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A B S T R A C T 

It is shown that ions can be accelerated to about 100 keV in the direction perpendicular to the magnetic field by the ExB 

mechanism of electrostatic waves. The acceleration occurs in discrete steps of duration being a small fraction of the gyroperiod 

and can explain observations of ion energization to 10 keV at quasi-perpendicular shocks and to hundreds keV at quasi-parallel 
shocks. A general expression is provided for the maximum energy of ions accelerated in shocks of arbitrary configuration. 
The waves involved in the acceleration are related to three cross-field current-driven instabilities: the lower hybrid drift (LHD) 
instability induced by the density gradients in shocks and shocklets, followed by the modified two-stream (MTS) and electron 

cyclotron drift (ECD) instabilities, induced by the ExB drift of electrons in the strong LHD wave electric field. The ExB 

wave mechanism accelerates heavy ions to energies proportional to the atomic mass number, which is consistent with satellite 
observations upstream of the bow shock and also with observations of post-shocks in supernovae remnants. The results are 
compared with other acceleration mechanisms traditionally discussed in the literature. 

Key words: acceleration of particles – instabilities – shock waves – turbulence – solar wind. 
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 INTRODUCTION  

hen the solar wind plasma streaming with a speed of 400 km s −1 

nd containing protons with kinetic energy of 1 keV and the thermal
pread of 20 eV interacts with the Earth’s quasi-perpendicular bow
hock, the ion temperature increases by a factor of 10 across the
hock, while the plasma flow slows down during the compression of
he solar wind plasma and magnetic field. The heating process is also
ssociated with the appearance of energetic ions at energies 10 keV,
hich implies significant acceleration of a suprathermal population
f the solar wind ions. The electron temperature also undergoes a
apid increase by a factor of 5 across the shock. 

On the other hand, when the interplanetary magnetic field is in the
uasi-parallel direction to the shock normal, an extended upstream
oreshock region (Greenstadt, Le & Strangeway 1995 ; Eastwood
t al. 2005 ) is formed, containing ULF wa ves, turb ulence, non-linear
tructures, and field-aligned beams. In addition to the electron and ion
eating comparable to that occurring in quasi-perpendicular shocks,
bservations upstream of the quasi-parallel shocks show energetic
ons accelerated to hundreds keV, indicating a three to four orders of

agnitude increase of the kinetic energy. 
The energetic ions observed in quasi-parallel shocks are tradition-

lly believed to be energized in a diffusive shock acceleration process.
he key assumptions of this model are: (i) the solar wind ions are
reheated at the shock and partially reflected upstream, (ii) there are
oving barriers in the upstream region that reflect these ions back to
 E-mail: krzy.stasiewicz@gmail.com (KS); bengt.eliasson@strath.ac.uk 
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Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
he bow shock. After multiple bouncing between these barriers the
ons gain energy through the Fermi acceleration mechanism (Fermi
949 ; Bell 1978 ; Lee & Fisk 1982 ; Burgess, M ̈obius & Scholer 2012 ;
tsuka et al. 2018 ). Because the interplanetary shocks that could
rovide the upstream reflecting boundary are rare phenomena there
as been a continuous search for other obstacles, such as for example
oreshock transients, needed for the Fermi process to work at the bow
hock. In a new attempt, Turner et al. ( 2018 ) have suggested that hot
ow anomalies (Thomsen et al. 1988 ; Liu et al. 2016 ) observed
ccasionally in the solar wind could make such upstream barriers, or
raps where the energization occurs autogenously. 

All mechanisms relying on the Fermi process require non-local
agnetic traps/mirrors, which are difficult to justify for energetic

ons observed on every satellite passage upstream of the quasi-
arallel shock, viz., whenever the interplanetary magnetic field
hanges direction to quasi-parallel. Any acceleration relying on
ultiple bouncing would require interaction times much longer than

hose implied by the observations. Thus, a local process that does
ot require moving magnetic mirrors, or electrostatic field barriers,
ould be more suitable to explain ion acceleration at quasi-parallel

hocks. 
It has been recently shown (Stasiewicz 2020 ; Stasiewicz &

liasson 2020a , b ; Stasiewicz et al. 2021 ) that charged particle heating
nd acceleration in collision-less shocks of arbitrary orientation are
elated to the wave electric fields of drift instabilities triggered by
hock compression of the plasma. It is a local process that can be
ummarized as follows: 

Shock compressions of the density N and the magnetic field B
 diamagnetic current → lower hybrid drift (LHD) instability
 electron E ×B drift → modified two-stream (MTS) and electron
© 2021 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. A colourmap of stochastic energization of ions showing the 
difference 〈 u 2 ⊥ 〉 − u 2 ⊥ 0 between the normalized squared speed at the end of 
the test particle simulation and the initial value u 2 ⊥ 0 = k 2 x r 

2 
c after 1 cyclotron 

period for initially Maxwell distributed ions in an electrostatic wave with 
normalized electric field amplitude ˜ χ = 30. Bulk heating takes place for 
� < �b ≈ 13 (vertical dashed line) and u ⊥ 0 < c kr ≈ 15 (horizontal dashed 
line), while for u ⊥ 0 � c kr , there is significant heating only for thermal velocity 
comparable to the wave phase velocity, or u ⊥ 0 ∼� in the normalized variables 
(diagonal green line) leading to a distribution function having a high energy 
tail of ions. Positions marked with asterisks refer to Figs 2 –4 where the 
acceleration process is studied in detail. 
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yclotron drift (ECD) instabilities → heating: quasi-adiabatic ( χ j 

 1), stochastic ( χ j > 1), acceleration ( χ j � 1) . 
The stochastic heating and acceleration of particle species with 

harge q j and mass m j ( j = e for electrons, p for protons, i for general
ons) is controlled by the function 

j ( t, r ) = 

m j 

q j B 
2 

div ( E ⊥ ) (1) 

hat depends on the m j / q j ratio and is also a measure of the charge
on-neutrality. It is a generalization of the heating condition from 

arlier works of Karney ( 1979 ), McChesney, Stern & Bellan ( 1987 ),
alikhin, Gedalin & Petrukovich ( 1993 ), Vranjes & Poedts ( 2010 ),
here the divergence is reduced to the directional gradient ∂ E x / ∂ x .
he charged particles are magnetized (adiabatic) for | χ j | < 1, 
emagnetized (subject to non-adiabatic heating) for | χ j | � 1, and 
electively accelerated to high perpendicular velocities when | χ j | �
. 

