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Abstract

Fast ions are an inseparable part of fusion plasmas. They can be generated us-

ing electromagnetic waves or injected into plasmas as neutrals to heat the bulk

plasma and to drive toroidal rotation and current. In future power plants fusion

born fast ions deliver the main heating into the plasma. Understanding and con-

trolling the fast ions is of crucial importance for the operation of a power plant.

Furthermore, fast ions provide ways to probe the properties of the thermal plasma

and get insight of its confinement properties.

In this thesis, numerical code packages are used and developed to simulate JET

experiments for a range of physics issues related to fast ions. Namely, the clamp-

ing fast ion distribution at high energies with RF heating, fast ion ripple torque

generation and the toroidal momentum transport properties using NBI modula-

tion technique are investigated.

Through a comparison of numerical simulations and the JET experimental data

it is shown that the finite Larmor radius effects in ion cyclotron resonance heating

are important and that they can prevent fast ion tail formation beyond certain en-

ergy. The identified mechanism could be used for tailoring the fast ion distribution

in future experiments. Secondly, ASCOT simulations of NBI ions in a ripple field

showed that most of the reduction of the toroidal rotation that has been observed

in the JET enhanced ripple experiments could be attributed to fast ion ripple

torque. Finally, fast ion torque calculations together with momentum transport

analysis have led to the conclusion that momentum transport in not purely dif-

fusive but that a convective component, which increases monotonically in radius,

exists in a wide range of JET plasmas. Using parameter scans, the convective

transport has been shown to be insensitive to collisionality and q-profile but to

increase strongly against density gradient.

Keywords: JET, tokamak, fusion, energy, plasma, toroidal rotation, momen-

tum transport, fast ions, neutral beam injection, NBI
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Nopeat ionit ja liikemäärän kulkeutuminen JET-tokamakin plasmoissa

Antti Salmi. Espoo 2012. VTT Science 10. 71 s. + liitt. 75 s.

Tiivistelmä

Nopeat ionit ovat erottamaton osa fuusioplasmoja. Niitä voidaan tuottaa sähkö-

magneettisten aaltojen avulla tai suihkuttamalla ne plasmaan energisinä neut-

raaleina. Nopeita ioneja käytetään kuumentamaan ja pyörittämään plasmaa,

virranajossa sekä plasman ominaisuuksien ja koossapidon tutkimiseen. Tulevai-

suuden voimalaitoksissa fuusioreaktioissa syntyvät nopeat ionit toimivat plas-

man pääasiallisena lämmönlähteenä. Nopeiden ionien ilmiöiden ymmärtäminen

ja niiden hallinta ovat tärkeitä fuusiovoimaloiden operoinnin kannalta.

Tässä väitöstyössä käytetään ja kehitetään numeerisia laskentaohjelmia selit-

tämään nopeisiin ioneihin liittyviä koetuloksia Englannissa sijaitsevassa fuu-

siokoelaitoksessa (JET). Tutkimuksen kohteina ovat nopeiden ionien äkillinen

väheneminen korkeilla energioilla radiotaajuuskuumennuksen yhteydessä, nopei-

den ionien aiheuttama toroidaalinen vääntö magneettikentän ryppyisyyden vaiku-

tuksesta ja liikemäärän kulkeutumisen ominaisuudet moduloituja neutraalisuih-

kuja käyttäen.

Työssä todennettiin simuloinneilla, että ionien äärellinen pyörimissäde selit-

tää kokeellisesti havaitun nopeiden ionien pienen lukumäärän korkeilla ener-

gioilla käytettäessä radiotaajuuskuumennusta. JET:n magneettikentän rypy-

tyskokeissa havaitut plasman pyörimisen muutokset voitiin hiukkassimulointien

avulla päätellä johtuvan pääasiassa nopeiden ionien synnyttämän väännön takia.

Lopulta analyysit liikemäärän kulkeutumisesta useissa erilaisissa plasmoissa

osoittivat, että liikemäärän kulkeutuminen ei ole pelkästään diffuusia ja että

merkittäväksi osoittautunut koossapitoa parantava ajautumisnopeus kasvaa plas-

man ulkoreunaa lähestyttäessä. Plasman tiheysgradientin kasvattamisen havait-

tiin nopeasti kasvattavan ajautumisnopeutta, kun taas törmäyksellisyyden tai

q-profiilin muutosten vaikutukset olivat pieniä. Työn tuloksia voidaan hyödyn-

tää ITERin ja tulevien laitosten suunnittelussa ja plasman pyörimisen ennustuk-

sissa.

Keywords: JET, tokamak, fusion, energy, plasma, toroidal rotation, momen-

tum transport, fast ions, neutral beam injection, NBI
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tion in the NBI torque due to ripple it was possible to isolate the effect of transport

and sources and deduce the average level diffusive and convective transport over

a number of NBI heated JET discharges. The author contributed to this analy-

sis by making NBI torque calculations (Figures 1 and 2) and in writing ASCOT

related parts of the manuscript.

Publication V: “NBI torque in the presence of magnetic field ripple:
experiments and modelling for JET”

The author extended ASCOT code functionality for time dependent operation and

utilised it to obtain realistic time dependent NBI torque to analyse the experimen-

tal data. Furthermore, the author developed an optimisation framework around

JETTO transport code to iteratively deduce the momentum transport properties

of the discharges. These enabled the first experimental benchmark of calculated

NBI torque in the presence of toroidal magnetic field ripple. The author wrote the

full paper.

Publication VI: “Parametric dependences of momentum pinch and Prandtl
number in JET”

In this work NBI is used as a tool to study the toroidal momentum transport

properties of a number of plasmas to establish how it varies with q, collisional-

ity and density gradient scale length. The author contributed through ASCOT

torque analysis and transport analysis leveraging on techniques established in

Publication V. These data are the basis for the results shown in sections 3 and 4.
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1. Introduction

1.1 Fusion for energy

The ever increasing consumption of energy [1, 2] in the world together with en-

vironmental constraints demand the development of clean and sustainable forms

of energy production. In the long term thermonuclear fusion could play a sig-

nificant role in meeting these requirements. The fusion reaction providing the

simplest route for fusion power production on Earth is between hydrogen isotopes

deuterium and tritium

2
1D+ 3

1T → 4
2He (3.52 MeV) + 1

0n (14.1 MeV) (1.1)

Deuterium can be extracted from water (∼150 ppm) and tritium can be processed

from lithium using neutrons from the fusion reactions within the fusion power

plant itself
6
3Li +

1
0n → 4

2He (2.05 MeV) + 3
1T (2.73 MeV) (1.2)

The deuterium reserves last millions of years and the known lithium reserves for

tens of thousands of years at the current level of consumption. The fuel for fu-

sion is found all around the world making it geopolitically stable, fusion does not

produce greenhouse gases or long lived radioactive waste and it has minimal im-

pact on land use. Fusion power plants are ideally suited for large scale electricity

production to provide a steady base load all year round.

In Europe the fusion research program is coordinated within the framework of

the European Fusion Development Agreement (EFDA) which is funded by the Eu-

ropean Commission. The current EFDA budget is roughly 100 million euros half
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1. Introduction

of which goes towards operating the largest tokamak to-date, the Joint European

Torus (JET) in Abingdon, UK.

1.2 Tokamaks

Currently the most advanced concept for a fusion power plant in terms of fusion

power is a tokamak which encloses the plasma inside a doughnut shaped chamber

using strong toroidal magnetic field. The word tokamak is an acronym from the

Russian words toroidal’naya kamera s aksial’nym magnitnym polem, i.e. toroidal

chamber with axial magnetic field. A simplified illustration of a tokamak, where

the plasma is confined by a strong toroidal field in a doughnut shaped vessel with

the plasma itself acting as the secondary winding, is shown in Fig. 1.1. The major

benefit of this device the lack of ends in the tokamak ’bottle’, made it significantly

more efficient in confining the plasma while the primary transformer circuit al-

lowed poloidal field generation and Ohmic heating via induction.

Magnetic Circuit

(iron transformer core)

Primary Transformer Circuit

(inner poloidal field coils)

Toroidal Field

Coils 

Plasma Positioning

and Shaping Coils

(outer poloidal field coils)

Secondary transformer circuit

(plasma with plasma current, Ip)

Resultant Helical

Magnetic Field

(exaggerated)

Poloidal field

Toroidal field

Ip
JG98.245/1c

Figure 1.1. Tokamak principle. Ohmic heating and current drive is induced by the transformer
where the plasma itself acts as the secondary winding. The iron core is optional
when the primary winding is located along the toroidal axis inside the torus (central
solenoid). Courtesy of EFDA-JET.
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The tokamak was invented and first built during the cold war in the 1950s in

Soviet Union [3]. It proved to be a superior concept outperforming the earlier

devices (z-pinch, θ-pinch, etc.) in fusion power by orders of magnitude. Even

though the first H-bombs were tested in 1952 in the USA and the cold war was

still escalating between the super-powers, the magnetically confined fusion re-

search was quickly declassified and researchers were encouraged to collaborate

and find ways to harness the practically endless energy source for peaceful power

production. The breakthrough raised hopes for a quick realisation of commercial

power production. Indeed the following decades saw fusion power increase at a

rate surpassing the famous Moore’s Law in semiconductors.

As the tokamaks grew larger and more reactor relevant many new challenges

were identified (instabilities, turbulence, materials) which together with increas-

ing cost of building larger and larger devices and reduced funding due to the

low cost of fossil fuels pushed the dream of commercial fusion power into the fu-

ture. Presently the largest tokamak in the world, JET (Joint European Torus, see

Fig. 1.2) in Oxfordshire, UK, has demonstrated 16 MW of peak fusion power and

4 MW in steady state conditions [4].

The next step experimental device being built in France, ITER [5–7], is a 15

billion euro international project involving over half of the world population (EU,

US, Japan, Russia, China, India and Korea) and it is designed to be able to pro-

duce 500 MW of fusion power whilst using only 50 MW of external power to heat

the plasma. If, and hopefully when, ITER proves to be a success the next step

could be to build a demonstration power plant, DEMO, which would integrate all

the technologies tested in ITER and those from the parallel materials research

program into one plant for testing the power production. With successful integra-

tion of technologies and advances in fusion relevant materials, the era of fusion

power could well begin on the second half of this century.

1.3 Heating and stabilising the plasma

In order to bring the plasma temperature up to the required 150 million degrees

(10–20 keV) powerful plasma heating methods are needed. The Ohmic heating

alone, generated by the induction, is not sufficient. It cannot heat up fusion plas-

mas beyond 4 keV due to the reduced resistivity of the plasma at high tempera-
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Figure 1.2. Wide angle view from inside the JET tokamak. On right, plasma discharge is over-
laid. The white light during the plasma discharge indicates the high heat flux regions,
the electromagnetic emissions from the central plasma are largely outside the visible
spectrum. Courtesy of EFDA-JET.

tures, i.e. ν ∝ T
−3/2
e . Furthermore, Ohmic heating is intrinsically pulsed in nature

which is not attractive from engineering point of view. In power plants the Ohmic

heating would mainly be used for the start-up phase after which non-inductive

means of heating and current drive would be used to control and stabilise the

burning plasma.

Due to the strong magnetic field used in tokamaks external energy can only be

injected into the system either as energetic neutral particles (neutral beam injec-

tion, NBI) or by launching electromagnetic waves whose the energy is transferred

to the plasma typically via a resonance interaction. Depending on the frequency

and wavelength power can be absorbed either on ions (Ion Cyclotron Resonance

Frequency, ∼50 MHz) or on electrons (Electron Cyclotron Resonance Frequency,

∼100 GHz) or used to drive current (Lower Hybrid Current Drive, ∼4 GHz).

1.4 Toroidal coordinates

A convenient coordinate system for treating tokamak plasmas is illustrated in

Fig. 1.3. The toroidal angle φ increases counter-clockwise when viewed from
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above, z points upward and R outwards forming a right handed (R, φ, z) system.

Flux coordinates (r, θ) describe the nested flux surfaces.

Figure 1.3. Simple toroidal coordinate system with circular flux surfaces.1

In most tokamaks flux surfaces are not circular and concentric as in this simpli-

fied picture but are elongated and radially shifted as given by the Grad-Shafranov

equation [8] (see also Fig. 2.3). In these cases the geometrical coordinate r is not

a convenient label any more and ρtor and ρpol are often used and appear in many

of the figures plotted in this thesis and in Publications I–IV. Here ρtor is the nor-

malised square root of the toroidal flux ψtor enclosed by the flux surface and ρpol is

the correspondingly normalised label for the poloidal flux ψpol [8]. An important

property of a flux surface is that by following a magnetic field line that starts from

a certain flux surface always stays on that same surface. Since charged particles

are tied to the field lines by Lorentz force (Sec. 2.1) they are also tied to the same

flux surface and therefore, to a good approximation, plasma temperature and den-

sity are constant on a given flux surface. Ions and electrons can move freely along

the field lines but only slowly across. This means that plasma confinement prop-

erties including heat and toroidal momentum transport can often be studied in

radial direction only.

1http://www-fusion.ciemat.es/fusionwiki/index.php/Toroidal_coordinates

19



1. Introduction

Figure 1.2. Wide angle view from inside the JET tokamak. On right, plasma discharge is over-
laid. The white light during the plasma discharge indicates the high heat flux regions,
the electromagnetic emissions from the central plasma are largely outside the visible
spectrum. Courtesy of EFDA-JET.

tures, i.e. ν ∝ T
−3/2
e . Furthermore, Ohmic heating is intrinsically pulsed in nature

which is not attractive from engineering point of view. In power plants the Ohmic

heating would mainly be used for the start-up phase after which non-inductive

means of heating and current drive would be used to control and stabilise the

burning plasma.

Due to the strong magnetic field used in tokamaks external energy can only be

injected into the system either as energetic neutral particles (neutral beam injec-

tion, NBI) or by launching electromagnetic waves whose the energy is transferred

to the plasma typically via a resonance interaction. Depending on the frequency

and wavelength power can be absorbed either on ions (Ion Cyclotron Resonance

Frequency, ∼50 MHz) or on electrons (Electron Cyclotron Resonance Frequency,

∼100 GHz) or used to drive current (Lower Hybrid Current Drive, ∼4 GHz).

1.4 Toroidal coordinates

A convenient coordinate system for treating tokamak plasmas is illustrated in

Fig. 1.3. The toroidal angle φ increases counter-clockwise when viewed from

18

1. Introduction

above, z points upward and R outwards forming a right handed (R, φ, z) system.

Flux coordinates (r, θ) describe the nested flux surfaces.

Figure 1.3. Simple toroidal coordinate system with circular flux surfaces.1

In most tokamaks flux surfaces are not circular and concentric as in this simpli-

fied picture but are elongated and radially shifted as given by the Grad-Shafranov

equation [8] (see also Fig. 2.3). In these cases the geometrical coordinate r is not

a convenient label any more and ρtor and ρpol are often used and appear in many

of the figures plotted in this thesis and in Publications I–IV. Here ρtor is the nor-

malised square root of the toroidal flux ψtor enclosed by the flux surface and ρpol is

the correspondingly normalised label for the poloidal flux ψpol [8]. An important

property of a flux surface is that by following a magnetic field line that starts from

a certain flux surface always stays on that same surface. Since charged particles

are tied to the field lines by Lorentz force (Sec. 2.1) they are also tied to the same

flux surface and therefore, to a good approximation, plasma temperature and den-

sity are constant on a given flux surface. Ions and electrons can move freely along

the field lines but only slowly across. This means that plasma confinement prop-

erties including heat and toroidal momentum transport can often be studied in

radial direction only.

1http://www-fusion.ciemat.es/fusionwiki/index.php/Toroidal_coordinates

19



1. Introduction

1.5 Outline of this thesis

This thesis in an introduction to and gives an overview of the main results ob-

tained in the Publications I–VI. In Chapter 2 several relevant aspects of fast

ion physics are briefly reviewed. First, motion of fast ions and their generation

through ICRH (Publication I) and NBI (Publications II–VI) in the tokamak plas-

mas are described. Then the toroidal field ripple and its effect on fast ions is

briefly reviewed together with a description of fast ion torque transfer to the back-

ground plasma. The last part of Chapter 2 gives an introduction to the toroidal

momentum transport and NBI modulation technique which are used and studied

in Publications V–VI. In Chapter 3 the simulation tools and methods are dis-

cussed together with a description of related modifications to them. Chapter 4

gives a short overview of the results obtained in Publications I–VI highlighting

the most important findings. Finally the thesis is summarised.
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2. Fast ion physics and transport

The definition of fast ion naturally depends on the context. In fusion plasmas fast

ions are usually considered to be those whose kinetic energy exceeds the thermal

energy of the bulk plasma by roughly a factor of 10. In today’s medium to large

sized tokamak devices the plasma temperature is typically in the range of 1-10

keV (∼15 keV in future power plants) and therefore the lower energy limit for fast

ions is somewhere around 10-100 keV, depending on a tokamak and a scenario.

While in principle there is no upper limit for the fast ion energy in practice the

size of the plasma and the strength of the magnetic field set constraints on the

achievable fast ion energy. Namely, at high energies the orbits of the ions become

so large that they are no longer confined in the plasma but collide with the torus

walls. In JET, ions with energies up to 10 MeV have been observed. However,

even the most energetic ions in fusion plasmas are far from the relativistic limit

and their behaviour can be understood with classical treatment.

There are numerous reasons why fast ions are of interest to fusion plasmas.

One of the most important one is their ability to transfer heat and momentum

to the plasma. Fast ions interact with the ions and electrons of the main plasma

via Coulomb collisions through which they transfer their energy and kinetic mo-

mentum. Toroidally asymmetric fast ion velocity distribution can drive current

and induce toroidal plasma rotation. Fast ions can stabilise or destabilise some

internal plasma instabilities such as sawteeth and enhance the fusion yield. On

the other hand, fast ions can also have detrimental effects both on the plasma

and the device. Namely, since the fast ions have large orbits and even a relatively

small number of them can carry a significant fraction of the total plasma stored

energy, their loss can damage the first wall, reduce the heating efficiency and

modify the plasma rotation [9–12]. The free energy in the fast ions can in some
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circumstances create instabilities (e.g. alfven eigenmodes) that reduce the plasma

confinement. Understanding the creation and behaviour of the fast ion population

in fusion plasmas is necessary to maximise their benefits and minimise their ad-

verse effects.

2.1 Motion of charged particles

Compared to thermal ions, fast ion orbits are much wider and their distributions

are often asymmetric and non-Maxwellian which means that their treatment is

not usually realistic with fluid approach as often used for thermal plasma but that

kinetic simulations are needed.

The motion of charged particles in an electromagnetic field is controlled by the

Lorentz force

m
dv
dt

= q(E + v × B) (2.1)

Here, E and B are the electric and magnetic field vectors whereas m, q and v are

the particle mass, charge and velocity, respectively. In absence of other interac-

tions (e.g. collisions) particles can only gain energy through electric field which

is parallel to the particle velocity (this is easily confirmed after taking the dot

product of Eq. (2.1) with v).

Due to the strong magnetic field used in tokamaks the gyro radius (or Larmor

radius) ρ = v⊥/ωci of a particle, where v⊥ is the velocity perpendicular to the

magnetic field and Ωci = qB/m is the gyro (or cyclotron) frequency, is often small

compared to the typical scale lengths in the plasma. Furthermore, the time scales

of interest are often much longer than the gyration period. In this case it is useful

to average out the gyration and follow the guiding centre motion of the particle

rather than its actual position. The averaging results in an equation for guiding

centre motion [13]

vg = v�ê� +
F × B
qB2

(2.2)

v̇g = F�/m. (2.3)

Here F is any force acting on the guiding centre such as electric field or non-

uniformities in magnetic field. Figure 2.1 illustrates a typical orbit for an ener-

getic, poloidally trapped, ion in a tokamak magnetic field. Just by glancing at
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the trajectory it is easy to be convinced that in a realistic geometry where the

magnetic field itself cannot be represented by simple equation the guiding centre

equations are not analytically integrable and numerical codes are needed to trace

the particles.

Figure 2.1. Trajectory of an energetic trapped ion in a tokamak equilibrium. (1) the gyration of
the ion around the field line is shown with a thin line. (2) The thick line shows the
guiding centre (gyro-averaged) motion of the ion. At (3) the poloidal cross section of
the 3D trajectory is depicted. The smaller "banana" next to (3) illustrates the orbit of
another ion that was launched, from the location where the two bananas are joined, in
the opposite direction to the ion forming the larger banana. Courtesy of EFDA-JET

2.1.1 Constants of motion and adiabatic invariants

With stationary or slowly varying electromagnetic fields with toroidal symmetry

charged particles have three invariants. Without collisions or other interactions

they remain practically constant along the particle trajectory. These invariants

can be chosen as the total energy Etot, magnetic moment μ and the canonical

toroidal angular momentum pφ

Etot = mv2/2 + ZeΦ (2.4)

μ = mv2⊥/2B (2.5)

pφ = Zeψ −mRvφ (2.6)
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where ψ =
∫ r
0 RBθdr

� is the poloidal flux, Φ is the electrostatic potential, v⊥ is

the velocity perpendicular to the magnetic field, vφ is the toroidal velocity, Z is

the charge number and e is the elementary charge. Without toroidal symme-

try the canonical toroidal angular momentum pφ is no longer conserved. In non-

axisymmetric magnetic field the radial transport of the charged particles is en-

hanced reducing the confinement and acts as a source for counter current torque

(see Secs. 2.3 and 2.4).

2.2 Generation of fast ions

There are several ways to generate fast ions. Firstly, they are produced within the

plasma in a number of different fusion reactions the most significant of which is

the D-T fusion yielding a neutron and a 3.5 MeV alpha particle. In ITER, alphas

will provide most of the plasma heating and are by far the most important fast

ion species in the plasma. Of the current tokamaks only JET can operate D-T

plasmas, and when it does it is a special event (tritium is expensive and difficult

to handle due to its activity). Most of the time either deuterium or hydrogen plas-

mas are used and the fusion yields are too small to be of significance, apart from

diagnostics purposes [14–16]. Therefore, the main source of fast ions in current

devices comes either from neutral beam injection or through ion cyclotron reso-

nance heating. In burning plasmas where alphas dominate the NBI and/or ICRH

generated ions will still have an important role in driving current and rotation

and in controlling the plasma

2.2.1 Neutral beam injection

Neutral beam injection (NBI) is a widely used method to non-inductively heat

and drive current and rotation in the tokamak plasmas. NBI is a robust heating

scheme which in current experiments can be used for nearly all plasmas without

coupling issues or upper density limits. NBI also provides the most efficient way

for inducing plasma rotation in current tokamaks. This is an important prop-

erty of NBI since the plasma rotation and the rotation shear are known, exper-

imentally and in theory, to improve plasma performance by clamping down the

turbulence and the associated radial transport of heat, particles and momentum

[17–19]. The reduced level of turbulence allows higher plasma temperature and
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density thus improving the fusion yield and therefore potentially reducing the cost

of the energy. Toroidal rotation is also known to stabilize magneto-hydodynamic

(MHD) instabilities such as resistive wall modes (RWM) [20]. NBI generated

torque and its usage to study rotation and momentum transport are discussed in

more detail in Chapter 4.

The NBI system at JET [21] can deliver more than 20 MW of heating power and

more than 20 Nm of torque routinely into the plasma. It consists of two beam

boxes located toroidally 180 degrees apart, one in octant 4 and one in octant 8

(see Fig. 2.2). Both beam boxes consist of 8 positive ion neutral injectors (PINIs)

of which 4 are in the so called tangential orientation and 4 in perpendicular ori-

entation with respect to the toroidal magnetic field. In normal JET operation the

plasma current is in the clockwise direction as indicated in the figure and the

torque provided by the NBI is in co-current direction.
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Figure 2.2. JET NBI system view from above (from Publication V).

The geometrical properties of the NBI system are fixed and the alignment can-

not be changed during operation. Therefore the beams always point in the same

direction in each experimental campaign. Figure 2.3 shows the poloidal alignment

of each PINI in octant 8 NBI (octant 4 alignment is nearly identical). Reasonable

flexibility to control the NBI heating and torque input is still retained as the PINI

mixture, acceleration voltage of the PINIs and the power waveforms can be ad-

justed. The neutral beam modulation capability is in fact utilised in Publications
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V-VI to validate the beam torque calculation and to study the momentum trans-

port properties of the plasmas.

J
G

0
0

.8
9

/1
c

1.5
Upshifted alignment

1.0

0.5

0

–0.5

–1.0

–1.5
1.5

Solid = Normal,  Dashed = Tangential

2.0 2.5 3.0 3.5 4.0 4.5

R (m)

Z
 (

m
)

8

7

1

2

3

5

4

6

Figure 2.3. Poloidal view JET NBI alignment in the upshifted configuration. All beams enter the
plasma near the midplane. The curvature of the trajectories results from 3D to 2D
mapping. Courtesy of EFDA-JET.

The power from the neutral beams is absorbed in the plasma through Coulomb

collisions. The heating rate (or the rate at which the beam loses energy) is given

by
dE

dt
= −(νe +

∑
i

νi)E (2.7)

where the summation loops over all ion species i in the plasma, E is the energy of

the beam ion and νi, νe are the beam ion collision frequencies against the plasma

ions and electrons, respectively. Substituting the collision frequencies this can be

written as [13]

dE

dt
= −Z2e4 ln Λne

4π�0me

[
me

neE3/2

∑
i

niZ
2
i

mi
+

4

3
√
π

(
me

mkBTe

)3/2
]
E (2.8)

where in the usual circumstances the first term on the right hand side describes

the heat deposition on the bulk ions and the second term the heat deposition on

electrons. Here ln Λ ≈ 17 is the Coulomb logarithm, �0 is the permittivity of free
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space, kB is the Boltzmann constant, e is the elementary charge and m,Z, v are

the mass, charge number and velocity respectively. Variables without subscripts

refer to the beam ions. The collision frequency of the beam ions against electrons

is independent of the beam ion energy (νe ∼ neT
−3/2
e ) whereas against ions it be-

comes higher at low energy (νi ∼ E−3/2). Therefore, at high energies the energetic

ions interact mainly with electrons and at low with ions. The critical energy at

which the ion and electron heating rates are equal is

Ecr = 14.8kBTeA

(
1

ne

∑
i

niZ
2
i

Ai

)2/3

(2.9)

where A is the beam ion mass number and the summation loops over the back-

ground species. The quantity within the brackets varies slowly leaving the elec-

tron temperature and the beam ion mass as the only significant parameters that

determine whether bulk ions or electrons are heated. In JET plasmas the critical

energy is relatively high compared to the beam injection energy and the NBI is

dominantly heating the ions. In ITER, however, beam injection energy of approxi-

mately 1 MeV is needed for deep enough penetration and therefore the NBI there

will mainly heat the electrons.

2.2.2 Ion Cyclotron Resonance Heating

Ion Cyclotron Resonance Heating (ICRH) is the only heating method available

for ITER that can dominantly heat ions [22]. The other common means of electro-

magnetically transmitting energy into the plasma, lower hybrid (LH) and electron

cyclotron (EC) waves, are directly absorbed by the electrons. Furthermore, the col-

lisional power transfer from both the alphas and the NBI ions result in dominant

electron heating due to their high incident energy [23]. ICRH, however, can be

optimised for ion heating by making sure that the average energy of the resonant

ion population remains at reasonably low level. In ITER, the minority 3He heat-

ing scheme is aimed for this and is expected to have an important role in setting

the plasma conditions favourable for fusion reactions.

With ICRH scheme, radio frequency (RF) waves are launched with an antenna

into the plasma where the power is absorbed by the resonating ions through wave-

particle interaction (see Figs. 2.4 and 2.5).

Fusion plasmas can support a large number of electromagnetic waves with var-
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V-VI to validate the beam torque calculation and to study the momentum trans-

port properties of the plasmas.
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Figure 2.4. One of the four JET A2 antennas showing the first half of the antenna completely with-
out the Faraday screens leaving the current straps visible. Thick arrows indicate that
the AC current can be phased independently between the straps. Three A2 antennas,
covered with Faraday screens, can be seen in Fig. 1.2. Courtesy of EFDA-JET.
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Figure 2.5. Schematic view of ICRF heating, wave propagation and damping in tokamak plasma.
Courtesy of EFDA-JET.
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ious frequencies and wave lengths. In ion cyclotron range of frequencies (20–80

MHz in fusion plasmas) the important branch in the plasma dispersion relation is

the fast wave (or compressional hydromagnetic mode) [8, 24]. Fast wave does not

exist in vacuum making it necessary to place the ICRH antenna relatively close to

the plasma to avoid power being reflected back to the antenna. With close proxim-

ity to hot plasma, high heat fluxes must be tolerated and therefore the antennas

are protected with heat bearing limiters.

Once the power reaches the plasma it can be absorbed. Provided that the fre-

quency of the wave and the heating scheme are suitably selected most of the power

will be absorbed by ions whose gyro-frequency or its harmonic equals the Doppler

shifted wave frequency (ν = 0)

ν ≡ ω − nΩc − v�k� (2.10)

where n is an integer, Ωc is the gyro (or cyclotron) frequency of the ions, v� is the

ion velocity along the magnetic field line and k� is the parallel wave number of

the wave. In tokamaks the magnetic field is roughly proportional to 1/R which

means that the gyro-frequency varies along the particle trajectories and that ions

are resonant only for a short period when they cross the nearly vertical resonance

layer. At the resonance position the ions see a constant electric field which can

either accelerate or decelerate the ions depending on the relative phase between

the wave and their gyration. When the relative phase between the successive RF

interactions is random the quasi-linear theory states that this process is equal to

diffusion in velocity space. In fusion relevant conditions the net effect is energy

transfer from the waves to the particles.

Quasi-linear theory

According to quasi-linear theory [24, 25] the RF operator Q(f) for a single wave

can be written as a diffusion operator

Q(f) =
1

∂v⊥

(
v⊥DRF

∂f

∂v⊥

)
(2.11)

where the RF diffusion coefficient is proportional to

DRF ∼ |τRFZe(E+Jn−1 (k⊥ρ) + E−Jn+1(k⊥ρ))|2 (2.12)
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where E± are the amplitudes of the left and right-hand polarized electric field

components, k⊥ is the local perpendicular wave number, Jm are the Bessel func-

tions of the first kind and τRF =
∫
exp(i

∫
ν(t�)dt�)dt is the RF interaction time and

n in an integer to indicate the resonance harmonic.
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Figure 2.6. Schematic illustration of fast ion tail with strongly applied ICRF heating.

ICRH increases the perpendicular velocity of the resonating ions pulling a tail

in the energy distribution as illustrated in the Fig. 2.6. The length of the tail

and the effective temperature depend on the absorbed power per particle, fast

ion collisionality (slowing down process) as well as other effects such as losses

and instabilities [26]. The shape of the tail is usually more complex than in the

idealised picture shown here. Realistic calculations of the fast ion distribution

functions require the use of sophisticated codes such as PION and FIDO (see

Chapter 3). In Publication I these tools are used to analyse JET experiments at

the second harmonic (n = 2) ICRF heating that show the clamping of fast ion tail

around the energy E∗ where the first minimum of DRF is located.

It is worth pointing out that while NBI is the most efficient method for driving

toroidal rotation in current experiments also ICRH can modify the rotation profile

somewhat either through momentum injection, fast ion losses or through trans-

port modification [27–29]. A particular scheme where large rotation changes have

been observed on Alcator-Cmod and JET involves mode conversion but is not yet

fully understood [30, 31].
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2.3 Toroidal field ripple

Toroidal magnetic field ripple (TF ripple) is the non-axisymmetric part of the mag-

netic field which arises due to the finite number of toroidal field coils. The ripple

magnitude δ is defined as

δ(R, z) =
Bmax(R, z)−Bmin(R, z)

Bmax(R, z) +Bmin(R, z)
, (2.13)

i.e. it is the relative amplitude by which the magnetic field ripples (oscillates)

when moving in toroidal direction (see Fig. 2.7).

Figure 2.7. Toroidal field coils viewed from above. The toroidal field ripple arises due to the finite
number of toroidal field coils. Courtesy of EFDA-JET.

TF ripple is an intrinsic property of all physical tokamaks. The magnitude of the

ripple depends on the geometry and on the number of the coils and it is unique for

each tokamak. Large levels of ripple have adverse effects on plasma confinement,

especially on fast particle confinement [32, 33] and must be avoided. The ripple

magnitude can be reduced by increasing the number of the coils and by making

the coils larger. The downside of going this way is that the coils, especially if they

are super-conducting, are typically the most expensive part of the device which

together with the access requirements for maintenance, for diagnostics line-of-

sights and for auxiliary heating systems means that some non-negligible level of

ripple must always be tolerated.

Figure 2.8 shows the total magnetic field strength along a field line traced for

one poloidal turn at ρpol = 0.95 for a JET discharge #77090. The large scale vari-

ation in the magnetic field is due to the 1/R dependence of the vacuum toroidal

31



2. Fast ion physics and transport

where E± are the amplitudes of the left and right-hand polarized electric field

components, k⊥ is the local perpendicular wave number, Jm are the Bessel func-
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∫
exp(i

∫
ν(t�)dt�)dt is the RF interaction time and

n in an integer to indicate the resonance harmonic.
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Figure 2.6. Schematic illustration of fast ion tail with strongly applied ICRF heating.
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2.3 Toroidal field ripple

Toroidal magnetic field ripple (TF ripple) is the non-axisymmetric part of the mag-

netic field which arises due to the finite number of toroidal field coils. The ripple

magnitude δ is defined as

δ(R, z) =
Bmax(R, z)−Bmin(R, z)

Bmax(R, z) +Bmin(R, z)
, (2.13)

i.e. it is the relative amplitude by which the magnetic field ripples (oscillates)

when moving in toroidal direction (see Fig. 2.7).

Figure 2.7. Toroidal field coils viewed from above. The toroidal field ripple arises due to the finite
number of toroidal field coils. Courtesy of EFDA-JET.
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field. The full line shows the total field with the exaggerated ripple included.

The poloidal angle increases counter-clockwise and is zero at the outboard mid-

plane. One can observe that ripple magnitude is largest at the LFS where it forms

toroidally localised wells. In this region ripple effect is strongest and particles can

get toroidally trapped due to the mirror force F = −μ∇‖B [32].
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Figure 2.8. Total magnetic field strength for a JET discharge #77090 following a field line near
separatrix for one poloidal turn. Dashed line shows the axi-symmetric contribution
dominated by the 1/R dependence of the toroidal magnetic field and the full line shows
the total strength including the ripple contribution (exaggerated).

In JET 32 toroidal field coils are used in normal operation. Uniquely among

the current tokamak devices, JET can switch off every second coil or feed the

even and odd numbered coils independently with different currents to adjust the

level of ripple during experiments. Figure 2.9 depicts the numerical maps of the

ripple magnitude δ for JET nominal operation with 32 coils and for the maximum

possible ripple with every second coil turned off.

The shaded areas in the plasma show regions where ripple wells exist, i.e. re-

gions where the gradient of the magnetic field strength along the magnetic field

line changes sign due to the ripple (compare with Fig. 2.8). The existence of ripple

wells depends also on the equilibrium magnetic field and is thus specific to each

discharge. The boundary between ripple well region and region where ripple wells

do not exist can be approximately described by the formula [34]

α =

∣∣∣∣
BR

BNδ

∣∣∣∣ = 1 (2.14)
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where BR is the major radius component of the equilibrium field and N is the

number of toroidal field coils. Ripple wells exist for values α < 1. The reason why

ripple wells are of importance is because ions with small pitch ξ = v‖/v can be

trapped toroidally. This can lead to rapid loss of ions due to the uncompensated

vertical drift unless they de-trap either due to some interaction such as a collision

or they pass through a region where ripple wells do not exist in which case they

de-trap and remain in the plasma. For the JET plasmas studied here the ripple

trapping for the NBI ions becomes important only at large ripple values δ > 1.5%.

Figure 2.9. Toroidal magnetic field ripple δ plotted using log10 contours for a) the 32 coil operation
and b) the 16 coil operation. Shaded areas show the regions where ripple wells exist
(for plasmas similar to #77090).

Ripple magnitude varies strongly across the poloidal plane being largest on the

outboard side close to the separatrix. Ripple decays exponentially in radius and

becomes very small towards the core of the plasma. The decay length (away from

the coils) for the 16 coil ripple magnitude is roughly 25 cm whereas it is half of

that for the 32 coil case. When ripple magnitude is quoted it is customary to use

a value which is either the maximum within the plasma or with respect to a fixed

R-z coordinate. In the following the JET ripple magnitude is given at a location

R = 3.84 m and Z = 0 m unless otherwise stated.

In general, the modelling capability of NBI sources for axi-symmetric plasmas
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or they pass through a region where ripple wells do not exist in which case they

de-trap and remain in the plasma. For the JET plasmas studied here the ripple
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Figure 2.9. Toroidal magnetic field ripple δ plotted using log10 contours for a) the 32 coil operation
and b) the 16 coil operation. Shaded areas show the regions where ripple wells exist
(for plasmas similar to #77090).
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outboard side close to the separatrix. Ripple decays exponentially in radius and

becomes very small towards the core of the plasma. The decay length (away from

the coils) for the 16 coil ripple magnitude is roughly 25 cm whereas it is half of

that for the 32 coil case. When ripple magnitude is quoted it is customary to use

a value which is either the maximum within the plasma or with respect to a fixed

R-z coordinate. In the following the JET ripple magnitude is given at a location

R = 3.84 m and Z = 0 m unless otherwise stated.

In general, the modelling capability of NBI sources for axi-symmetric plasmas
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is considered to be good when neo-classical processes are dominating. However,

prior to the work in this thesis the NBI torque sources in presence of toroidal field

(TF) ripple were not well known despite the importance of ripple for ITER. In fact,

the ASCOT calculations reported in Publication II are the first realistic fast ion

ripple torque calculations in any tokamak.

