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Acceleration and Compression of Charged Particle
Bunches Using Counterpropagating Laser Beams

Gennady Shvets, Nathaniel J. Fisch, and Alexander Pukhov

Abstract—The nonlinear interaction between counterpropa-
gating laser beams in a plasma results in the generation of large
(enhanced) plasma wakes. The two beams need to be slightly
detuned in frequency, and one of them has to be ultrashort
(shorter than a plasma period). Thus produced wakes have a
phase velocity close to the speed of light and can be used for
acceleration and compression of charged bunches. The physical
mechanism responsible for the enhanced wake generation is
qualitatively described and compared with the conventional laser
wakefield mechanism. We also demonstrate that depending on the
sign of the frequency difference between the lasers, the enhanced
wake can be used as a “snow-plow” to accelerate and compress
either positively or negatively charged bunches. This ability can
be used in an electron–positron injector.

Index Terms—Injectors, laser–plasma interactions, plasma ac-
celerators.

I. INTRODUCTION

PLASMA was suggested as an attractive medium for par-
ticle acceleration [1] because of the high electric field it can

sustain. In a plasma-based accelerator [2], particles gain energy
from a longitudinal plasma wave whose phase velocity is close
to the speed of light. Excitation of such plasma wakes requires
a relativistic driver, such as an electron beam in a plasma wake-
field accelerator (PWA) [3] or a short laser pulse in laser wake-
field accelerators (LWFA) [1]. The magnitude of the plasma
wake in LWFA, measured in units of , where

is the plasma frequency, is approxi-
mately equal to , where is the normal-
ized vector potential of the laser pulse. Here, , and
are the plasma electron density, electron charge, and mass, re-
spectively. Because corresponds to the laser intensity

W/cm [ m], where is the
laser wavelength, a relatively high intensity is needed to produce
an electric field comparable to .

Recently, a novel approach to generating plasma wakes was
suggested [4]. It employs two counterpropagating laser pulses: a
short timing beam (TB) with frequency and a long pumping
beam (PB) with frequency . To produce a plasma wake of
order , the TB has to be shorter than
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and detuned from the PB by . Because this
approach requires two colliding laser beams, it is referred to as a
colliding beam accelerator (CBA). CBA has two important fea-
tures: 1) the required intensities of the colliding laser pulses are
much smaller than W/cm , and 2) the phase of the wake
depends on the frequency detuning . Feature 1) can be re-
stated as follows: plasma wake due to the low-intensity short
laser pulse alone is much smaller than the plasma wake due to
the interference of the same short pulse with a long counter-
propagating pulse. Therefore, the former wake is referred to as
the “regular wake,” and the latter wake is referred to as the “en-
hanced wake.”

In this paper, we further elucidate the basic differences be-
tween the regular and enhanced wakes by exploring the analogy
between the plasma wave excitation and the excitation of a pen-
dulum. There are two ways to excite a pendulum: by displacing
it and letting go, or by imparting it with momentum through
an impulsive kick. It turns out that the excitation of the regular
wake is analogous to the former, whereas the excitation of the
enhanced wake is analogous to the latter. In addition, we demon-
strate how CBA can be used as a compressor/injector of charged
particle bunches. Because the phase (or, equivalently, the sign)
of the enhanced wake can be controlled by the laser detuning

, such an injector can accelerate and compress either elec-
tron or positron bunches.

The basic idea of using a laser pulse as a “snow-plow” for di-
rect ponderomotive acceleration in a plasma was recently sug-
gested by McKinstrie and Startsev [5]. They found that if the
group velocity of the laser pulse , an intensity threshold,
exists, past which an electron that initially moves with
can be accelerated to the velocity larger than the laser group ve-
locity. The intensity threshold becomes infinite for a laser pulse
moving with the speed of light. For the subthreshold intensities,
the electron is eventually overtaken by the laser pulse without
net energy gain. Du and Xu [6] later extended this idea by con-
sistently taking into account the longitudinal electric field of the
plasma (although assuming that the laser pulse is longer than the
plasma period). They concluded that under these assumptions,
electrons cannot be accelerated by the combined fields of the
laser and plasma. Positrons, however, could be accelerated by
the leading edge of the electrostatic potential produced in the
plasma. Importantly, the intensity threshold does not diverge in
the limit of . Unfortunately, the transverse electric field
would sidescatter positrons unless some external focusing is ap-
plied.

