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Abstract. Previous particle-in-cell simulations have evidenced that quasi-perpendicidar shocks are 
non-stationary and suffer a self-reformation on gyro scale of the incoming ions. In this paper, 
by separating the incoming ions into reflected and directly transmitted parts, we investigate ion 
acceleration in a non-stationary perpendicidar shock. The results show that shock drift acceleration 
(SDA) is a dominant acceleration mechanism, while shock surfing acceleration (SSA) mechanism 
becomes more and more important with the increase of the initial particle energy (both their average 
final energy and percentage increase). The percentage of reflected ions cycUcally varies in time with 
a period equal to the self reformation cycle. 
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INTRODUCTION 

Colhsionless shocks are of fundamental interests in space and astrophysical plasma, and 
they are commonly believed to be important sources for high-energy particles. At quasi-
parallel shocks, the theory of diffusive shock acceleration (DSA) is quite successful to 
account for observed energetic particles [1, 2, 3, 4, 5]. The upstream ions reflected by 
quasi-parallel shocks can go far upstream along the magnetic field line, and excite low-
frequency plasma waves which in turn scatter the ions cross the shock back and forth 
many times. In this way, the ions are accelerated to high energy. However, a similar 
theory does not work at quasi-perpendicular shocks, where the reflected upstream ions 
return to the shocks almost immediately due to the gyro-motion in the magnetic field. 
Therefore, the quasi-perpendicular shocks cannot provide self-produced plasma waves 
with large spatial/temporal scales similar to ULF waves observed at quasi-parallel waves 
to scatter the particles. 

Shock drift acceleration (SDA) [6, 7, 8] and shock surfing accelerations (SSA) 
[9, 10, 11, 12] are considered to play important roles in ion accelerations at quasi-
perpendicular shocks. In shock drift acceleration, the particles gain energy as their guid
ing centers move along the convective electric field due to the drift effects of the mag
netic field gradient or the curvature of the shock front [13, 14]. In shock surfing acceler
ation, the particles are reflected by the shock potential, and then they return to the shock 
front due to the upstream Lorentz force. In this process, these particles are trapped at the 
shock front and accelerated by the convective electric field. They may repeat the process 
several times until they have acquired sufficient kinetic energy to overcome the macro-
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scopic potential barrier at the shock front [15, 16, 17, 18]. With hybrid simulations. 
Burgess et al. [19] have analyzed the ion accelerations at quasi-perpendicular shocks 
by separating the incoming ions into transmitted and reflected parts. They found that 
none of the reflected ions comes from the core of the upstream velocity distribution, and 
those reflected ions form the high energy tail of the downstream distribution. Lipatov 
and Zank [20] investigated shock surfing acceleration of pickup ions at perpendicular 
shocks, and found that the width of shock ramp is the key factor determining the effi
ciency of shock surfing acceleration. Lever et al. [21] compared the efficiency of shock 
surfing and shock drift acceleration mechanisms for different widths of shock ramp, and 
they demonstrated that SS A process predominates when the width of shock ramp is be
low a critical value. However, the used ramp width was not obtained self-consistently, 
which has strong consequences as shown in the present study. 

In the above studies, the structures of quasi-perpendicular shocks are based on hybrid 
simulations, the used space resolution (and the minimum width of the shock ramp) is 
roughly ^^ 0.5 — Ic/cOpi (where c/cOpi is the ion inertial length). Recently, particle-in-
cell simulations clearly evidence that quasi-perpendicular supercritical shocks are non-
stationary and suffer a self-reformation on the gyro scale of the incoming proton due 
to the accumulation of reflected ions (foot formation) [22, 23, 24, 25, 26, 27, 28]. In 
this paper, by separating ions into transmitted and reflected parts, we investigate the ion 
acceleration mechanisms with different initial energy in the non-stationary perpendicular 
shock obtained from one-dimensional (1-D) PIC simulations. 

The paper is organized as follows. In Section 2, we briefly describe the simulation 
model. The simulations results are presented in Section 3. The discussion and conclu
sions are summarized in Section 4. 

