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ABSTRACT.

In preparation for ripple experiments at JET the heat loads from fast ions to plasma facing components

were calculated by orbit following Monte Carlo codes. The calculations show that losses are generated

by two mechanisms, ripple-trapping and ripple-banana diffusion, and that the heat loads could cause

damage to plasma facing components. During the experiments the auxiliary power was therefore kept

below the limits inferred from the simulations. Measurements of the losses of fast ions from NBI

using visible-light and infrared cameras have been shown to be in agreement with the predictions

from the simulations. Finally, interactions between fast ions and the non-axisymmetric magnetic field

are shown to generate a toroidal torque, which in JET with ~1% ripple is of the same order as that

from neutral beam injection.

1. INTRODUCTION

In tokamak devices the finite number of Toroidal Field (TF) coils causes a toroidal variation of the

magnetic field; called ripple. The ripple breaks the toroidal symmetry of the tokamak, thus introducing

a transport channel that constrains the design of a tokamak reactors; the ripple must be low enough to

both allow confinement of alpha particles and to avoid high heat fluxes to the Plasma Facing

Components (PFC). In JET the 32 TF coils can be configured such that the odd and the even numbered

coils carry different currents, thus allowing for external control of the ripple amplitude. In early 2007

a set of experiments were performed to study the impact of ripple on JET plasmas. In preparation for

the experiments a modelling project was launched to find an operational space for NBI and ICRH

with respect to ripple-induced ion losses to PFC, and for predictions of the plasma performance. The

project focused on simulations with the Monte Carlo codes OFMC, ASCOT and SELFO.

The TF ripple amplitude, δ (R,Z) = [Bmax(R,Z) - Bmin (R,Z)] / [Bmax (R,Z) + Bmin (R,Z)], depends

strongly (approximately exponentially) on the ratio between the distance from (R,Z) to the TF coils-

system and the distance between two coils. Here Bmax and Bmin are the maximum and minimum

magnetic field along the circle for which the major radius R and the vertical coordinate Z are constant.

The ripple amplitude can therefore differ by several orders of magnitude between the plasma core and

edge. Furthermore, the distance between TF coils is larger on the outboard, than the inboard side. The

highest ripple inside the plasma is therefore often found at the separatrix near the outboard equatorial

plane. Values quoted in this paper are taken at R = 3.80m, Z = 0m, which is close to this maximum. In

standard operation with 32 coils this amplitude is 0.08%, while when the ratio of the currents in odd

and even coils are 0.33, 0.5 and 0.66, the ripple amplitudes are 0.5%, 1% and 1.5%, respectively.

2. TRANSPORT AND LOSSES INDUCED BY TF RIPPLE

The toroidal field ripple enhances the transport of fast ions by modifying their guiding centre orbit.

This transport can be separated into two mechanisms: ripple-trapped transport and ripple-banana

diffusion. The latter appears due to the ripple induced perturbation of the magnetic field strength

around the turning points of a banana-orbit. If the ripple enhances the local magnetic field, then the
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ion will reach the turning point earlier and the accumulated grad-B and curvature drifts are reduced,

resulting in a radial displacement of the orbit; see figure 1. When successive radial displacements are

decorrelated, e.g. by collision, wave interaction, or intrinsic stochastisity, a diffusive type of transport

is obtained which we will call ‘ripple-banana diffusion’ [1].

Ripple-trapped transport appears when particles become trapped in the magnetic wells appearing

in between the Toroidal Field (TF) coils [2]. These ‘ripple-trapped’ ions will move in the poloidal

plane through grad-B and curvature drifts; for standard JET operation the current and magnetic field

direction is clockwise when viewed from above yielding a downward drift. This is of particular concern

for ripple operation in JET since it allows energetic ions to reach deep in between poloidal limiters

where sensitive Plasma Facing Components (PFC) are located. The most sensitive components are a

TAE antenna, which can sustain 150-200 kW/m2 of ripple-trapped losses, and pipes called ‘French

horns’ that supply the divertor region with cooling water.

Banana orbits that are transported out of the plasma by ripple-banana diffusion are usually scraped

of by the PFC closest to the plasma; in JET this means the poloidal limiters, or the divertor. However,

a smaller number of fast ions manage to reach the more sensitive Faraday screens in front of the ICRH

antennas, which can take losses up to 1 MW/m2. In order not to damage the Faraday screen the loads

on the poloidal limiters have to be less than approximately 7 MW/m2. This constraint has been used as

the operations limit for ripple-banana losses.

