
Plasma Physics and Controlled Fusion

Plasma Phys. Control. Fusion 64 (2022) 055020 (16pp) https://doi.org/10.1088/1361-6587/ac5ae8

Analysis and modelling of momentum
transport based on NBI modulation
experiments at ASDEX Upgrade

C F B Zimmermann1,2,∗, R M McDermott1, E Fable1, C Angioni1, B P Duval4,
R Dux1, A Salmi3, U Stroth1,2, T Tala3, G Tardini1, T Pütterich1, the ASDEX Upgrade5

and EUROfusion MST1 Teams6

1 Max Planck Institute for Plasma Physics, 85748 Garching, Germany
2 Physik-Department E28, Technische Universität München, 85747 Garching, Germany
3 VTT, PO Box 1000, Espoo, FI-02044 VTT, Finland
4 Ecole Polytechnique Fédérale de Lausanne, Swiss Plasma Center, CH-1015 Lausanne, Switzerland

E-mail: benedikt.zimmermann@ipp.mpg.de

Received 22 November 2021, revised 17 February 2022
Accepted for publication 4 March 2022
Published 13 April 2022

Abstract
The prediction of plasma rotation is of high interest for fusion research due to the effects of the
rotation upon magnetohydrodynamic (MHD) instabilities, impurities, and turbulent transport in
general. In this work, an analysis method was studied and validated to reliably extract
momentum transport coefficients from neutral beam injection (NBI) modulation experiments.
To this end, a set of discharges was created with similar background profiles for the ion and
electron temperatures, the heat fluxes, the electron density, and the plasma rotation that,
therefore, should exhibit similar momentum transport coefficients. In these discharges, a range
of temporal perturbations were imposed by modulating and varying the power deposition of the
NBI, electron-cyclotron-resonance heating (ECRH), and ion-cyclotron-resonance heating
(ICRH). The transport model including diffusion, convection, and residual stress was
implemented within the ASTRA code. The Prandtl number Pr= χφ/χi was assessed via the
GKW code. A convective Coriolis pinch was fitted and the intrinsic torque from the residual
stress was estimated. The obtained transport coefficients agree within error bars for sufficiently
small imposed temperature perturbations, as would be expected, from the similar background
profiles. This successful validation of the methodology opens the door to study the parametric
dependence of the diffusive and convective momentum transport of the main ions of the plasma
as well as the turbulent intrinsic torque in a future work.
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1. Introduction

1.1. Motivation

The study of momentum transport is needed to understand
turbulent transport and to provide reliable predictions for the
performance of tokamak plasmas. In particular, a validated
understanding of momentum transport is required to predict
the toroidal rotation profile, which has a strong impact on other
processes, particularly on neoclassical [1] and impurity trans-
port [2–6]. Sufficient rotation can provide stability against
neoclassical tearing modes [7, 8], resistive wall modes [9–11],
and locked mode instabilities [12]. By the velocity shear, rota-
tion can stabilize turbulence and influence the confinement
[13–17]. Despite this relevance, there is currently no fully val-
idated predictive model for the plasma rotation. Predicting the
plasma rotation requires knowledge of all major sources, sinks,
andmomentum transport coefficients. Moreover, whereas heat
transport can be described as purely diffusive process [18–23]
and particle transport by a combination of diffusion and con-
vection [24–26], momentum transport requires the additional
inclusion of a residual stress. Residual stress is a turbulent
transport component that can spin up the core plasma from
rest [27]. This phenomenon is connected with the off-diagonal
terms of the transport matrices, which play a bigger role in
momentum transport [28] than in heat or particle transport. To
provide a consistent model of the momentum transport, it is
necessary to understand the dependence of this residual stress
on plasma parameters, its localization, and how it will scale to
a future reactor plasma. The aim of this work is to develop and
validate an experimental method to uniquely, separately, and
concomitantly determine the contribution of diffusion, con-
vection, and residual stress to momentum transport within the
core plasma. In particular, this work focuses on the analysis
and interpretation of neutral beam injection (NBI) modulation
experiments in ASDEX Upgrade.

1.2. Review

Modulation experiments are commonly used to study trans-
port in fusion plasmas. The technique has been used for heat
and particle transport experiments [29], where, in the case of
particle transport, it can separate the diffusive and convect-
ive fluxes. For momentum transport, the technique is more
challenging, as one must not only separate the diffusive and
convective fluxes, but also any residual stress. With NBI as
the actuator to induce a momentum perturbations, there is an
additional and undesired side effect of a simultaneous heat
perturbation that can impact the ion heat conductivity, χi.
Previous NBI modulation experiments used a variety of tech-
niques, assumptions, and simplifications to analyze the exper-
imental data. Recent works do not provide a validation of a
methodology to uniquely separate all three contributions to the
momentum transport in tokamak plasmas.

At the Joint European Torus (JET), NBImodulations exper-
iments were analyzed by Tala et al, where theoretical predic-
tions and experimental observations for the momentum diffu-
sion and inward convection, also called pinch, were found to

be in good qualitative agreement. Significant momentum con-
vection was needed to explain the experimental data [30, 31].
In a more detailed study in 2011 [32], Tala et al investigated
the parametric dependencies of the momentum diffusion and
convection by comparing discharges from JET with gyrokin-
etic simulations. These experiments are similar to those in
this work, having NBI modulation with turbulent transport
dominated by ion-temperature-gradient (ITG) driven modes.
Both in theory and experiment, a strong dependence of the
momentum convection on the density gradient was found. In a
multi-machine comparison, Tala et al [33] were able to study
the parameter dependence of convection and diffusion coef-
ficients utilizing NBI modulation and non-resonant magnetic
field perturbation techniques. In all four works, [30–33], they
were unable to clearly separate the effect of the residual stress
and do not consider the transport coefficients to change in time.

Tardini et al also studied JET discharges with NBI mod-
ulation and modelled the momentum transport [34]. They
were able to separate convective and diffusive contributions,
but neglected the residual stress. Weisen et al [35] analyzed
the non-diffusive momentum transport in JET via a database
approach only focusing on the steady-state profiles of the rota-
tion, which does not allow separating possible effects of a
residual stress from the convection.

In a recent work at the KSTAR tokamak, Yang et al [36]
emphasize the need to retain a time dependent reaction of the
transport coefficients to changing plasma parameters in such
an analysis when the perturbation amplitudes become large.
They found that large amplitude perturbations in T i and χi,
e.g. NBI modulation, can lead to artificially high momentum
transport coefficients. This also can play a role when the ICRH
is used to modulate T i independently without a concurrent
momentum drive, resulting in independent modulation amp-
litudes of T i and vφ as seen in the experiments analyzed here,
which requires the calculation of heat and momentum dif-
fusivities as a function of time. This was also underlined by
Camenen et alwho demonstrated the strong influence of small
turbulence modulations on the reconstruction of momentum
transport coefficients [37]. The authors conclude that, espe-
cially in NBI modulation experiments, full time dependence in
the transport coefficients while solving the momentum trans-
port equation has to be kept.

Yoshida et al applied beam modulation techniques using
the perpendicular NBI at JT-60U [38, 39]. The toroidal field
ripple causes fast ion losses, leading to a modulation of the tor-
oidal rotation. Their results suggested an inward momentum
flux that was not consistent with either a diffusive flux or
the Coriolis momentum pinch. In a later work, Yoshida et al
studied momentum transport via the transient transport ana-
lysis of L-H transitions [40]. Using off-axis, near perpendic-
ular beams, the external torque is negligible. They separated
the convection and diffusion and included residual stress in
their analysis, which improved the modelling accuracy of the
experimental data significantly.

In Alcator C-Mod Rice et al found strong toroidal rotation
even in absence of an external torque. In these works, the dif-
ferent transport components could not be separated [41, 42],
but the presence of an inward momentum pinch was indicated
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[43]. Alcator C-Mod also investigated the momentum trans-
port by studying the L-H transition [44]. They found strong
evidence for inward momentum convection in H-mode plas-
mas. In a recent paper, Rice et al performed a multi-machine
parameter dependence study including their data from Alcator
C-Mod comparing the plasma rotation before and after L-H
and L-I transitions [45]. The authors find scaling laws for the
intrinsic torque from the residual stress and extrapolate it to
ITER, again, without separating transport components.

Significant work was carried out at DIII-D, utilizing the
ability to provide neutral injection with opposing beams
capable of balanced effective momentum input. In multiple
papers, de Grassi et al conclude that there must be a significant
intrinsic rotation present [46, 47], also in the pedestal region
[48]. Recently, Chrystal et al predicted the intrinsic rotation in
ITER, based on empirical scaling laws for DIII-D [49].

