studied by experiments and
simulations in the Joint Texas Experimental Tokamak (J-TEXT). The direction of
core intrinsic rotation in the J-TEXT plasma is counter-current. As the plasma
density ramps up, the rotation velocity increases in the counter-current direction. By
comparing four different electron densities, linear local gyrokinetic simulations have
been performed by the Gyrokinetic Electromagnetic Numerical Experiment code for
the first time on J-TEXT. It is found that the most dominant turbulence is the ion
temperature gradient at 0.2a, where a is the minor radius of the plasma and this is
unchanged during the plasma density ramp up. By scanning the radial wave vectors,
it is found that the residual stress term reverses from negative to positive when the
plasma density exceeds a certain threshold. The pinch term is larger than the residual
stress term at all four electron densities, which means that the pinch term is always
dominant in the core of a J-TEXT plasma.
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1. Introduction
Plasma rotation plays an important role in low confinement mode (L-mode) to high

confinement mode (H-mode) transition (Shaing & Crume 1989; Burrell et al. 1994;
Carraro et al. 2000), avoiding or stabilizing magnetohydrodynamic (MHD) instabilities
(Bondeson & Ward 1994; Garofalo et al. 1999) and suppressing plasma turbulence
(Hahm & Burrell 1995; Terry 2000). Plasma can rotate spontaneously without any
external momentum sources (Rice et al. 1997). Understanding the mechanism of
plasma intrinsic rotation is quite important, and there are still some open questions
which need to be solved.
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Generally, core intrinsic rotation has been observed to behave very simply in
the H-mode, scaling linearly in the co-current direction with the pedestal ion
temperature gradient (Rice et al. 2007, 2011a). On the other hand, core intrinsic
rotation exhibits more complex behaviour in the L-mode. Experiments on Alcator
C-mod and tokamak à configuration variable (TCV) (Lee et al. 2003; Rice et al.
2004; Scarabosio et al. 2006; Duval et al. 2007, 2008) found that many factors could
affect core intrinsic rotation behaviour, such as plasma parameters, magnetic field,
plasma configuration and heating method. Early experiments found that plasma core
intrinsic rotation behaviour could be related to linear ohmic confinement/saturated
ohmic confinement (SOC) transition or dominant plasma turbulence mode transition
(Rice et al. 2011b) but further experiments on AUG and KSTAR showed that plasma
rotation could reverse back towards the co-current direction in the SOC regime
(McDermott et al. 2011, 2014; Na et al. 2016). Experiments on AUG (McDermott
et al. 2014) found that the normalized intrinsic rotation gradient u′ depended strongly
on local plasma parameters, in particular on the normalized logarithmic electron
density gradient R/Lne . A strong dependence of u′ on the effective collision frequency
veff was clearly observed in the gradient region in KSTAR (Angioni et al. 2017).
Experimental results on Tore Supra showing toroidal rotation breaking at all radii are
in agreement with neoclassical predictions including ripple-induced toroidal friction
(Bernardo et al. 2015).

