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Abstract. Some interesting observations from the recent massive particle simulation of the electron temperature 
gradient mode turbulence indicated that the mechanism underlying anomalous electron transport is the kinetic 
wave-particle decorrelation rather than the fluid eddy mixing. [Lin, Z, et al., Phys. Rev. Lett. 99 (2007) 265003] 
Long streamers, close to the pressure gradient scale length, are observed in this simulation. However, the 
transport didn’t show dependence on the streamer length, but is proportional to the local fluctuation intensity. In 
tokamak sheared magnetic field, there is a percentage of electrons are trapped in the potential patterns of 
electrostatic turbulence, and their unperturbed orbits follow pendulum motion. These potential patterns 
constitute phase-space islands. The overlapping of islands not only takes place in velocity space but also in 
configuration space, due to the presence of densely packed mode rational surfaces in the tokamak configuration. 
The overlapping of adjacent phase-space islands leads to the formation of chaotic region near the separatrix of 
the islands. As a result, the particle performs random walk process in phase space and during this process 
irreversible scattering process takes place. This mechanism induces a Brownian diffusion in configuration space 
as well as velocity space, with a time scale determined by the resonant scattering time. In this paper, this 
transport mechanism is formulated using nonlinear drift kinetic equations and resonance broadening theory. It is 
indicated that the nonadiabatic response of the wave-trapped electrons induced by the resonant scattering 
process is an important dissipation mechanism underlying anomalous electron transport in tokamak plasmas. 
 
1. Introduction 
 
Some interesting observations from the recent massive particle simulation of the electron 
temperature gradient mode (ETG) turbulence indicated that the mechanism underlying 
anomalous electron transport is the kinetic wave-particle decorrelation rather than the fluid 
eddy mixing. [1] Long streamers, close to the pressure gradient scale length Lp, are observed 
in this simulation. However, unexpectedly the transport didn’t show dependence on the 
streamer length, but is proportional to the local fluctuation intensity. The ETG mode is widely 
believed to be a good candidate for explaining the anomalous electron heat loss, [2] but it 
generally has small perpendicular wavelength or eddy size. Because the transport step length 
is commonly believed to be scaled with the perpendicular wavelength (a diffusivity is 
generally expressed as 2~ ⊥kDr γ , where γ refers to the linear growth rate of the most 
unstable mode), the simple mixing length estimation predicts trivial transport could be driven 
by the ETG turbulence. But the appearance of radially elongated streamer structures in the 
ETG turbulence can significantly increase the radial wavelength and eddy size, so it is 
expected that if the streamers are taken into account the ETG-driven transport could be 
important. [3] But, the recent simulation results [1] obviously came to an opposite conclusion. 
It was indicated in the simulation that phase-space island overlap and stochastic wave-particle 
decorrelation leads to a diffusive process with a time scale comparable to the wave-particle 
decorrelation time, determined by the fluctuation spectral width. This kinetic time scale is 
much shorter than the fluid time scale of eddy mixing or eddy turn over. Since the ratio of 
fluid-to-kinetic time scales increase with the device size, the extrapolation of the transport 
level from present-day experiments to future larger reactors could be overly pessimistic, if we 
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invoke the simplistic mixing length argument with the streamer length as the spatial step size 
and the fluid eddy turn over time as the time step size. 
 