The term ’stochastic’ is here used in the sense of chaos theory
pplied to a statistical ensemble of particles. At a certain threshold 
alue of | χ j | , particle orbits become unstable and neighbouring phase
pace trajectories deviate from each other exponentially in time with 
ositiv e Lyapuno v e xponents. This makes the system sensitiv e to
nitial conditions and even though it is deterministic for a single 
article, it appears to be stochastic for a statistical ensemble of
articles. The chaotic motion typically sets in for | χ j | � 1 when
he interacting waves have frequencies comparable to or below 

he c yclotron frequenc y, f � f cj , such as electrostatic shocks and
on-linear structures (Balikhin et al. 1993 ; Stasiewicz, Lundin & 

arklund 2000 ) and low-frequency periodic electrostatic waves 
McChesney et al. 1987 ). At higher wave frequencies f � f cj (Karney
979 ), chaotic motion sets in for particles having velocities near 
he phase velocity, v � v ph = ω/ k with a threshold value E / B �
 f cj / f ) 1/3 v ph /4 for chaotic motion, which can be written in dimension-
ess variables as | χ j | � �2/3 /4 with � = f / f cj and | χ j | = m j kE / q j B 

2 .
ave frequencies near cyclotron harmonics (Fukuyama et al. 1977 ) 

an also lead to resonant acceleration of particles with v � v ph 

o form high-velocity tails in the distribution function. Thus, at high 
requencies we have the formation of an ‘acceleration lane’ indicated 
y a green line in Fig. 1 . 
Previous simulations have shown that ions at perpendicular bow 

hocks are stochastically bulk heated with typical values of χp ∼
0 produced by the electric fields of the LHD instability. Electrons
an also be heated stochastically on electron cyclotron drift waves. 
o we ver, in most cases they undergo a quasi-adiabatic heating 
rocess, T e � ≈ T e ⊥ ∝ B 

α , where α = 1/3 − 2/3 (Stasiewicz &
liasson 2020a , b ). 
The aim of this paper is to show that ions can be accelerated to

undreds keV by electrostatic waves in the frequency range from the 
roton gyrofrequency f cp to the electron gyrofrequency f ce associated 
ith the three cross-field, current-driven LHD, MTS, and ECD 

nstabilities mentioned abo v e. The acceleration mechanism requires 
� 1 and can increase velocity of some ions by the E ×B drift

elocity due to the wave electric field, i.e. by the speed ˜ V E = 
˜ E ⊥ /B 

Sugihara & Midzuno 1979 ; Dawson et al. 1983 ; Ohsawa 1985 ). The
 ×B wave mechanism is related to the surfing mechanism at shocks

Katsouleas & Dawson 1983 ; Zank et al. 1996 ; Ucer & Shapiro 2001 ;
hapiro & Ucer 2003 ), which requires wide front of coherent waves
nd acceleration is done through multiple ion reflections between 
he shock and the upstream region (Zank et al. 1996 ; Shapiro, Lee &
uest 2001 ). In contradistinction, the stochastic E ×B mechanism 

s associated with the stochastic condition (1) and works on much 
horter time-scales at a fraction of a cyclotron period and much 
horter spatial scales. This makes it possible for protons to be
ccelerated to 10 eV → 100 keV on intermittent and bursty waves 
bserved at shocks. 

 STOCHASTIC  ION  HEATING  AND  

CCELERATION  

tochastic heating and acceleration of ions by electrostatic waves 
an be studied with the test-particle simulation setup developed by 
tasiewicz & Eliasson ( 2020a , b ). We use test particles to represent

ons which are accelerated by the prescribed electrostatic wave 
nd magnetic field, but which do not contribute to the fields or
nteract with other ions. The position r and velocity v of an ion
ith mass m and charge q are determined by the Lorentz equation
 d v / d t = q( E + v × B 0 ) together with d r / d t = v . Associated with

he magnetic field B 0 = (0 , 0 , B 0 ) in the spacecraft frame there
s a macroscopic electric field E y 0 that convects the plasma ions
and electrons) into an electrostatic wave ˜ E x = E x0 sin ( ω D t − k x x)
ith wavenumber k x = 2 π / λ with λ being the wavelength, and the
oppler shifted frequency ω D . By a Galilei transformation to the
lasma reference frame in which the convection electric field is zero
Stasiewicz & Eliasson 2020a ), and using dimension-less variables 
ith time normalized by ω 

−1 
c , space by k −1 

x , and velocity by ω c / k x 
ith ω c = qB 0 / m being the angular ion cyclotron frequency, the
ormalized equations of motion on component form for a test ion are

d u x 

d t 
= ˜ χ sin ( �t − x) + u y , (2) 

d u y 

d t 
= −u x , (3) 

d x 

d t 
= u x , 

d y 
d t = u y . (4) 
MNRAS 508, 1888–1896 (2021) 
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Figure 2. Acceleration of an ion in the bulk heating region (marked as ’ F 2 ’ 
in the colourmap in Fig. 1 ) with initial velocity u x 0 = k x r c = 0.1, u y 0 = 

0 by wave � = 5 and ˜ χ = 30. The wave is switched on at t = 0. Panels 
show velocity components u x , u y , and the kinetic energy ratio K / K 0 . Energy 
increase by a factor of 10 4 is achieved within half of the wave period, or 1/10 
of the gyroperiod. 
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he system has two dimension-less parameters: the normalized wave
requency in the plasma frame � = ( ω D − k x E y 0 / B 0 )/ ω c , and the
ormalized wave amplitude 

˜ = 

E x0 

B 0 

k x 

ω c 

, (5) 

hich is consistent with the stochastic heating function (1) for a
ingle wave mode. The initial gyration velocity of the ion is ( v x ,
 y ) = ( v x 0 , v y 0 ), and in normalized variables ( u x , u y ) = ( u x 0 , u y 0 ). 

