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Abstract. The physical concepts of wave-particle inter- 
actions in a collisionless plasma are developed from first 
principles. Using the Lorentz force, starting with the 
concepts of particle gyromotion, particle mirroring and 

the loss cone, normal and anomalous cyclotron resonant 
interactions, pitch angle scattering, and cross-field diffu- 
sion are developed. To aid the reader, graphic illustra- 
tions are provided. 

1. INTRODUCTION 

Wave-particle interactions play crucial roles in many 
phenomena occurring in the laboratory [Gill, 1981] and 
in space plasmas [Gary, 1992]. In laboratory plasmas, 
wave-particle interactions come into play in several im- 
portant applications, including beat wave acceleration, 
plasma heating by radio waves at ion and electron cy- 
clotron frequencies, and transport losses due to edge 
turbulence. In space plasmas, wave-particle interactions 
are thought to be important for the formation of the 
magnetopause boundary layer, generation of electro- 
magnetic outer zone chorus and plasmaspheric hiss 
emissions, precipitation of particles causing auroras, etc. 
Further, low-frequency waves can interact with charged 
particles over long spatial scale lengths and within the 
magnetosphere can transport energy from one region to 
another. For example, the interaction of ion cyclotron 
and whistler mode waves with Van Allen belt particles 
can scatter energetic protons and electrons into the loss 
cone and thus lead to the ring current decay during a 
magnetic storm recovery phase. Similarly, pitch angle 
scattering resulting from cyclotron resonance between 
outer zone whistler mode chorus and 10- to 100-keV 

trapped substorm electrons can lead to the loss of elec- 
trons by precipitation. These precipitating electrons 
cause ionospheric phenomenon such as diffuse aurorae, 
enhanced ionization in the ionospheric D and E regions, 
and bremsstrahlung X rays. 

In space plasmas the collision time between charged 
particles is generally very long in comparison with the 
characteristic timescales of the system, namely, the in- 
verse of the plasma frequency or cyclotron frequencies, 
and therefore the plasma can be treated as collisionless. 
This would imply that there is virtually no dissipation in 
space plasmas, as particle-particle collisions are infre- 

quent. This statement is correct provided that there are 
no wave-particle interactions. 

The presence of waves can introduce finite dissipation 
in a collisionless plasma. Charged particles are scattered 
by the wave fields, and the particles' momenta and 
energies change through this process. The interaction 
between a wave and a charged particle becomes strong 
when the streaming velocity of the particle is such that 
the particle senses the Doppler-shifted wave at its cyclo- 
tron frequency or its harmonics. This is the so-called 
cyclotron resonance interaction between the waves and 
particles. The special case of the Doppler-shifted wave 
frequency being zero (i.e., zero harmonics of the cyclo- 
tron frequency) corresponds to the well-known Landau 
resonance. Landau [1946] showed that plasma waves in 
unmagnetized collisionless plasmas suffer damping due 
to wave-particle interactions, or "Landau damping." The 
physical mechanism of Landau damping can be under- 
stood as follows: at Landau resonance the particles do 
not see a rapidly fluctuating electric field of the wave, 
and hence they can interact strongly with the wave. 
Those particles having velocities slightly less (greater) 
than the phase velocity of the wave are accelerated 
(decelerated) by the wave electric field to move with the 
wave phase velocity. Thus the group of particles moving 
slightly slower (faster) than the phase velocity gain en- 
ergy from (lose energy to) the wave. In a collisionless 
plasma characterized by a Maxwellian distribution func- 
tion, the number of slower particles (in any interval 
around the phase velocity) is greater than the number of 
faster particles, as is shown in Figure la. Therefore 
energy gained from the waves by slower particles is more 
than the energy given to the waves by faster particles, 
thus leading to net damping of the waves. Consequently, 
Landau damping provides dissipation for a collisionless 
plasma. In a non-Maxwellian plasma, for example, a 
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Figure 1. Schematic of a group of particles interacting reso- 
nantly with waves in an unmagnetized plasma. (a) Maxwellian 
plasma. The energy gained from the waves by the slower 
particles is more than the energy given to the waves by the 
faster particles. (b) Beam-plasma system where the phase 
velocity of the wave is less than the beam speed Vo. 

beam-plasma system, one can create a situation where in 
a given velocity interval around the phase velocity of the 
wave, there are a greater number of faster particles than 
of slower particles. Such a case is shown in Figure lb. 
This situation corresponds to inverse Landau damping 
or plasma (Cherenkov) instability, as the waves grow by 
gaining energy from the particles. For this latter situa- 
tion, one can say that there is "free energy" available for 
wave growth. Similarly, the cyclotron resonant interac- 
tions between the waves and the particles give rise to a 
damping or instability phenomenon which is akin to 
Landau damping or instability [Stix, 1962]. 