1.1. Eddy Mixing or Wave-particle Decorrelation? 
 
The radial E×B drifts driven by the turbulence eddies transfer the charged particles across the 
nested flux surfaces. It seems on the surface that this process is quite similar to the fluid 
convection, so that in the prevailing fluid picture [4,5], transport is understood as arising from 
the eddy mixing process of a random walk with a correlation length of the eddy size and a 
decorrelation time of the eddy turnover period [6]. The mixing length argument [4,5] 
conjectures that transport increases sensitively with the eddy size along the radial direction of 
pressure gradient. The transport theories based on the mixing length argument have been 
widely used to evaluate transport level in today’s fusion devices and predict confinement 
performance in future fusion reactors. [7] It is possibly true that the concept of turbulent 
transport via the eddy mixing is valid in the fluid regime, in which collision dissipation 
dominates the relaxation processes, i.e. the collision mean-free-path of constituent particles is 
much shorter than the eddy correlation length, so the particles and eddies move together as 
fluid elements. However, in the high-temperature fusion plasmas, especially in the core 
region, the mean-free-path of charged particles along the magnetic field lines is much longer 
than typical eddy length in the parallel direction. In this nearly collisionless plasma, if 
charged particles decoupled from the turbulence eddies due to kinetic effects before eddies 
could execute a complete rotation, the transport process is regulated by the kinetic effects 
rather than by the fluid eddy mixing. [1] Consequently, the validity limit of the fluid eddy 
mixing picture should be cC ττ < , where Cτ  is collision time and cτ  is kinetic wave-
particle decorrelation time. Unfortunately, in most cases this condition can only be satisfied in 
the plasma boundary region of fusion devices. 
 
1.2. Are there Sufficient Resonant Electrons? 
 
From the linear point of view, for long-wavelength drift-type modes, it is generally believed 
that the bulk of electrons respond adiabatically to the waves in the asymptotic limit of 
infinitely large thermal velocity as compared with the wave phase velocity. As a result, it is 
expected that there are insufficient resonant electrons for them to resonate with the drift 
waves, and so wave-electron Landau interaction is usually neglected. [8] From the nonlinear 
point of view, if the effective lifetime of potential pattern or wave structure is longer than the 
bounce period of the electrons, the electrons will be trapped in the phase-space islands. The 
percentage of wave-trapped electrons in total electrons can be approximately estimated as 
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single mode. In tokamak plasmas, fluctuation level is typically in the range , so 1%1 <Φ< κ
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κ~ . In fully developed turbulence 

the phase-space is bestrewed with multi-scale islands. When the mode density is so high that 
the distance between two adjacent modes is shorter than the trapping width, the adjacent 
islands will overlap in the phase space. The total percentage of wave-trapped electrons can be 
calculated via the spectral integral %101
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wave-trapped electrons could be significant. The dynamic behaviour of the wave-trapped 
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electrons is completely different from the passing electrons, because they cannot freely stream 
along field lines. In this paper, it will be shown that they perform resonant scattering in 
tokamak turbulence and resulting in nonadiabatic responses. The passing electrons are 
responsible for the adiabatic response. The dynamic behaviour of the passing electrons is 
generally governed by the Boltzmann relation. 
 
1.3. Nonlinear Trapping is Relevant to Electrons 
 
From the timescale point of view, because of the high parallel streaming velocity of electrons, 
the bounce period of a wave-trapped electron is usually much shorter than the lifetime of 
potential pattern acbe ττ << , where acτ  is turbulence autocorrelation time, so the nonlinear 
trapping by the wave is relevant to electrons. The assumption of unperturbed orbit is invalid 
when trapping occurs. This sets the upper limit of wave amplitude for the linear Landau 
damping. In the typical parameter range of fusion plasmas biacbe τττ ~<< , i.e. the ion bounce 
period is usually comparable with the pattern lifetime, implying that the nonlinear trapping is 
irrelevant to ions, because field pattern changes before ion bouncing, the assumption of 
unperturbed orbit is therefore generally valid to ions. This explains why weak turbulence 
theory and even quasilinear theory with linear Landau term can work in handling ion 
dynamics in the nonlinear turbulence. [9] But, for electrons the assumption of unperturbed 
orbit is invalid in most cases, so orbit perturbation must be taken into account. Consequently, 
the wave-electron interaction is essentially nonlinear and cannot be reasonably explained 
within the traditional linear-Landau framework. 
 
