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Energetic electrons and ions in the Van Allen radiation belt are the number one space weather threat. Understanding how these 
energetic particles are accelerated within the Van Allen radiation belt is one of the major challenges in space physics. This paper 
reviews the recent progress on the fast acceleration of “killer” electrons and energetic ions by ultralow frequency (ULF) waves 
stimulated by the interplanetary shock in the inner magnetosphere. Very low frequency (VLF) wave-particle interaction is consid-
ered to be one of the primary electron acceleration mechanisms because electron cyclotron resonances can easily occur in the VLF 
frequency range. Recently, using four Cluster spacecraft observations, we have found that, after interplanetary shocks impact the 
Earth’s magnetosphere, energetic electrons in the radiation belt are accelerated almost immediately and continue to accelerate for 
a few hours. The time scale (a few days) for traditional acceleration mechanisms, based on VLF wave-particle interactions to ac-
celerate electrons to relativistic energies, is too long to explain our observations. Furthermore, we have found that interplanetary 
shocks or solar wind pressure pulses, with even small dynamic pressure changes, can play a non-negligible role in radiation belt 
dynamics. Interplanetary shocks interaction with the Earth’s magnetosphere manifests many fundamental space physics phenom-
ena including energetic particle acceleration. The mechanism of fast acceleration of energetic electrons in the radiation belt re-
sponding to interplanetary shock impacts consists of three contributing parts: (1) the initial adiabatic acceleration due to strong 
shock-related magnetic field compression; (2) followed by the drift-resonant acceleration with poloidal ULF waves excited at 
different L-shells; and (3) particle acceleration due to the quickly damping electric fields associated with ULF waves. Particles 
end up with a net acceleration because they gain more energy in the first half of this cycle than they lose in the second. The results 
reported in this paper cast a new light on understanding the acceleration of energetic particles in the Earth’s Van Allen radiation 
belt. The results of this study can likewise be applied to interplanetary shock interaction with other planets such as Mercury, Jupi-
ter, Saturn, Uranus and Neptune, and other astrophysical objects with magnetic fields. 
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The Earth’s geomagnetic field can be strongly affected by 
the impact of interplanetary shocks. During the early 1940s, 
the Earth’s magnetic signal response to the passage of inter-
planetary shocks was recorded by ground-based magne-
tometer observations. Such magnetic field signals are 
known as “storm sudden commencement” (SSC) [1]. Ener- 
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getic particles in the magnetosphere can be accelerated by 
the hit of interplanetary shocks [2−5]. It has been recog-
nized that energetic (tens of keV) electron precipitation, 
which typically lasts 3 to 10 min, would be immediately 
enhanced as soon as the interplanetary shock arrived. It has 
also been reported that energetic particles can be injected 
into the inner magnetosphere as result of these interplane-
tary shocks [6−8].  
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The impact of extremely powerful interplanetary shocks 
can result in very energetic particle acceleration within the 
radiation belt, which was reported on 24 March 1991 
[7,9,10]. Ions and electrons, with energies up to 15 MeV, in 
the radiation belt can be accelerated by the induced electric 
field pulse associated with the shock. New radiation belts 
are then created, and last for years [11]. 

Although it is well known that the enhancements of en-
ergetic electron (MeV) fluxes in the magnetosphere, in-
cluding the radiation belt region, are closely related to 
magnetic storms [12], it remains unclear precisely how 
these shock-related energetic particles are produced and 
accelerated in the magnetosphere [13,14]. One type of en-
hancement of energetic particle fluxes [7,9,15] has been 
found to be associated with strong SSCs rather than the 
main phase of a magnetic storm. This suggests that the en-
ergetic particles in the radiation belt could be produced well 
before the buildup of the enhanced ring current, which pro-
duces the magnetic storm. Considerable efforts have been 
made to understand the effects of interplanetary shocks on 
the population of trapped particles in the magnetosphere. Ex-
tensive studies using test particles and magnetohydrodynamic 
simulations have been conducted [8,16−20] in order to study 
the particle acceleration mechanisms associated with the 
shock arrival. However, the particle acceleration mechanism 
in the radiation belt region is still not fully understood. 

In the inner magnetosphere, the interaction of particles 
with VLF waves [21−26] and ULF waves [27−29] has been 
considered. Three candidate mechanisms have emerged to 
describe the response of particle accelerations in the radia-
tion belt/inner magnetosphere region. They are summarized 
as follows:  

(1) Prompt acceleration [8], for which the time scale of 
the acceleration process is about 1 minute. Li et al. [8] have 
been able to model in detail the great shock event of March 
24, 1991. Friedel et al. [14] have pointed out that this model 
seems to be successful only for this particular shock event. 
The model has not proved to be applicable to other inter-
planetary shock impacts on the Earth’s magnetosphere sys-
tem. It remains unclear exactly how shock-related energetic 
particles are produced and accelerated within the magneto-
sphere [13,14]. 