2.3.1 Fast ions and ripple

Toroidal field ripple perturbs particle motion by giving rise to small oscillations

in its velocity components and radial position

ṽ� = −(v2⊥/2v�)δ cosNφ. (2.15)

These oscillations are, however, self-cancelling along most of its trajectory. Signifi-

cant contribution is only accumulated near the turning points of trapped particles

where the oscillations are amplified (v� → 0) and are not necessarily cancelled. For

a simplified geometry the contribution around the turning point location can be

integrated analytically using stationary phase method to yield a radial step size

[35]

Δr = (Nπ/θt)
1/2(q/�)3/2ρδ cosNφt (2.16)

where θt and φt are the poloidal and toroidal angles of the turning point location,

q is the safety factor, ρ is the gyro radius and � is the aspect ratio. It can be seen

that the radial step size increases with particle energy Δr ∼ E1/2. Furthermore,

since the diffusion coefficient scales like D ∼ (Δr)2/τ and the appropriate time

scale (bounce time) is proportional to τ ∼ E−1/2 the radial diffusion due to ripple

depends strongly on energy D ∼ E3/2. Although very useful for physics insight

the Eq. (2.16) is not accurate enough for quantitative calculations of fast ion ripple

torque in an experiment. In this work ASCOT code is used to take into account

ripple effects in realistic experimental geometry and in the presence of Coulomb

collisions. All the intricacies of the ripple effect and the processes of trapping and

de-trapping are trivially included in the guiding centre Monte Carlo approach

where the ions are traced in the non-axisymmetric 3D magnetic field.

Theory has been developed for estimating the torque that results from the non-

axisymmetric magnetic perturbations such as toroidal magnetic field ripple [36–

40]. It has been applied to explain some experiments using resonant magnetic

34

2. Fast ion physics and transport

perturbations (RMP) [41] but nevertheless it is rather sensitive to the collision-

ality regime and until so far it has not been shown to yield strong torques in the

JET ripple field. Nevertheless, both in Tore Supra and in JET small negative rota-

tion has been observed in Ohmic plasmas in the presence of large ripple [28, 42].

From the small counter current rotation in these discharges one can estimate

that the magnitude of the Neoclassical Toroidal Viscosity (NTV) torque caused by

the ripple should be quite modest. In this work the experimental observations

and the modelling are indeed consistent with the assumption that NTV torque is

small compared to the applied NBI torque. Finally, the supra-thermal electron

losses (∼200 keV) observed under strong LH heating in Tore Supra [43] are not

expected to play a role in the typical JET plasmas with enhanced ripple where

supra-thermal electrons are not present and therefore electron contribution to

the torque is neglected.

2.4 Fast ion torque

Fast ions can transfer their toroidal momentum into the bulk plasma in two ways.

First, simply via Coulomb collisions where part of fast ion toroidal kinetic mo-

mentum is absorbed by the bulk plasma mΔvφR. The second mechanism (j × B

– torque) for momentum transfer is somewhat less intuitive but in many cases

of equal importance. It is associated with the radial current of fast ions [44] (see

illustration in Fig. 2.10). Fast ion losses, fast ion ripple diffusion and injection of

ions into trapped orbits are examples of processes which generate non-ambipolar

fast ion currents. Due to the quasi-neutrality condition the plasma sets up a com-

plex process to generate a return current that is equal but opposite to the fast

ion current to cancel any charge accumulation. The torque on the plasma thus

becomes

τj×B = jretBθR (2.17)

where jret is the return current of the bulk plasma (jret = −jfast), Bθ is the poloidal

magnetic field and R is the major radius.

It is worth noting that while the radial return current also induces a poloidal

torque it is usually not of interest because of the strong neoclassical damping of

the poloidal flows [45–48]. On the other hand, toroidal direction in tokamaks is

nearly symmetric which allows flows to develop. Therefore, in the following when
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Figure 2.10. Schematic illustration of the instantaneous j ×B – torque caused by the charge sep-
aration. Electron with thin orbit remains on the flux surface ψ1 where the neutral
is ionised while the trapped ion with a large orbit on average resides on its bounce
averaged flux surface ψ2. The torque on the plasma results from the radial return
current that is set up to maintain quasi-neutrality.

torque is mentioned it is referring to the toroidal component of the torque.

It is neither trivial nor very accurate to use Eq. (2.17) as a basis for calculating

the flux surface averaged j × B – torque profile which is of more interest, e.g. in

transport modelling. A more useful form is obtained after noting that BθR = ∇Ψ

and that jfast = Zenvr = Zen · ṙ = Zen · Ψ̇/∇Ψ where Ψ is the poloidal flux and the

dot means a time derivative. Using these identities the j×B – torque contribution

is turned into a much better suited 1D form for diagnostics purposes

τj×B = −ZenΨ̇. (2.18)

This quantity together with the collisional torque τcol = mΔvφR is used in AS-

COT to estimate the total torque from fast ions into the plasma. Note that the

ripple torque, which is related to the ripple induced radial current, is also cap-

tured by Eq. (2.18).

2.5 Momentum transport

Beyond analysing the ripple induced losses of torque and power, the accurate in-

formation of these quantities can be used to probe transport properties of the

plasmas. In particular the evaluated torque is used to aid analysis of the toroidal

momentum transport in JET plasmas. It has been shown both experimentally
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[49–54] and theoretically [55–57] that momentum transport in fusion relevant

tokamak plasmas is not purely diffusive but that convection also plays a role. Fur-

thermore, although presently not very accurately quantified, momentum trans-

port is affected by a term that is neither diffusive nor convective, thus named

as the residual stress [58]. The equation governing the momentum transport in

tokamak plasmas can be approximately written as [56, 59]

mnR
∂Vφ

∂t
= ∇ · Γφ + S (2.19)

where

Γφ = mnR (χφ∇Vφ + VpinchVφ) + Πres (2.20)

is the toroidal momentum flux, Vφ is the toroidal velocity of the plasma, S is the

torque source (e.g. NBI), χφ is the momentum diffusion coefficient, Vpinch is the

convective coefficient (pinch velocity) and Πres is the residual stress (the remain-

ing part that is neither convective nor diffusive) and m,n,R are the mass, density

and major radius, respectively. All terms, except mass and major radius, appear-

ing in the above equations are functions of minor radius.

Experimentally the level of momentum transport has been observed to exceed

the neo-classical level by a large factor [60–63]. Transport of momentum, like that

of density or temperature, is indeed usually dominated by turbulent processes

[56, 59, 64, 65]. Although much progress has been achieved in recent years to un-

derstand the processes responsible for the transport it is not possible to precisely

predict the rotation even in simple L-mode plasmas. Experimental inter-machine

scaling has been set up [66] but it fails to explain several observations [28]. Ex-

perimental analysis of the transport profiles χφ, Vpinch and the residual stress Πres

are thus necessary to validate the theory and to gain insight of the processes.

With many unknowns and only one differential equation Eq. (2.19) to use, spe-

cial experimental arrangements are required to extract unambiguous informa-

tion. In JET, the balanced neutral beam injection cannot be done due to the

beamline geometry and momentum transport analysis is limited to cases where

the residual stress term can be neglected. In such scenarios there are two ways

to tackle Eq. (2.19). Either one looks at steady state rotation where one is left

with an algebraic equation ∇ · Γφ = −S with two unknowns, χφ and Vpinch, and is

limited to estimating statistically the average transport across a number of dis-
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charges (Publication III). Alternatively, one may use the information contained in

the dynamical response of the plasma and make perturbation experiments where

the torque source is modulated to perturb the rotation. In this case one can re-

solve the χφ and Vpinch profiles unambiguously [67].

2.5.1 NBI modulation technique

Modulation technique is a powerful experimental method for analysing various

aspects of tokamak plasmas. It has been used on many tokamaks and using vari-

ous modulated quantities (ECRH, ICRH, NBI, gas) e.g. [68–71]. NBI modulation,

when properly executed, can be most useful for analysing momentum transport

properties of plasmas. There are a number of criteria that must be met to be able

to deduce χφ and Vpinch from the experiment. First, the target plasma to study

needs to be quasi-stationary, i.e. the density, temperature and rotation should

not drift or oscillate too strongly so that one can assume that the transport is

the same during the time window of interest. The plasma should be MHD quies-

cent or at least the MHD effects should be non-interfering. Sawteeth oscillations

in the core plasma or ELMs near the edge can sometimes be too strong or their

frequency can get synchronised with the NBI modulation frequency to cause spu-

rious rotation response and invalidate the data. Often the best target plasmas

for the momentum transport analysis are in the low density L-mode regime or

in H-mode where ELMs are absent and current profile can be tweaked to avoid

sawteeth oscillations [72, 73]. Finally, the rotation measurement itself must have

sufficiently good temporal and spatial resolution to resolve the dynamic plasma

response accurately. In JET all these requirements are met easily after the CXRS

upgrade [74].

In Fig. 2.11 the characteristic time traces of central signals are shown for a

typical JET NBI modulation experiment. Plasma density, temperature, rotation

and q-profile are the main parameters that determine the level of turbulent core

transport and thus their modulation amplitude should remain as low as possible.

The fact that the plasma in question is very stable and MHD free can be indirectly

seen in the neutron measurement, which is dominated by the beam-thermal re-

actions; the amount of neutrons follows the NBI power waveform to the detail

indicating very stable conditions. The NBI modulation frequency and amplitude

have been chosen so that a sufficient perturbation (�5%) in rotation is obtained
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while simultaneously the density modulation is below noise level and only a lim-

ited response in ion and electron temperature is induced (typically � 4%).

Note that as explained in Section 2.5.1 there are two mechanisms to transfer

momentum from fast ions to the bulk plasma and they operate on different time

scales; collisional torque on collisional timescale (t ∼ 100 ms) and j×B – torque ap-

pearing almost instantaneously (t ∼ 100μs). Since the modulation cycle is shorter

than the collisional time in JET it is usually the j × B – torque that is respon-

sible for the majority of the rotation modulation amplitude. Since there are no

corresponding fast mechanisms to transfer energy, at least in significant magni-

tudes, the modulation amplitude for temperature is automatically smaller helping

to achieve sufficient rotation modulation while keeping the plasma otherwise in

steady condition.
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Figure 2.11. Time traces of relevant parameters in a typical momentum transport experiment in
JET (#77089) utilising NBI modulation to perturb the plasma. (from Publication V)

In order to find out the prevailing momentum transport in the experiment one
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can, e.g. use an iterative procedure where: (1) a transport solver is used to solve

the Eq. (2.19) for Vφ with given profiles of χφ and Vpinch, (2) resulting rotation

response is compared against the measured rotation and (3) χφ and Vpinch profiles

are modified until agreement is found [67]. In Publications V–VI this procedure

was automated using JETTO transport code for step 1, Fourier amplitude and

phase profiles together with steady state rotation data for step 2 and a MatLab

based non-linear minimisation algorithm for step 3.
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3. Tools and methods

The type of work presented in this thesis consists of computer simulations and

simulation aided analysis and interpretation of JET experimental data. Com-

puter simulations are the bridge between theory and experiments and can give

an idea whether the theoretical understanding (as it is implemented in the codes)

of the physical phenomena is correct or whether some additional mechanisms are

needed to explain the experimental data. The overall task has been to understand

the fast ion behaviour in the plasma (in quiescent MHD conditions), to evaluate

fast ion heat and torque sources for studying the bulk plasma properties and to

validate the theory and the tools used. The difficulty lies in getting quantitative

and accurate numbers from the codes that can be compared with experimental ob-

servations. This effort involves the use and development of both new and existing

tools and methods to do the analysis. The most important tools and modifications

to them are shortly introduced in the following.

3.1 ASCOT code and upgrades

ASCOT [75, 76] (Accelerated Simulations of Charged particle Orbits in Tori) is

a guiding centre following code with Monte Carlo operators for added physics,

developed from the early 90’s in VTT (Technical Research Centre of Finland) and

Aalto University (formerly HUT, Helsinki University of Technology).

The standalone ASCOT is primarily used for fast particle studies where the

particle ensemble of interest can be treated as a tracer species which does not

self-interact or modify significantly the plasma itself. Monte Carlo techniques are

used to add physics such as Coulomb collisions or ICRH interactions [77]. Many

interesting and complicated fast particle physics can be studied with ASCOT by
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simply imposing a realistic three dimensional magnetic perturbation, e.g. toroidal

field ripple[78], NTMs [79, 80] or external perturbation coils [81–83] on top of

the equilibrium field. The advantage of the orbit following MC codes such as

ASCOT is that it is straightforward to study many interconnected and complex

phenomena by adding MC operators on top of each other. For comprehensive

details of ASCOT the reader is referred to the earlier work [84, 85] where more

elaborated description of the equations of motion, collision operator etc. can be

found.

As part of this thesis ASCOT has been upgraded to calculate the torque on the

plasma coming from fast ion radial transport as described in Section 2.3.1. This

supplied ASCOT with a unique feature within the orbit following codes in the

world: a possibility to calculate fast ion ripple torque in real experimental condi-

tion. The torque evaluation feature has been utilised on several occasions, with

and without ripple, to estimate fast ion torque and its influence on plasma rota-

tion. Furthermore, ASCOT was integrated into the JET application management

system (JAMS), featuring a graphical user interface, and to relevant codes within

it to facilitate the JET NBI modelling capability. Without these and related code

enhancements much of the subsequent results could not have been obtained.

3.2 JET integrated transport code

JET integrated transport code (JINTRAC) is a transport solver used at JET. At

the core of JINTRAC is a 1.5D transport code JETTO [86] which solves a set of

differential equations for flux surface averaged plasma density, temperature and

momentum. The half a dimension is credited by the inclusion of plasma shape

information through the flux surface averaging. For solving the time evolution

of the plasma parameters JETTO is coupled to various models and sophisticated

codes (incl. ASCOT) to provide information on transport, sources and magnetic

equilibrium [87]. The integrated code can then be advanced sequentially to yield

a consistent evolution of plasma density, temperature and rotation. A schematic

overview of the system is shown in Fig. 3.1.

The evolution of density, temperature and momentum are coupled together (e.g.

increasing density means less available power per particle which results in lower

temperature and so on) and for full solution a coupled set of differential equa-
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Figure 3.1. Schematic view of the JINTRAC operation. The modules for equilibrium, neutrals etc.
feed information for the transport code JETTO that calculates the evolution of the
plasma profiles based on their input. The plasma profiles are input for the modules
which then evaluate the next round of input for JETTO. ASCOT is included in the Fast
particles sources box.

tions need to be solved. JINTRAC can be used both in predictive and in in-

terpretative mode. In predictive mode the transport coefficients (e.g. χφ and

Vpinch) are given by the user, by some model or theory together with initial and

boundary conditions and the evolution of plasma profiles are obtained. In inter-

pretative mode JINTRAC takes the time histories of experimentally measured

plasma profiles together with the calculated sources to yield the effective diffu-

sion coefficients for momentum, temperature and density. The effective momen-

tum diffusion coefficient χφ,eff for example is obtained through the momentum

flux Γφ = mnRχφ,eff∇Vφ i.e. it assumes all flux is caused by diffusion. The pre-

dictive mode can be used in an iteration loop to fit the transport profiles that best

reproduce the experimental measurements (see next Section).

During the course of this work JINTRAC was upgraded with a new module to

provide a more accurate description of the NBI source. The module is based on

ASCOT which was adapted for time dependent use and interfaced with relevant

JINTRAC modules and experimental database. ASCOT became an important

module within the box labelled as Fast particle sources in Fig. 3.1. This upgrade

made it possible to calculate a realistic NBI deposition profile with either experi-

mental or user defined NBI characteristics (power, energy, PINI mix) and to take
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into account all relevant neoclassical physics from large orbit effects to charge

exchange (CX) losses with appropriate dynamics.

3.3 Momentum transport analysis technique

In order to deduce the prevailing transport properties from experimental plasma

we have developed an automated iterative scheme around JINTRAC using Mat-

Lab tools. For enabling this scheme a special version of JINTRAC was first made

which allows externally provided radial profiles of χφ and Vpinch to be used in the

predictive momentum transport simulation. Within the MatLab code JINTRAC

was called repeatedly to provide the predicted toroidal rotation corresponding to

the given χφ and Vpinch profiles. The objective is to vary these profiles until the

best fit between the simulated toroidal rotation and the experimentally measured

toroidal rotation is found. For finding the optimal profiles efficiently a built-in

MatLab non-linear optimisation algorithm was employed.
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Figure 3.2. An example of profile parametrisation for finding the optimal transport profiles. The
free parameters are connected by linear interpolation. The values at the boundaries
are fixed to the closest point being optimised. The vertical arrows indicate that the
values at the node locations are varied until the optimum profiles are found.

Although it seemingly is a simple task to find the optimal transport profiles to

best match the experimental measurements, there are a couple of caveats that

need closer attention. First of all, profile optimisation is an inherently multi-

dimensional problem the dimensions being the sum of parameters needed to con-
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struct the profiles. We chose to represent the profiles with 3 to 6 discrete points

equispaced in radius with linear interpolation in between as illustrated in Fig. 3.2.

This gives a 6 to 12 dimensional space to be scanned (using 2 profiles). It is rather

obvious that in a multi-dimensional system several local minima can exist. To

improve the robustness of finding the best fit (global minimum) the minimisation

algorithm is run several times each with random initial condition. To speed up

convergence and the likelihood of finding physically relevant profiles a certain

level of smoothness was required of the transport profiles by penalising large sec-

ond derivatives. Finally, it should be mentioned that not all problems like these

can be solved uniquely. It is a matter of each individual case to check if such situ-

ation exists. Fortunately, the repetition of the optimisation with several randomly

chosen initial conditions usually helps in the identification process.

3.4 ICRH modelling tools

Ion cyclotron resonance heating (ICRH) is in many ways a very complicated pro-

cess to simulate [26]. For instance the absorption efficiency depends on the res-

onant ion distribution (in space and velocity space) both of which change during

the heating, i.e. the process is non-linear unlike NBI in most relevant cases. The

codes for ICRH are typically very specialised and require a self-consistent time-

dependent treatment. In the future some recent work [77, 88] on ICRH theory is

expected to provide orbit following codes such as ASCOT the capability to simu-

late ICRH as part of the integrated tokamak modelling (ITM) suite [89]. Present

ICRH modelling work, however, is based on PION [90, 91] and FIDO [92] codes,

described in the following.

PION is a simplified Fokker-Planck code for ICRH modelling. It is routinely

used in JET and it has been extensively benchmarked against JET ICRH exper-

iments (see e.g. [90, 91]). Unlike most of the ICRH codes PION is rather fast

taking only from a few minutes to few hours to calculate the heating profiles from

ICRH for the complete heating phase which can be over 10 seconds. PION solves

the evolution of the pitch angle averaged fast ion distribution function f

∂f

∂t
= Ĉ(f) + Q̂(f) (3.1)

using finite differencing method. Here Ĉ is the collision operator and Q̂ is the
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quasi-linear RF diffusion operator [24] with an RF diffusion coefficient

DRF ∼ |E+Jn−1(k⊥v⊥/Ωci) + E−Jn+1(k⊥v⊥/Ωci)|2 (3.2)

where E+(E−) are right (left) hand polarised electric field components, k⊥ and v⊥
is the perpendicular wave number of the fast wave, n is the harmonic number of

the resonance and Jm are the Bessel functions of the first kind.

PION is a simplified code with a number of limitations and it cannot output

detailed information of the resonant ion distribution function. However, in sev-

eral common heating scenarios it has been shown to accurately predict the ICRH

power absorption and the resulting fast ion energy content [93, 94]. In the work

done for Publication I the role of PION is to provide the amount of energy ab-

sorbed by the resonant species as well as to calculate the ICRF antenna power

spectrum to be used with the more sophisticated ICRH code FIDO.

FIDO solves the orbit averaged Fokker-Planck equation Eq. (3.1) using Monte

Carlo methods [95, 96]. It goes one step further in orbit averaging than ASCOT.

Where ASCOT follows the location of the guiding centre FIDO keeps track of the

invariants of motion (Ẽ,Λ, P̃φ) which are normalised versions of the invariants

presented in Eqs. (2.4-2.6). In effect FIDO averages also over the poloidal motion

of the particle. The collisions and RF interactions are modelled by Monte Carlo

kicks in the invariant space. This approach has the obvious benefit of being much

less CPU intensive than the guiding centre approach since the poloidal motion of

the particles is not followed. Nevertheless, FIDO simulations last from several

hours to several days even in massively parallel computing environment due to

the large number of particles needed to accurately represent the high energy tail

in the fast ion distribution.

For running FIDO the user must give the power spectrum of the fast wave as

input such that it produces a correct amount of absorbed power. The shape of

the spectrum is determined by the geometry of the antenna and the phasing be-

tween the current straps but the amplitude is often not known in advance. For

this reason PION is used, as mentioned above, to provide the amount of power

absorbed by the resonating ions. The power spectrum used in FIDO can then be

normalised using an iterative procedure. Usually already one or two iterations

will produce an accurate power absorption in FIDO. In the end FIDO delivers

detailed information of the fast ion distribution function which can be compared
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with experimental measurements such as the measurement from the neutral par-

ticle analyser (NPA) [97] in Publication I.
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the spectrum is determined by the geometry of the antenna and the phasing be-

tween the current straps but the amplitude is often not known in advance. For

this reason PION is used, as mentioned above, to provide the amount of power

absorbed by the resonating ions. The power spectrum used in FIDO can then be

normalised using an iterative procedure. Usually already one or two iterations

will produce an accurate power absorption in FIDO. In the end FIDO delivers

detailed information of the fast ion distribution function which can be compared
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with experimental measurements such as the measurement from the neutral par-

ticle analyser (NPA) [97] in Publication I.
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4.1 Fast ion energy diffusion barrier confirmed in modelling

Quasi-linear theory predicts an effective energy diffusion barrier near E = E∗

where the RF diffusion coefficient DRF in Eq. (2.12) has its first minimum. In

order to test experimentally the validity of the prediction a dedicated experiment

was planned on JET. The motivation for this work as reported in Publication I

was the experimental validation of the theory and the benchmarking of the exist-

ing ICRH codes (FIDO/PION). The best suited ICRH scenario for this experiment

was found to be the second harmonic heating scheme. Firstly, it allows to use low

enough toroidal magnetic field (E∗ ∼ B2/ne) to put the energy diffusion barrier in

the energy range where it can be measured by the neutral particle analyser (NPA)

[97]. NPA measures the escaping fast neutrals from about 200 keV up to around

1.2 MeV (depending on species). Fast neutrals are born in charge exchange re-

actions between cold neutrals and fast ions which, in the presence of ICRH, are

dominantly the resonant species and can thus yield a representative description

of the ICRH accelerated ion population. Secondly, the second harmonic scheme is

more efficient than higher harmonic heating schemes at low energies to pull out

a high energy tail [98].

To test this theory, three plasma discharges were utilised to make two pairwise

comparisons. First pair is a low density & low power plasma versus a high density

& high power plasma. The purpose here is to vary the location of the barrier

E∗ via density variation while maintaining equal heating power per particle by

having more ICRH power in the high density discharge. The second pair is formed

between discharges with equal density but with different heating power. In this
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case, if the quasi-linear theory is valid, similar shaped fast ion tail would develop

in both discharges. Otherwise, the significantly higher heating power per particle

would lead to a markedly longer tail in the energy distribution.

Fig. 4.1 shows the NPA measurements together with FIDO/PION simulation of

the fast ion energy distribution for these discharges. It is apparent that the mod-

elling agrees well with the measurements and that they both show distributions

which drop rapidly at high energies. In the first harmonic ICRH heating scheme

the resonant ion energy distribution would usually decay exponentially forming

a straight line in the logarithmic plot. Here the fast ion population decreases in-

creasingly faster towards higher energies which is expected from the quasi-linear

theory at this range of parameters. Furthermore, by comparing the discharges

#58738 and #58739 (low power v. high power) one can see that the shapes and

the fall-off energies of the distributions are same as expected from quasi-linear

theory. Comparison between discharges #58734 and #58738 (high density v. low

density) also agrees with the theory as with similar heating power per particle the

distribution falls off earlier in the high density discharge. For additional pairwise

comparison of experimental data, see Publication I, Fig. 4.
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Figure 4.1. Comparison of the measured and simulated fast ion energy distributions in second
harmonic hydrogen minority ICRF heated plasmas. a) high power & high density
b) low power & low density c) high power & low density. Points with errorbars are
the experimental measurements, full lines are the simulated distributions and dashed
lines indicate the sensitivity of the simulations to 10% change in electron density (from
Publication I).
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4.2 Fast ion ripple torque calculation using the orbit following code
ASCOT

Toroidal field ripple, as described in Section 2.3.1, can have a significant impact

on plasma performance and thus it can influence the economics of fusion power.

In the ITER design the number of toroidal field coils has been fixed to 18 which

could cause ripple as high as 1.2%. In order to help to assess the consequences

that might result from this large level of ripple, JET launched a dedicated exper-

imental ripple campaign C18 to study its effect on, e.g. the plasma confinement,

H-mode threshold, ELMs and fast ion losses. The key ingredient for the cam-

paign, unique to JET, is its ability to control the level of ripple by driving unequal

currents in even and odd numbered TF coils. This allows isolating the influence

of ripple by running identical discharges where only the level of ripple is changed.

While it is relatively easy to show from the experimental data that ripple influ-

ences the plasma characteristics the quantitative understanding of these observa-

tions requires validated tools that are able to take into account the effect of ripple.

To support the analysis of the experimental data ASCOT code was upgraded as a

part of this thesis so that the influence of TF ripple on fast ion torque and losses

could be estimated. In short, this work involved interfacing the orbit following

ASCOT with PENCIL [99] code to obtain the 3D ionisation source of the JET

neutral beam system. With this source ASCOT was used for the slowing down

simulation during which the orbit losses and ripple effects occur. Furthermore,

torque diagnostics were added to calculate the total torque from the injected NBI

so that it includes both the slow collisional torque and the instantaneous j × B –

torque.

As a result of the ASCOT implementation work the first ASCOT analysis of JET

NBI torque in presence of magnetic field ripple was reported in Publication II. It

was shown that the NBI torque, which in JET is normally in co-current direction,

is significantly reduced by the ripple when the magnitude of the ripple increases

above δ > 0.35% (see Fig. 4.2).

This observation was consistent with the experimental data that showed little

effect from ripple if δ < 0.35% [100]. One somewhat surprising finding from the

simulations was that the counter torque in JET was mainly generated by the

radial ripple diffusion of the poloidally trapped ions instead of the losses of the

toroidally trapped ions. According to ASCOT simulations the ripple trapping in
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Figure 4.1. Comparison of the measured and simulated fast ion energy distributions in second
harmonic hydrogen minority ICRF heated plasmas. a) high power & high density
b) low power & low density c) high power & low density. Points with errorbars are
the experimental measurements, full lines are the simulated distributions and dashed
lines indicate the sensitivity of the simulations to 10% change in electron density (from
Publication I).
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Figure 4.2. NBI torque profile for three different ripple magnitudes δ. Note how the magnitude
of the negative (counter-current) torque increases towards the separatrix while the
torque inside mid radius is unaffected even at the highest ripple (from Publication II).

JET becomes significant in NBI heated plasmas only at ripple levels larger than

1.5%. This was good news also because the areas where the ripple trapped ions hit

the first wall are not well protected and therefore material melting could result

more easily.

4.3 Fast ion ripple torque influence on plasma rotation

As an application of the newly obtained torque calculation functionality a mixture

of H-mode experiments were analysed with ASCOT. The various plasmas had

different density and temperature profiles as well as a broad selection of NBI

heating power and alignment. Most of these plasmas were run with 1% ripple.

The toroidal rotation in these plasmas was compared with the ASCOT calculated

torque as shown in the Fig. 4.3. It was found that the fast ion ripple torque,

which always points in the counter current direction, reduces the NBI torque

significantly and depends on the alignment and deposition profile. With 1% ripple

and perpendicular NBI the fast ion ripple torque can in some cases result in a

counter current torque that completely cancels the NBI torque. The measured
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total toroidal angular momentum of the plasmas correlates well with the ASCOT

calculated torque suggesting that fast ions are responsible for the major part of

the ripple generated toroidal torque.

Figure 4.3. The measured total angular momentum versus ASCOT calculated NBI torque in pres-
ence of TF ripple (from Publication III).

However, it was also found that for some plasmas the edge region was rotating

in counter current direction while ASCOT still predicted positive co-current to-

tal torque. This could signify an unaccounted missing torque contribution. One

possible explanation for the observation is a contribution from thermal ions, e.g.

neoclassical toroidal viscosity (NTV) as demonstrated in DIII-D [20].

4.4 Momentum transport in NBI heated JET plasmas

Toroidal rotation of the plasma is controlled by the momentum sources, e.g. NBI,

and the radial transport of the momentum as given by Eq. (2.20). With the accu-

rate knowledge of the sources, using codes like ASCOT, and the measured toroidal

rotation, information of the momentum transport can be obtained experimentally

with different approaches as described in Section 2.5.
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The statistical approach was used in Publication III where the toroidal rota-

tion of a number of JET discharges were analysed. Here only the steady state

information of rotation and sources were used and the left hand side of Eq. (2.19)

vanishes and momentum flux is obtained by simply integrating the known steady

state source over the plasma volume Γφ =
∫
dvS. Neglecting the residual stress

and denoting the angular momentum density as Ω = mnRVφ the Eq. (2.20) can be

written as
∇Ω

Γφ
= −Vpinch

χφ

Ω

Γφ
− 1

χφ
(4.1)

Since the terms ∇Ω, Ω and Γφ can be measured or calculated the unknowns χφ

and Vpinch can now be obtained statistically.
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Figure 4.4. Normalised momentum density gradient versus normalised momentum density for a
number of JET H-mode discharges. Square markers are ones from a ripple scan (from
Publication IV).

In Fig. 4.4 the normalised gradient of the angular momentum density ∇Ω/Γφ

is plotted against the normalised angular momentum density Ω/Γφ for a number

of different discharges. The values shown are obtained at mid radius. By fit-

ting a line into the scatter plot one can obtain the ratio Vpinch/χφ from the slope

and 1/χφ from the crossing of the y-axis. It should be repeated that using this

method based on steady state form of Eq. (2.19) only the average pinch velocity
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and momentum diffusion coefficient across the discharges can be obtained. Nev-

ertheless, by repeating the analysis for additional radial positions it was found

that the magnitudes and trends of the radial profiles for χφ and Vpinch are similar

than previously found using NBI modulation technique for low density L-mode

plasmas [52]. The work thus not only confirms the earlier analysis but also shows

that a non-zero convective momentum transport Vpinch is robustly found in large

data sets and that similar processes are at play universally across various plasma

conditions.

4.5 Experimental validation of the fast ion ripple torque calculation

While in earlier Publications the NBI torque in presence of TF ripple was calcu-

lated and used in further analysis, it was not until Publication V that it could be

validated experimentally. The earlier efforts to validate the guiding centre follow-

ing approach to account the ripple effects were limited to comparing quantities

that did not include torque either because experimental data was not available or

no other code could calculate the ripple torque. Nevertheless, other ripple effects

have been successfully validated earlier, e.g. ripple induced fast ion heat loads on

first wall have been compared against experimental data deduced from infra-red

measurements [101, 102].

The main problem of validating the torque calculation arises nevertheless from

the fact that the torque itself cannot be measured. Torque can only be inferred

from Eqs. (2.19) and (2.20) when the rotation profile is measured and the trans-

port is known. However, as discussed earlier, only two unknowns can be deduced

experimentally from Eqs. (2.19) and (2.20) even with the dynamic information

kept. With the addition of a significant TF ripple, the NBI torque source S it-

self becomes unknown. One is thus left with too many unknowns to solve from

a single equation. The way forward from the apparent dead end is to design an

experiment with negligible residual stress for two nearly identical discharges; one

without ripple and one with ripple. The data from the ripple-free discharge can be

used to find χφ and Vpinch profiles as described in Section 2.5.1. Then, with the just

resolved transport coefficients, toroidal rotation can be found for the plasmas with

TF ripple using the torque calculated by ASCOT. Should the torque calculation be

accurate, the experimental and calculated rotation profiles will be consistent.
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Figure 4.4. Normalised momentum density gradient versus normalised momentum density for a
number of JET H-mode discharges. Square markers are ones from a ripple scan (from
Publication IV).

In Fig. 4.4 the normalised gradient of the angular momentum density ∇Ω/Γφ

is plotted against the normalised angular momentum density Ω/Γφ for a number

of different discharges. The values shown are obtained at mid radius. By fit-

ting a line into the scatter plot one can obtain the ratio Vpinch/χφ from the slope

and 1/χφ from the crossing of the y-axis. It should be repeated that using this

method based on steady state form of Eq. (2.19) only the average pinch velocity
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and momentum diffusion coefficient across the discharges can be obtained. Nev-
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The main problem of validating the torque calculation arises nevertheless from

the fact that the torque itself cannot be measured. Torque can only be inferred
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experimentally from Eqs. (2.19) and (2.20) even with the dynamic information

kept. With the addition of a significant TF ripple, the NBI torque source S it-

self becomes unknown. One is thus left with too many unknowns to solve from

a single equation. The way forward from the apparent dead end is to design an

experiment with negligible residual stress for two nearly identical discharges; one

without ripple and one with ripple. The data from the ripple-free discharge can be

used to find χφ and Vpinch profiles as described in Section 2.5.1. Then, with the just

resolved transport coefficients, toroidal rotation can be found for the plasmas with

TF ripple using the torque calculated by ASCOT. Should the torque calculation be

accurate, the experimental and calculated rotation profiles will be consistent.
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In order to use this experimental approach to validate ASCOT ripple torque

calculation the code first had to be upgraded for time-dependent operation to ob-

tain S(r, t). With this new functionality the NBI torque profile was calculated for

three discharges (#77089-#77091) with nearly identical plasma profiles. Ion and

electron temperature and density profiles as well as the q-profiles were identi-

cal within the measurements accuracy and the density profiles differed less than

10% between the discharges. The calculations used a time resolution of 5 ms to

obtain good statistics and sufficiently accurate dynamic information of the torque

sources. The torque profiles as calculated by ASCOT were markedly different be-

tween the discharges (see Fig. 11, Publication V) in line with expectations and

thus provide a nice set of data for validation.
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Figure 4.5. Amplitude, phase and steady state profiles for toroidal rotation (red = calculations,
black = measurements). First column corresponds to the discharge #77089 (δ = 0.08%,
perp. NBI), second column to #77090 (δ = 1.5%, perp. NBI) and third column to #77091
(δ = 1.5%, tang. NBI). Dashed lines are to guide the eye and give rough estimates of
the error (from Publication V).
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Using the procedure outlined above and in Section 2.5.1 the momentum trans-

port profiles were iteratively solved for the reference discharge without ripple

(#77089). With the transport found this way together with the ripple torque cal-

culations the transport code predictions and experimental rotation measurements

could be compared. Figure 4.5 gives the final result of this procedure. The left col-

umn shows the Fourier amplitude and phase at the 6.25 Hz modulation frequency

together with the steady state rotation profile for the reference discharge without

ripple. The middle and the right columns show the same data for the discharges

with 1.5% ripple. Perpendicular NBI was used in the discharge #77090 whereas

tangential NBI was used in #77091. In all plots one can see that the simulated

rotation with torque calculated by ASCOT (red lines) agrees well with the ex-

perimentally measured toroidal rotation profiles (black squares) which suggest

that the torque is evaluated correctly. The dashed lines give indication of the

measurement errors in the rotation data. The plots also show that the counter

current torque from ripple is significantly larger in the case of perpendicular NBI

injection in line with the theoretical expectations.

It should be mentioned that although the ripple effect has been found to be

strongest for fast ions both in theory and in simulations, the introduction of non-

axisymmetric perturbations also affects thermal particles through the neoclassi-

cal toroidal viscosity (NTV) [36–40]. While there is experimental evidence show-

ing that this effect is important with certain excited low toroidal harmonic per-

turbations [20] there have not been experimental observations that suggest that

this effect would be particularly strong in the JET TF ripple field.

4.6 Parametric study of momentum transport using NBI torque modulation

The torque from NBI ions can be used to gain information of the momentum trans-

port properties of the plasmas as explained in Sec. 2.5.1. The key ingredient here

is the ability to accurately calculate the torque. NBI modulation technique has

been used previously to show that momentum transport is not purely diffusive,

as expected from the characteristics of the ion energy diffusion, but that a convec-

tive term also plays a role [51, 52]. In Publication VI momentum transport and

in particular its convective part (pinch) is studied using the NBI modulation tech-
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In order to use this experimental approach to validate ASCOT ripple torque
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perimentally measured toroidal rotation profiles (black squares) which suggest
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parameters in an effort to make predictions for ITER. The importance of this topic

is realised when noting that even a relatively small level of pinch in ITER could

provide a mechanism for achieving a sufficient level of rotation to mitigate turbu-

lence [103] and to avoid harmful mode locking and subsequent disruptions [20].
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Figure 4.6. Comparison between experimental and numerical scaling of the pinch number
RVpinch/χφ against the inverse of the normalised density gradient scale length (from
Publication VI).

The dependencies of the pinch on plasma parameters are studied by making

a series of NBI modulation experiments with as wide parameter range as possi-

ble. The theoretically motivated parameters of interest that are varied are the q-

profile, collisionality and the density gradient (more specifically the inverse of the

normalised density gradient scale length R/Ln = R∇n/n) [56]. The experimental

profiles for χφ and Vpinch are deduced using the iterative transport analysis based

on JINTRAC (Sec. 2.5.1) with NBI torques calculated using well agreeing codes

TRANSP [104] and/or ASCOT. It is found that the variation of pinch against q and

collisionality is weak while the dependence with the R/Ln is strong. The weak de-

pendence on the collisionality agrees well with the theory based modelling [105].

Figure 4.6 shows the pinch number against the inverse of the density gradient

scale length for the experimental and numerical data from turbulence simula-

tions using GS2 [106] code in linear mode. Linear simulations are thought to be

sufficiently accurate for momentum transport analysis in ITG dominated plasmas
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where they agree quite well with non-linear simulations [107–110]. Both experi-

mentally and in simulations the pinch number increases with R/Ln although the

dependence in the experimental data is clearly stronger (by roughly a factor or

three). The reason for this difference is not yet understood and it requires more

analysis to resolve. The result suggests that peaked density profiles could help

ITER to achieve higher rotation and rotation shear even with the weak external

torque sources in the plasma core.
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5. Summary and discussion

Fast ions have several important roles in fusion plasmas. The 3.5 MeV alpha par-

ticles born in the D-T fusion are crucial in order to maintain the high temperature

required for the fusion to occur while NBI+ICRF ions are needed to heat up the

plasma during the start-up phase and to control the plasma burn. Understanding

the generation of fast ions as well as the mechanisms that control their losses and

distribution in the plasmas is important in order to successfully operate future fu-

sion power plants. Furthermore, the accurate fast ion modelling capability makes

it possible to use them as a tool for studying the bulk plasma properties.