1.4. Intuitive Physical Picture of Resonant Scattering 
 
The importance of resonant scattering as a mechanism for the cross-field transport was 
recently pointed out by Liu Chen. [1] In tokamak shear magnetic field, there is a percentage 
of electrons are trapped in the potential patterns of electrostatic turbulence, and their 
unperturbed orbits follow pendulum motion. In fully developed turbulence the phase-space is 
bestrewed with multi-scale islands. The overlapping of islands not only takes place in velocity 
space but also in configuration space, due to the presence of densely packed mode rational 
surfaces in the radial direction. The overlapping of adjacent phase-space islands leads to the 
formation of chaotic region near the separatrix of the islands. [10,11] When particle enters 
this region, its orbit will undergo stochastic disturbance. The particle jumps from one island 
to another. After jumping, the particle will decouple (decorrelate) with the prior wave and 
lose its prior phase information, therefore there is no memory effect for resonant particles on 
time scale longer than the scattering time, but it will carry the energy and momentum which 
has already been obtained from the prior wave via the resonant process. As a result, the 
particle performs random walk process in phase space and during this process irreversible 
scattering process takes place, and so the entropy of particle system increases. This 
mechanism induces a Brownian diffusion in configuration space as well as velocity space, 
with a time scale determined by the resonant scattering time. If the islands in turbulence can 
be seen as “quasiparticles”, this dissipation process can be understood as induced by the 
“collisions” between particles and “quasiparticles”. [12] From the above intuitive physical 
picture one can see that the concept of nonlinear resonant scattering in the realistic geometry 
of a tokamak is completely different from that of the linear resonance. In a sense, the resonant 
scattering process can be seen as the nonlinear counterpart of the linear Landau damping. 
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2. Test-particle Orbits in Sheared Magnetic Field 
 
We consider the motion of guiding centre in the tokamak shear magnetic field in the presence 
of a single mode of the low-frequency electrostatic drift-wave. The coordinate in a tokamak is 

, where θ and ζ is poloidal and toroidal direction respectively. The most important 
resonant scattering effect arises from the parallel resonance, so the magnetic drift is 
temporally ignored. In the vicinity of a rational surface the geometry can be approximated by 
a sheared slab with the coordinate 
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radial location of a rational surface. The magnetic field is mainly in the z direction 
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magnetic shear, and q is the safety factor which is a function of minor radius r. In the 
tokamak geometry the drift-wave turbulence is composed of many toroidal eigenmodes. Each 
eigenmode with a toroidal mode number  contains many poloidal  harmonics, where 

 is poloidal mode number. Each  harmonic has a narrow radial width centred around its 
mode rational surface , where 
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sr ( ) nmrq s ˆˆ= . For modest positive magnetic shear, toroidal 
coupling makes neighbouring  harmonics overlap to form radially elongated ballooning 
structures, i.e. streamers. [1] For a poloidal harmonic , where 
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wave number. The cross-field motion is mainly induced by the E×B drift. Considering that 
charged particles follow magnetic field to the lowest order, we have 
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This is a pendulum motion function in configuration space as well as velocity space. 
Considering that the parallel motion is the leading order, in the vicinity of a rational surface 

sLx ||ρ< , where ev Ω≡ ||||ρ , the first term on the right hand side of the above motion 

equation dominates over the second term. In this case the equation can be simplified to 

ϕ
ω

ϕ κ sin||
rv

Δ
−=&& . This motion equation indicates that the resonant particles are trapped in the 

vicinity of a rational surface, and their undisturbed orbits are pendulum oscillations. The 
reason for trapping is that, when the test particle leaves the resonant surface, ||k  increases, 
so it will be reflected by the potential barrier. When the test particle resonates with the test 
wave 0|||| =−= ωϕ vk& , i.e. cϕϕ =  constant phase, the interaction will be secular, i.e. 
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|| Ω= , as a result the exchange of generalized momentum 