Accelerators described in [5] and [6], where an injected par-
ticle is pushed by the leading edge of either the ponderomo-
tive or the induced electrostatic potentials, can be referred to
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as the snow-plow accelerators. They differ from the conven-
tional laser–plasma accelerators in that the final particle energy
does not depend on the particle phase with respect to the plasma
wake. As long as the intensity threshold is exceeded, the final
energy of the particle, which is originally ahead of the pulse, is
determined by the pure kinematics of the collision between a
particle and a moving wall. From similar kinematic considera-
tions, we conclude that an initially long bunch is compressed in
the process of injection.

Although neither [5] and [6] suggested that a particle injector
can be based on their ideas, such practical application is log-
ical if two major drawbacks of the snow-plow acceleration can
be overcome: 1) the mechanism only works for positrons, and
2) transverse electric field defocuses the accelerated particles.
In this paper, we demonstrate how, in principle, the ideas of
snow-plow acceleration and enhanced wake generation can be
combined to construct such an injector. To do this, we develop
a three-dimensional (3-D) theory of the CBA. The one-dimen-
sional (1-D) theory was described in [4]. Other laser injection
schemes, not based on the snow-plow acceleration, were re-
cently suggested by Umstadteret al. [7] and Esareyet al. [8].

The remainder of the paper is organized as follows. In Sec-
tion II, we present a qualitative 1-D analysis and numerical sim-
ulation of the CBA. The emphasis is on two properties of the
enhanced plasma wake produced in a CBA: 1) large acceler-
ating gradients ( GeV/m) can be obtained using laser pulses
of subrelativistic ( W/cm ) intensities, and 2) the phase
of the enhanced wake can be changed by by simply
changing the sign of the frequency detuning between the timing
and pumping beams. In Section III, we review the basics of the
snow-plow acceleration in one dimension. The 3-D theory of the
colliding beam accelerator in an almost-homogeneous plasma is
derived in Section IV. Section V concludes.

II. ONE-DIMENSIONAL THEORY OF COLLIDING BEAM

ACCELERATOR

To illustrate the concept of the CBA, the following phys-
ical problem was simulated using a 1-D particle-in-cell (PIC)
code Virtual Laser Plasma Laboratory (VLPL) [9]. An ultra-
short circularly polarized Gaussian laser pulse with duration

and normalized vector potential , prop-
agating in the positive-direction, collides in a plasma with a
long counterpropagating pulse with . Plasma density
was chosen such that . The snapshot of the pulse
intensity normalized to W/cm is shown in Fig. 1(a).
Two cases, corresponding to the different frequencies of the PB,

and , were simulated. The resulting
plasma wakes are shown in Fig. 1(c) and (d), respectively. For
comparison, we also plot the wake produced by a single TB in
absence of the counterpropagating pulse in Fig. 1(b).

Because the intensity of the short pulse is chosen nonrela-
tivistic, the magnitude of the plasma wake left behind the pulse
is much smaller than the limiting (wavebreaking) field ac-
cording to . The situation changes dramatically
when a counterpropagating beam is added. As Fig. 1(c) and
(d) indicate, the addition of the pumping beam increases the
electric field of the plasma wake by an order of magnitude. To

Fig. 1. Top to bottom: (a) single short laser pulse witha = 0:12 and
frequency! propagates from left to right; (b) short pulse generates a weak
plasma wakeE ; (c) in the presence of counterpropagating pump with
a = 0:05 and frequency! = 1:1! , the wake is enhanced, and its phase is
shifted by�=2 with respect to the “regular” wake of (b), which is also shown
for comparison; (d) same as (c), only a downshifted pump with! = 0:9!
is used, and the phase shift is��=2.

further illustrate this point, we plotted the regular wake [same
as shown in Fig. 1(a)] in Fig. 1(c) and (d) for comparison. Note
that the vertical scales of the Fig. 1(b)–(d) differ by a factor 20.
Plasma wakes produced as a result of the collision between the
counterpropagating beams is referred to as the enhanced wake
because it can be much larger than the regular wake.