Space plasmas are magnetized and can support a 
variety of plasma waves. The resonant interaction be- 
tween electromagnetic waves and particles has been 
studied in detail [Kennel and Petschek, 1966; Lyons and 
Williams, 1984]. The interacting particles undergo pitch 
angle diffusion, which causes them to be scattered into 
the atmospheric loss cone, or undergo energy diffusion, 
which results in a harder spectrum for the trapped par- 
ticles. 

In this review we have tried to explain some funda- 
mental concepts of wave-particle interactions involving 
electromagnetic waves. The Lorentz force plays a crucial 
role in the resonant interactions between electromag- 
netic waves and particles. Analytical expressions for 
pitch angle diffusion due to resonant wave-particle in- 

teractions are derived. We assume that the electron 

plasma frequency 12pe = (4•rNq2/m-) 1/2 is greater than 
the electron cyclotron frequency, 12-, where N is the 
electron number density and m- is the electron mass. 

2. BASIC CONCEPTS 

Equation (1) below is the Lorentz force in centime- 
ter-gram-second (cgs) units. A particle with charge q 
moving with velocity V across a magnetic field of 
strength B 0 experiences a force, the well known Lorentz 
force, Fi•, which is orthogonal to both V and B0, 

F L = q V X S 0 (1) 
c 

where c is the speed of light. Figure 2 illustrates this 
situation for a positively charged particle (e.g., a proton) 
moving exactly perpendicular to a uniform magnetic 
field B0. Since in a uniform field, the Lorentz force can 
change only the direction of the particle's velocity vector 
Vñ perpendicular to B 0, the charged particle will exhibit 
a circular motion about the magnetic field B 0. The radius 
r of this orbit, known as the particle gyroradius, can be 
calculated by balancing the magnitude of the Lorentz 
force Fi• = (qVñBo/c) with the centrifugal force mV2•/r, 
where m is the mass of the particle. 

Equating the Lorentz and centrifuged forces and solv- 
ing for r, one gets r = m l/ñc/qB o. Further, the angular 
frequency of motion, dO/dt = I/z/r, is equal to qBo/mc, 
the cyclotron (or Larmor) frequency 12 of the charged 
particle. 

Figure 3 illustrates the concept of a particle pitch 
angle. For this particular example we assume the particle 
charge is positive (positive ion). In a uniform magnetic 
field the angle that the instantaneous particle velocity 
makes relative to the magnetic field vector is constant 
and is called the pitch angle. The particle velocity vector 
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Figure 2. The Lorentz force and a positively charged particle 
gyromotion in a uniform magnetic field. 
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can be broken down into two orthogonal components, 
one parallel to B0, Vii, and the other perpendicular to B0, 
V•_, such that 

v: + v, (2) 

where b = B0/B 0. The pitch angle ot of the particle is 
defined as ot = sin-l(V•_/V) as shown in Figure 3. 

Since there are no forces exerted on the particle in 
the parallel direction in a uniform B0, the particle moves 
unimpeded with a constant velocity Vii along B0. There is 
a cyclotron motion associated with the V•_ velocity com- 
ponent as shown above. Although the direction changes, 
the magnitude of V•_ remains unchanged. Thus the pitch 
angle, or, will be constant in a uniform B0. A positively 
charged particle thus moves in a left-hand spiral motion 
along the magnetic field. This handedness is important 
for resonant interactions, as will be illustrated later. 
Positive ions gyrate in a left-hand sense relative to B0, 
independent of whether they are moving along B0 or 
antiparallel to B0. The central field line about which the 
particle gyrates in Figure 3 is called its guiding center. If 
the field oscillates slowly, the particle will follow the 
guiding center accordingly. 

Because electrons and negative ions have negative 
charge, the V x B Lorentz force is oppositely directed to 
ihat of positively charged ions. Thus electrons and neg- 
ative ions gyrate about the magnetic field in a right-hand 
corkscrew sense, opposite to that shown in Figure 3. 

If there is a strong magnetic field gradient, the parti- 
cles can be "mirrored," or reversed in direction by the 
Lorentz force. We show a particle at its mirror point in 
Figure 4 to illustrate this as a consequence of propaga- 
tion in a nonuniform magnetic field. Although Figure 4 
indicates a one dimensional gradient with a positive 
sense, i.e., the gradient of IBI increasing to the right at 
the mirror point, the reader should imagine this to be a 
two-dimensional gradient where similar field line con- 
vergence occurs into and out of the paper as well. At the 
moment in time when the particle is being mirrored, 
Vii = 0, and V = Vñ, i.e., all of its velocity is in the 

I • B o 

Figure 4. Schematic illustrating the mirror force. The 
Lorentz force acts perpendicular to V, so it does no work. The 
mirroring process transforms particle parallel energy into per- 
pendicular energy with total energy E r conserved. 

perpendicular (to the field) plane. Owing to the conver- 
gence of the magnetic field lines, the Lorentz force has 
a component toward the left, i.e., opposite to the mirror 
point, leading to particle acceleration in a direction 
opposite to the gradient, and thus "reflection." 

