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ABSTRACT.  Physics knowledge (theory and experiment) in energetic particles

relevant to design of a reactor-scale tokamak is reviewed and projections for ITER

are provided in this Chapter of the ITER Physics Basis. The review includes  single

particle effects such as classical alpha-particle heating and toroidal field ripple loss

as well as collective instabilities that might be generated in ITER plasmas by

energetic alpha-particles. The overall conclusion is that fusion alpha-particles are

expected to provide an efficient plasma heating for ignition and sustained burn in

the next step device. The major concern are localized heat loads on the plasma

facing components produced by  alpha-particle loss which might affect their life

time in a tokamak-reactor.
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5.1.  INTRODUCTION

Self-sustained ignition of an ITER thermonuclear plasma depends on heating by highly

energetic alpha particles (i.e., 4He ions) produced from fusion reactions.  The alpha particles, born

at 3.5 MeV in a reacting deuterium-tritium plasma (envisioned for use in ITER), transfer their

energy mostly to thermal electrons, which in turn heat the plasma ions through collisions.

Accumulation of the slowed-down, low energy alpha particles as “helium ash” needs to be

prevented, since it dilutes the fusion fuel.  Another concern is poor confinement of the energetic

alpha particles (or other energetic ions in ITER used for current drive or auxiliary heating), caused

either by single-particle “ripple” loss or by anomalous transport due to collective instabilities.  Such

losses can not only reduce the alpha particle heating efficiency, but also lead to excessive heat

loading and damage to plasma-facing components (e.g., first walls and divertor plate structure).

Some of these problems have been studied in existing experiments and analyzed theoretically.

Reviews have been previously given of the detailed behavior of alpha particles [5.1-5.3] and of

various energetic particle issues specific to ITER operation [5.4, 5.5]  In this chapter, we

summarize, and apply to ITER, current knowledge about major issues that have been identified:

alpha particle production and heating (Section 5.2), single-particle confinement (Section 5.3),

collective instabilities and anomalous transport (Section 5.4), and possible alpha particle control

methods (Section 5.5). Alpha-particle diagnostics which are planned for the experimental study of

ignition and ash control in ITER are discussed in Chapter 7.

Before beginning that summary, we briefly describe how ITER differs from present

experimental devices with respect to energetic ion physics.  Many years of tokamak research have

shown that the fast ions used to heat tokamaks normally do so with high efficiency and without

causing problems.  These high energy ions are either externally introduced by neutral beam

injection or internally generated by minority ion cyclotron wave resonant heating.  Sometimes,

however, the fast ion heating efficiency has been reduced due to non-axisymmetries such as

toroidal field ripple, or due to energetic-ion-driven collective instabilities such as various Alfvén
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eigenmodes.  To help assess whether such problems will occur for alpha particle heating in ITER,

Table 5-I compares the fast ion (subscript f) physics parameters of current experiments with the

anticipated alpha particle parameters of ITER.

The first thing to note from Table 5-I is that the alpha particle heating power density in

ITER will actually be lower than the fast ion heating power density in present large tokamaks.  The

reason is that, in ITER, the plasma energy density will be only slightly larger, whereas the plasma

energy loss rate should be much lower, than in present experiments.  Thus the relative density and

the beta value for the alpha particles in ITER will be smaller than those for the neutral beam and

wave-heated fast ions currently used to heat large tokamaks.  On the other hand, the alpha particle

beta value in ITER will be a few times larger than those obtained in the JET and TFTR deuterium-

tritium experiments cited in Table 5-I.

Next to be noted from Table 5-I is that the orbit size δ/a for alpha particles in ITER will be

comparable to that for fast ions in present beam-heated experiments.  Hence the single-particle

confinement of alphas in ITER should be very good, except possibly for toroidal field ripple loss.

Table 5-I also shows that the dimensionless fast ion pressure gradient R∇β f, which drives

collective fast ion instabilities, will be smaller for alpha particles in ITER than for beam-heated fast

ions in present experiments.  However, the ratio of the alpha particle velocity to the Alfvén speed,

vf / vA(0), will exceed unity in ITER – which is typically the parameter range in which fast ion-

driven Alfvén instabilities have been seen in existing experiments.

An important parameter not shown in Table 5-I is the plasma pulse length, which is 1000

seconds for ITER but only a few seconds for present experiments.  The long pulse length requires

that the first-wall components be carefully protected and actively cooled to prevent the formation of

localized hot spots, which could cause uncontrolled impurity influx or damage to the wall.

Therefore even a few-percent loss of alpha particles to an unprotected location on the ITER first

wall could be a problem, whereas a similar fast ion loss fraction over the time scale of a few

seconds has not been a problem for present experiments.
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Another difference of a self-heated ignition experiment like ITER with auxiliary heated

tokamaks has to do with the fact that, in contrast to fast ions produced by neutral beam or RF

waves applied from outside, there is little external control of the alpha particles.  Some control

schemes have been proposed.

As it was mentioned above, there are two major design issues associated with energetic-

particle loss in ITER: 1) reduction in the plasma heating and 2) local heat loads on the plasma

facing components.  These issues have clearly a direct impact on the choice of major plasma

parameters of the ignited plasma and on the design of the plasma facing components.  It was found

that the alpha-particle heat loads are much more restrictive in ITER than the loss of plasma heating.

Indeed, if the energy confinement time in ITER has a degradation with the total heating power,

τ E ∝ P−α , then from the plasma power balance point of view the alpha-particle loss will be

equivalent to a degradation in the energy confinement time by factor (1− L)1−α  , where L  is alpha-

particle power loss fraction.  For example, ITERH-93P scaling, with α = 0.67, predicts ~10% of

ignition margin for ITER (see Chapter 2) and, therefore, ignition is possible if alpha-particle loss

<30% . At the same time, very small grazing angles of the lost particles make  distribution of the

losses over the first wall very uneven and very sensitive to the details of the wall shape. The

peaking factors can be as high as 200-300, and loss of more than 5% alpha-particles could be

damaging for the first wall in ITER.

In the case of energetic ions produced by NB or ICRH, the total heating power is six times

less than the alpha-particle heating in ITER and both limitations are more or less equal - heat loads

on the wall are becoming an issue when there is a noticeable degradation in the total heating power

due to the loss.
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5.2.  CLASSICAL PHYSICS OF ENERGETIC PARTICLE CONFINEMENT AND PLASMA

HEATING

Based on the experimental results on the energetic particle heating in the present tokamaks,

it is expected that the fusion alpha-particles in ITER type plasmas will be well confined to heat

plasma efficiently and their slowing down and energy transfer to the main plasma will be defined

by classical Coulomb collisions with the background electrons and ions.  Therefore, we shall start

this review with a description of a classical theory of alpha-particle heating in tokamaks.

5 . 2 . 1 . Classical Interaction with the Main Plasma

Based on earlier works of Spitzer [5.6] and Sivukhin [5.7], Stix [5.8] derived the

following formula for the slowing-down rate of beam ions in a plasma:

dE

dt
= − 2E

τ s

1 + Ecrit

E












3/ 2

(5-1)

where E is alpha-particle energy, τs is the characteristic Spitzer slowing down time on field

electrons, and Ecrit is the so-called critical energy.  These are given by:

τ s = 3 2πTe
3 2

me mb AD

 , AD = ne4 ln Λ
2πε0

2mb
2

Ecrit = (
3 π

4
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me
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For high energies of the beam ions the energy loss is mainly due to collisions with plasma

electrons.  The collisions with ions become more important when the beam ions are slowed down.

At E = Ecrit the energy loss on ions and electron is equal.  Below this energy ion collisions are

dominant.  The total energy transfer to plasma ions and electrons are equal for an injection energy

of E = 2.41 Ecrit [5.9].  For a higher injection energy, electrons are heated predominantly and

vice versa.

Evident electron heating by alpha particles or by energetic particles has been confirmed in

several tokamaks.  In particular, TFTR [5.10] and JET [5.11] deuterium-tritium experiments

observed alpha heating that is consistent with theory.  Moreover, abundant experiments on the

deceleration of energetic particles also indicate that alpha heating in ITER will obey classical theory

if the alpha particles are well confined in the plasma.  Figure 5-2 shows the measured slowing-

down time compared with the theoretical prediction over the range 0.5 ≤ Eb/Ecrit ≤ 35, extending

from where electron friction is dominant to where bulk ion friction is dominant.  The slowing-

down time of energetic ions agrees well with classical theory over a wide range of fast ion

energies, plasma temperatures, and densities, as supported by experiments using NB ions and

charged fusion products [5.3, 5.12, 5.13].  In TFTR deuterium-tritium experiments, pellet charge

exchange measurements [5.14] confirmed that the slowing-down energy spectra of alpha particles

in an MHD-quiescent plasma matched the prediction from a Fokker-Planck post-TRANSP

processor code, which had classical modeling with stochastic ripple diffusion [5.15].  The classical

plasma heating by fusion alpha-particles was observed in DT experiments at JET [5.11].

5 . 2 . 2 . Alpha Particle Density and Beta Profiles

Most alpha particles in ITER will be produced by thermal deuterium-tritium reactions and,

as a result, their birth profile will be broad compared with that in TFTR and JET, where tritium

was injected as a beam into a deuterium plasma.  Based on classical slowing-down physics, the

local values of nα/ne and βα/β, where nα and βα are the fast alpha particle density and beta values,
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with β = βe + βi + βα the total plasma beta value, are approximately determined as functions only

of the temperature, independent of the electron density ne [5.16].  If we assume that the ion and

electron temperatures are about the same (Ti = Te = T) and take Zeff = 1.5 with carbon impurities,

then nα /ne and βα /β increase as the temperature goes up, as shown in Fig. 5-1.  For a

representative ITER temperature of 〈T〉  = 10.5 keV, we have nα/ne ≈ 0.1% and βα/β ≈ 5%.  In the

core region where temperatures are expected to exceed 20 keV, the values of nα/ne and βα/β can

be as high as ~0.8% and ~15%, respectively.