The origin of the enhanced wake can be qualitatively under-
stood by comparing its phase with that of the regular wake. As
the comparison of Fig. 1(b) and (c) indicates, the phase of the
enhanced wake differs by from that of the regular
wake. Recall that when a laser pulse of the duration
interacts with a plasma electron, an electron is displaced by

[10], where . The momentum
gained by the electron from the laser pulse is small because
the plasma response can be neglected for short pulse durations.
Here, and elsewhere, we assume nonrelativistic laser intensities

for both the short and long pulses. Plasma is assumed
tenuous, , so that .

The above reasoning applies not only to a single plasma elec-
tron, but also to any small fluid element of the plasma. Fluid de-
scription is appropriate here because the electron displacement

for a short laser pulse of nonrelativistic intensity.
Therefore, electron trajectories do not cross, and the Lagrangian
displacement of the fluid element at satisfies the har-
monic oscillator equation . The initial condition

and is given along
the world line of the short laser pulse that sets up the initial dis-
placement . The solution of the harmonic oscillator equation
that satisfies this initial condition is .
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The electric field of the resulting plasma wake is found from

(1)

where we assumed that .
Enhanced wake is shifted in phase by with respect to the

regular wake because the initial conditions for every fluid el-
ement along the path of the short pulse are set up differently.
Assume, for example, that every plasma fluid element is im-
parted with an initial velocity instead of being initially dis-
placed. With such an initial condition, the solution of the har-
monic oscillator equation, , ex-
hibits the observed from the simulations phase shift. The ini-
tial velocity is imparted to the plasma via the backscattering of
the long pulse into the short one (or vice versa, depending on
the frequency detuning ), as explained below. Note that the
backscattering takes place off the driven (nonresonant) plasma
density perturbation, which is excited over a very short period
of time . The frequency difference need not (and
is not in the example illustrated by Fig. 1) be equal to, distin-
guishing the mechanism of the enhanced wakefield generation
from the usual Raman backscattering. By analogy to the plasma
beatwave accelerator, an ultrashort TB could, in principle, be
substituted by two longer beams separated in frequency by.

When two counterpropagating laser pulses interfere, an
almost-standing intensity wave is produced. Its spatial and
temporal periods are and ,
respectively. This intensity grating is slowly moving with the
speed and in the limit of the monochro-
matic beams becomes a standing wave. Plasma electrons are
affected by the ponderomotive force , which is
proportional to the gradient of the ponderomotive potential

, created by the interference of the two lasers.
This ponderomotive force, directed along the-axis, is given
by .

It is convenient to introduce an electron ponderomotive phase
of the th particle inside a given pondero-

motive period. Using this definition and the expression for the
ponderomotive force, a useful quantity can be
constructed that has the dimension of the frequency squared,
and it characterizes the strength of the ponderomotive force. If

, the Coulomb interactions between the plasma elec-
trons can be neglected in comparison with the ponderomotive
force. Equation of motion for the’s electron in this case is par-
ticularly simple

(2)

where, as before, a dot denotes a derivative with respect to time
or the comoving coordinate . The functional de-

pendence of on is determined by the longitudinal profile of
the short pulse; the bounce frequency vanishes before and after
the timing beam.

Plasma electrons, initially stationary in the laboratory frame,
enter the time-dependent ponderomotive bucket with the initial
“speed” . If this speed is smaller than the bucket

height , some electrons (with the appropriate ini-
tial ponderomotive phase) become trapped and execute a syn-
chrotron oscillation in the bucket. It turns out that by appropri-
ately choosing the pulse duration and frequency detuning, a sub-
stantial average momentum can be imparted to plasma elec-
trons. Clearly, depending on their initial phase, some elec-
trons will gain positive or negative momentum. The emphasis,
however, is on the average momentum transferred to a fluid el-
ement of size . The sign and magnitude of varies on a
scale of the short pulse duration, which is assumed much larger
than . This constitutes the major difference between the
generation mechanisms of the regular and enhanced wakes. In
the case of a regular wake, the fluid description on all spatial
scales is completely adequate. In the case of an enhanced wake,
fluid description is sufficient on a long spatial scale (of order

or ). Fully kinetic treatment may be necessary on a
short scale of the ponderomotive period.

