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Deep trapping of electrons by oblique shock waves
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The mechanism of electron trapping by an oblique shock wave is studied with theory and particle
simulations. An energy equation is derived, which focuses on particle velocity and electric field
parallel to the magnetic fielB. It is then shown that electrons can be reflected by a negative dip of
F, whereF is the integral of the parallel electric fiel&,=(E-B)/B, alongB. The parallel energy

is decreased after the reflection owing to the recoverl ¢ positive values. This leads to deep
electron trapping. These theoretical predictions are verified with relativistic, electromagnetic particle
simulations. ©2005 American Institute of PhysidDOI: 10.1063/1.1909198

I. INTRODUCTION The reason for the deep electron trapping is unclear. In
the present paper, we study this mechanism.

It has recently been shown with particle simulations that  In Sec. Il, we analytically discuss the trapping mecha-
a magnetosonic shock wave propagating obliquely to an exaism of electrons. On the basis of the drift approximation,
ternal magnetic field can accelerate some electrons to ulve derive an equation for the energymw?/2-uB-eF,
trarelativistic energies with the Lorentz factor>10022  where mw?/2 is the electron kinetic energy and is the
(For the acceleration mechanisms of other particle speciespagnetic moment. This energy mainly consists of velocity
see, for instance, Refs. 4—23n this mechanism, electrons and electric field parallel to the magnetic field. We then show
that are reflected near the end of the main pulse of the shodakat the recovery of from negative to positive values in the
wave are then trapped and energized in the main pulse rend of the main pulse can cause the decrease of the emergy
gion. According to the theorthe reflection occurs when a of the reflected particles. This gives rise to the deep trapping
negative dip ofF is formed, wherd==—[E,dswith E; being  of electrons; just as a particle oscillating in a potential well
the electric field parallel to the magnetic fidbdlanddsthe  with damping. Also, we verify that the present energy equa-
infinitesimal length alondB. tion is equivalent to that discussed in Refs. 1-3.

This acceleration mechanism is different from that of the  In Sec. lll, by using one-dimensiofone space coordi-
surfatron acceleration, where the longitudinal electric fieldnate and three velocity component®lativistic, electromag-
E, in an external magnetic fiel8,, accelerates particles netic particle simulations, we investigate particle motions in
along the wave front. The surfatron acceleration was firspblique shock waves. It is directly shown that the electron
suggested by Sagdeev in Ref. 9 and discussed in detail ireflection takes place whéhhas a negative dip in the end of
Refs. 10-12. Katsouleas and Dawson then argued that unlinthe main pulse. The recovery time Bfis much shorter than
ited acceleration could occur &,/B,,> 1. (For a recent re- the oscillation period of trapped electrons. Hence, right after
view on the surfatron acceleration, see Ref. 14 and refeithe reflection, the values df begin to go up around the
ences therein. region where the negative dip was present. It is then shown

Simulations on the present acceleration mechahism that the energies of reflected particles decrease.
show that reflected electrons are trapped deeply, oscillating Section IV gives a summary of our work.
in the main pulse region whefeis large. Reflected electrons
move forward and have their maximum energies near the
position whereF has its maximum value in the main pulse || THEORY OF ELECTRON TRAPPING
(near this position, the electric potential and magnetic field
have also their maximum valuesThen, they are reflected Here, we analytically discuss electron trapping in an ob-
backward in the shock transition region. They do not golique shock wave. To obtain the amount of energy that re-
away ahead of the wave. Also, they do not pass through thigected electrons can gain, we need to use the relativistic
shock wave to the downstream region, everr ihas been equation of motiorf. To qualitatively understand the trapping
restored to positive values in the end of the main pulse whemechanism, however, we can use a simplified model; we
they return there. Once electrons are reflected, they cagonsider nonrelativistic electrons with drift approximation.