(momentum in velocity space tmap Δ=Δ ||  and displacement in configuration space 
) between wave and particle will be most effective, which results in the diffusion 

of electrons in the phase space. The resonant electrons are trapped in the vicinity of the 
rational surface. For high  modes, 

tvr ErΔ=Δ

n̂ Δ  is short, when κκ ρω Φ≈Δ=Δ<Δ sertrap Lvr || , 

neighbouring islands will overlap in the configuration space, where  is the radial 
trapping width of a single wave, i.e. the half width of the island in configuration space. This is 
equivalent to require 

traprΔ

34 10~10 −−=Δ>Φ eyqRk ρκ , which can often be satisfied easily. The 
bounce frequency of the wave-trapped electrons can be estimated by 
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trapb vk ||Δ=ω , then we get an effective wave number sey Lkk ρ≈ . In conclusion, in the 
tokamak shear the overlapping of islands not only takes place in velocity space but also in 
configuration space, due to the presence of densely packed mode rational surfaces. [1] 
Consequently, the overlapping will cause a diffusion in six-dimension phase space 
(configuration space as well as velocity space). The resonant scattering process is induced by 
phase-space island overlapping and stochastic disturbance of the trajectories of wave-trapped 
electrons, resultantly this is an irreversible random-diffusion process, as exhibited in the 
simulations [1,13]. 
 
3. Resonant Scattering in Sheared Magnetic Field 
 
Turbulence in tokamak plasmas is generally induced by drift-wave-type instabilities 
characterized by . The process associated with the resonant scattering 
generally can be understood as the continuous release of wave-trapped electrons from the 
phase-space islands. [14] In tokamak shear magnetic field, the resonant scattering of particles 
by turbulence is determined by radial diffusion and parallel streaming. The turbulence-
particle decorrelation time will be set by the dispersion in k

|||| ~~ kkkk Δ>>Δ ⊥⊥

|| and parallel streaming 

||||2 kvcc Δ== τπν . Turbulent scattering of particles introduces a finite radial diffusion 

coefficient  in inhomogeneous plasmas. The parallel decorrelation length rD |||| 2 kL Δ= π  
can be thought as the parallel length of one wave packet. When a particle passing through the 
wave packet, at the same time it will diffuse radially by crDr τ3

1=Δ . [15] Due to the 

presence of magnetic shear, the change of k|| will be sy Lrkrkk Δ=Δ′=Δ |||| , then a relation 
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decorrelation) rate is given by 22
||

2
3

23 −= syrc LvkDπν . [15] The turbulent decorrelation time cτ  
can be understood as the inverse time to scatter one wavelength kπλ 2=  relative to the 
wave, during this period of time the wave-trapped particles escape from the potential well. 
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In order to calculate cν , we refer to Dupree’s resonance broadening theory [16], but here we 
keep the parallel nonlinearity as well as the E×B nonlinearity. After some algebra we get a 
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determine the diffusivity. If γτ  or acτ  is the shortest time scale, , so a 
quasilinear diffusion coefficient and a gyroBohm scaling are obtained. In tokamak plasmas, 
ions usually belong to this situation 
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acci ττ ~ , so the dynamics of ions in plasma turbulence 
generally can be handled within the framework of weak turbulence theory or even the 
quasilinear theory. [9] In this case the resonance broadening is irrelevant, because the 
effective lifetime of field pattern is shorter than or comparable to the trapping time. However, 
for electrons acce ττ <<  is generally satisfied in tokamak plasmas, so the diffusivity is given 
by crr vD νπ

2
2
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trapped electrons in a single wave. Substituting the cν  back into the expression of , we 

get the radial diffusivity 
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step length of radial diffusion. 23−∝ BDr  indicates a scaling better than Bohm  
but worse than gyro-Bohm . Substituting the expression of Kolmogorov time 
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transport step size  is just the radial trapping width of a single wave, i.e. the half width 

of a local island. It turns out that  takes the place of  as the mixing length. Similar 
to the situation in the quasilinear theory, the radial flux still can be expressed as 

traprΔ

traprΔ 1−
⊥k

traprrErr nDdhv ∂−==Γ ∫ v~~ , but here the radial gradient is traprn∂ , because passing electrons 

don’t participate in the transport process associated with the resonant scattering. 
 