(2) Local acceleration by VLF waves, which changes the 
first adiabatic invariant (a few days), and diffusive radial 
transport, which increases energy while conserving the first 
adiabatic invariant. Summers et al. [30] have proposed that 
resonant interactions with VLF waves could heat particles 
with a time scale of a few days. 

(3) Diffusive radial transport by ULF waves, which in-
creases energy while conserving the first adiabatic invariant 
[15,31,32]. The time scale of this process is about tens of 
hours [33]. 

Among these candidates, VLF wave-particle interaction 
has been widely considered to be one of the primary elec-
tron acceleration mechanisms because electron cyclotron  

resonances can easily occur in the VLF frequency range. 
However, the time required for the VLF wave-particle in-
teraction to accelerate electrons to relativistic energies is a 
few days [34], which is too long to explain the of-
ten-observed short acceleration time scales [7,35] because 
of the relatively small VLF wave amplitudes. ULF waves, 
on the other hand, can be excited with much larger ampli-
tudes than the VLF waves in the magnetosphere by solar 
wind dynamic pressure variations [36,37]. ULF waves may 
then accelerate the energetic particles much more effec-
tively than VLF waves. Because of the comparable periods 
between the drift motion of the energetic particles and the 
ULF oscillations, the drift-bounce resonance interaction 
[37−39] could be excited to adiabatically accelerate the 
magnetospheric particles and significantly enhance the ra-
dial diffusion coefficient [40,41]. In fact, reports have 
shown that there exists a close correlation between the rapid 
flux enhancements and ULF wave activity, for case studies 
[27,42], as well as for statistic surveys [33,43]. 

The solar wind and the interplanetary electromagnetic 
field are important energy sources for the Earth’s magneto-
sphere. Magnetospheric ULF waves can be generated by 
solar wind dynamic pressure pulses. Modulations of ener-
getic particle fluxes by waves with periods of several min-
utes (Pc 5 range) were first reported by Brown et al. [44]. 
An extensive theoretical analysis of ULF waves and particle 
oscillations has been carried out by Southwood and Kivel-
son [37,45], which has been further developed to explain 
more observational facts [46,47].  

Recently, using four Cluster spacecraft observations, we 
have found that, subsequent to interplanetary shocks or solar 
wind dynamic pressure impacts on the Earth’s magnetosphere, 
the acceleration of the energetic electrons in the radiation belt 
started immediately and lasted for at least a few hours. The 
prime acceleration mechanism was found to be the electron 
drift-resonance with the interplanetary shock induced ULF 
waves. This process is schematically shown in Figure 1. 

The study of energetic electron and the ULF waves’ in 
conjunction with interplanetary shocks is tractable from at 
least two obvious vantage points. One point is that, unlike 
other triggering mechanisms, the specific energy source is 
clear. The second point is that the response of the magneto-
spheric system to interplanetary shocks typically yields a 
significant and easily identifiable electromagnetic signal. 
Thus, there is no temporal ambiguity for interplanetary 
shock related phenomena. 

1  ULF Waves excited by both positive and  
negative solar wind dynamic pressure pulses/  
shocks 

The energy coupling between the solar wind and the Earth’s 
magnetosphere manifests itself in various ways, such as 
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inducing magnetic reconnection, triggering auroral activities 
and exciting various kinds of wave perturbations. The sud-
den raise/drop of solar wind dynamic pressure will cause 
compression/inflation of the magnetosphere [49], which 
further excites ULF waves in the magnetosphere [28,49].  

The ULF waves in the magnetosphere are caused by ei-
ther the external solar wind perturbations or the internal 
plasma dynamic instabilities. Kelvin-Helmholtz (K-H) in-
stabilities and solar wind dynamic pressure pulses are gen-
erally believed to be the two most important external 
sources of ULF wave excitation inside the magnetosphere. 
The K-H instability could produce large-scale vortices, 
which can transport solar wind material into the magneto-
sphere [50,51]. Also, surface waves triggered by the K-H 
instability can propagate inward, via the viscous effect, ex-
citing the FLR in the magnetosphere [36,52]. On the other 
hand, when a solar wind dynamic pressure pulse impinges 
on the magnetopause, ULF waves can be excited inside the 
inner magnetosphere, thus transporting solar wind energy 
into the Earth’s magnetosphere. The above two mechanisms 
are unlike at the excitation of ULF wave and have different 
preferable occurring region (local time). The K-H instability 
mechanism requires a shear flow in order to satisfy the 
threshold condition of the instability. The main occurring 
region lies at the dawn and dusk flank of the magnetopause. 
The solar wind dynamic pressure pulses will compress the 
magnetopause first and then launch the fast magnetosonic 

wave inside the magnetosphere. This wave could further 
stimulate FLR in the dayside magnetosphere around the 
magnetic local noon [49]. 

