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The field intensity distribution and phase velocity characteristics of a flat-top laser beam are
analyzed and discussed. The dynamics of electron acceleration in this kind of beam are investigated
using three-dimensional test particle simulations. Compared with the standard (i.e., TEM;, mode)
Gaussian beam, a flat-top laser beam has a stronger longitudinal electric field and a larger diffraction
angle. These characteristics make it easier for electrons to be trapped and accelerated by the beam.
With a flat-top shape, the laser beam is also applicable to the acceleration of low energy electron and
bunch compression. © 2007 American Institute of Physics. [DOI: 10.1063/1.2780816]

I. INTRODUCTION

The development of new laser techniques1 has stimu-
lated research on the laser acceleration of particles.%9 Ina
previous work, we proposed the capture and acceleration
scheme (CAS)." Those results were obtained using a TEMy,
mode “standard Gaussian beam” (SGB). In this article, we
report on a CAS using a flat-top laser beam, which is nearly
uniform throughout a large central region of the focal plane.
The beam intensity drops smoothly but quickly to zero out-
side this region, where a stronger longitudinal electric field,
which is responsible for electron acceleration,10 than that of
SGB is expected. Note that this laser is not the same as the
“focused flat-top beam” discussed in our prior work;'" the
latter is flat-top before being focused and exhibits side lobes
in addition to the main spot. In this article, we analyze the
electromagnetic field intensity distribution and phase veloc-
ity characteristics of an unaltered flat-top laser beam. Elec-
tron dynamics are investigated using three-dimensional (3D)
test particle simulations.

To be effectively accelerated by a laser pulse, an electron
should have quite high initial energy (P,~10). Both
experiments'z’13 and theory14 indicate that low-energy elec-
trons gain some energy from an intense laser pulse in
vacuum. The net energy of the electrons cannot increase
much, however, because the radial ponderomotive force
quickly expels them from the beam. Recent research has con-
structed ponderomotive potential wells with -shaped or
even M-shaped radial profiles instead of the usual Gaussian
profile, by making use of different order Hermite—Gaussian
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modes."”'® Electrons can be confined in the m-shaped poten-
tial well for a long time before leaving the laser beam. An
intense combined laser pulse with a 7r-shaped potential well
can drastically compress the electron bunch length.m_18
However, it is almost impossible to obtain the high-order
pure HG mode beam needed for constructing this 7-shaped
plroﬁle.19

Here we propose the flat-top laser beam as an alternative
method of accelerating low-energy electrons. We use 3D test
particle simulations to directly solve the relativistic Newton—
Lorentz equation of motion, rather than working with the
ponderomotive potential model.'® Another goal of this article
is to investigate the characteristics of low-energy electron
acceleration and bunch compression pushed by a flat-top
laser beam.

Il. FLAT-TOP LASER BEAMS

One approach to describe beams with a flat-top profile is
the flattened Gaussian beam (FGB) model introduced by
Gori.”” FGBs can be expressed as a superposition of N suit-
ably weighted Laguerre-Gaussian (LG) beams. The FGB is
therefore also a solution of the paraxial wave equation. The
nonzero component of A (A,, A;=0, A,=0) for a pulsed laser
beam, polarized along the x direction and propagating in
vacuum along the z axis, can be expressed within the
paraxial wave approximation as

N
0 2 2r7
A= AowN( )eXp(— r—2> > cf,N)Ln(—rz>f( n)cos[ )
Wi

Wy Wn/ n=0

- 2ney]. (1)

The term wy(0)=wy/VN+1 represents the common LG
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FIG. 1. Amplitude profiles of electric field components E, (a) and E, (b) in
the waist planes of a SGB (N=0, dotted line) and FGB (N=4, solid line).
Both laser beams are stationary, with beam waist wy=60.

beam waist radius, so wy is the waist radius of the FGB. We
also define the useful phase factor ¢ =ky—oy—¢o
+kr?/2Ry. L, is the nth Laguerre polynomial with amplitude

N
M__pyes (™ om mn S,
c, =(=)"Z 1/2™ where denotes the binomial co-
n n

efficient. The propagation variables are wy=wy(0)[1
+(2/Zg)*1"2, Ry=21+(Zg/2)*), and @y=tan™'(z/Zg), where
ZR:kwfv(O)/ 2 is the Rayleigh length. The components of E
and B can be derived by the relations E=—0A/dfr—V® and
B=V XA in the Lorentz gauge, as in our previous works. !

Amplitude profiles of the transverse and longitudinal
electric field on the waist plane are shown in Fig. 1 for a
SGB (N=0, dashed line) and a FGB (N=4, solid line). The
laser beams are stationary and have a beam waist (kw,) of 60
in both cases. The E, profile is of course Gaussian for the
N=0 (SGB) case, but the top of this curve flattens as N
increases. The wings of the profile also become steeper. Note
that the longitudinal electric field is approximately propor-
tional to the partial derivative JE,/dx for a laser beam polar-
ized along the x direction.” It is thus expected that a FGB
will have a stronger longitudinal electric field near the beam
edge.