SIMULATION MODEL 

In this paper, a self-consistent perpendicular shock profiles are obtained from 1-D PIC 
simulations. The initial and boundary conditions are similar to those already explained 
in details in [24], and the shock is initiated by a magnetic piston (apphed current pulse). 
Therefore, the shock geometry is defined in the upstream frame: the shock propagates 
along the x direction and an upstream magnetic field BQ is applied along the z direction. 
All dimensionless quantities are indicated by a tilde "'-^" and are normalized as follows. 
The spatial coordinate is x = x/A; velocity v = v/cOpgA; time t = cOpgt, electric field 
E = eE/mgCOpgA; magnetic field B = eB/mgCOpgA. The parameters A, cOpg, nig and e are, 
respectively, the numerical grid size, the electron plasma frequency, the electron mass 
and the electric charge. All basic parameters are identical to those used in [29]: plasma 
box size length L^ = 4096; velocity of light c = 3, and mass ratio nii/mg = 84. Initially, 
the particle density is Wg = «; = 50 at each grid point. With the decrease of electron/ion 
temperature ratio, the non-stationarity of the shock will be less obvious [29], and the 
electron/ion temperature ratio 7^/7] = 1.58 is chosen in order to investigate the particle 
acceleration at a reforming shocks. The ambient magnetic field is |5o | = 1 -5. The shock 
front is propagating along x direction in a supercritical regime with the average Mach 
number about (MA = 5.24), where MA = Vshock/VA is determined in the upstream plasma 
(i.e. simulation) frame; the Alfven velocity VA is equal to 0.16. For these initial condition. 
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TABLE 1. Table 1. Upstream Plasma Parameters De
fined for PIC Simulations 

Thermal velocity 
Debye length 

Larmor gyro radius 
Inertia length 

Gyro frequency 
Plasma frequency 

Gyro period 
Plasma beta 

^thx,y,z 

Xp 
Pc 

c/&p 
&c 

(Op 

Tc 

n 

Electrons 

0,2 
0,2 
0,4 
3,0 
0,5 
1,0 

12,55 
0,0355 

Ions 

0,017 
0,16 
2,91 
27,5 

0,006 
0,11 

1055,46 
0,0225 

the plasma parameters are summarized in Table 1 for both electrons and ions. 

SIMULATION RESULTS 

The time evolution of the perpendicular shock is shown in Figure 1, which plots the 
magnetic field B^ within the spatial range X = 4600 to 5900. The shock is non-stationary, 
and a self-reforming shock front is observed. The black curve in the figure describes the 
ramp position of the shock ramp. The shock is in supercritical regime characterized by 
a noticeable density of reflected ions responsible for the formation of the foot located 
upstream of the ramp and for the overshoot. At t = 650, the shock front is at about 
X = 4600. Later at about t = 800, the reflected ions have accumulated in the foot with 
a percentage relatively high so that the foot amphtude increases and reaches a value 
comparable to that of the "old" ramp. Then, a "new" shock ramp builds up and starts 
reflecting new incoming ions. The "new" shock front is well formed around X = 4850 
at about t = 950. Simultaneously, the "old" shock front becomes weaker and weaker 
and is located downstream of the "new" front. The shock front is characterized by a 
self-reformation with a cyclic period about 288©^^^ « 1,73Q^^ 

In this paper, we investigate in details ion acceleration in this pre-defined non-
stationary perpendicular shock with test particle simulations. We follow the trajectories 
of 12000 particles, which are released with different kinetic energy. For all test parti
cle simulations performed herein, the incoming ions are distributed evenly in the region 
100 < Xj — Xramp < 1420 at a chosen starting time t = 628, where x; is the position of the 
ion /, and Xramp is the position of the shock ramp, which is determined by \dBl/dx\max 
(inflexion point in the ramp of B^ profile). In the simulation, the width of the upstream 
region filled with test particles is sufficiently large, and it takes about 5 shock reforming 
cycles to advect these particles through the shock. If no explicitly mentioned, the distri
bution of the test particle velocities is initially described as shell function, and ions only 
differ by their phase angles on the shell. All particles have same kinetic energy, and the 
shell radius defines the kinetic energy of the particles. Here, the propagating shock is 
injected with a velocity equal to that measured in the PIC simulation, its instantaneous 
Mach number can differ from the average value (MA = 5,24). 