The sudden raise/drop of solar wind dynamic pressure 
can be denoted as a positive/negative impulse. Positive im-
pulses of solar wind dynamic pressure are often caused by 
the enhancement of the solar wind density, sudden change 
of the solar wind speed or interplanetary shock. Interplane-
tary shocks are often accompanied with large-scale transient 
solar wind phenomena such as coronal mass ejections 
(CMEs) or corotating interaction regions (CIRs).  

The positive dynamic pressure impulses caused by inter-
planetary shocks associated with CMEs or CIRs are the 
primary cause of SSC. The magnetopause current is intensi-
fied when a positive impulse impinges on the Earth’s mag-
netosphere. Furthermore, ULF waves are excited in the in-
ner magnetosphere as a result of the interaction between the 
Earth’s magnetic field and positive solar wind pressure im-
pulses/interplanetary shocks [28,53,54]. Although many of 
the positive impulses of solar wind dynamic pressure are 
associated with shocks, other types of positive impulses are 
found to exist, e.g. the front edge of the Heliosphere Plasma 
Sheet (HPS) [55]. Takeuchi et al. [56] have undertaken a 
statistical investigation of interplanetary/solar wind sources 
of the solar wind dynamic negative impulses. They have 
found that the negative impulses are usually associated with 
solar wind discontinuity embedded within CIR, as well as 

 

Figure 1  The wave-particle interaction between ULF waves and energetic electrons is shown schematically. Solar wind dynamic pressure impulse or 
Kelvin-Helmholtz surface wave stimulates the ULF waves. Field line resonances (FLR) occur under certain conditions and energetic electrons would have 
drift resonances with ULF waves [48]. 
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the front edge of the interplanetary magnetic clouds and the 
trailing edge of HPS. They have also discovered, for the 
first time, small-scale plasma bubbles located in the CIR. 
Such a plasma density bubble leads to a negative impulse and 
a positive pressure impulse at the front and trailing edge of 
the plasma density bubbles. Negative and positive impulses 
of solar wind dynamic pressure are shown in Figure 2.  

The responses of poloidal mode ULF waves to both posi-
tive and negative solar wind dynamic pressure impulses at 
different local time sectors are shown in Figure 3. The 
variations of magnetic field, Br, and electric field, Eϕ, for 
poloidal waves are the result of numerical simulation. The 
blue solid line and red dashed line represent the poloidal 
ULF waves excited by positive and negative impulse re-
spectively [49]. As shown in Figure 3, the amplitude of the 
poloidal wave is larger at 11 LT than it is that at 0 LT and 
06 LT. The wave that is excited by positive and negative 
impulse is similar in amplitude and 180° out of phase. 
These results have been further proved by statistical analy-
sis of GOES magnetic field data at geosynchronous orbit 
[49]. 

2  ULF waves interaction with energetic  
particles in the magnetosphere 

ULF wave is the plasma wave in the magnetosphere with 
frequency ranging between 1 mHz and 1Hz, also known as 
geomagnetic pulsations. ULF waves can play an important 
role in mass, momentum and energy transport processes 
within the magnetosphere. More work is needed in order to 
understand the global properties of ULF waves and pre-

cisely how the energy is transported from the solar wind 
through ULF waves to the magnetosphere, the ionosphere, 
and finally the ground.  

It is well known that the energetic particles in the inner 
magnetosphere can be significantly affected by the ULF 
waves. The time variation scale of the Earth’s magnetic 
field varies from a fraction of a second to tens of years. Os-
cillations of magnetic field lines can be sustained in the 
magnetospheric plasma. Lower frequency waves contain 
more wave power and the power levels vary roughly in-
versely with the wave frequency [56]. A schematic over-
view of the relationship between various waves and ener-
getic electrons is shown in Figure 4. The overlap areas in-
dicate where wave-particle resonance may occur. 

Figure 4 merely gives a schematic overview. The wave 
frequency and wave vector, the particles’ pitch angle distri-
bution, resonance harmonic number, the location, etc. need 
to be taken into account so as to reveal the details of wave- 
particle interactions in the inner magnetosphere. Table 1 
shows the different properties between toroidal and poloidal 
mode standing ULF waves. These differences would affect 
the interactions between the energetic particles and the ULF 
wave modes, as we shall show in section 3. 

It has been suggested by, e.g. Southwood and Kivelson 
[45], the rate of energy change of a charged particle inter-
acting with ULF waves (poloidal mode) in the absence of 
parallel electric field is 

P
d

d ,
d

BW qE V
t t

μ
∂

= + ⋅
∂

 

where dW/dt, E, Vd, and μ are the rate of the particle energy 
gain, the wave-carried electric field, the particle drift veloc-

 

Figure 2  Negative and positive impulses of solar wind dynamic pressure (a) excited compressional ULF waves (b) at geosynchronous orbit recorded by 
GOES spacecraft [54]. 
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ity and the particle magnetic moment, respectively. The 
subscript P denotes the component parallel to the back-
ground magnetic field. 