Plasma toroidal momentum flux can be decomposed into a diagonal term, pinch
term and residual stress which can drive intrinsic rotation (Diamond et al. 2013).
The diagonal term is proportional to the rotation gradient and the pinch term is
proportional to rotation velocity. Residual stress is independent of rotation velocity
and gradient, and is closely related to plasma parameters. The symmetry principle
limits possible residual stress mechanisms (Parra, Barnes & Peeters 2011; Sugama
et al. 2011). For local gyrokinetic equations with distribution functions fS and electric
potential φ given as functions of local radial position x, binormal position y, parallel
position s, parallel velocity v‖, magnetic moment µ and time t, if there is an up–down
symmetric magnetic geometry, no background toroidal rotation or rotation gradient
and no background E×B shear, then the first-order local equations have the following
feature: if specific distribution functions fs(x, y, s, v‖, µ, t) and potential φ(x, y, s, t)
solve the local equations, then so do −fs(−x, y,−s,−v‖, µ, t) and −φ(−x, y,−s, t)
(Stoltzfus-Dueck 2019). If the first-order momentum fluxes are evaluated with these
two different solutions, then equal and opposite values for the radial flux of toroidal
angular momentum could be obtained and the momentum flux should vanish. Thus,
the breaking of symmetry is responsible for the generation of toroidal rotation (Peeters
et al. 2011). The most natural mechanism that breaks the symmetry is the presence
of toroidal rotation in the plasma. This leads to a pinch term (Hahm et al. 2007;
Peeters, Angioni & Strintzi 2007; Waltz et al. 2007). In the co-moving frame of the
plasma, the toroidal rotation leads to additional drifts, connected with the Coriolis
and centrifugal inertial forces (Angioni et al. 2012). In addition to the equilibrium
toroidal rotation, local simulations found that non-zero residual stresses could be
driven by E× B shear (Casson et al. 2009), up–down asymmetric magnetic geometry
(Camenen et al. 2009) and a non-Maxwellian equilibrium (Barnes et al. 2013). Global
effects such as profile shearing (Camenen et al. 2011; Buchholz et al. 2014) and
the turbulence intensity gradient (Diamond et al. 2008; Gürcan et al. 2010) and
electromagnetic effects such as turbulent acceleration (Wang & Diamond 2013) are
proposed to explain the origin of residual stress. Local simulations performed at finite
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radial wave vector showed that the profile shearing effect could induce residual stress
and was mainly due to the antisymmetric radial component of the magnetic drift
(Camenen et al. 2011). This symmetry breaking mechanism can have comparable
contributions from the radial variation of density and temperature and of their
gradients. Note that the profile shearing effect is related to the global model, several
efforts have focused on developing local mock-ups of the global, radial profile shear
effects, typically based on some extension of the ballooning formalism for high k⊥
instabilities (Connor, Hastie & Taylor 1979; Dewar & Glasser 1983; Stoltzfus-Dueck
2019). In local simulations the profile shear effect can be replaced by the poloidal
tilt angle θ which is the tilt of maximum turbulence intensity at the outboard
midplane and can be related to ballooning angle θ0. Shifting each of the elements in
radial wavenumber kx by some non-zero values rotates the mode structure in θ and
stations it away from the low field side midplane (Singh et al. 2014). Simulations
performed at different magnetic shear showed a new symmetry breaking mechanism
in residual stress generation which was related to the turbulence intensity gradient
effect and became dominant at weak magnetic shear (Lu et al. 2015). Simulations
using non-Maxwellian equilibrium showed that the radial flux of toroidal angular
momentum had a strong dependence on collisionality (Barnes et al. 2013). The flux
reversed direction from radial inward to outward as collisionality increased. A novel
one-dimensional model which captures the collisionality dependence of the radial
transport of toroidal angular momentum due to the effect of neoclassical flows on
turbulent fluctuations had been compared to MAST experimental results (Hillesheim
et al. 2015). This model showed that local intrinsic momentum flux changes sign
close to the normalized collisionality v∗ ≈ 1 and is independent of v∗ at high and
low v∗. Simulations performed on KSTAR showed that the neoclassical equilibrium
effect could not match the experimental results and the profile shearing effect well
reproduced the experimental rotation gradient u′ of both the gradient region and the
anchor point (Na et al. 2016). Simulations performed on ohmic L-mode AUG plasmas
showed that the symmetry breaking effects due to neoclassical background flows
could produce significant toroidal momentum transport but still were not sufficient to
explain the maximum flow gradients observed in AUG (Hornsby et al. 2017). The
flow gradient was closely related to density profile curvature and the profile shearing
effect is the dominant mechanism in producing a finite parallel wavenumber in AUG
plasmas (Hornsby et al. 2018).

In this paper, we focus on the influence of the poloidal tilt on the momentum
transport in the plasma core (ρ = r/a, where r = 0 denotes the magnetic axis of the
plasma, and a is the minor radius of the plasma). The rest of the paper is organized
as follows. In § 2, the descriptions of tangential X-ray imaging crystal spectrometer
(XICS) systems and gyrokinetic simulations used for this study are given. In § 3,
the measurements of the core toroidal plasma rotation and the growth rate/frequency
spectra using GENE (Jenko et al. 2000; Dannert & Jenko 2005; Görler et al. 2014)
in a J-TEXT ohmic plasma are presented. The effect of poloidal tilt on the core
toroidal plasma rotation are also compared with the measurements. The summary is
given in § 4.