5 . 2 . 3 . Neoclassical Diffusion of Alpha Particles

In present tokamaks, some fusion-product charged particles can experience first-orbit loss

because of the relatively low plasma current Ip and small minor radius a.  In TFTR deuterium-

tritium  experiments, the alpha particle loss decreased as the plasma current increased, and this was

well explained with a first-orbit loss model [5.17].  In ITER, with high current and sufficiently

large minor radius, the first-orbit loss will be negligibly small (0.1% for a broad alpha particle birth

profile just after a sawtooth crash).

The transport of alpha particles in the core region is believed to obey conventional

neoclassical diffusion under the assumption of toroidal symmetry.  In the outer region, however,

broken toroidal symmetry caused by “ripple” due to the discrete number of toroidal field coils can

give rise to rapid diffusion or convection (described in Section 5.3).  Experimentally, fast ions are

well confined in the core region, with small diffusion coefficient Dfast, consistent with theory.  The

pitch angle dependence of 1 MeV tritons and 3 MeV protons escaping to a detector located at the

bottom of TFTR indicated a negligible diffusion coefficient [5.18].  In TFTR deuterium-tritium

experiments, Dfast for alpha particles was 0.01–0.1 m2/s as determined by three separate

measurements [5.12, 5.19].  In JET, the experimental results for triton burnup match a classical

diffusive model with Dfast = 0.1 m2/s [5.20].  A similar result has been reported for JT-60U,

indicating Dfast = 0.05 m2/s when toroidal field ripple is small (~0.3% at the plasma surface)
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[5.21].  Also, there is much experimental evidence showing that the diffusion coefficient for

neutral beam-injected ions is ~0.1 m2/s or less [5.3].

Thus, one of the remarkable results on fast ion transport is that their diffusion coefficient is

small, on the order of 0.1 m2/s, which is comparable to the neoclassical level and ten times smaller

than the typical value for anomalous thermal ion transport observed in tokamaks.  This result may

be evidence that energetic ions are not subject to the mechanism responsible for the bulk of heat

loss.  The smallness of the measured fast ion diffusion coefficient may be explained by “orbit

averaging” of small-scale plasma turbulence over the large orbits of the fast ions [5.22, 5.23]; this

transport reduction mechanism could, however, be less effective in larger tokamaks if the

turbulence size scale increases with machine size [5.24].

When pitch angle scattering on background ions becomes comparable to electron drag, the

alpha particles diffuse radially while slowing down.  Their corresponding neoclassical diffusion

coefficient in a toroidally symmetric system is [5.25]

Dscatt
α ≅ 0.24ε1/2 vα

2

τs Ω
pα 2

 (5-2)

where vα is the alpha particle birth energy, ε = r/R the inverse aspect ratio, τs the slowing-down

time, and Ωpα = ZαeBp/mαc is the poloidal gyrofrequency, calculated with the poloidal magnetic

field Bp.  For ITER parameters, Dαscatt is approximately 0.01–0.1 m2/s.  For a 12 MA post-

sawtooth-crash profile, the alpha particle loss arising from this neoclassical diffusion is estimated

to be 0.2%, much smaller than the ripple loss.

On the basis of neoclassical transport, a bootstrap current from the fast alpha particles is

expected.  The results from a model calculation that used the ACCOME code [5.26] are shown in

Fig. 5-3.  In the calculation, temperature and density profiles for a 21 MA ignited plasma at

1.5 GW fusion power are assumed; 50 MW neutral beams with an energy of 1 MeV are injected

co-tangentially; and other key parameters are Zeff = 1.5 and q(0) = 1.  Since the bootstrap current
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from the alpha particles (0.44 MA) is much smaller than that from the bulk plasma electrons and

ions (4.44 MA), it has little impact on the MHD equilibrium.  However, for a low-current (12 MA)

advanced steady-state scenario in which the bootstrap current is expected to comprise 80% of the

total current, the bootstrap current of the alpha particles will not be negligible and it could

contribute to the MHD equilibrium.

5.3.  TOROIDAL FIELD RIPPLE LOSS AND OTHER SINGLE-PARTICLE EFFECTS

5 . 3 . 1 . Mechanisms and Loss Channels of Toroidal Field Ripple Loss

Potentially significant loss of alpha particles can occur in ITER-size machines due to

toroidal field (TF) ripple, i.e., toroidally asymmetric perturbations of the toroidal magnetic field

due to the discreteness of the TF coils.  The TF ripple amplitude is defined as

δ = Bmax − Bmin

Bmax + Bmin

,

where Bmax and Bmin are the magnitudes of the toroidal magnetic field calculated at two points

having the same radial and vertical coordinates in the meridian cross section but different toroidal

coordinates — one under a TF coil, and another midway between two neighboring coils.  The TF

magnetic system in ITER has 20 coils, with a maximum ripple amplitude at the plasma edge of

0.6%.  The ripple profile for the ITER plasma cross section, as shown in Fig. 5-4, is typical for

tokamaks with moderate aspect ratio (A = 2.5–3.5) and a large number (N > 16) of TF coils.  Due

to the poloidal variation of the magnetic field on a magnetic surface, the magnetic ripple wells exist

only near the equatorial plane and mostly at the outer part of the plasma cross section where the

ripple is relatively large.

The effect of TF ripple on the confinement of energetic particles in tokamaks has been well

studied both theoretically [5.27–5.29] and experimentally [5.30-5.37].  Efficient numerical codes
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have been developed [5.26–5.30, 5.38–5.40] and also validated by comparison with experimental

results.  This is an area in the physics of the fusion plasmas where models based on first principles

are able to produce quite accurate quantitative results.

There are several channels for energetic particle loss that are important for an ITER-type

ripple profile.  (1) Convective loss of ripple trapped particles: Particles born in the ripple well

region with a very small parallel velocity (v||/v) < δ1/2 can be trapped in the magnetic well.  These

particles experience vertical magnetic drift and will be lost.  In ITER, particle scattering due to

Coulomb collisions will be too small to prevent convective loss.  (2) Collisionless ripple well

trapping of banana particles:  Particles following banana orbits have a very small velocity near the

turning points and can be trapped in a well if one of the turning points is located in the ripple well

region [5.28].  An energetic particle has a very high probability of becoming trapped, within only a

few bounce periods.  Ripple-trapped particles will drift along a contour of constant magnetic field

strength (i.e., nearly vertically in the R–z plane) until they leave the region with ripple wells and

become collisionlessly detrapped from the TF ripple, or until they exit the plasma and strike the

wall.  For the ripple well boundary shown in Fig. 5-4, most of these particles will be

collisionlessly detrapped from the TF ripple.  (3) Residual drift of banana particles:  When the

ripple profile is up-down asymmetric (as in ITER), a banana particle that has at least one banana

turning point in the ripple well region experiences a residual radial drift [5.41, 5.42].  When the

ripple well depths at the upper and lower turning points are different, the banana orbit is not closed

and after each bounce period there is a displacement.  The resultant average banana drift,

vb ≈ vdrift δA , is rapid on the collisional time scale.  Banana-trapped particles with at least one of

their banana turning points in the ripple well region can drift outward in radius while the banana

turning point stays on a contour of constant magnetic field strength (i.e., moves nearly vertically),

until both banana tips exit the ripple well region, or they exit the plasma and strike the first wall.

In addition to prompt convective loss from the ripple well loss cone, other losses can occur

through channels that bring particles from the core region of the plasma to the ripple well loss

cone.  (1) Collisional scattering of transit and banana particles in the loss cone is important for
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typical ITER conditions, especially for particles that have partially slowed down to energies of

several hundred keV, so that scattering on ions is comparable with the slowing down time.  The

effect significantly increases the particle ripple loss fraction and contributes significantly to the

energy loss fraction.  (2) Stochastic ripple diffusion [5.29] is a very fast and powerful loss channel

if it exists.  Even outside the ripple well region, ripple perturbations lead to small vertical periodical

displacements of the banana turning points, ∆z ≈ ρδ(qA)3/2(πN)1/2, where ρ is the particle Larmor

radius.  (Radial displacements are prohibited by conservation of particle energy and magnetic

moment.)  For large ripple magnitude and large particle energy, the orbits become unstable and

stochastic.  As a result, energetic particles can experience fast radial diffusion and be lost.

However, in the ITER-type ripple profile, the ripple magnitude decreases rapidly away from the

ripple well boundary, and the stochastic region is very narrow, comparable in width to ∆z.  Strictly

speaking, in this case there is no stochastic diffusion, but rather a widening of the ripple well loss

cone by an amount ~ρ(πqA/N)1/2.

The major numerical tools for the analysis of ripple loss in tokamaks are orbit-following

Monte Carlo codes. Their drawback is the need for extensive computational run time, which limits

the statistics for the lost particles.  An approach based on a combination of full orbit-following and

mapping techniques allows the calculations to be speeded up significantly.

These codes, validated and tested on experimental data, have been applied to ITER

conditions in order to evaluate the ripple loss of energetic ions and the peak heat loads on the

plasma-facing components [5.43].  Because of the high peaking factors (typical for the loss of

energetic particles), the local heat loads in ITER will be more limiting than the total deterioration of

the plasma heating efficiency.  The magnitude of the ripple in ITER has been adjusted so that the

alpha particle ripple loss is low, less than 0.5% in ignited regimes with high plasma current, and

the heat loads acceptable.  Low-current configurations with reversed magnetic shear were found to

be most susceptible to ripple loss.  In such configurations the alpha particle loss fraction can be as

high as 1.5%, and the local heat loads are close to the maximum acceptable value of 0.5 MW/m2.