3  Fast acceleration of energetic particles 

3.1  Acceleration of energetic particles by toroidal ULF 
waves 

Shown in Figure 5(a) is a sketch of the electron drift path 
and the radial electric field orientation in a toroidal mode 

oscillation cycle. To reproduce global ULF toroidal waves, 
a snapshot of a global MHD simulation [58] is shown in 
Figure 5(b). The toroidal oscillation electric field vectors in 
the equatorial plane at 11:00 UT, Jan 10, 1997, show a low 
azimuthal mode number and a large scale coherence of tor-
oidal oscillation, which is superimposed on the convection 
electric field pattern [58]. 

The basic mechanism is that electrons drift in a com-
pressed dipole, with electric fields indicating a toroidal os-
cillation that is in a low mode number global toroidal wave. 
On the dawnside, electrons have a component of motion in 

 

Figure 3  Illustration of the magnetic field and electric field variations of poloidal waves, excited by a solar wind positive/negative impulse, at 0, 6 and 11 
LT at geosynchronous orbit. The arrows schematically show the drift motion direction of ions (solid) and electrons (dashed) from midnight. The variations 
of magnetic field, Br, and electric field, Eφ, for poloidal waves are the result of numerical simulation. The blue solid line and red dashed line represent the 
poloidal ULF waves excited by positive and negative impulse respectively [49]. 
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the radially outward direction while the electric field points 
radially inward; on the duskside, a component of electron’s 
motion and the electric field are both outward in direction. 
This allows for the particles to gain energy from the interac-
tion with the ULF toroidal mode, which arises from the 
noon-midnight asymmetry of the geomagnetic field when 
the solar wind pressure is strong. As suggested by Elkington 
et al. [18], the resonance condition is 

( 1) .dmω ω= ± ⋅  

Thus, the ULF toroidal waves are able to accelerate en-
ergetic particles in the radiation belt region. However, this 
mechanism requires the noon-midnight asymmetry of the 
geomagnetic field when the solar wind pressure is strong 
enough, which may not be case for the inner magnetosphere 
because the noon-midnight asymmetry becomes smaller and 
smaller as the L-shell becomes small. In a pure dipole mag-
netic field, this mechanism can be ignored since no noon- 
midnight asymmetry exists. This suggests that the accelera-
tion of energetic electrons by the toroidal mode ULF waves 
becomes important in the region with a larger L shell (the 
outer magnetosphere); in smaller L shell regions (the inner 
magnetosphere), the poloidal mode ULF becomes responsi-
ble for the acceleration of energetic electrons. 

3.2  Fast acceleration of ions by poloidal ULF waves 

The theory of energetic particle modulation by ULF   

 

Figure 4  An overview of the possible wave-particle interactions relating to energetic electrons in the Earth’s inner magnetosphere. The figure shows the 
power flux density of various kinds of waves with different frequency (left Y-axis), the gyrating bouncing and drifting frequency of energetic electrons with
different energy in different L-shells (right Y-axis). The frequency range of ULF waves overlaps the bouncing and drifting frequency of electrons, therefore
bouncing and drifting resonances may occur between ULF wave and energetic electrons [37]. 

Table 1  The differences between toroidal and poloidal mode standing 
ULF waves 

ULF mode Magnetic Field Electric Field Wave number 
Toroidal standing 

waves 
Bazimuthal Eradial Small wave number 

Poloidal standing 
waves 

Bradial Eazimuthal Large wave number 
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transverse waves has been developed by Southwood and 
Kivelson [39,45]. In their theory, the particles experience 
the wave-carried electric field during their drift-bounce mo-
tions and their energy can be changed accordingly. The 
bounce-drift resonance condition can be determined by 

d bmω ω ω− ⋅ = ⋅N , 

where N is an integer (normally ±1, ±2 or 0), m represents 
the azimuthal mode number of the ULF wave, and ω, ωd 
and ωb are the wave frequency, the drift frequency and 
bounce frequency of the particle, respectively. Because of 
the known energy dependence of ωd and ωb, the resonance 
energy can be determined in theory if the wave properties 

are known. For the case of electrons, it should be noted that 
the bounce frequency is usually much higher than the other 
two frequencies [27,59]. 

Figure 6 gives a schematic view of the behavior of reso-
nant particles in the poloidal standing waves with different 
harmonics. The particle behavior is examined in a stretched 
string model viewed in the wave frame. The westward and 
eastward electric fields are indicated by plus and minus 
signs. The magnitudes of the electric fields correspond to 
the density of the symbols. The blue and red dashed lines 
show the guiding center orbits of the resonant particles in a 
fundamental mode and second harmonic mode, respec-
tively. 