To model the electron dynamics on a scale of one ponderomo-
tive period, we assume that the TB has a Gaussian temporal pro-
file, , and solve the nonlinear pen-
dulum equation (2) for an ensemble of test electrons. Before the
arrival of the TB (at ), the electrons are uniformly dis-
tributed in phase and have identical .
The average momentum , gained by the electrons after the
interaction, is calculated as , where

. In the color plot of
Fig. 2, is shown as the function of the normalized pulse du-
ration and frequency detuning . From Fig. 2, the
average momentum, gained by the electrons, has the same sign
as the frequency detuning.

The largest average momentum gain is re-
alized for and . For these parameters,
most of the electrons execute half of a bounce in the pondero-
motive bucket. Other bright color streaks in Fig. 2 correspond
to the electrons executing , etc., bounces. For those
higher order resonances, is maximized for longer pulse dura-
tions . If the pulse duration is longer than , the neglected
space-charge terms are likely to wash out these higher order res-
onances and to reduce . The nonzero momentum transfer to
the plasma electrons is due entirely to the short duration of the
TB. Although it was long recognized [11], [18] that the interac-
tion between laser beams in the plasma results in the momentum
transfer to plasma electrons and ions, most calculations assumed
long laser beams, in which case, most of the momentum was
transferred to the ions.

The kinetic modeling presented above provides the averaged
value of the transferred momentum as an input for a long-scale
fluid calculation. Namely, with an initial condition for the fluid
element velocity , we calculate the electric field of
the enhanced wake as

(3)

In deriving (3), we assumed that the initial displacement of the
fluid element . This is because, as we observe from (2),
plasma electrons and are “clamped” at the opposite sides of
the ponderomotive period, and . Comparison
between (1) and (3) indicates that the phase shift between the
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Fig. 2. Average momentumP gained by plasma electrons in the
ponderomotive bucket as a function of the normalized TB duration! �
(horizontal axis) and the frequency detuning�!=! (vertical axis).

regular and the enhanced wakes is , just as observed from
Fig. 1(b) and (c). Moreover, changing the sign of the frequency
detuning shifts the phase of the enhanced wake by, in
agreement with the simulations results from Fig. 1(c) and (d).

To conclude this section, we present an alternative deriva-
tion of the enhanced wake in one dimension that will be ex-
tended to three dimensions in Section IV. The electric field of
the enhanced wake can be interpreted as a displacement current.
As the photons are exchanged between the counterpropagating
beams, electrons, on average, acquire the recoil momentum
and produce a nonlinear current . In 1-D, any
current flowing through the plasma must be balanced by the dis-
placement current [11], [18]. Therefore, an electric field is
produced, satisfying Ampeze’s law , where

is the combined current in the plasma. Two flows contribute
to : the linear plasma flow in the field of the enhanced wake

, and the nonlinear (space-averaged) flow .
Taking the time derivative of Ampeze’s law (with ),
we obtain

(4)

Equation (3) for the enhanced wake can be recovered from (4)
by assuming that . This assumption
is justified when the TB duration is shorter than .

III. SNOW-PLOW ACCELERATION: ONE-DIMENSIONAL

CALCULATION

In this section, we explain how a combination of the pon-
deromotive force of a short laser pulse and plasma wake can be

used to accelerate charged particles to the velocity exceeding
the group velocity of a laser pulse in the plasma. The original
idea of using ponderomotive force of the leading edge of a laser
pulse to accelerate a charged particle (electron or positron) was
suggested by McKinstrie and Startsev [5]. They found that if
the particle is initially ahead (to the right) of the laser pulse
moving with the group velocity , and its initial velocity

, if the intensity of the laser pulse is sufficiently
high, the particle can bounce off the laser pulse, gaining energy
as the result. This calculation can be extended to the case of the
laser pulse moving through the plasma.

In the reference frame moving with, the initial energy-mo-
mentum of the particle are and

. Primed variables are calculated in the reference
frame moving with the pulse. In the pulse frame, the particle ve-
locity is negative if in the laboratory frame, . However,
if the pulse is sufficiently intense, the particle can reflect off the
pulse, reversing the sign of its momentum in the pulse frame.
Transforming back to the laboratory frame, we find that, after
reflection, the final particle energy is

(5)

The final energy does not depend on the exact details of the force
experienced by the particle: in one dimension, energy and mo-
mentum can be expressed as functions of the interaction poten-
tial, which vanishes before and after the interaction. Therefore,
(5) is simply a consequence of the conservation of energy and
momentum.