Ion cyclotron heating is currently seen as the best option for heating bulk ions

into the optimal 10–20 keV energy range for fusion burn in ITER. In this work,

a prediction from the quasi-linear theory was tested with ICRF codes PION and

FIDO. According to the theory the RF diffusion coefficient becomes small at cer-

tain energies due to the finite Larmor radius effects which is expected to manifest

itself by strongly decaying fast ion tail around this energy. Simulations of this

phenomenon agreed well with the experimental measurements and confirmed the

importance of the finite Larmor radius effects in controlling the fast ion distribu-

tion function. This effect allows one to have some control over the tail of the ICRF

heated fast ion distribution by adjusting the magnetic field strength and the elec-

tron density as required by the experiment.

During the course of this thesis the orbit following Monte Carlo code ASCOT

code has been upgraded to calculate the fast ion torque to the plasma with and

without ripple. ASCOT was also modified for time-dependent calculations which

is crucial for analysing, e.g. the NBI modulation experiments. Furthermore, AS-

COT was integrated into the JAMS (JET Application Management System) and

interfaced with JETTO and experimental database to allow routine analysis of
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5. Summary and discussion

NBI heated discharges at JET. A realistic fast ion ripple torque in presence of

collisions and true geometry was first calculated with ASCOT.

The numerical analysis of fast ion losses and the effect of ripple on rotation in

the JET ripple campaign have contributed in the ITER design recommendation

that calls for a reduction of the ITER intrinsic ripple magnitude δ ∼ 1.2% to as

low as reasonably achievable [111]. This could be achieved using in-vessel ferritic

inserts (steel plates) [112] similar to as already demonstrated in JFT-2M and JT-

60U [113–115]. Both ASCOT simulations and JET experiments have shown that

for δ < 0.3% the fast ion ripple losses and counter current torque become small

and that the deterioration of the plasma performance becomes insignificant.

NBI modulation technique with ASCOT calculated torque was used for studying

the momentum transport properties of plasmas. It was shown that the convective

momentum transport (inward pinch) is present in a broad range of NBI heated

discharges and that it does not depend significantly of the plasma collisionality

while a relatively strong dependence was found against the density gradient scale

length LN . The existence of such inward pinch could allow peaking of the rota-

tion profile in ITER even with the expected weak momentum sources in the core

plasma.

The NBI modulation technique was also utilised in an effort to experimentally

validate the ripple torque calculations for the first time. It was found that the

torque calculated by ASCOT did successfully reproduce the experimentally mea-

sured rotation confirming that the counter current ripple torque is accurately cal-

culated with the guiding centre approach. Having an experimentally validated

tool for taking into account fast ion ripple effects makes it possible to apply it for

predictive analysis in ITER and beyond.
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Abstract
Experiments have been performed on the JET tokamak with 2nd harmonic
ion cyclotron resonance heating (ICRH) of hydrogen in deuterium plasmas
to assess the role of finite Larmor radius (FLR) effects on the resonant ion
distribution function. More specifically, the clamping of high-energy resonant
particle distribution due to weak wave-particle interaction at high energy is
studied. The distributions of ICRH heated hydrogen ions have been measured
with a high-energy neutral particle analyser in the range of 0.29–1.1 MeV. By
changing the electron density the energy E*, around which the wave-particle
interaction becomes weak, is varied. The dependence of the ion distribution on
E* is experimentally observed for a number of discharges and FLR effects are
clearly seen to affect the high energy tail shape. Experiments have been analysed
with the combination of ICRH modelling codes PION and FIDO, including FLR
effects, and good agreement with measurements have been found.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

One of the principal ICRF heating schemes foreseen for ITER is the second harmonic heating
of tritium, ω ≈ 2ωcT. For this heating scheme, as for other harmonic ICRF schemes with

8 See annex of J Pamela et al 2002 Proc. 19th Int. Conf. on Fusion Energy 2002 (Lyon, France, 2002) (Vienna:
IAEA).
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where Ĉ is a collision operator and Q̂ is a quasi-linear RF diffusion operator. In order to
gain insight into the details of the perpendicular fast ion distribution, we use this equation in
a simplified form:

∂f (v⊥, t)

∂t
≈ 1
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The equation is the same as in [2] with the exception that the RF diffusion coefficient, here
denoted with DRF, is not an expansion but fully includes finite orbit effects and is thus suitable
for this work where the 2nd harmonic heating is studied. Here f (v⊥) = f (v)dv|| and α, β

and γ are the Spitzer collision coefficients [3] and DRF is given by

DRF = K
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where Jn denotes the nth order of Bessel function of the first kind, n is the number of the
cyclotron harmonic, K is a constant proportional to the square of the co-rotating electric
field E+ and k⊥ and ωci are the perpendicular wave number and the ion cyclotron frequency,
respectively. Note, that in deriving of equation (1) it has been assumed [2] that v⊥ >> v||
and v >> vth. In simulations we found that the kinetic energy content in the perpendicular
component of fast ions is typically 8–10 times higher than the energy in the parallel component,
thereby increasing the confidence in these approximations.

The steady-state solution for a test particle distribution is readily solved from equation (1)
by integration and yields

f (v⊥) ≈ f0 exp
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−

∫ v⊥

0
dv⊥

−4αv⊥ + 2 (βv⊥)� + γ

2βv⊥ + 4DRFv⊥

)
. (3)

The above equation is the same as in [2] except for the term DRF which we have kept here
unexpanded. To achieve our aim it is not necessary to simplify the equation further. We
only wish to point out that except close to the local minima of DRF the term “4DRF v⊥“ is
large compared with all other terms in the integrand for a wide parameter range (applies when
v >> vth). In fact, if “4DRF v⊥“ were small no fast tail would be able to develop in the first
place. After realising this, the qualitative behaviour of the distribution function, as shown in
the subsequent figures, is easy to see; when the dominating term DRF is large the integrand
is small and therefore the distribution stays flat, whereas when DRF is small the integrand is
large and the distribution drops quickly.

Figure 1(a) shows DRF for the fundamental (full line) and the second harmonic resonance
heating (dash-dotted line) where FLR effects are included. In comparison, also an imaginary
case where DRF is set to a constant is shown (dashed line). In figure 1(b) the corresponding
distributions are plotted. The simple arguments given above are seen to be valid as the
distribution functions behave as expected. In practise, if the first minimum of DRF in the
plasma is small and wide enough then practically no particles can get accelerated beyond
energy E* (the energy where DRF has its first minimum). Note that the power levels for the
different scenarios in figure 1 are not equal. The purpose of the figure is to illustrate the drops
in the distributions due to the weak wave-particle interaction regions.

Figures 1(a) and (b) also demonstrate that shortly before E* value distributions already
start to clamp because the available power is not enough to compensate the slowing down of
the ions. The figures make obvious why the second harmonic heating scheme was chosen for
the experiments: E* value for the fundamental heating is typically at too high energies That
is, either the particles experience orbit losses before reaching E* or the available diagnostics
capabilities on JET will not allow accurate measurements around E* for fundamental heating.
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ω ≈ nωci and n > 1, the absorption of wave power at the ion cyclotron resonance is a finite
Larmor radius effect. Consequently, the wave absorption by the resonating ions is weak at
low energies but increases strongly as the ratio of the ion Larmor radius, ρ = v⊥/ωci, to the
perpendicular wavelength of the fast wave increases. Here, v⊥ is the ion velocity component in
the direction perpendicular to the background magnetic field. However, when the ion Larmor
radius further increases (corresponding typically to mega electron volt range) the absorption
weakens again and effectively prevents particles from reaching higher velocities. To predict
with confidence the performance of the second harmonic heating of tritium, as well as to
estimate the consequences of ICRH heated fast particles on plasma stability and on some
diagnostics in ITER, it is important to have a good understanding of the resonant ion energy
distribution. The information on the fast ion energy content or mean energy is not enough in
all cases. Therefore, detailed investigations of second and higher-harmonic scenarios and, in
particular, of finite Larmor radius effects, are required in present-day tokamaks. In this paper,
we will present results from the JET tokamak that demonstrate the important role of finite
Larmor radius (FLR) effects on the high-energy part of the ICRF-driven ion distribution.

It is not trivial to define experimental conditions to test in detail the role of the finite Larmor
radius effects during ICRF heating. Naturally, the creation of a fast ion population when ICRF
power is applied at a harmonic of the ion cyclotron frequency is itself a manifestation of
the finite Larmor radius effects. However, there is seldom enough experimental data to draw
conclusions on the exact nature of the ICRF absorption process including the influence of finite
Larmor radius effects. Essential for this sort of study are the good confinement of the energetic
ions as well as an accurate means of measuring their energy distribution at high energies.

The experiments reported in this paper continue an earlier work [1] on the JET tokamak
where it was found that for the second harmonic heating the number of particles at high-energy
part of the distribution decreases strongly when the ion energy reachesE*, the expected location
for weak wave-particle interaction. By comparing the measured energy distributions between
fundamental and second harmonic heating scenarios, the rapid fall-off seen in the distribution
for the second harmonic case could be attributed to FLR effects. This was an important
experimental result because it showed that the FLR effects can influence the distribution
function of the resonating ions. Furthermore, it indicated the possibility of assessing directly the
importance of finite Larmor radius effects during high-harmonic ICRF heating by measuring
the ion distribution function for different E*, as has been done in the experiments reported in
this paper.

This paper is organized as follows. In section 2, we discuss the ICRF physics relevant for
the present experiments and discuss the interplay between the distribution function and the RF
diffusion coefficient. In section 3, the experimental set-up and measurements are presented
and in section 4, computer simulations which take FLR effects into account are compared
with the experimental measurements. Section 5 concentrates on discussing certain issues that
remain, for instance, the possibility of the existence of an adiabatic barrier. Finally in section 6
follows the summary.

2. Relevant ICRF physics

The distribution function f for the ICRF resonant ions can be derived using the quasi-linear
Fokker–Planck equation:

∂f

∂t
= Ĉ(f ) + Q̂(f ),
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where Ĉ is a collision operator and Q̂ is a quasi-linear RF diffusion operator. In order to
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only wish to point out that except close to the local minima of DRF the term “4DRF v⊥“ is
large compared with all other terms in the integrand for a wide parameter range (applies when
v >> vth). In fact, if “4DRF v⊥“ were small no fast tail would be able to develop in the first
place. After realising this, the qualitative behaviour of the distribution function, as shown in
the subsequent figures, is easy to see; when the dominating term DRF is large the integrand
is small and therefore the distribution stays flat, whereas when DRF is small the integrand is
large and the distribution drops quickly.

Figure 1(a) shows DRF for the fundamental (full line) and the second harmonic resonance
heating (dash-dotted line) where FLR effects are included. In comparison, also an imaginary
case where DRF is set to a constant is shown (dashed line). In figure 1(b) the corresponding
distributions are plotted. The simple arguments given above are seen to be valid as the
distribution functions behave as expected. In practise, if the first minimum of DRF in the
plasma is small and wide enough then practically no particles can get accelerated beyond
energy E* (the energy where DRF has its first minimum). Note that the power levels for the
different scenarios in figure 1 are not equal. The purpose of the figure is to illustrate the drops
in the distributions due to the weak wave-particle interaction regions.

Figures 1(a) and (b) also demonstrate that shortly before E* value distributions already
start to clamp because the available power is not enough to compensate the slowing down of
the ions. The figures make obvious why the second harmonic heating scheme was chosen for
the experiments: E* value for the fundamental heating is typically at too high energies That
is, either the particles experience orbit losses before reaching E* or the available diagnostics
capabilities on JET will not allow accurate measurements around E* for fundamental heating.
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Figure 2. (a) Steady-state energy distribution functions of hydrogen with second-harmonic
minority heating scenario, (2H)D and (b) the corresponding RF diffusion coefficients. Full lines
are with ICR frequency f = 51.25 MHz, electron temperature Te = 4.5 keV, ion temperature
Ti = 2.5 keV, electron density ne = 3 × 1019 m−3 and perpendicular wave number k⊥ = 60 m−1.
Broken lines correspond to a situation where k⊥ is altered by changing electron density by 10%.

point of view: if, for some reason, there were effects that would average out the RF diffusion
coefficient to the extent that it could be approximated with a constant, the behaviour of the
distribution would be markedly different. In that case the solution for equation (3) would have
a nearly exponential form, f ≈ f0 exp(−E⊥/Teff), where Teff ∝ p⊥T

3/2
e /nrne (see [2] and

figure 1). Here p⊥ is the flux surface averaged power density absorbed by resonant species, nr

is the density of the resonant ions and Te and ne are the temperature and density of the electrons,
respectively. Hence, in the limit of the constant DRF, local ion tail temperature would increase
with increasing power and electron temperature and decrease with increasing ion and electron
density. As we will soon see this is not a good approximation and as it is well known Stix Teff

approximation for fundamental heating [2] should not be used for second and higher harmonic
heating cases.

For completeness we mention here two additional effects which we have not yet discussed
but which deserve some attention. The first one is the sawtooth oscillations that were also
present in the experiments reported in this paper. Many studies have shown that sawtooth
oscillations redistribute energetic ions inside the sawtooth inversion radius, see for example a
recent review in [6]. They are known to have the most pronounced effect on particles which are
closely tied to a flux surface and thus feel the reconnection process. Secondly, redistribution
favours particles that do not have too small ratio of v||/v⊥. This means that sawteeth are not
expected to play a major role for the highly energetic ICRH accelerated particles both having
a small v||/v⊥ ratio and broad banana orbits.

Secondly, what needs to be discussed is the so-called super-adiabatic motion [7,8] of ions.
Super-adiabatic motion happens when the relative phase between the wave and the Larmor
motion of the resonating ion is not sufficiently perturbed as required for true diffusion. When
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Figure 1. (a) Quasi linear RF diffusion coefficient for the fundamental (–) and second (–·) harmonic
ICRF heating. The dashed line (- -) shows a fictitious case where DRF is constant and (b) the
corresponding energy distributions calculated from equation (3).

For ICRF heating of minority ion species the ratio E−/E+ stays almost constant as the
electron density is varied. Consequently, in these cases the location of the first minimum
of DRF depends only on the argument of the Bessel functions, see equation (2). Writing
α∗ = k⊥v∗

⊥/ωci , where α∗ is the argument at the minimum and solving for E* we get an
approximate scaling, E∗ ∝ B2/ne. Here, it was assumed that ωci ∝ B and that k⊥ ∝ √

ne by
cold plasma theory.

To show how electron density affects the distribution and its shape we have plotted three
resonant particle energy distributions in figure 2 using parameters that are typical for the
experiments performed. That is, second harmonic hydrogen minority heating in a deuterium
plasma with an electron density of 3 ·1019m−3 using dipole phasing of the JET ICRF antennas
having the maximum power at |k||| = 8m−1 and a frequency of 51 MHz. The broken lines
symbolize cases where electron densities were varied keeping otherwise identical plasma
parameters. PION code [4, 5] was used to quantify the changes in the perpendicular wave
number and in the polarization of the wave due to density changes. The graph shows that a
10% change in the density results in a significant, and measurable, change in the distribution.
We can now see that from the experimental point of view a convenient way of assessing the
importance of FLR effects is to vary electron density (and thus E*) and see how well the
distribution responds to it.

So far we have only considered monochromatic heating, i.e. a fast wave with a single
wave number k⊥. Of course, in reality a wave emitted from a finite antenna has a wave number
spectrum. Having a k⊥-spectrum means that the effective DRF becomes an average over
different k⊥ and consequently DRF(E*) is not zero but has a finite value. It is not, however,
feasible to incorporate all the necessary corrections due to the wave number spectrum or the
effect of, e.g. non-constant plasma profiles, Doppler shift, non-Maxwellian particle distribution
or orbit effects into the analytical equation. To do this, numerical simulations are required.
Later, in section 4 we will show simulation results where these effects are taken into account.

Thus from previous considerations we can expect that the distribution drops rapidly in
cases where the RF diffusion coefficient in the plasma has a pronounced first maximum and
first minimum similar to those shown in figures 1 and 2. Now taking a completely opposite
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Figure 2. (a) Steady-state energy distribution functions of hydrogen with second-harmonic
minority heating scenario, (2H)D and (b) the corresponding RF diffusion coefficients. Full lines
are with ICR frequency f = 51.25 MHz, electron temperature Te = 4.5 keV, ion temperature
Ti = 2.5 keV, electron density ne = 3 × 1019 m−3 and perpendicular wave number k⊥ = 60 m−1.
Broken lines correspond to a situation where k⊥ is altered by changing electron density by 10%.

point of view: if, for some reason, there were effects that would average out the RF diffusion
coefficient to the extent that it could be approximated with a constant, the behaviour of the
distribution would be markedly different. In that case the solution for equation (3) would have
a nearly exponential form, f ≈ f0 exp(−E⊥/Teff), where Teff ∝ p⊥T

3/2
e /nrne (see [2] and

figure 1). Here p⊥ is the flux surface averaged power density absorbed by resonant species, nr

is the density of the resonant ions and Te and ne are the temperature and density of the electrons,
respectively. Hence, in the limit of the constant DRF, local ion tail temperature would increase
with increasing power and electron temperature and decrease with increasing ion and electron
density. As we will soon see this is not a good approximation and as it is well known Stix Teff

approximation for fundamental heating [2] should not be used for second and higher harmonic
heating cases.

For completeness we mention here two additional effects which we have not yet discussed
but which deserve some attention. The first one is the sawtooth oscillations that were also
present in the experiments reported in this paper. Many studies have shown that sawtooth
oscillations redistribute energetic ions inside the sawtooth inversion radius, see for example a
recent review in [6]. They are known to have the most pronounced effect on particles which are
closely tied to a flux surface and thus feel the reconnection process. Secondly, redistribution
favours particles that do not have too small ratio of v||/v⊥. This means that sawteeth are not
expected to play a major role for the highly energetic ICRH accelerated particles both having
a small v||/v⊥ ratio and broad banana orbits.

Secondly, what needs to be discussed is the so-called super-adiabatic motion [7,8] of ions.
Super-adiabatic motion happens when the relative phase between the wave and the Larmor
motion of the resonating ion is not sufficiently perturbed as required for true diffusion. When
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Figure 3. (a) ICRH and NBI power, (b) central electron density, (c) central electron temperature and
(d) plasma diamagnetic energy. Charge exchange measurements from plasma centre at t = 64.1 s
gave for the effective charge of ions Zeff = 1.75, 1.45 and 2.15 and for the ion temperature Ti = 1.2,
1.2 and 2.25 keV for the pulses 58734, 58738 and 58739, respectively.

Table 1. The key parameters for the discharges. Values are normalised to those of discharge 58738
with an electron density ne(0) = 2.8 × 1019 m−3, power absorbed by hydrogen PH = 2.9 MW,
central electron temperature Te(0) = 3 keV, hydrogen density nH(0) = 1.3 × 1018 m−3, effective
tail temperature Teff = 1 a.u. and E* = 1.37 MeV (E* has been evaluated in the plasma centre for
|N| = 26, i.e. at the peak of the power spectrum).

Pulse ne0 PH Te0 nH0 Teff E∗
58734 1.5 1.2 1.0 0.9 0.92 0.7
58738 1.0 1.0 1.0 1.0 1.00 1.0
58739 1.0 1.2 1.7 1.0 2.38 1.0

The comparison between pulses 58738 and 58739 basically tells the same story from
another viewpoint. This time the discharges have equal E* but substantially different Teff .
In this case if FLR effects were not important the discharge 58739 would have to have much
higher local tail temperature (table 1). Experimental measurements, however, show identically
shaped distributions (equal local temperatures) having the steeper gradient zones at the same
place. Again, this provides clear evidence for the significance of FLR effects and rules out
DRF being a constant.

4. Comparison with modelling

For the modelling of the experiments ICRF codes PION [4] and FIDO [10] were used. PION is a
simplified time-dependent Fokker-Planck code for calculating ICRF power deposition profiles
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the phases become correlated ICRH no longer heats the particles which remain oscillating
in phase space islands. Stochasticity of the phase results usually from particle collisions or
from the non-linear interaction between the wave and particles. Normally, at energies in
megaelectronvolt range, collisions are not sufficient for randomizing the phase and when in
addition the wave-particle interaction becomes weak, as it does close to E*, the phase of the
ion Larmor motion remains correlated with the wave, phase space islands are formed and
particles are not heated to higher temperatures. For now we will disregard this effect, but we
will return to it again in the discussion elsewhere in the paper.

3. Experimental results

The experiments reported here were designed and carried out on the JET tokamak to verify
whether the details in the ICRH diffusion coefficient (i.e. FLR effects) have an effect on the high
energy part of the resonant ion energy distribution or whether the distribution functions qual-
itatively obey the simple relation Teff ∝ p⊥ T

3/2
e /nrne as discussed in section 2. The scenario

chosen for the experiments is second harmonic hydrogen minority heating in L-mode deuterium
plasma, (2H)D. This scenario is favourable because it allows E* to be easily adjusted, by vary-
ing the plasma density, to be in the measurement window of the high-energy neutral particle
analyser (NPA) [9] which was used to measure the high-energy ion distribution functions.

The eight energy channels of the NPA were set to measure the proton flux in the range
of 0.29–1.1 MeV. The NPA has a vertical line-of-sight at major radius 3.07 m, i.e. less than
10 cm to the low field side of the magnetic axis, and thus enables the deduction of the line
integrated distribution function of fast ions close to the centre of the plasma. The magnetic
field in the experiment was 1.65 T, the plasma current 1.65 MA and the electron density was
varied in the range 2.8 × 1019–4.4 × 1019 m−3. Externally only ICRH (3–5 MW) was used for
plasma heating. IC waves were launched with four JET A2 antennas applied with a frequency
of 51.25 MHz using dipole phasing (toroidal mode number at the maximum of the antenna
power spectrum was |N| ≈ 26). In this configuration, the second harmonic hydrogen minority
resonance locates close to the centre of the plasma.

In figure 3, most relevant experimental parameters, ICRH power, neutral beam power
(NBI), electron density and temperature at magnetic axis and plasma diamagnetic energy for
the three discharges are shown. Short duration NBI pulses (blips) at 64.1 and 67.1 s were used
to measure the ion density and temperature. Plasma parameters in these discharges were such
that initially 58738 and 58739 had identical plasmas (also identical electron densities) but due
to higher input power electron temperature and plasma energy become higher in 58739. The
plasma and power levels for discharge 58734 were chosen so that the effective temperature,
Teff , is the same as in pulse 58738. The match was achieved by injecting more power in the
high density pulse 58734. Table 1 highlights the relative differences for the most relevant
parameters for these discharges.

The line integrated perpendicular energy distributions deduced from NPA measurements
are shown in figure 4 for the three discharges of interest. From the comparison between dis-
charges 58734 and 58738 one can see that the local tail temperature is significantly lower and the
tail is shorter for the high electron density pulse 58734. At the same time Teff is almost equal for
both pulses and the location of the first minimum in DRF, E*, is about 30% smaller for the high
density pulse 58734 (table 1). These results indicate that DRF cannot be considered a constant.
Otherwise both distributions should have the same shape and should not have a steep gradient
region. Comparing table 1 and figure 4 we can see that E* is reasonably accurate in estimating
the energy at which the fast ion distribution rapidly decreases and effectively vanishes.
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Figure 3. (a) ICRH and NBI power, (b) central electron density, (c) central electron temperature and
(d) plasma diamagnetic energy. Charge exchange measurements from plasma centre at t = 64.1 s
gave for the effective charge of ions Zeff = 1.75, 1.45 and 2.15 and for the ion temperature Ti = 1.2,
1.2 and 2.25 keV for the pulses 58734, 58738 and 58739, respectively.

Table 1. The key parameters for the discharges. Values are normalised to those of discharge 58738
with an electron density ne(0) = 2.8 × 1019 m−3, power absorbed by hydrogen PH = 2.9 MW,
central electron temperature Te(0) = 3 keV, hydrogen density nH(0) = 1.3 × 1018 m−3, effective
tail temperature Teff = 1 a.u. and E* = 1.37 MeV (E* has been evaluated in the plasma centre for
|N| = 26, i.e. at the peak of the power spectrum).

Pulse ne0 PH Te0 nH0 Teff E∗
58734 1.5 1.2 1.0 0.9 0.92 0.7
58738 1.0 1.0 1.0 1.0 1.00 1.0
58739 1.0 1.2 1.7 1.0 2.38 1.0

The comparison between pulses 58738 and 58739 basically tells the same story from
another viewpoint. This time the discharges have equal E* but substantially different Teff .
In this case if FLR effects were not important the discharge 58739 would have to have much
higher local tail temperature (table 1). Experimental measurements, however, show identically
shaped distributions (equal local temperatures) having the steeper gradient zones at the same
place. Again, this provides clear evidence for the significance of FLR effects and rules out
DRF being a constant.

4. Comparison with modelling

For the modelling of the experiments ICRF codes PION [4] and FIDO [10] were used. PION is a
simplified time-dependent Fokker-Planck code for calculating ICRF power deposition profiles
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Figure 5. FIDO simulations of proton perpendicular energy distribution (lines) compared with
NPA measurements (points with error bars). Dashed (–) lines reflect the uncertainty of modelling
due to the uncertainty of plasma parameters.

5. Discussion

Earlier, in section 2, we briefly discussed sawtooth activity in relation to fast ion distribution
function. It was anticipated that they would not have a large effect on the highly energetic
particles due to the wide orbits of the particles and small v||/v⊥ ratio. This is also supported
by experimental data when we compare the sawtooth frequencies of the discharges. They
were approximately 6.5 Hz (58734), 7 Hz (58738) and 3.5 Hz (58739). Here, with about equal
sawteeth frequencies, discharges 58734 and 58738 have markedly distinct spectra and with
quite different frequencies; discharges 58738 and 58739 have similar spectra. Also, if the ion
slowing down times of about 0.2 (58734), 0.2 (58738) and 0.4 s (58739) are taken into account
we cannot find a trend that would explain the measured perpendicular energy distributions.

The possible effect of the super-adiabatic motion was studied with a STOCH [7] code for this
ICRF heating scenario. The results indeed indicated the presence of an adiabatic barrier just at
the location of E* for a monochromatic wave. Weak wave-particle interaction close to E* can
only create minor perturbations to the particle orbits leading to super-adiabatic motion which
would tend to enhance the barrier created by the weak interaction (FLR effect) alone. We
could not, however, obtain criteria for adiabacity in the presence of multiple frequencies and
wave number spectra as would be required for a realistic case. The analysis of the fundamental
ICRH minority scheme [12] however shows that the inclusion of the spectral effects will
increase stochasticity considerably and move the adiabatic barrier to higher energies. It was
also seen that the trapped ion motion is more stochastic than the motion of passing ions—here
the energetic particles are mainly trapped. Adiabatic motion is therefore not likely to be of
importance for the distribution below E*.

6. Conclusions

The experiments presented in this paper show clear clamping of the high-energy part of the
second harmonic ICRF heated minority ions. The energy, around which the clamping occurs, is
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Figure 4. Experimental hydrogen energy distribution deduced from high-energy NPA
measurements with error bars included.

and pitch-angle-averaged ion distribution functions self-consistently (i.e. ICRF power deposi-
tion and the resulting resonant ion distributions are consistent). We used PION here to estimate
the power absorbed directly on hydrogen as well as to solve the perpendicular wave number
spectrum k⊥ and the polarization of the wave. This data together with measured plasma pro-
files were used as input for the 3D Monte Carlo code FIDO to solve the full energy distribution
of the resonant particles. The wave number spectrum fed into FIDO consists of ten perpen-
dicular wave numbers. FIDO is a sophisticated code and can take, for instance, FLR effects,
orbit effects, radial pinch effects and plasma profile effects into account. However, it does not
handle sawtooth activity or super-adiabaticity which is why their possible additional effects
have to be dealt separately, see section 5. Other approaches for modelling this phenomenon
could also be used. Possible choices include at least hot plasma theory, i.e. using a multi-
harmonic asymptotic expansion of the wave-driven effective electric field that accelerates the
ions [11].

The comparisons between the simulated distributions and the measured ones are shown
in figure 5. Solid lines show the calculated perpendicular energy distributions where
simulations have been done using the measured plasma parameters. Dashed lines are from
simulations made with a 10% higher/lower electron density while keeping ion fractions and
other parameters constant. The data clearly show that simulations are consistent with the
measurements with rather good accuracy.

These simulations also confirm the sensitivity of the distribution to electron density as
deduced from theory earlier. Since the uncertainty of measuring electron density at JET
is normally 10%, we can take the regions between the dashed lines as an estimate for the
uncertainty in modelling. Of course there are ambiguities also in other quantities such as in
the excited k|| spectrum or in the measured ones; ion densities and temperatures of different
species, etc. However, as explained in the previous section the distribution is most sensitive
to electron density variations which make this a sensible lower estimate for the total error. We
can conclude that the uncertainties in measuring the plasma parameters alone could explain the
differences. Unfortunately they also prevent one for making even more detailed comparisons
between measurements and modelling and possibly finding out some minor details still missing
from the simulations.
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Figure 5. FIDO simulations of proton perpendicular energy distribution (lines) compared with
NPA measurements (points with error bars). Dashed (–) lines reflect the uncertainty of modelling
due to the uncertainty of plasma parameters.

5. Discussion

Earlier, in section 2, we briefly discussed sawtooth activity in relation to fast ion distribution
function. It was anticipated that they would not have a large effect on the highly energetic
particles due to the wide orbits of the particles and small v||/v⊥ ratio. This is also supported
by experimental data when we compare the sawtooth frequencies of the discharges. They
were approximately 6.5 Hz (58734), 7 Hz (58738) and 3.5 Hz (58739). Here, with about equal
sawteeth frequencies, discharges 58734 and 58738 have markedly distinct spectra and with
quite different frequencies; discharges 58738 and 58739 have similar spectra. Also, if the ion
slowing down times of about 0.2 (58734), 0.2 (58738) and 0.4 s (58739) are taken into account
we cannot find a trend that would explain the measured perpendicular energy distributions.

The possible effect of the super-adiabatic motion was studied with a STOCH [7] code for this
ICRF heating scenario. The results indeed indicated the presence of an adiabatic barrier just at
the location of E* for a monochromatic wave. Weak wave-particle interaction close to E* can
only create minor perturbations to the particle orbits leading to super-adiabatic motion which
would tend to enhance the barrier created by the weak interaction (FLR effect) alone. We
could not, however, obtain criteria for adiabacity in the presence of multiple frequencies and
wave number spectra as would be required for a realistic case. The analysis of the fundamental
ICRH minority scheme [12] however shows that the inclusion of the spectral effects will
increase stochasticity considerably and move the adiabatic barrier to higher energies. It was
also seen that the trapped ion motion is more stochastic than the motion of passing ions—here
the energetic particles are mainly trapped. Adiabatic motion is therefore not likely to be of
importance for the distribution below E*.

6. Conclusions

The experiments presented in this paper show clear clamping of the high-energy part of the
second harmonic ICRF heated minority ions. The energy, around which the clamping occurs, is
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consistent with the expected energy where the ICRF waves and the particles interact weakly due
to the finite Larmor radius effect. For the first time systematic experimental evidence together
with modelling including relevant physics has been presented that demonstrates the importance
of the finite Larmor radius effects on the high energy part of the resonant ion distribution. For
all heating schemes, the increased magnetic field will move E* to higher energies and increased
electron density will move E* to lower energies roughly as E∗ ∝ B2/ne. In the ITER case the
magnetic field and the electron density are normally significantly higher than here. Due to E*’s
higher sensitivity on magnetic field strength E* will typically be in multi-megaelectronvolt
range in the ITER. Thus, it can be concluded that the FLR effects are not likely to limit the fast
ion energies in ITER. However, it also should be noted that the relatively low amount of power
per particle available in ITER main heating scenarios will usually guarantee that the fast ion
tail will not be able to develop up to E* and therefore the ICRF power will be channelled to
the bulk ions as desired.
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Toroidal field ripple, δ=(Bmax-Bmin)/ (Bmax+Bmin), in ITER will be relatively large, about 0.5% at the outer
midplane. Due to the importance of toroidal rotation on plasma stability and confinement it is important to
understand the consequences of a non-negligible ripple field on rotation. Guiding centre following Monte Carlo
code ASCOT is used to evaluate the torque on plasma from co-current NBI in presence of toroidal magnetic
field ripple. Simulations are made for a JET discharge from 2007 Ripple Campaign aimed to clarify the effect of
ripple on fusion plasmas in preparation for ITER. ASCOT results show large reduction of torque from co-NBI
and negative torque from thermal ions, which together could create a counter rotating edge plasma.
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1 Introduction

Toroidal magnetic field ripple is known to have an effect on plasma density, rotation and confinement. Energetic
ions, e.g. fusion alphas and NB and RF heated ions are most vulnerable to ripple and it has been studied much
before. The increased losses of fast ions naturally lead to both; decreased heating efficiency and increased heat
load on the vessel first wall. However, they may also play a crucial role in the loss of confinement through ripple
reduced toroidal rotation. Toroidal field ripple breaks the axi-symmetry of the magnetic field which allows the
ions and the toroidal field coils to exchange toroidal momentum. As ITER, having 18 toroidal field coils, will be
operating in relatively strong ripple field it is important to understand the effect that ripple has on plasma toroidal
rotation.

Recognising the importance of ripple on ITER and its design, JET launched its third ripple campaign in 2007
to study these effects in a controlled way. JET has the capability to drive uneven currents in the adjacent coils
thus gaining control over the level of ripple. In JET Ripple Campaign 2007 (RIP3) some discharges have shown
that with increased level of ripple the toroidal rotation can reverse to counter direction (relative to the current
and NBI injection angle) [1]. Although fast ions and ripple have an important role when explaining experimental
observations it is generally not possible to limit the analysis for fast ions only. The ripple can namely also affect
thermal ions. For thermal ions, however, the effect of ripple is much affected by the radial electric field in the
plasma in particular close to the separatrix where the thermal energy is comparable to the potential well depth.

In this contribution plasma discharges from the JET RIP3 Campaign are analysed with a guiding centre fol-
lowing Monte Carlo code ASCOT [2]. Toroidal torque in presence of magnetic ripple is calculated from both fast
(NBI) and thermal ions. ASCOT results show that NBI heated JET plasma can produce torque that can give rise
to counter rotation if ripple is high enough and/or torque from the thermal ions is taken into account.
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In this contribution plasma discharges from the JET RIP3 Campaign are analysed with a guiding centre fol-
lowing Monte Carlo code ASCOT [2]. Toroidal torque in presence of magnetic ripple is calculated from both fast
(NBI) and thermal ions. ASCOT results show that NBI heated JET plasma can produce torque that can give rise
to counter rotation if ripple is high enough and/or torque from the thermal ions is taken into account.
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In ASCOT simulations the radial current includes both the instantaneous current and the ripple induced radial
current and also the orbit loss current. We do not make a difference where the current originates. The j × B
torque we quote is the sum of all these components. Figure 2a shows ASCOT results of momentum transfer
into the plasma for #69648 without ripple. Torque has been split explicitly into two parts; a friction due to
collisions between NBI ions and bulk plasma and a j × B part. More specifically the torque density is defined
as T = RjrBpol, where R is the major radius, jr is the current density induced into the plasma and Bpol is the
poloidal component of the magnetic field.

It can be seen that in the centre of the plasma, due to the small trapping fraction, only collisions can transfer
toroidal torque from fast ions into the plasma. However, at outer part of minor radus, where the number trapped
ions increases the radial current becomes larger and the j×B force becomes the dominating momentum exchange
mechanism. Figure 2b shows the total torque profiles for three levels of ripple for a JET plasma #69648 with
15.8 MW of NBI which in axi-symmetric and lossless case would generate 18.4 Nm of co-current torque. It is
seen that with increasing ripple the torque becomes negative at the edge; first only close to the separatrix but
with δ = 1.69% already at ρpol = 0.7. In the central part of the plasma, where the ripple is small and collisions
dominate, the momentum transfer is almost unaffected by the ripple.
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Fig. 2 a) Torque profile split into collisional and j × B parts and b) total torque for 3 levels of ripple. Co-current torque is
defined as positive. (Online colour: www.cpp-journal.org.)

Table 1 Total torque from a ripple scan for NBI heating case similar to #69648. Here Wall denotes the torque lost through
separatrix along with escaped NBI ions, Colls is the torque received by the plasma through collisional slowing down of fast
ions, J × B is the torque on plasma due to non-ambipolar radial current of fast ions, Co-torque lost is the loss of co-current
initial torque and Power lost is the lost NBI power. Initial torque evaluated from ion birth profile for all cases is 18.4 Nm.

Ripple (%) Wall (Nm) Colls (Nm) JxB (Nm) Co-torque lost (%) Power lost (%)

0.0 0.2 6.3 12 2 2

0.26 0.8 6.5 11 7 7

0.51 1.5 6.9 7.2 24 11

0.76 2.3 6.7 2.0 54 16

1.00 2.9 6.7 -3.2 82 21

1.69 3.8 6.5 -15 150 30

3.26 4.2 6.0 -39 280 45

Table 1 shows the volume integrated values of the profiles shown in Fig. 1b together with other levels of ripple
which were not plotted to keep the figure readable. Table 1 separates also the amount of momentum transferred

www.cpp-journal.org c© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

78 A. Salmi et al.: ASCOT modelling of ripple

2 Torque from NBI in presence of ripple

NBI ions usually have much greater kinetic energy than the electrostatic potential difference that they encounter
during their orbit. Radial electric field is then not expected to more than make a small perturbation on fast ion
orbits. We will therefore neglect the electric field when estimating the torque from NBI. The experimental set-up
for the discharge, #69648 (60s), being investigated is: 15.4 MW of co-current NBI with an average injection
energy of 75 keV, central electron density ne,0 = 5 × 1019 m−3, central electron temperature Te,0 = 5 keV,
density and temperature at the pedestal top ne = 3 × 1019 m−3 and Te,i = 1 keV. With these parameters the
plasma is in the banana regime.

ASCOT simulations use EFIT reconstructed magnetic equilibrium and experimental plasma density and tem-
perature profiles. As an NBI source for ion birth profile ASCOT uses Fokker-Plank code PENCIL. Ion birth
profiles are sampled to generate typically 104 test particles. The ripple model in ASCOT uses a numerical
poloidal 2D map of the toroidal field ripple and sinusoidal harmonics in toroidal direction.