Considering the ions that satisfying the N=2 drift-bounce 
resonance condition in the fundamental mode, as shown in 
the upper part of Figure 6(a), we see that the ions will ex-
perience a strong accelerating electric field (westward) and 
a weak decelerating electric field (eastward) within each 
bounce period and thus obtain a net acceleration. In the 
lower part of Figure 6(a), we show the ions that satisfy the 
N=1 drift-bounce resonance condition in a second harmonic. 
It is apparent that they remain in the westward electric field 
within each bounce period and acquire successive accelera-
tions. As for comparison, Figure 6(b) shows the guiding 
center orbits of the resonant particles for the situation of 
N=0 drift resonance in a fundamental and a second har-
monic mode standing wave. Generally, the acceleration 
efficiency of ions in the second harmonic poloidal standing 
wave will be dominant, as compared to that in the funda-
mental mode. 

To investigate which ring current ions can be resonant 
with ULF waves, we have computed m=(ω−N·ωb)/ωd with 
±1, ±2 and plotted the possible resonant energy of ring cur-
rent ions (Hydrogen and Oxygen ions) versus azimuthal 
mode number (shown in Figure 7). 

For the energy range of the ring current (10 to 500 keV), 
there are few chances to satisfy the drift-bounce resonance 
condition when the ULF wave azimuthal mode number are 
for poloidal wave 100 < |m| < 10 and for toroidal wave 10 < 
|m| <1 [28,60]. As shown in Figure 7(a) and (b), the 
drift-bounce resonance is more important for Oxygen ions 
than for hydrogen ions. In the ring current energy range, 
oxygen ions can satisfy all n= ±1, ±2 conditions, which im-
plies that the drift-bounce resonance is one of the potential 
mechanisms for the ring current oxygen acceleration. 

Figure 7(c) and (d) shows an example of bounce-drift 
resonance as observed by the Cluster spacecraft. This event 
was found on the recovery phase of the “Halloween” storm 
from 21:50 to 22:20 UT, 31 Oct 2003. The Cluster space-
craft was traveling to its perigee from the southern hemi-
sphere, near 09:00 MLT, with the magnetic L-shell changing 
from 9 to 6 RE. Panel (c) shows the O+ ion spectrogram be-
tween 9 to 40 keV, where the pitch angle distribution of O+ 
ions with 19.4 keV is displayed in panel (d). The pitch angle 
distributions exhibit clear dispersion features. The enhanced  

 

Figure 5  (a) A sketch of electron drift path and the radial electric field 
orientation in a toroidal mode oscillation cycle. Solid arrows indicate elec-
tric field at t=0 and solid line indicates the drift path of an electron with 
wave frequency ω=(m±1)ωd, the electron drift frequency, starting at dusk 
for an m=2 azimuthal mode number. The dashed lines indicate the drift 
path undisturbed by the ULF wave. (b) A snapshot of MHD simulation 
electric field vectors in the equatorial plane at 11:00 UT, showing low a 
azimuthal mode number and a large scale coherence of toroidal oscillation, 
which is superimposed on the convection electric field pattern [58]. 
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Figure 6  (a) A schematic of the behavior of resonant particle satisfying drift-bounce resonance condition (N=2) in a fundamental mode standing wave as 
well as in a second harmonic standing wave (N=1). The westward and eastward electric fields are indicated by plus and minus signs. The magnitude of the 
fields corresponds to the density of the symbols. (b) The same format as (a) but for the situation of drift resonance (N=0) in a fundamental and a second 
harmonic mode standing wave. 

 

Figure 7  Magnetic drift-bounce resonant energy versus azimuthal mode number for H+ (a) and (bottom) O+ (b), calculated from m = (ω−N ωb)/ ωd, where 

f=5.0 mHz and L=4.5. Solid (dashed) lines correspond to positive (negative) N. (c) the spectrogram of O+ (9−40 keV) between 21:50−22:20 UT, 31 Oct 
2003, from the satellite SC4. (d) Pitch angle distribution of O+ for the energy channel of 19.4 keV. m shows azimuthal wave number. 
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O+ ions, with larger pitch angle, are observed prior to those 
with smaller pitch angle. The observed periodic pitch angle 
dispersion signatures are associated with the ULF standing 
waves, which have been documented in detail by Zong et al. 
[27]. 

3.3  Fast acceleration of “killer” electrons by poloidal  
ULF waves 

“Killer” electrons are highly energetic particles trapped in 
the Earth’s outer radiation belt. Their name derives from the 
fact that, due to their energy, they can penetrate the thick 
shielding of satellites and cause microscopic lightning 
strikes which damage and sometimes destroy vital onboard 
electronic components. The energy of electrons can be ac-
celerated very efficiently when they are resonant with ULF 
waves. For poloidal waves, the electric field is in the azi-
muthal direction, which is parallel to the particle drift direc-
tion. For the energetic electrons, the electron bounce fre-
quency is much larger than its drift frequency and the ULF 
wave frequency. In this situation, only the N=0 drift reso-
nance can be satisfied, which implies that the electrons will 
not move azimuthally in the wave frame. Thus, the guiding 
center orbit of the electrons in resonance will appear as a 
vertical line, as shown in Figure 6(b). It is apparent that the 
acceleration and deceleration of the electron will cancel out 
over each bounce period in a second harmonic wave mode. 
Only in the fundamental mode wave could the electron ex-
perience systematic acceleration over many drift periods. 
Therefore, the bounce-drift resonance can only be excited at 
N=0 (Fundamental mode), which degenerates to a drift re- 
sonance with no relationship to the bounce motion  

d .mω ω= ⋅  

The rate of energy change for the resonant particles can be 
written as 

a d
d ,
d
W qE V
t

= ⋅  

where
d
d
W
t

, Ea, and Vd are the rate of the particle energy 

gain, the poloidal wave-carried azimuthal electric field, and 
the particle drift velocity, respectively.  