Since the Lorentz force operates in a direction or- 
thogonal to the velocity vector, there is no work done. 
The total energy of the particle remains constant. Squar- 
ing equations (2) and multiplying by «m, we get 

1 1 1 

ET = •mV 2= •mV• + •mV• = Ell + E•_ (3) 

where Ell and E•_ are the parallel and perpendicular 
kinetic energies of the charged particle. For a particle 
moving from left to right in a constant magnetic field, 
both Ell and E•_ are constant values. However, for a 
particle moving from left to right in a magnetic field 
gradient, as shown in Figure 4, Ell decreases as E•_ 
increases, keeping ET constant. The mirror point is 
reached when E •_ = ET. The particle then starts to move 
to the left, with Ell increasing and Eñ decreasing. 

A magnetic "bottle" is depicted at the top of Figure 5. 
The magnetic field line (flux) is pinched at two ends and 
expanded in the center. It has a positive gradient on the 
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Figure 3. "Pitch" angle ct of a positively charged particle. Figure 5. Magnetic bottles for plasma particles. 



494 ß Tsurutani and Lakhina' WAVE-PARTICLE INTERACTIONS 35, 4 / REVIEWS OF GEOPHYSICS 

Loss Cone 

a) 

V.L 

'Ioss 

V• 

cone • 

Aurora Borealis and Australis 

Figure 6. (a) Equatorial loss cone, and (b) auroras associ- 
ated with particle pitch angle scattering into the loss cone. 

right (as one goes from left to right) and a negative 
gradient on the left. As a consequence, the Lorentz force 
at both mirror points is directed toward the center, i.e., 
away from both right and left mirror points. Particles 
with large pitch angles are "trapped" by the two mirror 
points and will bounce back and forth between them. 
However, particles that have pitch angles of 0 ø or close 
to 0 ø will mirror at only extremely high field strengths 
and may escape out the ends of the bottle. 

If one bends the lines of force, to a shape of a dipole 
field (Figure 5, bottom), we have the general shape of 
planetary magnetospheric fields. Particle radiation, such 
as the Van Allen radiation belts, are trapped on these 
field lines [Van Allen, 1991]. The particles gyrate about 
the magnetic fields and also bounce back and forth 
between their mirror points. The particles also undergo 
a drift in the azimuthal direction around the Earth in the 

equatorial region due to the curvature and magnetic 
field gradients in the radial direction (this drift is not 
shown). Because the sense of drift is dependent on the 
sign of the charge on the particle, protons and electrons 
drift in opposite directions. These different drifts con- 
stitute a "ring of current" (ring current) which intensifies 
during magnetic storms (owing to injection and energi- 
zation of ring current particles). The injection of plasma 
causes decreases in the magnetic field measured at the 
Earth's surface near the equator. This is called the storm 
main phase. The loss of these particles through wave- 
particle interactions and other processes [see Kozyra et 
al., 1997] leads to a decrease in the ring current and an 
increase in the field at the equator. This is called the 
storm recovery phase. It has been shown [Dessler and 
Parker, 1959; Sckopke, 1966] that the magnitude of the 
field decrease in the main phase is directly related to the 
total energy of particles in the ring current. 

How one gets energetic (energies of-MeVs) parti- 
cles on these trapped orbits is another problem. It is 

commonly believed that the neutrons produced during 
the interaction of cosmic ray particles with upper atmo- 
sphere atoms and molecules decay into protons and 
electrons (called cosmic ray albedo neutron decay 
(CRAND) particles)within the magnetosphere, thus 
populating the belts. Interaction of whistler waves with 
the energetic electrons may cause important losses of 
trapped electrons in the Van Allen belts [Tsurutani et al., 
1975; Walt et al., 1996]. Particles of lower energy (10-300 
keV) can be also injected into the radiation belt by 
substorms and magnetic storm electric fields [Chen et al., 
1997; Wolf et al., 1997]. Particles losses during magnetic 
storms are discussed by Sheldon and Hamilton [1993] 
and Kozyra et al. [1997]. 

