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Abstract

A new concept of TeV-range laser ponderomotive
acceleration in a plasma is proposed. Particles are
accelerated in the point-like scattering by the leading
front of the laser pulse, propagating at the group velocity
less than the vacuum speed of light. In this scheme, the
gain in particle energy is determined by the group
velocity and does not depend on laser intensity, which
determines the quantum probability of acceleration. The
guantum and classical analysis of the scheme proposed is
presented. Estimates show that the concept proposed is a
promising technique for compact laser acceleration of
TeV energy range.

1. INTRODUCTION

Ponderomotive motion of charged particles in the
field of non-uniform electromagnetic wave is under
investigation for a long time, being initiated by P. L.
Kapitzaand P. A. M. Dirac [1]. Recent advancesin high-
intensity laser systems [2] has renewed now an interest in
the development of the next generation accelerators
technology [3,4].

In the conventional theory of laser ponderomotive
acceleration (LPA) [5,6], the laser-particle interaction is
assumed to proceed in vacuum, i.e., where the laser pulse
group velocity is equal to the vacuum speed of light,
B =v, lc=1. The acceleration is originated by the

transverse gradient of the ponderomotive potential. As a
result, the accelerated particle is expelled from the focal
region at a definite non-zero scattering angle, and the
gain in energy increases with an increase in peak
intensity. In a plasma, however, it is more realistic to
suggest that the laser pulse group velocity is less than c,
[* <1. In this case, a natural limit for conventional

vacuum LPA mechanism [5,6] arises: with an increase in
laser pesk intensity, particle velocity will inevitably
exceed the value of pulse group velocity.

We propose here a new concept of laser
ponderomotive acceleration of particles in a plasmaWe
intend to show that the new acceleration regime occurs
when the group velocity of high-power laser pulseis less
then the vacuum speed of light. The physical mechanism
of acceleration isthe elastic scattering of particle by the
ponderomotive potential in the reference frame moving
together with the laser pulse. A simple analytical
guantum and classical consideration is presented. We
show that the energy gain is determined for this regime

by the initial energy of particle and pulse group velocity
only, and does not depend on peak intensity. Laser
intensity determines the probability for the particle to be
reflected from the leading edge of the pulse, and, thus,
the number of particles captured in the acceleration
regime. To estimate this probability, we use gquantum
Klein-Gordon equation. In fact, acceleration in this new
concept isa point-like process, and thus is insensitive to
the phase of injection. Estimates show that acceleration
of eectrons up to TeV -range of energy is attainablein a
single point-like interaction using current laser
technologies, that makes this novel concept prospective
for the next generation of particle accelerators.

2. CLASSICAL ANALYSIS

Let us assume the high-power ultrashort laser pulse
propagating in a medium (a gas or plasma, for example)
with a definite group velocity, g% <1. In this new
reference frame, the laser pulse ponderomotive potentia
becomes static, so the interaction can be considered now
as just the eastic potential scattering. Let the initia
energy and velocity of the particle are ), and g, ,
respectively, and the initial angle of callison, @, ,
anda, = 0 corresponds to the laser pulse co-propagating
with the accderated particlee Using Lorentz

transformation, it is easy to find the energy of the particle
in themoving frame

y'= (1_18*180(:0500)}’0}’* )
where y* = (1- £**)Y? is the characterigtic ) -
factor of the laser pulse. According to the classical

scattering theory, if this energy is less than the field peak
ponderomotive potential,

2
y'< (1+ a,” /2) @)
the particle has to be reflected. Here, a, is the

normalized pesk value of the laser field vector potentia
amplitude. As an effective Hamiltonian is time
independent in the moving frame, the final energy y of
the particle does not change after scattering (in the
infinity), and, after the Lorentz transform, we have in the
|aboratory frame
y(1- B* Beosa) = y'ly* €)

In this implicit reation, B is the particle absolute
veocity, and o is the final scattering angle, o=0
corresponds to the co-propagation case.
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It is easy to conclude from comparison of Egs. (1) and
(3) that there is the following conservation law for the
accel eration mechanism under discussion,

y(1- 4,) = const. @
The results of the above simple kinematics approach
coincide with that of dectrodynamics consideration. The
integral of motion (4) appears in the form of energy
conservation law in the 1D theory of ultrashort pulse
propagation in the cold underdense plasma[4].
For the particle initially at rest, the maximum energy

ganisa a=0, ie, y__ :(1+ ﬁ*z)y*z =2)*?,
and the particle velocity exceeds the laser pulse group

vodity B, =28 /(1+3**) >3* . Thus, the partide
accelerated is in front of the laser pulse during al the
interaction process, and its gain in energy does not
depend on the value of the laser peak intensity, but on
the dielectric properties of the medium only, which is
qualitatively different than that for conventional vacuum
LPA [5,6].

The integral of motion (4) coincides in the limit of
vacuum LPA [3* =1 with that derived by Harteman et

a. [5], y(1- B,) =const . This integral, however,

results in a completely different feature in the laser-
particle interaction. Scattering at zero angle a@ =0 is
condemned. Expelled particle inevitably has a transverse
velocity. At sufficiently high intengities, the quiver
amplitude of motion in laser wave becomes comparable
to the beam waist, and electron is effectively expelled out
from the focal region due to the transverse gradient of the
laser field. The laser-particle interaction is thus
terminated within a wavelength, which leads to the
strong dependence on injection conditions[5].

In the new non-vacuum LPA concept which we
propose, there is no strong dependence on the injection
phase. Redlly, in the moving reference frame, the laser
field vector potential is stationary, and the acceleration
mechanism in this case is more akin to the well-known
potential scattering.