The loss fraction for 1 MeV neutral beam ions is somewhat larger (2-3%), but the total neutral
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beam power is six times less than the alpha particle power, and the peak heat loads for both alpha

particle and neutral beam ion loss are within the allowed limits.

5 . 3 . 2 . Experimental Results on Fast Ion Ripple Loss

A comprehensive set of fast ion ripple loss experiments has recently been performed on

JT-60U, JET, Tore-Supra, and TFTR for the purpose of code validation.

The JT-60U experiments [5.31-5.33] were devoted to verifying the modeling capabilities

of the orbit-following Monte Carlo code OFMC, which has been used to predict ripple loss for

ITER.  In JT-60U, special attention was paid to measuring hot spots on the first wall due to fast

ion ripple loss, for which two ripple loss channels (viz., ripple-trapped and banana drift loss

channels) were identified.  OFMC code predictions agreed well with both the measured positions

and the heat flux of the ripple loss channels on the wall, as illustrated in Fig. 5-5.  When a radial

electric field was included in the particle orbit calculations, the OFMC predictions were improved

and could explain the measured two-dimensional profile of the hot spots in detail.  In order to

estimate the feasibility of operating ITER with reversed ion ∇ B drift, ripple losses were compared

for upward and downward ion ∇ B drift, in plasmas with an ITER-like up-down asymmetric ripple

well.  No difference with respect to magnitude of the ripple loss was seen between the two

experimental situations, guaranteeing the feasibility of ion ∇ B drift reversal for H-mode operation

in ITER.

Two TF ripple experiments were performed on JET [5.34, 5.35] in which the TF ripple at

the outboard midplane was varied in a controlled manner from 1% to 12%.  The behavior of the of

ion cyclotron heated high-energy minority tail ions was diagnosed with a neutral particle analyzer

and gamma radiation, and also from measurements of the “burn up” of deuterium-deuterium

fusion-product 1 MeV tritons into 14 MeV neutrons.  No unexpected behavior was observed for

fast particles (with energies greater than 100 keV); i.e., the fast ion loss was consistent with Monte

Carlo calculations of the expected TF ripple loss [5.36].  What remains unexplained is the effect of



ITER Physics Basis Chapter 5: Energetic Ions

13 Energetic Particles Expert Group
Physics Basis Editors

the ripple on toroidal plasma rotation, since the observed braking effect was significantly larger

than that predicted by theory [5.27].

The loss of ripple-trapped ion cyclotron heated minority tail ions in the energy range of

100-300 keV has been investigated in Tore-Supra with the use of a set of graphite probes mounted

in ports between the TF coils [5.37].  Most of the ions are lost on trajectories originating from the

boundary of the TF ripple trapping region, as expected.  However, anomalously large bursts of

fast ion loss have been observed during monster sawteeth, perhaps due to MHD activity near the

q = 1 surface.  Rugged, energy-resolving graphite calorimeter detectors are under development for

these studies, which may also be useful as a diagnostic for alpha ripple loss measurements in

ITER.

The effect of TF ripple on deuterium-tritium alpha particles in TFTR was measured with the

pellet charge exchange diagnostic and escaping alpha particle scintillator detectors.  The radial

profile of the confined trapped alphas measured by pellet charge exchange shows an empty region

near the outboard plasma edge [5.44], which is consistent with modeling of the expected stochastic

TF ripple diffusion boundary.  The deuterium-tritium alpha loss was measured just below the outer

midplane [5.45], and the loss mechanism was tentatively identified, by the pitch angle of the

detected alphas, as stochastic ripple diffusion.

An interesting synergistic effect between TF ripple loss and toroidal Alfvén eigenmodes

was seen during ion cyclotron wave hydrogen minority heating in TFTR, where a vacuum leak

occurred due to fast ion loss localized between TF coils in the ion ∇ B drift direction [5.46].

Apparently fast ions were transported outward by the Alfvén instabilities and subsequently lost

through ripple trapping.

Recently in triton burnup measurements on JT-60U, an increase in TF ripple loss

associated with high-q(0), reversed shear operation has been observed [5.33].  In TFTR plasmas

with reversed shear (but no internal transport barrier), beam-injected fast tritium ions were

observed to experience 40% loss at large major radius [5.47].  These results are relevant to ITER

advanced operation in a low-current scenario.
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5.4.  COLLECTIVE ALPHA PARTICLE AND ENERGETIC ION INSTABILITIES

A variety of collective instabilities, ranging in frequency from 10 Hz up to 109 Hz, may be

driven by alpha particles [5.2].  Results from present-day experiments have shown that two classes

of instabilities are especially effective in causing anomalous transport of energetic ions: low-

frequency MHD-type instabilities, such as the fishbone, internal kink, and ballooning modes,

associated with the resonance between the mode frequency and the toroidal precession frequency

of the fast particles; and higher frequency instabilities, such as the shear Alfvén gap modes,

associated with the resonance at the fast particle poloidal transit/bounce frequency.

5 . 4 . 1 . Low-Frequency MHD Modes

5.4.1.1. Introduction to fast ions and MHD modes

An important question is the effect that sawteeth and low-frequency MHD perturbations can

have on the confinement of alpha particles and other energetic ions.  Of equal importance,

however, is the profound effect that energetic ions can have on the stability of low-frequency MHD

modes in tokamaks.  The main physical mechanism is related to the non-MHD behavior of fast

ions with magnetically trapped orbits.  The banana orbits of trapped particles precess toroidally at a

rate determined by the precessional drift frequency, ωD, which is proportional to the particle

energy.  For fast ions with energies in the MeV range, ωDf can become larger than the typical

frequency, ω, of a low-frequency MHD perturbation.  In this case, the energetic ion banana orbits

can complete many toroidal revolutions during the time scale of variation for a low-frequency

MHD fluctuation, so that the magnetic flux through the toroidal trajectory of the banana center is

adiabatically conserved (third adiabatic invariant).  This can prevent the growth of low-frequency

MHD modes.  A kinetic energy principle can be used to evaluate the modified stability threshold
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with conservation of the third adiabatic invariant taken into account.  This energy principle [5.48,

5.49]  was first applied to the stability of ballooning modes [5.50, 5.51] and later found to be

relevant in explaining the enhanced stability of internal kink modes [5.52, 5.53] and the occurrence

of long sawtooth-suppressed periods (often referred to as “monster sawteeth” [5.54]) in ion

cyclotron wave-heated tokamak discharges, in which minority ions are accelerated to very high

energies.  Similar stabilization may occur in the presence of the fusion alpha particles [5.55, 5.56].

On the other hand, fast ions with somewhat lower energies can interact resonantly with

low-frequency MHD modes, the relevant resonance condition being ωDf = ω.  With ω estimated as

the thermal ion diamagnetic frequency, ω*i, the condition ωDf = ω*i is satisfied by particles with

energy Ef/Ti ≈ 2R/rp, where rp is the thermal ion pressure gradient length.  The typical fast ion

energy of this regime in present tokamak experiments is in the 100 keV range, which is

characteristic of neutral beam injection.  Obviously, in this regime, the third adiabatic invariant is

no longer a relevant constraint.  In fact, the resonant fast ions can destabilize [5.57, 5.58] internal

kink modes, and this resonant destabilization is thought to be the physical mechanism for fishbone

instability, named after the characteristic experimental trace of the associated magnetic fluctuation

bursts [5.59].  Note that the resonant interaction becomes relevant not only when the energy of the

fast ions is not large enough to effectively decouple them from the MHD mode, but also when the

fast ion density exceeds a critical threshold above which a new continuum Alfvén mode (i.e.,

strongly continuum-damped in the absence of the fast ions) with a frequency ω ~ ωDf is driven

unstable [5.58].  In the latter case, the energy transfer rate from the fast ions to the mode exceeds

the background continuum damping rate.

Just as for internal kink modes, fast ions can either suppress ballooning modes (as already

mentioned) or excite them resonantly, the corresponding instability being known in the literature as

kinetic ballooning modes [5.60–5.62].  In addition, energetic ions may enhance the stability of a

plasma against interchange modes [5.63] localized in the region where q < 1.

5.4.1.2. Interaction of energetic ions with sawtooth oscillations
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Radial redistribution of deuterium-tritium alpha particles due to sawteeth has been observed

on TFTR with the pellet charge exchange diagnostic [5.14, 5.15] and Alpha-CHERS [5.64],

although the loss of alphas during sawtooth crashes appears to be very small.  An example of the

measured radial redistribution of partially thermalized alphas after a sawtooth crash in TFTR is

shown in Fig. 5-6.  Observations during large sawteeth with ion cyclotron wave heating on JET

have shown bursts of escaping 15 MeV protons [5.65] (from the D-3He reaction), although in the

absence of sawteeth the confinement of the fast 3He tail ions in JET appears to be classical [5.66].

Neutral beam ions and deuterium-deuterium tritons both seem to be redistributed by sawteeth in

JET [5.67].  Present thinking is that the higher the energy of the particles, the less likely they are to

be disturbed by sawteeth, and that different types of sawteeth have different effects on the fast

particles.  Theoretical explanations of the redistribution of fast particles during a sawtooth crash

has been offered [5.68, 5.69].