The "loss cone" is the cone of pitch angles within 
which particles are lost to the upper atmosphere. The 
particle mirror points are deep in the atmosphere, and 
the particles thus lose their energy by collisions with 
atmospheric/ionospheric atoms and molecules and thus 
do not return to the magnetosphere. Consequently, the 
magnetospheric equatorial phase space (pitch angle) 
distribution has signatures that looks like Figure 6a. On 
the other hand, the precipitating particles, i.e., the par- 
ticles that are scattered into the loss cone, lose their 
energy to the neutral atoms and molecules. These atoms 
and molecules are excited to higher energy states and 
produce auroral line and band emissions as they decay. 
This light is the aurora borealis (northern hemisphere) 
and aurora australis (southern hemisphere) (Figure 6b). 

The size of the loss cone can be calculated by assum- 
ing constancy of the first adiabatic invariant Ix = E ñ/B o. 
This assumption is valid when the magnetic field changes 
slowly relative to the Larmor period and Larmor radius. 
For the dipole field shown in Figure 6b, we calculate the 
value below. As was mentioned previously, at the mirror 
point the particle's perpendicular kinetic energy Eñ is 
equal to the total kinetic energy ET. Thus we can write 
Ix as ET/Bmirror at the mirror point. At the equator, IX is 
equal to E_l_/Beq. Equating these two values, we have 
ET/Bmirror = Eñ/Beq. We rearrange this as Eñ/ET - 
Beq/Bmirror. From .previous discussions we know that 
Eñ/E T ] 2 I 2 = •mVñ/•mV = sin 2 a o, where a 0 is the 
particle pitch angle at the equator. 

Thus for the loss cone we have 

sin 2 ao - Beq/Bmirror (4) 

The values for Beq and Bmirror can be calculated assum- 
ing a dipole field dependence with distance, B/r 3 = 
const. At the Earth the surface equatorial field is ap- 
proximately -0.3 G. Thus for any dipole field line, the 
loss cone can be easily calculated. For any particle with 
pitch angles at the equator with a < a 0, such that the 
height of the mirror point is within the upper atmo- 
sphere, the particles are lost by collisions with neutrals. 
In expression (4), a 0 is the pitch angle at the edge of the 
loss cone. 

The Earth's field is not a pure dipole. There are 
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variations in the local surface field strength. One area, 
called the Brazilian anomaly (previously called the 
South Atlantic Anomaly, but this magnetic region has 
recently drifted inland) is a region of low magnetic field 
strength. In this region the magnetic fields are weaker, 
and therefore the mirror points are shifted to lower 
altitudes. The particles that are normally just outside the 
loss cone will mirror deeper in the atmosphere than at 
other longitudes and are lost by collisions with the ion- 
ospheric/atmospheric atoms and molecules. A satellite 
passing just above the ionosphere would see more par- 
ticle flux coming down (or higher radiation doses) in 
comparison with the region outside the Brazilian anomaly. 

3. RESONANT WAVE-PARTICLE INTERACTIONS 

Previously, we showed that charged particles have a 
circular (cyclotron) motion about the ambient magnetic 
field (gyromotion) plus a translational motion along the 
magnetic field. When a particle senses an electromag- 
netic wave Doppler-shifted to its cyclotron frequency (or 
its harmonics), it can interact strongly with the waves. 
The condition for this cyclotron resonance between the 
waves and the particles can be written as 

to - k. V = nil (5) 

In expression (5), to and k are the wave frequency (taken 
as positive here) and wave vector, and n is an integer 
equal to 0, _+1, _+2,.... The case of n = 0 corresponds 
to the Landau resonance discussed previously. When 
condition (5) is satisfied, the waves and particles remain 
in phase, leading to energy and momentum exchange 
between them. 

For illustrative purposes, we first describe the n = 1 
(fundamental) resonance for electromagnetic waves 
propagating either parallel or antiparallel to the mag- 
netic field direction, i.e., we take k = kll b. 

Thus (5) simplifies to 

to - kllVii = 11 (6) 

If the frequency of the wave and the local gyrofrequency 
of the particle are known, then the particle resonance 
energy can be calculated. From (6) we have the parallel 
resonance speed 

(•o- fi) 

Then the parallel kinetic energy of resonant particles 
can be written as 

• 2 • (to- 1/) 2 
Eli R: •mVii R: •m kl • = «mV•h(1 -- 11/00) 2 (7) 
where Vph .= to/kll is the parallel phase speed of the 
wave. For the case in which the resonant waves are at 

frequencies much less than the ion cyclotron frequency, 
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Figure 7. Left-hand and right-hand parallel propagating cir- 
cularly polarized electromagnetic waves. 

the wave phase speed can be approximated by the local 
Alfv6n speed V A = [B2/4'rrp] •/2, where p is the ambient 
plasma mass density in cgs units. 