3. SIMULATION TOOLS

To estimate the losses of fast ions to PFC’s with enhanced TF ripple in JET numerical simulation have

been performed using the three Monte Carlo codes OFMC, ASCOT and SELFO. The OFMC code

(from JAEA) [3-5] have been used to simulate neutral beam injection by follow the guiding centres of

a set of test particles, representing the beam ions, as they slow down and scatter through collisions

with a Maxwellian background plasma. In OFMC the simulation domain is bounded by a wall,

representing the PFC. This wall includes representations of the poloidal limiters and the ICRH and the

LHCD antennas, onto which heat loads can be evaluated; see figure 2. Like OFMC, the ASCOT code

[6-9] is a guiding following Monte Carlo code. It has been used to trace both beam ions and ICRH

accelerated ions. In addition to providing information about the fast ion losses, ASCOT has also been

used to evaluate the torques delivered by NBI ions in the presence of ripple, as described in section 7.

SELFO [10] is an orbit averaged Monte Carlo code for ICRH modelling. Although SELFO does

not include effects from ripple, it has been used to calculate steady state distribution functions of

ICRF accelerated ions in absence of ripple. Test particles from the steady state distribution are then

used as input in ASCOT, which calculates the losses due to ripple by tracing their orbits in a non-

axisymmetric field during collisional slowing down and scattering. This approached is based on the

assumption that most ions that are strongly affected by the ripple have their turning points on the low

field side of the cyclotron resonance and do not resonate with the ICRF waves. The assumption is, at

least partially, validated by the very low ripple along and on the high field side of the resonance.
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4. SIMULATION RESULTS FOR NEUTRAL BEAM INJECTION

Modelling of neutral beam heating and the associated fast ion losses have been performed for a large

number of plasmas. The main purpose of the simulations was to estimate the heat loads on PFC in

order to assure machine safety. But the results were also of use when planning the experiments by e.g.

providing values for the reduction in heating efficiency from ripple losses.

The modelling suggests that ripple losses of beam ions can cause significant damage to PFC if the

maximum available power is applied. E.g. at 0.5% ripple an NBI power of 20 MW may be acceptable,

while for similar plasmas at 1.5% ripple the power should restricted to be less than 7 MW for safe

operation. The exact values of the operational boundaries depends not only on the ripple amplitude,

but also on the plasma shape and on plasma parameters; at higher density more beam ions are born

near the plasma edge where the ripple is high, while higher plasma current improves the fast ion

confinement and reduces the size of the ripple wells. Attempts have been made to derive scaling laws

from the results of the OFMC predictions, but the losses proved to have a too complex dependence on

too many parameters for such a scaling law to be accurate.

From analysis of the results of the simulations emerged the following picture of the physical process

driving the losses. In JET beam ions that are born close to the plasma edge will follow trapped banana

orbits with their turning points outside the ripple-well region; thus they are susceptible to ripple-

banana diffusion, but not ripple trapping. These ions will initially collide mainly with the electrons,

generating a steady slowing down, but as their energy decreases the pitch-angle scattering becomes

stronger. In those parts of the plasma where there are ripple wells the pitch angle scattering provides

a supply of ripple-trapped ions. Thus, losses of beam ions are caused by both ripple-banana diffusion

and from ripple trapping. While ripple-banana diffusion can lead to losses at energies close to the

injection energy, the ions lost through ripple trapping are in general less energetic.

The relative importance of ripple trapped and ripple-banana losses is mainly determined by the

size of the regions with ripple wells; due to the short time scale needed for a ripple-trapped ion to be

lost the ratio of ripple-trapped to banana losses increases with the ripple amplitude. In fact, for 1.5%

ripple the operational boundaries were in general set by ripple trapped losses, while 0.5% ripple the

ripple-banana losses set the operational boundaries.

Figure 2 shows an illustration of how the losses are distributed to PFC. Here the ripple-trapped

losses can be found around poloidal angles -65O, about 0.5 m below the equatorial plane, and ripple-

banana losses are found on the poloidal limiters slightly below the equatorial plane (poloidal angle

0o). To be more precise, the ripple-banana losses appear on the left edge of the poloidal limiters; as the

toroidal velocity on the outer leg of banana orbits is along the plasma current (in the figure 2 the

plasma current flows from left to right).

5. RIPPLE LOSSES OF ICRF ACCELERATED IONS

In JET heating by ICRF waves can accelerate populations of fast ion with energies between hundreds

of keV to a few MeV. Since this acceleration is mainly perpendicular to the magnetic field and the
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slowing down is weak, the distribution functions of the fast ions become dominated by banana-trapped

ions with their turning points around the cyclotron resonance layer. To avoid that these poloidally

trapped ions become ripple-trapped the cyclotron resonance layer have to be kept far away from the

ripple-well region [11]. Therefore, for operation with TF ripple in JET the ICRF system was only

allowed to operate with an on-axis of slightly Low Field Side (LFS) resonance. Consequently, ripple

trapped losses are very rare in all simulations of ICRH losses with ripple.

