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Abstract: A particle acceleration by wakefield due to radiation presssi discussed. For a relativistic
shock with the upstream bulk Lorentz factgr > 1, the large-amplitude electromagnetic waves are
generated in the shock front, and those waves can propagatéhe upstream region as the precursor
wave. We propose that non-thermal, high-energy particéeste quickly formed by the electrostatic
wakefield generated by the ponderomotive force of the peecwave. In the leading edge of the precur-
sor wave, the particle can be quickly accelerated up 40~v#m.c?, and they can be further accelerated
during the nonlinear evolution of the wakefield. The maximattainable energy may be estimated by
€ ~ y1mec® Lsys /(¢c/wpe ), WhereLs, s andc/w,. are the size of an astrophysical object and the electron
inertia length, respectively.

Introduction ergy conversion from ion to electron through larg
amplitude electromagnetic waves generated i
After the discovery of cosmic ray in the early last relativistic shock upstream region. In this p
century by the balloon experiments by Hess [1], per, we extend the intriguing study done by [¢
the origin of the cosmic rays have been a long and demonstrate that high energy particles car
standing problem. So far many acceleration pro- quickly generated by the electrostatic wakefie
cesses have been extensively studied, and the enin association with the electromagnetic precur:
ergies up tol0'%5 eV is believed to be generated waves in the relativistic shock.
by diffusive/Fermiacceleration mechanism operat-
ing in supernova shocks, but the cosmic rays with
higher energies are not well understood yet [2].

Recently Chen et al. [3] discussed a new idea of
particle acceleration by “wave pressure” of large-
amplitude Alfvén waves, and they proposed the
origin of the ultra-high energy cosmic ray can be
explained via the waves pressure. Their basic
idea comes from the discovery of the wakefield
acceleration in ultra-intense laser pulse [4]. By
an action of the wave pressure of electromagnetic
wave (photon), which is the so-called “pondero-
motive force”, electrons are expelled from the in-
tense electromagnetic wave pulse region, and then
large-amplitude electrostatic wakefields are gener- _ :

. . boundaryxz=0, a wall where particles and wave
ated behind the packet of electromagnetic wave,

L . . are reflected is placed.
which in turn can accelerate electrons and ions into o i o
relativistic energies [5]. The x-axis is normalized by the electron relativi
tic inertia wavelength2mc/w,., where the plasmz

Recently the similar process of the wakefield is ¢ - W the densit
investigated by Lyubarsky [6], who discussed en- €AUENCYwpe = /4mNie?/y1me, the density

Relativistic Shock Structure

We discuss the relativistic, magnetosonic, ic
electron shock by using a one-dimension
particle-in-cell (PIC) code. Shown in Figure 1
a well-developed shock structure obtained by «
simulation. We assumed that a low-entropy, r
ativistic plasmas consisting of electrons and ic
are injected from the left-hand boundary. At tl
particle injection boundary, the plasma carries
uniform magnetic field3, and a uniform motional
electric fieldE, = v, B, /c, polarized transverse ti
the plasma flow,.. At the downstream right-han
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Figure 1: Relativistic shock structure. From the
top, ion phase spadg.., electron phase spatg,,
electric fieldE,,, and magnetic field, .

N7 in the simulation (shock downstream) frame.
We also assumed that the speed of lighl, the
upstream bulk Lorentz factey; =10 and the mass
ratio of ion to electronn; /m.=50 in order to save
the computational CPU time. Theparameter is
set to beoyora = BZ/(4nN1vi(mi + me)c?) =

2 x 1073 ando, = B?/(4nNyyimec?) ~ 0.1,

The snapshot in Figure 1 is obtainedtat,, =
5431, and from the top, the ion phase spdcg,
the electron phase spable,, the longitudinal elec-
tric field F,., and the transverse magnetic fighgd.

These physical quantities are normalized by the

We can see that large amplitude electromagn
(EM) waves(B,) generated at the shock front a
propagating into the shock upstream region. It t
been discussed that the the precursor EM waves
excited by the synchrotron maser instability at t
shock front [7]. The wave energy densiB? /8w
is about10% — 100% of the upstream electro
bulk flow energy densityV,y;m.c?. At the time
of twpe = 5431, the tip of the precursor wave
reached atr/(27mc/wp.) ~ —850, and we ob-
tain that the propagation velocity of the precurs
wave is abouf850 x 2mc)/5431 ~ 0.98¢, which
is almost equal to the speed of light. In contri
with non-relativistic shock waves, the relativist
shocks can transfer a large amount of energy i
not only the lower frequency MHD waves but al:
the higher frequency electromagnetic waves.

Associated with the precursor wave, the gene
tion of large-amplitude electrostatic wakefieltlg
and the electrons heating and acceleration beci
significant. In the leading edge of the precurs
wave B., sinusoidal structures can be recogniz
for both the wakefield€, and the modulation of
the electron phase spate,. As approaching to-
ward the shock front, those waves start to colla|
and strong plasma scattering and acceleration
curs. The energy of the accelerated electrons re
up to more tham /m.c? ~ 50, which is larger than
the upstream bulk flow energy of iongm;c?.