Figure 7 illustrates the spatial variation of the wave 
(perturbation) magnetic vector as a function of distance 
along the magnetic field. Here we illustrate circularly 
polarized, parallel-propagating electromagnetic waves. 
There are two basic types of polarization, right-handed 
and left-handed. Elliptical or linear polarizations are 
combinations of these two fundamental polarizations. 

The polarization of waves is defined by the sense of 
rotation of the wave field with time at a fixed location. 

The sense is with respect to the ambient magnetic field 
and is independent of the direction of propagation. 

In a magnetized plasma where llpe > D-, left-hand- 
polarized waves can exist at frequencies up to the ion 
cyclotron frequency. At the high end of the frequency 
range, this mode is called an ion cyclotron wave. At low 
frequencies this mode maps into the Alfv6n mode 
branch. Right-hand waves can exist up to the electron 
cyclotron frequency. These waves are dispersive (in this 
case, higher frequencies have higher phase velocities as 
long as to is sufficiently below D-; as to approaches D-, 
the phase velocity decreases with increasing to, but the 
wave suffers heavy cyclotron damping and ceases to 
exist). When these right-hand waves travel any substan- 
tial distance, the highest-frequency component arrives 
first. Lightning-generated electromagnetic noise travel- 
ing within plasma "ducts" (field-aligned density en- 
hancements or depletions with Ap/p > 5%) through the 
magnetosphere from one hemisphere to the other ends 
up having a whistling sound; thus the name "whistler 
mode." The whistling sound starts at high frequencies 
and descends to lower frequencies. At low or magneto- 
hydrodynamic frequencies, this wave is the magne- 
tosonic mode. 
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Figure 8. Normal first-order cyclotron resonance between 
electromagnetic circularly polarized waves and charged particles. 

3.1. Normal Resonance 
The normal cyclotron resonance between waves and 

charged particles is diagrammed in Figure 8. For this 
resonant interaction the waves and particles propagate 
towards each other. Left-hand positive ions interact with 
left-handed waves, and correspondingly, right-hand elec- 
trons interact with right-hand waves. Since the waves 
and particles approach each other, k. V has a negative 
sign. Thus the Doppler shift term (-k' V) in equation 
(5) is a positive one. The relative motion of the waves 
a.nd particles causes a Doppler shift of the wave fre- 
quency to up to the particle cyclotron frequency 12. 

One plasma instability generating these waves in 
planetary magnetospheres is the "loss cone instability." 
This instability occurs when conditions rñ/rll > 1 exist 
[Kennel and Petschek, 1966]. Tii(Tñ) is the ion or elec- 
tron temperature parallel (perpendicular) to B0, assum- 
ing the plasma has a "bi-Maxwellian" distribution. Elec- 
tron loss cone instabilities generate whistler mode 
emissions descriptively called auroral zone "chorus" 
[Tsurutani and Smith, !974, 1977; Kurth and Gumett, 
1991] and "plasmaspheric hiss" [Thorne et al., 1973; 
Tsurutani et al., 1975; Kurth and Gumett, 1991] because 
of the sound they make when played through a loud- 
speaker (the waves in the outer magnetosphere do not 
bounce several times like lightning whistlers, and fre- 
quency-time structures are due to intrinsic generation 
mechanisms). 

Extremely low frequency (ELF) chorus is a common 
naturally occurring, intense electromagnetic emission 
observed in the Earth's magnetosphere [Russell et al., 
1969; Dunckel and Helliwell, 1969; Burton and Holzer, 
1974; Burtis and Helliwell, 1976; Anderson and Maeda, 
1977; Comilleau-Wehrlin et al., 1978; Inan et al., 1983; 
Goldstein and Tsurutani, 1984; Alford et al., 1996]. The 
frequency-time characteristics of chorus can be banded 

and structureless, having falling tones and having "rising 
hook" emissions. Figure 9 shows an example of two- 
frequency rising-tone chorus detected by OGO-5 on 
August 15, 1968, at L = 5.9 (for a dipole field, the L 
value is the distance in Earth radius that the field line 

crosses the magnetic equator). This event had an aver- 
age peak power of 9 x 10 -7 (nT) 2 Hz -•. One emission 
band is at ---700 Hz, the base frequency for tones rising 
from 700 to 1000 Hz, while a second thin band occurs at 
---1150 Hz and consists of short (•0.1-s duration), dot- 
like emissions. 