For a laser pulse in vacuum, McKinstrie and Startsev found
that a threshold laser intensity needed for reflecting an electron
(or positron) is given by . This
estimate also holds for a tenuous plasma, provided that the pulse
is shorter than . Note that for a pulse moving with a speed
of light, the threshold intensity diverges.

In the presence of a dense plasma, the threshold for electrons
is further increased because the ponderomotive pressure of the
laser pulse on the ambient electron plasma leads to charge sepa-
ration. The resulting electrostatic potential effectively decreases
the ponderomotive potential of the laser pulse experienced by
the electrons injected for acceleration. The situation is, however,
reversed for positrons, as was pointed out by Du and Xu [6].
Moreover, because in the case of positrons injected into elec-
tron, plasma acceleration is done directly by the electric field,
not by the ponderomotive force, the laser intensity threshold for
snowplowing positrons remains finite. To see why this is the
case, consider the 1-D equations of motion for a particle with
charge and mass .

By conservation of the transverse canonical momentum,
, where and .

The corresponding equations for and become

(6)

(7)

where the electric field is proportional to the derivative of:
. In a 1-D plasma wake, all fields are
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functions of alone; so the normalized potentialcan always
be introduced as an integral of over .

The first terms in the RHS of (6) and (7), which describe the
electric field of the wake, dominate over the second (pondero-
motive) terms for large . Therefore, in the remainder of the
paper, we neglect the direct ponderomotive force. The oppo-
site limit of was taken in [5], where the vacuum
threshold intensity was obtained. The complete system of (6)
and (7), along with the Poisson’s equation for, was earlier
considered by Sprangleet al. [12].

From the invariant of the equations of motion
and (we dropped the term),

particle momentum can be expressed as a function of

(8)

(9)

where . The plus (minus) sign corresponds
to a particle that is moving faster (slower) than the laser pulse.
The switching from minus to plus signs takes place when the
expression under the square root vanishes. This happens at,
which corresponds to . The accelerating
potential has to be larger than this threshold value to ensure the
snow-plow acceleration. It can be shown that , so
that a positive (negative) potential is required for accelerating
positrons (electrons).

The most interesting case is . The final energy of
the accelerated particle is then approximately given by

. The threshold condition for snow-plow acceleration also
simplifies to . Therefore, the initially fast particles
with are easier to trap than are the stationary
ones. The relative energy boost is, however, decreased in
the same proportion.

The relative energy boost is related to the bunch compression
ratio. By conservation of the longitudinal phase space,

, where and are the final and initial bunch lengths, and
and are the final and initial energy spreads, respectively.

Because the final energy scales as , the final and initial en-
ergy spreads are related through . Therefore,
both the energy can be boosted and the bunch length decreased
by a large factor if .

We arrive at the same result by requiring that the beam density
remains unchanged in the reference frame of the laser pulse,
where a particle bunch is scattered by a stationary potential.
Using Lorenz transformation, the particle densityin the pulse
frame can be expressed in terms of the initial and final densities

and , respectively

(10)

Therefore, . This ratio is equal
to because the particle energy in the primed frame re-
mains the same before and after the reflection:

. The bunch compression ratio is then given
by .

One possible application of the snow-plow acceleration is
an injector capable of accelerating and compressing initially

low-energy long particle bunches. Because the ability to in-
ject both electrons and positrons is crucial, such an injector
should be able to produce positive as well as negative poten-
tial wells. Colliding beam accelerator can accomplish just that
by adjusting the frequency detuning between lasers. The ex-
amples of the electron and positron injectors are shown in Fig.
1(c) and (d), respectively. Note an important difference in the
dynamics of the cold ambient plasma electrons and the initially
relativistic electrons injected into the plasma just ahead of the
laser pulse. Although the slow plasma electrons experience the
beatwave of the counterpropagating laser pulses, the fast elec-
trons are barely affected by the beatwave ponderomotive force
because the phase velocity of the beatwave is much smaller than
the speed of light.

Let us calculate the maximum normalized potentialpro-
duced in a CBA using Fig. 1(c) as a blueprint for an electron in-
jector. Assuming and using (3), obtain, for injected
electrons, . Therefore, the condition
for the snow-plow acceleration becomes ,
or . The presence of the plasma naturally reduces
the group velocity of the laser pulse: . Therefore,
if the initial energy of the electron bunch is inside the interval

, CBA can be used for snow-plow ac-
celeration/bunch compression.