4. Wave-particle Decorrelation due to the Space Varying of Field Pattern 
 
In tokamak toroidal geometry, magnetic field decreases with major radius RRBB 00≈ , so 
high  drift-wave turbulence usually exhibits significant ballooning characteristics, such as 
inside-outside asymmetry and toroidal coupling. [1] In this case turbulence is strongly 
localized to the outside of the torus, which means that the mode structure manifests it as a 
wave packet extending along the magnetic field lines. The envelope of the wave packet can 
be expressed as 
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can be decomposed into many Fourier harmonics in the parallel direction. After conducting 
spatial Fourier transformation, the wave packet is transformed into a spectrum 
( ) ( ) ( 2
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2
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|||| expˆ kkkk Δ−Δ=
−

πφ )  in the k|| space. The spectrum width  determines a 

toroidal decorrelation time 
||kΔ

||||||||2 ωτπν ==Δ== qRvkvtctc . The physics underlying this 
time scale is that, when a particle passes through the wave packet (the length of which is 
about qRL π=|| ), it will decouple with the turbulence eddies. If the toroidal decorrelation 
time is the shortest time scale, it will dominate the transport. The resultant diffusivity is given 

by 2222
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transport it will lead to a gyro-Bohm scaling. For ETG turbulence usually 1>>iyk ρ , this 
toroidal decorrelation mechanism could dominate the transport in the plasma core region. 
This explains the observations in the recent global particle simulation of ETG turbulence in 
tokamak plasmas, [1] in which they reported a diffusivity proportional to fluctuation intensity 
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rre vD ∝=χ  and a quasilinear transport scaling 2
2
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5. Summary 
 
In the presence of electrostatic turbulence and several independent decorrelation mechanisms, 
the diffusivity of resonant electrons is (apart for numerical factors of order unity) computed 
within the standard Brownian motion picture ν2

rr vD = , where  is the particle radial E×B 
drift speed induced by electrostatic turbulence, 

rv
1−ν  is the time step of the Brownian motion, 

here ν  is the effective decorrelation frequency. In the presence of independent mechanisms, 
the effective decorrelation frequency must be the sum of frequencies of all mechanisms 

∑=
j

jνν . However, if the mechanism j dominates over the others, jνν ≈ , i.e. the shortest 

time scale controls the transport. The candidate decorrelation mechanisms include 
LCtccac ννννγν κ ++++= , where Cν  is the Coulomb collision rate between particles. In 

different parameter ranges different mechanisms could dominate. 
 
Under the typical plasma parameters in tokamak the mean-free-paths of electrons Le and ions 
Li are much longer than the connection length πqR in the core but usually comparable in the 
edge. The shortest time scale in the plasma core region is the toroidal decorrelation time tceτ , 
so the mechanism associated with this time scale will dominate the electron transport in the 
core region. This mechanism will lead to a gyro-Bohm scaling. As a result, a diffusivity 
proportional to fluctuation intensity 2

2
3

rre vD ∝=χ  and a quasilinear transport scaling 
2

2
3 −∝= BDreχ  are observed in the recent particle simulation of ETG turbulence in the core 

region of collisionless tokamak plasmas. [1] In the plasma edge region the shortest time scale 
is the electron collision time Ceeτ , so fluid treatment generally can be applied in the edge. 
 
In conclusion, the turbulent scattering is a relevant relaxation mechanism for anomalous 
electron transport in the plasma core region of a tokamak. In the collisionless regime, the 
turbulent scattering takes the place of the Coulomb collision as an entropy source. If the 
islands in turbulence can be seen as “quasiparticles”, this dissipation process can be 
understood as induced by the “collisions” between particles and “quasiparticles”. Because of 
the high parallel streaming velocity of electrons, the bounce period of a wave-trapped electron 
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is usually much shorter than the lifetime of potential pattern acbe ττ << , the wave-electron 
interaction is essentially nonlinear and cannot be reasonably explained within the traditional 
linear-Landau framework. In this paper, we show that they perform resonant scattering in 
tokamak turbulence and resulting in nonadiabatic responses. In a sense, the resonant 
scattering process can be seen as the nonlinear counterpart of the linear Landau damping. It is 
indicated that the nonadiabatic response of the wave-trapped electrons induced by the 
resonant scattering process is an important dissipation mechanism underlying anomalous 
electron transport in tokamak plasmas. 
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