Synergism between sawteeth and other single-particle alpha effects can cause increased

alpha particle transport.  For example, a large sawtooth crash in ITER could significantly

redistribute alpha particles from the inside to the outside of the inversion radius at r/a ≈ 0.5, leading

to a large (but transient) increase in toroidal field ripple-induced alpha particle heat loss onto the

wall.  Although a large sawtooth crash may redistribute a significant fraction of the alpha heating

power in ITER, it is likely that ignition will be maintained since the time scale for alpha particle re-

creation (~1 sec) is shorter than the plasma energy loss rate (~5 s).  Simulations of these TF ripple

and sawtooth effects for alphas in ITER have been performed with the TRANSP code [5.70].  The

largest fast ion losses during toroidal Alfvén eigenmode activity were seen in TFTR to occur at

sawtooth events [5.71].

On the other hand, sawtooth oscillations may be suppressed by the energetic ions for

several confinement times, the sawtooth-free period being limited by the expansion of the region

where q < 1, up to the point where the q = 1 radius approaches almost half the plasma minor radius

[5.52].  These long-duration “monster sawteeth” are characterized by saturation of the temperature
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and pressure profiles long before the sawtooth crash occurs, indicating that the internal kink

instability threshold is reached as a consequence of the evolution of the current density.  In JET,

sawtooth-free periods of between one to five seconds have been obtained in discharges with

intense ion cyclotron wave heating, where minority ions reach energies in the MeV range [5.54].

Similar results have been obtained in TFTR [5.72] and other tokamaks [5.3].  Some tokamak

discharges with neutral-beam-injected fast ions have also shown a degree of sawtooth stabilization

[5.73, 5.74], although it is difficult to obtain a substantial lengthening of the sawtooth period with

neutral beam heating in present experiments.  These results are in good agreement with theories of

internal kink stabilization by energetic ions [5.52, 5.55, 5.56, 5.75–5.78].

If ITER reaches ignition, fusion alpha particles may be expected to suppress sawteeth

transiently, for periods that are long on the energy confinement time scale.  Under the assumption

that the sawtooth-free period in ITER is limited by the expansion of the q  profile as in JET, an

extrapolation from the JET results indicates that long-duration monster sawteeth with periods of the

order of 100 s are possible in ignited ITER discharges.  This conclusion is corroborated by

simulations [5.79].  Other numerical MHD codes that include the kinetic effects of the fast

particles, as well as those of the thermal ions, are testing these theories [5.80, 5.81].  Although

such transient sawtooth suppression may be beneficial in allowing for peaked profiles and an

increased ignition margin, the large crashes associated with the long duration periods are a

concern.  Sawteeth themselves are not able to directly produce any significant electromagnetic or

thermal heat load on the plasma facing components or generate a significant fluctuations in the

neutron flux but can trigger formation of neoclassical island, big ELM, or other MHD events.  As

it was observed in experiments, a combination of these perturbations can sometimes trigger a major

disruption or a local overheating of the first wall with the following contamination of the plasma by

impurities.  If it will be necessary for optimization of the plasma performance, a local control of the

plasma current profile near q = 1 magnetic surface by ECR or ICR auxiliary systems can be

employed to reduce period and magnitude of the sawteeth and hence to mitigate the internal

perturbations.  It was also shown that application of plasma auxiliary heating and current drive at
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the current ramp up phase allows to shape sawteeth free current profile with q(0) > 1 and maintain

it for as long as 800 s (see Chapter 6).

5.4.1.3. Fishbone oscillations

Fishbone oscillations were first observed in PDX experiments with nearly perpendicular

neutral beam injection [5.59].  The structure of the unstable mode was identified as the m = 1,

n = 1 internal kink mode, with a precursor oscillation frequency close to the thermal ion

diamagnetic frequency as well as the fast ion magnetic precessional frequency.  Fishbone

oscillations were later observed in DIII-D experiments with nearly tangential neutral beam injection

and in many other tokamaks worldwide [5.3].  Fishbones were observed to cause severe losses of

beam ions in PDX and significant losses in DIII-D, but only minor fast particle redistribution in

large tokamaks such as JET, TFTR, and JT-60U.

The first theoretical interpretation [5.58] of the fishbone instability correctly identified the

resonant wave particle interaction at the magnetic precession frequency of the trapped fast ions as

an essential part of the instability mechanism.  Ion diamagnetic effects were subsequently taken

into account [5.57].  Eventually a more complete theory emerged that accounts for both

collisionless and collisional regimes, the trapped as well as the transit ion response of the fast ions,

and finite orbit width corrections [5.52, 5.82, 5.83].  This theory also clarifies the regimes in

which fast ions can either stabilize internal kinks or resonantly destabilize them.  In particular, a

window in parameter space, within which both fishbones and sawteeth are stable, has been

identified theoretically [5.52, 5.76, 5.77, 5.83–5.85].

Fusion alpha particles typically have energies such that their magnetic precession frequency

is much higher than the thermal ion diamagnetic frequency.  In this case, the threshold for the

excitation of alpha-driven precessional drift fishbones depends on the alpha particle density [5.52,

5.55].  In the large-aspect-ratio limit, the analytic expression for the threshold is
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βpα
* > βpα

crit = 0.45s1 (ωDα / ωA)(R0 / r1)3/2 (5-3)

where the parameter

βpα
* = − 8π

Bp
2(r1)

dx x3/2 dpα
dx0

1
∫   , (5-4)

with x = r/r1, depends on the alpha particle pressure within the q = 1 surface; here, r1 is the q = 1

radius, and s1 = r1q´(r1) is the magnetic shear parameter, with ωA = vA / R0 3 and

ωDα = cEα / 2eBTr1R0  (evaluated at birth energy Eα = 3.5 MeV).  The instability threshold is

somewhat higher when thermal ion Landau damping is taken into account [5.56].

Simulation codes have provided numerical estimates of the fishbone threshold with

averaging over the full pitch angle distribution.  An analytic study [5.86] for ITER parameters that

included the effects of shaping, finite aspect ratio, and finite beta found fishbone instability when

the alpha particle beta exceeds 1% on axis, which is only slightly higher than the nominal value

expected.  Hence, alpha particle-driven fishbone oscillations are a possibility in ITER.

The fishbone-induced particle losses observed experimentally have been simulated with a

Monte Carlo code [5.87].  Energetic particle losses occur through a secular outward drift of that

fraction of the particles that resonate with the mode.  At a larger mode amplitude, stochastic orbit

losses become possible.  An empirical predator-prey model has been proposed whose predictions

are in qualitative agreement with PDX and TFTR results [5.88, 5.89].  The average effect is to

keep the alpha particle population close to the value that corresponds to marginal stability.

However, more realistic simulations are needed to understand whether the effect of the instability is

simply a redistribution of the population or the ejection of a significant fraction of the alpha

particles.  A model is being developed [5.90, 5.91] to interpret the nonlinear behavior of

fishbones, including its experimentally observed frequency chirping.  An important parameter is

the average width of the trapped banana orbit of the fast ions divided by the plasma minor radius.

When this ratio is relatively large, significant losses of the resonant fast ions can be expected, as
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was the case in PDX and DIII-D experiments.  For smaller widths, the fast ions could be

redistributed but remain confined within the plasma, consistent with the observations in present-

day large-size tokamaks.  If this also occurs in ITER, then it should be relatively safe from alpha

particle losses induced by fishbones.  A nonperturbative simulation of fishbone oscillations was

carried out by concentrating on the wave-particle trapping nonlinearity – and neglecting the fluid

wave-wave nonlinearity [5.92].  Even with the neglect of the latter saturation mechanism, fishbone

bursts occur with amplitude of plasma displacement no greater than roughly ξρ/a ~ 0.1.  These

bursts produce redistribution but no loss of trapped alphas.  The simulations assume that the kink

is MHD stable in the absence of alphas, so that an instability exists only for βfast above a threshold

value.

5.4.1.4. Kinetic ballooning modes

Resonant excitation of kinetic ballooning modes has been analyzed theoretically [5.61].

Two types of modes may exist.  The MHD branch exists only when the tokamak plasma is ideal-

MHD unstable.  The other branch is the energetic particle continuum mode, with frequency lying in

the MHD continuum.  The latter can be excited even if the plasma is ideal-MHD stable, but the

energetic particle pressure must exceed a threshold.  In TFTR, kinetic ballooning modes have been

found experimentally to cause loss of alpha particles [5.60], although in ITER it is expected that

these modes would likely only cause redistribution.

5.4.1.5. Localized interchange modes

The ideal MHD Mercier criterion for the stability of localized interchange modes [5.93] is

easily violated by modest pressure gradients in the plasma region where q ≤ 1.  However, high-m

localized interchange modes can be stabilized by finite ion Larmor radius effects, while

intermediate-m modes can be suppressed by energetic ions as well as by thermal trapped ions.  A
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large-aspect-ratio analytic calculation [5.63], in the limit of low central magnetic shear, but with

finite elongation of the central flux surfaces, showed that alpha particles can suppress localized

interchange modes when their on-axis pressure exceeds 10% of the peak thermal pressure, which

is possible for ITER parameters.

5 . 4 . 2 . Alfvén Frequency Modes

5.4.2.1. Introduction to Alfvén gap eigenmodes

About ten years ago, it was realized that Alfvén modes could be a serious threat to the good

classical confinement of energetic alpha-particles in tokamaks and, hence, to the achievement of

ignition in a next step device [5.94-5.96].  Since that time a significant progress has been achieved

in development of theory and in dedicated experimental study of Alfvén modes in the present

machines.  The various eigenmodes were observed and identified in experiments and simulated

numerically with an impressive degree of details.