For a statistical description of the ions, we follow the procedure
utlined in previous works (Stasiewicz & Eliasson 2020a , b ), and
arry out a set of test particle simulations for M = 1 000 ions,
hich initially are Maxwell distributed in velocity and uniformly

andom distributed in space. The initial conditions are described
y a 2D Maxwellian distribution function of velocity components
erpendicular to the magnetic field, which in the normalized variables
an be written as 

 = 

1 

2 πu 
2 
⊥ 0 

exp 

( 

−
(
u 

2 
x + u 

2 
y 

)
2 u 

2 
⊥ 0 

) 

. (6) 

ere, the initial normalized ion thermal speed is 

 ⊥ 0 = v T 0 k ⊥ /ω c = k ⊥ r c (7) 

ith the thermal speed v T 0 = (2 T 0 / m ) 1/2 , the initial Larmor radius
 c = v T 0 / ω c , the initial ion temperature T 0 , and wavenumber k ⊥ =
 x . The value of u ⊥ 0 is used as an input parameter to the test-particle
imulations, in addition to � and ˜ χ . 

For each ion in the initial Maxwell distribution, the system (2)–(4)
s advanced in time using a St ̈ormer–Verlet scheme (Press et al. 2007 ).
imulations are carried out for several values of the normalized wave
requency � in the range 10 −1 to 10 2 , and for u ⊥ 0 spanning 10 −1 to
0 2 . The normalized amplitude of the electrostatic wave is set to ̃  χ =
0, which is typical for lower hybrid waves measured at the Earth’s
ow shock (Stasiewicz & Eliasson 2020a ). The simulations are run
or a relatively short time of one cyclotron period, moti v ated by the
bservations of rapid ion heating at the bow shock. The normalized
ean squared speeds 〈 u 

2 
⊥ 
〉 = k 2 ⊥ 

〈 v 2 ⊥ 
〉 /ω 

2 
c at the end of the simulations

re calculated as 〈
u 

2 
⊥ 

〉 = 

1 

M 

M ∑ 

l= 1 

(
u 

2 
x,l + u 

2 
y,l 

)
. (8) 

ig. 1 shows a colour plot of the difference 〈 u 
2 
⊥ 
〉 − u 

2 
⊥ 0 between the

ormalized squared speed 〈 u 
2 
⊥ 
〉 at the end of the simulation and the

nitial value u 
2 
⊥ 0 = k 2 ⊥ 

r 2 c . 
It can be seen in Fig. 1 that the bulk heating region is most

ntense for frequencies � < �b ≈ 13 and wavenumbers obeying
 ⊥ r c < c kr ≈ 15. For protons the frequency limit corresponds to
requencies less than one-third of the lower hybrid frequency ( �lh 

43), and the wavenumber limit corresponds to wavelengths λ⊥ =
 π / k ⊥ satisfying 

 c � 2 λ⊥ . (9) 

hus, the stochastic heating of the bulk plasma becomes inefficient
hen the thermal ion gyroradius becomes larger than two wave-

engths. Both limits �b and c kr would shift to larger values for maps
omputed with larger ˜ χ (Stasiewicz & Eliasson 2020a ). 

There is also a region of the acceleration of suprathermal ions
rom the tail of the distribution function that occurs along the green
ine k ⊥ r c ≈ �, for � � 10 as seen in Fig. 1 . Ions along this line,
ereafter referred to as the acceleration lane, have gyration speed
 ⊥ 0 that matches the phase speed of waves (Fukuyama et al. 1977 ;
NRAS 508, 1888–1896 (2021) 
arney 1979 ) 

 ⊥ 0 ≈ r c ω c = ω/k ⊥ = f λ⊥ , (10) 

hich links v ⊥ with electrostatic waves ( f , λ⊥ ) that can accelerate
hese ions. While the bulk heating is done stochastically for all ions
atisfying (9), the perpendicular acceleration to high velocities along
he acceleration lane (10) is selective and requires some speed and
hase matching. 

.1 The physics of the ExB wave acceleration 

n order to understand the physics of the stochastic energization we
ave analyzed individual ion trajectories for cases marked ’ F 2 ’, ’ F 3 ’,
nd ’ F 4 ’ in Fig. 1 . Fig. 2 shows a solution of equations (2)–(4) for one
on with speed u x 0 = 0.1 and u y 0 = 0 injected into a wave at frequency

= 5 and amplitude ˜ χ = 30 in the bulk heating region marked as
 F 2 ’ in Fig. 1 . The ion energy is increased by factor 10 4 within a
alf oscillation period of the electrostatic wave, corresponding to
/10 gyroperiod. In the beginning, the ion makes cyclotron motion
ith small velocity u ⊥ = 0.1 (not visible in the plot) until t = 0,
hen the wave is switched on. The velocity u x ( t ) shows polarization
rift response ∝ d E x /d t , in the wave electric field, before resuming the
yclotron motion after one gyroperiod. The velocity u y increases with
ime as the E ×B velocity v y ( t) = − ˜ E x ( t, x) /B 0 to the maximum
alue in the normalized variables u y ≈ ( E x0 /B 0 )( k x /ω c ) ≡ ˜ χ . 

