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Abstract. Recently it was shown that charged particles motion in the field of standing
electromagnetic wave can undergo the features similar to the particles channeling in crystals.
When a charged particle enters the channels formed by electromagnetic standing waves at a small
angle to the node (anti-node) planes its motion represents namely the oscillations between two
neighboring planes. The phenomenon is mostly known as channeling in a lattice of the standing
waves. Obviously, this effect can be used to handle beams in accelerator physics, more general,
for the beam shaping with the specific properties. The advantage of the plane wave channeling
is the absence of inelastic scattering that takes place in a crystal. The possibility to re-distribute
the current density of particles in the beam by means of the laser standing wave is demonstrated.

1. Introduction

The recent achievements in laser techniques open new areas for investigations in many fields of
research. In particular, high intensity laser waves can find their applications in accelerator
physics for the beam shaping: the beam deflection, focusing, micro-bunching etc (see, for
example, in [1]). In [2] it was shown the standing laser wave could be also used for beam
managing due to the channeling effect. The channeling in the laser standing wave has the similar
nature as the famous channeling in crystals (see, for example, in [3,4] and references therein). As
example of modern application of the channeling one can point out beam channeling in a bent
crystal (see, for example, in [5,7] and references therein), when channeled projectiles follow the
channel along bent crystallographic planes and, hence, they can be deflected outward the beam
core. This scheme is suggested for beam collimation in modern hadron accelerators. In principle,
the system of standing wave channels could be used instead of crystal channeling in all possible
applications. The use of the laser standing wave has some evident advantages. Scattering of the
beam by a crystal matter as well as the nuclear interactions between particles of the beam and
crystal nuclei are also absent.

First, in the manuscript the short theoretical overview of the channeling in a standing wave
is given. Further we investigate the evolution of the beam phase space to demonstrate the
possibility of the beam focusing by the laser standing wave. After that the possible application
of the focusing for the beam current re-distribution is analyzed. The simulations are carried
out for 400 MeV positron beam (positron beam energy available at LNF INFN [7]). The laser
has the wavelength A = 800 nm and the intensity I = 10'7 W/cm?. It will be shown such
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Figure 1. The geometry of computer experiment. The standing wave (b) is formed by two
counterpropagating laser waves. The bunch of particles penetrates into the field along the Z-axis
and particles enter the field at small glancing angle 6y to node planes (that are parallel to Z-axis
and simultaneously are orthogonal to the figure plane). The ponderomotive potential forms cos-
like structure in transverse X-direction with the wall 2|U,y,|. Possible types of motion are: 1 —
channeling, oscillations within single channel between node lines, 2 — quasichanneling, particle
can cross channel borders.

intensity produces the potential barriers which are close to those in crystals at charged particles
channeling. At the same time, the transverse space dimension of a laser channel, a = \/2, is a
few orders bigger than the width of a crystal channel.

2. Channeling in electromagnetic standing wave

Let consider the standing wave formed by two linear polarized counterpropagating (along the
X-direction, see in figure 1) plane waves. The nodes (antinodes) of a standing wave form
planes that are parallel to the YZ-plane. The bunch of relativistic charged particles moves
by the way when the reference orbit coincides with the Z-direction. Particles penetrate into
the wave field at small angles to the node (antinode) planes. In this case the particle motion
could be described using averaged ponderomotive potential. Here we follow the work [2]. The
ponderomotive forces of the standing laser wave acting on the projectile were considered also in
[8,9]. The ponderomotive potential forms the channels along the Z-direction whereas in the XZ-
cross-section the periodic cos-like potential takes place. The ponderomotive potential defines the
smooth oscillating trajectory similar to the particle trajectory at crystal channeling. Namely,
the channeled particle moves in the XZ-plane along the channel and oscillates between two
neighboring node planes (or between antinode planes, this depends on the particle’s velocity, see
[2] for details). So, here we will not consider the motion in the Y-direction (orthogonal to the
plane of figure 1). The small angle of particle incidence in the field with respect to the Z-axis
is denoted by 6p. The difference between real interactions and the interaction described by the
averaged potential leads to small rapid oscillations along the smooth trajectory. These small
oscillations are not considered in this work.
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For the case of linear polarized counterpropagating waves the averaged potential has the form
2]
U(z) = —Uam cos(2kx), (1)

where the potential amplitude is defined by the expression (here the projectile with the charge
number +1 is assumed):

drahl 9
Uam - W2’Yzm (2/6z - 1) : (2)
In these expressions v, = (3,c is the longitudinal velocity of the particle (in the task considered
here v, = const), ¢ is the speed of light, v, = (1 — 82)~%/2, m is the positron’s mass, « is
the fine structure constant, f is the Planck constant, w = 2mwc/\ is the angular frequency of
the laser wave, k = w/c is the wave number. The amplitude (2) defines the barrier 2|Uym| of
ponderomotive potential as shown in figure 1(c).