Chorus has been detected at all local times and at L 

values between the plasmapause and the magnetopause. 
However, it occurs predominantly between midnight and 
1600 local time (LT). Chorus occurs principally in two 
magnetic latitude regions, namely, the equator (equato- 
rial chorus), and at latitudes above 15 ø (high-latitude 
chorus) as shown schematically in Figure 10. The density 
of the dots indicates the regions where chorus is likely to 
be generated, with higher densities indicating greater 
probability of generation. Equatorial chorus occurs pri- 
marily during substorms, whereas the high-latitude cho- 
rus often occurs during quiet periods. Many observed 
features of equatorial chorus can be explained by the 
cyclotron resonance condition (equation (5)) between 
the whistler mode waves and energetic (10-100 keV) 
electrons injected by substorm electric fields. As can be 
seen from (6)-(7), for a particular frequency wave, the 
lowest-velocity (or resonant energy) electron will be in 
cyclotron resonance at the equator, where the gyrofre- 
quency is minimum. Because the typical magnetospheric 
electron spectrum has more particles at lower energies 
than at higher energies, wave-particle interactions will 
be most intense at the equator, and this can lead to a 
rapid wave growth provided the energetic electrons have 
loss cone distributions [Kennel and Petschek, 1966; Tsu- 
rutani and Smith, 1977]. 

As energetic electrons are convected earthward by 
substorm electric fields, the particle motion in the pres- 
ence of magnetic field gradients and the magnetic field 
curvature causes the electrons to drift azimuthally to- 
ward dawn. This leads to energetic electron flux en- 
hancement and precipitation principally in the postmid- 
night sector. Owing to compression of the dayside 
magnetosphere, the azimuthally drifting electrons end 
up on higher L values. This is the so-called drift shell- 
splitting effect [Roederer, 1970]. This can explain the 
chorus asymmetry near midnight and the spread in L 
with local time. 

There is an increase in chorus activity at dawn and the 
dawn-to-noon sector. Enhanced wave-particle interac- 
tions occur as a result of the lowering of resonant ener- 
gies in the presence of increased ambient plasma density 
in those sectors. The latter effect is caused by iono- 
spheric heating due to solar irradiation at these local 
times. Although energetic electrons continue to precip- 
itate as the cloud drifts in longitude from midnight to 
dawn, this effect leads to a remarkable increase in cho- 
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Figure 9. Two-frequency rising-tone chorus. One emission band is at •700 Hz, the base frequency for 
chorus rising from 700 to 1000 Hz, and a second band at •1150 Hz, consisting of •0.1s duration a dotlike 
emissions. In the blown-up part of the figure, the higher-frequency dots are seen to be the high-frequency 
portions of the rising tones with a strong extinction in the frequency range from 1000 to 1100 Hz (•0.5•-). 
From Tsurutani and Smith [1974, Figure 6]. 

rus intensity and electron precipitation between dawn 
and noon. - 

There is no single mechanism for the high-latitude 
chorus. Some events appear to be generated by a loss 
cone instability. This local generation would occur in 
minimum B pockets, which are regions of local mini- 
mum magnetic field between magnetic latitudes of 20 ø 
and 50 ø formed by the compression of the dayside mag- 
netosphere [Roederer, 1970; Tsurutani and Smith, 1977]. 
Some other high-latitude chorus events appear to be 
equatorial chorus that has simply propagated to higher 
magnetic latitudes. 

3.2. Anomalous Resonance 

There is another type of resonance, called anomalous 
cyclotron resonant interactions. This is shown for the 
case of positive ions in Figure 11. Positive ions interact 
with right-hand waves. They do so by overtaking the 
waves (Vii > Vph) SO that the ions sense the waves as 
left-hand polarized. Because left-hand ions interact with 
right-hand waves, this interaction is called "anomalous." 
From the expression in the resonance condition, the 
Doppler shift decreases the wave frequency to that of 
the cyclotron frequency. Examples of the instability gen- 

erating such waves include the ion beam instability in 
planetary foreshocks (the magnetically connected region 
upstream of shocks) [Hoppe et al., 1981; Smith et al., 
1985; Goldstein et al., 1990; Gary, 1991; Verheest and 
Lakhina, 1993; Lakhina and Verheest, 1995] and ion 
pickup around comets [Tsurutani and Smith, 1986; 
Thorne and Tsurutani, 1987; Brinca, 1991; Tsurutani, 
1991; Neubauer et al., 1993; Glassmeier et al., 1993; 
Mazelle and Neubauer, 1993]. The ion beam generates 
right-hand magnetosonic waves. In the foreshock case 
the source of the ions is either shock-reflected (1-5 keV) 
solar wind particles or ions streaming from the magne- 
tosheath with energies up to •40 keV. In the cometary 
case, neutral molecules/atoms sublimate from the nu- 
cleus as the comet approaches the Sun. This neutral 
cloud can be •10 6 km in radius. The photoionization 
and charge exchange of cometary H20 group neutrals 
(H20 , OH, O) lead to the formation of a "beam" in the 
solar wind frame. For instability the typical kinetic en- 
ergy of the ions relative to the solar wind plasma is 
30-60 keV. 