Also Solomon et al investigated momentum transport at
DIII-D [50]. In this work they focus on steady-state analysis by
balancing the residual stress with the NBI torque. Via torque
scans and extrapolation, they estimate the size of the intrinsic
rotation caused by an anomalous torque. They conclude that
the residual stress cannot be neglected in momentum trans-
port studies. In another work, Solomon et al were utilizing
non-resonant magnetic fields and NBI beam blips [51]. The
authors identified the need for significant inward momentum
pinch in order to explain the experimental results, suggesting
that a purely diffusive ansatz was not sufficient. In experiments
with balanced beams they found a substantial residual stress,
resulting in significant co-current intrinsic rotation. In 2011,
Solomon et al examined the intrinsic rotation [52], focusing
more on the edge of the plasma. The authors neglected the
time dependence of the momentum diffusion in contrast to this
work, where time-dependent coefficients are used.

McDermott et al investigated the core momentum transport
in ASDEXUpgrade based on a large database [53]. They used
the GS2 code [54] to provide theoretical estimates for the con-
vection and diffusion. Based on the steady-state toroidal rota-
tion profiles they solved for the residual stress. The analysis of
discharges in trapped-electronmode (TEM) turbulence regime
suggested that residual stress drives counter-current toroidal
rotation of the order of that driven by the NBI. In a later work
[55], they expanded their database with a large number of
Ohmic L-mode plasmas and studied the transition from lin-
ear to saturated Ohmic confinement. This study showed that
the density gradient provides the dominant dependence of the
residual stress in the core of ASDEX Upgrade, but that colli-
sionality, and the ion temperature gradient, also contribute.

1.3. Outline

One can conclude that to accurately model momentum trans-
port, one needs to account for all three components: diffusion,
convection, and residual stress. In particular, the diffusion
term must be modelled as a function of time. NBI modulation
experiments are the method of choice, since they can discrim-
inate the different transport coefficients with full time depend-
ence without changing the underlying momentum transport

provided the perturbation is sufficiently small. A validated
methodology for such analysis must also be constructed.

To this end experiments were performed in 2017 at AUG in
which a range of perturbations using NBI, electron-cyclotron-
resonance heating (ECRH) and ion-cyclotron-resonance heat-
ing (ICRH) were applied to an otherwise identical background
H-mode plasma. The analysis of this data set should demon-
strate that our methodology is capable of reproducing the same
transport coefficients for these identical background profiles
regardless of what kind of perturbation was applied.

This paper is laid out as follows. In section 2 the theoret-
ical models are introduced together with their optimization to
fit the experimental data. Then, in section 3, the performed
experiments are discussed. Section 4 presents the momentum
transport coefficients and the intrinsic torque from the resid-
ual stress is estimated. Lastly conclusions are drawn and next
steps discussed.

2. Momentum transport modelling

2.1. Basic equations

Due to the toroidal symmetry of a tokamak plasma, the
toroidal angular momentum is a conserved quantity and
can be described by a toroidal momentum conservation
equation [56]

mi
∂

∂t
ni ⟨Rvφ⟩=− 1

V ′
∂

∂ρ
V ′Γφ + ⟨R⟩SNBI (1)

with the torque density of the NBI, SNBI, the main ion density
ni and mass mi, the flux surface averaged local major radius
⟨R⟩, and the toroidal velocity vφ. The radial flux of toroidal
momentum Γφ can be expressed as

Γφ =−miniR
2
0⟨|∇ρ|2⟩

(
χφ

∂

∂ρ

vφ
R

− Vcvφ
R

+ΠRs

)
(2)

where the first term in the brackets is the diffusive momentum
flux given by the momentum diffusivity χφ multiplied by
the gradient of the toroidal flow. The second term describes
the convective flux, denoted by the product of a convective
velocity Vc and the toroidal velocity itself. The last term,
miniR2

0⟨|∇ρ|2⟩ΠRs, is the residual stress. ⟨|∇ρ|2⟩ is a geo-
metrical term due to the shape of the tokamak. Equation (2)
is a flux surface averaged quantity, and, since poloidal flows
are neglected within the formalism presented here, the flow
on a flux surface can be approximated by solid body rota-
tion, namely ω = vφ/R, which is consequently also constant
onmagnetic flux surfaces and only radially dependent [57, 58].
Equations (1) and (2) are combined to give the total expression
for transport of angular momentum conservation used in this
work:

mi
∂

∂t
ni ⟨Rvφ⟩=

1
V ′

∂

∂ρ
V ′miniR

2
0⟨|∇ρ|2⟩

×
(
χφ

∂

∂ρ

vφ
R

− Vcvφ
R

+ΠRs

)
+ ⟨R⟩SNBI.

(3)
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2.2. Analysis workflow

In steady state, the time derivative in equation (3) vanishes
(l.h.s. → 0), reducing this equation to a balance of applied
external torque, in this case from NBI, diffusive and con-
vective fluxes, and the residual stress. The externally applied
torque is, generally, well known. Using a purely steady-state
analysis results, therefore, in one equation with three unknown
components, and an inability to uniquely identify the indi-
vidual coefficients.

By retaining the time dependence, and introducing small
perturbations to the angular momentum via the NBI power
modulation, the observed propagation of the modulation
allows the momentum transport coefficients and the residual
stress to be separated. It should be noted that the time depend-
encies of almost all quantities (ni, vφ, χφ, Vc, SNBI) are tracked
in this work, with the exception of the residual stress, which
is, at present, assumed to be constant in time. Maintaining its
time dependence is the subject of future work.

In this work, some simplifications have been applied. The
charge exchange recombination spectroscopy (CXRS) is used
to measure the impurity rotation and in this work the impurity
rotation is assumed to reflect the main ion rotation. The neo-
classical flows [59] have been calculated using the NEOART
code [60, 61] and the main ion toroidal rotation is expec-
ted to be higher than the impurity rotation by on average 7.5
km s−1 within the range of interest of 0.2< ρφ < 0.8. Here,
ρφ is the normalized square root of the toroidal flux, defined as
ρφ =

√
(Ψ0 −Ψ)(Ψ0 −Ψsep)withΨ0, the toroidal flux along

the magnetic axis (r= 0), andΨsep at the separatrix. Including
the deviation of the measured impurity rotation from the mod-
elled main ion rotation is an additional complication that may
be considered in future work.

The first step to solve equation (3) is to calculate the torque
from the NBI by the NUBEAM code via the TRANSP frame-
work [62–64]. NUBEAM uses a Monte Carlo approach to cal-
culate the total applied torque from the neutral beams as well
as the fast ion velocity distribution. Within TRANSP, the ion
and electron heat fluxes,Qi andQe, are calculated. To this end,
a number of experimental profiles and quantities are required.

The experimental data for the toroidal rotation vφ and the
ion temperature T i is assessed with charge exchange spectro-
scopy [65, 66]. The electron density ne and temperature Te
are obtained via the Integrated Data Analysis [67], based on
lithium beam emission spectroscopy [68], the laser interfero-
metry [69], the measurement of the electron cyclotron emis-
sion radiometry and Thomson scattering [70]. The impurity
density profiles nimp [71] and Zeff [72] are obtained directly
from CXRS and the measured Bremsstrahlung background,
respectively. They are used to estimate the main ion density
profiles that are not directly measured.

All experimental data is fitted and pre-processed before
it is used in this analysis. The fitting is performed with
a bivariate spline fit from the Python-package scipy [73]
(scipy.interpolate.RectBivariateSpline) with both,
radial and temporal smoothing. The radial fitting aims to
remove non-physical changes in gradients that result from
noise in the measurements. They must be removed to obtain

smooth χi and χe profiles. The condition for the temporal
smoothingwas to reproduce the Fourier profiles of the first har-
monic of the modulation, such that no modulation information
is lost. The second harmonic of the modulation is presently not
explicitly maintained. Also temporal drifts of background pro-
files are included, but effects like ELMS (fELM ≈ 65 . . .75 Hz)
and sawteeth (fST ≈ 60 Hz) are filtered.

For the NUBEAM calculations, 200 000 particles were
simulated to achieve statisticallymeaningful profiles. The sim-
ulation was carried out with a high temporal resolution of 1 ms
to resolve the rise time of the fast ions from the NBI as accur-
ately as possible.

All of the fitted profiles as well as the fluxes and the
torque from TRANSP are then used by ASTRA [74, 75]. This
1.5D tokamak transport code numerically solves the strongly
coupled set of heat and momentum transport equations
[56, 76]. ASTRA allows us to solve for the momentum flux
in equation (3) to calculate χφ, Vc, and the residual stress.
The advantage of ASTRA is that it is relatively easy to imple-
ment different models for the terms in themomentum transport
equation.