The origin of the difference between conventional
LPA and the regime proposed is that conventional
mechanism utilize the transverse intensity gradient,
whereas in the case of our interest the scattering of
particleby theleading front of the laser pulse occurs.

For the case of injection at definite initial energy, the
maximum final energy of particleis for scattering at zero
angle @ = 0 and from Egs. (1) and (3) we get,

V. =l(B*2B)* +yo " Ivoy**
where the signs correspond to the initially counter- (*+”
or copropagating (“-*) laser pulse and acceerated
particle.  Although the energy gain is maxima for
counter-propagating injection, this interaction geometry
is efficient for sufficiently low energies due to the
threshold condition (2). At high injection energies and
energy gains, the co-propagating injection is preferable.

3. QUANTUM ANALYSIS.

Asit has been shown above, the most specific feature
of the LPA regime under consideration is that the energy
gain for particle accelerated does not depend on the laser
pulseintensity, but on the group velocity only, i.e. on the
didectric properties of the medium. The value of the
laser peak intensity determines only the threshold of this
acceleration regime, i.e. possibility of the acceleration
according to the classical scattering condition (2). In a
more correct quantum feature, the vaue of
ponderomotive potential determines the probability of
scattering, which determines the number of accelerated
particles. To estimate its value, one can start with Klein -
Gordon equation, as the spin effects are evidently not
important for LPA.

It is convenient to consider the problem in the moving
reference frame, in which the effective potential is time-
independent. As the most interesting case is the
scattering at the anglea = 0, one can use for estimates
the 1D approximation. As the averaged ponderomotive
potential is time-independent, the energy of the particle
is conserved, and one can seek solution in the
asymptotical form
¢ (z,t) O exp(-iet/ h)exp(xik,z) where
& is the particle energy in the moving frame, and

£2 —m?c* /hc is the asymptotic wavenumber
of electrons in the field-free regions. In fact, we assume
the dationary flow of particles collides with the
potential, and seek the parts of this flow which will be
reflected and transmitted. Using the standard methods of
guantum mechanical calculations [], one can easily write
estimates for the reflection R and transmisson T=1-R
coefficientsin the two following limiting cases.

First, in the case, when the energy of particleis
less than the ponderomotive potentia, i. e,

kK, <€A, I hey2 , where A, isthe peak amplitude of
the laser vector potential, the approximate solution can
be given in the WKB-approximation : T = exp(—2I"),

2A (Z) 12
r — 5) dz
I e
Here, the integration is over classically prohibited zone,
between the turning points z, and Z, , where the

integrand  becomes zero. In this case, most of the
particles, except an exponentially small fraction, are
reflected, and consequently, accel erated.

In the opposite case, when the energy is well above
the ponderomotive barrier, K, >>eAO/hC\/§ , the

result of the perturbation theory is

(6)




10 [ ’
R= k—o_L 5 Zéz) exp(2|koz)d% ~(:If:c) <1 (@
which is, in fact the ratio of the quiver momentum to the
initial e ectron momentum in the moving frame.

It is interesting to make some estimates for laser
ponderomotive acceleration of eectrons in plasma. We
will assume the electron beam with the initial energy 150
MeV (), = 300) isinjected into the interaction region
in the direction of laser pulse propagation. The
maximum energy gain is in the forward direction and
given by Eq. (9). At given output energy of eectrons, the
required group velocity and corresponding Lorentz factor
are

U N2T7
V2 [1+ - 88)]

The group velocity determines the required plasma
density, n,[cm™] = 1115x 107 y* 2 %[ ], and
threshold peak intensity and normalized laser field
amplitude are given by relations (1),(2)

(8)

a =V2(r*? BA-B*B)2 -2 (9

The corresponding peak intensity is
I[W/cm?] =137 x10"®aZA?[um] . In the Fig. 1, the
dependencies of the normalized amplitude and laser
peak intensity on the final energy of eectrons are
shown. The required plasma density and Lorentz factor,
corresponding to the pulse group velocity, are shown in
theFig.2.

The regime proposed makes it possible acceleration of
electrons up to TeV energy range using modern laser

technology. For the injection energy 275 MeV
(yo ~550)
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Fig.1. Threshold laser peak intensity and normalized
amplitude corresponding to the GeV -domain energy
gain of eectrons. Injection energy — 150 MeV.
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Fig. 2. Plasma density and Lorenz -factor of
corresponding laser pulse group velocity for acceleration
to GeV energies. Injection energy 150 MeV.

and plasma density
( y*~32x10*) the energy
(y~2x10°). The threshold

normalized laser field amplitude required is then
a, ~45 which corresponds to laser peak intensity

~2.74x10*W / e
It is interesting to estimate the parameters required
for acceleration of eectrons up to PeV -range of energies

(y ~2x10%). At 700 MeV the injection energy and

10**W/ cn? the peak intensity, we have an estimate for
group velocity Lorentz-factor y* =216x10°, which

n, ~1115x10%cm™
gan is ~1TeV

corresponds to the plasma density n, = 4 X 10%cm’3.

In conclusion, we have proposed in this paper a new
relativistic ponderomotive acceleration concept, which is
based on the scattering of particles by the leading front of
the laser pulse moving in a plasma at the group velocity
which is less than the speed of light. The gain in particle
energy is determined by the injection energy and pulse
group velocity and does not depend on peak intensity,
which determines the quantum probability of
acceleration. The quantum and classical analysis of the
proposed concept is presented. Estimates show that the
scheme proposed is prospective for the next generation
accelerator technol ogy.
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