Toroidicity causes the continuous frequency spectrum of shear Alfvén waves in a tokamak

plasma to exhibit a radial “gap” (analogous to a Brillouin band gap for valence electrons in a

periodic crystal lattice).  Within this gap can exist discrete-frequency modes, called toroidal Alfvén

eigenmodes (TAE) [5.94, 5.95].  The frequency gap is centered at ωTAE(r) = vA/2qR, with vA the

Alfvén speed, q the safety factor, and R the major radius.  The gap width is on the order of the

inverse aspect ratio, ∆ω/ωTAE ≈ O(r/R).  Since alpha particles in a thermonuclear plasma have

velocities that are typically super-Alfvénic, they can resonantly interact with and destabilize the

weakly damped TAE modes [5.96].

In high-temperature plasmas, non-ideal effects such as finite ion Larmor radius and electron

collisions can become important in the gap region and cause the Alfvén continuum to split into a

series of kinetic toroidal Alfvén eigenmodes at closely spaced frequencies above the ideal TAE

frequency [5.97–5.100].



ITER Physics Basis Chapter 5: Energetic Ions

22 Energetic Particles Expert Group
Physics Basis Editors

In the central region of the plasma, a low-shear version of the TAE mode can arise, called

the core-localized mode [5.101, 5.102].  Multiple core-localized modes can exist within a single

Alfvén gap, for fixed mode number, when the local value of the inverse aspect ratio exceeds that of

the magnetic shear [5.103].

Noncircular shaping of the plasma poloidal cross section creates other gaps in the Alfvén

continuum, at higher frequencies.  Ellipticity creates a gap, at about twice the TAE frequency,

within which exist ellipticity-induced Alfvén eigenmodes, and similarly for the triangularity-

induced Alfvén eigenmodes at three times the TAE frequency [5.104].

The ideal and kinetic TAE, as well as the ellipticity and triangularity Alfvén eigenmodes,

are “cavity” modes, whose frequencies are determined by the bulk plasma.  In addition, a “beam”

mode can arise that is not a natural eigenmode of the plasma, but is supported by the presence of a

population of energetic particles — and also destabilized by them.  This so-called energetic particle

mode [5.105], which can also exist outside the TAE gap, has a frequency related to the toroidal

precessional frequency and poloidal transit/bounce frequency of the fast ions.

The schematic in Fig. 5-7 illustrates these various modes.  Shown are radial plots of shear

Alfvén continuum curves, with a toroidicity-induced gap that extends radially across the plasma, as

well as ellipticity and triangularity gaps at higher frequencies.  Straight horizontal lines are

heuristically drawn to indicate the typical frequency, mode location, and mode width for the

various kinds of modes.

5.4.2.2. Review of Alfvén eigenmode experimental results

Much recent experimental work has been performed on Alfvén-frequency collective

instabilities excited by energetic ions [5.3].  Each of the instabilities of interest has been observed

to be excited by neutral beam fast ions or ion cyclotron wave-heated tail ions, and some have also

been seen with alpha particles.
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The most serious instability for ITER seems to be the toroidicity-induced Alfvén eigenmode

(TAE), which has caused up to ≈70% loss of injected fast beam ions in the TFTR [5.71] and

DIII-D tokamaks [5.106–5.109], albeit only when the toroidal field was lowered to make the

neutral beam ions nearly super-Alfvénic.  An example of TAE-induced fast ion loss in DIII-D is

shown in Fig. 5-8.  Multiple TAE modes were observed with n ≈ 3-8, separated in frequency by a

small Doppler shift due to toroidal rotation.  The threshold for TAE instability with neutral beam

ions was typically 〈βf 〉  ≈ 1%, somewhat larger than the alpha particle beta value expected in ITER

(see Table 5-I).

In ITER the most unstable alpha-driven TAE modes are expected to have high toroidal

mode numbers, implying the possibility of many small-scale TAE modes, with typical frequency

near ƒ ≈ 100 kHz.  The level of the internal electron density and external magnetic fluctuations due

to TAEs would probably be similar to that in present neutral beam and ion cyclotron heating

simulation experiments, i.e., ƒn / n  ≈ 0.1–1.0% and ƒB / BT  ≈ 10-6–10-5.  The saturation levels of

TAEs and their effects on alpha particle transport are generally difficult to predict, since these two

phenomena are nonlinearly coupled to each other; however, in DIII-D the TAE-induced beam ion

loss appeared to control the nonlinear saturation of the TAE instability [5.110].

TAEs are also commonly observed with hydrogen-minority energetic tail ions due to ion

cyclotron resonant heating in TFTR [5.111–5.113], JT-60U [5.114–5.116], and JET [5.117].  In

TFTR, TAE modes with toroidal mode numbers n ≈ 5-8 are produced when the ion cyclotron

heating power is above ≈4 MW, with a TAE fast ion beta threshold and frequency spectrum

roughly consistent with code modeling.  In JT-60U, during second harmonic ion cyclotron

minority heating, the number of TAE modes increases with plasma current, so that nine TAE

modes are observed at Ip = 4 MA, where the maximum toroidal mode number is estimated to be at

least n = 13.  The TAEs in JT-60U were also destabilized by hydrogen minority tail ions with an

energy of several MeV, and the TAE threshold of 〈βf 〉  ≈ 0.05% agrees to within a factor of three

with code predictions.  These TAEs in JT-60U expelled up to 70% of the fast ions with energy

above 2.5 MeV from the plasma, with the MeV ion loss increasing linearly with the mode
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amplitude.  Interestingly, the TAE mode amplitude increased with toroidal mode number.  Also,

JT-60U demonstrated that current profile control could be effective to control TAE modes.

Recent JT-60U experiments with ion cyclotron heated fast tail ions showed not only TAE

modes, but also the higher frequency Alfvén eigenmodes induced by ellipticity and triangularity

[5.118].  These modes all exhibited significant downshifting of the frequency (hence the name

“tornado” modes) and were correlated with noticeable decreases in the neutron signal, indicating

fast ion loss [5.119].  Unstable ellipticity- and triangularity-induced Alfvén modes have also been

observed in ion cyclotron wave-heated fast ion experiments on JET [5.120, 5.121].  Curiously,

the ellipticity Alfvén eigenmode has even been observed in circular-cross-section plasmas in TFTR

with ion cyclotron heating [5.122], probably due to trapped fast ion pressure anisotropy.

The first observation of TAEs purely driven by alpha particles was made in TFTR

deuterium-tritium experiments, but only in discharges with high q(0) and weak magnetic shear,

and only after (≈100 ms) the neutral beam heating was turned off [5.123].  These conditions were

consistent with predictions for the transient excitation of core-localized TAEs.  In this special

regime the alpha particle beta threshold for these modes was as low as βα (0) ≈ 1-2 × 10-4, i.e.,

about 50 times lower than the expected value for ITER.  The mode amplitudes were very low, as

illustrated in Fig. 5-9, and no TAE-induced alpha particle loss was observed, although the alpha

particles were apparently redistributed radially outward [5.124].  No TAEs were observed during

low-q(0) discharges even at much higher alpha particle beta values (by about a factor of ten),

indicating the sensitivity of the TAE instability to the q(r) profile.

Experimental evidence of core-localized TAE modes excited by fast ions from ion cyclotron

heating has been found in TFTR [5.125] and in a weakly shear-reversed discharge in JT-60U

[5.126].  In the JT-60U experiments, if the discharge was strongly shear-reversed, TAE activity

was not observed until the internal transport barrier partially relaxed, reducing the central plasma

density.  Core-localized TAE modes have also been observed in the START spherical tokamak

[5.127], which has a flat central q(r) profile due to its tight aspect ratio configuration.
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Both ideal and kinetic TAE modes have been actively excited in JET in an ohmic plasma

(without any energetic ions) by the use of external antennas, and their frequency and damping rate

directly measured with passive antennas [5.120, 5.128].  Excellent agreement between the

observed and predicted TAE frequencies was obtained for these externally launched TAEs.  In

these antenna experiments, it was also noticed that the formation of an X-point stabilizes low-n

TAE modes, probably due to increased shear [5.129].

Several other types of collective fast particle effects have also been observed during heating

experiments with beam ions or ion cyclotron wave-heated tail ions.  In DIII-D at high normalized

beta, the frequency of the dominant neutral beam fast ion-driven TAE mode was found to drop

abruptly by a factor of two, but still continue to scale with the Alfven frequency, suggesting a

transition to a new “beta-induced” Alfvén eigenmode [5.130].  In TFTR in relatively low q(a)

discharges, a new branch of the ion cyclotron heated H-minority driven TAE mode was observed

[5.131], with a somewhat lower frequency and a more global mode structure than the previously

identified TAE peaks.

The TAE mode has also been seen in the W7-AS stellarator [5.132] and the CHS

heliotron/torsatron [5.133] for discharges with finite magnetic shear, excited by neutral beam ions.

When W7-AS was operated with zero magnetic shear, a Global Alfvén Eigenmode was instead

observed [5.134].

5.4.2.3. Linear stability thresholds in ITER

The stability of the various Alfvén modes depends on the competition between the alpha

particle pressure-gradient drive and dissipative mechanisms such as continuum [5.135–5.138] and

radiative damping [5.97], ion Landau damping [5.139] (for both thermal and fast ions), electron

Landau damping [5.140], and trapped electron collisional damping [5.141, 5.142].  For modes

with low to moderate toroidal mode numbers, typically ion Landau damping is dominant, whereas

for high-n modes the trapped electron collisional damping and radiative damping are strong
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stabilizing mechanisms.  Because ion Landau damping is exponentially sensitive to the thermal ion

beta value, the demarcation of regimes for TAE stability in a tokamak reactor is somewhat

approximate.  Too, as the orbit width of the alpha particles increases, their destabilizing effect

tends to be mitigated.  The linear instability drive increases linearly with the toroidal mode number

n until the orbit width becomes comparable to the TAE mode width, at which point the drive

becomes independent of the mode number [5.143].  When the orbit width exceeds the poloidal

mode wavelength, the drive is predicted to decrease with mode number [5.99, 5.142].