Particle Acceleration by Wakefields

As we can observe in our simulation result, ele
trons are thermalized/accelerated in associa
with the electromagnetic precursor wavBs and
the electrostatic wakefieldg,,. The good corre-
lation between the electron phase spatg and
the electric fieldE, can be clearly seen arour
x/(2mc/wpe) ~ 700. This is suggestive that thos
electrons gain energy from the wakefiel@s.

corresponding upstream parameters. A shock front 1N€ €nergy gain of charge particles in astroplas

can be seen at the center of simulation box, i.e.,

x/(2mc/wpe) ~ —400. The right-hand region cor-

settings is believed to be evaluateddy eEL,
whereE and L are the motional electric field x

responds to the shock downstream occupied by rel- B/¢ and the scale size of system, respectively |
ativistic hot plasmas, while the left-hand region is OUr Point in this paper is that the electric fiekd
the shock upstream/transition region with super- 1S 9iven by the wakefield:,, which magnitude is

sonic flows.
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Let us first estimate the wakefield amplitude, Due to Lorentz transformation of the Langmt
which is generated by an action of the pondero- wave, we obtain the wave length of the wakefie
motive force of the precursor wave. The origin Ly.xe in the laboratory (shock downstream) fram
of the ponderomotive force can be understood as @

“wave pressure” under the interaction of charge
This estimation gives a good agreement with !

particles and the coherent wave [8]. The pon-
deromotive forcely,onq is expressed by pong = wakefield structure observed at the tip of the p
cursor in Figure 1.

—eV¢pond, Where the generalized ponderomotive

otentialp,ona = m.ic®y/1 + a2 [9], the normal- o .
p Ppond = m;C o [9] From Egs.(1) and (2), the energy gain in the sit
soidal precursor region can be estimated by

Lwake ~ 2’710/wpe~

ized amplitudeyy = eEy/mjcwy. j = 1, e stands
for either ion or electron. Since the electron pon-
deromotive force is much larger than the ion one,
electrons are expelled from the large amplitude
wave region, and then the polarization electrostatic By comparing the above theory with the simulati
field is generated in order to maintain the charge result in Figure 1, we find the theory can correc
neutrality in plalsma. Then the induced electro- predict the modulation energy of the electron ph:
static field initiates the plasma oscillation behind space in the leading edge of the wakefields aro!
the precursor waves. This is a basic mechanism of z:/(2w¢/w,.) ~ —700.

“wakefield”. We now discuss the most important accelerat
Based on the simulation study of the pair plasma process behind the sinusoidal wakefield regi
shock [10], the amplitude of EM precursor wave In the turbulent wakefield region, we think th
E, can be estimated a8y/B1 ~ (econv/0e)'/?, a successive Raman scattering process is hap
where B; is the upstream magnetic field and ing. Namely, the scattered EM (daughter) wz
econv ~ O(1) is the energy conversion rate from due to the Raman process may decay again
the upstream bulk energy into the precursor wave another scattered EM (grand-daughter) wave i

2 2
€ ~ eFyake Lwake ~ Y1 MeC”. (3)

energy. The precursor frequengy is also known
to bewy/wpe ~ 2 — 3. Then we can obtain the
normalized amplitudey ~ v1/Econy. From the

another Langmuir wave. This nonlinear Ram
process may continue as long as the frequenc
the decay EM wave is larger than the plasma f

above, we can obtain the amplitude of the wake- quencyw,.. During this Raman process, a broa
fields as band wave spectrum can be generated.

If we observe the lower frequency part of tt
broadband spectrum in the shock downstre
frame, they can propagate into the downstre
direction due to the Doppler shift effect. The

)

Next we investigate the scale length of the wake-
field. An interaction of the electromagnetic (EM)

wave (i.e., precursor wave) and the Langmuir wave we m xpect the stochasti rticl lera

(i.e., wakefield) through the ponderomotive force Wﬁh aa?/a?] d%?r(]: acceefecr);tis:-;erc)zllefa?ir?ccethz

can be understood by the so-called Raman scatter-". . . gpn
side the turbulent wakefield region. The impc

i in pl 11]. When the f o ) X
ing process in plasma [11] en the frequency tant point is that a particle can resonance with -

and wave number of the pump EM wave is given ting t 4d ¢ Theref

by (wo, ko), the scattering EM wave witfwy, k1) wave propagating toward downstream. heretc

and the induced Langmuir wave with, k) have we may estimate the maximum attainable ene
’ in the turbulent wakefields by

to satisfy the wave-wave coupling conditions of

wp = w1 +ws andkg = ki +ko. Note that the wave

dispgrsion relations of EM qu%z_ = ki +wl, e Eeff s

for j = 0,1 and of Langmuir modev, = wp, . .

should be also satisfied. For the case@ts> wy., where Ly, ande.s denote the region size of th

we can easily find that the Langmuir wave has Wakefields and the efficiency the stochastic act

(w2, ko) ~ (wWpe,wpe/c) in proper frame where the ~ eration. The system sizéy,; may be roughly

ambient plasma is at rest [8]. estimated from the difference of the propagati
speeds between the precursor wave and the sl

Ewake/Bl ~ Ue_l/2~

2 LSyS

4

g~ eEwakeLsyseeff ~ Y1MeC
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and the maximum energy is abayty;m;c? ~ 8,
10° ] [ON . which is of the same order of the electron ma:
mum energy, because the mass ratio of ionto e
| tron is assumed to b# in our simulation.

downstream ] Our simulation study is only a first step to unde

standing the potential rich wakefield acceleratic

It is important to study further our simple accele

|/ lupstream bl | ation process from several other aspects: one is

o Y s o radiation loss process such as the synchrotron

7/7: and Compton scattering. Another is the wave 1

‘ . herency of the precursor wave that is probably 1

ELECTRON - most important issue, because the coherency it

quire for the ponderomotive force. Otherwise t

effect of the radiation pressure force enters into
standard Thomson scattering regime.

N(y)dy

1

N(y)dy

downstream
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Figure 2: Energy spectra for ions and electrons
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