To illustrate the agreement between ASCOT and PENCIL when ripple is not present Fig. 1 shows a comparison
between the codes. The scenario used for this is the JET shot #69648 which had δ = 1% ripple at the outer
midplane separatrix but which was set zero in the simulation to allow for comparison. As can be seen the
agreement is very good especially in the middle of the minor radius1 where also most of the power goes. The
difference close to the separatrix is due to orbit losses, which PENCIL does not evaluate. The reason for the
difference in the central plasma is attributed to the fact that in PENCIL all of the power and torque end up on
the same flux surface where the neutrals were first ionised. ASCOT, however, accounts both collisional transport
effects and the shift in radius between ion birth point and the bounce average GC position. The beam deposition
being mostly off axis and injection in co-current direction means that both these and volumetric effects tend to
enhance the power density in the central plasma as compared to PENCIL.
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Fig. 1 a) Power and b) torque density profiles comparing PENCIL and ASCOT for #69848 without ripple. Positive sign in
torque refers to co-current direction. (Online colour: www.cpp-journal.org.)

In axi-symmetric field torque from NBI is transferred to the plasma either through particle collisions on
through the instantaneous current originating from the difference in particle birth point and its bounce aver-
aged position. To maintain quasi-neutrality the plasma sets up a return current, which leads to torque through
j × B force.

In the presence of ripple the canonical angular momentum is not conserved and ions can exchange momentum
with the toroidal field coils. This leads to non-ambipolar radial current of ions, usually directed radially outwards.
One can interpret this radial current as externally driven which can then induce torque on the plasma. As for the
instantaneous (or direct) torque generation it is the requirement of quasi-neutrality that ensures that non-ambipolar
radial current leads to torque.

1Minor radius co-ordinate used here is ρpol =
√

(Ψpol − Ψpol(0))/(Ψpol(a) − Ψpol(0)), i.e. the square root of the normalised poloidal
flux.
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In ASCOT simulations the radial current includes both the instantaneous current and the ripple induced radial
current and also the orbit loss current. We do not make a difference where the current originates. The j × B
torque we quote is the sum of all these components. Figure 2a shows ASCOT results of momentum transfer
into the plasma for #69648 without ripple. Torque has been split explicitly into two parts; a friction due to
collisions between NBI ions and bulk plasma and a j × B part. More specifically the torque density is defined
as T = RjrBpol, where R is the major radius, jr is the current density induced into the plasma and Bpol is the
poloidal component of the magnetic field.

It can be seen that in the centre of the plasma, due to the small trapping fraction, only collisions can transfer
toroidal torque from fast ions into the plasma. However, at outer part of minor radus, where the number trapped
ions increases the radial current becomes larger and the j×B force becomes the dominating momentum exchange
mechanism. Figure 2b shows the total torque profiles for three levels of ripple for a JET plasma #69648 with
15.8 MW of NBI which in axi-symmetric and lossless case would generate 18.4 Nm of co-current torque. It is
seen that with increasing ripple the torque becomes negative at the edge; first only close to the separatrix but
with δ = 1.69% already at ρpol = 0.7. In the central part of the plasma, where the ripple is small and collisions
dominate, the momentum transfer is almost unaffected by the ripple.
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Fig. 2 a) Torque profile split into collisional and j × B parts and b) total torque for 3 levels of ripple. Co-current torque is
defined as positive. (Online colour: www.cpp-journal.org.)

Table 1 Total torque from a ripple scan for NBI heating case similar to #69648. Here Wall denotes the torque lost through
separatrix along with escaped NBI ions, Colls is the torque received by the plasma through collisional slowing down of fast
ions, J × B is the torque on plasma due to non-ambipolar radial current of fast ions, Co-torque lost is the loss of co-current
initial torque and Power lost is the lost NBI power. Initial torque evaluated from ion birth profile for all cases is 18.4 Nm.

Ripple (%) Wall (Nm) Colls (Nm) JxB (Nm) Co-torque lost (%) Power lost (%)

0.0 0.2 6.3 12 2 2

0.26 0.8 6.5 11 7 7

0.51 1.5 6.9 7.2 24 11

0.76 2.3 6.7 2.0 54 16

1.00 2.9 6.7 -3.2 82 21

1.69 3.8 6.5 -15 150 30

3.26 4.2 6.0 -39 280 45

Table 1 shows the volume integrated values of the profiles shown in Fig. 1b together with other levels of ripple
which were not plotted to keep the figure readable. Table 1 separates also the amount of momentum transferred
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conserving collisions due to asymmetric distribution close to the edge. In the end, even in this case we lose at
most 0.2% of the particles due to ripple trapping justifying the use of non-conserving collisions for this analysis.

Figure 4 shows the torque from thermal ions in the presence of ripple as a function on radial electric field
strength. The torque shown is only due to ripple and it is separated from the torque arising from orbit losses.
Note that without ripple j ×B torque and collisional torque cancel each other exactly due to ambipolarity except
close to the edge where orbit losses occur. In 1% ripple field but without electric the resulting torque (-40 Nm) is
more than twice and counter of what can be achieved with 15.4 MW of NBI in the absence of ripple and about 10
times and counter of what remained from NBI in the ripple field. From experiments we know that total torque on
the plasma must be very small as edge rotation was marginally counter. From Fig. 4a we can read that ASCOT
results indicate that thermal torque would be of the correct order (∼ −5 Nm) if the NC electric field was enhanced
by a factor of 3.5. This enhancement could result, e.g. from ripple itself. Without self-consistent evaluation of
electric field one can not say quantitatively if the ripple acting on the thermal component explains the counter
rotation observed but these calculations indicate that it is indeed a good candidate.
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Fig. 4 a) Torque from thermal ions with ripple and b) radial electric field without scaling factor.

4 Conclusions and Discussion

Ripple effects on toroidal torque generation have been modelled using GC following Monte Carlo code ASCOT.
Simulations show that with δ = 1% ripple the co-current torque from NBI is reduced by 82% from what would be
achieved without ripple. Despite this large reduction of torque from NBI, the volume integrated torque remained
positive. Main mechanism for the loss of co-torque is the increased ripple diffusion of fast ions leading to outward
radial current. Due to the nature of momentum balance it could be concluded that torque from NBI alone could
not explain experimentally observed counter rotating plasma edge.

Simulations with thermal ions showed large counter torque for smaller levels of radial electric field. With
increasing (negative) electric field the amount of torque dropped to a level that could explain the measured counter
rotation. Self-consistent evaluation of radial electric field with ripple, however, is needed to make quantitative
conclusion of the thermal ion torque.

Acknowledgements This work has been partly funded by Fortum Säätiö

References

[1] P. de Vries et al., Toroidal Field Ripple and the formation of Internal Transport Barriers, Proceeding of 34th EPS Conf
on Plasma Physics, Warsaw, Poland, June 2007.

[2] J. A. Heikkinen, S. K. Sipilä, Phys. Plasmas 2, 3724 (1995).
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through collisions and through j ×B force. This split shows clearly that collisional torque is almost independent
of ripple. The torque from j ×B force, which in modest ripple levels stays co-current becomes negative between
δ = 0.76% − 1%. This is because with small level of ripple the instantaneous current, which is directed radially
inwards, dominates. With higher level of ripple radial current becomes more and more outward and negative
total torque can result as also depicted in Fig. 3. Generally ripple induced torque is always counter current thus
reducing torque from co-injected NB.

From momentum balance equation one finds that the total torque on the plasma must be negative if counter
rotation at the edge is to be expected as observed in experiments [1]. According to ASCOT one finds that 18.4
Nm torque from 15.4 MW of NBI is reduced by 82% due to ripple. Although greatly reduced the total torque
from NBI is still positive and can not alone explain why the edge was counter rotating. The missing negative
torque is believed to arise from the thermal ions and it is studied in the next section.
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Fig. 3 ASCOT calculated torque divided by input NBI torque.
For small ripple levels the total torque is close to the beam in-
put but as the ripple is increased more and more of co-torque is
lost dominantly through the ripple induced outward radial current.
With ripple exceeding 1% the total torque becomes counter NBI.
As expected ripple reduces the torque near quadratically for rip-
ple levels up to 0.8% after which the increase of counter torque
slows down to near linear since relatively weak collisions do not
continue to maintain pure stochastic behaviour of ripple diffusion.

3 Torque from thermal plasma in presence of ripple

Estimating the torque from thermal ions due to ripple is more complicated than for fast ions due to the existence
of radial electric field. Radial electric field perturbs the orbits of thermal ions relatively strongly because usually
the depth of the potential well is of the order of thermal energy. Ripple generated torque from the thermal ions is
tightly coupled with the radial electric field.

To study this effect one should, in principle, solve the radial electric field self-consistently using full-f tech-
niques and collisions that conserve energy and momentum because of the importance of the edge region where
ripple is strongest and particle distributions asymmetric. In addition when interpreting experiments one really
should have a simulation system, which is not sensitive to initial conditions. To make plasma profiles consistent
with experimental heat and particle fluxes, recycling and radial electric field, transport time scale simulations
would be needed. One also might need to include the effect from ELM’s and turbulence to match simulations
and experiments.

To avoid these complications and the noise from time varying electric field, which are likely to confuse the
interpretation of the ripple effects, we fix the radial electric field in these simulations. We use the equation [3]
with zero toroidal rotation condition:

Er =
T

e

(
n′

n
+ γ

T ′

T

)
(1)

to solve the electric field. Although this estimate clearly does not produce the correct electric field it will serve
for our purposes in estimating the effect of electric field on the torque generated by the ripple.

We set up the simulations by loading 250 000 thermal test particles between ρpol = 0.8− 1.0 homogeneously
in phase space while maintaining the experimental temperature and density profiles. Test particles collide against
fixed Maxwellian background and are allowed to escape the plasma. No recycling is used. Maxwellian collisions
used here are expected to be more efficient in providing ion flux into ripple trapped region of phase space than
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conserving collisions due to asymmetric distribution close to the edge. In the end, even in this case we lose at
most 0.2% of the particles due to ripple trapping justifying the use of non-conserving collisions for this analysis.

Figure 4 shows the torque from thermal ions in the presence of ripple as a function on radial electric field
strength. The torque shown is only due to ripple and it is separated from the torque arising from orbit losses.
Note that without ripple j ×B torque and collisional torque cancel each other exactly due to ambipolarity except
close to the edge where orbit losses occur. In 1% ripple field but without electric the resulting torque (-40 Nm) is
more than twice and counter of what can be achieved with 15.4 MW of NBI in the absence of ripple and about 10
times and counter of what remained from NBI in the ripple field. From experiments we know that total torque on
the plasma must be very small as edge rotation was marginally counter. From Fig. 4a we can read that ASCOT
results indicate that thermal torque would be of the correct order (∼ −5 Nm) if the NC electric field was enhanced
by a factor of 3.5. This enhancement could result, e.g. from ripple itself. Without self-consistent evaluation of
electric field one can not say quantitatively if the ripple acting on the thermal component explains the counter
rotation observed but these calculations indicate that it is indeed a good candidate.
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Fig. 4 a) Torque from thermal ions with ripple and b) radial electric field without scaling factor.

4 Conclusions and Discussion

Ripple effects on toroidal torque generation have been modelled using GC following Monte Carlo code ASCOT.
Simulations show that with δ = 1% ripple the co-current torque from NBI is reduced by 82% from what would be
achieved without ripple. Despite this large reduction of torque from NBI, the volume integrated torque remained
positive. Main mechanism for the loss of co-torque is the increased ripple diffusion of fast ions leading to outward
radial current. Due to the nature of momentum balance it could be concluded that torque from NBI alone could
not explain experimentally observed counter rotating plasma edge.

Simulations with thermal ions showed large counter torque for smaller levels of radial electric field. With
increasing (negative) electric field the amount of torque dropped to a level that could explain the measured counter
rotation. Self-consistent evaluation of radial electric field with ripple, however, is needed to make quantitative
conclusion of the thermal ion torque.
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Abstract
Dedicated experiments on TF ripple effects on the performance of tokamak plasmas have been carried out at JET.
The TF ripple was found to have a profound effect on the plasma rotation. The central Mach number, M , defined as
the ratio of the rotation velocity and the thermal velocity, was found to drop as a function of TF ripple amplitude (δ)
from an average value of M = 0.40–0.55 for operations at the standard JET ripple of δ = 0.08% to M = 0.25–0.40
for δ = 0.5% and M = 0.1–0.3 for δ = 1%. TF ripple effects should be considered when estimating the plasma
rotation in ITER. With standard co-current injection of neutral beam injection (NBI), plasmas were found to rotate in
the co-current direction. However, for higher TF ripple amplitudes (δ ∼ 1%) an area of counter rotation developed
at the edge of the plasma, while the core kept its co-rotation. The edge counter rotation was found to depend,
besides on the TF ripple amplitude, on the edge temperature. The observed reduction of toroidal plasma rotation
with increasing TF ripple could partly be explained by TF ripple induced losses of energetic ions, injected by NBI.
However, the calculated torque due to these losses was insufficient to explain the observed counter rotation and its
scaling with edge parameters. It is suggested that additional TF ripple induced losses of thermal ions contribute to
this effect.

PACS numbers: 52.55.Fa, 52.65.Cc, 52.50.Gj

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Plasma rotation is thought to play an important role in
the stability properties of tokamak plasmas. Furthermore,
rotational shear could affect plasma turbulence and
consequently has an impact on transport processes and the
performance of tokamak plasmas. Hence it is relevant to
accurately predict the rotation properties of ITER plasmas.

a See appendix of Watkins M.L. et al 2006 Proc. 21st Int. Conf. on Fusion
Energy 2006 (Chengdu, China) (Vienna: IAEA).

Because of the finite number of toroidal field (TF) coils, a
toroidal variation (ripple) of the main magnetic field exists
in tokamaks. The TF ripple breaks the axisymmetry of
the magnetic field and enhances particle losses, in particular
energetic ions, such as alpha particles created in fusion
reactions or those injected by the neutral beam (NB) system.
These non-ambipolar ion losses are expected to have a non-
negligible effect on the plasma rotation. Ferrite material will
be mounted between the ITER coils in order to reduce the
ripple. Nevertheless, the estimated maximum TF ripple at the
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Abstract
Dedicated experiments on TF ripple effects on the performance of tokamak plasmas have been carried out at JET.
The TF ripple was found to have a profound effect on the plasma rotation. The central Mach number, M , defined as
the ratio of the rotation velocity and the thermal velocity, was found to drop as a function of TF ripple amplitude (δ)
from an average value of M = 0.40–0.55 for operations at the standard JET ripple of δ = 0.08% to M = 0.25–0.40
for δ = 0.5% and M = 0.1–0.3 for δ = 1%. TF ripple effects should be considered when estimating the plasma
rotation in ITER. With standard co-current injection of neutral beam injection (NBI), plasmas were found to rotate in
the co-current direction. However, for higher TF ripple amplitudes (δ ∼ 1%) an area of counter rotation developed
at the edge of the plasma, while the core kept its co-rotation. The edge counter rotation was found to depend,
besides on the TF ripple amplitude, on the edge temperature. The observed reduction of toroidal plasma rotation
with increasing TF ripple could partly be explained by TF ripple induced losses of energetic ions, injected by NBI.
However, the calculated torque due to these losses was insufficient to explain the observed counter rotation and its
scaling with edge parameters. It is suggested that additional TF ripple induced losses of thermal ions contribute to
this effect.

PACS numbers: 52.55.Fa, 52.65.Cc, 52.50.Gj

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Plasma rotation is thought to play an important role in
the stability properties of tokamak plasmas. Furthermore,
rotational shear could affect plasma turbulence and
consequently has an impact on transport processes and the
performance of tokamak plasmas. Hence it is relevant to
accurately predict the rotation properties of ITER plasmas.

a See appendix of Watkins M.L. et al 2006 Proc. 21st Int. Conf. on Fusion
Energy 2006 (Chengdu, China) (Vienna: IAEA).

Because of the finite number of toroidal field (TF) coils, a
toroidal variation (ripple) of the main magnetic field exists
in tokamaks. The TF ripple breaks the axisymmetry of
the magnetic field and enhances particle losses, in particular
energetic ions, such as alpha particles created in fusion
reactions or those injected by the neutral beam (NB) system.
These non-ambipolar ion losses are expected to have a non-
negligible effect on the plasma rotation. Ferrite material will
be mounted between the ITER coils in order to reduce the
ripple. Nevertheless, the estimated maximum TF ripple at the
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separatrix in ITER is in the order of δ ∼ 0.5% while this
value in JET is only δ ∼ 0.08%. The maximum ripple at the
separatrix is mostly found at the outboard mid-plane. Here the
TF ripple amplitude, δ, is defined as the relative amplitude of
the magnetic field variation: δ = (Bmax −Bmin)/(Bmax +Bmin).
In order to extrapolate the rotation properties of present
experiments to that of ITER plasmas, TF ripple effects should
be understood.

Studies on TF ripple induced particle losses have been
reported by several devices [1–3]. Previous experiments on
JET reported a reduction of the NB driven plasma rotation
with TF ripple [4]. In JT-60U significant plasma rotation
in the counter-current direction was observed with near
perpendicular neutral beam injection (NBI) in the presence of a
TF ripple of δ ∼ 1% [5]. However, the rotation characteristics
of the JT-60U plasmas were altered after the TF ripple was
reduced using ferrite inserts [6, 7]. Up to now, no detailed,
quantitative analysis of TF ripple effects on plasma rotation
has been carried out.

At JET it is possible to vary the TF ripple amplitude by
independently powering the odd and even-numbered TF coils.
The imbalance current between the two sets of coils can be
changed arbitrarily, increasing the TF ripple up to δ ∼ 3%.
A series of experiments has been performed analysing the
effects of TF ripple by increasing its value on a pulse-by-pulse
basis from the standard JET value of δ ∼ 0.08% up to
δ ∼ 1.5%. The plasma rotation has been measured by means
of charge exchange recombination spectroscopy (CXRS). The
measured quantities are those of carbon ions and here it is
assumed that the main plasma ions have equal temperature and
velocities.

This paper presents the effects of an enhanced TF ripple
on the plasma rotation. In the second section the scaling
of JET plasma rotation with TF ripple is presented. The
basic mechanisms via which TF ripple affects the plasma
rotation are discussed and experimental examples are shown.
The experimental observations are compared with modelling
of TF ripple induced particle losses. By means of the
orbit following Monte Carlo code ASCOT, the trajectories of
energetic ions, for example those injected by the NB system
and those accelerated by ICRH, can be accurately traced in
the presence of TF ripple [8]. This enables the determination
of the fraction of energetic particles lost due to the TF ripple.
These calculations are discussed in section 3 and compared
with detailed experimental analysis. Finally the observations
are summarized and the implications for ITER are discussed
in section 4.

2. TF ripple and plasma rotation

Dedicated experiments were carried out in which the TF ripple
in JET was artificially increased. These experiments were
done with various plasma parameters. In order to compare
rotation properties of different experiments, it is convenient
to use the dimensionless thermal Mach number, defined as
the ratio of the rotation velocity and the thermal or ion sound
velocity [9]. In figure 1, the toroidal Mach numbers measured
at the plasma centre (R = 3.1 m, ρ ∼ 0) and edge (R = 3.8 m,
ρ ∼ 0.9) are shown as a function of TF ripple amplitude, where
R is the location in major radius and the ρ co-ordinate is the
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Figure 1. Mach numbers measured at the plasma centre
(R = 3.1 m, ρ ∼ 0) and edge (R = 3.8 m, ρ ∼ 0.9) are shown asa
function of TF ripple amplitude at the outer separatrix. The data
have been taken over various scenarios and plasma conditions.

normalized square root of the poloidal flux. The central Mach
number decreases from standard values of M = 0.40–0.55 to
M = 0.25–0.35 for δ = 0.5% and M = 0.1–0.3 for δ = 1%.
For these experiments the NBI system is the only external
source of momentum.

A few data points around δ ∼ 1.5% seem to break the
trend. However, one should be aware that these discharges
were all in the L-mode with low levels of NBI power
(∼3–4 MW−1). At this TF ripple amplitude, NBI operations
was restricted due to the power large loss fraction and the
resulting power loads on in-vessel components. JET operation
at the predicted ITER TF ripple amplitude of δ = 0.5%
shows a significantly lower rotation compared with those at
δ = 0.08%. For higher TF ripple amplitudes (δ ∼ 1%)
negative Mach numbers, i.e. counter rotation, is observed at
the edge in various discharges while the core still rotates in
the co-current rotation. The core and edge poloidal rotation
velocity have been measured for plasmas with and without TF
ripple. First results indicate that there is no significant effect
of TF ripple on the core poloidal rotation. The influence
of ripple on poloidal rotation in the core and edge region is
currently under investigation.

The question that arises is, how does the TF ripple reduce
toroidal plasma rotation? But firstly it is useful to recall the
mechanisms of NBI momentum transfer to the bulk plasma.
Because of the tangency of the neutral beams at JET, the
particles carry toroidal momentum and the NBI system exerts a
toroidal torque on the plasma which is directed in the co-current
direction (see figure 2). This torque, called NBI torque (TNBI)
in this paper, depends on the energy of the beam particles,
particle flux and the tangency of the beams. There are three
mechanisms explaining how this NBI torque acts on the plasma
and the NBI momentum is transferred, which are described in
detail in [10]. After ionization the injected NB particle can
either become a passing particle or be trapped in a banana-orbit.
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Figure 2. The location of two NB heating systems are shown on the top view of the JET torus. Both inject usually in the co-current
direction. Each system consists of eight independent NB injectors, of which half are aligned with a tangency radius of RT = 1.31 m (the
so-called normal injection) while the other half have a tangency radius of RT = 1.85 m (the so-called tangential injection), as indicated in
the figure. The major radius of the JET torus is Ro = 2.95 m.

This depends on the position where the particle is deposited
and the tangency of the NB. Passing particles transfer their
momentum in two ways, either via collisions with the bulk
plasma or by enhancement of the total angular momentum once
the particles can be assumed thermalized. The characteristic
transfer rate of these two mechanisms is in the order of the
ion–ion collision time. The third mechanism is connected
to those particles injected into banana-orbits. Since there is
a radial separation of the position where the NB particle is
ionized and its bounce averaged radial position, there is a
radial current of fast ions. In order to maintain quasi-neutrality,
there has to be a radial displacement current in the background
plasma resulting in a j × B torque. This torque is transferred
during one bounce time of the trapped particles and because
of this fast time scale this torque component is often called the
‘instantaneous’ torque.

The presence of a TF ripple affects the energetic particles
that are, for example, injected by the NB system in two ways.
Firstly, particles can be trapped in the magnetic ripple. Being
toroidally trapped, the field curvature causes these particles
to drift out of the plasma. Secondly, the TF ripple alters the
trajectory of particles trapped in banana-orbits and causes these
to drift radially outwards [11]. Both losses have an effect on the
plasma rotation. Toroidal rotation can be damped by friction
between the circulating particles and those locally trapped in
the TF ripple [12]. Furthermore, the TF ripple can be viewed
as an external force that drives non-ambipolar radial current.
The outward ion loss flow, due to, for example, banana-orbit
diffusion, induces a radial return current, j , in order to preserve
neutrality. This gives rise to a j × B torque on the plasma
which is in the counter-current direction. This return current
is similar, but unrelated, to the return current that creates the
‘instantaneous’ torque. Note that the ‘instantaneous’ torque is
always directed in the same direction as NBI and is unaffected
by the ripple, while the TF ripple induced j × B torque
is always directed counter-current. NBI particles that are
directly injected in the TF ripple should be treated similar

to those trapped in banana-orbits and these would therefore
contribute to the ‘instantaneous’ torque. This contribution
may, however, be negligible compared with the counter-current
torque generated by the losses of these particles.

For high enough TF ripple the torque from the
non-ambipolar radial current, here called TRIP, can become
non-negligible and have an important effect on the plasma
rotation. The reduction of plasma rotation or angular
momentum with TF ripple, as observed in figure 1, implies
a loss of momentum compared with that injected by the NB
system. The momentum loss from the plasma is, however,
transferred via the TF ripple to the coils, thus momentum
conservation is not violated.

The first mechanism, involving friction with particles
trapped in the TF ripple, tends to relax the plasma rotation
to zero, while the second mechanism, related to banana-
orbit diffusion, actually drives rotation in the counter-current
direction. This first effect depends on the number of particles
trapped in the TF ripple, while the second will be stronger
in the case of a larger fraction of particles that are trapped in
banana-orbits. The latter effect can be illustrated by comparing
discharges with a large TF ripple but using different angles of
NBI. At JET the NB system can apply near tangential injection
with a tangency radius of RT = 1.85 m (θinject ∼ 25◦) and
so-called normal injection with smaller tangency radius of
RT = 1.31 m (θinject ∼ 17◦) (see figure 2). The major radius
at JET is Ro = 2.95 m. The beam energy varies between
70 and 130 keV. In figure 3, two discharges are shown both
with a TF ripple of δ = 0.5% but one with predominantly
tangential and the other so-called normal NBI. The powers in
both discharges are chosen such that the total toroidal torque
applied by NBI (TNBI = 15.1 ± 1 Nm) is the same in both
discharges. The overall rotation of these two discharges is
reduced considerably compared with similar discharges with
minimum ripple (δ = 0.08%). Furthermore, it can be seen
that the plasma with tangential NBI has significantly larger
(20%) angular momentum compared with the one with normal
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Figure 5. The total angular momentum as a function of the torque
as calculated by ASCOT (including TF ripple effects) for the
discharges shown in figure 4. The NBI torque for each of these
discharges varied between TNBI = 14.8–17.1 Nm. The main
variation of total torque as calculated by ASCOT was obtained by
changing the TF ripple amplitude.

due to a counter acting TF ripple torque (TRIP). However, the
negligible angular momentum indicates that this may be nearer
to 100% of the NBI torque (TNBI ∼ −TRIP) or that another
source for negative torque is present. If one would assume
the same momentum confinement time for all the discharges
in figure 5, one could determine the required torque. For the
discharge with almost negligible angular momentum (δ = 1%)
this gives ∼2 Nm, which is several Nm smaller than provided
by the ASCOT (∼5 Nm). The effect of TF ripple on the torque
is much stronger than on the fractional loss of heating power,
which is estimated to be in the order of about 18% in this case.
A further increase of TF ripple would have led to a spin-up in
the counter direction.

The edge counter-current rotation with TF ripple
amplitude of δ = 1% seems similar to that observed in
JT-60U prior to the installation of ferrite inserts when the
TF ripple was in the order of δ = 1–2%. The counter-
current rotation in JET was found to depend on local plasma
conditions. For example, a fast increase of counter-current
rotation was seen at times when an H-mode pedestal built
up. Furthermore, increasing the edge density could reduce
the counter rotation. In figure 6, the edge (R = 3.8 m,
ρ ∼ 0.9) and core (R = 3.1 m, ρ ∼ 0) rotation for a series
of four discharges (ELMy H-mode) is shown with varying
amounts of gas dosing. The edge temperature was reduced
while the edge density was increased due to the gas dosing,
yielding a change in normalized edge collisionality from ν∗ =
0.08 to 0.28. Levels up to 4.5 × 1022 electrons per second
were used. The fast counter-current rotation at the edge of
Medge = −0.06 for the unfuelled case reverses to the co-current
direction at high levels of gas dosing. Consequently, the
angular momentum increases. Although there are variations
in density and temperature, these are mainly found at the
edge, and do not significantly alter the ASCOT calculations
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Figure 6. The core (blue diamonds) and edge (red circles) plasma
rotation as a function of the edge density (e.g. increasing gas
dosing).

for this series, all of which produce similar values of effective
torque. The total angular momentum for the four discharges
increases with density (from Ltot = 0.98 to 1.20 kg m2 s−1).
This increase was mainly due to the lower counter rotation
at the edge. The energy confinement time was, however,
similar for all the four discharges. The change in angular
momentum suggests that either the momentum confinement
improves significantly with edge density or that the torque
differs from that calculated by ASCOT. The actual torque may
be affected by the higher edge density.

During the TF ripple experiments, the fastest cases of
counter-current rotation have been observed in advanced
tokamak scenarios. Compared with the base-line ELMy
H-mode scenario these usually have high edge temperatures
(∼1 keV). In advanced tokamak scenarios predominantly
heated with co-current NBI and a TF ripple of δ = 1%, a
large area of the plasma between ρ = 0.6 and 1 was found to
rotate in the counter-current direction with co-rotation in the
core [14].

These observations suggested that the level of negative,
counter-current, edge rotation in the presence of large TF
ripple would depend on the local temperature. In figure 7,
the measured core and edge Mach numbers are shown for JET
plasmas with a TF ripple of δ = 1%. All these discharges are
predominantly heated by co-NBI. The edge rotation clearly
correlates with the temperature. Discharges with very high
edge temperatures produce a stronger counter-current rotation
in the presence of a large TF ripple. The normalized edge
collisionality ranged from ν∗ = 0.04 for the high temperature
cases to ν∗ = 0.5 for the lower temperature and high density
cases. This trend can partly explain the spread in the edge Mach
numbers observed in figure 1, at the specific ripple amplitude
of δ = 1%.

4. Discussion

TF ripple induced particle losses have been shown to affect
the toroidal rotation of the plasma. The basic mechanisms
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Figure 3. (a) NBI power for the two JET discharges with
predominantly normal and tangential injection in blue and red,
respectively. Lower power was injected in the discharge with
tangential NBI. The TF ripple in both discharges was δ = 0.5%.
(b) The toroidal torque applied by NBI. (c) The diamagnetic energy.
(d) The total angular momentum. The lower angular momentum is
found for the discharge with normal NBI. (e) The line-integrated
density in 1019 m−2.

injection. Such a difference is not observed in discharges with
a standard JET ripple of only δ = 0.08%, indicating that the
difference is due to TF ripple.

The observed difference in toroidal rotation can be
explained by the fact that normal NBI produces more ions
that are trapped in banana-orbits, which are affected by the TF
ripple. The higher density of trapped particles in the presence
of a large TF ripple results in a larger counter torque induced
by the radial banana-orbit diffusion (TRIP), hence reducing the
rotation. ASCOT indeed calculates a larger power loss fraction
for the case with normal bank injection, 13% compared with
9%. ASCOT is able to calculate the resulting induced j × B
torque due to these losses. It determined that these extra losses
resulted in a lower torque (by 2.7 Nm) for plasma with normal
NB. The total torques on the plasma calculated by ASCOT,
including the external NBI (TNBI) and that induced by TF
ripple losses (TRIP), were TNBI + TRIP = TASCOT = 9.1 Nm
and TASCOT = 11.8 Nm for the normal and tangential cases,
respectively.

The dependence on the fraction of particles trapped in
banana-orbits indicates that the toroidal rotation is likely
affected by the banana-orbit diffusion losses. ASCOT
calculations show that the fraction of particles lost due to
trapping by the TF ripple is negligible (less than 0.1%) for
the small to medium levels of TF ripple discussed in this paper
δ < 1.0%. Hence, the friction of these trapped particles with
the rotating plasma can be neglected. The ASCOT calculations
have shown that the radial profile of the TF ripple induced
torque is not confined to the edge of the plasma. The radial
profile of the TF ripple driven j×B torque can affect the region
from ρ > 0.5 for δ = 1% [8].
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Figure 4. Series of identical type I ELMy H-modes pulse but with
increasing TF ripple. The top graph shows again the core
(R = 3.1 m, ρ ∼ 0) and edge (R = 3.8 m, ρ ∼ 0.9) Mach number,
while the bottom graph presents the energy (green squares) and
momentum (red triangles) confinement times. The black diamonds
show the momentum confinement times with the toroidal torque
calculated by ASCOT.

3. Comparison of experiment and modelling

In figure 4 a dedicated TF ripple scan is shown, where besides
the TF ripple, the other plasma parameters are kept unchanged
in a series of ELMy H-mode discharges. Again the Mach
number and total angular momentum are found to decrease
with TF ripple amplitude. Furthermore the momentum
confinement time, τφ , defined as the ratio of the total angular
momentum and the externally applied torque by NBI (TNBI), is
found to be much smaller than that of the energy confinement
time. In JET for a standard TF ripple (δ = 0.08%) these
parameters are found to be of the same order of magnitude [12].
The slight drop in energy confinement time with TF ripple is
due to the degradation of the H-mode pedestal for larger TF
ripple as discussed in detail in [13].

As shown in the previous section, the torque on the plasma
is not due to NBI alone but also TF ripple induced losses also
play a role. Thus, the momentum confinement time should be
determined using the torque as calculated by ASCOT, which
include TF ripple effects (TASCOT = TNBI +TRIP). These values
are shown in figure 4 to be larger than the original confinement
times but the values still drop with ripple amplitude and are
considerably lower than those of the energy confinement.
Figure 5 shows that the angular momentum for these discharges
scales with the torque as calculated by ASCOT. All these
discharges had approximately the same NBI torque (TNBI). The
offset scaling indicates that either the momentum transport is
strongly affected by the TF ripple or the TF ripple induced
counter torque (TRIP) as calculated by ASCOT is too small.
Negative or counter rotation has been observed at the edge in
discharges for which ASCOT still calculates a positive total
torque. The ASCOT calculations show that for a TF ripple
δ = 1% approximately 67% of the co-NBI torque (TNBI) is lost
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Figure 5. The total angular momentum as a function of the torque
as calculated by ASCOT (including TF ripple effects) for the
discharges shown in figure 4. The NBI torque for each of these
discharges varied between TNBI = 14.8–17.1 Nm. The main
variation of total torque as calculated by ASCOT was obtained by
changing the TF ripple amplitude.

due to a counter acting TF ripple torque (TRIP). However, the
negligible angular momentum indicates that this may be nearer
to 100% of the NBI torque (TNBI ∼ −TRIP) or that another
source for negative torque is present. If one would assume
the same momentum confinement time for all the discharges
in figure 5, one could determine the required torque. For the
discharge with almost negligible angular momentum (δ = 1%)
this gives ∼2 Nm, which is several Nm smaller than provided
by the ASCOT (∼5 Nm). The effect of TF ripple on the torque
is much stronger than on the fractional loss of heating power,
which is estimated to be in the order of about 18% in this case.
A further increase of TF ripple would have led to a spin-up in
the counter direction.

The edge counter-current rotation with TF ripple
amplitude of δ = 1% seems similar to that observed in
JT-60U prior to the installation of ferrite inserts when the
TF ripple was in the order of δ = 1–2%. The counter-
current rotation in JET was found to depend on local plasma
conditions. For example, a fast increase of counter-current
rotation was seen at times when an H-mode pedestal built
up. Furthermore, increasing the edge density could reduce
the counter rotation. In figure 6, the edge (R = 3.8 m,
ρ ∼ 0.9) and core (R = 3.1 m, ρ ∼ 0) rotation for a series
of four discharges (ELMy H-mode) is shown with varying
amounts of gas dosing. The edge temperature was reduced
while the edge density was increased due to the gas dosing,
yielding a change in normalized edge collisionality from ν∗ =
0.08 to 0.28. Levels up to 4.5 × 1022 electrons per second
were used. The fast counter-current rotation at the edge of
Medge = −0.06 for the unfuelled case reverses to the co-current
direction at high levels of gas dosing. Consequently, the
angular momentum increases. Although there are variations
in density and temperature, these are mainly found at the
edge, and do not significantly alter the ASCOT calculations
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Figure 6. The core (blue diamonds) and edge (red circles) plasma
rotation as a function of the edge density (e.g. increasing gas
dosing).

for this series, all of which produce similar values of effective
torque. The total angular momentum for the four discharges
increases with density (from Ltot = 0.98 to 1.20 kg m2 s−1).
This increase was mainly due to the lower counter rotation
at the edge. The energy confinement time was, however,
similar for all the four discharges. The change in angular
momentum suggests that either the momentum confinement
improves significantly with edge density or that the torque
differs from that calculated by ASCOT. The actual torque may
be affected by the higher edge density.

During the TF ripple experiments, the fastest cases of
counter-current rotation have been observed in advanced
tokamak scenarios. Compared with the base-line ELMy
H-mode scenario these usually have high edge temperatures
(∼1 keV). In advanced tokamak scenarios predominantly
heated with co-current NBI and a TF ripple of δ = 1%, a
large area of the plasma between ρ = 0.6 and 1 was found to
rotate in the counter-current direction with co-rotation in the
core [14].

These observations suggested that the level of negative,
counter-current, edge rotation in the presence of large TF
ripple would depend on the local temperature. In figure 7,
the measured core and edge Mach numbers are shown for JET
plasmas with a TF ripple of δ = 1%. All these discharges are
predominantly heated by co-NBI. The edge rotation clearly
correlates with the temperature. Discharges with very high
edge temperatures produce a stronger counter-current rotation
in the presence of a large TF ripple. The normalized edge
collisionality ranged from ν∗ = 0.04 for the high temperature
cases to ν∗ = 0.5 for the lower temperature and high density
cases. This trend can partly explain the spread in the edge Mach
numbers observed in figure 1, at the specific ripple amplitude
of δ = 1%.

4. Discussion

TF ripple induced particle losses have been shown to affect
the toroidal rotation of the plasma. The basic mechanisms

5



III/6 1

Nucl. Fusion 48 (2008) 035007 P.C. de Vries et al

-0.15

-0.10

0.35

0.50 2.5

M
ac

h

Edge ion temperature: Ti at R= 3.8m (keV)

At R = 3.1m

At R = 3.8m

All discharges with R = 3.8m 1%

JG
07

.6
2-

8c

-0.05

0

0.05

0.10

0.15

0.20

0.25

0.30

1.0 1.5 2.0

Figure 7. The centre and edge Mach number (R = 3.8 m, ρ ∼ 0.9)
for all JET discharges with a TF ripple of δ ∼ 1% (at R = 3.8 m) as
a function of the local ion temperature.

behind the effect and experimental characteristics have been
described.

Friction with particles trapped in the TF ripple cannot
explain counter rotation. Furthermore, ASCOT calculations
have shown that the loss fraction of particles due to trapping
in the TF ripple is negligible (less than 0.1%) for the levels of
TF ripple discussed in this paper, δ < 1.0%. The dominant
mechanism that drives the observed edge counter rotation in
JET discharges with a large TF ripple δ > 0.5% can be
associated with banana-orbit diffusion of trapped energetic
ions. However, calculations of the induced torque due to these
losses do not fully explain the observations. The edge toroidal
rotation in the presence of a large TF ripple in JET depended on
the local ion temperature or possibly collisionality, suggesting
that other ion losses, possibly those of thermal ions, may be
involved [15]. At a TF ripple amplitude of δ = 1% these
additional losses are thought to be responsible for a (counter)
torque of several Nm. The effect of TF ripple on thermal ions
has so far not been included in the ASCOT calculations shown
in this paper.