As in the case of channeling in a crystal, we can define the critical angle of projectile’s
penetration in the field

o = | HUam|
vB%mc?
(we write the general expression which can be used at any energies). The channeling motion is
impossible if 6y > 6};,. Nevertheless the particle’s motion is still governed by averaged potential
while 6y is of the order of a few 6),. This type of motion is known as the quasichanneling
regime, when the particle can cross channel borders (see samples of trajectories in figure 1(b)).
In general case the beam has the nonzero divergence, and both channeling and quasichanneling
take place at the beam passage through the electromagnetic field. In this work we deal with
non-divergent beam where all particles are captured in the channeling regime of motion.

The parameters of channeling for the case considered here are: v = 781, Uy = 15.3 €V,
Oim = 0.4 mrad. Another important parameter is the oscillation length [, that is the length
along the channel when a particle makes the complete transverse oscillation. The potential is not
harmonic. Hence, this length depends on the initial particle transverse position in the channel
(see in figure 2). For the aims of estimation it is convenient to evaluate Losc = losc(0) for a
particle initially penetrating into the field along the Z-axis near the channel center. For 400
MeV positrons this estimation gives Losc = 2.0 mm. The figure 2 demonstrates the oscillation
length [, increases rapidly when the initial transverse coordinate approaches a/2. Nevertheless,
particles with initial transverse coordinates within the range (—0.37a,0.37a) (i.e. about of 70%
of particles in the beam) have losc < 1.5Logc. Therefore, the parameter Lo is the characteristic
parameter that defines the longitudinal dimension of the standing wave lattice for the observation
of channeling-related effects. Namely, it defines the channel length when the effects of beam
focusing could be observable. It should be noticed the dimensions of the lattice formed by the
laser standing wave is a few order bigger than the crystal lattice. Hence, in principle, some
thin features in the beam density re-distribution which are not observable by using the crystal
channeling could be found with the standing wave lattice.

3. Evolution of the transverse phase space with the penetration depth

The idealized positron beam is considered in this section to demonstrate the main features of
the standing wave channeling. The beam has no divergence, all particles penetrate into the field
along the Z-axis. The transverse beam dimension coincides with the channel width a. figure
3 demonstrates the transverse phase space evolution in dependence on the penetration depth
L. In figure 3 z is the transverse coordinate. The angle between velocity v and Z-axis is used
instead of transverse velocity v, as the parameter conjugate with the coordinate x. All particles
are channeled.
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As one can see from figure 3 the beam shape could be controlled by the varying of the field
length L. One of the interesting task of the accelerator physics is the possibility of beam focusing
by a standing wave. If the potential will be harmonic, this beam is precisely focused at distances
L =0.25Losc, L = 0.75Losc, L = 1.25Lsc etc. In the case of potential (1) the precise focusing
is, of course, not possible. The best conditions for the beam focusing is at L = 0.25 L. After
that, at L = 0.75L¢sc, L = 1.25Lys and at successive ”focused points” the defocusing takes
place because of the potential inharmonicity.

In general, the evolution of the transverse phase space can be explained as follows. The
initial beam is almost space-uniform and all particles have the same, zero, transverse velocity as
shown in the panel (a). The phase points in the channel center and at the channel borders are
stationary (see equation (1) and figure 1(c)). So, the line shown in the panel (a) is curving to
keep its continuity and to keep the stationary points fixed while the beam propagates. During
the beam motion the line is whirling around the channel center and it forms two-branch helix.
For both the space and transverse velocity distributions this leads to the forming of peak in
the center of distribution with the periodicity L = 0.5Los.. The peak for the space distribution
means the focusing penetration depth. The peak for the transverse velocity distribution means
the minimal divergence at this moment. In general, when the beam is mostly focused, at this
moment the beam demonstrates the maximal divergence (as in panel (b)), and vice versa, when
the beam obtains the minimal divergence its transverse space tends to become uniform (see in
panel (c)). The central peaks is smeared while the beam propagates. Finally, at L > Lo (the
panel (d)) the beam shape does not depend on L. So, the best conditions for beam handling
are provided at L < Lggc.

4. Transverse modulation of the beam current density

From figure 3(b) one can conclude there is a possibility to produce the kind of modulation in
transverse beam cross-section if the beam is much wider than the channel width a. The channel
width a defines the modulation dimension. Of course, this transverse modulation should take
place also for crystal channeling, but the modulation dimension in that case is about of several
A, and it is too small to be observed. Moreover, scattering in the crystal target could prevent
appearance of the modulation. On the contrary, for the case of laser standing wave the transverse
modulation, perhaps, can be resolved by existing detectors; it depends on the laser wavelength
A used.