A direct observation of such a scenario has been ob-
served. As shown in Figure 8(a)–(e), during the 7 Novem-
ber 2004 event, the excitation of strong ULF waves was 
observed and found to be associated with the strong inter-
planetary shock encountering the magnetosphere. The fast 
electron acceleration can be directly correlated with the 
shock-induced ULF waves. With the wave-borne electric 
field of 40 mV/m on the drift path, a few hundreds keV 
electron can double its energy in less than a few wave peri-
ods. This is much faster than the radial diffusion time scale 
[61] of the ULF wave-driven diffusive process, suggesting 
that the observed electric field fluctuations are sufficient to 

explain the electron spectral increase in Figure 8(f) through 
drift resonance. 

3.4  Particle acceleration due to ULF waves damping 

At 18:27 UT on November 7, 2004, an interplanetary shock 
hit the magnetosphere. During the event, the maximum so-
lar wind dynamic pressure reached 70 nPa. Cluster satellites 
in the morning side of the plasmapause (L=4.4) at that time, 
observed ULF waves induced by the interplanetary shock 
impacting on the magnetosphere. The amplitude of electric 
field was observed to be greater than 60 mV/m [28]. Figure 
9(a) shows the four Cluster satellites observations of the elec-
tric field Ey during the period between 18:20 and18:40 UT. 

As shown in Figure 9(b), the observed electric field (blue 
line) damps quickly and reaches a minimum and then 
gradually increases again. According to the study of South-
wood [62], the main sinks of ULF wave energy include 
three mechanisms: damping through ionospheric Joule 
heating, generalized Landau damping, and mode coupling 
to the kinetic Alfven wave (KAW). As Southwood et al. [62] 
has pointed out, Joule heating in the ionosphere is generally 
believed to be the prime and most important damping 
mechanism, whereas the generalized Landau damping 
(which includes interactions between waves and particles 
with periodic motions, as well as gyration, bounce and drift 
energy transfer from the wave to the energetic particles) and 
the mode coupling mechanism are less significant. However, 
when the finite Larmor radius becomes important, ULF 
waves can couple to the KAW, while the energy in KAW 
can be lost in the cold plasma via Landau damping which 
can be very efficient. Thus, the mode coupling mechanism 
is significant only when the resonance width is comparable 
to the local ion Larmor radius, which requires that the 
source has an adequately narrow band and the first two 
damping mechanisms are inefficient. It is very interesting to 
examine the cases that are induced by interplanetary shocks. 
In the cases reported in this paper, the external source is an 
interplanetary shock and the shape of the solar wind dy-
namic pressure change is like a Heaviside step function, 
which implies that the source is broad band [63]. Therefore, 
the mode coupling mechanism is unimportant in our study. 
Furthermore, the ionospheric damping rate of uncoupled 
toroidal and poloidal standing Alfven waves can be esti-
mated from Figure 13 of Southwood et al. [62], corre-
sponding to our case. In our case, Cluster is in the dayside 
inner magnetosphere, with L~4, and the estimated damping 
rate for ionospheric Joule heating is about 2×10–4, which 
seems to be too slow for the observation results of Figure 9. 
On the other hand, rapid acceleration of energetic particles 
by ULF waves has been studied from various aspects 
[27,42,64,65]. In our observations, the rapid increase in 
energetic electrons and the fast wave damping rate leads us 
to take the generalized Landau damping as a prime energy 
sink that causes the fast damping of these interplanetary 
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shock induced ULF waves. Thus, the damping of the ULF 
waves are separated into two terms: one term corresponds to 
the wave-particle interaction and energization of particles, 
the damping rate of this term is large and the damping is 
fast; the other term corresponds to the damping through the 
ionosphere due to its finite electric conductivity, the damp-
ing rate of this term is small and the damping is slow. We 
can fit the observed damping electric field to a model com-
bining both the fast and slow damping, which results in the 
following formula: 

1 2
1 2( ) e sin( ) e sin( ),D t D tE t A t B tω ω φ− −= ⋅ + ⋅ +  

where A=8 mV/m and B=40 mV/m are the wave amplitudes, 
D1=10−4 s−1 and D2=2.552×10−3 s−1 are the slow and fast 
damping rates, respectively, ω = ω1=ω2 = 3.984×10−3 rad s−1 
are the angular frequencies of the wave and φ=−2.66 is the 
initial phase of the signal. The mean lifetime of the very 
large amplitude ULF wave can be obtained. For fast damp-
ing, the mean lifetime is τ1=1/D1. For slow damping, the 
mean lifetime is τ2=1/D2. 