Even for small TF ripple amplitudes of δ ∼ 0.5%, which
is expected in ITER, the JET plasma rotation was significantly
reduced compared with normal levels. In JET discharges with
a TF ripple of δ ∼ 0.5% the counter-current torque was found
to be in the order of 20–30% of that supplied by the JET
NBI system in the co-current direction. It should be noted
that TF ripple in general does not reduce rotation, it merely
provides a counter-current torque. In JT-60U with almost
perpendicular NBI and larger ripple δ ∼ 1% the ripple induced
ion losses may have been the dominant drive for the observed
counter-current plasma rotation [5]. Furthermore, a larger
angular momentum was observed when using counter-current
compared with the co-current NBI in the presence of a TF
ripple of δ ∼ 0.5% [7]. With counter-current NBI the TF ripple
induced torque actually supports the NBI torque and enhances
the angular momentum, albeit in the counter direction. This
shows that the orientation of the NBI, e.g. tangential versus

normal/perpendicular injection, at these ripple amplitudes is
of importance.

Predictions for plasma rotation in ITER often assume that
the momentum and energy confinement times are proportional
and do not include TF ripple effects [16]. Predicting plasma
rotation in ITER by extrapolating from present devices, such as
JET, which have significantly lower TF ripple may, however,
be more complicated. The TF ripple induced torque is
always in the counter-current direction and will reduce the
NBI co-current torque, yielding a lower rotation in ITER than
presently expected. These experiments have shown that for
TF ripple amplitudes of δ ∼ 0.5% the Mach numbers are
approximately 30% low. However, to accurately quantify these
effects detailed modelling of TF ripple effects on ITER rotation
is required. The effect of thermal ion losses on the torque is
being investigated, by modelling these losses with ASCOT.
Initial results indicate that these losses may indeed contribute
to the counter-current torque on the plasma [8].
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Abstract
In this study, enhancement of the toroidal field (TF) ripple has been used as a
tool in order to reveal the impact of the momentum pinch on the rotation profiles
in H-mode JET discharges. The analysis showed that flatter rotation profiles
were obtained in discharges with a high TF ripple, attributed to a smaller inward
momentum convection. An average inward momentum pinch of approximately
Vp ≈ 3.4 m s−1 and a normalized pinch value of RVp/χ ≈ 6.6 could explain
the observation. The data show that the momentum at the edge affects the
peaking of the rotation and momentum density profiles. Under the assumption
that the heat and momentum diffusivities are equal, an estimate of the levels of
the momentum pinch in all discharges in the JET rotation database was made.
For H-mode discharge these ranged from 0.3 m s−1 < Vp < 17 m s−1, with
2 < RVp/χ < 10. A larger momentum pinch was found in discharges with a
smaller density profile gradient length, i.e. a more peaked density profile.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study of plasma rotation and momentum transport has gained interest over the last few years
as rotation is thought to play an important role in the stability of tokamak plasmas. Furthermore,

7 Annex to Romanelli F 2008 Proc. 22nd IAEA Conf. on Fusion Energy 2008 (Geneva, Switzerland, 2008)
(Vienna: IAEA).
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Figure 1. The power loss fraction (diamonds) and TF ripple induced counter-current torque (circles)
as calculated by ASCOT for the series of discharges to be studied in this paper.

The NBI power ranged from 13 to 19 MW and supplied a toroidal torque of the order of
15 N m. Generally, these plasmas had equal ion and electron temperatures (Ti/Te ∼ 1) and
density profiles with a typical inverse gradient length of R/Ln ∼ 2. These H-mode plasmas
can furthermore be characterized by the main global dimensionless parameters; normalized
collisionality (ν∗ = 0.007–0.01), normalized Larmor radius ρ∗ = 2 × 10−4(0.02%) and
normalized β (βN = 1.7–2.0). The effective charge of these plasmas was Zeff = 1.5 ± 0.2.

The TF ripple breaks the axi-symmetry of the magnetic field and enhances particle losses,
in particular energetic ions, such as alpha particles created in fusion reactions or those injected
by NBI. The non-ambipolar ion losses have a significant effect on the plasma rotation as have
been shown experimentally [15, 21]. For the purpose of transport studies it is important to
understand the energy and momentum sources, or torque deposition profiles, which will be
affected by the varying TF ripple. An orbit-following Monte Carlo code, ASCOT, was used
to determine the TF ripple induced losses of NBI ions, the details of which are described
in [22]. In this way it was possible to calculate the fraction of NBI power that was lost and
how much toroidal torque was induced due to the TF ripple losses. For TF ripple values up
to δBT = 1.0%, the dominant contribution to the TF ripple induced torque is due to its effect
on fast ions, injected by NBI, and trapped in banana-orbits and not those actually trapped in
the TF ripple [15]. ASCOT analysis has shown that the fraction of particles trapped in the TF
ripple is negligible. The torque due to the TF ripple is directed in the counter-current direction
and hence opposes the co-current NBI torque. In the calculation of the torque deposition used
in this paper, only the effect of the TF ripple on fast ions has been considered.

In figure 1, the power loss fraction and the TF ripple induced total torque, as calculated by
ASCOT, are plotted as a function of TF ripple amplitude for all discharges used in this study.
It can be seen that for δBT = 1.0% approximately 20–25% of all NBI power is not absorbed
in the plasma but deposited on plasma-facing components. The effect on the rotation will be
more pronounced, as the TF ripple induced torque for δBT = 1.0% is of the same magnitude as,
but opposing, the torque supplied by the NBI. Hence the net torque on the plasma for this TF
ripple amplitude is near zero. This does not mean that the entire plasma experiences a counter-
current torque. In figure 2(a) the total torque deposition profiles as calculated by ASCOT are
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it may affect transport properties via the stabilization of turbulence. A proper understanding
of all aspects that affect the rotation of tokamak plasmas, in particular momentum transport
and rotation sources, is therefore important if one wants to make an accurate prediction of the
rotation in ITER.

Momentum transport was previously assumed to be closely linked to the transport of energy
and hence in modelling predictions rotation profiles were thought to be similar to those of the
temperature [1, 2]. It was shown, however, that such an assumption does not hold and effective
energy and momentum diffusivities can differ significantly. The effective Prandtl number, i.e.
the ratio of effective momentum and energy diffusivities, was found to be below unity in the core
of JET plasmas [3, 4]. Furthermore, the global energy and momentum confinement times were
not always equal and their ratio was found to increase with decreasing average rotation. Many
of these aspects may be linked to the presence of a momentum pinch [5, 6]. Past experiments
already indicated a convective component in momentum transport [7–9], while evidence for
a momentum pinch has been found from experiments in various devices [10–13]. Beside
these transport issues one needs to understand the sources of rotation. Generally considerable
toroidal rotation has been observed in plasmas with tangential neutral beam injection (NBI),
for which the momentum transfer from the injected particles to the bulk plasma seems to be
reasonably well understood [14]. This picture is, however, complicated in the presence of
a large toroidal field (TF) ripple which via non-ambipolar losses of fast (NBI) ions strongly
influences the torque on the plasma [15]. Plasma rotation has also been observed in plasmas
with no external momentum sources [16, 17] or those with balanced NBI [18], suggesting the
presence of possible intrinsic momentum sources.

This paper will not deal in detail with mechanisms of TF ripple induced torque on the
plasma but utilize TF ripple as a tool, in order to reveal the impact of the momentum pinch
on the rotation profiles in H-mode JET discharges. The observations will be placed in the
context of earlier studies done at JET [3, 4, 11]. The details of these specific experiments will
be described in section 2. Thereafter, in section 3, the momentum transport properties of these
discharges will be studied and compared with that of the energy. In section 4 it will be shown
that an inward momentum pinch can explain the observations. The momentum pinch for these
H-mode discharges will be determined and the magnitude of this pinch is estimated for all
entries in the JET rotation database [4]. The last section will summarize the conclusions.

2. Description of the experiments

Standard operations at JET are carried out with a set of 32 TF coils all carrying equal current.
But at JET it is possible to vary the TF ripple amplitude by independently powering the 16
odd and 16 even-numbered coils. The imbalance current between the two coil sets can be
changed in a controlled way increasing the TF ripple. The TF ripple amplitude, δBT , is defined
as the relative amplitude of the magnetic field variation: δBT = (Bmax − Bmin)/(Bmax + Bmin).
The values quoted in this paper give the maximum amplitude in the plasma, found near the
mid-plane (z = 0) at the low-field-side separatrix.

A series of experiments were performed to investigate the impact of the TF ripple on the
H-mode pedestal properties [19, 20] for which the TF ripple was increased from the standard
JET level of δBT = 0.08% up to 1.0%. This paper will discuss the characteristics of the
rotation profiles and momentum transport in these experiments. In total, 16 discharges were
analysed which were standard type I ELMy H-modes with a plasma current of Ip = 2.6 MA,
a toroidal magnetic field of BT = 2.2 T and q95 = 3, using a plasma configuration with a low
triangularity and standard elongation (δ = 0.23, k = 1.65). The auxiliary heating came from
NBI only, which in JET is injected near tangentially, in the direction of the plasma current.
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Figure 1. The power loss fraction (diamonds) and TF ripple induced counter-current torque (circles)
as calculated by ASCOT for the series of discharges to be studied in this paper.

The NBI power ranged from 13 to 19 MW and supplied a toroidal torque of the order of
15 N m. Generally, these plasmas had equal ion and electron temperatures (Ti/Te ∼ 1) and
density profiles with a typical inverse gradient length of R/Ln ∼ 2. These H-mode plasmas
can furthermore be characterized by the main global dimensionless parameters; normalized
collisionality (ν∗ = 0.007–0.01), normalized Larmor radius ρ∗ = 2 × 10−4(0.02%) and
normalized β (βN = 1.7–2.0). The effective charge of these plasmas was Zeff = 1.5 ± 0.2.

The TF ripple breaks the axi-symmetry of the magnetic field and enhances particle losses,
in particular energetic ions, such as alpha particles created in fusion reactions or those injected
by NBI. The non-ambipolar ion losses have a significant effect on the plasma rotation as have
been shown experimentally [15, 21]. For the purpose of transport studies it is important to
understand the energy and momentum sources, or torque deposition profiles, which will be
affected by the varying TF ripple. An orbit-following Monte Carlo code, ASCOT, was used
to determine the TF ripple induced losses of NBI ions, the details of which are described
in [22]. In this way it was possible to calculate the fraction of NBI power that was lost and
how much toroidal torque was induced due to the TF ripple losses. For TF ripple values up
to δBT = 1.0%, the dominant contribution to the TF ripple induced torque is due to its effect
on fast ions, injected by NBI, and trapped in banana-orbits and not those actually trapped in
the TF ripple [15]. ASCOT analysis has shown that the fraction of particles trapped in the TF
ripple is negligible. The torque due to the TF ripple is directed in the counter-current direction
and hence opposes the co-current NBI torque. In the calculation of the torque deposition used
in this paper, only the effect of the TF ripple on fast ions has been considered.

In figure 1, the power loss fraction and the TF ripple induced total torque, as calculated by
ASCOT, are plotted as a function of TF ripple amplitude for all discharges used in this study.
It can be seen that for δBT = 1.0% approximately 20–25% of all NBI power is not absorbed
in the plasma but deposited on plasma-facing components. The effect on the rotation will be
more pronounced, as the TF ripple induced torque for δBT = 1.0% is of the same magnitude as,
but opposing, the torque supplied by the NBI. Hence the net torque on the plasma for this TF
ripple amplitude is near zero. This does not mean that the entire plasma experiences a counter-
current torque. In figure 2(a) the total torque deposition profiles as calculated by ASCOT are
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momentum density, while the deposited torque inside ρ < 0.5 is actually larger, suggests that
the momentum transport differs strongly for these cases.

3. Momentum transport properties

Experiments have shown that TF ripple affects the plasma performance, mainly by a change
in the H-mode pedestal [19, 20]. However, its effect on the plasma rotation and momentum
transport seems to be significantly larger. This paper will not deal with the detailed effects of
TF ripple on the general plasma performance but will compare the momentum transport with
the energy transport properties of these discharges.

In order to determine the effective momentum, χ eff
φ , and ion heat, χ eff

i , diffusivities, both
the gradients and the sources have to be determined using steady-state power and momentum
balance equations, assuming purely diffusive transport:

Qi = −χ eff
i n∇Ti, (1)

�φ = −χ eff
φ ∇�, (2)

where Qi is the ion heat flux, �φ is the torque flux (i.e. the amount of torque deposited within a
certain region divided by the surface), as determined by the ASCOT code, and ∇Ti, ∇� are the
gradients in the ion temperature and momentum density, respectively. To begin with, all values
are calculated at mid-radius (ρ = 0.5) averaged over the gradient region from ρ = 0.3–0.7.
In order to further reduce the error bars on the gradients, the profiles have been averaged over
a large time window of 2 s in which the plasmas were in quasi-steady state. Nevertheless, the
error in the diffusivities was still of the order of 30%. It was found that the heat diffusivity
varied from 0.92 m2 s−1 < χ eff

i < 1.8 m2 s−1 although for most discharges the value was close
to the average of χ eff

i = 1.3 m2 s−1. The variation in core heat diffusivity may be attributed to
the changes in density between the pulses. However, a much larger variation was found for the
effective momentum diffusivity. The Prandtl number, Pr , can be used to compare the relative
changes between both diffusivities. The effective Prandtl number is defined as

P eff
r = χ eff

φ

χ eff
i

. (3)

In figure 3 it can be seen that for low TF ripple amplitudes, again effective Prandtl numbers of
about 0.2–0.3 are found, similar to standard JET discharges [3, 4], but this increases to around
unity when the TF ripple is increased to δBT = 1.0%.

Although the TF ripple affects the torque on the plasma, its effect for an amplitude of
δBT = 1.0% only reaches up to ρ > 0.6 as can be seen from figure 2(a). As mentioned
above, the torque deposited in the core (ρ < 0.5) slightly increases with TF ripple for this
dataset. Hence it is not the momentum source that is changing with TF ripple but the effective
diffusivity that flattens the rotation profiles as seen in figure 2(d). The increase in TF ripple
results in a reduction in edge rotation. If the effective Prandtl number is plotted versus the
rotation, as shown in figure 3(b), the trend suggests that with a larger rotation in the outer part
of the plasma, one will have a smaller effective Prandtl number. The effective momentum
diffusivity is increased with respect to the heat diffusivity, when a larger TF ripple results in a
smaller momentum in the outer part of the plasma.

Besides looking at the local diffusivities, one can compare the global energy and
momentum confinement times. Here, the energy confinement time is defined as the total
integrated kinetic energy divided by the absorbed power, while the momentum confinement
time is the total angular momentum divided by the total torque on the plasma. The ratio of the
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Figure 2. (a) The torque deposition profiles as calculated by ASCOT for four similar discharges
but with different TF ripple amplitudes. (b) The corresponding density profiles measured by the
LIDAR Thomson scattering diagnostic. (c) The ion temperature profiles measured by CXRS.
(d) The toroidal rotation profiles measured by the same diagnostic.

shown for four discharges with different TF ripple amplitudes. The increased TF ripple causes
a region with counter-current torque near the outer part of the plasma. However, the torque
deposited in the core (ρ < 0.5) is largely unaffected. Actually, in order to compensate for the
TF ripple induced power losses and keep the total absorbed power constant, the requested NBI
power was often higher for the higher TF ripple cases, resulting in a higher torque density in
the core.

For the same four discharges the electron density, measured by the LIDAR Thomson
scattering diagnostic, and ion temperature and toroidal rotation, measured by charge exchange
spectroscopy (CXS), are shown in figures 2(b)–(d). The profiles are plotted versus the
normalized radius, ρ. As has been reported earlier, the increase in TF ripple affected the
density profiles by lowering the density [20]. The pulses with the highest TF ripple had a
lower stored energy (βN = 1.7) as well as a lower ν∗. The core ion temperature profiles seem
unaffected by the changes in TF ripple, while it has a strong effect on the rotation profiles.
Not only does the increase in TF ripple push the plasma rotation at the edge in the counter-
current direction, the gradient of the rotation profile is reduced significantly (by approximately
a factor 4 from δBT = 0.08% up to 1.0%). Such a large reduction in rotation gradient and lower

4



IV/5

Plasma Phys. Control. Fusion 52 (2010) 065004 P C de Vries et al

momentum density, while the deposited torque inside ρ < 0.5 is actually larger, suggests that
the momentum transport differs strongly for these cases.

3. Momentum transport properties

Experiments have shown that TF ripple affects the plasma performance, mainly by a change
in the H-mode pedestal [19, 20]. However, its effect on the plasma rotation and momentum
transport seems to be significantly larger. This paper will not deal with the detailed effects of
TF ripple on the general plasma performance but will compare the momentum transport with
the energy transport properties of these discharges.

In order to determine the effective momentum, χ eff
φ , and ion heat, χ eff

i , diffusivities, both
the gradients and the sources have to be determined using steady-state power and momentum
balance equations, assuming purely diffusive transport:

Qi = −χ eff
i n∇Ti, (1)

�φ = −χ eff
φ ∇�, (2)

where Qi is the ion heat flux, �φ is the torque flux (i.e. the amount of torque deposited within a
certain region divided by the surface), as determined by the ASCOT code, and ∇Ti, ∇� are the
gradients in the ion temperature and momentum density, respectively. To begin with, all values
are calculated at mid-radius (ρ = 0.5) averaged over the gradient region from ρ = 0.3–0.7.
In order to further reduce the error bars on the gradients, the profiles have been averaged over
a large time window of 2 s in which the plasmas were in quasi-steady state. Nevertheless, the
error in the diffusivities was still of the order of 30%. It was found that the heat diffusivity
varied from 0.92 m2 s−1 < χ eff

i < 1.8 m2 s−1 although for most discharges the value was close
to the average of χ eff

i = 1.3 m2 s−1. The variation in core heat diffusivity may be attributed to
the changes in density between the pulses. However, a much larger variation was found for the
effective momentum diffusivity. The Prandtl number, Pr , can be used to compare the relative
changes between both diffusivities. The effective Prandtl number is defined as

P eff
r = χ eff

φ

χ eff
i

. (3)

In figure 3 it can be seen that for low TF ripple amplitudes, again effective Prandtl numbers of
about 0.2–0.3 are found, similar to standard JET discharges [3, 4], but this increases to around
unity when the TF ripple is increased to δBT = 1.0%.

Although the TF ripple affects the torque on the plasma, its effect for an amplitude of
δBT = 1.0% only reaches up to ρ > 0.6 as can be seen from figure 2(a). As mentioned
above, the torque deposited in the core (ρ < 0.5) slightly increases with TF ripple for this
dataset. Hence it is not the momentum source that is changing with TF ripple but the effective
diffusivity that flattens the rotation profiles as seen in figure 2(d). The increase in TF ripple
results in a reduction in edge rotation. If the effective Prandtl number is plotted versus the
rotation, as shown in figure 3(b), the trend suggests that with a larger rotation in the outer part
of the plasma, one will have a smaller effective Prandtl number. The effective momentum
diffusivity is increased with respect to the heat diffusivity, when a larger TF ripple results in a
smaller momentum in the outer part of the plasma.

Besides looking at the local diffusivities, one can compare the global energy and
momentum confinement times. Here, the energy confinement time is defined as the total
integrated kinetic energy divided by the absorbed power, while the momentum confinement
time is the total angular momentum divided by the total torque on the plasma. The ratio of the
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The momentum confinement time for discharges with TF ripple of δBT = 1.0% shows a
large variation. This causes the break in the trend seen in figure 4, where the ratio for the low
Mach number cases seems to be lower. This may be due to an inaccuracy in the calculated
torque on these plasmas. For these TF ripple amplitudes, the ripple induced counter-current
torque approaches that supplied by the NBI system, resulting in a near zero net torque on
the plasma. The data suggest that this net torque, as determined by ASCOT, may be slightly
overestimated (roughly by 2–4 N m). Similar issues have been presented when operating with
balanced NBI in DIII-D with the suggestion of the presence of an intrinsic torque [18]. The
discrepancy shown here could be attributed to differences in the levels of rotation in Ohmic
plasmas at larger TF ripple [23] or possibly thermal ion losses [15] or neo-classical toroidal
viscosity [24] which is not included in the ASCOT calculations of the torque. Larger TF ripples
may also affect thermal particle orbits, enhancing the neo-classical toroidal viscosity [24]. This
effect was estimated for two discharges with a TF ripple of δBT = 1.0%, and 0.5%, using the
equations in [24] and found to depend strongly on Zeff . The torque due to neo-classical
viscosity was of the order of about 3 N m for Zeff ∼ 1.5. But because it is always difficult to
accurately determine the effective charge of the plasma, a rather large uncertainty remains.

4. Estimation of the effect of the momentum pinch

Usually the effective Prandtl number in JET H-mode discharges is well below unity. Here the
effective momentum diffusivity was found to increase with respect to the ion heat diffusivity
when the (edge) rotation was reduced due to the larger TF ripple. The question is, however,
whether momentum transport is purely diffusive. The observations can be explained by
including an inward convection term to the momentum transport as

�φ = −χφ∇� − Vp�. (4)

Here the symbols � and ∇� represent the momentum density and its gradient, Vp is the
inward pinch velocity. One may question whether one has to take into account possible
intrinsic sources by adding an additional term in equation (4), independent of the velocity or its
gradient. This may originate from, for example, residual stress [25] or up–down asymmetries
in the equilibrium [26]. The latter may be of less relevance because of the symmetric, low
triangularity, plasma configurations used in these experiments. In any case at JET the intrinsic
rotation is usually at least one order of magnitude smaller than that in predominantly NBI heated
discharges [4, 27]. Hence in equation (4) a possible intrinsic momentum flux, independent of
the velocity or its gradient, could be neglected with respect to the flux supplied by NB (�φ). The
momentum diffusivity, χφ , contrasts with the effective momentum diffusivity, χ eff

φ , calculated
by equation (2). The presence of an inward convection reduces the effective momentum
diffusivity χ eff

φ with respect to χφ [27]. It is clear from equation (4) that a smaller momentum
density � (in the outer part of the plasma) would reduce the inward convection flux. Hence, in
these cases, such as with a large TF ripple (δBT ∼ 1.0%), χ eff

φ may approach χφ which may be
similar to χi. While when a significant inward convection is present one obtains an effective
Prandtl number smaller than unity. This is indeed what was found in figure 3. Similarly a
reduction in the inward convection term (by increasing the TF ripple) will result in a lower
momentum confinement time with respect to that of the energy as found in figure 4.

Vp� is a parameter that can be indirectly altered by the TF ripple. One can rewrite
equation (4) by normalizing it by �φ the torque flux, removing the variations in the central
deposited torque from discharge to discharge. Because of the small values of� in the discharges
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Figure 3. (a) The effective Prandtl number versus the TF ripple amplitude. (b) The effective
Prandtl number versus average thermal Mach number at ρ = 0.55. The four discharges from
figure 2 are marked by the red squares.
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Figure 4. The ratio of the energy and momentum confinement time versus the average thermal
Mach number for these TF ripple H-mode discharge (blue dots). The Mach number decreases for
increasing TF ripple. In grey the points are from the JET rotation database as in figure 8(c) in [4].

two is plotted in figure 4 versus the average thermal Mach number similarly as in figure 8(c)
of [4]. The thermal Mach number is determined by normalizing the plasma velocity to the
thermal velocity [4]. The data follow the main trend found in the JET rotation database: the ratio
of energy and momentum time increases with decreasing average Mach number. The energy
and momentum confinement time are approximately equal for those discharges with a low TF
ripple. However, for the high TF ripple cases, and low to zero edge rotation, the momentum
confinement time worsens and is found to be much smaller than the energy confinement.
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The momentum confinement time for discharges with TF ripple of δBT = 1.0% shows a
large variation. This causes the break in the trend seen in figure 4, where the ratio for the low
Mach number cases seems to be lower. This may be due to an inaccuracy in the calculated
torque on these plasmas. For these TF ripple amplitudes, the ripple induced counter-current
torque approaches that supplied by the NBI system, resulting in a near zero net torque on
the plasma. The data suggest that this net torque, as determined by ASCOT, may be slightly
overestimated (roughly by 2–4 N m). Similar issues have been presented when operating with
balanced NBI in DIII-D with the suggestion of the presence of an intrinsic torque [18]. The
discrepancy shown here could be attributed to differences in the levels of rotation in Ohmic
plasmas at larger TF ripple [23] or possibly thermal ion losses [15] or neo-classical toroidal
viscosity [24] which is not included in the ASCOT calculations of the torque. Larger TF ripples
may also affect thermal particle orbits, enhancing the neo-classical toroidal viscosity [24]. This
effect was estimated for two discharges with a TF ripple of δBT = 1.0%, and 0.5%, using the
equations in [24] and found to depend strongly on Zeff . The torque due to neo-classical
viscosity was of the order of about 3 N m for Zeff ∼ 1.5. But because it is always difficult to
accurately determine the effective charge of the plasma, a rather large uncertainty remains.

4. Estimation of the effect of the momentum pinch

Usually the effective Prandtl number in JET H-mode discharges is well below unity. Here the
effective momentum diffusivity was found to increase with respect to the ion heat diffusivity
when the (edge) rotation was reduced due to the larger TF ripple. The question is, however,
whether momentum transport is purely diffusive. The observations can be explained by
including an inward convection term to the momentum transport as

�φ = −χφ∇� − Vp�. (4)

Here the symbols � and ∇� represent the momentum density and its gradient, Vp is the
inward pinch velocity. One may question whether one has to take into account possible
intrinsic sources by adding an additional term in equation (4), independent of the velocity or its
gradient. This may originate from, for example, residual stress [25] or up–down asymmetries
in the equilibrium [26]. The latter may be of less relevance because of the symmetric, low
triangularity, plasma configurations used in these experiments. In any case at JET the intrinsic
rotation is usually at least one order of magnitude smaller than that in predominantly NBI heated
discharges [4, 27]. Hence in equation (4) a possible intrinsic momentum flux, independent of
the velocity or its gradient, could be neglected with respect to the flux supplied by NB (�φ). The
momentum diffusivity, χφ , contrasts with the effective momentum diffusivity, χ eff

φ , calculated
by equation (2). The presence of an inward convection reduces the effective momentum
diffusivity χ eff

φ with respect to χφ [27]. It is clear from equation (4) that a smaller momentum
density � (in the outer part of the plasma) would reduce the inward convection flux. Hence, in
these cases, such as with a large TF ripple (δBT ∼ 1.0%), χ eff

φ may approach χφ which may be
similar to χi. While when a significant inward convection is present one obtains an effective
Prandtl number smaller than unity. This is indeed what was found in figure 3. Similarly a
reduction in the inward convection term (by increasing the TF ripple) will result in a lower
momentum confinement time with respect to that of the energy as found in figure 4.

Vp� is a parameter that can be indirectly altered by the TF ripple. One can rewrite
equation (4) by normalizing it by �φ the torque flux, removing the variations in the central
deposited torque from discharge to discharge. Because of the small values of� in the discharges
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Figure 6. The normalized gradient, ∇�/�φ , for the four discharges in which the TF ripple was
varied between δBT = 0.08 and 1%, plotted versus the normalized momentum density, �/�φ . The
red squares show the similar analysis as in figure 5, using gradients averaged over the mid-region
of the plasma (ρ = 0.4–0.8), while the green triangles and blue diamonds are calculated for an
inner (ρ = 0.10–0.45) and outer (ρ = 0.65–0.90) region, respectively.

to the averaged value found for the entire (mid) gradient region, with RVp/χφ ∼ 7.5, while the
off-set is lower, indicating a larger diffusivity, of χφ = 4 ± 0.6 m2 s−1. The normalized pinch
for the inner region is significantly smaller, RVp/χφ ∼ 1.6 with a value for the diffusivity of
χφ = 1.3 ± 0.3 m2 s−1. Thus, near the outer part of the plasma the momentum pinch velocity
is of the order of Vp = 10 m s−1 and this value decreases towards the plasma centre, a profile
similar to that found in previous experimental results [11].

A detailed database to study the scaling of rotation and momentum transport in JET
discharges has been created [4]. The database contains entries from various operational
scenarios, such as type I and III ELMy H-modes or plasmas with internal transport barriers
(ITBs) for which the average rotation and momentum source and transport properties are
determined in steady-state phases of the discharge. All the entries have a standard TF ripple
(δBT = 0.08%) and generally effective Prandtl numbers considerably less than unity. If one
considers the observations in the TF ripple experiments and assumes the presence of an inward
momentum pinch and that χφ ≡ χ eff

i , one can estimate the magnitude of such a pinch by
rewriting equations (2), (3) and (4) as

Vp

χ eff
i

≈ (1 − P eff
r )

∇�

�
. (6)

Using this equation the normalized momentum pinch, RVp/χφ , was calculated for all database
entries, averaged over ρ = 0.3–0.7, as shown in figure 7. Higher values are found in discharges
with more peaked density profiles (i.e. a larger R/Ln). The magnitude and scaling are close
to the one predicted by the theory [5]: RVp/χ = 4 + (R/Ln). The normalized momentum
density gradient (∇�/�) used in equation (6) was found to be predominantly determined by
the gradient in the rotation profile, and the density gradient played only a minor role. Figure 7
gives an idea of the levels of the average momentum pinch in JET plasmas. The values found
for the TF ripple experiments match nicely within the other H-mode entries in the database.
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Figure 5. The normalized gradient, ∇�/�φ , for the series of discharges in which the TF ripple
was varied between δBT = 0.08 and 1%, plotted versus the normalized momentum density, �/�φ .
The red line is a fit through the data points with a slope of 2.19 and an off-set of 0.66. The four
discharges from figure 2 are marked by the red squares.

with a high TF ripple, normalization by � was found to be impractical. This gives
∇�

�φ

= −Vp

χφ

�

�φ

− 1

χφ

. (5)

In figure 5 the above equation has been plotted for the 16 discharges. As before, these
parameters have been determined at ρ = 0.5 averaged from ρ = 0.3–0.7. The normalized
gradient, ∇�/�φ , clearly scales with the normalized momentum density �/�φ . Note that
according to equation (2) the normalized gradient on the y-axis is also equal toχ eff

φ . The slope is
determined by the magnitude of the pinch velocity, while the off-set is equal to 1/χφ . This gives
an estimate of the average pinch velocity and momentum diffusivity of this set of discharges.
An important parameter is the average normalized pinch velocity, RVp/χφ ∼ 6.6, where R

is the major radius, which can be compared with the theoretical predictions [5]. The average
pinch velocity was found to be �Vp� = 3.4±0.2 m s−1, while the average momentum diffusivity
was χφ = 1.5 ± 0.2 m2 s−1. The latter parameter is close to the average ion heat diffusivity
of χ eff

i ∼ 1.3 m2 s−1 for these discharges. Hence the diffusive transport of momentum was
found to be approximately the same as the energy diffusivity as predicted by gyro-kinetic
calculations. As was pointed out above, there is some variation from discharge to discharge
and it is likely that this is the same for momentum. Nevertheless, the data from figure 5 give an
estimate of the average momentum pinch and diffusivity to explain the changes in the rotation
profiles with varying TF ripple. It should be pointed out that the near zero values of � or �Mth�
are obtained at ρ = 0.5, with the outer part rotating in the counter-current direction while the
core rotates in the same direction of the plasma current (and NBI injection).

The above analysis provides a profile averaged momentum pinch over the gradient region
of the plasmas. In order to get an idea of the radial profile of the pinch velocity one can
redo the analysis for a smaller inner region (i.e. ρ = 0.10–0.45) and an outer region (i.e.
ρ = 0.65–0.90), albeit increasing the error in the determination of the gradients. As shown in
figure 6, the slope and thus also the normalized momentum pinch for the outer region are close
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Figure 6. The normalized gradient, ∇�/�φ , for the four discharges in which the TF ripple was
varied between δBT = 0.08 and 1%, plotted versus the normalized momentum density, �/�φ . The
red squares show the similar analysis as in figure 5, using gradients averaged over the mid-region
of the plasma (ρ = 0.4–0.8), while the green triangles and blue diamonds are calculated for an
inner (ρ = 0.10–0.45) and outer (ρ = 0.65–0.90) region, respectively.

to the averaged value found for the entire (mid) gradient region, with RVp/χφ ∼ 7.5, while the
off-set is lower, indicating a larger diffusivity, of χφ = 4 ± 0.6 m2 s−1. The normalized pinch
for the inner region is significantly smaller, RVp/χφ ∼ 1.6 with a value for the diffusivity of
χφ = 1.3 ± 0.3 m2 s−1. Thus, near the outer part of the plasma the momentum pinch velocity
is of the order of Vp = 10 m s−1 and this value decreases towards the plasma centre, a profile
similar to that found in previous experimental results [11].

A detailed database to study the scaling of rotation and momentum transport in JET
discharges has been created [4]. The database contains entries from various operational
scenarios, such as type I and III ELMy H-modes or plasmas with internal transport barriers
(ITBs) for which the average rotation and momentum source and transport properties are
determined in steady-state phases of the discharge. All the entries have a standard TF ripple
(δBT = 0.08%) and generally effective Prandtl numbers considerably less than unity. If one
considers the observations in the TF ripple experiments and assumes the presence of an inward
momentum pinch and that χφ ≡ χ eff

i , one can estimate the magnitude of such a pinch by
rewriting equations (2), (3) and (4) as

Vp

χ eff
i

≈ (1 − P eff
r )

∇�

�
. (6)

Using this equation the normalized momentum pinch, RVp/χφ , was calculated for all database
entries, averaged over ρ = 0.3–0.7, as shown in figure 7. Higher values are found in discharges
with more peaked density profiles (i.e. a larger R/Ln). The magnitude and scaling are close
to the one predicted by the theory [5]: RVp/χ = 4 + (R/Ln). The normalized momentum
density gradient (∇�/�) used in equation (6) was found to be predominantly determined by
the gradient in the rotation profile, and the density gradient played only a minor role. Figure 7
gives an idea of the levels of the average momentum pinch in JET plasmas. The values found
for the TF ripple experiments match nicely within the other H-mode entries in the database.
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ripple experiments, for H-mode discharges ranging from 0.3 m s−1 < Vp < 17 m s−1, with
approximately 2 < RVp/χ < 10. An increasing trend with the peaking of the density profile
was found.

It is interesting to note that for discharges with no or little rotation at the edge the effective
diffusivities of heat and momentum were approximately equal in the core, but the momentum
confinement time was more than a factor of 2–3 times less than that of the energy. The fact that
the transport of energy and momentum in the core is the same, while the global confinement is
different, suggests that the edge may have different impacts on the confinement of momentum
than on the energy. This could be due to a difference in transport properties, additional drag
or losses near the edge of the plasma. These are factors that need to be understood when one
would like to accurately predict rotation levels in ITER as the edge rotation may affect the
whole profile.
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Figure 7. The normalized pinch velocity RVp/χi calculated for the entire JET rotation database [4]
for various operational scenarios, under the assumption that χφ = χi plotted versus the normalized
inverse density gradient length R/Ln. Note that all parameters in the JET rotation database are
determined at ρ = 0.5 (averaged from ρ = 0.2–0.7). The black star gives the result obtained from
the analysis of the TF ripple experiments.

5. Conclusions

Previously the presence of a momentum pinch has been deduced from various experiments
[10–13]. It should be said that the power balance analysis presented here does not independently
prove the presence of such a pinch. Nevertheless, it was shown that an inward convection
component in the momentum transport equation would nicely explain the behaviour of the
rotation profiles when the TF ripple was enhanced and the edge rotation was reduced.
Moreover, effective Prandtl numbers increased to values close to unity when the inward
convection was significantly reduced. This indicates that the small effective Prandtl numbers
found in standard JET discharges are caused by the smaller effective momentum transport due
to the inward momentum convection. It also explains why in JET the ratio of the energy and
momentum confinement scaled with the rotation itself. The experiments clearly showed the
significant impact of the momentum pinch on the toroidal rotation profiles in JET H-mode
discharges.

The profile average pinch velocity that explained the effects found in these H-mode
discharges was Vp = 3.4 m s−1 which is smaller than the maximum found in detailed torque
modulation experiments [11]. However, the experimental parameters (e.g. density, heating
power and q-profile) differed between these experiments. The density in these H-mode
discharges was significantly higher and the heat diffusivity lower than in the modulation
experiments. A better comparison would be the normalized pinch velocity, that was found to be
RVp/χφ ∼ 6.6, which is close to the earlier experiments at JET. Moreover, the magnitude and
the observed scaling with the density gradient length match well the theoretical predictions [5].

An estimation of the momentum pinch was made for all entries in the JET rotation database
by assuming that χφ ≈ χi and the difference between the measured χ eff

φ and χ eff
i is due

to the momentum pinch. This shows similar values as found from the analysis of the TF
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ripple experiments, for H-mode discharges ranging from 0.3 m s−1 < Vp < 17 m s−1, with
approximately 2 < RVp/χ < 10. An increasing trend with the peaking of the density profile
was found.

It is interesting to note that for discharges with no or little rotation at the edge the effective
diffusivities of heat and momentum were approximately equal in the core, but the momentum
confinement time was more than a factor of 2–3 times less than that of the energy. The fact that
the transport of energy and momentum in the core is the same, while the global confinement is
different, suggests that the edge may have different impacts on the confinement of momentum
than on the energy. This could be due to a difference in transport properties, additional drag
or losses near the edge of the plasma. These are factors that need to be understood when one
would like to accurately predict rotation levels in ITER as the edge rotation may affect the
whole profile.
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Abstract
Accurate and validated tools for calculating toroidal momentum sources are
necessary to make reliable predictions of toroidal rotation for current and
future experiments. In this work we present the first experimental validation of
torque profile calculation from neutral beam injection (NBI) under toroidal field
ripple. We use discharges from a dedicated experimental session on JET where
neutral beam modulation technique is used together with time-dependent torque
calculations from ASCOT code for making the benchmark. Good agreement
between simulations and experimental results is found.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Toroidal momentum transport and rotation have been very active research topics in the last
years. Toroidal rotation and rotation shear have been shown to improve confinement [1] and to
increase the stability against resistive wall modes [2] of fusion plasmas. Recently it has been
shown, both theoretically [3, 4] and experimentally [5–8], that inside the plasma pedestal,
momentum transport is not purely diffusive but that a convective (pinch) term also exists.
Inward momentum pinch may help to achieve a peaked rotation profile in ITER, even with just
small external torque sources or with other seed rotation sources at the plasma edge [9].