To simulate the transverse modulation the non-divergent Gaussian-shaped beam with the
RMS width o, = ba was considered. The field length L = 0.25L.s. was chosen to satisfy the
best focusing condition for every channel. Results of simulations presented in figure 4 confirm the
suggestion on the beam transverse modulation. Every channel gives the one peak of transverse
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Figure 3. The transverse phase space evolution while the initially non-divergent beam
propagates in the standing wave field. Panels demonstrate the phase space at different
penetration depth L. The left pictures are the phase space, the central pictures are space
distribution, the right pictures are the angular distributions. Following from the top picture to
bottom one can trace the evolution of phase space, space distribution and angular distribution
correspondingly. (a) Initial beam, (b) L = 0.25Lggc, (¢) L = 0.5L¢gc, (d) L =2 cm.
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Figure 4. The appearance of transverse density modulation in the non-divergent beam that
passages through the standing electromagnetic wave in the channeling regime: (a) the initial
transverse beam profile, (b) the beam profile at L = 0.25Lcsc.. The bin size corresponds to
transverse dimension 100 nm.

beam density, so the beam splitting is evident. The full beam width remains the same as before
the standing wave field. Hence, the peak beam intensity is higher than the maximal beam
intensity before the field (the intensity increase is about of 50%). It should be mentioned the
modulation might be quickly dissolved after the field because at L = 0.25Lg. the beam obtains a
strong divergence (see in figure 3(b), this figure presents also the angular distribution of particles
for the case considered in this section).

Now to obtain the transverse modulation of the beam the mask with the set of slits is used
[10]. The mask leads to the significant particle loss (95% in [10], for example) whereas the
suggested method simply re-distributes particles in the beam. The significant loss takes place
because usually the distance between slits (1 mm in [10]) is several orders bigger than the slit
width (50 um in [10]). The channel width in the scheme considered in the paper is defined by
the laser wave length. It could be made significantly less than the slit width. The space between
channels is absent. These features could make the plane wave channeling attractive for certain
applications in comparison with masks. However, the plane wave channeling could increase the
beam divergence, as shown in figure 3.

5. Conclusion
The main goal of this work was to demonstrate the possible applications of the beam channeling
in the standing laser wave for the beam shaping tasks. It was pointed out that this effect can have
some possible advantages in comparison with the crystal channeling. It was shown the potential
wall of the standing wave lattice can get the same values as one of the crystal lattice. Hence,
the laser standing wave channeling is effective such as the crystal channeling. Simultaneously,
the channel width of the standing wave is few order bigger than the channel width of the crystal
channel. Also, the scattering of particles by the solid target is absent in the case of the standing
wave lattice. Therefore, the channeling in the standing wave can open new possibilities for the
beam shaping that are inaccessible for the case of crystal channeling. Moreover, the use of the
tunable laser sources enables the ”"dynamic” beam shaping during the bunch passage through
the field.

This work deals with the light particles channeling as well as its application for the beam
handling. The positron beam is considered here but the ponderomotive potential (1) does not
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depend on the charge sign. Hence, there is no difference in the motion of electron or positron
beams at the same energies. The examples with simple model beams demonstrate the beam
focusing as well as the transverse modulation of the beam current density. Nevertheless, the
problem of particle’s radiation influence [2] on the feasibility of light particles beam handling by
the electromagnetic standing wave needs additional investigation.

Acknowledgments

The work is supported by the RF President Grant MK-5202.2015.2 and by the Ministry of
Education and Science of RF in the frames of Competitiveness Growth Program of NRNU
MEPhKI, Agreement 02.A03.21.0005.

References
[1] Hemsing E, Stupakov G, Xiang D and Zholents A 2014 Rev. Mod. Phys. 86 897
] Dabagov S B, Dik A V and Frolov E N 2015 Phys. Rev. ST Accel. Beams 18 064002
| Ugerhoj U I 2005 Rev. Mod. Phys. 77 1131
[4] Dabagov S B and Zhevago N K 2008 Rivista Nuovo Cimento 31 (9) 491
] Scandale W, Arduini G, Butcher M, Cerutti F, Garattini M, Gilardoni S, Lechner A, Losito R, Masi A,
Mereghetti A et al 2015 Phys. Lett. B 748 451
[6] Babaev A and Dabagov S B 2012 Fur. J. Phys. Plus 127 62
[7] Bellucci S, Balasubramanian C, Grilli A, Micciulla F, Raco A, Popov A, Baranov V, Biryukov V, Chesnokov
Yu and Maisheev V 2006 Nucl. Instr. and Meth. in Phys. Res. B 252 3
[8] Pokrovsky A L and Kaplan A E 2005 Phys. Rev. A 72 043401
[9] Smorenburg P W, Kanters J H M, Lassise A, Brussaard J H, Kamp L P J and Luiten O J 2011 Phys. Rev.
A 83 063810
[10] Sun Y-E, Piot P, Johnson A, Lumpkin A H, Maxwell T J, Ruan J and Thurman-Keup R 2010 Phys. Rev.
Lett. 105 234801