2.3. Momentum transport model

In this work, a variety of assumptions are tested and a physics-
based model is developed to constrain the simulations. Refer-
ring to equation (3), the diffusive flux is considered firstly.
The diffusion coefficient χφ and the ion heat conduction
coefficient

χi =− Qi

ni∇Ti
(4)

define the Prandtl number [77]

Pr=
χφ

χi
. (5)

The Prandtl number is predicted to be of order of unity
[27, 78], that is, roughly, confirmed by experiments of several
machines [32, 33, 35, 79–82]. χφ and χi are expected to be
strongly coupled as they are proportional to different moments
of the same velocity distribution [83, 84]. Also similar ion and
momentum confinement times [48, 80] are measured. Thus,
theory, supported by experiment, provides a strong constraint
on the Prandtl number. By rewriting the diffusive part of the
momentum transport equation in terms of the Prandtl number,
this constraint can be applied to the simulation.

Several models for the Prandtl number were tested includ-
ing constant and linearly depending on the radial flux coordin-
ate. A linear ansatz for the Prandtl number fits the data slightly
better and theoretical predictions [85] indeed suggest such
a radial dependence. Therefore, within this work, a radi-
ally, linearly increasing Prandtl number with two unknowns,
Pr= a+ bρφ, is assumed.

One contribution to the convective flux (see right hand
side of equation (2)) is the Coriolis momentum pinch, which
couples density and temperature perturbations with the par-
allel velocity moment leading to a radial gradient of the tor-
oidal velocity profile, even in absence of a torque. The physics
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behind the Coriolis momentum flux is discussed in detail in a
number of different publications [28, 86–90]. In Peeters et al
[86], the theoretical parameter dependence of the pinch num-
ber−RVc/χφ was explored via linear gyrokinetic simulations.
It was predicted to vary most strongly with the logarithmic
density gradient R/Lne =− R

ne
∇r ne, the shear s, and the safety

factor q. Based on the dependencies found by Peeters et al,
within this work, a linear ansatz for the convection given by

Vc =−χφ

R

(
C1 · R

Lne
+ C2 · s

)
(6)

is used. As q and s are strongly coupled, only one is included.
Possible dependencies on other parameters are, at present,
neglected. From theory, parameters C1 and C2 are positive
scalars resulting in negative inward convection, strengthening
the existing toroidal rotation [27, 86]. Hence, for AUG, which
typically features co-current toroidal rotation at the plasma
edge, even in absence of beams, the Coriolis pinch results in
an inward flux of co-current momentum.

The last part of the modelling of the momentum trans-
port equation concerns the residual stress ΠRs. This gives
rise to an intrinsic torque density Sint causing an intrinsic
rotation. In contrast to the pinch, it can spin-up the plasma
from rest [27]. The effect involves all sources of momentum
flux that result from symmetry breaking of turbulence struc-
tures that are not proportional to the rotation nor its gradi-
ent. Also, wave-particle momentum exchange [27] contrib-
utes to this effect. For ITG mode turbulence, the residual
stress is expected to act in the co-current direction [27],
whereas it was seen to act in the counter-current direction
for the TEM turbulence regime [53]. From global, non-linear
gyrokinetic turbulence simulation the effects of the profile
shearing have been identified as the dominant contribution to
the intrinsic toroidal rotation in the core of AUG [91]. Within
this work, the impact of residual stress is included as an addi-
tional unknown torque density described by a simple quad-
ratic function and referred to in the following as ‘intrinsic’
torque density, which is the negative divergence of the residual
stress Sint =−mini⟨R⟩∇ ·ΠRs = a+ bρφ + cρ2φ. Implement-
ing a physical model is left for the future.

2.4. Fitting methodology

Accounting for SNBI, χφ, Vc, and ΠRs with these models and
solving themomentum transport equation reduces to fitting the
Prandtl number Pr, the free parameters C1 and C2 in equation
(6) and in estimating the intrinsic torque density Sint from the
residual stress. This is performed by solving the momentum
transport in ASTRA to predict vφ and minimizing against the
experimentally measured steady-state rotation profile and the
radial profiles of the amplitude and phase of the first harmonic
of the modulated rotation. This focuses on effects in the core,
neglecting the edge, where the experimental values of the tor-
oidal rotation at ρφ = 0.8 are used as a boundary condition for
ASTRA. To avoid redistribution of particles by sawteeth, the
region of interest in the analysis is set to 0.2< ρφ < 0.8.

A first attempt to simultaneously fit the diffusion and con-
vection ignoring the residual stress, as was done in previous

works, leads to unstable solutions, underlining the need for
a third component. The outward diffusion and inward con-
vection counteract for the peaked rotation profiles generally
obtained in NBI heated AUG H-mode plasmas. For a given
value of Pr, it was possible to find a pinch that reproduced the
data equally well. This is demonstrated in figure 1 for the refer-
ence discharge in our data set #34027, presented in section 3,
using constant (Pr(r) = C) profiles. The experimental phase
profiles, here, and in all other plots in this work, are shifted
to the average value of the modelled phase profile to emphas-
ize the gradient of the phase and to avoid numerical artifacts
arriving with the 2π periodicity of the Fourier coefficients.

Here, and in general, when fitting the diffusion and con-
vection there was a tendency of the pinch to not converge,
but rather to grow continually to improve the fit of the convex
curvature of the experimentally measured steady-state rotation
profiles. No combination of diffusion and convection is able to
reproduce that curvature and simultaneously match the meas-
ured phase profile. The marginal improvement in the steady
state comes at the cost of worsened agreement with the phase.
This inability to match the curvature is a clear sign of residual
stress that needs to be included. In general, it remains pos-
sible that in other plasmas this effect may not be present, but
a method that can be arbitrarily applied to a large data set
must include it. An advanced fitting approach, including resid-
ual stress, should be able to account for this curvature. Addi-
tionally, changes in the minimization constraints that place
more emphasis on the amplitude and phase profiles can be
considered.

A possible solution to this problem, published by Yang
et al [36], is to ignore residual stress with a preliminary fit
on the phase profile of the toroidal rotation with a constant
Prandtl number followed by fitting the pinch to the amplitude
and steady-state rotation profile. The assumptions the authors
made is that diffusivity has the largest influence on the phase
profile. However, in simulations of AUG, it was observed that
an isolated fitting of the Prandtl number to the phase profiles
leads to an overestimated amplitude profile. The following fit
of the pinch then only yields a trivial, zero, solution for the
pinch, as any inward pinch would increase the amplitude pro-
file further, increasing the deviation from the experimental
profiles. Furthermore, it underestimates the Prandtl number,
which would increase for a larger pinch. In conclusion, for the
AUG data set analysed herein, this isolated fitting approach of
the phase profile is insufficient and such amethodology of [36]
is not applicable. A next-generation version of the used meth-
odology including the residual stress directly would remove
the problem, but this is not yet included in this work.

Instead, the gyrokinetic flux tube code GKW was used
to determine the Prandtl number. GKW simulates instabil-
ities and turbulent transport and considers effects of kinetic
electrons, electromagnetic effects, collisions, MHD equilib-
ria coupling of the geometry, and E × B-shearing [92, 93].
Calculations were performed for the reference discharge and
their results were applied to all other discharges of the data
set, since as previously mentioned, the background profiles
and equilibria are identical, within error bars, for all analyzed
discharges. The fluxes were weight averaged over a spectrum
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Figure 1. The calculated momentum diffusivity for Pr= 0.75 (blue, solid line), Pr= 1 (orange, dashed line), and Pr= 1.5 (green,
dash-dotted line) and the corresponding optimized convection for the reference discharge #34027. One can clearly see the incremental
improvement in the steady-state and amplitude profiles of the rotation with increasing Prandtl number. When fitting, the pinch increases
trying to fill the gap between the modelled and measured steady-state profile (red, dotted lines). This degeneracy indicates a missing
component in this calculation.

of five binomial wavenumbers 0.2< ky ρi < 0.8. The values
of RVc/χi and RVc/χφ are obtained for different radial posi-
tions, where Vc is the convective velocity. The Prandtl number
can be assessed as

Pr= χφ/χi =

(
RVc
χi

)
·
(

χφ

RVc

)
. (7)

A linear fit of the results (see figure 2) yields

Pr(ρφ)≈ 0.1+ 1.7ρφ. (8)

From the pinch number, −RVc/χφ, also a pinch velocity

Vc =
χi,turb
R

·
(
RVc
χi

)
(9)

can be calculated with the major radius R and the turbulent
part of the heat diffusivity χi,turb = χi−χneo taken from the
TRANSP runs. The predicted pinch will, later in this work,
be compared with the fitted pinch number (see figure 10). To
assess the accuracy of the GKW predictions, one can directly
use the diffusion and convection from GKW in an ASTRA
simulation. Figure 3 shows that the amplitude profile is only
slightly underpredicted and that, although the phase profile
slope is not fully captured, the Fourier profiles are modelled
reasonably accurately. The steady-state profile is not correct
leaving room for improvement, by including residual stress
within the model.