7 See the appendix of Romanelli F et al 2010 Proc. 23rd IAEA Fusion Energy Conf. 2010 (Daejon, Korea).
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Figure 1. Top view of the JET NBI system. The toroidal field is in the same direction as the
current.

2. Experimental set-up

The NBI system at JET [31] consists of a total of 16 units each capable of delivering roughly
1–1.5 MW of power and 1–1.5 Nm of torque depending on the voltage and injection angle used.
Half of the units are aligned with a tangency radius of RT = 1.31 m (normal injection) while
the rest have a tangency radius of RT = 1.85 m (tangential injection) in the usual co-current
direction, see figure 1. The major radius of the JET torus is R0 = 2.95 m. NBI acceleration
voltages can be adjusted in the range 60–130 kV as required by the experiment. NBI power
can also be turned on and off relatively reliably thus lending itself to transport studies utilizing
modulation techniques [32, 33].

A set of discharges was selected for this study (77089, 77090 and 77091), characterized
by L-mode confinement and hence a relatively low density (ne0 ≈ 3 × 1019 m−3) and low
temperature (Te0 ≈ Ti0 ≈ 3 keV), and all with a plasma current of Ip = 1.5 MA and the
average central toroidal field B0 = 2.2 T (q95 = 5). The three discharges did not exhibit MHD
activity. In each discharge two 90 keV NBI units (total of 2.5 MW) are injected continuously to
collect ion temperature and toroidal rotation data and to keep that plasma relatively stationary
during the experimental window. Additionally, two/three modulated 65 keV units (≈4.5 MW)
are used with a duty cycle of 50/110 ms (on/off). The modulation cycle is short enough to
avoid reaching steady state yet long enough to yield plasma rotation modulation sufficiently
large to make the analysis. Discharge 77089 is the reference without ripple and with normal
NBI modulation (3 units). 77090 is identical to 77089 but operated with 1.5% toroidal field
ripple. 77091 is again a similar discharge with ripple, but with modulation from tangential
NBI units (2 units).

Figure 2 shows time traces of a number of important plasma and heating parameters for the
reference discharge 77089 with small ripple (δ = 0.08%). The time interval is the same which
is used for transport and torque analysis as well as for the Fourier analysis of the experimental
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One important ingredient in predicting rotation in ITER is the capability to calculate the
torque generated by the neutral beam injection (NBI) under toroidal magnetic field ripple.
Even with the ripple compensating ferromagnetic inserts included in the design, the expected
ripple magnitude δ = (Bmax − Bmin)/(Bmax + Bmin) in the full field will be δ ∼ 0.35%, which
although shown to be acceptable in terms of fast ion energy losses [10], may still cause a
significant counter-current torque contribution via non-ambipolar radial diffusion of fast ions.
In recent JET experiments [11] with enhanced ripple (δ ∼ 1%), the plasma edge was found to
counter-rotate with co-current NBI while similar plasmas with smaller ripple were co-rotating.
It was found that, taking into account the NBI torque modification due to the ripple, the
observations could be largely explained. In rippled Ohmic plasmas in JET, counter-current
torque contribution due to ripple has also been observed, although the level of rotation has
been small compared with NBI heated discharges [12].

Non-axisymmetric magnetic perturbations, such as toroidal field ripple, can lead to
non-ambipolar radial transport of not only fast ions but also of thermal ions giving rise to
the so-called neoclassical toroidal viscosity (NTV) torque, see, e.g., a recent review [13]
and references therein. Plasma breaking, associated with NTV, has indeed been observed
experimentally on several tokamaks, e.g. DIII-D and JET using low toroidal harmonic magnetic
perturbations. Toroidal field ripple, on the other hand, has a weak radial component, which
decays rapidly towards the plasma centre. The associated NTV torque, whether small or large,
is expected to be edge localized. It is assumed that in the discharges analysed here NBI is the
dominant core torque source and other possible torque sources such as the NTV or the residual
stress [14] are neglected.

While ripple diffusion and trapping are well understood theoretically and experimentally
[15–19], the rigorous validation of fast ion ripple torque calculations against experimental data
is still lacking. Numerous earlier studies on ripple losses [20, 21], fast ion neutron yield [22, 23]
and prompt momentum balance [24] already indirectly suggest that guiding centre following
codes should be capable of this task also with ripple. In previous works from the JET ripple
campaign [11, 25], the ripple induced fast ion losses and torque have, indeed, been identified
as the likely candidate to explain the observed reduction in rotation. However, without detailed
knowledge of the momentum transport in the discharges, only rough estimates of the total torque
can be obtained. For validating the torque calculations in the presence of ripple, dedicated
experiments are required in which both the diffusive and convective momentum transport (χφ

and vpinch) and the effect of ripple on NBI torque can be resolved simultaneously.
In this work, discharges from the JET enhanced ripple session designed for benchmarking

the NBI torque calculations in the presence of toroidal field ripple are analysed. The guiding
centre following Monte Carlo code ASCOT [26] is used for the torque calculations. ASCOT

has been used for fast ion loss calculations with ripple in, e.g., [27, 28] but has not yet been
experimentally validated for the torque.

The rest of the paper is organized as follows. First, the experimental set-up is described and
a justification for the assumption of an identical and stationary momentum transport between
the discharges is given. This is followed by a description of the plasma response to the applied
NBI torque and power modulation. Section 3 is dedicated for code-to-code benchmarking.
ASCOT is first briefly described, after which the comparisons against OFMC [19, 29] and NUBEAM

(inside the TRANSP transport code) [30] are presented. In Section 4, the time-dependent NBI
torque profiles from ASCOT are reviewed, and compared against the experimental rotation data
in Fourier space at the modulation frequency. Section 5 describes the optimization scheme
used to evaluate the momentum transport coefficients, and presents the comparison between
the simulated toroidal rotation, using torque from ASCOT, and the experimental data. Finally,
the results are discussed and conclusions of the work are drawn in section 6.
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2. Experimental set-up

The NBI system at JET [31] consists of a total of 16 units each capable of delivering roughly
1–1.5 MW of power and 1–1.5 Nm of torque depending on the voltage and injection angle used.
Half of the units are aligned with a tangency radius of RT = 1.31 m (normal injection) while
the rest have a tangency radius of RT = 1.85 m (tangential injection) in the usual co-current
direction, see figure 1. The major radius of the JET torus is R0 = 2.95 m. NBI acceleration
voltages can be adjusted in the range 60–130 kV as required by the experiment. NBI power
can also be turned on and off relatively reliably thus lending itself to transport studies utilizing
modulation techniques [32, 33].

A set of discharges was selected for this study (77089, 77090 and 77091), characterized
by L-mode confinement and hence a relatively low density (ne0 ≈ 3 × 1019 m−3) and low
temperature (Te0 ≈ Ti0 ≈ 3 keV), and all with a plasma current of Ip = 1.5 MA and the
average central toroidal field B0 = 2.2 T (q95 = 5). The three discharges did not exhibit MHD
activity. In each discharge two 90 keV NBI units (total of 2.5 MW) are injected continuously to
collect ion temperature and toroidal rotation data and to keep that plasma relatively stationary
during the experimental window. Additionally, two/three modulated 65 keV units (≈4.5 MW)
are used with a duty cycle of 50/110 ms (on/off). The modulation cycle is short enough to
avoid reaching steady state yet long enough to yield plasma rotation modulation sufficiently
large to make the analysis. Discharge 77089 is the reference without ripple and with normal
NBI modulation (3 units). 77090 is identical to 77089 but operated with 1.5% toroidal field
ripple. 77091 is again a similar discharge with ripple, but with modulation from tangential
NBI units (2 units).

Figure 2 shows time traces of a number of important plasma and heating parameters for the
reference discharge 77089 with small ripple (δ = 0.08%). The time interval is the same which
is used for transport and torque analysis as well as for the Fourier analysis of the experimental

3



V/4 V/5

Plasma Phys. Control. Fusion 53 (2011) 085005 A T Salmi et al

0

2

4

6

0

1

2

3

0 0.5 1.0
0

1

2

3

ρ
tor

0 0.5 1.0
ρ

tor

0

1

2

3

q

T
e 

(k
eV

)
n e

 (1
01

9 
m
-

3 )

T
i (

ke
V

)

Pulse No: 77089
Pulse No: 77090
Pulse No: 77091

JG
10

.3
20

-1
4c

Figure 3. Time averaged plasma and q-profiles over 9 modulation cycles between 46.0–47.44 s
for the discharges 77089 (diamond), 77090 (triangle) and between 47.0–48.44 s for 77091 (circle).

difference in electron density between the high ripple discharges and the reference discharge
is below 10%. Based on the similar profiles among the three discharges we assume that the
transport of momentum is the same between them, and that the difference in the rotation is
due to the difference in the torque source. More precisely, we assume that the Prandtl number,
Pr = χφ/χi, and the pinch velocity, vpinch, are equal between the discharges. This should
be a reasonable assumption for the Prandtl number since the variation in electron density
should affect the χφ and χi in the same way. To estimate the sensitivity of the vpinch on the
density we can use the experimental scaling, Rvpinch/χφ ≈ 1.2R/Ln + 1.4 [9]. Dividing the
formula by parts and substituting experimental values we find that for ρtor < 0.8 the ratio
vpinch,77089/vpinch,77090 is between 0.9 and 1.1. The experimental estimate of the pinch velocity
sensitivity is less than the error we get in the transport analysis.

In addition to the plasma properties, the location of the magnetic axis is modulated due to
the NBI driven change in the plasma pressure. In fact the whole plasma moves almost rigidly.
During the high power phase the magnetic axis moves about 1 cm, and the separatrix 8 mm,
towards the low-field side. The equilibrium modulation combined with radial gradients in
the profiles can generate spurious components in signals which are collected along fixed lines
of sight. A simple estimation, using the 5 mm radial modulation and the gradients involved,
shows that this could contribute about 5–20% to the modulation amplitudes if not subtracted
in an appropriate way. In the following we eliminate this effect by mapping the data into
time-independent flux surface coordinates prior to the analyses.

A further complication coming from the equilibrium modulation is the change in the ripple
magnitude at a given flux surface (see figure 4). The radial decay length of the ripple magnitude
at separatrix is about λr = 25 cm which for the 8 mm displacement results in a 3% change in
the effective ripple magnitude. To quantify how big a difference it makes on the torque, we
have run ASCOT at both extremities to find that the counter-current torque is increased by ∼3%
when the ripple is larger. Due to the smallness of this effect we neglect it and for simplicity
fix the equilibrium for the whole analysis period.
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Figure 2. Time traces of plasma and heating parameters over the time interval of interest for 77089.
Temperature and rotation values are taken near plasma midradius and magnetic axis from EFIT [35]
reconstruction.

profiles. One can observe that all the chosen quantities are modulated with the NBI, except the
electron density and the normalized inverse temperature scale length, R0/LTi = R0∇Ti/Ti.
The highest fractional increase is seen in the total neutron rate which is dominated by the beam
thermal D–D fusion. Other quantities are dominated by the changes in the bulk plasma and
therefore fluctuate significantly less. A more detailed investigation across the radius shows
that the ion and electron temperature modulations remain at a moderate 2–5% level, while the
toroidal rotation fluctuation can reach levels up to 10%.

In general, the radial momentum transport is proportional to heat transport [34]. In these
low performance L-mode plasmas the main driver of the momentum transport is the ITG
turbulence. As seen in figure 2, the electron density stays constant and does not modulate
with the NBI (negligible fuelling effect). Furthermore, the small ion temperature fluctuation
is compensated by the accompanying ∇Ti fluctuation, and the temperature scale length, LTi ,
is practically uncorrelated with the modulation. These give a good indication that the local
momentum transport stays independent of the NBI modulation throughout the experiment.
Therefore, we can simplify the subsequent analysis by assuming constant transport (in time)
and keep the momentum transport coefficients fixed during the time interval of interest.

This approximation is also supported by the previous work [33, section IV.A2], where the
effect of the fluctuating energy diffusion χi due to Ti oscillations was studied. It was found
that for small Ti amplitudes the rotation response of the plasma did not change significantly
when the fluctuations in χi were included in the analysis.

The similarity of the plasmas across the discharges is seen in figure 3, where the
experimental steady-state profiles are plotted for the discharges 77089–77091. Ion and electron
temperature profiles as well as the q-profiles are practically the same for all the plasmas and the
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for the discharges 77089 (diamond), 77090 (triangle) and between 47.0–48.44 s for 77091 (circle).

difference in electron density between the high ripple discharges and the reference discharge
is below 10%. Based on the similar profiles among the three discharges we assume that the
transport of momentum is the same between them, and that the difference in the rotation is
due to the difference in the torque source. More precisely, we assume that the Prandtl number,
Pr = χφ/χi, and the pinch velocity, vpinch, are equal between the discharges. This should
be a reasonable assumption for the Prandtl number since the variation in electron density
should affect the χφ and χi in the same way. To estimate the sensitivity of the vpinch on the
density we can use the experimental scaling, Rvpinch/χφ ≈ 1.2R/Ln + 1.4 [9]. Dividing the
formula by parts and substituting experimental values we find that for ρtor < 0.8 the ratio
vpinch,77089/vpinch,77090 is between 0.9 and 1.1. The experimental estimate of the pinch velocity
sensitivity is less than the error we get in the transport analysis.

In addition to the plasma properties, the location of the magnetic axis is modulated due to
the NBI driven change in the plasma pressure. In fact the whole plasma moves almost rigidly.
During the high power phase the magnetic axis moves about 1 cm, and the separatrix 8 mm,
towards the low-field side. The equilibrium modulation combined with radial gradients in
the profiles can generate spurious components in signals which are collected along fixed lines
of sight. A simple estimation, using the 5 mm radial modulation and the gradients involved,
shows that this could contribute about 5–20% to the modulation amplitudes if not subtracted
in an appropriate way. In the following we eliminate this effect by mapping the data into
time-independent flux surface coordinates prior to the analyses.

A further complication coming from the equilibrium modulation is the change in the ripple
magnitude at a given flux surface (see figure 4). The radial decay length of the ripple magnitude
at separatrix is about λr = 25 cm which for the 8 mm displacement results in a 3% change in
the effective ripple magnitude. To quantify how big a difference it makes on the torque, we
have run ASCOT at both extremities to find that the counter-current torque is increased by ∼3%
when the ripple is larger. Due to the smallness of this effect we neglect it and for simplicity
fix the equilibrium for the whole analysis period.
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amplitude δ = (Bmax − Bmin)/(Bmin + Bmax). Even though this formula has been derived for
circular plasmas with circular coils it shows that, since the diffusion coefficient D = �2τ−1

(τ = bounce time), under similar plasma conditions the diffusion is stronger for ions with
higher energy and smaller pitch angle (=smaller θt) and in areas where the ripple is larger.

3.1. The ripple model in ASCOT

Magnetic field ripple related phenomena from trapping to stochastic ripple diffusion are
automatically included in the guiding centre orbit following codes when ions are traced in the
full 3D magnetic field. For simulating JET plasmas with ASCOT we superimpose a sinusoidally
varying toroidal magnetic field ripple on top of the axi-symmetric equilibrium field, B0

B(r, z, φ) = B0(r, z)[1 + δ16(r, z) cos 16φ + δ32(r, z) cos 32φ].

Here, the axi-symmetric part is taken from EFIT. The numeric subscripts denote the N = 16
and N = 32 toroidal harmonic of the Fourier decomposed vacuum ripple map. The original
3D vacuum ripple field, from which the toroidal harmonics are extracted, is simply calculated
using the Biot–Savart law by approximating the toroidal field coils with current filaments. In
reality, the plasma response to the non-axisymmetric perturbation can generate currents that
either screen or enhance the vacuum perturbations. Earlier studies with self-consistent 3D
equilibrium codes [37, 38], however, have shown that the vacuum field approximation for the
toroidal field ripple is adequate.

During the usual JET operation, all 32 toroidal field coils are driven with an equal amount
of current. In this case the level of toroidal field ripple is very low, δ32 ≈ 0.08% at the outboard
midplane near the separatrix. In the ripple configuration, the even and odd numbered toroidal
field coils can be driven independently giving raise to the N = 16 harmonic ripple component.
At elevated ripple it is the N = 16 harmonic ripple component that gives the dominant effect.
This can readily be seen from equation (1). Namely, the diffusion coefficient, D ∝ �2 ∝ Nδ2,
shows that strongest diffusion comes from δ16 as soon as δ16 � 0.12%. In these experiments
δ16 ∼ 1.5%. Figure 4 shows the ripple contours for the pure N = 16 harmonic. The toroidal
field ripple is largest at the outboard side of the plasma, slightly above the midplane. Although
significant near the edge, the ripple field decays rapidly towards the core of the plasma, and it
becomes negligible inside the inner half of the plasma.

3.2. ASCOT benchmark against OFMC and TRANSP

In order to gain general trust in ASCOT calculations we compare it against two other well
known codes, OFMC [10, 19, 29] and NUBEAM (inside the TRANSP transport code) [30]. OFMC has
been developed and used extensively for JFT-2M and JT-60U and it has been successfully
benchmarked against several experimental data [19–21, 39]. More recently OFMC has also been
used for JET in preparation and analysis of JET ripple campaign, where good quantitative
agreement between the OFMC calculated heat loads due to fast ion losses and experimental
values determined by the infra red camera were found [40].

Figure 5 shows an example of ASCOT calculation of the heat load on limiters and on the
first wall on the low-field side of the vacuum vessel during high ripple operation. The main
heat load from NBI is deposited on the poloidal limiters (grey bars) near the equatorial plane.
Heat load on limiters increases with ripple while at the same time localized heat loads below
the midplane appear due to ripple trapping. This toroidally periodic heat load pattern, here
around poloidal angle, θ ∼ −70◦, is due to the ripple trapped ions drifting vertically down
from the high ripple region. The pattern and localization of these heat loads are well suited
for a code-to-code comparison of ripple losses.
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Figure 4. Ripple map for JET 16 coil harmonic together with the cross section of the limiter surface
and a separatrix for a typical equilibrium. Numbers on the contours give the log10 of the ripple
amplitude.

3. Code-to-code benchmarking

Multiple studies have been conducted regarding the ripple effects, e.g. [15, 16, 36], producing
analytical formulae and insights into the physical mechanisms. However, the analytical
approach is difficult for realistic simulations when complicating factors arise, e.g. from the
geometry of the toroidal field coils, plasma shape, NBI geometry or from the asymmetry
of the fast ion distributions. These effects are, however, straightforward to include in the
orbit following Monte Carlo codes, as are Coulomb collisions and their synergy with ripple.
Nevertheless, it is useful, and helps to interpret the results later on, to see what parameters are
involved in ripple banana diffusion [15]

� = (Nπ/ sin θt)
1/2

(q

�

)3/2
ρδ · cos Nφt. (1)

Here � is the radial step size in ripple diffusion at the banana tip, N is the number of
toroidal field coils, θt and φt are the poloidal and toroidal angles of the turning point, q is
the safety factor, � the inverse of the aspect ratio, ρ the gyro-radius of the ion and δ the ripple
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higher energy and smaller pitch angle (=smaller θt) and in areas where the ripple is larger.

3.1. The ripple model in ASCOT

Magnetic field ripple related phenomena from trapping to stochastic ripple diffusion are
automatically included in the guiding centre orbit following codes when ions are traced in the
full 3D magnetic field. For simulating JET plasmas with ASCOT we superimpose a sinusoidally
varying toroidal magnetic field ripple on top of the axi-symmetric equilibrium field, B0

B(r, z, φ) = B0(r, z)[1 + δ16(r, z) cos 16φ + δ32(r, z) cos 32φ].

Here, the axi-symmetric part is taken from EFIT. The numeric subscripts denote the N = 16
and N = 32 toroidal harmonic of the Fourier decomposed vacuum ripple map. The original
3D vacuum ripple field, from which the toroidal harmonics are extracted, is simply calculated
using the Biot–Savart law by approximating the toroidal field coils with current filaments. In
reality, the plasma response to the non-axisymmetric perturbation can generate currents that
either screen or enhance the vacuum perturbations. Earlier studies with self-consistent 3D
equilibrium codes [37, 38], however, have shown that the vacuum field approximation for the
toroidal field ripple is adequate.

During the usual JET operation, all 32 toroidal field coils are driven with an equal amount
of current. In this case the level of toroidal field ripple is very low, δ32 ≈ 0.08% at the outboard
midplane near the separatrix. In the ripple configuration, the even and odd numbered toroidal
field coils can be driven independently giving raise to the N = 16 harmonic ripple component.
At elevated ripple it is the N = 16 harmonic ripple component that gives the dominant effect.
This can readily be seen from equation (1). Namely, the diffusion coefficient, D ∝ �2 ∝ Nδ2,
shows that strongest diffusion comes from δ16 as soon as δ16 � 0.12%. In these experiments
δ16 ∼ 1.5%. Figure 4 shows the ripple contours for the pure N = 16 harmonic. The toroidal
field ripple is largest at the outboard side of the plasma, slightly above the midplane. Although
significant near the edge, the ripple field decays rapidly towards the core of the plasma, and it
becomes negligible inside the inner half of the plasma.

3.2. ASCOT benchmark against OFMC and TRANSP

In order to gain general trust in ASCOT calculations we compare it against two other well
known codes, OFMC [10, 19, 29] and NUBEAM (inside the TRANSP transport code) [30]. OFMC has
been developed and used extensively for JFT-2M and JT-60U and it has been successfully
benchmarked against several experimental data [19–21, 39]. More recently OFMC has also been
used for JET in preparation and analysis of JET ripple campaign, where good quantitative
agreement between the OFMC calculated heat loads due to fast ion losses and experimental
values determined by the infra red camera were found [40].

Figure 5 shows an example of ASCOT calculation of the heat load on limiters and on the
first wall on the low-field side of the vacuum vessel during high ripple operation. The main
heat load from NBI is deposited on the poloidal limiters (grey bars) near the equatorial plane.
Heat load on limiters increases with ripple while at the same time localized heat loads below
the midplane appear due to ripple trapping. This toroidally periodic heat load pattern, here
around poloidal angle, θ ∼ −70◦, is due to the ripple trapped ions drifting vertically down
from the high ripple region. The pattern and localization of these heat loads are well suited
for a code-to-code comparison of ripple losses.
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Figure 6. (a) Heat load from the ripple trapped ions in the ripple well region as calculated by OFMC
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Figure 7. Comparison of ASCOT and TRANSP torque evaluation for the reference discharge (77089).
Frames from the top show the Fourier amplitude profile at the 6.25 Hz modulation frequency, the
Fourier phase with respect to the NBI power, and the steady-state torque transfer.

plasma profiles are not significantly modulated by the NBI, we time average all the profiles
and keep them constant during beam ionization and slowing down calculations. We take the
initial NBI ionization profile from PENCIL [41] while the beam slowing down calculation and
the ripple effect is accounted for with ASCOT.

Figure 8 summarizes the result of torque evaluation for the three discharges. It shows
the time traces of the volume integrated torque components and the time averaged torque
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Figure 5. 2D projection of the heat load on the first wall and limiters from NBI in JET under 1.5%
ripple as calculated by ASCOT. Blue rectangles show the RF and LH antennas and grey elongated
structures the poloidal limiters designed to withstand heat loads up to several MW m−2.

Both ASCOT and OFMC have been used extensively in the preparation and in the analysis of the
JET ripple campaigns in 2006–2008 during which they have been cross checked against each
other. Here we present one of the comparisons where both codes use a toroidally symmetric
2D limiter surface for clarity and statistics. Both codes use the EFIT equilibrium of the JET
discharge 60856 together with the experimental temperature and density profiles. In this
example we show data from simulations with artificially high ripple (δ ≈ 3%) with 1 MW of
130 keV NBI. Both codes use their own model for the NBI geometry and for calculating the
initial ionization (birth profile).

One can see in the left frame of figure 6 that the codes predict nearly identical heat load
patterns with the maximum loads deviating less than 10%. The toroidal angles φ = 0◦ and
φ = 22.5◦ correspond to the location of the high current coils, i.e. ripple minima and the
dashed line at φ = 11.25◦ correspond to the ripple well. Also, as expected, due to the 1/R

dependence of the toroidal magnetic field, both codes show a slight shift of the maximum heat
load from the ripple minimum in the co-current direction (here φ increases in counter-current
direction). The right frame shows a comparison of the energy distribution of the ions that
cause the heat load on the limiter surface. At higher energies the curves are nearly identical.
The deviation at lower energies is due to different lower energy thresholds. Here ASCOT stops
ion tracing at higher average energy which yields smaller losses at lower energies.

ASCOT torque calculations and its time-dependent operation without ripple have already
been benchmarked against TRANSP in the earlier work [33] with good agreement. Comparisons
were made for different discharges, separately for j×B and collisional torque components and
at various beam modulation frequencies. Here, a further comparison between these codes using
the reference discharge (77089) is presented. The calculated time-dependent torque profiles
from both codes are Fourier transformed at the 6.25 Hz NBI modulation frequency and the
resulting torque amplitude, phase and steady-state profiles are shown in figure 7. The reference
phase is taken from the injected NBI power, i.e. zero phase corresponds to an instantaneous
torque. Note that the phase and amplitude profiles are both related to the dynamics of the
torque evaluation. The agreement between the codes is good, both in the magnitude, and in
the shape of the profiles.

4. Experimental data analysis

4.1. Torque evaluation

For calculating the NBI torque we use the experimental NBI power waveforms, acceleration
voltages and fractions for the E, E/2 and E/3 energy components. For simplicity, since the
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Figure 6. (a) Heat load from the ripple trapped ions in the ripple well region as calculated by OFMC

and ASCOT. Dashed line shows the toroidal location of ripple minimum. (b) Energy spectra of the
ripple trapped losses.
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Figure 7. Comparison of ASCOT and TRANSP torque evaluation for the reference discharge (77089).
Frames from the top show the Fourier amplitude profile at the 6.25 Hz modulation frequency, the
Fourier phase with respect to the NBI power, and the steady-state torque transfer.

plasma profiles are not significantly modulated by the NBI, we time average all the profiles
and keep them constant during beam ionization and slowing down calculations. We take the
initial NBI ionization profile from PENCIL [41] while the beam slowing down calculation and
the ripple effect is accounted for with ASCOT.

Figure 8 summarizes the result of torque evaluation for the three discharges. It shows
the time traces of the volume integrated torque components and the time averaged torque
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Figure 9. Initial NBI characteristics for trapped ions. (a) Turning point density on poloidal cross
section for normal (77090) and tangential (77091) injection. The red lines confine a ripple well
free region. (b) The average initial pitch of all NBI ions, (c) the fraction of trapped ions and (d) the
injected energy density of trapped ions.

modulated torque near the edge negative. Also with the tangential injection, the total deposited
torque near the edge becomes counter-current, however, at much smaller margin.

The main differences in the ripple torque generation between the normal and tangential
injections can be qualitatively understood from figure 9. The plot on the top left frame shows
the initial turning point density and the ripple trapping boundary for the normal (77090) and
the tangential (77091) injection. This can be compared with figure 4 to see that with the normal
injection the initial turning points locate in a region where the ripple is higher. The average
pitch, ξ = v||/v, of the newly ionized ions as a function of minor radius is shown on the top right
frame. In absolute numbers, the difference between the normal and the tangential injection
does not appear to be large, but since the pitch angle scattering becomes more effective at
lower energies, the ions from the tangential injection have transferred much of their energy
and momentum to the plasma before their average pitch equals that of the normal injection.

The fractions of initially trapped ions are shown in the bottom left frame. While there is a
significant difference inside the midradius, the fractions are nearly the same where the ripple is
highest, i.e. near the edge. The bottom right figure shows the injected power density of initially
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Figure 8. One modulation cycle data for the modulated NBI units only. Top row shows the volume
integrated torque separated in ripple, collisional and instantaneous components. Bottom row shows
cycle averaged torque densities for each component. 77089 is the reference case with normal NBI,
77090 is with normal NBI and ripple, and 77091 is with tangential NBI and ripple. Note that 77091
uses only two modulated NBI units.

densities for the modulated NBI units only. For better illustration only one NBI modulation
cycle is pictured. The total torque is split into three components each with distinct time scale:
collisional torque due to Coulomb collisions, instantaneous torque which is essentially the
toroidal component of the j × B force arising from the difference in the initial and bounce
averaged flux surface of the ions. Third, the ripple torque is due to the non-ambipolar radial
diffusion of the NBI ions in the non-axisymmetric magnetic field. They all have different
time scales and must be correctly resolved for simulating the inherently time-dependent NBI
modulation experiments.

As shown in figure 8, collisional torque is the slowest of the torque transfer mechanisms
and it takes place in fast ion slowing down time (∼150 ms). Instantaneous torque, as the name
suggests, is transferred immediately relative to the usual slowing down time. Even in the
absence of collisions it will take place in about one bounce time (∼50 µs) during which the
initial bounce phases of the injected ions are randomized. Note that due to technical reasons
in all the plots in this section, the instantaneous torque includes a small and delayed j × B

torque component, which arises when collisions (or ripple) transform passing ions into trapped
ones or vice versa. It is relatively easy to see that the time scale for the ripple torque must be
somewhere between the j × B and collisional torques. This is because ripple diffusion only
occurs at the tips of the trapped ion banana orbits, and it necessarily takes several bounce times
before any significant effect is accumulated. On the other hand, ripple diffusion scales with
the fast ion energy (see equation (1)), making the effect faster than the fast ion slowing down
time. The simulations indeed confirm the dynamics.

It is, furthermore, interesting to note that in the case of normal NBI modulation, the
generated ripple torque exceeds co-current torque components and therefore makes the total
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Figure 9. Initial NBI characteristics for trapped ions. (a) Turning point density on poloidal cross
section for normal (77090) and tangential (77091) injection. The red lines confine a ripple well
free region. (b) The average initial pitch of all NBI ions, (c) the fraction of trapped ions and (d) the
injected energy density of trapped ions.

modulated torque near the edge negative. Also with the tangential injection, the total deposited
torque near the edge becomes counter-current, however, at much smaller margin.

The main differences in the ripple torque generation between the normal and tangential
injections can be qualitatively understood from figure 9. The plot on the top left frame shows
the initial turning point density and the ripple trapping boundary for the normal (77090) and
the tangential (77091) injection. This can be compared with figure 4 to see that with the normal
injection the initial turning points locate in a region where the ripple is higher. The average
pitch, ξ = v||/v, of the newly ionized ions as a function of minor radius is shown on the top right
frame. In absolute numbers, the difference between the normal and the tangential injection
does not appear to be large, but since the pitch angle scattering becomes more effective at
lower energies, the ions from the tangential injection have transferred much of their energy
and momentum to the plasma before their average pitch equals that of the normal injection.

The fractions of initially trapped ions are shown in the bottom left frame. While there is a
significant difference inside the midradius, the fractions are nearly the same where the ripple is
highest, i.e. near the edge. The bottom right figure shows the injected power density of initially
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Figure 10. Time traces of CX measurements of toroidal angular frequency at various lines of sight
for (a) normal NBI without ripple (77089), (b) normal NBI with ripple (77090) and (c) tangential
NBI with ripple (77091). Grey bars indicate the time when modulated NBI is on. Due to the
monotonic rotation profile (see figure 3) high values correspond to the centre (R = 3.05 m) and
low values to the edge of the plasma (R = 3.78 m).

to note that the radius of the minimum amplitude for the rotation and the torque for the normal
NBI with ripple (77090) coincide at ρtor = 0.6. This is, in fact, an important feature since
it was found to improve the robustness of the torque validation by making the analysis less
sensitive to the details of the toroidal momentum transport. Finally, it may first seem odd that
inside the midradius, where the ripple amplitude is negligible and where the torque profiles
are identical for the normal NBI cases with (77090) and without (77089) ripple, that there is a
difference in the rotation phases. This feature, however, is well reproduced in the momentum
transport analysis when both the pinch and the diffusion terms are included.

5. Ripple torque validation

As already mentioned, no diagnostic exists that can measure the injected torque directly. CXRS
diagnostics can measure the carbon rotation but momentum transport analysis are required to
relate the calculated torque source with the rotation. In our transport analysis we assume that
for the torque source the reference discharge is calculated accurately with ASCOT, allowing
us to use the NBI modulation technique to determine the momentum transport coefficients
(Pr, vpinch) without resorting to theoretical models or assumptions other than the momentum
transport being independent of the NBI power modulation.

In this work we build on the scheme used in an earlier work [6, 32, 33, 44, 45] to find the
optimal profiles for the Prandtl number and the pinch velocity. Here we replace the manual trial
and error profile optimization with a non-linear minimizing routine that allows simultaneous
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trapped ions. Due to the one less modulated injector, the power density is roughly 30% smaller
in the tangential case. This is much too small to account for the factor of 3 difference in the
ripple torque between the normal and tangential injection (see figure 8). Also, while not
instantly apparent from the figure, the rise time of the generated ripple torque is significantly
shorter for the normal injection than it is for the tangential injection. The explanation for these
differences can be attributed to the turning point locations. In normal injection, the turning
points are instantaneously close to the maximum ripple level of a given flux surface, unlike
the ions from the tangential injection. A significant fraction of fast ion slowing down time is
spent before the pitch angle scattering has diffused the turning points from tangential NBI into
the stronger ripple region. This will both add delay, and reduce the magnitude of the ripple
torque in the case of tangential NBI. More details of the torque profiles are shown in the next
section, where they are Fourier transformed and plotted side-by-side with the corresponding
experimental rotation profiles.

4.2. Rotation measurements

The toroidal rotation of the plasma is measured with a charge exchange recombination
spectroscopy (CXRS) diagnostic based on carbon emission lines. The diagnostic has 12
horizontal lines of sight into the plasma which, in this configuration, cover the radius from the
centre to the pedestal top, with a time resolution of 10 ms, and ±5% measurement error [42].
Based on earlier experiments on JET [43], and the weak temperature gradients in these
discharges, we expect that the bulk plasma (deuterium) rotation is nearly identical to that
of the carbon.

Figure 10 shows the toroidal angular frequency of the 3 discharges, as a function of time,
for three modulation cycles within the analysis window. The grey areas in the figures indicate
the times the modulated NBI is switched on. From this data one can see the spin-up of the
plasma when NBI is turned on. However, for discharge 77090 with ripple, near the separatrix
(lines at the bottom) the plasma actually accelerates in the opposite direction indicating that,
near the edge, the ripple torque exceeds the co-current momentum from the NBI.

For a more quantitative analysis of the experimental rotation profiles we Fourier transform
the data for all radial locations. The result at the 6.25 Hz NBI modulation frequency is shown in
figure 11 (left column), where the rotation amplitudes, phases and the steady-state profiles are
plotted for the three discharges. For comparison the corresponding source terms from ASCOT,
i.e. toroidal torque amplitude, phase and steady state, are plotted adjacent on the right column.
The similarity of the experimental rotation amplitude and phase profiles and the correspondent
calculated torque amplitude and phase profiles is striking. The calculation of the torque is
completely independent of the rotation profile, so this clearly indicates the strong influence of
the NBI torque on the toroidal rotation. Even before the momentum transport analysis, the
topic in the next section, one can see that the rotation profiles and their shapes seem to be
consistent with the source profiles.

One of the most obvious differences between the discharges is the higher steady-state
rotation of the reference discharge, see bottom left frame of figure 11. It gives a clear indication
of the existence of a large counter-current torque in the rippled discharges. In section 4.1 it was
found that ions from normal NBI experience stronger ripple effect than those from the tangential
NBI. This is also clearly visible in the amplitude and phase plots for both the rotation and torque
where the normal NBI with ripple (77090) has larger and deeper penetrating amplitude than
the one for the tangential NBI (77091). Note that the injected torque from three normal NBI
units is ∼15% larger than the torque from two tangential units. The stronger ripple effect on
normal NBI is also evident in the steady-state profiles for rotation and torque. It is interesting
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Figure 10. Time traces of CX measurements of toroidal angular frequency at various lines of sight
for (a) normal NBI without ripple (77089), (b) normal NBI with ripple (77090) and (c) tangential
NBI with ripple (77091). Grey bars indicate the time when modulated NBI is on. Due to the
monotonic rotation profile (see figure 3) high values correspond to the centre (R = 3.05 m) and
low values to the edge of the plasma (R = 3.78 m).

to note that the radius of the minimum amplitude for the rotation and the torque for the normal
NBI with ripple (77090) coincide at ρtor = 0.6. This is, in fact, an important feature since
it was found to improve the robustness of the torque validation by making the analysis less
sensitive to the details of the toroidal momentum transport. Finally, it may first seem odd that
inside the midradius, where the ripple amplitude is negligible and where the torque profiles
are identical for the normal NBI cases with (77090) and without (77089) ripple, that there is a
difference in the rotation phases. This feature, however, is well reproduced in the momentum
transport analysis when both the pinch and the diffusion terms are included.

5. Ripple torque validation

As already mentioned, no diagnostic exists that can measure the injected torque directly. CXRS
diagnostics can measure the carbon rotation but momentum transport analysis are required to
relate the calculated torque source with the rotation. In our transport analysis we assume that
for the torque source the reference discharge is calculated accurately with ASCOT, allowing
us to use the NBI modulation technique to determine the momentum transport coefficients
(Pr, vpinch) without resorting to theoretical models or assumptions other than the momentum
transport being independent of the NBI power modulation.

In this work we build on the scheme used in an earlier work [6, 32, 33, 44, 45] to find the
optimal profiles for the Prandtl number and the pinch velocity. Here we replace the manual trial
and error profile optimization with a non-linear minimizing routine that allows simultaneous
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Figure 12. The ensemble of red lines give the rotation (a) amplitude (b) phase (c) steady state
of the simulations that yield a target error that is within 10% of the best fit. The corresponding
Prandtl number and pinch velocity profiles are plotted in the lower right frame. Black lines with
square markers show the experimental data and the dashed lines give the 20% interval around the
measurements for rotation and rotation amplitude and 11.25◦ (5 ms equivalent in time) for phase
and help to quantify the quality of the fit.

steady-state profiles from all converged and nearly converged states where the total error is
within 10% of the best fit. The dashed lines in the amplitude and steady-state plots show the
±20% variation and are there to help quantify the level of agreement achieved. The dashed
line in the phase plot shows the ±11.25◦ variation corresponding to a 5 ms time resolution. In
the simulations we use 3–5 ms resolution for the data, while the time integration period for the
rotation measurement is 10 ms, thus making the 5 ms as a reasonable estimate for the phase
error. The bottom right frame in figure 12 shows the set of the pinch velocity and Prandtl
number profiles that correspond to the described amplitude, phase and steady-state profiles.