2. Experimental and simulated set-up

The J-TEXT tokamak is a conventional iron core tokamak, operated at a major
radius R0 = 1.05 m, minor radius a = 25–29 cm with a movable titanium-carbide-
coated graphite limiter (Liang et al. 2019). The main parameters of the typical
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Typical simulation parameters

Number of grid points in the radial direction, nx0 15
Number of Fourier modes in the bi-normal direction, nky0 1
Number of grid points in the parallel direction, nz0 32
Number of grid points in the parallel velocity direction, nv0 48
Number of grid points in the magnetic moment direction, nw0 16
Plasma beta −1
Collision operator Landau
Normalized collision frequency −1
Effective ion charge, zeff 1
E× B shearing rate, ExBrate 0.01
Parallel flow shear, pfsrate −1
Numerical dissipation in the parallel direction −1
The sign of the plasma current/toroidal magnetic field component −1
The sign of the toroidal angular velocity 1

TABLE 1. Typical simulation parameters used in all the following simulations.

J-TEXT discharges are as follows: toroidal field BT = 1.0∼2.2 T, plasma current
Ip= 80∼220 kA, plasma density ne= (1∼6)× 1019 m−3. In this paper, the parameters
of the experiment are: BT = 1.8 T, Ip = 180 kA, ne = (2∼4) × 1019 m−3, the edge
safety factor qa = 3.3. The tangential X-ray imaging crystal spectrometer, based on a
Pilatus detector with a 500 Hz frame rate, has been upgraded to measure the rotation
velocity of helium-like argon (Ar XVII) and electron/ion temperature in the core
region in the J-TEXT tokamak (Yan et al. 2014, 2018). The maximum temporal
resolution is 2 ms and spatial resolution is approximately 1.8 cm in ρ = 0∼0.4 along
the vertical direction. Due to the small core ion temperature gradient, the main ion
rotation velocity and the argon impurity rotation velocity are almost equal. In this
paper, the positive value and negative value of toroidal rotation velocity represent
the co-current direction and counter-current direction, respectively. The electron
density and safety factor profile are measured by POLARIS which is a multi-chord
interferometer– polarimeter diagnostic (Zhuang et al. 2013).

To study the influence of the poloidal tilt on the momentum transport in the
plasma core, the gyro-kinetic plasma microturbulence code GENE is used. GENE
is an open source plasma microturbulence code which can be used to efficiently
compute gyroradius-scale fluctuations and the resulting transport coefficients in
magnetized fusion plasmas (Jenko & GENE development team 2019). It solves the
δf -split gyrokinetic system of equations using a Eulerian approach (fixed grid) in
five-dimensional phase space.

All simulations are linear and the simulation positions are 0.2a, 0.3a and 0.4a.
The magnetic surface equilibrium inversion in J-TEXT is currently unavailable. Thus,
simulations run with a circular geometry, which is a reasonable approximation in the
core of the J-TEXT ohmic plasma. Only one ion species, hydrogen, is considered and
electrons are treated as kinetic in all the following simulations. The typical simulation
parameters used in all simulations are shown in table 1.

The values of the plasma beta and normalized collision frequency are −1,
which means their actual values are calculated by GENE automatically, and a
Landau–Boltzmann collision operator is used. In GENE, the Landau–Boltzmann
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collision operator is

C(Fσ , Fσ ′)=
∂

∂v
·

(
D ·

∂

∂v
−R

)
Fσ , (2.1)

where D denotes a diffusion tensor and R is the dynamical friction. Further details can
be found in Görler et al. (2011). The value of numerical dissipation in the parallel
direction is set to −1, which mimics third-order upwind dissipation. The value of
adapt_lx is set to true, which maximizes the number of poloidal connections for a
given nx0, and means that only one linearly independent mode is considered (GENE
development team 2018). ExBrate is the parameter that defines a radially constant
E× B shearing rate. This parameter is given in normalized units by

ExBrate=−
ψ0

q0

∂�tor

∂ψ

R0

cref
, (2.2)

where ψ = r/R0 and ψ0 are the radial coordinate and reference flux surface position,
respectively, q0 is the safety factor, ∂�tor/∂ψ is the radial derivative of the toroidal
angular velocity �tor and cref =

√
Ti/mi is the reference velocity. The GENE input

parameter pfsrate is the parameter that defines the shearing rate to model the parallel
flow shear drive that appears due to toroidal rotation. Its value is set to −1 so that
the parallel flow shear equals ExBrate as given for a purely toroidal flow (GENE
development team 2018). When nx0, nz0, nv0 and nw0 are larger than 15, 32, 48
and 16 respectively, the growth rate and mode frequency change no more than 5 %.
The simulation grid resolution check is shown in figure 1. The plasma parameters
used in these simulations are selected from the first density point in § 3. Note that the
plasma beta is small in the J-TEXT tokamak, a small but finite beta value can help to
increase the time step significantly. The direction of the plasma current and toroidal
magnetic field component is counter-clockwise (viewed from above) in J-TEXT, and
the direction of toroidal rotation velocity is usually clockwise.