Various numerical codes were developed to interpret the Alfvén eigenmodes observed in

fast ion experiments on present large tokamaks.  For example, the GATO and CONT codes were

used to analyze TAE and beta-induced Alfvén eigenmode experiments in DIII-D [5.144].  The

CASTOR global antenna code [5.145, 5.146] and the PENN finite element code [5.147] were

used to calculate the TAE, kinetic TAE, ellipticity Alfvén eigenmode, and core-localized TAE

spectra and eigenfunctions for shaped equilibria in the external antenna excitation experiments on

JET without fast particles.  The CASTOR-K hybrid kinetic code analyzed TAE modes in JET

deuterium-tritium discharges [5.148].  The NOVA-K kinetic-MHD hybrid stability code [5.149-

5.151] and the Landau-gyrofluid initial value code TAE/FL [5.152] were used extensively to

analyze TFTR stability.  The NOVA-K code was also applied to study TAE stability in JT-60U

with ion cyclotron resonant heating [5.153], as well as in a proposed JT-60 Super Upgrade device

with very high energy (0.5 MeV) negative-ion neutral beam injection [5.154].  Many more

instances of theory, code, and experimental interplay could be cited.  In general, the theoretical

frequencies and mode structure have been found to match the experimental measurements quite

well, while the stability thresholds, more difficult to calculate, are in reasonable agreement.

In particular, the stability of ITER with respect to TAE modes has been examined.  The

stability predictions are also rather sensitive to the equilibrium profiles, in particular, the safety

factor profile and the energetic particle distribution.  For normal high-current operation, two

classes of ITER-specific equilibrium profiles have been obtained from the PRETOR and TRANSP

transport codes [5.70, 5.155].  One class has density and safety factor profiles for ITER that are
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characteristic of post-sawtooth behavior — i.e., nearly flat out to the sawtooth inversion radius,

which is rather large, at least half the minor radius.  Another class of profiles are more peaked;

these would be consistent with the expectation that fusion alpha particles suppress sawteeth for

long periods in ITER.

A large-aspect-ratio stability code [5.156] found that flattish equilibrium profiles generated

by the PRETOR transport code would be unstable for toroidal mode numbers in the range 6 < n

 < 60; these results were useful in focusing attention on the issue of high-mode-number stability

[5.156].  A single-Alfvén-gap local analysis examined whether the ignition curves for ITER, with

helium recycling taken into account, would intersect the m = n = 10 TAE instability boundaries

[5.157].  Calculations done with the NOVA-K code have indicated [5.158] that PRETOR-type flat

profiles are in fact stable for n ≤ 10 (and possibly higher) — but that more peaked profiles are

unstable for n ≥ 12.  Plasma cross-section shaping, i.e., varying the ellipticity and triangularity

while fixing the aspect ratio, minor radius, and pressure and safety factor profiles, tends to reduce

TAE instability [5.159].  Simulations with the TAE/FL code also found that the PRETOR-type flat

profiles for ITER are stable, up to n = 20.  With the CASTOR-K code, it was found that for a

peaked alpha particle pressure profile, kinetic TAE modes in the upper continuum with n > 10 can

be unstable [5.160, 5.161].

The most unstable type of TAE mode in ITER is likely the core-localized version, whose

growth rate tends to be stronger that of the usual TAE modes.  This mode can occur in the low-

shear central region of the plasma, which is where destabilizing alpha particles are plentiful, and it

can also arise near a shear-reversal point of a high-q(0) plasma configuration.  Numerical

simulations [5.4, 5.158] including ion Landau damping found that the n = 15 core-localized TAE

mode in ITER can be unstable, nearly independent of temperature, when the peak plasma density is

less than 1020 m-3 (see Fig. 5-10).

Thus, although the stability predictions are sensitive to details of the equilibrium profiles, in

general the code results as well as theoretical estimates all indicate that the stability of high-n TAE

modes (n > 10) is the critical issue for large-size devices like ITER.
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Accordingly, high-n global codes have been developed that can analyze the full two-

dimensional eigenmode structure for equilibria specific to the ITER configuration.  The HINT

high-n code [5.162] and the 2DWKB code [5.163] are based on a WKB (i.e., ballooning-type)

formalism; a more recent version of the former code [5.164] uses instead a double Fourier

transform representation.  These codes include a full kinetic description for the dynamics of the

energetic alpha particles and, hence, are computationally demanding.  For a typical ITER-like

scenario, it was found [5.165]  that the mode structure is a mixture of ideal and kinetic TAE

modes.  The mode frequency is shifted toward the lower Alfvén continuum [5.166] by finite-beta

effects [5.167, 5.168], so that radiative damping is enhanced, and the TAE modes tend to be

stable.  At the same time, energetic particle continuum modes can be excited from the Alfvén

continuum below the TAE gap if the energetic particle pressure exceeds a threshold.  However, the

ITER reference scenario is probably stable with respect to the continuum modes, although not

strongly so — Fig. 5-11 indicates that, for instability, the beta value of the alpha particles needs to

be only about 25% larger than its nominal ITER value.

The DIII-D observation of beta-induced Alfvén eigenmodes in the ion diamagnetic

frequency range, associated with appreciate fast particle losses, motivated a study of the

relationship of these modes with kinetic ballooning modes [5.62], which showed that they are two

distinct branches of the low-frequency shear Alfvén wave.  The most unstable scenario is predicted

to occur when thermal ion transit frequency and ion diamagnetic frequency are approximately

equal, corresponding to a strong coupling between the two branches due to finite thermal ion

temperature gradient.  An alternative explanation for the beta-induced Alfvén mode is that it is a

natural eigenmode lying in a frequency gap caused by the compressibility of the magnetosonic

branch, below the TAE gap [5.130].

Because recent experiments in JT-60U with ion cyclotron heated fast ions have indicated

the possibility of suppressing TAE instability by control of the toroidal rotation velocity [5.116],

rotational effects are now being incorporated into some stability calculations.  One computation

[5.169] predicts that stabilization would require a sheared poloidal flow on the order of one-third
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the acoustic speed, probably too large to be achieved in ITER.  Also, theory has shown that fusion

alpha particles in a tokamak reactor will not themselves be able to drive plasma rotation that is

sufficiently large to help avoid MHD instabilities or to generate enough rotational shear to suppress

turbulence [5.170].

5.4.2.4. Nonlinear behavior and anomalous transport

With the alpha particles in ITER supplying 300 MW of heating power, of which the loss of

even only a small fraction could lead to significant wall loading, it is important to consider alpha

particle transport due to collective effects and investigate the heat deposition profile.  Two main

physical mechanisms that have been studied for the nonlinear TAE behavior are kinetic wave-

particle trapping and fluid mode-mode coupling.

Initial estimates of TAE-induced resonant alpha particle losses were obtained from test-

particle simulations in full toroidal geometry with externally imposed TAE modes [5.171].  This

motivated the development of self-consistent theories that allowed the wave amplitudes to evolve,

which showed that saturation occurs due to the redistribution of resonant particles by finite

amplitude waves [5.172].  This saturation mechanism for TAE modes was confirmed with

Lagrangian-type codes [5.173–5.175], an MHD-gyrokinetic hybrid code [5.176], and an MHD-

Vlasov code [5.177].

When the continuous creation of fusion-product alpha particles in an ignited plasma, as

well as the effects of background damping and collisional relaxation of the alpha particles, are

taken into account, wave energy pulsations are found, rather than steady-state saturation [5.178,

5.179].  The dissipation causes the saturated fields to decay until the fusion source reconstitutes the

alpha particle distribution function, leading to “bursting.”  This behavior resembles the

experimental observations of periodic expulsions of fast ions in DIII-D and TFTR neutral beam

experiments.
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Near the marginal stability threshold for the mode, where the saturation time is much

shorter than the trapped particle bounce period, other types of nonlinear behavior can occur

[5.180].  A detailed analysis of TFTR was done near marginal stability [5.181, 5.182]. which is

the natural situation for experiments in which the fast ion population builds up slowly compared to

the mode growth time scale.  An interesting situation when the mode is barely above threshold is

that its amplitude can grow explosively and persist for several hundred inverse growth times, while

its frequency meanwhile bifurcates and shifts both upward and downward significantly; theory and

simulations have explained this phenomena as the formation of a phase space structure consisting

of a hole-and-clump pair [5.183].  This theory may be relevant to the interpretation of fast particle-

excited modes with strong frequency chirping observed in the CHS torsatron; in the START

spherical tokamak; in the TFTR, DIII-D, JT-60U, and JET tokamaks; and (with energetic

electrons) in the Terella magnetic dipole device [5.90].

As long as the particle resonances do not overlap, the nonlinear oscillations are benign in

the sense of not causing appreciable particle loss or change of the alpha particle heating profile.

However, if mode overlap occurs because the saturation level is high enough or because multiple

modes become unstable, then the alpha particle distribution can change significantly, with a

substantial amount of the free energy of the energetic particles being rapidly converted to wave

energy.  For instance, a subset of modes can flatten over overlapping resonances and provide a

seed to trigger a “domino” avalanche (see Fig. 5-12), leading to global mode overlap and,

consequently, anomalous radial diffusion and alpha particle loss [5.184].