The red lines in Figure 9(b) are the fitted results. The 
slow damping rate is consistent with the estimated iono-
spheric damping rate as mentioned above, while the fast 
damping rate is at least 3−4 times larger than the slow 

damping rate, according to the fitted values, which may 
imply the rapid energy loss of ULF waves via wave-particle 
interactions or other processes. As pointed out by South-
wood [62], the electrons are ineffective in wave damping, 
so it is speculated that ions may play an important role in 
Landau damping and cause the fast wave damping. How-
ever, the role of drift resonance with energetic electrons and 
drift-bounce resonance with energetic ions in wave damping 
needs to be investigated further through detailed theoretic 
analysis and numerical simulation. A detailed analysis of 
the wave damping mechanism is beyond the scope of this 
paper and would be a further topic of our study. 

It is worth noting that the fast damping electric field of 
ULF waves implies that there exists an additional accelera-
tion mechanism. As we have discussed previously, the drift 
motion of energetic electrons is mainly in the azimuthal 
direction pointing eastward, i.e. the direction of the poloidal 
wave electric field. Because the electron charge is negative, 
the acceleration process corresponds to the negative electric 
field perturbation, and the electrons are decelerated when 
the perturbation turns positive. However, the observed elec-
tric field oscillation is a fast damping wave, so in the second 
half cycle, electrons will not lose all of the energy gained in 
the first half cycle. This interaction over multiple cycles (a 
time scale of 15 min) appears to be important for all    

 

Figure 8  Panel (a)–(e) are the energetic electron spectrum measured by Cluster C1, the pitch angle distributions (68 to 94 keV) measured by C2, C3, C4 
plotted along with the azimuthal electric field Ea (black line) in the mean-field-aligned (MFA) coordinate system and (e) the magnetic field Bz component 
from the four satellites in colors in the 7 November 2004 event respectively. Note that the positive Ea field is in the eastward direction. The equatorial radial 
distance in RE, the L value, for each satellite is given at the bottom. The dashed vertical line marks the time of arrival of the shock-induced field disturbances. 
Panel (f) shows the energetic electron spectra observed by Cluster C3 before (tb, black), immediately after (at the first peak, t1, blue), and about 12 min after 
the appearance of the shock induced magnetic field disturbances (t2, red) in the 7 November 2004 event [28]. 
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energetic particle acceleration in the inner magnetosphere. 
The damping ULF electric field contributes to such an ac-
celeration process and can be estimated as 

1 2
1 2

0
e sin( ) e sin( ) d ,D t D tE A t B t tω ω φ

∞
− −⎡ ⎤Σ = ⋅ + ⋅ +⎣ ⎦∫  

1 2
2 2 2 2

1 1 2 2

.E A B
D D

ω ω
ω ω

Σ = +
+ +

 

This process applies to all particles and does not require for 
a resonance condition. 

3.5  New radiation formation and slot region injection 

Figure 10(a) shows that a large amount of highly energetic 
(2–6 MeV) electrons were injected into the slot region 2 < L 
< 3.5 on Nov. 7, 2004, immediately after an intense inter-
planetary shock impact on the magnetosphere. The injected 
electrons remained there for more than one month. As men-
tioned in the introduction section, there are three possible 
mechanisms responsible for the flux enhancement of ener-
getic electrons during geomagnetic storms [38,66]: (1) 
global convective transport from the magnetotail plasma 
sheet, (2) inward radial diffusion driven by ULF waves and 
(3) local acceleration through gyro-resonant VLF wave- 
particle interaction. ULF wave activities are greatly en-
hanced globally [27,28,32] during this magnetic storm. 
Loto’aniu et al. [41] have calculated the rate of radial diffu-
sion by intense ULF waves during the onset of the 29 Oc-
tober 2003 Halloween storm and have shown that radial 

diffusion can occur in the slot region near L = 2 over a 
timescale of ~24 h. 

To understand how the high energy electrons are injected 
into the slot region and the inner radiation belt in a short 
time scale (less than ~24 h, as shown in Figure 10(a)), 
equatorial electric field amplitude δEa, in the slot region, 
and the inner magnetosphere can be obtained from mea-  
surements of the ground-based magnetic field amplitude bi, 
by solving a guided poloidal Alfven mode wave equation 
[67], treating the wave mode as the fundamental poloidal 
mode for all L-shells. These results are presented in Figure 
10(b)–(d). The three panels (b)–(d) show the derived elec-
tric field at L=6.03 (DAWS), the observed electric field by 
Cluster C1 at L=4.4 and the derived electric field at L=1.17 
(EWA), respectively. These clear ULF wave features show 
the globally distributed ULF waves over almost all L-shells. 
ULF waves play an important role in transport energy from 
the solar wind to the deep magnetosphere with small L-shell 
(even for L=1.17). ULF waves carry energy and spread 
along the magnetic field lines and are eventually observed 
at geomagnetic stations on the ground, as shown in Figure 
10 (b)–(d). 