3. Linear local simulations
3.1. Experiment results

The parameters during the density ramping-up phase of an ohmic heated discharge
(shot number 1057259) are shown in figure 2. The plasma current is Ip = 180 kA
and the maximum central line average density has reached approximately ne =

4 × 1019 m−3, and toroidal magnetic field is BT = 1.8 T. Overall, as the plasma
line average density ramped from 2 × 1019 m−3 to 4 × 1019 m−3, the plasma
rotation increased toward counter-current direction and finally reached approximately
−50 km s−1. This trend is the same as that on AUG and KSTAR, however, the
direction of plasma rotation is co-current at low density and the plasma rotation
increases toward the co-current direction as the density increases when the density
exceeds a certain threshold on AUG and KSTAR (McDermott et al. 2014; Na et al.
2016). This phenomenon is currently not observed in J-TEXT. The change in the
plasma toroidal rotation can be divided into three stages. First, the change of the
plasma toroidal rotation was not large from 0.1 s to 0.24 s as the plasma density
changed little. Next, when the plasma density ramped up rapidly, the plasma rotation
increased toward the counter-current direction from −36 km s−1 to −50 km s−1 in
the period 0.24 s to 0.32 s. Finally, as the density increased from 3 × 1019 m−3

to 4× 1019 m−3, the rotation kept at a stable velocity. According to the experimental
results, four density points are selected for simulation in the density ramping up stage.
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FIGURE 1. The simulation grid resolution check for the first density point simulation
in § 3. These simulations do not include a toroidal rotation/toroidal rotation gradient and
kyρref is set to 0.485. In all the following simulations nx0, nz0, nv0 and nw0 are chosen
to be 15, 32, 48 and 16, respectively.

FIGURE 2. Typical discharge waveforms of experiment in shot no. 1057259. From top to
bottom are plasma density, ion temperature, electron temperature and toroidal core rotation
velocity. Four time points are selected for simulations which are 0.11 s, 0.24 s, 0.27 s and
0.41 s and are represented by red, blue, green and pink dashed lines, respectively.

The four density points are 2.25 × 1019 m−3 when the plasma rotation velocity was
approximately −40 km s−1, 3.46 × 1019 m−3 and 4.33 × 1019 m−3 when the plasma
rotation started to increase toward the counter-current direction and 6.04× 1019 m−3

when the plasma rotation no longer increased. The profiles of some key plasma
parameters of shot no. 1057259, including plasma density, ion temperature, electron
temperature and their normalized characteristic length reciprocals, are also shown in
figure 3, where nref referred to the plasma density value of each position, and Tref
was ion temperature value of each position.
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(a) (b) (c)

(d) (e) (f)

FIGURE 3. Profiles of plasma parameters at four time points. (a–f ) Plasma density,
electron temperature, ion temperature, normalized gradient of plasma density, normalized
gradient of electron temperature and normalized gradient of ion temperature. ψ is the ratio
of small radius r to large radius R. Red, blue, green and pink colours represent 0.11 s,
0.24 s, 0.27 s and 0.41 s, respectively.

3.2. Simulation results
In this section, the local linear version of the gyrokinetic code GENE is used to
investigate the change of the turbulent dominant mode during the plasma density
ramping up and the impact of finite poloidal tilt on momentum transport in J-TEXT
plasmas. Input data used for simulations came from experimental measurements
which have been described above. Some key plasma parameters at four time points
are shown in table 2, where veff is the effective collision frequency. The toroidal
rotation velocities at four time points at 0.2a (0.11 s, 0.24 s, 0.27 s and 0.41 s) are
−36 km s−1, −36 km s−1, −42 km s−1 and −50 km s−1 respectively. Due to the
limitation of the experimental conditions, XICS can only measure the core rotation
velocity at present, and the measurement error of other positions is quite large. For
simplicity, the toroidal rotation velocities at 0.3a and 0.4a are the same as at 0.2a.
To calculate the Prandtl number, a realistic toroidal rotation gradient, which has been
described in § 2, was added to the simulations. The simulations at each time point are
divided into three cases: without toroidal rotation Vϕ and toroidal rotation gradient
V ′ϕ , only with toroidal rotation and only with toroidal rotation gradient.