Transport of alpha particles resonantly interacting with a realistic set of ten strongly

unstable core-localized TAE modes was studied with the FAC code specifically for ITER

parameters [5.185].  The alpha particles were found to be moved outwards, with their time-

evolved distribution locally flattening, but the density profile modification is minimal and no alpha

particles are lost (see Fig. 5-13).  This result suggests that redistribution of alpha or other energetic

particles may possibly be much smaller in ITER than in current tokamaks.  It should be kept in

mind, however, that the CASTOR-K code, used to generate the linear mode structures for these
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calculations, had difficulty (due to strong continuum/radiative damping) in finding unstable modes

unless the equilibrium q-profile was sensitively adjusted.

Other nonlinear mechanisms have also been investigated.  In mode-mode coupling,

saturation occurs due to nonlinear distortion of the mode structure, which dissipates energy on

very short spatial scales [5.186–5.188].  This is important for cases of strong instability drive or

when the modes are near the ideal continuum.  Another fluid-type nonlinear saturation mechanism

is the generation of m = 0, n = 0 velocity shear by angular momentum transfer [5.189].  An

alliterative mode-mode coupling explanation for TAE nonlinear saturation has been based on ion

Compton scattering, in which the nonlinear J × B force transfers energy from the TAE waves, to

be damped through ion sound waves [5.190, 5.191].  Also, the energetic particle continuum

modes were seen, in a gyrokinetic simulation, to saturate by resonant particle ejection due to their

large amplitude [5.192].

5.5.  POSSIBLE ALPHA PARTICLE CONTROL TECHNIQUES

Several ideas have been proposed for the control of alpha particles in various situations.

One such context is the concern to prevent helium “ash” (i.e., thermalized alpha particles) from

accumulating in a fusion plasma and eventually quenching ignition.  Frequency sweeping is a

method that may allow energy-selective transport of alpha particles [5.193, 5.194].  When the

alpha particles interact with a wave whose frequency is swept, drift orbit islands are created, which

can act like “rising buckets” to convectively transport particles radially.  Low-n magnetic

perturbations are required, with frequencies up to a few hundred kHz, so they can resonate with

the alpha particle toroidal precessional frequency.  This technique has possible applications not

only to helium ash removal, but also to profile control, production of current, and alpha particle

channeling.  Since neutral beam penetration in ITER will be limited, this method, operated in

reverse, might be helpful for fueling at the plasma center.  An antenna system with tunable

frequency or ion-cyclotron-resonance-heating beat waves, such as has been used for driving TAE
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modes externally, could be employed to investigate this frequency-sweeping scheme.  Another idea

for easing the problem of helium ash accumulation is that low-frequency fishbone instabilities may

cause resonant transport and loss of slowed-down alpha particles with energies in the epithermal

range (200-400 keV).  Here, the relevant wave-particle resonance involves the precession

frequency of the slowed-down alphas and the thermal ion diamagnetic frequency [5.195].

Alpha particle “channeling” is a scheme for transferring the energy of fusion-product alpha

particles directly to plasma ions through various waves, thus avoiding the inefficient intermediate

step of slowing down on thermal electrons [5.196].  Some recent experiments on TFTR have

indicated that the reverse of this process — viz., energy transfer to beam ions by radio-frequency

wave heating — may occur, although the corresponding interaction with alpha particles is not yet

observed [5.197, 5.198].  Frequency sweeping with a coherent mode can enhance the transfer of

free energy from alpha particles to a wave [5.199] and thus help achieve channeling.  If channeling

can be made to work, it could lead to a compact and efficient tokamak reactor, albeit a next-

generation device after ITER.

Finally, it is possible that ion cyclotron emission — viz., emission at ion cyclotron

frequencies near the plasma edge, driven by highly energetic fusion-product particles, which has

been observed in JET, TFTR, and JT-60U experiments [5.200–5.207] — could be useful for

diagnosing certain information about fast ions or edge plasma conditions, or for studying alpha

particle channeling.

5.6.  CONCLUDING REMARKS

The understanding of the special physical behavior of alpha particles has significantly

advanced in recent years, due to new theoretical models, powerful simulation codes, and numerous

fast particle experiments, all of which have benefited from extensive interaction.  ITER has actually

helped stimulate this advance in understanding by focusing attention on issues, many previously

unexplored, that are of concern for a large-scale burning plasma.
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Experimentally, the alpha particle physics of ITER has been tested to some extent with the

use of fast ions in existing tokamak experiments.  Direct extrapolations from the behavior in

present-day fast ion experiments to that in ITER are possible only within a limited range, since the

values of the characteristic dimensionless parameters are quite different.

Calculations of toroidal field ripple loss, which are very accurate, show that the single-

particle confinement of energetic alpha particles in ITER is satisfactory.

Theoretical models and simulations of collective effects indicate that a spectrum of modes,

especially with high mode numbers (due to ITER’s large size), may be unstable, although ion

density background damping and separatrix effects are stabilizing.  Alpha particles could also

possibly excite low-frequency MHD modes such as the fishbone; however, they may suppress

sawteeth oscillations transiently.  Calculations of anomalous loss due to instabilities are beginning

to provide some predictions for ITER.  Unless unstable modes overlap and extend to the wall,

nonlinear redistribution of alpha particles may merely cause internal profile broadening, without

much actual loss.

Although reliable theoretical predictions of instability-induced alpha particle loss are not yet

complete and experimental conditions of present-day machines are too far from those of ITER, it is

possible to estimate the anomalous loss for two limiting cases.  (1) Single-event abrupt loss:

Assume that all of the high-energy alpha particles are suddenly lost from the plasma core in a single

event, after which the alpha confinement is restored.  Modeling the power balance for this scenario

shows that the alpha particle pressure and hence the heating of the main plasma are restored after a

few hundred milliseconds (since t ≈ τ s ≈ 0.5 sec << τ E ≈ 5 sec), before the plasma cools down

due to heat loss.  Hence ignition in ITER is not lost.  Also, because the mean free path of alpha

particles in the material of the first wall is small, heat loading during this type of abrupt alpha

particle loss event will evaporate only a thin layer of beryllium armor at the hot spots, which is

probably acceptable as long as these events are not very frequent.  To estimate the effect of the

bursts on the life time of the plasma facing components, more modeling and experimental study of

this kind of loss, especially its peaking factor, would be useful.  (2) Diffusive loss:  Present-day
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experiments show that in a quiescent plasma, the diffusion rate of the fast particles is close to the

neoclassical level.  This would not lead to any noticeable loss in ITER.  Even if one considers the

case when anomalous diffusion by the fast alpha particles is at a rate nearly the same as that

predicted by empirical scaling for the particles in the main plasma, estimates show that the energy

loss fraction will be less than the ITER design specification of 5%.

In view of the energetic ion results to date, the general conclusion is that the nominal alpha

confinement in ITER should be good enough to provide efficient alpha particle heating.  However,

it is prudent to expect that there will be a small level of alpha loss due to toroidal field ripple in

ITER, and that alpha-driven TAE or other collective instabilities may occasionally expel a larger

fraction of the alpha particles from the plasma.  Therefore the ITER first-wall protection and

cooling systems should be designed to withstand a steady-state alpha loss of a few percent, as well

as occasional off-normal events.  Investigating new techniques for early detection and avoidance of

such instabilities in ITER would be worthwhile.

Not all alpha-particle effects, which are potentially important for the plasma performance in

ITER, have been discussed in this review.  For example, one can expect that energetic particles

might affect formation of neoclassical islands which are believed to be the major beta-limiting

phenomena in ITER (see Chapter 3).  Both theoretical and experimental studies are needed to

quantify the effect in ITER type plasmas.  It is also not clear what will be energetic particle effect

on ELMs frequency and magnitude and on the edge temperature pedestal in ITER.  It is well

established now that the edge parameters have a strong impact on the core plasma parameters (see

Chapter 2) and, therefore, theoretical and experimental studies of energetic particle effects on the

edge would be very important for optimization of plasma performance in ITER.

In conclusion, the physics of energetic ions will be an exciting research area for ITER,

since it will be the first fusion experiment to explore the behavior of alpha particles in a self-

sustained burning plasma.  Valuable information has been obtained from the TFTR and JET

deuterium-tritium experiments, and more understanding can be derived from its analysis.  ITER,

however, will fully enter the new regime in which high-energy alpha particles are copiously
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produced and the plasma heats itself.  Studying the properties of instabilities such as Alfvén

eigenmodes and fishbones and their associated anomalous transport, inventing operating

techniques to control or mitigate their consequences, exploring how to reduce ripple loss

(especially when the plasma operates in shear-optimized advanced modes), designing observational

diagnostics appropriate for the harsh environment of a burning plasma — these are all important

science issues that can be properly addressed in a burning plasma experiment like ITER.
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FIG. 5-2. Ratio of the measured slowing down time to that predicted by classical theory
(modified from Fig. 20 in Ref. [5.3]).  The data points denote 38-75 keV D-beam
ions [ ] and DT alphas [ ] in TFTR (from Ref. [5.12]), D-beam ions in DIII-D [ ],
75 keV D-beam ions in DIII-D [ ], 1 MeV triton fusion products in JET [ ], 250-400
keV D-beam ions in JT-60U [*] (from Ref. [5.13]), and 30 keV D-beam ions in ISX-
B [ ].

FIG. 5-3. Plasma current density profiles in a 21 MA ignited plasma with current drive provided
by 1 MeV neutral beam injection.  The plasma current consists of 15.27 MA of
inductive current, 4.88 MA of bootstrap current (4.44 MA from the main plasma and
0.44 MA from the alpha particles), and 0.85 MA of beam-driven current.

FIG. 5-4. TF ripple contours on the plasma cross section (left) and ripple well boundary (right),
for the reference ITER plasma configuration with Ip = 21 MA.