The mechanism described abo v e will be called ‘ χ -acceleration’, or
he ‘E ×B acceleration’, because the maximum acceleration capacity
orresponds to the value of ˜ χ , in normalized units, or to the
 ×B velocity computed with the wave electric field, i.e. ˜ V E = 

˜ E ⊥ /B 

n physical units. This limiting value for the acceleration was
reviously found by Sugihara & Midzuno ( 1979 ) and Dawson et al.
 1983 ), who analysed the same equations (2)–(4) in the wave frame.
his mechanism has been also used in simulations of ion heating by

arge amplitude magnetosonic waves by Lemb ́ege et al. ( 1983 ). The
nergization capacity is then 

 E � 

m 

2 

[ 
v 2 ⊥ 0 + ( ̃  E ⊥ /B) 2 

] 
, (11) 
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hich is mass dependent. This equation is a general limit for
he perpendicular acceleration of ions in quasi-parallel and quasi- 
erpendicular shocks as will be shown in Section 3. It is applicable
oth to the bulk heating region, where v ⊥ 0 = v T is the ion thermal
peed, and also to the acceleration lane, where v ⊥ 0 of suprathermal 
ons corresponds to the wave phase speed, or equi v alently to u ⊥ 0 =
 ⊥ r c ∼ �. 

The acceleration capacity offered by equation (11) can be de- 
ermined from the electric field measured on the Magnetospheric 

ultiscale ( MMS ) spacecraft (Burch et al. 2016 ) by Ergun et al.
 2016 ), Lindqvist et al. ( 2016 ). For the quasi-parallel shock analysed
n this paper, this limit amounts to K E ∼ 200 keV shown in Fig. 6 (e)
elow, which corresponds well to the measured proton fluxes shown 
n Fig. 6 (a). 

The amplitudes of the wave electric field ˜ E and of ˜ χ increase 
ith frequency, which makes higher frequency waves more suitable 

or acceleration of ions to higher energies. The lower frequency 
aves � < 1 ( f < f c = ω c /2 π ) are less efficient accelerators because
f smaller amplitudes. They also require interaction times of a few 

yclotron periods, but long coherent wave trains are unlikely to occur 
n turbulent shock plasma. 

.2 The acceleration lane and the polarization drift 

he ion accelerated to u x = 30 in the first step can encounter a
ew wave on the acceleration lane with frequency � = 30 and get
dditional energization as shown in Fig. 3 . The second wave with˜ = 80 would energize the ion by a factor of 10 within a half
yroperiod. In this case u x ( t ) is constant, and u y ( t ) increases steady
o the value of ˜ χ , i.e. to the E ×B speed in the wave field, until the
yclotron motion is resumed after t = 0.5. The second wave could
e in any direction. The only requirement is that the phase speed
f wave matches the perpendicular speed of an ion on an arbitrary
hase of the gyration. The acceleration could continue along the 
cceleration lane, but it requires larger � and larger ˜ χ values on 
ach subsequent step. The acceleration works equally well for an 
nsemble of waves with different frequencies and random phases 
Stasiewicz et al. 2021 ). 

By checking the ef fecti veness of the χ -acceleration for different 
nput parameters, it is found that around the acceleration lane ( u ⊥ 0 
�) the approximate energization rate is 

/K 0 ∼ 1 + ( ̃  χ /u ⊥ 0 ) 
2 , (12) 

hich could continue to arbitrary high velocities u ⊥ , providing there
 xist wav es with sufficiently high amplitudes ˜ χ ∼ u ⊥ . The abo v e
xpression is in fact equi v alent to equation (11) derived in a different
ay. 
Yet another type of acceleration occurs for low energy ions in

aves � > �b , around the lower hybrid frequency � ≈ 43 (position 
 F 4 ’ in Fig. 1 ). It is seen in Fig. 4 that a proton with velocity u x 0 =
.5 is rapidly accelerated by an average factor of 6 within the wave
eriod (1/40 of the cyclotron period), but it executes quivering motion 
elated to the polarization drift seen in panel u x . This means that the
requency �b in Fig. 1 represents in fact the boundary between the
trong E ×B drift response for � < �b , and a weaker polarization
rift response for � > �b . 
Equation (10) implies that ions with perpendicular energy K 0 and 
ass m are on the acceleration lane when 

 0 = 

m 

2 
f 2 λ2 

⊥ 
. (13) 

 handy formula for ions with atomic mass A = m i / m p is 

 0 [keV] ≈ 10 Af 2 [kHz] λ
2 
⊥ [km] , (14) 

hich applies also for electrons with A = 1/1836. Using this
xpression we can find, for example, that protons with energy 1 keV
ould be accelerated by waves f = 10 Hz, λ⊥ ≈ 33 km, which are
n the lower hybrid range. On the other hand, protons at energy
000 k eV w ould interact with w aves f = 1 kHz and λ⊥ ≈ 10 km,
hich could be found in the ECD frequency range. Oxygen ions

 A = 16) at energy of 16 MeV would interact with the same waves
 f ≈ 1 kHz and λ⊥ ≈ 10 km) as 1 MeV protons. 

The wave phase velocity f λ⊥ = ω/ k ⊥ in (13) determines the energy
f ions prone to the acceleration by waves. The LHD waves have
aximum frequency ω lh = ( ω ce ω ci ) 1/2 and wavenumbers k ⊥ ( r e r i ) 1/2 

1, as shown by Daughton ( 2003 ) and Umeda & Nakamura ( 2018 ),
o the phase speed of LHD waves is v ph = f λ⊥ ∼ ( v Te v Ti ) 1/2 . Here,
 Te = (2 T e / m e ) 1/2 is the electron thermal speed, v Ti = (2 T i / m i ) 1/2 is
he ion thermal speed and the gyroradii are: r e = v Te / ω ce , r i = v Ti / ω ci .
his gives the maximum energy of ions accelerated by LHD waves
MNRAS 508, 1888–1896 (2021) 
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ith � ≈ ω lh / ω cp � 43 as 

 
LHD � 1 . 5 

(
m i 

m e 

T e T i 

)1 / 2 

, (15) 

here the factor 1.5 is an empirical factor that fits the energy of the
ccelerated ions in perpendicular shocks as shown in Section 3. This
alue can be compared with factor of 2 implied by equation (12)
hen ˜ χ ∼ u ⊥ 0 < 43. For temperatures T e ≈ 40 eV, T i ≈ 400 eV
e obtain the proton energy K ∼ 8 keV, which is typically observed

s the upper acceleration energy at quasi-perpendicular shocks. 

