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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
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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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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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