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Abstract

A novel mechanism for generating large (> 1 GeV/m) ac-
celerating wakes in a plasma is considered. We employ
two slightly detuned counter-propagating laser beams, an
ultra-short timing pulse and a long pump, which exchange
photons and deposit the recoil momentum into the plasma
electrons. A rapidly rising electron current is thereby gen-
erated, inducing an plasma wake with phase velocity equal
to the group velocity of the short pulse, which can be used
for particle acceleration. It turns out that, by modulating
the amplitude and frequency of the pump, one can gener-
ate periodic phase-controlled accelerating structures in the
plasma (“plasma linac”). By the judicious choice of the du-
ration of each segment of the pumping beam, acceleration
unlimited by the dephasing can be realized. The amount
of transverse focusing can be also adjusted. The impor-
tant advantage of this type of plasma accelerator over the
conventional laser wakefield accelerator is that it requires
modest laser intensitiesI � 1018W/cm2.

1 INTRODUCTION

Plasma is an attractive medium for particle acceleration [1]
because of the high electric field it can sustain. In a plasma-
based accelerator particles gain energy from a longitudinal
plasma wave. To accelerate particles to relativistic ener-
gies, the plasma wave needs to be sufficiently intense, with
a phase velocity close to the speed of light. The longitudi-
nal (accelerating) field of the plasma wave isE0 = n̂Ewb,
where n̂ = δn/n0 is the fractional density perturbation
of the plasma by the wave, andEWB = mcωp/e is the
cold wavebreaking field. Hereωp =

√
4πe2n0/m is the

plasma frequency,n0 is the plasma density,−e andm are
the electron charge and mass. In a laser wakefield accel-
erator (LWFA) such a plasma wave is excited by an ultra-
short pulse of about1/ωp duration. Sincên ≈ a2

0/2, where
a2
0 = 0.37I0/1018W/cm2, high laser intensityI0 ∼ 1018

W/cm2 is required.
In this paper we suggest a new approach to generating

accelerating wakes in plasma, which we call a colliding-
beam accelerator (CBA). This method requires neither
ultra-high intensity lasers, nor high-current electron beams.
Rather, by colliding two counter-propagating laser beams
of sub-relativistic intensities, a short timing beam (TB)a0

and a long pumping beam (PB)a1, a plasma wave with
phase velocityvph equal to the group velocity of the short
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pulsevg ≈ c is generated. This wave induces a fractional
density perturbation of the plasma,n̂ ≈ ωp/ω0, whereω0

andω1 ≈ ω0 are the laser frequencies. In order to induce
a density perturbation of this magnitude, laser intensities
should satisfya0a1 ≥ ω2

p/ω
2
0. This condition implies non-

relativistic laser intensitiesI0,1 � 1018W/cm2, because
ω2
p/ω

2
0 � 1 for tenuous plasmas.

When two laser pulses collide in plasma, they may ex-
change photons [2]. The direction of the energy flow be-
tween the pulses is governed by the Manley-Rowe relation:
the higher-frequency photons back-scatter into the lower-
frequency photons. The recoil momentum is deposited into
the plasma electrons. For example, when the pump fre-
quency is higher,∆ω = ω0 − ω1 < 0, plasma electrons,
on average, acquire a negative momentum and produce an
electron current. It is essential that this current can gener-
ate a plasma wave substantially larger in amplitude (the en-
hanced wake) than the conventional plasma wake produced
by mere forward scattering. Since the sign of the current is
controlled by the frequency detuning∆ω, so is the phase
of the plasma waveφ = ωp(t − z/vph). These two points
are illustrated by a numerical simulation, performed using
a 1D version of the Particle-in-Cell (PIC) code VLPL [3].
As Fig. 1 indicates, the addition of the counter-propagating
laser beam (pump) to the ultra-short pulse increases the
magnitude of the wake by order of magnitude. We will,
therefore, refer to the wake generated in the presence of the
pump as the “enhanced” wake, as opposed to the “regular”
wake, produced in the absence of the pump. Moreover, one
observes from Fig. 1 that when the frequency of the pump
is changed fromω1 = 1.1ω0 to ω1 = 0.9ω0, the phase of
the wake is changed by∆φ = −π.

The remainder of the paper is organized as follows. In
Section 2 we consider the basic physics of the enhanced
wake excitation: interference of two counter-propagating
laser beams generates a spatially periodic (with period
λ0/2) ponderomotive potential, which can impart an over-
all momentum to the plasma. Two regimes are considered:
when the electron motion in this ponderomotive potential is
linear, and when strong electron. In Section 3 we demon-
strate how a sequence of acceleration/drift sections can be
produced in plasma, mimicking sections of a conventional
rf accelerator in the plasma medium.