.3 Comparison with other models 

he processes described in Sections 2.1 and 2.2 have some com-
onents in common with the surfing mechanism introduced by
atsouleas & Dawson ( 1983 ) for the relativistic acceleration of

lectrons in laser plasmas. The surfing idea is based on work by
agdeev ( 1966 ) and has been elaborated further in many papers (Zank
t al. 1996 ; Shapiro et al. 2001 ; Ucer & Shapiro 2001 ; Shapiro & Ucer
003 ; Eliasson, Dieckmann & Shukla 2005 ). It has been also used to
xplain acceleration in shocks of supernova remnants (McClements
t al. 2001 ) and acceleration of cosmic rays (Kichigin 2013 ). Namely,
 charged particle can be trapped and transported in the potential
ell during extended time, which leads to the acceleration in the
erpendicular direction until the resulting Lorentz force exceeds the
lectrostatic force of the wave, and the particle becomes un-trapped.

The surfing acceleration (Shapiro et al. 2001 ; Shapiro & Ucer
003 ) takes place at quasi-perpendicular shocks, where the electro-
tatic waves propagate in the sunward ( x -) direction, while the ions
re carried by the shock and accelerated parallel to the shock front
in the y -direction). The acceleration is mainly by the DC convection
lectric field E y 0 , and partly by the wave electric field E x for trapped
ons. The surfing mechanism requires wide front of coherent waves,
ith several ion gyroradii width in the y -direction, and acceleration

s done through multiple ion reflections between the shock and
he upstream region (Shapiro et al. 2001 ). The surfing mechanism
f Katsouleas & Dawson ( 1983 ) offered ‘unlimited acceleration’
o relativistic energies. Because of practical difficulty for wide
nough fronts of coherent waves to be formed both in the laboratory
lasma and at the turbulent bow shock, the ideas of efficient surfing
cceleration have not been confirmed in the laboratory or space.
nother problem with surfing acceleration is that the wave electric
eld strengths are likely abo v e the threshold for the modulational

nstability that leads to the breakup of the wave and eventually wave
ollapse. This w ould mak e turbulent field structures that destroy the
hase trapping necessary for the surfing acceleration mechanism. 
In contrast to the surfing acceleration models, the E ×B is coupled

ith the stochastic condition (1), and for large χ values, energization
y a factor 10 4 can be achieved within the wave period f −1 as seen
n Fig. 2 . It corresponds to 1/40 of the proton gyroperiod for lower
ybrid waves in Fig. 4 . 

The E ×B wave mechanism does not require wide wave fronts
s the classical surfing acceleration (Katsouleas & Dawson 1983 ;
cer & Shapiro 2001 ; Shapiro & Ucer 2003 ), and the acceleration

an be done by bursty intermittent wave packets as observed in
atellite data shown in Fig. 6 . It has been demonstrated recently
Stasiewicz et al. 2021 ) that an ensemble of waves with a wide range
f frequencies and random phases can accelerate protons from 10 eV
o 100 keV within a few gyroperiods. The proton energy flux obtained
rom simulations accurately reproduces the measured ion spectra at
he bow shock. 
NRAS 508, 1888–1896 (2021) 
The E ×B wave mechanism supported by equation (1) operates not
nly at quasi-perpendicular and quasi-parallel shocks (Stasiewicz &
liasson 2020a , b ), but also, for example, in laboratory plasma during

on heating by drift waves (McChesney et al. 1987 ), and in the ion
eating regions of the topside ionosphere (Stasiewicz et al. 2000 ). 
Both shock surfing acceleration and shock drift acceleration

Ball & Melrose 2001 ) rely on macroscopic convection electric field
o accelerate ions. The present mechanism uses only the wave electric
eld. The wave amplitudes measured in shocks above the lower
ybrid frequency are typically 10–30 times larger than the convection
eld, which ensures rapid acceleration and high energization ratios.
s will be shown later, it is most efficient in parallel shocks, where

he average convection field is zero. 
Other models require some pre-acceleration or heating, before

hey can be operational. The heating map in Fig. 1 can explain
oth, a rapid heating of 10 eV ions and further acceleration of high
nergy ions along the acceleration lane. As mentioned earlier, the
 ×B acceleration works within a fraction of the gyroperiod, while

he shock surfing acceleration (Zank et al. 1996 ; Ucer & Shapiro
001 ; Shapiro & Ucer 2003 ) requires many cyclotron periods, and the
if fusi ve shock acceleration (Bell 1978 ; Lee & Fisk 1982 ) requires
ven much longer times. 

In the next section, we show measurements of waves and tur-
ulence at quasi-perpendicular and quasi-parallel shocks, which
ndicate that these waves are likely to χ -heat bulk of ions and
lso accelerate some ions to high energies by the E ×B mechanism
resented abo v e. 

 COMPARISON  WITH  OBSERVATIONS  

ig. 5 shows 1 min of burst-mode data from the quasi-perpendicular
ow shock. This is one of nine multiple shock encounters analysed
y Stasiewicz & Eliasson ( 2020a ). The particle data from the Fast
lasma Investigation (FPI) (Pollock et al. 2016 ) shown in panel (a)
re taken at position (10.2, 13.4, −1.8) R E GSE (geocentric solar
cliptic). The Alfv ́en Mach number was 7.2, the electron plasma
eta βe ≈ 1.1, and the ion beta β i ≈ 2.5, on the upstream (right) side
f the shock. The angle between the magnetic field and the geocentric
adial direction (a proxy to the shock normal) was 124 ◦. Overplotted
re the ion and electron temperatures, and the acceleration capacity of
HD wav es giv en by (15). This equation provides accurate values for

he maximum energy of protons accelerated at quasi-perpendicular
hocks observed by MMS. 