To calculate the interaction distance required to accomplish
the snow-plow acceleration, approximate the normalized poten-
tial by a linear function, assuming for simplicity that

, where is a typical gra-
dient scale, approximately set equal to . The reflection point

and the starting (and final) point is . Expanding
(8) and (9) in the limit of and using ,
we obtain the following equation of particle motion relative to
the moving potential:

(11)

which is solved with initial condition (or
). The time it takes a particle to reach and return back

to is given by

(12)

In the limit of , we find that . To
gain more physical insight into this result, note that average
acceleration gradient is equal to the

, which is precisely the magnitude of the electric
field.

Consider the following numerical example: plasma with den-
sity cm (corresponding to ) is
used as a medium for compressing a 3.2-MeV electron bunch of
1-ps duration. Because for this example, the output
of such an injector is a 100-fs, 32-MeV electron bunch. The re-
quired plasma length is estimated mm by assuming
that .
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One-dimensional treatment of a snow-plow injector is suffi-
cient only to determine its accelerating properties. A full 3-D
description of the transverse electric and magnetic fields of the
injector is needed to study the transverse particle dynamics. It is
essential that the accelerated particles are focused to (or, at least,
not defocused from) the laser axis. As McKinstrie and Startsev
point out in [5], one of the limitations of the direct laser accelera-
tion by the leading edge of the pulse is that the particles are scat-
tered off-axis, and a very wide laser beam is needed to prevent
particles from scattering out of the beam. The same drawback is
found in the positron injector scheme of Du and Xu [6], where
a long laser pulse is used to adiabatically produce an
electrostatic potential . Because the shape of this potential fol-
lows the shape of the laser intensity, it is peaked on axis, causing
positrons to scatter out of the beam.

Although in this section we used the potential description of
the longitudinal (accelerating) electric field, this was only done
for notational convenience: an integral
can always be introduced whether the electric field is curl-free
(electrostatic). In one dimension, the-field is always curl-free,
so there is no need to introduce the distinction between the ac-
tual scalar potential and the quantitydefined above—both are
the same. If the electric field is electrostatic in 3-D, and the ac-
cessible region for positrons (electrons) is ( ), parti-
cles are going to be defocused from the axis ifpeaks on-axis.
In three dimensions, the enhanced wakefield is not curl-free.
The full 3-D theory of CBA is developed in the next section.

IV. THREE-DIMENSIONAL THEORY OFCBA

At the end of Section II, we presented an alternative deriva-
tion of the equation for the electric field in a CBA. This deriva-
tion was based on splitting the total currentflowing through
the plasma into two components: the linear plasma flow in the
field of the enhanced wake and nonlinearly gen-
erated recoil current , which is produced
via the photon exchange between the counterpropagating laser
beams. Plasma flow velocity satisfies the linearized equation
of motion , where is the enhanced wake
field. In Section II, we assumed that , as appropriate for
a 1-D calculation. In this section, we keep the magnetic field,
which is crucial for determining the focusing/defocusing prop-
erties of the enhanced wake. Almost-homogeneous plasma is
assumed to avoid the subtleties associated with the wake exci-
tation in plasma channels [13].

Taking the curl of the Lenz’s law, substituting into the re-
sulting formula the time derivative of the Ampere’s law, and the
using the equation of motion for the linear plasma flow, we ob-
tain

(13)

The density perturbation, related to through the Poisson’s
equation, can be found by taking the divergence of (13) and as-
suming that

(14)

Electric field can now be solved component by component.
First, the accelerating field is obtained by substitutinginto
(13)

(15)

For a wide beam, , and (15) yields the same expres-
sion for as (4). Equation (15) is identical to the one derived
by Keinigs and Jones [14] for a beam-driven PWA in the limit
of . The key difference is that in a CBA, the current ,
which drives the enhanced wake, is generated through the inter-
action between the counterpropagating laser pulses and not by
an external electron beam. An important advantage of such “vir-
tual beam” is that it can carry positive as well as negative cur-
rent while propagating in the positive-direction. By changing
the sign of the frequency detuning between lasers in a CBA, we
achieve the same effect as switching from electron to positron
driver in a PWA.