Furthermore, operation with LFS, or on-axis, cyclotron resonance means that the ripple levels

around the resonance layer are generally small. Still, ripple-banana diffusion can significantly

contribute to the losses of ions with MeV energies. Since these ions usually appear in the tail of

an approximately exponential distribution function, the heat loads from ICRF accelerated ions

will depend non-linearly on the average energy of the fast ions, and consequently on the ICRF

power absorbed per resonant ion.

An issue of great concern for operation with ICRH at high ripple is that the accelerated ions are

prone to drive global MHD modes, which in turn can transport the fast ions into the ripple-well region

and indirectly cause ripple-trapped losses. As reported in Ref. [12] such losses are believed to be

responsible for having caused damage to PFC in TFTR. Although analysis showed that these losses

are less likely in JET, it was decided that high amplitude global MHD modes should be avoided.

Consequently, the ICRH power was kept low during the ripple experiments and the losses predicted

by modelling were typically an order of magnitude below the safety margin. Thus, neither the visible-

light, nor the IR cameras were able to detect the ICRF induced losses.

6. EXPERIMENTAL OBSERVATIONS

The question arises if the predictions of the Monte Carlo calculations can be verified by measurements

and observations. Although ripple trapped losses have been detected by fast ion diagnostics [13],

direct comparison with the predicted heat loads are not available. However, visual inspection of the

TAE antenna after the ripple experiments were performed confirms that ripple losses did not cause

any damage to the antenna. We believe that damage could appear for losses of about twice the maximum

Monte Carlo predictions. Thus, we deduce that the simulation did not give a strong underestimation

of the maximum ripple-trapped losses.

Direct evidence of losses due to ripple-banana diffusion was found with the visible-light and IR

camera [14-15]. In figure 3 an example is shown of two discharge, one with an enhance TF ripple of

1% and the other with the standard JET 32 coils ripple (0.08 %). OFMC simulations for the 1% ripple

pulse predicts that heat loads of approximately 4.6 MW/m2 are deposited on the poloidal limiter at a

location that is in good agreement with the bright spots seen on the poloidal limiter. Furthermore,

when changing the plasma scenario or the plasma shape the bright spots appear at different locations

on the poloidal limiters. These variations are in agreement with OFMC simulations.

A strong indication of a correlation between the prediction and the experimental losses are obtained

from studying the threshold for bright spots to be visible with the visible-light camera. For pulses
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where OFMC predicts a heat load less than 3.3 MW there are no visible loads observed, while when

the prediction is larger than 4.3 MW bright spots are always observed.

As an example, for neutral injection along beam lines that are tangential to the flux surfaces at

~1.85 m there is significantly less losses than for more perpendicular injection with a tangency radius

of ~1.3 m. For one particular type H-mode plasma OFMC predicted 2.8 MW/m2 and 4.3 MW/m2 for

the two NBI configurations, respectively. In the experiments bright spots were observed for the more

perpendicular injection, but not for the more parallel injection.

Measurements with the IR camera allow for direct comparison with the predicted heat loads. The

IR camera measures local temperatures of the PFC. Under assumptions that a heat load, Q, is applied

at time t=0 the temperature evolution can be approximated by

 ktQtT /)( = , (1)

where 4/ρλπ ck = , for which λ, ρ and c are the thermal conductivity, the density and heat capacity

of the material (for the JET tiles of interest k~18400Wm-2s1/2). By matching the time dependence of

the measured limiter temperatures to Eq. (1) the heat loads can be estimated. The result, illustrated in

figure 4, is that the reconstructed heat loads that are close to those predicted by the Monte Carlo

simulations.

There are a number of sources for errors in the estimated heat loads, e.g. from the assumptions

underlying Eq. (1), from matching the measured temperatures to this equation, from the uncertainties

in the value of k, from errors in the IR measurements of the surface temperature and from systematic

errors in the measurements. One systematic error is obtained from the fact that the IR cannot see the

parts of the limiters where the highest losses are expected; before being lost, the ions travel towards

the camera and are therefore most likely to hit the shadow side of the limiters. However, due to

thermal conduction the observed temperatures should be close to the maximum temperature.

There are also errors in the predicted heat loads. The predictions are based on test particles simulations

with a statistical error. Since the quantity of interest is the maximum heat load the statistical error may

enhance the prediction. Furthermore, some of the simulations used in generating figure 4 were performed

with a beam line geometry that was different from what was used in the experiment. This may result

in additional scatter of the data.