The same anomalous cyclotron resonant interactions 
occur between electrons and left-hand-mode waves. 

However, since the left-hand waves are at frequencies 
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Figure 10. Schematic representation of the regions in which 
chorus is generated. The figure shows the magnetic field in the 
noon-midnight meridian plane based on the magnetosphere 
field model of Mead and Fairfield [1975]. The regions in which 
chorus is thought to be produced are noted by dots. Near 
midnight, chorus is generated close to the magnetic equator by 
substorm-injected electrons from the plasma sheet. Chorus 
continues to be generated near the magnetic equator as the 
electrons drift around from dawn to noon. On the dayside at 
large L values, chorus is also generated over a much larger 
span of magnetic latitudes. Within 1-2 R•r of the magneto- 
pause, chorus may originate in minimum B pockets, which are 
local regions of minimum magnetic field strength that occur at 
high latitudes as a result of the solar wind compression of the 
dayside magnetosphere. From Tsurutani and Smith [1977, 
Figure 14]. 

below the ion cyclotron frequency (a value far below the 
electron cyclotron frequency), resonant electrons are 
typically relativistic (Ell > MeV) for this interaction to 
take place. Even so, it is speculated that such an insta- 
bility is occurring upstream of the Jovian magneto- 
sphere, perhaps as a result of leakage of Jovian radiation 
belt electrons [Smith et al., 1976; Goldstein et al., 1985]. 

The actual physical mechanism for particle pitch an- 
gle scattering due to electromagnetic waves is the 
Lorentz force. This is illustrated in Figure 12 for positive 
ions. At cyclotron resonance, the particle experiences 
the wave magnetic field B gyrating in phase with the 

ions ,.,., , • ,, ß • 

ion Right-hand wave 

Figure 11. Schematic illustrating anomalous cyclotron reso- 
nance between electromagnetic circularly polarized waves and 
positively charged particles. The left-hand ion overtakes the 
right-hand wave (V•i > Vph) and senses it left-hand polarized. 
The anomalous cyclotron resonance occurs when the condition 
to - kllV•l = -12 + is satisfied. Note that the relative motion 
between the particle and the wave Doppler shifts the wave 
down to the gyrofrequency. The interaction is "anomalous" 
because right-hand waves interact with left-hand ions. 

particle. For ease of visualization we separate particle 
Vñ and Vii components. Clearly the resonant interaction 
of particles with arbitrary pitch angles will include a 
combination of the two velocity components. In Figure 
12a, we show the case when the interaction is through 
Vñ. Since a constant B is imposed on the particle, the 
Lorentz force is in the B 0 direction. If the particle is 
propagating toward the right, the pitch angle will be 
decreased, and if the particle is traveling to the left, it 
will be increased. However, we have arbitrarily chosen 
the B to be in the upward direction in the figure. If the 
relative phase between the wave and particle were 
shifted by 180 ø such that B was pointing downward, all of 
the results stated previously would be reversed. 

Figure 12b shows the particle interaction due to the 
parallel component of particle velocity. Here the 
Lorentz force is in a direction opposite to that of the 
gyromotion of the left-hand ion. Therefore the interac- 
tion decreases Vñ (E ñ) and decreases the pitch angle of 
the particle. If the phase of the wave were different by 
180 ø, such that B was directed downward, F L would 
accelerate the particle in Eñ, and the pitch angle would 
be increased. 

Resonant wave-particle interactions occur on time- 
scales small in comparison with the cyclotron period, 
thus the first adiabatic invariant !* is not conserved (it is 
"broken"). In the inertial frame, the total energy of the 
particle is not conserved during the wave-particle inter- 
action. However, the energy of the particle in the rest 
frame of the wave is conserved as shown by the following 
physical argument. Let us assume that during wave par- 
ticle interaction a particle gains a quantum of energy, 
AE, from a wave. Then AE = hto/2,r, where to is the 
wave frequency and h is the Planck's constant. The gain 
in the parallel momentum of the particle will be 

hkll kll AE. mAVII = 2'rr - to 

If the energy gain is small compared to the total particle 
energy, then 

Wave-Particle (Cyclotron) Interaction 

a) a• _ b) 
v, 

\\ 

• B 0 

Ion 

example 

1,, B o 

Figure 12. Pitch angle scattering by resonant electromag- 
netic waves for (a) Vñ and (b) Vii components. The ¾ x B 
interaction with the wave B•o increases or decreases the paral- 
lel velocity of the particle, depending on the particle's direction 
of propagation. 
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mo) 

: m(V, aV, + vav) : av,: mVp.aV, (8) 
Integrating (8), we get 

1 1 

•mV2• + • re(V,- Vp,)2=const (9) 

which shows that particle energy in the wave frame is 
conserved. 