We separate the upstream ions into two groups: the reflected (R) ions and directly 
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FIGURE 1. The time evolution of B^ versus X. The black curve describes the position of the shock 
ramp (the ramp position is the position of the main ramp, which has larger Ex than the other). 

transmitted (DT) ions, and describe their dynamics separately. The reflected ions have 
the following characteristics: after being reflected (i) their velocity in the x direction Va 
is larger than the shock propagating speed Vghock, and (ii) they are located upstream the 
ramp x; > Xramp- Here, the shock propagating speed is defined as the moving speed of 
the shock ramp. Further more, the R ions can be divided into two subpopulations by 
using a simple criterion in order to exact some relevant information from a statistical 
analysis [21]: the SDA ions are accelerated by the shock drift mechanism, and they are 
primarily reflected by the Lorenz force, i.e., in the ramp E:^ < viyB^/c. SDA ions do return 
upstream once before passing through the shock front. The SSA ions are accelerated by 
the shock surfing acceleration, and they are primarily reflected by electrostatic force, 
i.e., in the ramp E^ > ViyB^/c. In contrast with SDA process, SSA ions show multiple 
surfing reflections with a small normal amphtude as described by [21]. 

The ion dynamics can be identified clearly by tracing their trajectories, and Figure 
2 shows four typical ion trajectories. In the figure, the left column describes the ion 
trajectories, and the right column shows the their kinetic energy. In Figure 2(a), the 
ion firstly undergos SSA from Al to Bl since E^ > ViyB^/c at the reflected point Al. 
Then the ion interacts with the new ramp of the shock at B1 where it is accelerated 
to higher energy and then transmits to downstream. In Figure 2(b), the ion first suffers 
SDA process from from A2 to B2 due to E^ < ViyB^/c at the reflected point B2. Then the 
ion interacts later with the new ramp of the shock at C2 and succeeds to be transmitted. 
Figure 2(c) describe an ion multi-stage acceleration. In figure 2(c), from A3 to B3 the ion 
first suffers an SDA acceleration since E^ < ViyB^/c at the reflected point B3. From B3 
to C3, and then returns upstream. It hits the ramp at a time between A3 and B3 when the 
overshoot is the highest (indicated by the vertical white line) and then describes a large 
Larmor orbit upstream. At last, it interacts again with the shock front around C3 and goes 
downstream. Figure 2(d) shows an ion which directly transmits into the downstream. 
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FIGURE 2. Four typical ion trajectories (left column) and kinetic energy (right column) versus time for 
the time-reforming shock regime. The vertical dash lines denote some key points. 

and no obvious acceleration is found. In general, the ions can be accelerated to high 
energy with SSA, SDA or multi-stage acceleration. These various results confirm again 
(i) the strong impact of the shock front non-stationarity on the resulting ion dynamics; 
(ii) that initial SDA process seems to provides the highest resulting energy gain; (iii) 
the necessity to include the overall width of the varying shock front for analyzing the 
resulting ion dynamics (and not only the ramp). 

Figure 3 shows the domain in (gyro-phase (j> and pitch-angle 9) in the velocity space 
for the incident ions undergoing SDA, SSA or DT processes. Since some ions undergo 
multi-stage acceleration, we identify the type of ion acceleration when ions interact with 
the main shock ramp for the first time. With the increase of the radius, more particles 
are accelerated with SSA mechanism, while the SDA mechanism plays an important 
role for ions with both lower and higher initial energy. The DT, SSA and SDA ions 
tends to concentrate in the region where (j> are around 270°, 45° and 135°, respectively. 
SDA, SSA or DT ions are clearly separated due to the nonstationarity of the shock 
front. In general, the source of SSA ions at a reforming shock is still consistent with the 
theoretical results of previous papers [18, 21]. 