Figure 2. Prandtl number predicted by GKW for the reference
discharge #34027.

The entanglement of diffusion and convection was resolved
by using the linear Prandtl number fit of the GKW predic-
tion (see equation (8)) for all further calculations in this work.
The Prandtl number was preferred over the pinch number,
since the Prandtl number is the more robust prediction. The
choice of a linear ansatz is not only supported by the pre-
diction. It allows much more flexibility in fitting scenarios
where the dominating turbulence regime varies over radius.
The feasibility of separating the three transport mechanisms is
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Figure 3. Assessing the prediction from GKW for the convection and diffusion directly in ASTRA for the reference discharge #34027.
Experimental Fourier profiles (with error bars) are matched well, but the steady-state profile and time-trace reveal a missing residual stress
component in this calculation.

not affected in the work presented here, because the Prandtl
number is fixed to the aforementioned predictions. However,
the benefit of this additional degree of freedom, increasing
computational costs, has to be assessed carefully in future
work.

After having studied the entanglement of convection and
diffusion, a similar degeneracy was observed between the
residual stress and the convection, where both influence the
steady-state rotation profile and themodulation amplitude pro-
file of the rotation. Models of the residual stress [56, 94]
include time-dependent quantities such as the diffusivity χφ,
which cause the residual stress to modulate and so influence
the Fourier profiles. To resolve this entanglement, the intrinsic
torque due to the residual stress is considered to be constant
in time and is optimized to fit the steady-state rotation profile,
after the amplitude and phase have been fitted by the diffusion
and convection terms. This hierarchy in fitting is justified, as
numerical experiments show that the impact of the diffusion
and pinch on the Fourier profiles is stronger than the effect
of the residual stress. In particular, this approach reduces the
dimensions of the numerical fitting problem and, thus, com-
putational costs. However, as there is a small influence of a
time-dependent residual stress on the Fourier profiles, includ-
ing it in future work requires the fitting of all three transport
components simultaneously. The obtained results will devi-
ate from the ones extracted with the more simple ansatz taken
here.

3. Experiment description

All discharges analyzed in this work were performed under
standard conditions: type I ELMy H-mode plasmas with a tor-
oidal field of Bφ = 2.5 T, a plasma current of Ip = 0.8MA, and
a lower single null configuration with an outer plasma position
of Rout = 2.15 m to provide optimal conditions for the CXRS
diagnostics. All discharges had identical background heating
and consequently, similar plasma parameters. Figures 4 and
5 show an overview of the time traces and the kinetic pro-
files of the reference discharge. TheR/Lne- and shear-profile in
figure 5 act as basis functions for the fitting of the pinch as they
are the main dependency of equation (6). They provide a wide
range of possible pinch profiles. All discharges used in this
analysis feature identical T i, Te, and ne profiles to within error
bars. To these similar background plasmas, different heating
perturbations were applied, varying Ptot between 6.6 and 7.2
MW. In all cases, a NBI modulation with a frequency of either
3 or 7 Hz was used, which is sufficiently slow compared to
the 10 ms acquisition time of the rotation measurements that
the modulation cycle can be resolved to a degree that it does
not limit the separation of the transport terms. In cases with
3 Hz modulation, the duty cycle was asymmetric in order to
obtain stronger effect of higher harmonics of the modulation
frequency in the Fourier analysis. In the reference discharge
#34027 and at mid-radius, the modulation amplitude of the
second harmonic (≈0.2 km s−1) is only 40%of themodulation
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Figure 4. Overview of the reference discharge #34027 at fmod = 3 Hz. The NBI power is modulated, while the density, the ECRH and the
radiated power are stable. The stored energy of the plasma exhibits slight modulation. The modulation of the temperatures, although visible,
is much lower as that of the rotation.

Figure 5. Relevant profiles of the reference discharge #34027 ( fmod = 3 Hz), averaged over the time windows. The density profile is very
flat in the outer half of the plasma, in contrast to the monotonously increasing shear s= ∂q

∂r with the safety factor q.

amplitude of the first harmonic (≈0.53 km s−1) in the sym-
metrically modulated 7 Hz phases, while in the asymmetric-
ally modulated 3 Hz cases, the second harmonic amplitude
(≈0.88 km s−1) is roughly 60% of the modulation amplitude
of the first harmonic (≈1.48 km s−1). However, the use of this
higher-harmonic data is left for future work.

AUG has two neutral beam injectors, separated toroidally
by 180◦ with four sources each. The two injectors provide deu-
terium particles with main energies of 60 keV (box 1, sources
1–4) and 93 keV (box 2, sources 5–8), when operated at full
voltage. In these experiments sources 5 and 6 were used as
modulation sources and were operated at reduced voltage of
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Table 1. The variation of modulation frequency, NBI geometry and heating power are given for all discharges analyzed in this work. Subset
1 is without additional RF heating modulation. In subset 2 and 3, the ECRH and ICRH are used in various configurations to test the
influence of changes in the electron and ion heat fluxes on the momentum transport analysis.

Figure #
fmod Pmod

NBI ICRH/ECRH modulation(Hz) (MW)

6(a) 34027 3 0.7 On-axis None

Se
t1

6(b) 34027 7 0.7 On-axis None
6(c) 34041 7 1.05 On-axis None
6(d) 34042 3 0.7 Off-axis None

34042 7 0.7 Off-axis None
34047 3 0.7 On-axis None

6(e) 34047 7 0.7 On-axis None

7(a) 34048 7 0.7 On-axis ECRH in phase, 1.2 MW

Se
t27(b) 34049 3 0.7 On-axis ECRH out of phase, 1.2 MW

34049 7 0.7 On-axis ECRH out of phase, 1.2 MW

7(c) 34050 3 0.7 On-axis ICRH in phase, 1.2 MW

Se
t3

34050 7 0.7 On-axis ICRH in phase, 1.2 MW
7(d) 34051 3 0.7 On-axis ICRH out of phase, 1.2 MW

34051 7 0.7 On-axis ICRH out of phase, 1.2 MW
34062 7 0.7 On-axis ICRH in phase, 0.6 MW
34063 3 0.7 On-axis ICRH out of phase, 0.6 MW

7(e) 34063 7 0.7 On-axis ICRH in phase, 0.6 MW

50 keV to minimize the induced temperature and torque per-
turbation, except for one case at 60 keV that was used to probe
the influence of increasing the modulated power. To heat and
to provide neutrals for the CXRS measurements, steady NBI
with PNBI = 4.8MWwas also applied. In addition, 0.6 MW of
ECRH was applied to avoid tungsten accumulation [95, 96].

An overview of all of the experiments is given in table 1,
here divided into three subsets. In order to verify the exper-
imental method, experiments with a range of actuator mod-
ulations and frequencies were performed. In the first subset,
the modulating beam geometry, power and frequency was
changed. In the second and third subset, the ECRH and ICRH
were modulated.