Active heating and acceleration of ions, seen in the ele v ated
on temperature in panel (a) coincides with strong LHD waves at
4:31:57 −14:32:12 UTC. In this region, ions are accelerated up to
bout 4 keV. The heating region coincides with the region of the
mallest values of the gradient scale lengths L B = B |∇B | −1 for the
agnetic field and L N = N |∇N | −1 for the electron density N , both

ormalized by the thermal ion gyroradius r p and shown in panel
d). The condition L N / r p < ( m p / m e ) 1/4 < 1 corresponds to strong
HD instability (Davidson et al. 1977 ; Drake, Huba & Gladd 1983 ;
ary 1993 ). The gradient scales are derived directly from four point
easurements using the method of Harv e y ( 1998 ). It is seen that the
 alues for L N deri ved for the cold solar wind, after 14:32:10 UTC

re not reliable, and the values for L B should be used instead. Panel
c) shows the amplitude of the measured electric field in the range
–4000 Hz with peak values abo v e 100 mV m 

−1 . 
Almost the whole time interval in Fig. 5 the plasma is unstable

or the LHD instability, as seen in the wave spectrogram in panel
b) with the most intense waves in the frequency range f cp −
 lh . These waves are indeed responsible for the ion energization
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Figure 5. Quasi-perpendicular shock observations by the MMS3 spacecraft. 
(a) Time versus energy spectrogram of the ion differential energy flux 
measured by FPI. Overplotted are the electron and ion temperatures and 
the acceleration capacity of LHD waves given by equation (15). (b) Time 
v ersus frequenc y spectrogram of the E y (GSE) component of the electric 
field. Overplotted are the electron cyclotron f ce , the lower hybrid f lh , and 
the proton cyclotron f cp . (c) Amplitude of the measured electric field in the 
frequency range 0-4000 Hz. (d) The measured gradient scale of the magnetic 
field L B and of the plasma density L N normalized with the thermal proton 
gyroradius r p . (e) The energization capacity of waves given by (11) for waves 
f < 20 Hz in the lower hybrid frequency range. Overplotted is the acceleration 
capacity given by equation (15). 
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Figure 6. Quasi-parallel shock observations by the MMS3 spacecraft. (a) 
Ion energy flux spectrogram measured by FPI in the energy range 10 eV–
20 keV combined with EIS measurements in the energy range 20–100 keV. 
Overplotted are electron and ion temperatures and the acceleration capacity of 
LHD wav es giv en by equation (15). (b) Time versus frequency spectrogram 

of χp . Overplotted are the plasma frequencies: f ce , f lh , and f cp . (c) Amplitude 
of the measured electric field in the frequency range 0–4000 Hz. (d) Gradient 
scales L B and L N derived from measurements and normalized with r p . (e) 
The energization capacity of waves given by (11) for waves in the measured 
frequency range 0–4000 Hz. 
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hrough the E ×B mechanism presented in Section 2. This can be
een in panel (e). The acceleration capacity of waves below 20 Hz
erived with (11) corresponds exactly to the limiting energy of 
ons in panel (a), and coincides also with the other independent 
stimate (15). The frequencies plotted in panel (b) are proportional 
o B so the magnetic structure of the shock can be inferred from
he frequency plots. Complementary discussion and o v erview of 
ata for this case can be found else where (Stasie wicz & Eliasson
020b ). 
Fig. 6 shows 1 min of data from a long duration quasi-parallel

hock measured by the MMS3 spacecraft. The satellite was at position 
12.6, −3.9, 4.1) R E , where the Alfv ́en Mach number was in the range
–6 with the average of 3, the average electron plasma beta βe ∼ 0.7,
nd the ion beta β i ∼ 5. The data represents a couple of shocklets,
.e. compressions of the plasma density and of the magnetic field 
ssociated with retardation of the solar wind beam as seen in panel
a). 

The time versus frequency spectrogram of χp given by equation (1) 
nd shown in Fig. 6 (b) is derived from measurements of the electric
eld sampled at the rate 8192 s −1 . The computed values reach χp ≈
800 for higher frequency ECD waves. Details of the technique for
omputing div ( E ) from four point measurements are discussed by 
tasiewicz & Eliasson ( 2020a , b ). 
Fig. 6 (d) shows L B / r p and L N / r p similar to Fig. 5 (c). Here, there
s good agreement between the magnetic field and density length 
cales. The LHD waves in panel (b) are in excellent correlation with
egions L N / r p � ( m p / m e ) 1/4 ∼ 6, where the LHD instability should
heoretically occur. 

The energization limit for the measured waves computed with 
11) is shown in panel (e). We see excellent agreement between the
heoretical maximum energy ∼100 keV in panel (e) and the measured 
nergy spectra in panel (a). The average gyroradius of a 40 keV
roton in this time interval is 2000 km. Because of large gyroradii of
nergetic ions, which tap energy from intermittent wav es o v er large
patial areas, direct spatial correlations between ∼ 100 keV ions in 
anel (a) and accelerating waves in panel (c) are not expected. 
A major difference between this case and the previous one is that

ere ions are accelerated to up to about 100 keV, while in the quasi-
erpendicular shock the ions were only accelerated to about 4 keV.
he amplitudes of the electric field E ∼ 100 mV m 