Figure 4 shows (a) the downstream average kinetic energy and (b) the percentage of 
the SDA, SSA and DT particles as a function of the shell radius. The average kinetic 
energy and the percentage of the SDA, SSA and DT particles are calculated when their 

ramp 500 <Xi<x, 100 at t = 2064. For the SDA ions, 
the average kinetic energy approximately increases linearly with the initial energy, their 
positions are between x, ramp 
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(a)V^i^gi=0.5V^ 

(c)V^l^gl=3.0V^ 

FIGURE 3. Angular domain in ^—6 velocity space for SDA (white), SSA (gray) and DT (black) ions 
for (a) V,Ml = O.SVA, (b) V,MI = LOVA and (c) V,MI = S.OVA. 
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FIGURE 4. (a) The average kinetic energy of SDA (dots-line), SSA (circles-line) and DT (stars-line) 
ions in downstream and (b) their percentage as a function of their initial radius of the shell distribution. 
Residts are obtained for the time-reforming shock regime. 

percentage also increase. This is in agreement with the increase of the angular range 
spreading as Vgheii increase. For the SSA ions, because the SSA ions may suffer multi
stage acceleration at the complicated self-reformation shock front, the average kinetic 
energy increase smoothly with the increase of the initial energy. At the same time, the 
number of SSA ions also increases with the increase of the initial energy and therefore 
becomes more and more important. The results are consistent with Figure 3, the larger 
the radius is, the more particles are accelerated with the shock surfing mechanism. 

Figure 5 describes the time evolution of the maximum values of (a) E^ and (b) B^ 
between x ramp 20 and x, ramp 20, and the percentage of the reflected ions in the 
region Xramp <Xi < 2Lx for (c) the shell distributions and (d) Maxwelhan distributions. 
Obviously, the cyclic period of the reflected ions percentage is equal to that of the shock 
front self-reformation. With the increase of the initial energy, the effects of the shock 
non-stationarity gradually decreases. These results show that variation of the percentage 
of the reflected ions is stronger for small shell radius or thermal velocity (Maxwellian 
distribution). 
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FIGURE 5. Time history of the maximum values of the electrostatic filed E^ max and the magnetic field 
Sj max around the shock ramp, and of the number of the reflected ions. Residts are obtained for different 
radii (shell distribution) and thermal velocity (MaxweUian distribution), respectively. 

CONCLUSIONS AND DISCUSSION 

Previous particle-in-cell simulations have already evidenced that quasi-perpendicular 
shocks are non-stationary and can self-reform on gyro scale of the incoming ions. In this 
paper, we separate the incoming ions into the reflected and directly transmitted parts 
during their interaction with the shock front, and then investigate the mechanisms of ion 
acceleration in non-stationary perpendicular shock. Most energetic particles correspond 
to the reflected ions which are accelerated by SSA and SDA mechanisms. The ion 
dynamics depends largely on the structures of the shock at the time incoming ions 
interact with the shock front. Therefore, as the shock evolves with time, the number of 
the reflected ions and the resulting energy gain strongly vary, the dynamics of particles 
is more complicated than in stationary shocks. 

The above conclusions are obtained by using test particles with sheU velocity distribu
tions of different radii. This simple approach is helpful before considering more realistic 
MaxweUian distributions, because Maxwelhan distribution is a weighted superposition 
of a series of sheU velocity distributions with different radii. In extension to the previous 
results of hybrid simulations [19], we also find (i) whether a given ion is accelerated 
primarily depends on the time at which ions interact with the shock front, and (ii) ener
getic particles (SSA and SDA reflected ions) come from a limited portion of the incident 
distribution, rather than being randomly selected. The accelerated mechanisms of the 
reflected ions by the non-stationary shocks discussed in this paper may provide a candi
date of the pre-acceleration mechanisms that can initiate the diffusive shock acceleration 
in the quasi-perpendicular shocks, and accelerate ions to even higher energy. 
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