Equation (8) indicates that the particle energy 
changes, on the basis of the sign of/X Vii for a given phase 
velocity (Vp, > 0 taken here). Particles that increase Vii 
through resonant interactions increase energy and ab- 
sorb wave energy, and those that decrease in Vii lead to 
the generation of wave energy. The thermal background 
plasma, which is out of resonance with the waves, does 
not exchange energy during resonant wave particle in- 
teractions. In general, if one starts with a highly aniso- 
tropic pitch angle distribution (say T_L >> Tii), one 
excites wave growth by the loss cone instability. The 
waves in turn scatter the particles and "fill" the loss cone 
to further reduce the free energy available in the aniso- 
tropic pitch angle distribution until one gets to the stably 
trapped limit of Kennel and Petschek [1966]. 

For waves with electric field amplitudes E, the parti- 
cle's perpendicular kinetic energy increases or decreases 
depending on the phase of the wave with respect to the 
particle. The situation for increased E_L is shown in 
Figure 13. Analogous arguments can be made for wave- 
particle interactions due to electrostatic waves having a 
component E perpendicular to Bo, or the electric com- 
ponent of electromagnetic waves. 

4. PITCH ANGLE SCATTERING 

The overall particle pitch angle scattering rates due to 
electromagnetic or electrostatic waves have been de- 
fined by Kennel and Petschek [1966] and have empirically 
been shown to be valid for the rate of scattering of 
electrons in the outer magnetosphere. Here we derive 
similar pitch angle scattering rates from simple physical 
arguments. We have tan et = V•_/Vii, and for large pitch 
angle particles where V•_ • V, we have 

Aot = - A V•i/V, (10) 

The maximum change in the parallel velocity of a 
charged particle interacting with our electromagnetic 
wave is given by 

which with the help of (10) can be written as 

eV• 1 B 
--BAt -- = fiat (11) mc V• Bo 

The pitch angle diffusion rate is thus 

• B o 

Figure 13. Pitch angle scat- 
tering by the electric compo- 
nent of resonant electromag- 
netic or electrostatic waves. 

D• 2At = 2 At (12) 

The time At is the time needed for a particle Ak/2 out 
of resonance to change its phase by 1 tad, or At • 
2/akV,. 

We now get 

B 2/ iXk fl B 2/ A k k 
•=• (13) D•fi B• Vcos• B• cos• 

Again, assuming large pitch angle particles, 

D=fi • (14) 

where • = (fi/AkVii) is the fractional amount of time 
that the particles are in resonance with the waves. 

Particle transport across the magnetic field can be 
calculated once the mobili• of the charged particles in 
the direction perpendicular to the ambient magnetic 
field, the so-called Pederson mobiliS, is known. The 
Pederson mobili• •x of particles in the direction per- 
pendicular to Bo [Schultz and Lanzerotti, 1974] is 

= (C/o)md[1 + (me,,) 

where •eff is the effective time be•een wave-particle 
"collisions." 

The ma•mum cross-field diffusion occurs when the 

particles are scattered at a rate equal to their •roffe- 
quencies, or •½• • eBo/mc (Bohm diffusion). A spatial 
diffusion coefficient derived by Rose and Clark [1961] is 

D• = (•)2/2A• = (mV•/2e)• (16) 

For Bohm [1949] diffusion, 

D • = E•c/2eBo = Din= (17) 

For conditions where fi%ff >> 1 and %ff • l/D, Tsum- 
tani and Thorne [1982] have used (13) and (16) to 
determine the cross-field diffusion rate due to the mag- 
netic component of electromagnetic waves by 

E•c 1 

D = e - (18) 
Similarly for electrostatic waves, we get 

D = (19) 
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Figure 14. Particle cross-field diffu- 
sion by resonant interactions with waves. 

Figure 14 shows the process of cross-field diffusion due 
to resonant wave-particle interactions. B0 is the original 
guiding center magnetic field line. After pitch angle 
scattering, the guiding center lies on the B[ magnetic 
field line. The particle has diffused across magnetic field 
lines. 

Using the measured wave amplitudes observed by 
ISEE 1 and 2 at the magnetopause, Thorne and Tsuru- 
tani [1991] showed, using expressions (18) and (19), that 
magnetosheath plasma can diffuse at one tenth of the 
Bohm diffusion limit. This rate is adequate to account 
for the formation and maintenance of the magnetopause 
boundary layer. 

5. FINAL COMMENTS 

We have tried to give simple explanations with illus- 
trations to explain the fundamentals of wave-particle 
interactions. Clearly, more complex interactions and sec- 
ond-order effects, which indeed are present, have not 
been included in this basic description. 
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