The first discharge of Subset 1 is the reference discharge
#34027, which was carried out with 3 and 7 Hz modulation,
using a radial beam with on-axis deposition. Figures 6(a) and
(b) show the resulting Fourier profiles of the rotation in orange
compared to the reference discharge #34027 at 3 Hz modula-
tion as a dashed line and the results of the modelling, shown in
blue, which will be discussed in the next section. The case with
higher frequency has a lower amplitude and a steeper phase
profile, as expected. In discharge #34041, the 7 Hz phase of the
reference discharge was repeated with a higher beam voltage.
Here, 10 and 12.5 Hz modulation were tested, but resulted
in modulation profiles that were too noisy to be useful. The
higher beam voltage results in a slight increase in the modula-
tion amplitude as shown in figure 6(c) (to be comparedwith the
reference discharge at 7 Hz, figure 6(b). In discharge #34042,
the reference dischargewas repeatedwith off-axis modulation.
The total deposited torque is shown on the r.h.s. in figure 8,
compared with on-axis modulation. The broader distribution
of the off-axis heating results in a higher, but slightly flatter
amplitude profile as shown in figure 6(d). To test experimental
reproducibility, #34047 is an exact repeat of the reference

discharge performed on a different day with possibly altered
wall conditions. This was only partly successful, as shown in
figure 6(d), as the repeat phase profile is noisier and flatter. The
reason for this is unclear, as all engineering parameters were
successfully repeated and the steady-state profiles well repro-
duced. Overall, discharges of Subset 1 provide different phase
and amplitude rotation profiles while preserving the steady-
state profiles. All steady-state profiles are within error bars.
This is shown in figures 6 and 7. The agreement is illustrated
by the dotted profile of the reference discharge #34027 at 3
Hz modulation and the experimental data of each discharges
to be compared in orange. The modulation of ne andWMHD are
below 1% in most cases (figure 5). The T i modulation is of the
order of 2.5% at mid-radius and up to 5% in the core. The heat
diffusivities, assessed by TRANSP, modulate between 5% and
10% within Subset 1, already indicating a need to employ dif-
fusivities as a function of time. In general, the agreement of the
steady-state profiles supports the assumption that the transport
governing this discharges should be very similar, which has to
be recovered in the analysis.

To further verify the experimental method, in Subset 2 and
3, the ICRH and ECRH power were modulated in- or out-of-
phase of the NBI modulation with a range of power levels in
the discharges. This results in a variety of distinct Fourier pro-
files of the rotation modulation shown in figure 7. Figure 9
shows the timing of the duty cycles of the heating for cases
with purely NBI modulation and ICRH modulation in- and
out-of-phase with the NBI. The plot illustrates the attempt
to minimize (out-of-phase) and maximize (in-phase) the per-
turbation of the ion heat transport to test their impact upon
the momentum transport analysis. In contrast to the first data
subset, here, the temperature modulation is no longer always
small, #34050 with in-phase ICRH modulation exhibits 15%
modulation of the temperatures. Modulating the ICRH power
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Figure 6. Fourier and steady-state profiles of the rotation velocity of selected discharges of subset 1: ASTRA simulation (blue) are
compared with experimental data (orange). Modulation frequency (b), power (c), and NBI geometry (e) are changed to asses the effects on
the modulation of the rotation velocity. The reproducibility is tested in (e). In (b)–(e), the modelled profiles of the reference discharge
#34027 at 3 Hz modulation are shown (dotted) to simplify comparison.

out-of-phase, #34051, has the opposite effect: the modula-
tion of T i becomes smaller than in the reference discharge.
The impact on T i is also shown in figure 9. These additional
RF perturbation can influence the momentum diffusivity in
this analysis, since it is coupled to the ion diffusivity via the
Prandtl number (see equation (5)). In discharge #34050, the
ICRH was modulated with 1.2 MW in phase with the NBI.
This leads to lower amplitude profiles compared with respect
to the reference discharge. This is also observed with ICRH

modulated with a reduced power of 0.6 MW (see figure 7(e)).
In all these cases, again, dependency of the amplitude size and
phase steepness on the modulating frequency was observed,
with flatter phase profiles for the 3 Hz modulation and lower
amplitudes for the 7 Hz modulation.

Focusing on Subset 2, in discharges #34048 and #34049,
the ECRH power was modulated by 1.2 MW in- and out-of-
phase with the NBI modulation (see table 1). With ECRH
modulating in-phase, both, the phase and the amplitude are
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Figure 7. Fourier and steady-state profiles of the rotation of selected discharges of subset 2 and 3, ASTRA simulation (blue) compared with
experimental data (orange). ICRH and ECRH power are modulated in- and out-of-phase with the NBI modulation to understand the
interaction of the heat transport channels with the momentum transport. The modelled profiles of the reference discharge #34027 at 3 Hz
modulation are shown (dotted) to simplify comparison.

flattened, similar to the ICRH cases. When ECRH is mod-
ulated out-of-phase, the rotation amplitude profile increases
significantly compared to the reference while the gradient
of the phase profile changes sign, what is indicative for
a significant change of the transport. Overall, these dis-
charges are more strongly perturbed. Density changes on the
order of 3% at the modulation frequency. Since the particle
source is constant, the changes result from changed transport.
This suggests that the influence of the heat perturbation

is too large to be modelled with the method described
herein.

4. Results

The chosen methodology, namely using the linearly increas-
ing Prandtl number from GKW, a two term pinch model, and
a constant intrinsic torque was used in the analysis of the set
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Figure 8. Modelled and experimental rotation velocity profiles of the reference discharge #34027 with diffusion and convection only (l.h.s,
orange) and the required intrinsic torque to correct this deviation (r.h.s). For comparison, the NBI torque with on- and off-axis modulation is
plotted. Including the intrinsic torque from the residual stress fixes the modelled rotation (l.h.s. green, dotted).

of discharges presented in table 1. Transport coefficients were
obtained for all cases, exhibiting similar background profiles.
Of special interest is the comparison of the different NBI mod-
ulation frequencies, geometries, and heating configurations
and the quality of fits to the phase and amplitude profiles. A
successful modelling of the momentum transport and the sta-
bility of the fitting against small perturbations is the key to
validating the analysis approach.

4.1. Fitting of diffusion and convection

Fitting the free parameters in equation (6) to match the experi-
mental steady-state and modulation data of the plasma rota-
tion results in the transport coefficients shown in figure 10
for selected cases. These are time-averaged profiles, temporal
changes in the diffusion mainly result from modulation of the
heating, changes in the pinch number are caused by the R/Lne-
dependence in equation (6). The diffusion coefficient and the
pinch number of the modelled discharges agree within error
bars regardless of frequency, heating geometry, or modulated
NBI power amplitude. For the diffusivity, this is to be expec-
ted, as the Prandtl number is fixed, the heat fluxes are similar,
and the gradients are all the same. Of course, some variation
is expected as the perturbed χi are not identical: towards the
limits of error bars is the increased diffusivity in the discharge
with ICRH modulation in-phase (#34050). This could indic-
ate an enhanced transport or a wrong Prandtl number. The
error bars are estimated by varying the transport parameter
until the deviation from the rotation profiles becomes larger
than the error in the fitted experimental data. GKW under-
predicts the pinch number, but only by a small margin. How-
ever, at this stage, residual stress does not include time depend-
ence in our model, which could alter the modelled amplitude
profiles and, thus, influence the fitted pinch.

This first analysis underlines the need to treat the diffusiv-
ities as a function of time. As equations (3)–(5) suggest, the
modulation of Qi and Qe via the ECRH and ICRH influences
the ion heat diffusivity χi. Fourier analysis of χi shows that a

modulation of ∼5% in the reference discharge and up to 15%
in cases with ECRH and ICRH modulation. Figure 9 shows
the corresponding time traces at mid-radius. Such a signific-
ant change in χi directly affects the momentum diffusion in
this model and, from the scaling of equation (6), the convec-
tion. This clearly influences the modelled Fourier profiles and
cannot be neglected.

Phase and amplitude profiles from the ASTRA modelling
of the rotation using the optimized transport profiles and a
comparison with the experimental data is shown in figures 6
and 7. In Subset 1, without ICRH and ECRH modulation,
modelling reproduces the Fourier profiles well for all cases
(figure 6). The corresponding steady-state profiles will be dis-
cussed in section 4.2 together with the residual stress. Small
caveats remains such as the amplitude profiles of the dis-
charges #34041 (higher modulated power, see figure 6(c)),
which is slightly overestimated and #34042 (off-axis NBI, see
figure 6(d)), which is slightly underestimated.

In the other subsets, with ICRH and ECRH modulation,
many of the cases are not well reproduced by the model. For
most cases, either the phase and/or the amplitude profile can-
not be reconstructed (see figure 7). For the discharge from
Subset 2 with in-phase ECRH modulation, the phase profile
is poorly reproduced (see figure 7(a)), while for out-of-phase
ECRH modulation it is the amplitude profile that does not
match (see figure 7(b)). Overall, the density and Te modula-
tion was of the order of a few percent and probably beyond
the applicability of this method, even though the density and
temperatures are consistently included in the simulation. In
principle, the modulation of the electron heating should not
severely affect the momentum transport in the model applied
here, since the ion temperature and heat diffusivity do not
exhibit a strong modulation. This is indicating that the addi-
tional heat fluxeswere sufficient to alter the turbulence state. In
this case, the assumption of using the Prandtl number assessed
from the reference discharge would not be applicable.