The transverse component of the electric fieldcan be sim-
ilarly calculated from (13) and (14). Using (15), it can be, more-
over, shown that is related to through

(16)

Let us consider the case of , which is peaked on axis,
i.e., a positron injector. This corresponds to , when the
short pulse photons scatter into the pump and deposit positive
momentum into plasma electrons. This generates an increase
in electron density on-axis, pulling positrons toward the axis.
Equation (16) leads to the same conclusion: . How-
ever, is not the only field that affects the transverse par-
ticle dynamics. Magnetic field generated by the “virtual beam”
defocuses relativistic positrons. The equation for the transverse
wakefield that determines the transverse dy-
namics of ultrarelativistic particles is derived from the Lenz’s
law by assuming that both the electric and magnetic fields de-
pend on the

(17)

Equation (17), which is the Panowski–Wenzel theorem, indi-
cates that whenever is peaked on-axis, the transverse wake
defocuses the particles. Note that this conclusion can only be
drawn for snow-plow acceleration, which takes place inside the
leading portion of the enhanced wake where the sign ofdoes
not change. If we were to use the wakefield shown in Fig. 1(c)
for accelerating positrons in the second half-period of the wake
(counting from the head of the laser pulse), the integral of the
gradient of the accelerating field in the RHS of (17) is pos-
itive, so that in that region. If, however, we were to use
the same wake for snow-plow acceleration of electrons in the
leading portion of the wake, the transverse wakeis still neg-
ative, and electrons are defocused.

It appears that to ensure focusing during snow-plow accelera-
tion, it is essential to generate a somewhat unusual accelerating
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field profile, which has a local minimum of on-axis. As-
suming that the laser spotsize is much larger than, we find
that the transverse profile of follows the transverse profile
of according to (4). Therefore, producing a local minimum
of requires generating with a local minimum on axis.
Such a current profile would be challenging to produce using a
finite emittance external beam driver. It appears that it can be
produced in a CBA if plasma density has a minimum on-axis
(plasma channel).

To see this, consider (3) for , which indicates that for a
fixed , the magnitude of at a given is proportional to .
Frequency detuning is yet another knob that can be tuned to
maximize current deposition off-axis. We conjecture that by the
proper choice of the plasma channel width, frequency detuning,
and laser intensity, the desired profile of can be produced to
ensure particle focusing during snow-plow acceleration. Plasma
channels, which have been produced in the laboratory [15], [16],
[19], [20] play another beneficial role of guiding the laser pulse
over extended distances much larger than the Rayleigh length.
Three-dimensional particle simulations will be used in the fu-
ture to demonstrate the focusing properties of the CBA injector.

Another way of avoiding particle defocusing is to use a
hollow plasma channel. As was demonstrated in earlier publi-
cations [17], [21], evacuated channels with plasma outside have
attractive accelerating properties, including a homogeneous
accelerating field inside the channel. According to (17), the
transverse wake vanishes inside the hollow channel. Closely
following the calculations of [17] for a flat plasma channel of
width , we find two major differences in the wake excitation
from that in a homogeneous plasma: 1) the wavelength of the
plasma wake is , and 2) the amplitude of
the wake is reduced by a factor from its value given
by (3).

V. CONCLUSION

In this paper, we presented a qualitative description of the
CBA in one dimension, followed by the fully 3-D calculation
of the plasma wakes generated by two counterpropagating laser
beams. We reviewed the earlier ideas of snow-plow acceleration
by the leading edge of the laser pulse and demonstrated how the
concepts of CBA and snow-plow acceleration can be combined
for particle injection and pulse compression. Some of the limi-
tations of the earlier considered snow-plow accelerators are the
large threshold intensity of the laser pulse, the inability to ac-
celerate both electrons and positrons, and the strong sidescatter
of the accelerated particles.

The suggested approach based on a CBA concept gets around
these drawbacks. Laser intensity needed for snowplowing is re-
duced due to the strong nonlinear interaction among counter-
propagating laser beams. The sign of the accelerating poten-
tial can be readily reversed by changing the frequency detuning
among the lasers, enabling acceleration of either positive or neg-
ative charges. An example of bunch compression/acceleration
is presented. We also conjecture that particle defocusing can be
avoided by employing a plasma channel. This idea needs fur-
ther investigation using 3-D particle simulations. Using a hollow

plasma channel is yet another possibility to avoid particle defo-
cusing.
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