FIG. 5-5. Hot spots on the outboard first wall of JT-60U due to TF ripple loss of NBI ions, as
calculated from the OFMC code and measured by an IRTV camera (from Ref.
[5.31]): (a) the calculated 2-D heat deposition profile due to banana drift ripple loss;
(b) the measured heating profile.  The code successfully predicts the location and
magnitude of this fast ion loss.

FIG. 5-6. Redistribution of partially thermalized alphas by a sawtooth crash in TFTR, as
measured by the Alpha-CHERS diagnostic for confined alphas in the energy range
0.1-0.6 MeV (from Ref. [5.64]).  The central alpha density drops by a factor of ≈5
after the sawtooth crash, while the alpha density outside the sawtooth inversion
radius increases so that the total confined alpha density is constant.  The central alpha
density before the sawtooth crash is consistent with classical alpha confinement and
thermalization.

FIG. 5-7. Schematic showing representative shear Alfvén frequency continuum curves as
functions of minor radius r , for n = 3, with horizontal lines indicating the
approximate frequency, radial location, and mode width for the toroidicity Alfvén
eigenmode (TAE), kinetic TAE mode (KTAE), core-localized TAE mode (CLM),
ellipticity Alfvén eigenmode (EAE), triangularity Alfvén eigenmode (NAE), and
energetic particle continuum mode (EPM).  (Adapted from Ref. [5.118].)

FIG. 5-8. TAE mode amplitude and fast ion beta during a scan of neutral beam heating power in
DIII-D (from Ref. [5.108]).  The TAE increases with the externally injected NBI
power, but the fast ion beta does not increase as much as expected classically due to
the TAE-induced NBI loss.  At the highest TAE amplitudes, up to 70% of the NBI
power can be lost due to TAE modes in DIII-D.
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FIG. 5-9. Observation of alpha-driven TAE modes in TFTR (from Ref. [5.123]).  The TAE
modes appear ≈150 msec after the end of NBI in DT discharges with high q(0),
consistent with theory in which the NBI ions damp the mode and the high q(0)
increases the alpha particle drive.  The amplitude of these external magnetic
perturbations is several orders of magnitude smaller than the usual low frequency
MHD modes in TFTR, so there was no perceptible alpha loss associated with these
TAE modes.

FIG. 5-10. Stability boundary in the ne(0)-T(0) POPCON diagram for an n = 15 core-localized
TAE mode in an ITER-type plasma (from Ref. [5.158]).

FIG. 5-11. Growth rate for the energetic particle-driven continuum mode as a function of the
alpha particle beta value (normalized to the ITER reference value) for various toroidal
mode numbers.  (From Ref. [5.165])

FIG. 5-12. Time evolution of (a) resonance widths for a multi-mode system and (b) resonant
particle distribution function, where mode overlap leads to a “domino” avalanche and
global diffusion of alpha particles.  (From Ref. [5.184])

FIG. 5-13. Anomalous diffusion of the alpha particle distribution caused by 10 strongly unstable
core-localized TAE modes in ITER.  (From Ref. [5.185])
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Table 5-I.  Fast Ion Parameters For Various Tokamak Heating Systems.

Parameter NBI ICRH Alphas Alphas (JET) Alphas

(TFTR)(a) JET(b) (TFTR)(a) Hot-ion mode(c) Shear-optimized(d) (ITER)

Pf (0)    [MW/m3] 3 1–3 0.3 0.12 0.13 0.3

δ / a   (e) 0.05 0.3 0.3 0.36 0.35 0.05

n f (0) / ne(0)  [%] 13 1-10 0.3 0.44 0.34 0.3

β f (0)   [%] 0.9 1-3 0.26 0.7 0.44 0.7

β f    [%] 0.4 0.5 0.03 0.12 0.07 0.2

max R ∇ β f 0.04 ≈ 0.1 0.02 0.035 0.033 0.06

v f / vA(0) 0.35 ≈ 1-2 1.6 1.67 1.4 1.9

Notes: (a) TFTR with 40 MW of 100 keV NBI in a D-T plasma, BT = 5 T (discharge #76770).

(b) JET with ≈15 MW of ICRH 3He minority heating with E f  ≈ 1 MeV.

(c) Provisional parameters for JET high fusion power (16.1 MW) H-mode hot-ion D-T

plasma with nT(0):nD(0) = 60:40, BT = 3.6 T, 22 MW of NBI, and 3.1 MW of ICRH

(discharge #42976).
(d) Provisional parameters for JET high fusion power (8 MW) shear-optimized D-T plasma

with nT(0):nD(0) = 29:71, BT = 3.45 T, 18 MW of NBI, and 2 MW of ICRH

(discharge #42746).

(e) Orbit shift from magnetic flux surface:  δ = q (R / r)1/2 ρ f , where ρ f  is the fast

particle Larmor radius (for the toroidal magnetic field).  Note that δ ≈ 5 ρ f  at q = 2.
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FIG. 5-1.  Local values of nα/ne and βα/β, for the case of Ti ~ Te ~ T and Zeff = 1.5 (from Ref.

[5.16]).



ITER Physics Basis Chapter 5: Energetic Ions

50 Energetic Particles Expert Group
Physics Basis Editors

2.0

1.5

1.0

0.5

0.0
10-2 10-1 1 10

SLOWING-DOWN TIME (s)

E
X

P
E

R
IM

E
N

T
 / 

T
H

E
O

R
Y

****

ITER reference value

FIG. 5-2.  Ratio of the measured slowing down time to that predicted by classical theory (modified

from Fig. 20 in Ref. [5.3]).  The data points denote 38-75 keV D-beam ions [ ] and DT alphas [ ]

in TFTR (from Ref. [5.12]), D-beam ions in DIII-D [ ], 75 keV D-beam ions in DIII-D [ ], 1

MeV triton fusion products in JET [ ], 250-400 keV D-beam ions in JT-60U [*] (from Ref.

[5.13]), and 30 keV D-beam ions in ISX-B [ ].
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FIG. 5-3.  Plasma current density profiles in a 21 MA ignited plasma with current drive provided

by 1 MeV neutral beam injection.  The plasma current consists of 15.27 MA of inductive current,

4.88 MA of bootstrap current (4.44 MA from the main plasma and 0.44 MA from the alpha

particles), and 0.85 MA of beam-driven current.



ITER Physics Basis Chapter 5: Energetic Ions

52 Energetic Particles Expert Group
Physics Basis Editors

1%

0.1%

0.01%

R (m)

Z
 (

m
)

Z
 (

m
)

R (m)

Ripple well boundary

FIG. 5-4.  TF ripple contours on the plasma cross section (left) and ripple well boundary (right),

for the reference ITER plasma configuration with Ip = 21 MA.
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FIG. 5-5.  Hot spots on the outboard first wall of JT-60U due to TF ripple loss of NBI ions, as

calculated from the OFMC code and measured by an IRTV camera (from Ref. [5.31]): (a) the

calculated 2-D heat deposition profile due to banana drift ripple loss; (b) the measured heating

profile.  The code successfully predicts the location and magnitude of this fast ion loss.
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FIG. 5-6.  Redistribution of partially thermalized alphas by a sawtooth crash in TFTR, as

measured by the Alpha-CHERS diagnostic for confined alphas in the energy range 0.1-0.6 MeV

(from Ref. [5.64]).  The central alpha density drops by a factor of ≈5 after the sawtooth crash,

while the alpha density outside the sawtooth inversion radius increases so that the total confined

alpha density is constant.  The central alpha density before the sawtooth crash is consistent with

classical alpha confinement and thermalization.
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FIG. 5-7.  Schematic showing representative shear Alfvén frequency continuum curves as

functions of minor radius r , for n = 3, with horizontal lines indicating the approximate frequency,

radial location, and mode width for the toroidicity Alfvén eigenmode (TAE), kinetic TAE mode

(KTAE), core-localized TAE mode (CLM), ellipticity Alfvén eigenmode (EAE), triangularity

Alfvén eigenmode (NAE), and energetic particle continuum mode (EPM).  (Adapted from Ref.

[5.118].)
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FIG. 5-8.  TAE mode amplitude and fast ion beta during a scan of neutral beam heating power in

DIII-D (from Ref. [5.108]).  The TAE increases with the externally injected NBI power, but the

fast ion beta does not increase as much as expected classically due to the TAE-induced NBI loss.

At the highest TAE amplitudes, up to 70% of the NBI power can be lost due to TAE modes in

DIII-D.
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FIG. 5-9.  Observation of alpha-driven TAE modes in TFTR (from Ref. [5.123]).  The TAE

modes appear ≈150 msec after the end of NBI in DT discharges with high q(0), consistent with

theory in which the NBI ions damp the mode and the high q(0) increases the alpha particle drive.

The amplitude of these external magnetic perturbations is several orders of magnitude smaller than

the usual low frequency MHD modes in TFTR, so there was no perceptible alpha loss associated

with these TAE modes.
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FIG. 5-10.  Stability boundary in the ne(0)-T(0) POPCON diagram for an n = 15 core-localized

TAE mode in an ITER-type plasma (from Ref. [5.158]).
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FIG. 5-11.  Growth rate for the energetic particle-driven continuum mode as a function of the

alpha particle beta value (normalized to the ITER reference value) for various toroidal mode

numbers.  (From Ref. [5.165])
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FIG. 5-12.  Time evolution of (a) resonance widths for a multi-mode system and (b) resonant

particle distribution function, where mode overlap leads to a “domino” avalanche and global

diffusion of alpha particles.  (From Ref. [5.184])
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FIG. 5-13.  Anomalous diffusion of the alpha particle distribution caused by 10 strongly unstable

core-localized TAE modes in ITER.  (From Ref. [5.185])