The growth rate/frequency spectra at four electron density points at 0.2a are shown
in figure 4. The case of considering toroidal rotation is represented by blue dots, and
red dots mean no rotation. As shown in figure 4, toroidal rotation has little effect
on the growth rate/frequency spectra, which means turbulence characteristics have not
changed. In GENE, positive frequencies indicate an ion diamagnetic drift, and negative
frequencies indicate an electron diamagnetic drift. So positive frequencies mean an
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(a) (b)

(c) (d)

FIGURE 4. The growth rate/frequency spectra at four density points at 0.2a. Red dots
indicate that there is no rotation, and blue dots indicate that rotation is added.

t/s 0.11 0.24 0.27 0.41
ψ = r/R0 0.049 0.049 0.049 0.049
q 0.98 0.99 0.98 0.98
s 0.096 0.089 0.081 0.077
ne/m−3 2.25× 1019 3.46× 1019 4.33× 1019 6.04× 1019

−∇ψne/ne 2.33 1.22 1.67 2.21
Ti/keV 0.34 0.33 0.39 0.44
Te/Ti 2.83 2.67 2.13 1.75
ηi = dIn(Ti)/dIn(n) 2.47 3.15 2.40 1.50
νeff = 0.1ZeffR0neT−2

e 0.26 0.47 0.66 1.07

TABLE 2. Some key plasma parameters at four density points at 0.2a.

ion temperature gradient mode (ITG) and negative frequencies mean trapped electron
modes (TEM) when kyρref∼ 1. In figure 4, the first three density points have positive
and negative mode frequencies, which indicates that the turbulent modes include ITG
and TEM, but the maximum growth rate corresponding to the positive mode frequency
is greater than the one corresponding to the negative mode frequency, so ITG is the
dominant turbulent mode at the first three density points. For the fourth density point,
the mode frequency is always greater than zero, so the dominant turbulent mode is
ITG. As the plasma density is ramped up, the normalized gradient of plasma density
and ion/electron temperature decrease gradually, and the maximum growth rate also
drops. The maximum growth rate and its corresponding mode frequency and kyρref in
each simulation are shown in table 3. The growth rate spectra of four density points
at 0.2a, 0.3a and 0.4a are shown in figure 5. The growth rate has been multiplied by
the sign of mode frequency, therefore a positive growth rate means the turbulent mode
is ITG and negative growth rate means TEM. The zero-value boundaries of the four
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(a) (b)

(c) (d)

FIGURE 5. Evolution of growth rate at four density points at 0.2a, 0.3a and 0.4a. The
growth rate has been multiplied by the sign of the mode frequency. All simulations were
run without toroidal rotation and toroidal rotation gradient.

Time (s)/Vtor kyρref γmax ω

0.11/0 0.485 0.622 0.660
0.11/1 0.485 0.616 0.665
0.24/0 0.400 0.290 0.717
0.24/1 0.400 0.292 0.720
0.27/0 0.400 0.234 0.577
0.27/1 0.400 0.233 0.581
0.41/0 0.450 0.075 0.397
0.41/1 0.450 0.076 0.402

TABLE 3. The maximum growth rate and its corresponding mode frequency and kyρref in
each simulation.

density points in figure 5 all appear between 0.2a and 0.3a, thus there is a turbulent
mode transition between 0.2a and 0.3a and the dominant turbulent modes are TEM
at 0.3a and 0.4a.

To investigate the effect of finite poloidal tilt on momentum transport in J-TEXT
plasmas, kxρref was scanned while kyρref was selected as the value corresponding to the
maximum growth rate, and the results are shown in figure 6. In GENE, the conversion
between poloidal tilt angle θ and kxρref is as follows: θ = kxρref/(s ∗ kyρref), where s
is magnetic shear. Similar to figure 4, toroidal rotation and toroidal rotation gradient
have little effect on the growth rate/frequency spectra. The growth rate and mode
frequency change slightly with θ . The standard output for momentum flux in GENE
is calculated by taking moments of the distribution function with parallel velocity vz,
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(a) (b)

(c) (d)

FIGURE 6. (a–d) Represent the relationship between growth rate/frequency and kxρref at
four electron density points at 0.2a. Red dots indicate that there is no rotation and rotation
gradient, blue dots indicate that only rotation is added and green dots indicate that only
a rotation gradient is added.