In discharges of data Subset 3 (#34050–#34063), the ICRH
power was modulated. Subset 3 illustrated the effects of
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Figure 9. Top: modulation of the NBI power and resulting torque density at mid-radius for 3 Hz modulation taken from the reference
discharge #34027. Below: ICRH power, ion temperature and ion heat diffusivity for the reference discharge #34027 without additional RF
and discharges #34050 and #34051 with in- and out-of-phase ICRH, respectively.

strong perturbation in the ion channel, especially in cases with
in-phase ICRH modulation with a modulated power of 1.2
MW. This directly perturbs the momentum transport through
χφ = Pr ·χi. Cases with lower modulation of 600 kW are
modelled correctly, both, for ICRHmodulated power in-phase
(maximizing the perturbation in the ion heat channel) and out-
of-phase (minimizing the ion heat perturbation). For the purely
NBI cases, χi variations up to 10% were still well captured
by the simulations, while for the 1.2 MW ICRH in-phase,
where the modulation of χi increased to 20%, the amplitude
profiles were no longer reproduced. The size of the perturba-
tion appears to have exceeded the range of applicability for the
implemented linear power balancemodel for the ions and, pos-
sibly, a non-linear model for the ion heat transport is needed,
as suggested by Yang et al [36]. To investigate this hypothesis,

the authors implemented, as an initial test, a non-linear model
to solve the power balance for the ion heat transport. This did
not improve the agreement. Further exploration of this possib-
ility will be the subject for future work.

4.2. Estimation of the residual stress

The modelled steady-state rotation profiles shows a gap
between experimental and modelled rotation demonstrated
for the reference discharge on the left hand side of figure 8.
The sawtooth inversion radii were checked for all ana-
lyzed discharges and lay between 0.150< ρφ < 0.208, so the
boundary conditions were set correctly and such effects can-
not cause the deviation between modelled and experimental
data.
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Figure 10. Overview of time-averaged, fitted momentum pinch number and diffusion for similar discharges with different modulation
frequencies and heating schemes. The assessed transport parameters are within error bars, the GKW prediction is slightly too low.

It is taken that this gap emerges from residual stress. The
intrinsic torque density Sint needed to correct the steady-state
rotation profile was fitted. This resulted in an intrinsic torque
corresponding to approximately one half of the steady-state
torque from a single beam at mid-radius (see right hand side of
figure 8). Then, the intrinsic torque calculated for the reference
discharge was used in the simulations of all other discharges
which have similar background profiles. This results in correct
steady-state rotation profiles for all cases, including these with
ECRH and ICRH modulation, as shown in figures 6 and 7.

5. Conclusion

In this work, a framework was implemented to study the three
components of momentum transport: diffusion, convection,
and the residual stress. This method was tested on a data set
with various momentum and heating perturbations applied to
an, otherwise, identical plasma. To date, the study was limited
to plasma dominated by ITG modes, with the assumption of a
theoretically predicted, linear Prandtl number and an intrinsic
torque that is constant as a function of time.

This paper has attempted to contrast where the model
is appropriate and, conversely, where it appears to fail. In
data Subset 1, the NBI modulation frequency and deposition
profiles were varied, and thus the experimental modulation
amplitude and phase profiles of the rotation velocity. The
momentum transport of this set of discharges is described by
similar transport coefficients, within error bars, validating the
methodology under these conditions. However, data Subset
2 showed that if the applied perturbations are large enough
to significantly alter the turbulent state, as is the case with
high ECRHmodulation, then there is no possibility to describe
the transport with coefficients derived from unperturbed scen-
arios. Similar, Subset 3 demonstrated that if the perturbation

of χi is too large, there will, clearly, be limitations on the use
of such a simple model.

Having only one distinct plasma analyzed, this work is far
from drawing conclusions about dependencies of the assessed
transport coefficients. Furthermore, a direct comparison to
investigations at other machines is only valid to a limited
extent due to the different methodology and models applied.
Nevertheless, a first comparison of the order of magnitude
of the assessed pinch and intrinsic torque indicates the con-
sistency of the results. Within this work, a radially increas-
ing Prandtl number was calculated via the gyrokinetic code
GKW and a pinch and intrinsic torque were found that,
with the Prandtl number, reproduced the experimental data.
Such a radial increasing Prandtl number of similar size was
also experimentally found by Tala et al [32] at JET. In
that study, also the pinch was gyro-kinetically simulated and
found to underestimate the experimentally determined pinch.
There, the experimental pinch is slightly higher than the
pinch assessed in this work. Since no residual stress was
included in that analysis, further quantitative agreement can-
not be expected. A rather recent analysis of JT-60U results
finds comparable pinch and diffusion as in this work [97].
The order of magnitude and shape of the intrinsic torque
found here agree with investigations at DIII-D [50, 52]. In
addition, the shape and size of the assessed intrinsic rotation
are comparable with results of studies carried out before at
AUG [55].

As a result of this work, flexible tools are prepared and
methodology is validated to use NBI modulation as an experi-
mental technique to assess all three momentum transport com-
ponents with a variety of different models. In future work they
will be applied on a large data set and the authors aim to
improve the fitting methodology to simultaneously fit all com-
ponents with full time dependence without constraining the
Prandtl number.

14



Plasma Phys. Control. Fusion 64 (2022) 055020 C F B Zimmermann et al

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.

Acknowledgments

This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the
Euratom research and training programme 2014–2018 and
2019–2020 under Grant Agreement No. 633053. The views
and opinions expressed herein do not necessarily reflect those
of the European Commission. This work was supported in part
by the Swiss National Science Foundation.

ORCID iDs

C F B Zimmermann https://orcid.org/0000-0003-3143-
1471
R M McDermott https://orcid.org/0000-0002-8958-8714
E Fable https://orcid.org/0000-0001-5019-9685
C Angioni https://orcid.org/0000-0003-0270-9630
U Stroth https://orcid.org/0000-0003-1104-2233
T Tala https://orcid.org/0000-0002-6264-0797
T Pütterich  https://orcid.org/0000-0002-8487-4973

References

[1] Hinton F L and Wong S K 1985 Phys. Fluids 28 3082–98
[2] Angioni C et al 2015 Phys. Plasmas 22 055902
[3] Casson F J et al 2014 Plasma Phys. Control. Fusion 57 014031
[4] Casson F J et al 2013 Nucl. Fusion 53 063026
[5] Angioni C et al 2012 Phys. Plasmas 19 122311
[6] Angioni C et al 2014 Nucl. Fusion 54 83028
[7] Politzer P A et al 2008 Nucl. Fusion 48 075001
[8] Buttery R J et al 2008 22nd IAEA Fusion Energy Conf.
[9] Strait E J et al 1995 Phys. Rev. Lett. 74 2483–6

[10] Garofalo A M et al 2002 Phys. Rev. Lett. 89 235001
[11] Reimerdes H et al 2007 Phys. Rev. Lett. 98 055001
[12] de Vries P C et al 2011 Nucl. Fusion 51 053018
[13] Biglari H et al 1990 Phys. Fluids B 2 1–4
[14] Hahm T S 1994 Phys. Plasmas 1 2940–4
[15] Hahm T S and Burrell K H 1995 Phys. Plasmas 2 1648–51
[16] Burrell K H 1997 Phys. Plasmas 4 1499–518
[17] Terry P W 2000 Rev. Mod. Phys. 72 109–65
[18] Garbet X et al 2004 Plasma Phys. Control. Fusion 46 B557–74
[19] Mantica P et al 2019 Plasma Phys. Control. Fusion 62 014021
[20] Ryter F et al (The ASDEX Upgrade Team) 2001 Phys. Rev.

Lett. 86 5498–501
[21] Ryter F et al 2003 Nucl. Fusion 43 1396–404
[22] Ryter F et al 2011 Nucl. Fusion 51 113016
[23] Ryter F et al 2019 Nucl. Fusion 59 096052
[24] Angioni C et al 2009 Plasma Phys. Control. Fusion 51 124017
[25] Baker D R et al 1998 Nucl. Fusion 38 485–94
[26] Gentle K W et al 1992 Nucl. Fusion 32 217–37
[27] Diamond P H et al 2009 Nucl. Fusion 49 045002
[28] Angioni C et al 2012 Nucl. Fusion 52 114003
[29] Cardozo N J L 1995 Plasma Phys. Control. Fusion 37 799–852
[30] Tala T et al 2007 Plasma Phys. Control. Fusion 49 B291–302
[31] Tala T et al 2009 Phys. Rev. Lett. 102 075001
[32] Tala T et al 2011 Nucl. Fusion 51 123002
[33] Tala T et al 2012 24th IAEA Fusion Energy Conf.