7. RIPPLE AND PLASMA ROTATION

Fast ions that are transported by TF ripple do so by receiving toroidal momentum from the magnetic

field through v × B forces. The connection between radial transport of trapped orbits and toroidal

momentum can be found in the form of the canonical toroidal angular momentum, Pφ = Zeψ+Rmvφ ,

where Ze and m are the ion charge and mass, vφ is the toroidal velocity, R is the major radius and ψ is

the poloidal magnetic flux normalised by 2π. In general ripple perturbation of ion orbits are adiabatic

and Pφ oscillates adiabatically. However, near the turning points the phase of the ripple becomes
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stationary and a net toroidal momentum is transferred to the ion, thus changing vφ and consequently

Pφ . Since the flux surface at the turning point (vφ = 0) is given by ψ = Pφ /Ze, the ripple has caused

radial transport.

The torque that the fast ion receive from the non-axissymetric magnetic field, τ, is thus transferred

into a radial current jφ = -τ /RBp, where Bp is the poloidal magnetic field. To maintain quasi-neutrality

the background plasma sets up a return current jr = -jφ , which generates a torque Rjr × Bp = τ  to the

thermal plasma.

ASCOT simulationshaveshown that for NBI with ~1% ripple this torque is similar in magnitude,

but opposite in direction, to the torque of injected beam neutrals. Figure 5 illustrates the collisional

friction between the fast ions and the thermal plasma, TCOL, and the Rjr × Bp torque for NBI with and

without ripple. While the friction is roughly unaffected by the ripple, the Rjr × Bp torque is strongly

modified in the outer part of the plasma where it changes sign. Note that the change in the Rjr × Bp

torque when ripple is introduced is in fact a measure of the fast ion transport since it is deduced from

the radial current of fast ions, jφ .

In the experiments the plasma rotation was shown to be strongly affected by the ripple, where the

edge rotation changed from co- to counter-current when the ripple was increased [16]. However, the

ripple-torques predicted in NBI simulations with ASCOT were in fact too small to explain the measured

toroidal rotation [16-17].

SUMMARY

In preparation for TF ripple experiments in JET, Monte Carlo simulations have been performed to

establish the operational boundaries that assure machine safety. The simulations show that when

operating JET with enhanced ripple the ripple-induced losses could cause damage to PFC unless the

NBI and ICRH power are restricted. The predictions for losses with beam ions have been shown to be

in agreement with measurements; both in position and in magnitude. The simulations of the losses

during ICRH were considered less reliable, in particular considering the possibility of MHD enhanced

losses. The ICRH power was therefore strongly restricted and the losses were below what can be

measured by the visible-light, or IR cameras. The transport of fast ions provide the thermal plasma

with a toroidal Rjr × Bp-torque, where j is the return current balancing the fast ion radial current.

Simulations have shown that in JET, with ~1% ripple, this torque can be of the same order as the

torque of injected neutrals.
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Figure 1. Cartoon of how ripple can modify a banana orbit. The orbit starts at R=3.55 m, Z=0.4 m. At the turning
point the orbit is modified in a way uniquely determined by the ripple phase; near ripple maxima the turning point
appears earlier (red, dotted-dash curve) than in the axisymmetric case (black, solid curve), while at ripple minima
the turning point is delayed (blue, dashed curve).
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Figure 2: The colour coding indicates the heat loads to PFC calculated by OFMC for JET plasma Pulse No: 60856
with ripple amplitude 1.5%. The rectangles reaching from poloidal angles -80o to 67o represent the locations of the
poloidal limiters, while the other rectangles represent ICRF antennas and the Lower Hybrid launcher. The resolution
of the grid, on which the losses are measured in OFMC, is 2o in both poloidal and toroidal angle. The poloidal angle
0o is the outboard equatorial plane, while the divertor is located at around 110o.The toroidal angle used here is
increases clockwise when viewed from above.

Figure 3: Observation of TF ripple induced losses (indicated by the arrow) on the poloidal limiter for a plasma with
1% ripple. Plasma with standard ripple (to the right) and similar NBI power does not show these bright spots. The
pictures are taken during ELM, which illuminates many PFC (seen in red). The bright spot on the poloidal limiter,
which is indicated by the arrow, is affected by the ELM cycle. In fact, the IR camera measurements show that the
temperature of the limiter surface increases slowly during several seconds.
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Figure 4: Comparison of the heat load calculated using
the temperature rise on a poloidal limiter as measured
by the IR camera and the peak power load as calculated
with the OFMC code. The horizontal error-bars are
derived from the statistical noise in test particle
simulations and the vertical error-bars include the errors
in the IR temperature measurements and in the coefficient
k from Eq. (1).

Figure 5: Fast ion torques during NBI with (solid line)
and without ripple (dashed lines). The arrow illustrates
the change in the Rj×B torque due to ripple transport.
Note that the effect of the ripple extend deep into the
plasma, from the edge to ρ ~ 0.4. Here ρ is the normalised
polidal flux.
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