as an approximation of toroidal momentum flux. The toroidal momentum flux can be
divided into three parts: diagonal term, pinch term and residual stress term

0r
φ = nimi[−χφV ′ϕ + VpVϕ +C], (3.1)

where ni is ion density, mi is ion mass, χφ is momentum diffusivity and Vp is
convective velocity. In a linear simulation, the ion heat flux can be used to normalize
the exponentially growing momentum flux (Camenen et al. 2011). The ion heat flux
is defined as

Qr
i =

niTi

R0
χiR/LTi, (3.2)

where χi is heat diffusivity and LTi =−Ti/∇rTi is ion temperature characteristic length.
The normalized ratio of toroidal momentum flux 0r

ϕ and heat flux Qr
i can be written

as

Rnor =
0r
φ

Qr
i
vref =

2
R/LTi

χφ

χi

1
vref

[
−R0V ′ϕ +

R0Vp

χφ
Vϕ +

R0C
χφ

]
, (3.3)

where vref =
√

2Ti/mi is the reference thermal velocity. Figure 7 shows the variation
of the normalized ratio of toroidal momentum flux to heat flux with poloidal tilt angle
θ at four density points at 0.2a. In figure 7, the normalized ratio Rnor is divided into
a diagonal term, pinch term and residual stress term. The diagonal term is represented
by circle dots, the pinch term is represented by diamond dots and the residual stress
term is represented by square dots. As shown in figure 7, the diagonal term and pinch
term change slightly with θ . The diagonal term is positive and the pinch term is
negative at four density points at 0.2a. In GENE, the z direction is always defined to
be parallel to the magnetic field. The toroidal momentum flux will therefore measure
the flux of counter-clockwise momentum (viewed from above) for sign_Bt_CW =−1.
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(a) (b) (c) (d)

FIGURE 7. (a–d) Represent the relationship between the normalized ratio of toroidal
momentum flux to heat flux and the poloidal tilt angle at four electron density points
at 0.2a. Square dots indicate that there is no toroidal rotation and rotation gradient and
represent the residual stress term. Circular dots represent the diagonal term and diamond
dots represent the pinch term.

The momentum pinch term is always negative, which means the momentum pinch
is inward and enhances the clockwise direction (counter-current direction in J-TEXT)
rotation. This result is consistent with experimental results that the convective velocity
is negative in toroidal rotation modulation experiments using a modulated electrode
biasing in the J-TEXT tokamak (Liu et al. 2018). As the poloidal tilt angle θ is set
to zero, the residual stress term is zero. The change trend of residual stress term
with θ is periodic, and the sign of residual stress term depends on θ . The sign of
poloidal tilt angle, which is related to the negative radial gradient of frequency −ω′r
can change at the TEM/ITG transition (Camenen et al. 2011). For ITG turbulence,
ωr > 0 and ω′r ∝ −R/LTi < 0, therefore the poloidal tilt angle is positive. For TEM
turbulence, ωr < 0 and ω′r > 0 is mainly independent of R/LTi , so the poloidal tilt
angle is negative. As the turbulent dominant modes at four density points are ITG,
the poloidal tilt angle θ should be positive. As shown in figure 7, when θ is positive,
the residual stress term is positive at the first time point, but the residual stress term
becomes negative at the last three time points, which means the residual stress term
reverses as the plasma density ramps up from 2.25 × 1019 m−3 to 3.46 × 1019 m−3.
For a counter-clockwise magnetic field, plasma current and positive magnetic shear,
the residual stress term is radially outwards and therefore tends to enhance co-current
core rotation at the first time point, and the residual stress term is radially inwards
and therefore tends to enhance counter-current core rotation, which is consistent with
the experimental phenomenon.

In formula (3.3) the normalized ratio of toroidal momentum flux and heat flux
can be calculated by GENE, and the Prandtl number Pr = χφ/χi, R0Vp/χφ and
Cnor = R0C/vrefχφ can be solved with three different sets of toroidal rotation Vϕ and
the toroidal rotation gradient V ′ϕ . Figure 8 shows the relationship between the Prandtl
number Pr and the poloidal tilt angle at four electron density points at 0.2a, 0.3a
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(a) (b) (c) (d)

FIGURE 8. (a–d) Represent the relationship between the Prandtl number Pr and the
poloidal tilt angle at four electron density points at 0.2a, 0.3a and 0.4a. Circular dots
represent the Prandtl number at 0.2a, square dots represent the Prandtl number at 0.3a
and diamond dots represent the Prandtl number at 0.4a.