[34] Tardini G et al 2009 Nucl. Fusion 49 085010
[35] Weisen H et al 2012 Nucl. Fusion 52 042001
[36] Yang S M et al 2018 Nucl. Fusion 58 066008
[37] Camenen Y et al 2017 44th EPS Conf. on Plasma Physics
[38] Yoshida M et al (The JT-60 Team) 2007 Nucl. Fusion

47 856–63
[39] Yoshida M et al 2009 Nucl. Fusion 49 115028
[40] Yoshida M et al 2012 Nucl. Fusion 52 023024
[41] Rice J E et al 2008 Plasma Phys. Control. Fusion 50 124042
[42] Rice J E et al 2011 Phys. Rev. Lett. 106 215001
[43] Rice J E et al 2004 Nucl. Fusion 44 379–86
[44] Lee W D et al 2003 Phys. Rev. Lett. 91 205003
[45] Rice J E et al 2021 Nucl. Fusion 61 026013
[46] deGrassie J S et al 2004 Phys. Plasmas 11 4323–31
[47] deGrassie J S et al 2007 Phys. Plasmas 14 056115
[48] deGrassie J S et al 2009 Nucl. Fusion 49 085020
[49] Chrystal C et al 2020 Nucl. Fusion 60 036003
[50] Solomon W M et al 2007 Plasma Phys. Control. Fusion

49 B313
[51] Solomon W M et al 2009 Nucl. Fusion 49 085005
[52] Solomon W M et al 2011 Nucl. Fusion 51 073010
[53] McDermott R M et al 2011 Plasma Phys. Control. Fusion

53 035007
[54] Kotschenreuther M et al 1995 Comput. Phys. Commun.

88 128–40
[55] McDermott R M et al 2014 Nucl. Fusion 54 043009
[56] Fable E 2015 Plasma Phys. Control. Fusion 57 045007
[57] Lebschy A et al 2017 Nucl. Fusion 58 026013
[58] Hinton F L and Hazeltine R D 1976 Rev. Mod. Phys. 48 239
[59] Kim Y B et al 1991 Phys. Fluids B 3 2050–60
[60] Viezzer E et al 2013 Nucl. Fusion 54 012003
[61] Peeters A G 2000 Phys. Plasmas 7 268–75
[62] Hawryluk R J 1981 An empirical approach to tokamak

transport Physics of Plasmas Close to Thermonuclear
Conditions (Oxford: Pergamon) pp 19–46

[63] Breslau J et al 2018 TRANSP (Princeton, NJ: Princeton Plasma
Physics Laboratory (PPPL)) (available at: www.osti.gov/
doecode/biblio/12542)

[64] Pankin A et al 2004 Comput. Phys. Commun. 159 157–84
[65] Viezzer E et al 2012 Rev. Sci. Instrum. 83 103501
[66] McDermott R M et al 2017 Rev. Sci. Instrum. 88 073508
[67] Fischer R et al (The ASDEX Upgrade Team) 2010 Fusion Sci.

Technol. 58 675–84
[68] Fischer R et al 2008 Plasma Phys. Control. Fusion 50 085009
[69] Mlynek A et al (The ASDEX Upgrade Team) 2010 Rev. Sci.

Instrum. 81 033507
[70] Murmann H et al 1992 Rev. Sci. Instrum. 63 4941–3
[71] McDermott R M et al 2018 Plasma Phys. Control. Fusion

60 095007
[72] Fischer R et al 2010 37th EPS Conf. on Plasma Physics
[73] Virtanen P et al 2020 Nat. Methods 17 261–72
[74] Pereverzev G and Yushmanov P N 2002 ASTRA Automated

System for TRansport Analysis in a Tokamak (Garching:
Max Planck Institute for Plasma Physics) (available at:
https://pure.mpg.de/rest/items/item_2138238/component/
file_2138237/content)

[75] Fable E et al 2013 Plasma Phys. Control. Fusion 55 124028
[76] Ivanov A A et al 2005 Proc. 32nd EPS Conf. on Plasma

Physics vol 29 pp 5–63
[77] Strintzi D et al 2008 Phys. Plasmas 15 044502
[78] Diamond P H et al 2008 Phys. Plasmas 15 012303
[79] de Vries P C et al 2006 Plasma Phys. Control. Fusion

48 1693–708
[80] de Vries P C et al 2008 Nucl. Fusion 48 065006
[81] deGrassie J S et al 2003 Nucl. Fusion 43 142
[82] Scott S D et al 1990 Phys. Rev. Lett. 64 531–4
[83] Mattor N and Diamond P H 1988 Phys. Fluids 31 1180–9
[84] Weiland J et al 2007 Plasma Phys. Control. Fusion