−1 are similar in
oth types of shocks as seen in Figs 5 (c) and 6 (c). The large difference
n the maximum acceleration between quasi-perpendicular and quasi- 
arallel shocks seems to be due to the different interaction times the
ons have with the waves. At perpendicular shocks, the solar wind
apidly convects across the shock, and the relatively short interaction 
ime is comparable to one ion gyroperiod. Here, the acceleration is
one mainly by LHD waves having frequencies f < 20 Hz, up to the
imit (15), or to the limit (11). 
MNRAS 508, 1888–1896 (2021) 
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Figure 7. The electric field vector measured in a quasi-parallel bow shock 
with amplitude shown in the upper panel is decomposed into discrete dyads 
E 

f in the frequency range f = 8 − 1024 Hz. The lower hybrid frequency, f lh is 
in the range 8–16 Hz. Fig. 6 co v ers 07:11-07:12 UTC interval of this 10 min 
event. 
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In parallel shocks, energetic ions meander or bounce between the
hocklets in the upstream region and repetitively interact with higher
requenc y wav es at increasing frequencies during much longer times.
his would stepwise increase their energy to the limit (11) through

he same χ -acceleration mechanism, along the acceleration lane of
ig. 1 . 
In order to increase proton energy by 100 keV in bursty waves

lectric fields of 100 mV m 
−1 an ef fecti ve interaction length of

inimum 1000 km is required. As mentioned abo v e, a 40 keV proton
or the case in Fig. 6 has a gyroradius of 2000 km with circumference
f the orbit 12 000 km. This implies that intermittent bursty waves
hat fill the path of the proton orbit by the linear filling factor of 0.1
ould increase the proton energy from 40 to 140 keV during one
yroperiod. Waves at amplitude of 50 mV m 

−1 that fill on average
nly 0.05 of the proton orbit would require interaction time of 4
yroperiods, and so on. In view of the spatiotemporal density of
arge amplitude waves seen in Fig. 6 (c), the abo v e estimates are
easonable and provide strong support for the proposed acceleration
echanism. 
Waves of similar amplitudes as shown in Figs 5 (c) and 6 (c), i.e.

 E | ∼ 100 mV m 
−1 , at higher frequencies are measured on every

ow shock crossing whenever local acceleration/heating of ions
s observed. This can be readily verified by using the Quicklook
lots in burst mode for the MMS mission; see rele v ant links in Data
vailability statement. 

As mentioned in Section 1, the wave generation process in both
ases is initiated by the density gradients associated with the quasi-
erpendicular shock in Fig. 5 and with quasi-parallel shocklets in
ig. 6 , which produce diamagnetic currents that cause first the LHD

nstability (Davidson et al. 1977 ; Gary 1993 ; Daughton 2003 ) which
as a lower threshold than the MTS and ECD instabilities. 

The wave spectrograms in Figs 5 (b) and 6 (b) can be divided
nto four frequency bands: the magnetosonic waves below f cp , the
ower hybrid drift (LHD) waves in the frequency range f cp − f lh ,
he modified two-stream (MTS) instability in the range f lh − f ce ,
nd the electron cyclotron drift (ECD) waves around and above f ce .
ther wave modes like whistlers and ion acoustic waves may also

ontribute in the spectrograms. The displayed spectrograms are in
he spacecraft frame, so there may be some mixing and o v erlap of
odes due to the frequency Doppler shift of short wavelengths by

he bulk plasma flow ∼250 km s −1 . 
In the frequency range f cp − f lh there are magnetic field fluctu-

tions, which are also observed in simulations (Daughton 2003 ),
n the magnetotail (Ergun et al. 2019 ), and at the magnetopause
Graham et al. 2019 ). This could mean that LHD waves coexist
ith ion whistler waves created in the density striations by mode

onversion (Rosenberg & Gekelman 2001 ; Eliasson & Papadopoulos
008 ; Camporeale, Delzanno & Colestock 2012 ) from LHD waves,
r with magnetosonic fluctuations. Such whistler waves, propagating
pstream are seen in Fig. 5 . Lower hybrid waves and whistlers can
e also produced by ring distributions (Winske & Daughton 2015 )
f ions reflected from the bow shock, but Fig. 5 (d) and analysis of
imilar waves in Fig. 6 indicate that the driving mechanism for LHD
aves at both shocks are density gradients rather than the reflected

on beams. Ho we v er, the magnetosonic wav es in the frequenc y range
 cp − f lh are equally efficient ion accelerators as demonstrated by
emb ́ege et al. ( 1983 ), Lemb ́ege & Dawson ( 1984 ), and Ohsawa
 1985 ). 

The enhanced electric field of the LHD or magnetosonic waves
roduces strong E ×B drifts of electrons only, because the ions are
ot subject to this drift due to their large gyroradius in comparison to
he width of drift channels. When the electron-ion drift exceeds
NRAS 508, 1888–1896 (2021) 
he ion thermal speed and becomes a significant fraction of the
lectron thermal speed, the MTS (Wu et al. 1983 ; Umeda et al. 2014 ;
uschietti & Lemb ́ege 2017 ) and ECD instabilities (Lashmore-
avies & Martin 1973 ; Muschietti & Lemb ́ege 2013 ; Janhunen et al.
018 ) are triggered at frequencies from abo v e f lh to a few harmonics
f f ce . Such waves with electric field amplitudes of ∼ 100 mV m 

−1 

t higher frequencies are commonly observed at the bow shock by
ifferent spacecraft (Wilson III et al. 2010 ; Breneman et al. 2013 ;
ozer & Sundqvist 2013 ; Goodrich et al. 2018 ). 
Note the vertical striations in panels 5 (b) and 6 (b) that start from
0.5 Hz (LHD instability) and extend up through the MTS and
CD instabilities to 3 kHz, indicating co-location and common origin
f these instabilities. The MTS waves propagate obliquely to the
agnetic field and produce parallel electric field component that
ay be responsible for the isotropization of the electron distribution

Stasiewicz & Eliasson 2020b ). 
The spatial structures and the frequency content of the wave elec-

ric field can also be studied with orthogonal wavelet decomposition
Mallat 1999 ) shown in Fig. 7 . The upper panel shows the amplitude
f the electric field vector measured by MMS3 at sampling rate
192 s −1 during 600 s of the burst mode that includes a 70 s interval of
ig. 6 . The electric field vector is decomposed into discrete frequency

ayers (dyads) with orthogonal wavelets that form f = 2 −s f N hierarchy
 s = 0 , 1 , 2 , . . . ) starting from the Nyquist frequency ( f N is half of
he sampling frequency). The decomposition forms complete in the
ense that the sum of all components gives the original signal, and
he orthogonality means that the time integral of products of any
airs of dyads having different frequencies is zero. The amplitude of
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he decomposed signal is shown for eight frequencies in the range 
–1024 Hz. 
The lower hybrid frequency is in the range f lh ∼ 8–16 Hz, but

he LHD waves may be Doppler upshifted and observed also at 32–
4 Hz. It is seen that they have amplitudes of 10–20 mV m 