hardly escape from the wave. In the following, we assume that the waves are one di-
mensional, d/dy=d/9z=0, and that their space and time

dElectronic mail: ohsawa@nagoya-u.jp variations are much slower than the electron gyromotion.
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The external magnetic field is in théx,z) plane, By
:(onvovBZO)'

A. Energy equation

We derive an energy equation for electrons to discuss
their motions. In the drift approximation,

B EXB

=y - +Cc——— +0, 1
v UuB B2 (1)
FIG. 1. Model profiles of. The lower figure showE with a negative dip
wherev is the gyration velocity, we have around x=x, at t=t,. In the upper figure for a later time>t,, F has
recovered.
E-B -
E.v= U”+E'U. (2)
B
Accordingly, with the aid of the relatidf Using Eq.(9), we discuss the energy change of electrons
d that are reflected at=x,, near the end of the main pulse, at
-&E -v)= d—t(,uB), (3) time t=t,. The quantityF is assumed to take its minimum

(negative value at thisx position at this moment; it then

where the brackets denote the time average over a gyropgecovers fort>t, (see Fig. 1 In the wave frame(shock
riod and u is the magnetic momengy=mg?/(2B), we ob-  normal incident frame where the upstream plasma flows in

tain an energy equation as the negative direction withv,=-vg, it may be modeled by
df1l E-B F(x,t) = Fg(X) + F1(x,t). (10
d—t<5r‘nevz—,uB) =-e 5 I (4) 0 !

The time-independent, main term §(x)=0, taking its
We eliminatep in Eq. (1) by time averaging. The paral- maximum value ak=xn(>X), while the perturbatiorf, is
lel velocity v, is then related to the infinitesimal length along assumed to take the form

the field line,ds=Bdx/B,,, through %
ds B Fixt)=- a(t){l + cos(w ’ )] (11)
X — X
v = d_ ~ 5 Vdx (5) m~ Xr
t By

_ _ _ _ for [x—x|<xn—X.; outside this regiona(t)=0. Here,a(t)
whereuvg, is thex component of the drift velocity. Substitut- >0 andda/dt<0 fort>t,. The quantityF=F,+F, takes its

ing Eq. (5) in Eq. (4) yields minimum (negativé value atx=x,, as shown in the lower
d(1_, E.B/dx part of Fig. 1. Then,
dt<2mev MB) ~ %8, (dt de)' © oF,
-—e—<0 (12
Then, using the quantity a
XE(X',t) - B(X',1) for the regionx—x,|<x,—x, for t>t,. That is, if an electron
Fxy=- j — B, ¥ (7)) is reflected near the end of the main pulse bec&set,) is
X0 negative, ther(x,t) will be gradually restored around the
we can put Eq(6) into the following form point x=x, while the particle moves back from=x, to x
d/1 JE OE =Xq,. During this period, the parallel energy of this particle,
d_t<5mevz - uB- eF) =-e e Va (8)  e=mw?/2-uB-eF, will thus decrease. As a result, reflected

electrons will be trapped. They will not go away ahead of the
We may write the kinetic energy asw?/2=my(v’+v3)/2 shock wave. Also, even iF(x;,t)>0 when these electrons
+uB. Hence, except for the termw?/2, the quantitys ~ eturn to the poink=x,, they can be reflected there again.

=mw?/2-uB-eF is related to parallel velocity and parallel ~ The negative dip of will not be formed in the main
electric fieldE,. We note thaE, is a mixture of longitudinal ~PUISe region, wheré& has large positive valuésin front of .
and transverse electric fields. the main pulse, small negative dips can be generated. Even if

Now, we consider perturbations Bfsuch that their time ~ SOMe electrons are reflected there, they are not strongly ac-

scale is much shorter than the ion gyroperiod with their scal€€lerated. Itis because there is no lafger electric potential
length of the order of the shock Wid(h~c/wpi).27_29We can in the upstream region. In the end of the main pulse, on the

then neglect the second term on the right-hand side of E ther handF, is small and field variations are significant.