The electric field estimation, shown in Figure 10(b)–(d), 
can be used to qualitatively analyze to the possible effects 
of poloidal ULF waves on the behavior of energetic parti-
cles in the radiation belt region with a small L shell (L=2–4). 
With a wave-borne electric field of 40 mV/m at L=4.4 RE 

and 10 mV/m at L=1.17 RE, electrons with energies of a few 
hundreds keV can double their energy in less than one wave 
period, which is much faster than the time scale of the ULF 

 

Figure 9  (a) The electric field Ey observed by Cluster C1–C4 during 18:20–18:40 UT for the 7 November 2004 event. 1–6 represent the number of peaks;
(b) the observed electric field, fit to a damping model for the two cases. The Ey electric field component observed by C2 (blue) and the fitted damping model 
value (red) for the 7 November 2004 event. 
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wave-driven diffusive processes suggested by Perry et al. 
[61] and Loto’aniu et al. [41]. This suggests that the ob-
served electric field fluctuations are sufficient to explain the 
electron spectral increase, shown in Figure 10(a), through 
drift resonance acceleration, together with the damping of 
ULF waves due to particle acceleration. 

4  Conclusions 

The interaction between interplanetary shocks/solar wind 
dynamic pressure pulses and the Earth’s magnetosphere 
manifest many important space physics phenomena, in-
cluding energetic particle acceleration. In this paper we re-
view the recent progress on the fast acceleration of “killer” 
electrons and energetic ions by ULF waves stimulated by 
the interplanetary shock in the inner magnetosphere. The 
objective of this paper is to understand the characteristics of 
the dynamic response of the Earth’s magnetosphere to the 
impact of the interplanetary shocks and solar wind dynamic 
pressure pulses. 

We have shown that ULF waves, excited by interplane-
tary shocks/solar wind dynamic pressure pulses, are gener-
ally stronger around local noon than those in the dawn and 
dusk flanks. We have demonstrated that disturbances in-
duced by negative impulses are weaker than those induced 
by positive ones, and the poloidal wave amplitudes are 
stronger than the toroidal wave amplitudes, both in positive 
and negative events. We note that the contributions of 
drift-resonant acceleration by poloidal and toroidal ULF 
waves are different at different L-shells. The acceleration of 
energetic electrons by the toroidal ULF waves can be im-

portant in the region with a larger L-shell (outer magneto-
sphere), whereas in the smaller L-shell region (inner mag-
netosphere), the poloidal mode ULF waves become mainly 
responsible for the acceleration of energetic electrons. 

The enhancement of energetic electron fluxes in the ra-
diation belt started almost immediately after the shock arri-
val, and the mechanism contains three contributing parts: (1) 
the initial acceleration due to the strong shock-related mag-
netic field compression; (2) the energetic particles can then 
be accelerated by ULF waves induced by interplanetary 
shocks /dynamic pressure pulses in the inner magnetosphere. 
This mechanism requires that energetic particles satisfy 
either drift-bounce resonance or drift resonance with both 
toroidal and poloidal waves. However, poloidal mode 
standing wave is much more efficient in accelerating elec-
trons in the radiation belt region; and (3) particle accelera-
tion due to fast damping waves. Particles will obtain a net 
acceleration, because particles in the second half cycle will 
not lose all of the energy gained in the first half cycle. This 
process is valid for all particles and does not require a reso-
nance condition.  

Studies on the interaction between ULF waves and ener-
getic particles will greatly advance our understanding of the 
interactions of solar wind and interplanetary shocks with the 
Earth’s magnetosphere. This is a fundamental phenomenon 
that occurs throughout the plasma universe, although it is 
uniquely accessible within the Earth’s magnetosphere. This 
work provides fundamental information that leads to a bet-
ter understanding of the process of particle acceleration by 
shocks, as well as the process of interplanetary shock inter-
actions with the Earth’s magnetosphere, which often cause 
large geomagnetic disturbances. 

 

Figure 10  (a) Daily, window-averaged, color-coded on a logarithmic scale and sorted in L (L bin: 0.1) electron fluxes of >1 MeV (1/(cm2 s sr)) by 
SAMPEX from the 300th day to the 360th day in 2004. The slot region is quickly filled in, newly injected electrons are significantly enhanced in the outer
radiation belt; (b) the derived electric field for DAWS; (c) the observed electric field by Cluster C1; (d) the derived electric field for EWA. The electric fields 
in panels (b) and (d) are derived by treating the wave mode as the fundamental poloidal mode and solving a guided poloidal Alfven mode wave equation. See 
the text for details. 
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