2 GENERATION OF ENHANCED
WAKES

We consider the interaction between the electron plasma
and two planar circularly polarized laser pulses~a0 and~a1,
where~a0,1 = a0,1(~ex ± i~ey)/2, θ0 = (k0z − ω0t), and
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Figure 1: Top to bottom: (i) single short laser pulse with
a0 = 0.12 and frequencyω0 propagates from left to right;
(ii) short pulse generates a weak plasma wakeEx; (iii) in
the presence of counter-propagating pump witha1 = 0.05
and frequencyω1 = 1.1ω0 the wake is enhanced, and its
phase is shifted byπ/2 with respect to the “regular” wake
of (ii), which is also shown for comparison; (iv) Same as
(iii), only a down-shifted pump withω1 = 0.9ω0 is used,
and the phase shift is−π/2.

θ1 = (k1z + ω1t). We assume laser pulses close in fre-
quency|∆ω| � ω0, and tenuous plasmaωp � ω0,1, so
thatk0 ≈ k1 ≈ ω0/c.

Plasma electrons experience the longitudi-
nal ponderomotive force of the laser beatwave
F = −mc2∂z~a0 · ~a1 ≈ 2k0a0(ζ, z)a1 cos (2k0z − ∆ωt),
whereζ = t − z/vg. The motion of an arbitrary plasma
electron (labeled by indexj) is determined by its pondero-
motive phaseψj = 2k0zj −∆ωtj, wherezj andtj are the
electron position and time, respectively. The equation of
motion for thej’th electron can be expressed as

∂2ψj
∂ζ2

+ ω2
B sinψj = −ω2

p

∞∑
l=1

n̂le
ilψj − 2ω0eEz

mc
+ c. c.,

(1)

whereω2
B(ζ, z) = 4ω2

0a0a1 is the bounce frequency of an
electron in the ponderomotive potential. It turns out that
two plasma waves are excited by the collision of a short
pulse with a long pump: a slow wave with the wavelength
λ0/2, and a fast wave (enhanced wake) with the wave-
lengthλp. This is reflected in Eq. (1):̂nl =

〈
e−ilψj/l

〉
λ0/2

is the l−th harmonic of the slow wave, andEz, the en-
hanced wake, is the electric field of the fast wave.

The nonlinear origin of the enhanced wakeEz can be
understood as follows. As the photons are exchanged be-

tween the counter-propagating beams, electrons, on av-
erage, acquire the recoil momentum and produce a cur-
rent. However, the current in 1-D must be balanced by
the displacement current. An electric fieldEz is pro-
duced, satisfying Faraday’s law∂Ez/∂t = −4π < Jz >,
where< Jz > is the current averaged over the period
of the slow wave. Two flows contribute to< Jz >:
the linear plasma flow in the field of the enhanced wake
Jf = −en0vf , and the nonlinear (space-averaged) flow
−e〈nv〉. Taking the time derivative of Faraday’s law, we

obtain

(
∂2

∂ζ2
+ ω2

p

)
Ez = −4πe

∂ < nv >

∂ζ
.. Below we

consider two regimes: when the slow wave is linear and
when electrons are trapped by the ponderomotive potential.

If the slow wave remains linear, its higher harmonics
can be neglected, and〈nv〉 = n0(n1v

∗
1 + n∗1v1), where,

as defined earlier,̂n1 =
〈
e−iψj

〉
is the plasma density per-

turbation, andv1 is the associated velocity perturbation.
Using the continuity equation, we find that〈nv/c〉 =
(∆ω/ω0)|n̂1|2. It can be shown that behind the Gaussian
TB a0(ζ) = a0 exp (−ζ2/2τ2

L) the accelerating electric
field oscillates asEz(ζ) = ẽ(mcωp/e) sinωpζ, where

ẽ =
π∆ω
8ω0

(
4a1a0

ω2
0

ω2
p

)2

ω2
pτ

2
Le

−ω2
pτ

2
L/4 ×

×
[
e−(ωp−∆ω)2τ2

L + e−(ωp+∆ω)2τ2
L +

2
3
e−∆ω2τ2

L

]
(2)

The most efficient excitation of the accelerating wake re-
quiresτL ≈ 2.0ω−1

p and∆ω = ±1.1ωp. For these param-
eters|ẽ| ≈ 0.6ωp/ω0 (4a0a1ω

2
0/ω

2
p)

2. The enhanced wake
exceeds the regular wake from forward scattering when-
evera1 > (ωp/ω0)3/2/4. Forn0 = 1018cm−3, this corre-
sponds to the pump intensityI1 > 2 · 1014 W/cm2.