and 0.4a. The Prandtl number changes slightly with the poloidal tilt angle at 0.2a
and 0.3a, but the Prandtl number increases with the absolute value of the poloidal
tilt angle at 0.4a. When the poloidal tilt angle is zero, the Prandtl number is the
largest at 0.3a, and the Prandtl number increases first and then decreases at 0.2a
to 0.4a at each density point. With the increase of the plasma density, the Prandtl
number at each location gradually decreases from 1 to 0.4, when the poloidal tilt
angle is zero. This trend is consistent with previous simulation results, although the
decline is larger than the previous simulation results (Peeters et al. 2009). Due to
the lack of experimental data on heat diffusivity, these simulation results cannot be
compared with the J-TEXT experiment results. Figure 9 shows the relationship of the
normalized ratio of convective velocity and momentum diffusivity R0Vp/χφ with the
poloidal tilt angle at four electron density points at 0.2a, 0.3a and 0.4a. Similar to
the Prandtl number, R0Vp/χφ changes slightly with the poloidal tilt angle at 0.2a and
0.3a, but R0Vp/χφ increases with the absolute value of the poloidal tilt angle at 0.4a.
When the poloidal tilt angle is zero, R0Vp/χφ gradually decreases with the increase
of the small radius at each density point. This trend is consistent with the experiment
results in J-TEXT (Liu et al. 2018). The magnitude of R0Vp/χφ is consistent with the
theoretical analysis (Hahm et al. 2007); R0Vp/χφ increases first and then decreases
with the increase of the plasma density at each location when the poloidal tilt angle
is zero. This trend is different from the previous simulation result that R0Vp/χφ
gradually increases when the normalized collisionality increases (Peeters et al. 2009).
In figure 10, the relationship between the normalized residual stress related term Cnor
and the poloidal tilt angle at four electron density points at 0.2a, 0.3a and 0.4a is
shown. As the small radius increases, the maximum value of Cnor gradually increases
at each density point. The maximum value of Cnor decreases first and then increases
with the increase of the plasma density at each location. When the poloidal tilt angle
is between −0.5 and 0.5, Cnor is approximately linear with the poloidal tilt angle
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(a) (b) (c) (d)

FIGURE 9. (a–d) Represent the relationship between the normalized ratio of convective
velocity and momentum diffusivity R0Vp/χφ and the poloidal tilt angle at four electron
density points at 0.2a, 0.3a and 0.4a. Circular dots represent R0Vp/χφ at 0.2a, square dots
represent R0Vp/χφ at 0.3a and diamond dots represent R0Vp/χφ at 0.4a.

(a) (b) (c) (d)

FIGURE 10. (a–d) Represent the relationship between the normalized residual stress
related term Cnor = R0C/vrefχφ and the poloidal tilt angle at four electron density points
at 0.2a, 0.3a and 0.4a. Circular dots represent Cnor at 0.2a, square dots represent Cnor at
0.3a and diamond dots represent Cnor at 0.4a. Cnor at 0.2a is multiplied by 4.

at 0.4a which is consistent with the model used in AUG and KSTAR (McDermott
et al. 2014; Angioni et al. 2017). The dominant turbulent modes are TEM at 0.3a and
0.4a, thus the poloidal tilt angles should be negative; Cnor is negative and enhances
the counter-current rotation at each density point at 0.3a and 0.4a.
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4. Summary
The effect of finite poloidal tilt on momentum transport in core plasmas has been

investigated using the local linear version of the gyrokinetic code GENE in the J-
TEXT tokamak. During the plasma electron density ramp up, there is no change in
the turbulent dominant mode, which is always ITG. However, the sign of the residual
stress term changes from positive to negative when the plasma density exceeds a
certain threshold when considering the poloidal tilt angle, which means the reverse
of the residual stress term does not seem to be related to the change of the turbulent
dominant mode. The pinch term is larger than the residual stress term at all four time
points, which means the pinch term is always dominant in a J-TEXT core plasma.
The positive residual stress term enhances co-current core rotation and the negative
residual stress term enhance counter-current core rotation, which is consistent with the
experimental phenomenon that the toroidal core rotation velocity increases toward the
counter-current direction. All simulations in this paper are linear and a treatment of
nonlinear effects is needed to confirm the results.
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