(89): ence, negative dips df can be produced there. Electrons
that have been reflected there then gain a great amount of
E(} v2 - B—eF) - _ef 9) energy from the strong electric fields in the main pulse re-
de\ 2T T ' gion.
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B. Comparison with previous formulation

In this section, we compare the energy equation in the 9
present paper with that in the previous papéfdn Ref. 1, Eiof
an energy conservation form T

d
dt

1 E
<5m,302—e|=+ mecELva) =0 (13)
X0

has been derived under the assumption that the wave is per-
fectly stationary, wher&, is they component of the electric

field in the wave frame. In the drift approximation, EG3) 0550 425 30 435
was then written as x/(c/tpe)
d%(%(vz N vé) +uB-eF+ meCELOng) -0, (14) FIG. 2. Snapshot of field profiles and electron phase spacg.
X0

wherev, is thez component of the guiding center velocity. 1ll. SIMULATIONS
Equations(8) and (14) seem quite different. We show here,
however, that they are equivalent whéf/ at=0.

We recall thatE,=E, (constant andE,=0 in the wave
frame, if the wave is stationary. It then follows that

We study electron motions in a shock wave by using a
one-dimensionalone space coordinate and three velocjties
relativistic, electromagnetic particle code with full ion and
electron dynamics. As in the theory in Sec. Il, the shock

Eyodv, _ mgc dv, do, wave propagates in the direction in an external magnetic
B dt B \Bog ” E, at ) (15 field By=By(cos#,0,sind). For the method of particle simu-
X0 X0 lations and shock waves, see Refs. 1, 6, and 30.
The right-hand side is proportional to thkecomponent of The simulation parameters are as follows: The total sys-
E X dv/dt. Using the equation of motion, we find that tem length isL=4098\y, whereA is the grid spacing; the
numbers of ions and electrons &g=N,=262 144, the mass
d e 1 H X — . H { O. -
E x dv _ € Ex(xB). (16) r;amo ism/my=100; the propagation angle #&&=45°; the ra .
dt MeC tio of gyrofrequency and plasma frequency of electrons is
o _ _ . weel wpe=3.0 in the upstream region; the light speed is
Substituting Eq(1) for v on the right-hand side gives c/(wpeg)=4.0; and the electron and ion thermal velocities
q in the upstream region arevre/(wydy)=0.23 and
Ex 2 __ i[(E ‘B)vog+(E-Bo-(E-B)B], (17) v/ (wpehg)=0.023, respectively. The Alfvén speed is then
dt  mgc val (wpedg)=1.2. The time step iwpAt=0.02.

Figure 2 displays a snapshot of field profiles and electron
phase spac&, y) of a shock wave with a propagation speed
vsn=2.0v,. The values of- and ¢ are set to be zero at
=, The fields ¢, F, and B, take their maximum values
aroundx=xp,. In the main pulse region nearXx,, there are
<E x %> =SB0 ® dx B d ). (18)  many high-energy trapped electrons.

X The values ofF(x) are positive at any points in this

We have dropped the terf -B)7, by the averaging. Equa- figure. When a negative dip f is formed in the end of the

where the relatiort -vy=0 was used. We time average the
component of Eg(17) over a gyroperiod. On account of Egs.
(3) and(7), we then have

" me x ¥ medt

tion (15) can thus be written as main pulse, however, some electrons are reflected there and
then trapped. As shown in Fig. 3, the number of trapped

Eygd_vz _ JF _E( B) (19 electrons increases with time, suggesting that trapped elec-

B,o dt - ,9X”d>< dt MB)- trons are hardly detrapped. Its number rapidly goes up some-

Since(v,)=vg, We find that Eq(8) is equivalent to Eq(14).