−1 . The
igher frequency waves, 64–256 Hz, that we associate with the MTS
nstability discussed abo v e hav e amplitudes 50–80 mV m 

−1 , while
aves in the vicinity of the electron c yclotron frequenc y ∼ 512 Hz
ave peak amplitudes of 100 mV m 

−1 . Waves in channel 1024 Hz,
nd in channels 2048–4096 Hz (not shown here), which correspond 
o higher harmonics of f ce and to the proton plasma frequency, f pp ,
ay contain Debye length structures ∼15 m with amplitudes up to 

00 mV m 
−1 . Such wavelengths are expected for higher harmonics 

CD waves and for ion acoustic waves above f pp (Muschietti & 

emb ́ege 2013 ). 
The sequential triggering and co-location of the LHD–MTS–

CD instabilities seen very well in Fig. 7 can be also explained
y considering the expression for the E ×B drift velocity for ions
ith gyroradius r c in a spatially varying electric field E x ∝ sin ( k ⊥ x )

Chen 2016 ) 

 E = 

E × B 

B 
2 

(
1 − 1 

4 
k 2 ⊥ 

r 2 c 

)
. (16) 

ons with large gyroradius would have greatly reduced E ×B drift
elocity in comparison with small gyroradius electrons. When the 
atio λ⊥ / r p � π , the ion electric drift vanishes, and the sole electron
rift would produce strong cross-field current that could drive the 
bo v e-mentioned instabilities. Actually, the conditions for the onset 
f the diamagnetic LHD instability on density gradients, and the 
omplete quenching of the E ×B ion drift on short wavelengths are
imilar 

L N 

r p 
∼ λ⊥ 

r p 
� 6 , (17) 

hich means that the chain of the instabilities LHD–MTS–ECD 

ould be enforced by steepening of magnetosonic shock waves to 
maller wav elengths, ev en in the absence of sufficient diamagnetic 
urrents. 

One should be also aware, that the E ×B drift of ions (16) is a
ifferent phenomenon than the E ×B wave energization mechanism 

11) discussed in this paper. The E ×B wave heating of ions starts,
hen the E ×B drift stops. 
The ions accelerated by the χ -mechanism in quasi-parallel shocks 

an diffuse through the magnetopause and form the quasi-trapped 
opulation of energetic ions inside. This idea is opposite to claims 
hat the energetic ions observed upstream of the bow shock represent 
eakage of ions from the magnetosphere (Mauk et al. 2019 ). The
ependence ˜ χ ∝ m/q, and mass dependence of the energization 
11,13) could explain observations that heavy ions in the C,N,O group 
av e flux es lar ger than protons at high ener gies (Stasiewicz et al.
013 ; Turner et al. 2018 ). This is also consistent with observation
f heavy ion temperatures T i ∝ m i / m p in post-shocks of supernova
emnants (Raymond et al. 2017 ; Miceli et al. 2019 ; Gedalin 2020 ).
o we ver, there are also other explanations for the preferential heating 
f heavy ions (Zank et al. 1996 , 2001 ; Shapiro et al. 2001 ). 

 CONCLUSIONS  

his research is based on the well-established concepts of the 
tochastic heating laid down in a seminal paper by Karney ( 1979 ),
epresented by equation (1), and on the E ×B wave acceleration 
imit by large amplitude waves found by Sugihara & Midzuno 
 1979 ) and Dawson et al. ( 1983 ), represented by equation (11). By
ombining these two concepts with multipoint MMS measurements 
Burch et al. 2016 ), we have shown that solar wind ions are bulk
eated by the stochastic mechanism (1) both in quasi-perpendicular 
nd in quasi-parallel shocks confirming the previous results of 
tasiewicz & Eliasson ( 2020a , b ). The perpendicular χ -heating is
 rapid process and may be accomplished within a fraction of a
yroperiod. Selected suprathermal ions with perpendicular gyration 
elocity equal to the phase speed of electrostatic waves v ⊥ ≈ ω/ k ⊥ 

an be accelerated to velocities of the E ×B drift in the wave field,˜ 
 E = 

˜ E ⊥ /B. The acceleration requires waves with the stochastic 
eating parameter ˜ χ = ( ̃  E ⊥ /B)( k ⊥ /ω c ) � 1 and occurs in discrete
teps on intermittent waves observed in shocks. The process could 
ring some ions to energies of ∼100 keV as shown in this paper and
n Stasiewicz et al. ( 2021 ). 

In collision-less shocks, waves that accelerate ions are produced 
y the three cross-field current-driven LHD, MTS, and ECD instabil- 
ties, in the frequency range f cp − f ce , which are seen in Fig. 6 (b). The
nstabilities are cascade-triggered by diamagnetic currents induced 
y the density gradients created both in perpendicular shocks and in
hocklets that form parallel shocks. 

The short interaction time with waves at perpendicular shocks 
imits the maximum energy of protons to ∼10 keV and the acceler-
tion is done by LHD waves only, while the multistep acceleration 
y higher frequency waves f lh − f ce in parallel shocks can bring
ome ions to energies of hundreds keV, as observed in MMS data
t the Earth’s bow shock. The general expression (11) provides an
xplanation of the observed maximum energy of ions accelerated in 
hocks of arbitrary configuration. 

It is suggested that ions accelerated in quasi-parallel shocks to 
undreds keV diffuse into the magnetosphere and form the quasi- 
rapped energetic ion population. 

The χ or E ×B mechanism accelerates heavy ions to energies 
roportional to the atomic mass number, which is consistent with 
atellite observations upstream of the bow shock and also with ob-
ervations of ion temperatures in post-shocks of supernova remnants. 
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