We find that roughly 30% variation in transport coefficients around the optimum is allowed
while still giving a good fit against the experiment. There are a few reasons why this can be
expected. Firstly, small changes in the diffusion coefficient can, to some extent, be compensated
by appropriate changes in the pinch velocity without increasing the total error significantly.
Secondly, the definition of the total error (mean squared error) is not very sensitive to the
profile shapes and can yield similar errors for qualitatively different profiles. Furthermore, as
typical for profile optimization, a small change in one profile point can partly be compensated
by changes in the neighbouring points. However, even with the scatter in the profiles one can
easily recognize the increasing trend towards the edge in both profiles which is consistent with
the earlier work [6, 11].

The optimal profiles for the Prandtl number and the pinch velocity are shown in figure 13.
We find that, apart from the centre of the plasma, the Prandtl number stays above unity in
these L-mode discharges, while slightly smaller values were previously found for the H-mode
discharges [33] and in theory [46]. It is noteworthy also that, for the first time on JET L-mode
plasmas, we find that a non-zero pinch velocity is required to fit the rotation amplitude, phase
and steady-state profiles simultaneously.
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Figure 11. Fourier amplitudes (top), phases (middle) and steady-state values (bottom) of the
experimental toroidal rotation profiles (left column) and calculated torque profiles (right column).

fitting of both pinch velocity and Prandtl number profiles. We also make an effort to set
suitable optimization criteria a priori and let the minimization routine to find the Pr and vpinch

profiles that best reproduce the measured rotation profile in an automated way. Note that at
this stage we only use data from the reference case since the torque calculations without ripple
are already validated. Later we use these results to benchmark the ripple torque calculations.

Similar to the previous work, we use JETTO transport code to calculate the plasma response
to the injected torque for the given Pr and vpinch profiles. We take the resulting time-dependent
rotation profile and Fourier transform it on all radii to obtain rotation amplitude and phase
profiles at the NBI modulation frequency, and to get the steady-state profile. The minimization
routine varies the Pr and vpinch profiles until they produce the best possible match between
the simulated rotation response and the experimental data for the amplitude, phase and steady-
state profiles simultaneously. As a figure of merit for the error in each profile we use the
mean squared error against the experimental data which we normalize so that the error for
the amplitude, phase and the steady state all yield roughly the same value near the optimum.
The individual normalized errors are added together and the resulting error is the target of the
minimization.

Typically in one optimization, with 5 radial points each for pinch and Prandtl number
profiles, hundreds of transport simulations are needed for converged solution. To ensure the
robustness in finding the global optimum in the multi-dimensional parameter space, we launch
the above optimization cycle several times, each with a randomly selected initial Pr and vpinch

profiles. In this procedure, we usually find that most of the optimized profiles converge to the
same solution giving the assurance that the global optimum is found. During the optimization
the torque source is taken from ASCOT calculation.

In figure 12 the result of the above optimization cycle is shown for 77089. Black squares
are the experimental data and the ensembles of red lines show the amplitude, phase and
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Figure 12. The ensemble of red lines give the rotation (a) amplitude (b) phase (c) steady state
of the simulations that yield a target error that is within 10% of the best fit. The corresponding
Prandtl number and pinch velocity profiles are plotted in the lower right frame. Black lines with
square markers show the experimental data and the dashed lines give the 20% interval around the
measurements for rotation and rotation amplitude and 11.25◦ (5 ms equivalent in time) for phase
and help to quantify the quality of the fit.

steady-state profiles from all converged and nearly converged states where the total error is
within 10% of the best fit. The dashed lines in the amplitude and steady-state plots show the
±20% variation and are there to help quantify the level of agreement achieved. The dashed
line in the phase plot shows the ±11.25◦ variation corresponding to a 5 ms time resolution. In
the simulations we use 3–5 ms resolution for the data, while the time integration period for the
rotation measurement is 10 ms, thus making the 5 ms as a reasonable estimate for the phase
error. The bottom right frame in figure 12 shows the set of the pinch velocity and Prandtl
number profiles that correspond to the described amplitude, phase and steady-state profiles.

We find that roughly 30% variation in transport coefficients around the optimum is allowed
while still giving a good fit against the experiment. There are a few reasons why this can be
expected. Firstly, small changes in the diffusion coefficient can, to some extent, be compensated
by appropriate changes in the pinch velocity without increasing the total error significantly.
Secondly, the definition of the total error (mean squared error) is not very sensitive to the
profile shapes and can yield similar errors for qualitatively different profiles. Furthermore, as
typical for profile optimization, a small change in one profile point can partly be compensated
by changes in the neighbouring points. However, even with the scatter in the profiles one can
easily recognize the increasing trend towards the edge in both profiles which is consistent with
the earlier work [6, 11].

The optimal profiles for the Prandtl number and the pinch velocity are shown in figure 13.
We find that, apart from the centre of the plasma, the Prandtl number stays above unity in
these L-mode discharges, while slightly smaller values were previously found for the H-mode
discharges [33] and in theory [46]. It is noteworthy also that, for the first time on JET L-mode
plasmas, we find that a non-zero pinch velocity is required to fit the rotation amplitude, phase
and steady-state profiles simultaneously.
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Figure 14. Amplitude, phase and steady-state profiles for the three discharges using the optimized
Prandtl number and pinch velocity profiles for 77089 (see figure 13). The first column corresponds
to the 77089, the second column to 77090 and the third column to 77091. Dashed lines are a guide
to the eye and give rough estimates of the error.

showed good agreement against TRANSP for the time-dependent NBI torque evaluation without
ripple. Although only JET L-mode discharges, optimized for the ripple torque validation, were
used in this work, the previous work with heat load and torque validation, e.g. [19, 24], suggests
that the guiding centre following Monte Carlo approach is accurate more generally and can be
used for predicting the NBI torque under conditions where the guiding centre approximation
holds.

In this work we only considered NBI for the core torque source. The modulated torque
especially should be clearly dominated by the NBI and ripple, since the small induced plasma
perturbations (δTe, δTi, δq, δne) due to the NBI are not expected to modify the turbulent
character of the plasma significantly. However, it is possible that some intrinsic sources
were contributing to the steady-state torque. While they are mainly expected to be edge
localized [46], experimental evidence for intrinsic core sources have also been reported [47].
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Figure 13. Optimized Prandtl number and pinch velocity profiles for 77089.

The main piece of evidence in the experimental ASCOT NBI torque validation effort is shown
in figure 14 where the comparison between the simulated toroidal rotation and the experimental
measurements are plotted for each discharge. Note that the momentum transport is assumed
to be the same across all discharges as discussed earlier. It is seen that the simulated rotation
response to the NBI modulation agrees well with the measurements. For all cases, the time
response (phase) is matched within about 11.25◦ corresponding to about 5 ms time resolution.
Also the amplitude and steady-state rotation profiles agree with the experimental data to within
20%. Furthermore, during the analysis it was seen that for the normal injection with ripple
(77090) the radius where the phase of simulated rotation changes its sign, ρtor = 0.6, is almost
entirely determined by the torque source profile. Using Prandtl numbers that were smaller than
the optimal found made the gradient too steep and, conversely, Prandtl numbers larger than the
optimum flattened the gradient. However, the radius where the sign reversal occurs remained
largely unaffected. These observations suggest that the NBI torque profiles with large ripple
are consistent with measurements, a conclusion which is not very sensitive to the details of the
momentum transport.

For completeness we used the optimization scheme also for the discharges with ripple
to see if the optimized transport would differ from the one obtained from the reference case
(see figure 13). We found that the agreement between the simulated and the measured rotation
amplitude, phase and steady-state profiles were only marginally improved compared with using
the transport from the reference discharge. This also implies that the momentum transport is
indeed similar among the 3 discharges.

6. Conclusions

We have shown for the first time an experimental validation of a NBI torque profile calculation
in the presence of large magnetic field ripple. We have used NBI modulation technique to
deduce the prevalent momentum transport, and time-dependent torque calculations from ASCOT

to make the comparison. We have developed a semi-automated way to analyse the transport
in the NBI modulation experiments, based on a least squares optimization scheme, to obtain a
more comprehensive picture of the transport sensitivity. We have also validated ASCOT ripple
operation numerically against OFMC by comparing the heat load from ripple trapped ions, and
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Figure 14. Amplitude, phase and steady-state profiles for the three discharges using the optimized
Prandtl number and pinch velocity profiles for 77089 (see figure 13). The first column corresponds
to the 77089, the second column to 77090 and the third column to 77091. Dashed lines are a guide
to the eye and give rough estimates of the error.

showed good agreement against TRANSP for the time-dependent NBI torque evaluation without
ripple. Although only JET L-mode discharges, optimized for the ripple torque validation, were
used in this work, the previous work with heat load and torque validation, e.g. [19, 24], suggests
that the guiding centre following Monte Carlo approach is accurate more generally and can be
used for predicting the NBI torque under conditions where the guiding centre approximation
holds.

In this work we only considered NBI for the core torque source. The modulated torque
especially should be clearly dominated by the NBI and ripple, since the small induced plasma
perturbations (δTe, δTi, δq, δne) due to the NBI are not expected to modify the turbulent
character of the plasma significantly. However, it is possible that some intrinsic sources
were contributing to the steady-state torque. While they are mainly expected to be edge
localized [46], experimental evidence for intrinsic core sources have also been reported [47].
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[26] Heikkinen J A and Sipilä S K 1995 Power transfer and current generation of fast ions with large-kθ waves in
tokamak plasmas Phys. Plasmas 2 3724–33

[27] Heikkinen J A, Herrmann W and Kurki-Suonio T K 1998 Fast response in the ripple trapped ion distribution to
abrupt changes in a radial electric field in tokamaks Nucl. Fusion 38 419

[28] Salmi A, Johnson T, Parail V, Heikkinen J, Hynönen V, Kiviniemi T P, Kurki-Suonio T and JET EFDA
Contributors 2008 Ascot modelling of ripple effects on toroidal torque Contrib. Plasma Phys. 48 77–81

[29] Tani K, Azumi M, Kishimoto H and Tamura S 1981 Effect of toroidal field ripple on fast ion behavior in a
tokamak J. Phys. Soc. Japan 50 1726–37

[30] Pankin A, McCune D, Andre R, Bateman G and Kritz A 2004 The tokamak Monte Carlo fast ion module nubeam
in the national transport code collaboration library Comput. Phys. Commun. 159 157–84

[31] Duesing G, Altmann H, Falter H, Goede A, Haange R, Hemsworth R S, Kupschus P, Stork D and Thompson E
1987 Neutral beam injection system Fusion Technol. 11 163–202 (cited By (since 1996) 44)

[32] Tala T et al and JET-EFDA Contributors 2007 Toroidal and poloidal momentum transport studies in tokamaks
Plasma Phys. Control. Fusion 49 B291

[33] Mantica P et al and JET-EFDA Contributors 2010 Perturbative studies of toroidal momentum transport using
neutral beam injection modulation in the joint european torus: Experimental results, analysis methodology,
and first principles modeling Phys. Plasmas 17 092505

[34] Mattor N and Diamond P H 1988 Momentum and thermal transport in neutral-beam-heated tokamaks Phys.
Fluids 31 1180–9

[35] Lao L 1990 Efit Nucl. Fusion 30 1035
[36] Goloborod’ko V Ya, Kolesnichenko Ya I and Yavorskij V A 1987 Alpha particle transport processes in tokamaks

Phys. Scr. T16 46
[37] Suzuki Y, Nakamura Y and Kondo K 2003 Finite beta effects on the toroidal field ripple in three-dimensional

tokamak equilibria Nucl. Fusion 43 406
[38] Strumberger E, Günter S, Merkel P, Schwarz E and Tichmann C 2010 Self-consistent three-dimensional

computations of non-axisymmetric ITER equilibria Nucl. Fusion 50 025008
[39] Tobita K, Tani K, Nishitani T, Nagashima K and Kusama Y 1994 Fast ion losses due to toroidal field ripple in

JT-60U Nucl. Fusion 34 1097
[40] Johnson T et al and JET-EFDA contributors Halekar modelling of fast particle transport and losses with TF

ripple in JET 10th IAEA Technical Meeting on Energetic Particles in Magnetic Confinement Systems (Kloster
Seeon, Germany)

[41] Challis C D et al 1989 Nucl. Fusion 29 563

19

Plasma Phys. Control. Fusion 53 (2011) 085005 A T Salmi et al

During the transport analysis we did observe, similar to some earlier H-mode cases [6, 33], that
for the best overall fit (simultaneous fit of the amplitude, phase and steady-state rotation) the
simulated rotation amplitudes tended to get slightly overestimated and the steady-state rotation
underestimated. While, on the one hand, this could indicate a small error in the NBI torque
calculations, it may also point to an intrinsic core torque contribution like residual stress in the
co-current direction. It must be noted, however, that because of the good agreement shown
here, the intrinsic core torque source in these discharges should be small.

For future work this method will be modified to allow systematic estimation of the
magnitude of the intrinsic torque source in the core plasma even in the presence of NBI torque.
For edge localized torque source studies this scheme would seem not to be as promising due
to less accurate measurements in the pedestal region which makes it more difficult to separate
the sources from the boundary contribution.
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Abstract
Several parametric scans have been performed to study momentum transport on JET. A neutral beam injection
modulation technique has been applied to separate the diffusive and convective momentum transport terms. The
magnitude of the inward momentum pinch depends strongly on the inverse density gradient length, with an
experimental scaling for the pinch number being -Rvpinch/χφ = 1.2R/Ln +1.4. There is no dependence of the pinch
number on collisionality, whereas the pinch seems to depend weakly on q-profile, the pinch number decreasing with
increasing q. The Prandtl number was not found to depend either on R/Ln, collisionality or on q. The gyro-kinetic
simulations show qualitatively similar dependence of the pinch number on R/Ln, but the dependence is weaker in
the simulations. Gyro-kinetic simulations do not find any clear parametric dependence in the Prandtl number, in
agreement with experiments, but the experimental values are larger than the simulated ones, in particular in L-mode
plasmas. The extrapolation of these results to ITER illustrates that at large enough R/Ln > 2 the pinch number
becomes large enough (>3–4) to make the rotation profile peaked, provided that the edge rotation is non-zero. And
this rotation peaking can be achieved with small or even with no core torque source. The absolute value of the
core rotation is still very challenging to predict partly due to the lack of the present knowledge of the rotation at the
plasma edge, partly due to insufficient understanding of 3D effects like braking and partly due to the uncertainties
in the extrapolation of the present momentum transport results to a larger device.

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasma rotation and momentum transport are currently very
active areas of research, both experimentally and theoretically.
It is well known that sheared plasma rotation can stabilize
turbulence [1–4] while the rotation itself has beneficial
effects on MHD modes, such as resistive wall modes or

a See the appendix of Romanelli F. et al 2011 Nucl. Fusion 51 094008.

neoclassical tearing modes (NTMs) [5, 6]. Although the
importance of rotation has been recently recognized, predicting
or extrapolating the toroidal rotation profile has turned out
to be extremely challenging and several key issues remain.
The uncertainties in the predictions can be classified into the
following three main categories: core torque sources and sinks,
edge rotation and sources/sinks and momentum transport.

The neutral beam injection (NBI) torque source is
relatively well established, and a lot of work has been
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terms. In order to understand how the pinch and diffusive terms
extrapolate for example to ITER from the present tokamaks,
parametric dependences of those parameters must be known,
and this is the main scope of this paper.

From the theoretical point of view, the existence of the
momentum pinch is also evident [34, 35]. According to theory,
momentum pinch is expected to depend strongly on the inverse
density gradient length R/Ln and weakly on q [26, 34]. The
dependence of the momentum pinch on collisionality is found
to be almost negligible [36]. The dependence of the Prandtl
number on any of the parameters is expected to be small,
certainly smaller than that of the momentum pinch [26]. As a
consequence, the main parametric dependences studied in this
work are R/Ln, collisionality ν∗ and q-profile. In addition,
a comparison between the H-mode and L-mode plasmas is
performed.

The content of the paper is organized as follows.
The experimental details, such as the NBI modulation
technique, the momentum transport analysis and the NBI
torque calculation are described in section 2. The results
from the experimental scan to study momentum transport are
described in detail in section 3. The experiment to study
the collisionality dependence is presented in section 3.1. In
section 3.2, the results on the R/Ln scan is summarized.
Section 3.3 is devoted to the q-profile scan. The difference in
momentum transport between L-mode and H-mode plasmas is
shown in section 4. The role of the inward momentum pinch
and the rotation boundary conditions in ITER extrapolation
of the toroidal rotation is illustrated in section 5. Section 6
summarizes the main results of this paper.

2. Experimental set-up to exploit NBI modulation
technique for momentum transport studies

The NBI modulation experiments have been carried out
in different types of JET plasmas to study the parametric
dependences of momentum pinch and Prandtl numbers. Most
of the plasmas in these scans are in the following parameter
regime: low collisionality JET H-mode plasmas at BT = 3 T,
Ip = 1.5 MA and ne0 ∼ 4 × 1019 m−3. This is combined with
a minimum level of MHD activity to prevent interference with
the perturbation analysis, i.e. at high q95 ∼ 7 to avoid large
sawteeth in the centre and with type III ELMs to avoid large
periodic edge crashes. Total power levels were up to 15 MW
for NBI, including the modulation, and 0–4 MW for ICRH in
H minority scheme. Some of the pulses were performed with
much less power (∼4–5 MW) so that they stayed in L-mode.
Both in L-mode and H-mode plasmas with NBI modulation,
ion temperature gradients (ITGs) are the dominant instability
on JET. As the Prandtl number is defined as Pr = χφ/χi, i.e.
inversely proportional to the ion heat diffusivity, a comparison
of the Prandtl number between different plasmas is more
unambiguous in ITG dominated plasmas where momentum
and ion heat transport are tightly coupled. In TEM dominated
plasmas or in plasmas where collisional heat transfer between
ions and electrons is significant, momentum and ion heat
transport are less coupled, thus making Pr = χφ/χi a less
relevant parameter to characterize momentum transport and
compare different discharges and parametric dependences.

The NBI torque source is the only available tool for
inducing a significant rotation modulation in JET, although
it is not ideal because its deposition profile is very broad,
which is a complicating factor in the analysis, unlike in the case
of localized RF heat sources. On the other hand, the torque
sources from NBI can be calculated more precisely than the
radio-frequency power sources. A detailed description of the
use of the NBI modulation technique and momentum transfer
from the fast NBI ions to the bulk is presented in [7, 29].

In these JET experiments, the NBI power and torque were
square wave modulated with a duty cycle of either 50% or 33%
at a frequency f mod = 6.25 Hz or f mod = 8.33 Hz, which
is the highest technically possible. This frequency is high
enough to make the J×B torque the dominant source of torque
perturbation everywhere outside r/a > 0.3. The modulation
cycle is, on the other hand, much longer than the 10 ms time
resolution of the charge exchange recombination spectroscopy
(CXRS) diagnostic used to measuring the toroidal rotation
profile ωφ and ion temperature Ti at 12 radial points [37]. The
modulated power varies from 2 to 5 MW, the power tuned to
create an appropriate size of the rotation modulation amplitude
of around 5%. Consequently, it is possible to observe changes
in toroidal rotation in the beam on and beam off periods
and perform the Fourier analysis of the modulated rotation.
The modulation takes place in a stationary phase for 5–6 s.
One can therefore choose the most stationary phase of the
shot, with respect to density or temperature variation, to carry
out the momentum transport analysis because typically some
10–20 modulation cycles (1–2 s) give enough statistics for
the standard fast Fourier transformation (FFT) analysis. FFT
has been applied to experimental time traces at various radial
positions ofωφ , Ti andTe, to derive spatial profiles of amplitude
(A) and phase (ϕ) of the perturbation.

Due to the absence of a torque source free region
where the transport analysis could be performed independent
of the details of the source, the calculation of the time-
dependent torque profile is an essential step for the derivation
of the momentum transport coefficients from the data. The
transport analysis will in fact rely on full momentum transport
simulations in which the torque source is assumed to be known
precisely enough, with the obvious consequence that any error
in the source will cause an error on the derived transport
coefficients. It is to be noted here that the NBI torque is the
only torque source taken into account in this analysis. Thus
the following terms are ignored that could affect the results
presented in this paper: residual stress, direct ICRH driven
torque (only two of the analysed shots have ICRH, with zero
phasing it ought to be small) and possible torque sources/sinks
due to MHD such as ELMs or NTMs. The analysed plasmas
were with type III ELMs and the NTM activity varied from zero
to very mild, thus the torque originating from these is negligible
as compared with the large NBI torque. The possible role of
the residual stress term is discussed later in the paper.

For the calculation of NBI torque, great care has then been
dedicated to such calculations and associated uncertainties.
Either the TRANSP code [38] or the ASCOT code [39] has
been used to calculate NBI power and torque profiles as
a function of time, given the time-dependent experimental
profiles of all plasma parameters (Ti from CXRS, Te from
the electron cyclotron emission (ECE) radiometer and LIDAR
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performed recently to compare and benchmark different codes
[7, 8]. These benchmark activities have been performed to
be sure that the torque calculation between different codes
agrees well so that no significant error is propagated into the
momentum transport analysis when analysing NBI modulation
experiments. The NBI torque calculation is believed to be
understood even with a large toroidal magnetic field ripple
amplitude. The NBI torque calculation in plasmas with large
ripple has been recently benchmarked against JET experiments
and good agreement has been found [8]. The most important
effect of the NBI on rotation in plasmas with a ripple on JET
was found to be due to non-ambipolar fast ion losses, causing
a counter current torque on the plasma [9].

In addition to NBI, other core torque sources and sinks are
less understood. Intrinsic rotation in ICRH, ECRH and ohmic
plasmas still requires clarification [10–12]. In JET, in plasmas
with the usual ripple of δ = 0.08%, the angular frequency
of the intrinsic rotation is less than ωφ < ±10 krad s−1 [13].
The ripple also affects the angular rotation frequency under
the conditions of no external momentum input. The ripple
amplitude was varied from δ = 0.08% to δ = 1.5% in
ohmic and ICRH heated plasmas. Ripple affects both the
edge rotation by lowering it typically close to zero or to small
counter-rotation values and also the core rotation where it
becomes counter-rotating [14]. In addition to the effect of
ripple on fast ions, as rotation in ohmic plasmas was also
affected by the magnitude of the ripple, there is evidence that
thermal ions are influenced by the ripple, being an indication
of an neoclassical toroidal viscosity (NTV) type of process in
place with a large enough ripple. This NTV is also present in
NBI and ICRH heated plasmas with ripple, but its influence on
rotation is masked to a large extent by the effect of fast ions on
rotation. Recently, an experiment to study mode conversion
flow drive (MCFD) was also performed in L-mode plasmas
using a He3 ICRH scheme [15]. MCFD was found to be
sensitive to the He3 concentration level. Large central counter-
rotation up to ωφ = −10 krad s−1 (vφ = −30 km s−1) was
observed at He3 concentration levels of 10–17%. The physical
mechanism of MCFD is not yet completely understood, but
clearly some core torque source exists, as also found in MCFD
experiment on C-Mod [16].

Another unknown torque source in the core plasma,
probably also being very important in ITER rotation
predictions, is seen as a strong toroidal rotation braking in
plasmas with application of an n = 1 magnetic perturbation
field on JET [17]. The maximum value (typically about half
of the NBI torque) of the torque is at the plasma central
region (ρ < 0.4). Moreover, it is not localized at certain
magnetic surfaces, indicating that the non-resonant component
dominates over the resonant magnetic braking. The NTV
calculation shows that in these JET plasmas the calculated
NTV torque profile is an order of magnitude smaller than the
experimentally observed torque profile TEFCC, indicative of a
core torque source that is far from fully understood. NTV
type of torque has been observed earlier also for example on
DIII-D [18]. In addition to the magnetic perturbation coils,
there is evidence from DIII-D that the test blanket modules
(TBMs) may have a very large effect on plasma rotation in the
plasma core [19].

The second major issue in giving large uncertainties in
ITER rotation predictions is the lack of the knowledge of the

edge rotation as well as edge torque sources. In principle,
there is a similar problem in predicting the rotation profile
as predicting the temperature profile—the boundary/pedestal
value must be known accurately in order to predict the toroidal
rotation profile in the core plasma. Recently, the loss of plasma
toroidal angular momentum and thermal energy due to edge
localized modes (ELMs) has been studied in JET. The analysis
shows a consistently larger drop in momentum in comparison
with the energy loss associated with the ELMs under a wide
variety of plasma conditions [20]. Another edge uncertainty is
the charge-exchange interaction between the plasma ions and
the neutral particle background creating a continuous sink of
momentum and energy. The magnitude of CX losses increases
to approximately 10% of the total input torque with the power
losses being smaller with an increasing amount of neutrals
[21]. Additional known uncertainties in the edge rotation and
torque sources are, for example, due to toroidal magnetic field
ripple [9], TBMs [19] and interaction with SOL flows, seen
for example between the upper and lower null configurations
on C-Mod [22, 23] and a term in the momentum flux called
residual stress [24].

While the core and edge torque sources and the edge
rotation question are crucial in order to be able to predict the
rotation profile in future tokamaks, in this paper we concentrate
on core momentum transport studies. The momentum
diffusivity χφ and pinch velocity vpinch (negative sign denotes
inwards) are related to the toroidal velocity vφ , its gradient
∇vφ and the momentum flux �φ , assuming the absence of a
significant particle flux, as follows:

�φ ∼ −nχφ∇vφ + nvpinchvφ = −nχ eff
φ ∇vφ (1)

where n is the ion density. The diffusive and convective part
of the momentum flux can be combined into an effective
momentum diffusivity χ eff

φ , which can be calculated from
steady-state rotation profiles once momentum sources are
known. This equation is a simplification of the actual
momentum flux as it includes only terms proportional to
the gradient of the rotation or the rotation itself. There
is a term missing in equation (1) called a residual stress
[24] that refers to the part of the momentum flux which is
not diffusive or pinch. Studies of the residual stress term
is beyond the scope of this work, with the exception of a
comment on the possible role of a residual stress in this
analysis and a term proportional to the E × B shear [25]
based on gyro-kinetic simulations. There is a comprehensive
recent overview of toroidal momentum transport with all
flux terms described in detail in [26]. The best and most
clean way of identifying separately diffusive and convective
transport components is by means of perturbative experiments,
i.e. exploiting the additional information contained in the
dynamic response of the plasma rotation to a time variation
of the torque source. Perturbating the rotation has been
successfully applied to momentum transport studies using NBI
modulation or magnetic perturbations on several tokamaks. In
particular, it has been possible to demonstrate the existence of
the momentum pinch on JT-60U [27], JET [7, 28–30], DIII-D
[31] and NSTX [32, 33]. In all of these studies although the
pinch and diffusive components were separated, no systematic
studies have been experimentally carried out to study the
parametric dependences of the momentum pinch and diffusive
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terms. In order to understand how the pinch and diffusive terms
extrapolate for example to ITER from the present tokamaks,
parametric dependences of those parameters must be known,
and this is the main scope of this paper.

From the theoretical point of view, the existence of the
momentum pinch is also evident [34, 35]. According to theory,
momentum pinch is expected to depend strongly on the inverse
density gradient length R/Ln and weakly on q [26, 34]. The
dependence of the momentum pinch on collisionality is found
to be almost negligible [36]. The dependence of the Prandtl
number on any of the parameters is expected to be small,
certainly smaller than that of the momentum pinch [26]. As a
consequence, the main parametric dependences studied in this
work are R/Ln, collisionality ν∗ and q-profile. In addition,
a comparison between the H-mode and L-mode plasmas is
performed.

The content of the paper is organized as follows.
The experimental details, such as the NBI modulation
technique, the momentum transport analysis and the NBI
torque calculation are described in section 2. The results
from the experimental scan to study momentum transport are
described in detail in section 3. The experiment to study
the collisionality dependence is presented in section 3.1. In
section 3.2, the results on the R/Ln scan is summarized.
Section 3.3 is devoted to the q-profile scan. The difference in
momentum transport between L-mode and H-mode plasmas is
shown in section 4. The role of the inward momentum pinch
and the rotation boundary conditions in ITER extrapolation
of the toroidal rotation is illustrated in section 5. Section 6
summarizes the main results of this paper.

2. Experimental set-up to exploit NBI modulation
technique for momentum transport studies

The NBI modulation experiments have been carried out
in different types of JET plasmas to study the parametric
dependences of momentum pinch and Prandtl numbers. Most
of the plasmas in these scans are in the following parameter
regime: low collisionality JET H-mode plasmas at BT = 3 T,
Ip = 1.5 MA and ne0 ∼ 4 × 1019 m−3. This is combined with
a minimum level of MHD activity to prevent interference with
the perturbation analysis, i.e. at high q95 ∼ 7 to avoid large
sawteeth in the centre and with type III ELMs to avoid large
periodic edge crashes. Total power levels were up to 15 MW
for NBI, including the modulation, and 0–4 MW for ICRH in
H minority scheme. Some of the pulses were performed with
much less power (∼4–5 MW) so that they stayed in L-mode.
Both in L-mode and H-mode plasmas with NBI modulation,
ion temperature gradients (ITGs) are the dominant instability
on JET. As the Prandtl number is defined as Pr = χφ/χi, i.e.
inversely proportional to the ion heat diffusivity, a comparison
of the Prandtl number between different plasmas is more
unambiguous in ITG dominated plasmas where momentum
and ion heat transport are tightly coupled. In TEM dominated
plasmas or in plasmas where collisional heat transfer between
ions and electrons is significant, momentum and ion heat
transport are less coupled, thus making Pr = χφ/χi a less
relevant parameter to characterize momentum transport and
compare different discharges and parametric dependences.

The NBI torque source is the only available tool for
inducing a significant rotation modulation in JET, although
it is not ideal because its deposition profile is very broad,
which is a complicating factor in the analysis, unlike in the case
of localized RF heat sources. On the other hand, the torque
sources from NBI can be calculated more precisely than the
radio-frequency power sources. A detailed description of the
use of the NBI modulation technique and momentum transfer
from the fast NBI ions to the bulk is presented in [7, 29].

In these JET experiments, the NBI power and torque were
square wave modulated with a duty cycle of either 50% or 33%
at a frequency f mod = 6.25 Hz or f mod = 8.33 Hz, which
is the highest technically possible. This frequency is high
enough to make the J×B torque the dominant source of torque
perturbation everywhere outside r/a > 0.3. The modulation
cycle is, on the other hand, much longer than the 10 ms time
resolution of the charge exchange recombination spectroscopy
(CXRS) diagnostic used to measuring the toroidal rotation
profile ωφ and ion temperature Ti at 12 radial points [37]. The
modulated power varies from 2 to 5 MW, the power tuned to
create an appropriate size of the rotation modulation amplitude
of around 5%. Consequently, it is possible to observe changes
in toroidal rotation in the beam on and beam off periods
and perform the Fourier analysis of the modulated rotation.
The modulation takes place in a stationary phase for 5–6 s.
One can therefore choose the most stationary phase of the
shot, with respect to density or temperature variation, to carry
out the momentum transport analysis because typically some
10–20 modulation cycles (1–2 s) give enough statistics for
the standard fast Fourier transformation (FFT) analysis. FFT
has been applied to experimental time traces at various radial
positions ofωφ , Ti andTe, to derive spatial profiles of amplitude
(A) and phase (ϕ) of the perturbation.

Due to the absence of a torque source free region
where the transport analysis could be performed independent
of the details of the source, the calculation of the time-
dependent torque profile is an essential step for the derivation
of the momentum transport coefficients from the data. The
transport analysis will in fact rely on full momentum transport
simulations in which the torque source is assumed to be known
precisely enough, with the obvious consequence that any error
in the source will cause an error on the derived transport
coefficients. It is to be noted here that the NBI torque is the
only torque source taken into account in this analysis. Thus
the following terms are ignored that could affect the results
presented in this paper: residual stress, direct ICRH driven
torque (only two of the analysed shots have ICRH, with zero
phasing it ought to be small) and possible torque sources/sinks
due to MHD such as ELMs or NTMs. The analysed plasmas
were with type III ELMs and the NTM activity varied from zero
to very mild, thus the torque originating from these is negligible
as compared with the large NBI torque. The possible role of
the residual stress term is discussed later in the paper.

For the calculation of NBI torque, great care has then been
dedicated to such calculations and associated uncertainties.
Either the TRANSP code [38] or the ASCOT code [39] has
been used to calculate NBI power and torque profiles as
a function of time, given the time-dependent experimental
profiles of all plasma parameters (Ti from CXRS, Te from
the electron cyclotron emission (ECE) radiometer and LIDAR
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Figure 2. The radial profiles of density ne, electron temperature Te,
ion temperature Ti and q-profile for the same shots as in figure 1
using the same colour code.

Figure 3. Prandtl number (upper frame) and pinch number (lower
frame) profiles for the discharges forming the 3-point collisionality
scan as a function of normalized toroidal flux co-ordinate ρ.

for most JET H-mode plasmas [7, 28, 29]. On the other hand,
the Prandtl numbers tend to be some 20–40% higher in these
L-mode plasmas than those of H-mode plasmas. This is
discussed in more detail in section 4. There is a strong radial
dependence for the Prandtl numbers, typically an increase of
about a factor of 2 occurring when going from r/a = 0.3 to
r/a = 0.8. It is to be noted that in the central region (ρ < 0.2),

Figure 4. As in figure 3, but the data are from linear GS2
simulations using the actual input data from each shot. The GS2
runs have been performed at five radial locations for each shot.

the ITG turbulence is stable and thus, the pinch vanishes and
the Prandtl number becomes close to unity for all JET shots,
more or less independent of plasma parameters.

Calculation of the error bars for the Prandtl and pinch
numbers using the analysis method described in detail in the
references is not straightforward. In this paper, they have been
estimated in such a way that first, a total error, resulting from
the difference between the experimental amplitude, phase and
steady-state and the simulated ones, using the choice of Prandtl
and pinch number profiles that minimizes the error, has been
calculated. The total error consists of the least square sum
between the experimental and simulated amplitude, phase and
steady-state profiles. Then, the actual error bars for Pr and
−Rvpinch/χφ have been estimated by allowing the Prandtl and
pinch number profiles vary as far as the total summed error is
still within 10% from the minimum total error (coming from
the best choice of Prandtl and pinch numbers). The error bars
shown in figure 3 and in the rest of the paper are based on this
calculation method. By varying the Prandtl and pinch number
profiles within the error bar range, typically the amplitude and
steady-state vary by about 10–15% and the phase by about
15◦, i.e. 5–10 ms. These numbers reflect well the error
bars originating from the CXRS diagnostics itself (typically
of the order of 5%) [45]. In addition, the experimental error
in the amplitude of the modulated rotation is typically about
10%, calculated from the Fourier spectrum by taking any non-
harmonic NBI modulation frequency. More details on the error
bars and their calculation for the NBI modulation technique can
be found in [7, 8].

The dependence of the momentum pinch and Prandtl
number on collisionality was also studied in linear gyro-kinetic
simulations using the GS2 code [44, 46, 47]. The GS2 runs
have been performed using the actual data from each shot.
The GS2 calculations were performed on a spectrum 6 modes
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or high resolution Thomson scattering (HRTS), ne from
interferometer and LIDAR or HRTS, Zeff from CXRS and
spectroscopic measurements and q from EFIT constrained
with MSE). In order to confirm the consistency of the torque
calculations, the time-dependent torque profile calculation
between TRANSP and ASCOT has been benchmarked against
each other in JET plasmas with NBI modulation both in [7, 8].
The agreement between the two different codes is very good
and constitutes a powerful confirmation that we can rely on the
torque calculations for our transport analysis.

The modulated NBI torque source is broad. Therefore, a
simple determination of the momentum diffusivity and pinch
directly from the spatial derivatives of the amplitude and phase
of the modulated ωφ is not viable. As a consequence, time-
dependent transport modelling of ωφ is required to extract
the transport properties from the plasma dynamic response,
assuming that torque sources are known with reasonable
accuracy from numerical calculations. The transport analysis
methodology is in this study to determine the momentum
diffusivity and pinch is the same as that described in more
detail in [7, 29]. It is based on predictive transport simulations
of toroidal rotation using the 1.5D code JETTO [40] and the
power and torque sources calculated by TRANSP or ASCOT.
The transport equation for ωφ is solved while q-profile, Ti, Te

and ne are frozen to their experimental values. The boundary
conditions for steady-state ωφ , amplitudes A(ωφ) and phases ϕ

(ωφ)of the modulatedωφ are chosen to fit the experimental data
at ρ = 0.8 as the edge momentum plasma transport is beyond
the scope of interest in this study. The analysis technique is
based on minimizing the error between the experimental and
simulated amplitude, phase and steady-state profiles of the
rotation where the transport model for the rotation includes
a Prandtl number and a pinch term chosen in a way to best
reproduce the experimental amplitude, phase and steady-state
profiles. As a result, a Prandtl and a pinch profile covering
radially the whole region from the centre up to ρ = 0.8 is
obtained.

3. Experimental scans to study the parametric
dependences of momentum transport

3.1. Collisionality scan of the momentum pinch and Prandtl
numbers on JET

A 3-point collisionality scan to study momentum transport
coefficients has been performed on JET. The standard method
to carry out the dimensionless similarity experiment to scan
the collisionality, presented in [41], has been exploited in this
experiment. The main idea is to vary collisionality while
keeping the other dimensionless quantities, such as ρ∗, βN, q

and Ti/Te, as constant as possible. The collisionality is varied
by changing the electron temperature using the NBI power at
constant density; ρ∗ and βN are kept constant by changing
the magnetic field Bt and finally q kept constant by a relevant
correction in the plasma current Ip. The time traces of the most
relevant quantities are shown in figure 1. Within the 3-point
scan, collisionality changes over almost a factor of 4. The
volume-averaged ρ∗ and βN are changing within the scan by
about 10% and 20%, respectively. The NBI power modulation
and the different power levels between the pulses, required

Figure 1. Time traces of plasma current Ip, magnetic field B at
magnetic axis, ρ∗, βN, NBI power Pnb and toroidal angular
frequency ωφ at r/a = 0.5 for 3 JET pulses no 79811 (blue), 79815
(black) and 79814 (red). The volume-averaged collisionality is also
shown for each discharge.

to obtain the collisionality variation, are also shown. A clear
modulated toroidal rotation ωφ signal is also visible in figure 1.