Before closing this section, we note, for later use, that
for a perfectly stationary, one-dimensional wave, we can de- g 4000t T
rive an energy conservation form that is valid for relativistic £ //'
particles in the wave frame, =2 J
=3
) Eo é 2000 -
mc y—eF+cp,— =¢. (20 g e
B,o &= /
J
. . 054 : : :
Here, y is the Lorentz factorp, is the z component of the 2000400 600 800
. S : Opet
momentum,E,, is the constant electric field in thedirec-
tion, and the energy is constant. FIG. 3. Time variation of the number of trapped electrons.
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FIG. 4. Phase space plats,v;,) of electrons that have been trapped by the
end of the simulation. The dotted vertical lines indicate the poskior,,. FIG. 5. Profiles ofF. Passing and reflected electrons are also shown with
circles and triangles.

times, which implies that large negative dips are formed at  The upper panel of Fig. 6 shows the change in the rela-
those moments. Figure 4 shows electron phase space platsistic energys =mcc?y—-eF+cp,E,/B,, of a reflected elec-
(x,vy,) at four different times, where,, is thex component  tron; that is, the closed circle in Fig. 5. For comparison, we
of the parallel velocityp,=(v-B)B,o/B? We have plotted have plotted in the lower panel the time variation of the
the electrons that are trapped by the end of the simulatiorposition of this particle. We depicted these figures using the
wpd=1000. The dotted vertical lines indicate the position quantities in the wave frame, i.e., the frame moving with the
=Xm At wpd=0, we find rather large bunches aroundvelocity vg, relative to the laboratory frame. Because the
x/(c/ wpe) =360 andx/(c/ wye) =490. (There exist many par- wave is not perfectly stationarg, slightly varies with time.
ticles other than these; particles are uniformly distributedThe lower panel clearly indicates that this particle was
initially. From the simulation data, we identified the particlestrapped after the reflection by the wau@he short period
that were trapped by the end of the simulation. We selectedscillation is due to the gyromotionThe upper panel shows
and plotted here these particlesn each bunch, highy,  that the energys decreases after the encounter with the
particles tend to have smallgr having oblique stripe struc- shock wave, which leads to the deep trapping.
ture. This indicates that thepositions of these particles will
concentrate at a later time; ff is negative there at this mMO- |/ SUMMARY
ment, many of them would be reflected. Indeed, the particles
of the left bunch have nearly the sante position We have theoretically and numerically studied the elec-
[X/ (c/ wpe) =382] at wpd=220 and, at this moment, encoun- tron reflection and trapping in an oblique shock wave. Elec-
ter a negative dip oF; Fig. 3 indicates that the number of trons can be reflected by a negative digF6¥—E,ds) in the
trapped electrons rapidly rises around this time. The particlegnd of the main pulse. They are then deeply trapped. After
of the right bunch are at nearly the same positionthe reflection, they do not go away ahead of the shock wave.
x/(c/ wpe) =500, at w,d=400. Immediately after this mo- Also, when they return to the initial reflection point, they do
ment, they meet another dip.

Figure 5 shows the evolution &(x,t) around the main

pulse. Near the end of the main pul$éebecomes negative 20p

from w,4=200 to w,d=230 and then recovers to positive o, 10f Wl i
values. Thex positions of four electrons are plotted on the g oF— “WU'I“W f \PJWA\ i
lines of F. The particles denoted by white and closed tri- W -10F WW WWWW\
angles and by closed circle enter the shock wave at nearly 20 . . . .
the same timew,d =160, while the other one denoted by the _ ' \ ' ' e
white circle comes later, entering the waveugtt=180. All 8& 40 \ ]
these particles happen to be at the end of the main pulse S oof \

whenF is negative there. Then, the closed circle and triangle \\;

are reflected there; they begin to oscillate in the main pulse. < 0 e T
The white circle and triangle, however, escape from this re- 00 200 300 400 500
gion to the downstream region. They passed through the ®petw

shock wave because they had larger velocities relative to th . - ) .

. L . G. 6. Time variations of energy=mc*y—eF+cp,E,/B,, and position in
shock wave th_an the reflected particles; it is particularly cleate wave frame. Herex, andt,, denote the position and time in the wave
for the white circle. frame.
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