Equation (2) is valid if the slow plasma wave is linear. To
find the maximum magnitude of the enhanced wake, con-
sider the nonlinear regime of Eq. (1) whenω2

B > ω2
p. In

this regime, all the terms in the RHS of Eq. (1) become
smaller than the ponderomotive term in the LHS. One may
neglect the electrostatic forces acting on plasma electrons
during the short time of TB interaction. Hence, the particle
motion is qualitatively described by the nonlinear pendu-
lum equationψ̈j + ω2

B(ζ) sinψj = 0.
Plasma electrons, initially stationary in the laboratory

frame, enter the time-dependent ponderomotive bucket
with the initial “speed”ψ̇ = −∆ω. If this speed is smaller
than the bucket heighṫψmax = 2ωB, some electrons be-
come trapped and execute a synchrotron oscillation in the
bucket. It turns out that, by appropriately choosing the
pulse duration and frequency detuning, a substantial aver-
age momentum can be imparted to plasma electrons. The
largest average momentum gainPz ≈ mc∆ω/ω0 is real-
ized for∆ω ≈ ωB andτL ≈ 2/ωB. For these parameters,
most of the electrons execute half of a bounce in the pon-
deromotive bucket. Behind the TB electrons are left with
an average momentumPz, generating an enhanced wake
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with the electric field

eEz
mcωp

=
〈Pz〉
mc

sinωpζ ≈ sign(∆ω)
(
ωB
ω0

)
sinωpζ. (3)

Since the bounce frequencyωB ∼ I
1/4
0 increases slowly

with the intensity of the TB, it is realistic to assume that
ωB ∼ ωp, so thatn̂ ∼ ωp/ω0. Note that the phase of the
enhanced wake is controlled by the sign of the frequency
detuning∆ω, as observed in the PIC simulation. This is
true when the slow plasma wave is either linear, or nonlin-
ear, as predicted by Eqs. (2) and (3), respectively.

3 PLASMA LINAC

The ability to controlφ is important since it may solve
the dephasing problem of wakefield acceleration. Dephas-
ing between the plasma wave and the accelerated rela-
tivistic electrons occurs after a distanceLd = λ3

p/λ
2
0, af-

ter which electrons slip into the decelerating phase of the
wake. Generating a series of wake sections with tailored
relative phases and magnitudes may result in a new type
of plasma linac, in which the injected electrons experience
acceleration over distances much exceedingLd. In order
to demonstrate the control over the phase and amplitude
of the wake in a CBA, we present in Fig. 1(b) the results
of a numerical simulation, where two wake sections of 1
mm total length and the relative phase difference ofπ are
shown. The full dephasing distance ofLd = 1cm would
involve a considerably more computational effort beyond
out present capabilities.

The pump is split into two sections: the leading section
of duration∆t1 = 500 × 2π/ω0, where∆ω = −1.7ωp,
and the trailing section∆t3 = 250× 2π/ω0, where∆ω =
1.7ωp. These two pump beam sections are separated by the
middle section of duration∆t2 = ∆t3, where the pump is
switched out.

As Figs. 2(a,b) show, the three pump sections map into
three spatial acceleration regions, which are different from
each other by the behavior of the TB, as well as the mag-
nitude andphaseof the plasma wake. In the leading region
the pump beam has higher frequency and energy flows into
the TB, amplifying it. A strong plasma wake with the peak
accelerating gradient of8 GeV/m is induced. The middle
region is void of the pump. Here the TB interacts with the
plasma through the usual LWFA mechanism only, produc-
ing a weak,< 1GeV/m, accelerating wake. In this region
the energy of the injected electrons does not significantly
change, as seen from Fig. 2(d). When the trailing (low-
frequency) part of the pump collides with the TB, the en-
ergy flows from the TB into the PB, Fig. 2(c). Again, a
strong plasma wake is induced, Fig. 2(b). This wake, how-
ever, is shifted in phase by∆φ = π with respect to the lead-
ing region. As a result, the particles which gained energy
in the leading region aredeceleratedin the trailing region,
Fig. 2(d). By repeating the time sequence for the pump,
shown in Fig. 2, with the appropriately chosen durations of
the pump sections∆t1 = 2Ld/c and∆t2 = ∆t3 = Ld/c,
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Figure 2: Collision between a short timing beam (a0 =
0.08, τL = ω−1

p ) and an intermittent pump (a1 = 0.012) in
n0 = 2.5×1018cm−3 plasma (ω0/ωp = 20). 10 MeV elec-
trons are continuously injected into the plasma. (a) Time-
dependence of the pumping beam intensityI1 = 2a2

1; (b)
longitudinal electric fieldeEz/mcωp; (c) propagation of
the TB through the plasma,I0 = 2a2

0’; (d) phase space of
injected electrons.

one can achieve limitless particle acceleration, not encum-
bered by dephasing. The convenience of this particular se-
quence is that the particle is accelerated for3/4 of the time.
Also, since∆t1 > ∆t2, there is a net energy flow from the
pump into the beam which can compensate for the diffrac-
tive losses.
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