The two key profiles to be kept constant within the scan
in view of momentum transport studies are the density profile
and the q-profile. These are both believed to play a major
role in determining the magnitude of the momentum pinch
in theory [34] and therefore, in order to obtain as clean as
possible collisionality scan, any variations in these profiles
are to be minimized. The density from the HRTS diagnostics
and q-profiles from EFIT+MSE for these three shots are
illustrated in figure 2, demonstrating nicely indeed that the
scan succeeded well in keeping these profiles nearly identical.
Both of the electron temperature profiles from ECE and the ion
temperature profiles from CXRS are shown, indicating from
where the difference in the collisionality between the shots
originates. Also, the temperature ratio Ti/Te is very well kept
nearly constant and close to one.

The resulting Prandtl number and momentum pinch
number profiles from the detailed transport analysis are shown
in figure 3. It can be easily seen within the error bars from
figure 3 that neither the Prandtl nor the momentum pinch
number depends on collisionality. This scan was carried out
in L-mode in plasmas because the collisionality scan, while
simultaneously keeping R/Ln constant, is not viable to carry
out in H-mode plasmas due to the density peaking dependence
on collisionality [42, 43]. However, according to GS2 [44]
linear gyro-kinetic simulations, these NBI heated L-mode
plasmas are dominated by the ITG mode in a very similar way
as those NBI heated JET plasmas in H-mode.

The magnitude of the momentum pinch numbers, ranging
between 3 and 5 in the core region (0.3 < ρ < 0.8), in
these L-mode plasmas is of the same order as found earlier
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Figure 2. The radial profiles of density ne, electron temperature Te,
ion temperature Ti and q-profile for the same shots as in figure 1
using the same colour code.

Figure 3. Prandtl number (upper frame) and pinch number (lower
frame) profiles for the discharges forming the 3-point collisionality
scan as a function of normalized toroidal flux co-ordinate ρ.

for most JET H-mode plasmas [7, 28, 29]. On the other hand,
the Prandtl numbers tend to be some 20–40% higher in these
L-mode plasmas than those of H-mode plasmas. This is
discussed in more detail in section 4. There is a strong radial
dependence for the Prandtl numbers, typically an increase of
about a factor of 2 occurring when going from r/a = 0.3 to
r/a = 0.8. It is to be noted that in the central region (ρ < 0.2),

Figure 4. As in figure 3, but the data are from linear GS2
simulations using the actual input data from each shot. The GS2
runs have been performed at five radial locations for each shot.

the ITG turbulence is stable and thus, the pinch vanishes and
the Prandtl number becomes close to unity for all JET shots,
more or less independent of plasma parameters.

Calculation of the error bars for the Prandtl and pinch
numbers using the analysis method described in detail in the
references is not straightforward. In this paper, they have been
estimated in such a way that first, a total error, resulting from
the difference between the experimental amplitude, phase and
steady-state and the simulated ones, using the choice of Prandtl
and pinch number profiles that minimizes the error, has been
calculated. The total error consists of the least square sum
between the experimental and simulated amplitude, phase and
steady-state profiles. Then, the actual error bars for Pr and
−Rvpinch/χφ have been estimated by allowing the Prandtl and
pinch number profiles vary as far as the total summed error is
still within 10% from the minimum total error (coming from
the best choice of Prandtl and pinch numbers). The error bars
shown in figure 3 and in the rest of the paper are based on this
calculation method. By varying the Prandtl and pinch number
profiles within the error bar range, typically the amplitude and
steady-state vary by about 10–15% and the phase by about
15◦, i.e. 5–10 ms. These numbers reflect well the error
bars originating from the CXRS diagnostics itself (typically
of the order of 5%) [45]. In addition, the experimental error
in the amplitude of the modulated rotation is typically about
10%, calculated from the Fourier spectrum by taking any non-
harmonic NBI modulation frequency. More details on the error
bars and their calculation for the NBI modulation technique can
be found in [7, 8].

The dependence of the momentum pinch and Prandtl
number on collisionality was also studied in linear gyro-kinetic
simulations using the GS2 code [44, 46, 47]. The GS2 runs
have been performed using the actual data from each shot.
The GS2 calculations were performed on a spectrum 6 modes
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Figure 7. The experimental momentum pinch number −Rvpinch/χφ

with its error bars as a function of q value at mid-radius ρ = 0.5
from the 3-point q scan.

Similar to figure 5, the red points correspond to the
GS2 simulations based on the experimental shots. GS2 runs
also show an increase in −Rvpinch/χφ with increasing R/Ln

although the trend is much weaker than in the experimental
data. The difference in the R/Ln dependence of the pinch
number between the experiment and gyro-kinetic simulations
is not fully understood. Preliminary simulations with GKW
including the E × B shearing effect [52] have found that
this mechanism produces a residual stress which is, however,
too small to explain the difference between the predicted and
measured pinch velocities. More extended investigations, also
considering other residual stress mechanisms like the profile
shearing effect [53, 54], are planned for future work.

Fitting a line through the experimental cloud of points,
one obtains the following relation:

− Rvpinch/χφ ≈ 1.2R/Ln + 1.4. (2)

The strong dependence of the momentum pinch on R/Ln has
already been discussed earlier in theory [34]. What is also
straightforward to conclude from the dependence above is that
without knowing the inverse density gradient length, it will be
challenging to estimate the momentum pinch number. When
R/Ln ranges from 1 to 3 (typical values in present tokamak
plasmas), −Rvpinch/χφ ranges from 2.6 to 5, resulting in a
large difference in rotation peaking. This strong dependence
also has consequences to ITER predictions, discussed in more
detail in section 5.

3.3. q-scan of the momentum pinch and Prandtl numbers

A 3-point q-scan was performed on JET. By keeping the
magnetic field at B = 3.0 T, the variation in q was obtained
firstly by increasing Ip from 1.5 MA to 2.5 MA and secondly
by adding 3 MW of ICRF heating to delay current diffusion
during and after the current ramp-up. The result of the scan
is presented in figure 7 as a function of q at mid-radius.
The variation of R/Ln within this 3-point q-scan in figure 7
was about 0.4, which should result in a change of 0.5 in
the pinch number according to scaling (2). Therefore, the

observed weak q dependence of the pinch number (larger than
1 unit in −Rvpinch/χφ in figure 7) seems larger than the one
induced by the difference in R/Ln between the high and low q

shots. However, taking into account of the actual error bars as
indicated in the plot, no solid conclusion can be drawn about
the momentum pinch number dependence on q although the
scan may suggest a possible weak dependence.

One should also note that while q is scanned here, the
magnetic shear s is also varied, and the theory suggests in
addition to the q dependence that −Rvpinch/χφ depends also
on s [34]. These two effects are challenging to separate from
each other in the experiment. The Prandtl numbers for the
same three shots are 1.55, 1.39 and 1.81, respectively, in
the descending order of q as in figure 7. Therefore, one
can conclude that no trend between the Prandtl number and
q-profile was found within this scan.

4. Prandtl number in L-mode and H-mode plasmas

As already visible in figure 3, the Prandtl numbers are high in
JET L-mode plasmas. They are typically above 2 outside mid-
radius and can reach values up to 2.5. This is significantly
larger than predicted by the early momentum transport fluid
theory which gives Prandtl number to be 1 [55]. It is also
somewhat larger than predicted by more recent gyro-kinetic
simulations [56]. The gyro-kinetic simulations of the present
JET L-mode discharges with GS2 also give Prandtl number
profiles typically around unity, as shown in figure 4. There is
clearly a quantitative disagreement between the experimental
data and gyro-kinetic simulations although qualitatively, for
example, the increasing Pr value as a function of the radius is
well captured in simulations.

The relation of the Prandtl number between the L-mode
and H-mode is studied more systematically here. The
discharges chosen for the comparison have the same B, Ip,
ne and NBI heating only. The two extreme cases with respect
to Pr as far from each other as possible from this comparison
are illustrated in figure 8 (left frame). For this extreme case,
the Prandtl number in L-mode is more than 50% higher than
in H-mode at all radii where the turbulent transport dominates
over the neoclassical contribution. Looking into a larger set
of JET NBI modulation shots, the trend that L-mode plasmas
have higher Prandtl numbers than the H-mode ones is obvious,
as shown in figure 8 (right frame). The Prandtl number of the
highest L-mode shot and the one of the lowest H-mode shot
are the ones plotted in the left frame. No similar trend for the
pinch number is found between the L- and H-mode plasmas.

No obvious reason for the difference in Pr between L- and
H-mode has been found so far. One candidate could be,
as already discussed in section 3.1, that the L-mode shot
could have more TEM driven transport and therefore, Pr , as
compared with χi would be higher. However, the linear GS2
simulations of these JET L-mode plasmas do find ITG as the
dominant instability and by a large margin. This is not a
surprise as these L-mode plasmas, heated with NBI only, have
R/LTi ≈ R/LTe and Ti ≈ Te and under these conditions,
ITG always dominates. Another candidate could be the fact
that if there are some non-NBI, intrinsic torque sources, their
role could be larger in low NBI torque, low rotation L-mode
plasmas. Residual stress has been proposed as a possible
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ranging from 0.15 to 0.8, with log spacing, and a spectral
shape along [48] was used. This choice gives the usual
peaking around kyρi = 0.25. The most important conclusion
is that neither momentum pinch nor the Prandtl number
depends on collisionality as illustrated clearly in figure 4. This
result that the pinch and Prandtl numbers do not depend on
collisionality is recently found to be valid more generally in
momentum transport theory [36]. These simulation results
are also fully consistent with the experimental results. The
GS2 simulations also find the radially increasing Prandtl
number profiles. However, while the simulated collisionality
independence and radial dependences are in good agreement
with the experimental ones, the simulated values of both
Rvpinch/χφ and Pr are lower than the experimental ones by
a factor of 1.2–2. In particular, the Prandtl numbers from
GS2 runs are lower by more than a factor of 1.5 than the
experimental one throughout the radius, whereas the pinch
numbers from GS2 runs actually reach values rather close
to the experimental ones at ρ > 0.6. The reason for this
quantitative difference in the magnitude of the Pr number and
partly also in the pinch number between the GS2 runs and
the experiments has not yet been identified. In earlier studies
of a few JET H-mode pulses with NBI modulation, somewhat
better agreement in the magnitude of the pinch and Pr numbers
between the experiments and linear gyro-kinetic simulations
with the GKW code [49] have been found [7].

3.2. Dependence of momentum pinch and Prandtl number on
inverse density gradient length R/Ln

There is no simple way to perform a clean R/Ln scan
in a tokamak without changing some other dimensionless
parameter simultaneously. In particular, as already discussed
in section 3.1, the strong coupling between the collisionality
and R/Ln in H-mode plasmas makes the R/Ln scan without
changing the collisionality virtually impossible to carry
out. However, since no dependence of momentum transport
coefficients on collisionality was found in the collisionality
scan experiment as discussed in the previous section, it is
possible to scan R/Ln by varying collisionality and assign
the possible changes in momentum transport to be caused by
R/Ln rather than collisionality.

The dependence of the Prandtl number on R/Ln is
illustrated in figure 5. The single value of Pr attached to each
shot is based on the average value of Pr between 0.4 < ρ <

0.8. Also, R/Ln reflects the average value from the same
radial range. The large range in R/Ln among the shots has
been achieved mainly by varying collisionality, density and
the amount of the NBI heating power. The magnetic field is
3.0 T and plasma current 1.5 MA for all the shots and the line-
averaged density varied from 4.4×1019 m−2 to 8.4×1019 m−2.
It is evident in figure 5 that the Prandtl number does not depend
on R/Ln as the scatter of the points is uniform. Typical error
bars have been added for two of the shots. The variation in the
error bar in the calculation of R/Ln is much smaller for the
shots (such as the upper point with the error bar in figure 5)
that have HRTS diagnostics measurements available than for
the discharges with only Lidar Thomson scattering data (such
as the lower point with the error bar in figure 5).

The red points in figure 5 are from linear GS2 simulations
using the input data from 9 of the 12 experimental shots.

Figure 5. Experimental (black dots) and simulated (red dots) Prandtl
numbers Pr = χφ/χi, averaged over the range 0.4 < ρ < 0.8, as a
function of the inverse density gradient length R/Ln.

Figure 6. Experimental (black dots) and simulated (red dots) pinch
numbers −Rvpinch/χφ , averaged over the range 0.4 < ρ < 0.8, as a
function of the inverse density gradient length R/Ln.

Consistent with experimental results, the Prandtl number is not
found to depend on R/Ln by GS2. As already pointed out for
the L-mode shots in section 3.1, the Prandtl numbers calculated
by GS2 are lower than those of experiments. However, for the
H-mode shots, the difference is typically smaller than a factor
of 2 typically found for the L-mode shots.

While no dependence of the Prandtl number on R/Ln was
found, a clear trend is found for the pinch number. This
is illustrated in figure 6 where a strong dependence of the
pinch number is plotted against R/Ln by the black points.
Typical error bars originating from the analysis are shown for
two cases, indicating that the dependence is clearly outside
the error bars. For these shots, the NBI power and torque
are significantly large (10–18 N m) and therefore, the intrinsic
torque component is not believed to modify the conclusions.
The present experimental evidence shows that intrinsic rotation
is small on JET [13, 50, 51], around 10% or less of the
NBI torque for the plasmas used in this density gradient
length scan.
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Figure 7. The experimental momentum pinch number −Rvpinch/χφ

with its error bars as a function of q value at mid-radius ρ = 0.5
from the 3-point q scan.

Similar to figure 5, the red points correspond to the
GS2 simulations based on the experimental shots. GS2 runs
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without knowing the inverse density gradient length, it will be
challenging to estimate the momentum pinch number. When
R/Ln ranges from 1 to 3 (typical values in present tokamak
plasmas), −Rvpinch/χφ ranges from 2.6 to 5, resulting in a
large difference in rotation peaking. This strong dependence
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larger than predicted by the early momentum transport fluid
theory which gives Prandtl number to be 1 [55]. It is also
somewhat larger than predicted by more recent gyro-kinetic
simulations [56]. The gyro-kinetic simulations of the present
JET L-mode discharges with GS2 also give Prandtl number
profiles typically around unity, as shown in figure 4. There is
clearly a quantitative disagreement between the experimental
data and gyro-kinetic simulations although qualitatively, for
example, the increasing Pr value as a function of the radius is
well captured in simulations.

The relation of the Prandtl number between the L-mode
and H-mode is studied more systematically here. The
discharges chosen for the comparison have the same B, Ip,
ne and NBI heating only. The two extreme cases with respect
to Pr as far from each other as possible from this comparison
are illustrated in figure 8 (left frame). For this extreme case,
the Prandtl number in L-mode is more than 50% higher than
in H-mode at all radii where the turbulent transport dominates
over the neoclassical contribution. Looking into a larger set
of JET NBI modulation shots, the trend that L-mode plasmas
have higher Prandtl numbers than the H-mode ones is obvious,
as shown in figure 8 (right frame). The Prandtl number of the
highest L-mode shot and the one of the lowest H-mode shot
are the ones plotted in the left frame. No similar trend for the
pinch number is found between the L- and H-mode plasmas.

No obvious reason for the difference in Pr between L- and
H-mode has been found so far. One candidate could be,
as already discussed in section 3.1, that the L-mode shot
could have more TEM driven transport and therefore, Pr , as
compared with χi would be higher. However, the linear GS2
simulations of these JET L-mode plasmas do find ITG as the
dominant instability and by a large margin. This is not a
surprise as these L-mode plasmas, heated with NBI only, have
R/LTi ≈ R/LTe and Ti ≈ Te and under these conditions,
ITG always dominates. Another candidate could be the fact
that if there are some non-NBI, intrinsic torque sources, their
role could be larger in low NBI torque, low rotation L-mode
plasmas. Residual stress has been proposed as a possible
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Figure 10. (a) The predictive toroidal rotation simulations for the
ITER baseline scenario using various boundary conditions for the
edge rotation. (b) As in (a) at ωφ,bound = 7 krad s−1, but for co-,
counter- and balanced (zero) NBI torque options.

dimensionless parameters most different in ITER than on JET
is collisionality, however, based on the results presented in
section 3.1, there is a good reason to believe that the momentum
pinch and Prandtl numbers are independent of collisionality
also in ITER. The Prandtl number profile used in the predictive
simulations is shown in figure 9(a) and the pinch number
profile in figure 9(d). This pinch number profile corresponds
to the JET plasma with the inverse density gradient lengths
of around R/Ln ≈ 3–3.5 as illustrated in figure 6. For a
comparison, the ITER standard scenario can be expected to
have density peaking at mid-radius of R/Ln = 2–2.5 [43] as
predicted consistently by both empirical scalings [64–66] as
well as by theory-based transport simulations [67]. The actual
pinch velocity in this ITER plasma can be calculated from
the pinch number profile in figure 9(d), and is presented in
figure 9(b).

Based on the modelling assumptions presented above,
two scans of predictive simulations of toroidal rotation were
performed. In the first scan, the boundary condition for the
toroidal rotation was varied between ωφ,bound = −15 krad s−1

and 15 krad s−1. This boundary rotation of 15 krad s−1 in
ITER corresponds to normalized Mach Alfvén velocity MA =
0.0077 on top of the H-mode pedestal ρ = 0.95 when
using the profiles from the ITER reference scenario 2. This
range of uncertainties in the edge rotation (ωφ,bound = −15–
15 krad s−1) can be easily caused for example by ripple [9],
TBMs [19], ELMs [20], neutrals [21], interaction with SOL
flows, for example seen between the upper and lower null
configurations [22, 23] or other unknown edge torque sources.

The predicted toroidal rotation profile for each of the four
boundary conditions is presented in figure 10(a). There are
several interesting points worth commenting on. Firstly, the
rotation with the zero-slip boundary condition (blue curve) is
very close to zero throughout the whole radius. This suggests
that the NBI torque deposited in the core region alone, at

least with the present assumption for the Prandtl and pinch
number profiles, is not able to create a significant toroidal
rotation in ITER. On the other hand, when the boundary
condition is increased to ωφ,bound = 7 krad s−1 (black curve)
or ωφ,bound = 15 krad s−1 (magenta curve), significant toroidal
rotation is predicted in the plasma core region, corresponding
toMA = 0.03 in the plasma centre withωφ,bound = 15 krad s−1.
Concerning the NBI torque in ITER, it is, however, well
possible that the NBI torque will affect the rotation value at the
edge, either by a direct edge torque source or by the momentum
flux created in the core. Studying the influence of the NBI
torque, or any other edge torque source, on edge rotation is
beyond the scope of this paper and thus left for future work.
Therefore, no solid conclusion can yet be drawn on the overall
role of the NBI torque in ITER. Another interesting point in
figure 10 is that when the boundary condition is set to counter-
rotation at the same magnitude of ωφ,bound = −15 krad s−1

(red curve), the rotation becomes almost as much counter as
it was co with ωφ,bound = 15 krad s−1 boundary condition.
This shows again that the core NBI torque has a minor role in
directly determining the core toroidal rotation profile provided
that the pinch number is large enough—note here the possibly
important role of the NBI torque in determining the magnitude
of the edge rotation which is not taken into account. The
minor effect of the core NBI torque is illustrated further in
figure 10(b), as the rotation profile does not change very
much whether the NBI torque is co, balanced or counter
(to note that counter-Ip or balanced NBI is not an option
considered currently for ITER). Also note here that in these
simulations, the boundary value of the rotation has been kept
fixed independent of the direction of the NBI torque, and surely
the direction of the NBI torque would have some impact on
edge rotation. To sum up these ITER simulations, it is evident
that the knowledge of the boundary condition, of course in
addition to the knowledge of the magnitude of the pinch, is
vital when the rotation profile is predicted to ITER plasmas.
This is most obvious when the inward pinch is large. If the
pinch number is small in ITER, for example as low as 2 or
below around the mid-radius, then the core torque sources,
such as NBI or RF driven or intrinsic ones, still play a major
role in determining the shape of the core rotation profile.

6. Summary and conclusions

The NBI modulation technique has been exploited on JET
to study parametric dependences of both the momentum
pinch and the Prandtl number. This method is a powerful
experimental tool to separate the diffusive and convective
components of the momentum flux. The plasmas studied
in all of the scans are dominated by ITG modes, therefore
making the concept of Prandtl number, unambiguous. The
torque calculations have been performed either with TRANSP
or ASCOT and the results have been benchmarked against each
other. In the experimental planning and transport analysis,
great care has been taken in getting rid of MHD modes, such as
sawtooth and ELMs, and equilibrium remapping due to plasma
oscillations caused by the NBI modulation.

A dedicated collisionality scan was performed by keeping
the other dimensionless quantities (βN, ρ∗, q, Te/Ti) constant.
No change in the pinch number was observed when the
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Figure 8. Comparison of the Prandtl number profiles in JET
L-mode and H-mode plasmas (left frame) and a set of L-mode (red
points) and H-mode (blue points) discharges (right frame) with the
Prandtl number averaged over the radius 0.4 < ρ < 0.8. Each point
(case) in the right frame corresponds to a single analysed shot.

candidate to drive intrinsic rotation although its contribution
in the core plasma may not be very large [57, 58]. However, if
one assumes that its contribution would be the same in L-mode
and H-mode plasmas, its relative importance and its possible
effect on increasing spuriously the Prandtl number would be
larger in low torque L-mode plasmas. This is because in this
analysis method we have assumed NBI torque as the only
torque source and its absolute value is typically of the order
of 5 N m in L-mode plasmas while it is more like 15 N m in
H-mode plasmas. Therefore, adding an extra intrinsic rotation
or residual stress torque would modify the Prandtl and pinch
numbers L-mode plasmas much more than in the H-mode ones.

5. Discussion of the consequences of these
experimental results in view of rotation in ITER

Predicting the toroidal rotation profile in ITER is a challenging
task. In recent years, predictive transport simulations of
toroidal rotation using first-principles transport models have
been performed to tackle this task [59, 60]. However, although
serving as a good base for the starting point of the ITER
rotation predictions, a number of simplified assumptions
for momentum transport and torque sources have often
been adopted in these modelling efforts. In particular, the
assumptions that χφ = χi, that there is no momentum pinch
and that the NBI is the only torque source, may easily lead to
qualitatively incorrect rotation predictions.

In this work, we take a different approach and use the
Prandtl and pinch number profiles based on the scans of the
parametric dependences on JET described in the previous
sections. The main emphasis is to clarify the role of strong
inward pinch under a variety of torque profiles and a variety of
edge rotation values in shaping the toroidal rotation profile
in ITER. However, it is to be noted already at this point

Figure 9. (a) The ion heat diffusivity and Prandtl number profile,
(b) the pinch velocity, (c) the torque profile and (d) the pinch
number profile used in the ITER simulations.

that these simulations will not be the final ITER predictions
for the toroidal rotation profile, but rather to demonstrate
the key role of both the inward momentum pinch and the
boundary conditions of the rotation in any realistic ITER
rotation simulations. Important factors to make the final
realistic ITER rotation prediction that we are still neglecting
in this study are for example any non-NBI, intrinsic torque
sources [10, 11], residual stress type of momentum flux terms
[26, 58], braking effects for example due to 3D effects from
RMP coils to suppress ELMs [17] and any consideration on
what the edge rotation will be in ITER. To demonstrate the
crucial role of the edge rotation boundary condition, an edge
rotation scan is performed. Another example of a sink term
neglected here is the TBM that may have a large influence on
both the edge and core rotation in ITER, at least it is suggested
by the DIII-D TBM experiments [19].

The rotation modelling philosophy in this study is that
the temperature and density profiles are taken from the ITER
reference scenario 2 (15 MA baseline scenario) specifications
[61]. Only the equation for the toroidal rotation is solved in
the JETTO transport code [40, 62] while the rest is taken from
ITER reference scenario 2. GLF23 transport model [63] is used
to calculate the ion heat diffusion coefficient χi from the given
temperature and density profiles, shown in figure 9(a). The
NBI torque profile, assuming the standard ITER specifications
(ITER scenario 2 at density of 1020 m−3), i.e. 33 MW of input
power using 1 MeV negative ion beam source with a realistic
ITER magnetic ripple background, has been calculated with
the ASCOT code. The real NBI geometry with two injectors,
one more on-axis and one more off-axis, have been used. This
torque profile with two separate peaks originating from the two
injectors is presented in figure 9(c).

For momentum transport, we take the Prandtl number
and momentum pinch profiles from the high current (Ip =
2.5 MA, B = 3 T), low q, low collisionality (ν∗ = 0.04)

JET discharge no 73702. This can be considered to be
the closest discharge, among those shots where the NBI
modulation technique has been exploited, to ITER with respect
to dimensionless parameters, but is by no means representing
a perfect match with ITER numbers. Note that one of the
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Figure 10. (a) The predictive toroidal rotation simulations for the
ITER baseline scenario using various boundary conditions for the
edge rotation. (b) As in (a) at ωφ,bound = 7 krad s−1, but for co-,
counter- and balanced (zero) NBI torque options.

dimensionless parameters most different in ITER than on JET
is collisionality, however, based on the results presented in
section 3.1, there is a good reason to believe that the momentum
pinch and Prandtl numbers are independent of collisionality
also in ITER. The Prandtl number profile used in the predictive
simulations is shown in figure 9(a) and the pinch number
profile in figure 9(d). This pinch number profile corresponds
to the JET plasma with the inverse density gradient lengths
of around R/Ln ≈ 3–3.5 as illustrated in figure 6. For a
comparison, the ITER standard scenario can be expected to
have density peaking at mid-radius of R/Ln = 2–2.5 [43] as
predicted consistently by both empirical scalings [64–66] as
well as by theory-based transport simulations [67]. The actual
pinch velocity in this ITER plasma can be calculated from
the pinch number profile in figure 9(d), and is presented in
figure 9(b).

Based on the modelling assumptions presented above,
two scans of predictive simulations of toroidal rotation were
performed. In the first scan, the boundary condition for the
toroidal rotation was varied between ωφ,bound = −15 krad s−1

and 15 krad s−1. This boundary rotation of 15 krad s−1 in
ITER corresponds to normalized Mach Alfvén velocity MA =
0.0077 on top of the H-mode pedestal ρ = 0.95 when
using the profiles from the ITER reference scenario 2. This
range of uncertainties in the edge rotation (ωφ,bound = −15–
15 krad s−1) can be easily caused for example by ripple [9],
TBMs [19], ELMs [20], neutrals [21], interaction with SOL
flows, for example seen between the upper and lower null
configurations [22, 23] or other unknown edge torque sources.

The predicted toroidal rotation profile for each of the four
boundary conditions is presented in figure 10(a). There are
several interesting points worth commenting on. Firstly, the
rotation with the zero-slip boundary condition (blue curve) is
very close to zero throughout the whole radius. This suggests
that the NBI torque deposited in the core region alone, at

least with the present assumption for the Prandtl and pinch
number profiles, is not able to create a significant toroidal
rotation in ITER. On the other hand, when the boundary
condition is increased to ωφ,bound = 7 krad s−1 (black curve)
or ωφ,bound = 15 krad s−1 (magenta curve), significant toroidal
rotation is predicted in the plasma core region, corresponding
toMA = 0.03 in the plasma centre withωφ,bound = 15 krad s−1.
Concerning the NBI torque in ITER, it is, however, well
possible that the NBI torque will affect the rotation value at the
edge, either by a direct edge torque source or by the momentum
flux created in the core. Studying the influence of the NBI
torque, or any other edge torque source, on edge rotation is
beyond the scope of this paper and thus left for future work.
Therefore, no solid conclusion can yet be drawn on the overall
role of the NBI torque in ITER. Another interesting point in
figure 10 is that when the boundary condition is set to counter-
rotation at the same magnitude of ωφ,bound = −15 krad s−1

(red curve), the rotation becomes almost as much counter as
it was co with ωφ,bound = 15 krad s−1 boundary condition.
This shows again that the core NBI torque has a minor role in
directly determining the core toroidal rotation profile provided
that the pinch number is large enough—note here the possibly
important role of the NBI torque in determining the magnitude
of the edge rotation which is not taken into account. The
minor effect of the core NBI torque is illustrated further in
figure 10(b), as the rotation profile does not change very
much whether the NBI torque is co, balanced or counter
(to note that counter-Ip or balanced NBI is not an option
considered currently for ITER). Also note here that in these
simulations, the boundary value of the rotation has been kept
fixed independent of the direction of the NBI torque, and surely
the direction of the NBI torque would have some impact on
edge rotation. To sum up these ITER simulations, it is evident
that the knowledge of the boundary condition, of course in
addition to the knowledge of the magnitude of the pinch, is
vital when the rotation profile is predicted to ITER plasmas.
This is most obvious when the inward pinch is large. If the
pinch number is small in ITER, for example as low as 2 or
below around the mid-radius, then the core torque sources,
such as NBI or RF driven or intrinsic ones, still play a major
role in determining the shape of the core rotation profile.

6. Summary and conclusions

The NBI modulation technique has been exploited on JET
to study parametric dependences of both the momentum
pinch and the Prandtl number. This method is a powerful
experimental tool to separate the diffusive and convective
components of the momentum flux. The plasmas studied
in all of the scans are dominated by ITG modes, therefore
making the concept of Prandtl number, unambiguous. The
torque calculations have been performed either with TRANSP
or ASCOT and the results have been benchmarked against each
other. In the experimental planning and transport analysis,
great care has been taken in getting rid of MHD modes, such as
sawtooth and ELMs, and equilibrium remapping due to plasma
oscillations caused by the NBI modulation.

A dedicated collisionality scan was performed by keeping
the other dimensionless quantities (βN, ρ∗, q, Te/Ti) constant.
No change in the pinch number was observed when the
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like TBMs may give large uncertainties in any extrapolation
of the rotation profile for future tokamaks. Moreover, some
MHD modes, such as Alfvén eigenmodes or NTMs, not
discussed in this paper, can influence the rotation profile in
ITER and furthermore, also fusion born fast alpha particles
may have an effect on rotation to be taken into account [70].
In conclusion, while it seems plausible that the rotation profile
will be peaked in ITER, the absolute magnitude of the toroidal
rotation still remains challenging to predict with the present
uncertainties in the edge rotation, in sources/sinks and in the
exact extrapolation of the inward momentum pinch.
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collisionality was varied by a factor of 4 within the scan.
In addition, no dependence of the Prandtl number on
collisionality was found. The pinch number was found to
decrease weakly with increasing q, but this dependence is just
within the error bars so that no solid conclusions can be drawn.
The Prandtl number did not depend on q.

Within the R/Ln scan, a strong dependence for the
pinch number on the inverse density gradient length was
observed, −Rvpinch/χφ ≈ 1.2R/Ln + 1.4. This dependence is
consistent with the JET rotation database study where a similar
dependence of the pinch number on R/Ln is reported in [68].
Also, a statistical approach applied to the JET rotation database
yields a similar trend [69]. Within the same R/Ln scan, the
Prandtl number was not found to be sensitive to R/Ln in these
JET experiments.

GS2 simulations are in good qualitative agreement with
JET experimental results, i.e. the pinch and Prandtl numbers
are found to be independent of collisionality and an increase
in the pinch number with increasing R/Ln is reproduced. In
some cases, such as the magnitude of the pinch number in
the collisionality scan, a quantitative agreement is obtained.
However, in many cases, such as the magnitude of the pinch
number in the R/Ln scan or the Prandtl number in both the
collisionality and R/Ln scans were significantly smaller in
GS2 simulations than in the experiments. Concerning the
pinch number in the R/Ln scan, one can note that the same
simulations with the GKW code result consistently in about
10% higher pinch numbers than those calculated with GS2,
making thus the discrepancy between the experiment than
simulations somewhat smaller. Qualitatively, however, the
trend of the pinch number with R/Ln remains similar between
the two codes, i.e. still quantitatively smaller than found in the
experiments.

In order to try to pin down possible reasons for the
discrepancy between the experimentally found strong trend
of the pinch number on R/Ln and the weaker one found in
the GS2 simulations, one can first look for possible additional
torque source terms or terms in the momentum flux. Based on
the experimental intrinsic rotation data in JET, it is relatively
easy to conclude that the intrinsic rotation is always quite
small, less than ±30 km s−1, and in fact, usually it is much
smaller than that [13, 14]. This is to be compared with the
NBI modulation H-mode discharges in these scans that have
typically central rotation values of about 150–200 km s−1. As
a consequence, the intrinsic rotation drive term seems to be
an order of magnitude smaller at least in JET H-mode shots.
However, it cannot be completely excluded experimentally
that the residual stress term, for example due to a stronger
H-mode pedestal in the higher power NBI modulation shots,
could affect more the rotation than in the lower power intrinsic
rotation studies (ICRH heated plasmas on JET cannot have
the typical 12–14 MW of heating power that we have in NBI
modulated shots). In order to test this effect, however, we have
added an extra arbitrary torque term in addition to the pinch
and Prandtl number in the transport analysis with JETTO for
several JET shots. The result clearly shows that the fit between
the experimental and JETTO simulated amplitude, phase and
steady-state rotation is not or only marginally improving by
adding such a term describing the residual stress. While the
experimental evidence suggests that the effect of the residual

stress term in the plasma core is relatively small, it may still
have an important contribution to the rotation profile outside
r/a > 0.8 which has not been analysed at all in this study
where the boundary conditions are matched at r/a = 0.8.

In L-mode plasmas, there is certainly more room for the
residual stress or other non-NBI torque terms to modify the
deduced pinch and Prandtl numbers as the typical value of
rotation is around 100 km s−1 with 5–6 MW of NBI power
including the modulation. Therefore, if the residual stress drive
stays the same as in H-mode, its impact can be significantly
larger in L-mode plasmas. On the other hand, experimental
evidence from DIII-D shows that it is just at the pedestal where
the intrinsic torque drive is strongest [58]. In any case, adding
co-torque in the pedestal and counter torque in the core, as
found on DIII-D, would indeed decrease the deduced Prandtl
number in the core (in the region of 0.3 < ρ < 0.8) in
the L-mode plasmas and thereby making it more similar to
the ones in H-mode (see figure 8). However again, in the
experimental JETTO transport analysis adding an extra torque
term does not significantly improve the simulated amplitude,
phase and steady-state with respect to the experimental ones,
indicating that the residual stress may not be the key to resolve
the discrepancy in the Prandtl number between the L- and H-
mode. It is possible that the disagreement between the high
experimental Prandtl numbers and the simulated GS2/GKW
ones become closer to each other when taking into account
the neoclassical E × B shear effect on the GS2/GKW Prandtl
number calculation. Preliminary GKW simulations with the
neoclassical E × B shear effect suggest at least an increase of
Prandtl number for a few cases, but a more detailed analysis
of the role of the residual stress term as a whole in JET H- and
L-mode plasmas is left for future work.

Another possibility making the Prandtl number to be
different in JET L- and H-mode plasmas is that L-mode
plasmas are always in a different parameter regime as already
discussed in section 3.1. In particular, the electron temperature
and R/LTe tend to be higher with respect to the ion temperature
and R/LTi in L-mode plasmas. This fact points towards
a possible larger drive from TEM with respect to ITG and
consequently, the concept of the Prandtl number being a ratio
of momentum diffusivity to ion heat diffusivity could be less
unambiguous. However, although a larger TEM drive is indeed
found in GS2 simulations in JET L-mode versus H-mode
pulses, the difference is so small that at least based on these
simulations, this does not look like a possible explanation to
resolve the Prandtl number discrepancy.

Based on the results from these parametric scans of the
pinch and Prandtl numbers, one can conclude that the inward
pinch will have a significant impact on rotation profile in ITER
provided that some rotation sources are available at the edge
of the plasma. The edge rotation has to be finite such that
the inward pinch can be effective to make the plasma rotation
peaked. With a finite edge rotation and a large enough inward
pinch, core rotation sources may not in the end play such an
important role in ITER than in present tokamaks. However, in
predicting the rotation profile and magnitude for ITER, large
uncertainties certainly remain, not just due to uncertainties
in edge rotation and scaling of the pinch, but also due to
uncertainties in core and edge sink terms. In particular, braking
effects from resonant magnetic perturbation or other 3D effects
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like TBMs may give large uncertainties in any extrapolation
of the rotation profile for future tokamaks. Moreover, some
MHD modes, such as Alfvén eigenmodes or NTMs, not
discussed in this paper, can influence the rotation profile in
ITER and furthermore, also fusion born fast alpha particles
may have an effect on rotation to be taken into account [70].
In conclusion, while it seems plausible that the rotation profile
will be peaked in ITER, the absolute magnitude of the toroidal
rotation still remains challenging to predict with the present
uncertainties in the edge rotation, in sources/sinks and in the
exact extrapolation of the inward momentum pinch.
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Fast ions and momentum transport in JET tokamak 
plasmas  
 

Energy production and consumption are strongly linked with critical 
environmental issues such as global warming. Today more than 80 % 
of our primary energy is obtained by burning fossil fuels. It is widely 
recognised that cleaner and more sustainable forms of energy are 
needed. Nuclear fusion between heavy hydrogen isotopes has the 
potential to provide an abundant and environmentally friendly form of 
energy for the future. 

Currently, the most advanced concept for a fusion power plant is a 
tokamak. Inside its torus shaped chamber, the fuel, in a form of plasma, 
must be confined and heated to over 100 million degrees and kept clear 
from the surrounding walls to initiate the fusion reactions. The economic 
viability of fusion power is largely determined by the degree of plasma 
confinement that can be achieved. Experiments have shown that by 
spinning the plasma in toroidal direction its confinement is improved and 
that certain instabilities can be mitigated thus improving the fusion 
performance. 

Fast ions are responsible for most of the plasma rotation in present day 
tokamaks. This research is focused on fast ions as a rotation source 
and as a tool for studying the toroidal rotation and momentum transport 
properties of the JET tokamak plasmas. Numerical code packages are 
developed and validated against the experimental data paving the way 
for predictive modelling capabilities.
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