Figure 2(b) shows the total intensity distribution of a
FGB (N=4) in the x-z plane, with the “flat” region clearly
visible in the center. The divergence profiles of the SGB
(N=0, dashed line) and FGB (N=4, dash-dotted line) are
also shown. Note that the FGB briefly widens as it propa-
gates along the z axis, then narrows to a radius smaller than
wy (the beam width at z=0) before diverging once more. At
large distances, the FGB exhibits a larger diffraction angle
than the SGB.

This unusual structure corresponds to the case of Fresnel
diffraction by a circular aperture. The flatter the beam profile
is in its waist plane (as N increases), the more evident this
deformation becomes.” The diffraction angle of a FGB will
be of concern to us, since it indicates the strength of the
Fresnel diffraction effect. The diffraction generates regions
of subluminous phase velocity in the beam. The scan lines of
E, intensity shown in Fig. 2(a) clearly show that the beam
profile is either flat or slightly M shaped near the focus; this
structure will help confine and accelerate the electrons.
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FIG. 2. (Color online) The distribution of beam intensity for a FGB (N
=4). This laser beam has the same parameters as that shown in Fig. 1. (a)
Cross-sectional intensity profiles at selected z. (b) The intensity distribution
in the x-z plane. The dash-dotted and dashed lines show the FGB and SGB
dispersion profiles, respectively.

The effective phase velocity (V,), of the wave along a
particle trajectory can be calculated using the relation
del dt+(V,)(Ve),=0 The phase of the wave is given by ¢,
and (Ve); is the component of the phase gradient along the
particle trajectory.IO The minimum phase velocity, which is
normally called the phase velocity of the wave, can be ex-
pressed as V,=—(d¢/dr)/|Ve|. Figure 3 shows distributions
of the minimum phase velocity (in units of ¢) near the beam
waist for the SGB (a) and FGB (b). The dash-dotted lines in
Fig. 3(b) indicate the divergence profile of the FGB beam.
Two regions with a subluminous phase velocity are evident
near the focus of the FGB distribution, which is quite unlike
the SGB distribution. This complex structure is entirely due
to the diffraction effect. In the N=0 (SGB) case, the sublu-
minous region lies beyond the beam width w(z). In the N
=4 (FGB) case, the subluminous region is broken up but for
the most part occupies a similar domain. Given the strong
longitudinal electric field of the FGB, however, it is reason-
able to expect that the CAS remains valid despite these dif-
ferences.

FIG. 3. (Color online) The minimum phase velocity V,, (in units of ¢) of (a)
a SGB (N=0) and (b) a FGB (N=4). The parameters of both beams are as
in Fig. 1. Dash-dotted lines show the beam divergence profiles. The dashed
lines trace a typical electron trajectory in the capture and acceleration
scheme.
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lll. ELECTRON DYNAMICS IN A FGB

The dynamics of electrons in a FGB (N=4) propagating
in vacuum are investigated using 3D test particle simula-
tions. We numerically solve the relativistic Newton—Lorentz
equation10 dP/dt=—e(E+v XB), where v is the electron ve-
locity, P=yv is the electron momentum in units of m,c, and
v is the Lorentz factor. The simulations are performed at
laser intensity ay=30, where ay=eEy/m,wc is a dimension-
less parameter. E denotes the electric field amplitude at the
focus and w is the laser’s angular frequency. Throughout this
article, time and length are expressed in units of 1/w and
1/k. The beam width at the focus is wy=60 and the laser
pulse duration is 7=500. The electrons are given an initial
momentum Py=6 directed toward the origin with incident
crossing angle f#=tan~! 0.22. (Electrons with initial condi-
tions in the approximate ranges Py=5-10, tan §=0.15-0.3,
and 1.25 <P, tan #<<1.7 can be captured and accelerated ef-
fectively.)

Varying the laser’s initial phase from O to 2, we find
that a large fraction of incident electrons are accelerated ef-
fectively just as in the SGB (N=0) case.'” When an electron
is captured, the effective phase velocity of the electromag-
netic wave can approach ¢ along the dynamic trajectory of
the captured particle. It can even approach the speed of the
particle itself.'” A captured electron can thus be kept in the
acceleration phase of the wave for long time and gain con-
siderable energy from the laser field. Note that in a CAS the
longitudinal electric field is responsible for the energy gain.
Electrons in a FGB experience a high longitudinal force at
the edges of the flat region, and gain more energy than they
would in a SGB. The results of these simulations indicate
that the CAS holds in a FGB.