49 A45–A57

15

https://orcid.org/0000-0003-3143-1471
https://orcid.org/0000-0003-3143-1471
https://orcid.org/0000-0003-3143-1471
https://orcid.org/0000-0002-8958-8714
https://orcid.org/0000-0002-8958-8714
https://orcid.org/0000-0001-5019-9685
https://orcid.org/0000-0001-5019-9685
https://orcid.org/0000-0003-0270-9630
https://orcid.org/0000-0003-0270-9630
https://orcid.org/0000-0003-1104-2233
https://orcid.org/0000-0003-1104-2233
https://orcid.org/0000-0002-6264-0797
https://orcid.org/0000-0002-6264-0797
https://orcid.org/0000-0002-8487-4973
https://orcid.org/0000-0002-8487-4973
https://doi.org/10.1063/1.865350
https://doi.org/10.1063/1.865350
https://doi.org/10.1063/1.4919036
https://doi.org/10.1063/1.4919036
https://doi.org/10.1088/0741-3335/57/1/014031
https://doi.org/10.1088/0741-3335/57/1/014031
https://doi.org/10.1088/0029-5515/53/6/063026
https://doi.org/10.1088/0029-5515/53/6/063026
https://doi.org/10.1063/1.4773051
https://doi.org/10.1063/1.4773051
https://doi.org/10.1088/0029-5515/54/8/083028
https://doi.org/10.1088/0029-5515/54/8/083028
https://doi.org/10.1088/0029-5515/48/7/075001
https://doi.org/10.1088/0029-5515/48/7/075001
https://doi.org/10.1103/PhysRevLett.74.2483
https://doi.org/10.1103/PhysRevLett.74.2483
https://doi.org/10.1103/PhysRevLett.89.235001
https://doi.org/10.1103/PhysRevLett.89.235001
https://doi.org/10.1103/PhysRevLett.98.055001
https://doi.org/10.1103/PhysRevLett.98.055001
https://doi.org/10.1088/0029-5515/51/5/053018
https://doi.org/10.1088/0029-5515/51/5/053018
https://doi.org/10.1063/1.859529
https://doi.org/10.1063/1.859529
https://doi.org/10.1063/1.870534
https://doi.org/10.1063/1.870534
https://doi.org/10.1063/1.871313
https://doi.org/10.1063/1.871313
https://doi.org/10.1063/1.872367
https://doi.org/10.1063/1.872367
https://doi.org/10.1103/RevModPhys.72.109
https://doi.org/10.1103/RevModPhys.72.109
https://doi.org/10.1088/0741-3335/46/9/002
https://doi.org/10.1088/0741-3335/46/9/002
https://doi.org/10.1088/1361-6587/ab5ae1
https://doi.org/10.1088/1361-6587/ab5ae1
https://doi.org/10.1103/PhysRevLett.86.5498
https://doi.org/10.1103/PhysRevLett.86.5498
https://doi.org/10.1088/0029-5515/43/11/011
https://doi.org/10.1088/0029-5515/43/11/011
https://doi.org/10.1088/0029-5515/51/11/113016
https://doi.org/10.1088/0029-5515/51/11/113016
https://doi.org/10.1088/1741-4326/ab3061
https://doi.org/10.1088/1741-4326/ab3061
https://doi.org/10.1088/0741-3335/51/12/124017
https://doi.org/10.1088/0741-3335/51/12/124017
https://doi.org/10.1088/0029-5515/38/4/301
https://doi.org/10.1088/0029-5515/38/4/301
https://doi.org/10.1088/0029-5515/32/2/I03
https://doi.org/10.1088/0029-5515/32/2/I03
https://doi.org/10.1088/0029-5515/49/4/045002
https://doi.org/10.1088/0029-5515/49/4/045002
https://doi.org/10.1088/0029-5515/52/11/114003
https://doi.org/10.1088/0029-5515/52/11/114003
https://doi.org/10.1088/0741-3335/37/8/001
https://doi.org/10.1088/0741-3335/37/8/001
https://doi.org/10.1088/0741-3335/49/12B/S27
https://doi.org/10.1088/0741-3335/49/12B/S27
https://doi.org/10.1103/PhysRevLett.102.075001
https://doi.org/10.1103/PhysRevLett.102.075001
https://doi.org/10.1088/0029-5515/51/12/123002
https://doi.org/10.1088/0029-5515/51/12/123002
https://doi.org/10.1088/0029-5515/49/8/085010
https://doi.org/10.1088/0029-5515/49/8/085010
https://doi.org/10.1088/0029-5515/52/4/042001
https://doi.org/10.1088/0029-5515/52/4/042001
https://doi.org/10.1088/1741-4326/aab90e
https://doi.org/10.1088/1741-4326/aab90e
https://doi.org/10.1088/0029-5515/47/8/017
https://doi.org/10.1088/0029-5515/47/8/017
https://doi.org/10.1088/0029-5515/49/11/115028
https://doi.org/10.1088/0029-5515/49/11/115028
https://doi.org/10.1088/0029-5515/52/2/023024
https://doi.org/10.1088/0029-5515/52/2/023024
https://doi.org/10.1088/0741-3335/50/12/124042
https://doi.org/10.1088/0741-3335/50/12/124042
https://doi.org/10.1103/PhysRevLett.106.215001
https://doi.org/10.1103/PhysRevLett.106.215001
https://doi.org/10.1088/0029-5515/44/3/001
https://doi.org/10.1088/0029-5515/44/3/001
https://doi.org/10.1103/PhysRevLett.91.205003
https://doi.org/10.1103/PhysRevLett.91.205003
https://doi.org/10.1088/1741-4326/abcb26
https://doi.org/10.1088/1741-4326/abcb26
https://doi.org/10.1063/1.1778751
https://doi.org/10.1063/1.1778751
https://doi.org/10.1063/1.2539055
https://doi.org/10.1063/1.2539055
https://doi.org/10.1088/0029-5515/49/8/085020
https://doi.org/10.1088/0029-5515/49/8/085020
https://doi.org/10.1088/1741-4326/ab6434
https://doi.org/10.1088/1741-4326/ab6434
https://doi.org/10.1088/0741-3335/49/12B/S29
https://doi.org/10.1088/0741-3335/49/12B/S29
https://doi.org/10.1088/0029-5515/49/8/085005
https://doi.org/10.1088/0029-5515/49/8/085005
https://doi.org/10.1088/0029-5515/51/7/073010
https://doi.org/10.1088/0029-5515/51/7/073010
https://doi.org/10.1088/0741-3335/53/3/035007
https://doi.org/10.1088/0741-3335/53/3/035007
https://doi.org/10.1016/0010-4655(95)00035-E
https://doi.org/10.1016/0010-4655(95)00035-E
https://doi.org/10.1088/0029-5515/54/4/043009
https://doi.org/10.1088/0029-5515/54/4/043009
https://doi.org/10.1088/0741-3335/57/4/045007
https://doi.org/10.1088/0741-3335/57/4/045007
https://doi.org/10.1088/1741-4326/aa9c54
https://doi.org/10.1088/1741-4326/aa9c54
https://doi.org/10.1103/RevModPhys.48.239
https://doi.org/10.1103/RevModPhys.48.239
https://doi.org/10.1063/1.859671
https://doi.org/10.1063/1.859671
https://doi.org/10.1088/0029-5515/54/1/012003
https://doi.org/10.1088/0029-5515/54/1/012003
https://doi.org/10.1063/1.873812
https://doi.org/10.1063/1.873812
https://doi.org/10.1016/B978-1-4832-8385-2.50009-1
http://www.osti.gov/doecode/biblio/12542
http://www.osti.gov/doecode/biblio/12542
https://doi.org/10.1016/j.cpc.2003.11.002
https://doi.org/10.1016/j.cpc.2003.11.002
https://doi.org/10.1063/1.4755810
https://doi.org/10.1063/1.4755810
https://doi.org/10.1063/1.4993131
https://doi.org/10.1063/1.4993131
https://doi.org/10.13182/FST10-110
https://doi.org/10.13182/FST10-110
https://doi.org/10.1088/0741-3335/50/8/085009
https://doi.org/10.1088/0741-3335/50/8/085009
https://doi.org/10.1063/1.3340944
https://doi.org/10.1063/1.3340944
https://doi.org/10.1063/1.1143504
https://doi.org/10.1063/1.1143504
https://doi.org/10.1088/1361-6587/aad256
https://doi.org/10.1088/1361-6587/aad256
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://pure.mpg.de/rest/items/item_2138238/component/file_2138237/content
https://pure.mpg.de/rest/items/item_2138238/component/file_2138237/content
https://doi.org/10.1088/0741-3335/55/12/124028
https://doi.org/10.1088/0741-3335/55/12/124028
https://doi.org/10.1063/1.2907370
https://doi.org/10.1063/1.2907370
https://doi.org/10.1063/1.2826436
https://doi.org/10.1063/1.2826436
https://doi.org/10.1088/0741-3335/48/12/001
https://doi.org/10.1088/0741-3335/48/12/001
https://doi.org/10.1088/0029-5515/48/6/065006
https://doi.org/10.1088/0029-5515/48/6/065006
https://doi.org/10.1088/0029-5515/43/2/307
https://doi.org/10.1088/0029-5515/43/2/307
https://doi.org/10.1103/PhysRevLett.64.531
https://doi.org/10.1103/PhysRevLett.64.531
https://doi.org/10.1063/1.866747
https://doi.org/10.1063/1.866747
https://doi.org/10.1088/0741-3335/49/5A/S04
https://doi.org/10.1088/0741-3335/49/5A/S04


Plasma Phys. Control. Fusion 64 (2022) 055020 C F B Zimmermann et al

[85] Peeters A G and Angioni C 2005 Phys. Plasmas 12 072515
[86] Peeters A G et al 2007 Phys. Rev. Lett. 98 265003
[87] Hahm T S et al 2007 Phys. Plasmas 14 072302
[88] Peeters A G et al 2009 Phys. Plasmas 16 062311
[89] Peeters A G et al 2009 Phys. Plasmas 16 042310
[90] Peeters A G et al 2011 Nucl. Fusion 51 094027
[91] Hornsby W A et al 2018 Nucl. Fusion 58 056008

[92] Peeters A G et al 2009 Comput. Phys. Commun.
180 2650–72

[93] Peeters A G and Strintzi D 2004 Phys. Plasmas 11 3748–51
[94] Camenen Y et al 2011 Nucl. Fusion 51 073039
[95] Angioni C et al 2017 Nucl. Fusion 57 056015
[96] Stober J et al 2003 Nucl. Fusion 43 1265–71
[97] Ohtani Y et al 2021 AIP Adv. 11 085306

16

https://doi.org/10.1063/1.1949608
https://doi.org/10.1063/1.1949608
https://doi.org/10.1103/PhysRevLett.98.265003
https://doi.org/10.1103/PhysRevLett.98.265003
https://doi.org/10.1063/1.2743642
https://doi.org/10.1063/1.2743642
https://doi.org/10.1063/1.3124133
https://doi.org/10.1063/1.3124133
https://doi.org/10.1063/1.3097263
https://doi.org/10.1063/1.3097263
https://doi.org/10.1088/0029-5515/51/9/094027
https://doi.org/10.1088/0029-5515/51/9/094027
https://doi.org/10.1088/1741-4326/aab22f
https://doi.org/10.1088/1741-4326/aab22f
https://doi.org/10.1016/j.cpc.2009.07.001
https://doi.org/10.1016/j.cpc.2009.07.001
https://doi.org/10.1063/1.1762876
https://doi.org/10.1063/1.1762876
https://doi.org/10.1088/0029-5515/51/7/073039
https://doi.org/10.1088/0029-5515/51/7/073039
https://doi.org/10.1088/1741-4326/aa6453
https://doi.org/10.1088/1741-4326/aa6453
https://doi.org/10.1088/0029-5515/43/10/030
https://doi.org/10.1088/0029-5515/43/10/030
https://doi.org/10.1063/5.0056982
https://doi.org/10.1063/5.0056982

	Analysis and modelling of momentum transport based on NBI modulation experiments at ASDEX Upgrade
	1. Introduction
	1.1. Motivation
	1.2. Review
	1.3. Outline

	2. Momentum transport modelling
	2.1. Basic equations
	2.2. Analysis workflow
	2.3. Momentum transport model
	2.4. Fitting methodology

	3. Experiment description
	4. Results
	4.1. Fitting of diffusion and convection
	4.2. Estimation of the residual stress

	5. Conclusion
	Acknowledgments
	References