The optimal incident angle of an electron in the FGB
case is also significantly larger than in the SGB case. This
result is also useful, since incoming electrons need not meet
the lens and CAS experiments will be easier to carry out.

IV. ELECTRON BUNCH COMPRESSION IN A
FGB

When a laser beam with a radial Gaussian profile pushes
low-energy electrons, off-axis electrons experience a strong
radial ponderomotive force and are quickly expelled from
the beam. This prevents them from gaining much energy.
Using a FGB may overcome this problem, because there is
almost no radial ponderomotive force in the uniform central
region. In this section we investigate the characteristics of
low-energy electron acceleration and violent bunch compres-
sion in our 3D test particle simulations. The geometry of
electron acceleration is the same as that given in Ref. 16.

Figure 4 shows the final Lorentz factor 7y, and scattering
angle of initially on-axis (xo=y,=0) electrons accelerated by
a FGB with N=8 This simulation’s laser parameters are as
follows: laser intensity ay=10, beam width kw,=100, and
pulse duration w7=500. The initial momentum of the elec-
trons is Px=Py=0, P,=0.05. Without the influence of the
laser field, an electron with Ar=0 is expected to arrive at the
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FIG. 4. The final energy (a) and scattering angle (b) of initially on-axis
(xo=yo=0) electrons accelerated by a flat-top laser beam with N=8, laser
intensity ay=10, beam width kw,=100, and pulse duration w7=500. The
initial momentum is P,=P,=0, P.=0.05 for all electrons. Without the influ-
ence of the laser field, an electron with Ar=0 will reach the origin (x=y
=z=0) at the same time (+=0) as the laser beam.

origin (x=y=z=0) at the same time (¢=0) as the laser beam.
If |At| is large enough, the electron experiences a negligible
laser field and travels straight ahead. For lower values of
|At|, electrons are quickly expelled from the beam with a
large scattering angle and cannot gain much energy. For very
small values of |At, electrons remain in the beam and are
effectively accelerated.

Figure 5 demonstrates the longitudinal compression of
initially on-axis (xy=y,=0) electrons in a FGB with N=38.
The parameters of this simulation are the same as in Fig. 4.

20
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FIG. 5. The longitudinal compression of initially on-axis (x,=y,=0) elec-
trons by a flat-top laser beam with N=8, laser intensity ay=10, beam width
kwy=100, and pulse duration wr=500. The initial momentum is P,=P,=0,
P,=0.05 for all electrons. L, and L, are the initial and final electron bunch
length, respectively.
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FIG. 6. (Color online) Snapshots of a uniformly distributed, cylindrical
electron bunch accelerated and compressed by a flat-top laser beam. The
bunch is visualized at t=—104 688 (a), 16 000 (b), and 28 000 (c). The beam
parameters are N=8, laser intensity a,=10, beam width kw,=100, and pulse
duration w7=500. The initial momentum is P,=P,=0 and P,=0.05 for all
electrons. The color scale shows the electron energy.

Ly and L; are the initial and final bunch length, respectively.
Ly is the maximum length attained by the electron bunch
before compression and increases with kw( Theoretically, the
compression ratio of electrons accelerated from v, to v can
be expressed as Ly/L;=(c—v()/(c-v). If v is close to ¢ and
Vo< ¢, the compression ratio will obviously be quite high. In
the case of Fig. 5, it is 200. In contrast, the typical compres-
sion ratio of a magnetic bunch compressor is only 45242

Finally, a cylinder-shaped electron bunch is simulated to
highlight the compression properties of the beam for off-axis
electrons. Three snapshots taken at different times are shown
in Fig. 6, where the color scale indicates electron energy. The
initial momentums are all P,.=P,=0 and P,=0.05, and the
electrons are uniformly distributed in a cylinder of radius w,.
The cylinder is coaxial with the laser beam. The simulation
parameters are N=8 (FGB), laser intensity ay=10, beam
width kwy=100, and pulse duration w7=500. If we consider
only the forward region with high final energy, the electron
bunch has been longitudinally compressed by a factor of
~10. This is much lower than the on-axis case.

V. DISCUSSION

We have analyzed the field structure and electron accel-
eration scheme of an intense laser beam with a flattened
Gaussian profile (FGB). The longitudinal electric field of a
FGB is stronger than that of a standard Gaussian beam, and
its diffraction angle is larger. The first characteristic means
that an FGB can accelerate electrons to higher energy, and
the second allows electrons to be injected with larger cross-
ing angles. The FGB is quite practical for low-energy elec-
tron acceleration and bunch compression. Simulations show
that an electron bunch with uniform distribution can be ac-
celerated to relativistic speeds. An extremely high longitudi-
nal compression factor is also evident in the results. Al-
though the final energy of the electrons is not as high as that
produced by other schemes, this method has some advan-
tages and may find a useful application in fast ignition
fusion.
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