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Electron dynamics and energy gain in a tightly focused laser beam in vacuum are investigated by numerical

simulations. There exist two acceleration mechanisms, i.e. acceleration by the longitudinal field or by the transverse

field, which corresponds to two different trajectories.

parameters of electrons, including the injection angle and momentum, is shown.

optimum injection parameters can be obtained.

The relationship between the energy gain and the injection

For given laser parameters, the
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With the rapid advances in laser technology,[!=3!

laser acceleration of charged particles becomes one of
the frontiers of research. Many acceleration schemes
have been proposed. Some of them are related to
laser—plasma interaction, such as the plasma beatwave
accelerator (PBWA),[*5] plasma wakefield accelerator
(PWFA),I57 laser wakefield accelerator (LWFA),
betatron-resonance acceleration in the self-focusing
channel of a laser pulsel®’ and stochastic heating by
counter-propagating laser pulses in plasma.l’? At the
same time, vacuum laser acceleration scheme has also
been studied extensively,1~18 one of which is the
transverse ponderomotive scattering,*!! the other is
the longitudinal ponderomotive acceleration.?! It has
also been demonstrated, by numerical simulations,
that a single electron injected at a certain angle to
the axis of a laser beam, may be captured and accel-
erated up to GeV energies.['”] Some studies propose
that the reason is the phase slippage of the electron in
the wave field remains extremely slow which is called

the capture and acceleration scheme (CAS).['6—19]

In this paper, we attack the problem of the last
It is found that

electrons which are trapped by the wave field can be

vacuum laser acceleration process.

accelerated by both transverse and longitudinal fields,

depending upon the injection angles. Optimum injec-

tion angles and injection momentum for the maximum
energy gain from both fields are found. Furthermore,
there exists another acceleration trajectory which is
different from the CAS, whose energy gain is not as
effective as CAS.

Fig.1l. The beam-particle interaction geometry.

The interaction geometry in the z-z plane is
shown in Fig.1, where a laser beam is polarized in
z-direction and propagates along z-axis. A test elec-
tron is injected from the position (z¢,yo) at an angle
0; to the z axis with a momentum Sy, normalized
by me, where y9 = 1/4/1 — 2. Up to now, most of
the extremely high intensity laser fields are obtained
by focusing laser beams to extremely small spatial di-

mensions, typically a few microns. This requires a
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good knowledge of the laser’s electric and magnetic
fields near the beam focus. A small deviation from
the exact fields can lead to completely different parti-

cle motion in the high fields. We use a field including

the fifth-order terms in terms of the diffraction an-
gle ¢, as defined later. The fields are described as

follows:115,20,21]
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where ¢ = z/wy,

for a beam radius wq at

the focus, the radius away from the focus w(z)

wo/1 + (2/2)2, the Rayleigh length z, = kw?2/2,
k = 2w /X, and the diffraction angle e = wg/z,. Also

there are

5= (M) sin (0 +nve), 0= 01,2y (7
Co = (22)" cos (4 + k) (8)

where ¥ = 9y + ¥p — YR + g, Yy is a constant
phase, ¥, = n = wt — kz is the plane wave phase,

g = tan™!
the fact that a Gaussian beam undergoes a total

(2/z) is the Guoy phase associated with

phase change of 7 as z changes from —oo to +o0,
Yr = kr?/(2R) is the phase associated with the cur-
vature of the wave fronts, R(z) = z + 22/z is the ra-
dius of curvature of a wave front intersecting the beam
axis at the coordinate z. The fields given above satisfy
the Maxwell equations in vacuum up to the order €.
If the boundary of the beam is defined as where the
field amplitude is 1/e of the amplitude on axis, then
the solid curves shown in the xz—z plane in Fig.1 are
defined by z = tw(z).

As usually done, we discuss the dynamics of a test
electron with mass m and charge —e by numerically

integrating the equation of motion:

dr

dp

dt

p

a = —27[E + 38 x B, (9)

— )% Bis the

electron’s velocity normalized by the speed c of light

where the Lorentz factor v = (1

in vacuum and p = (3 is the momentum normalized
by mec, the spatial coordinates r and the time t are
normalized by wavelength A and laser period T, re-
spectively. The electric field E and magnetic field B
are all normalized by mcw/e. We use the fourth-order
Runge—Kutta method with changing time-step to keep
a high accuracy. The minimal time step is 0.001T with
the laser oscillation period T, which is sufficient for
the fields considered in this paper. In our simulations,
the beam parameter is fixed, where the focus radius
wg = 10pum, the laser wavelength is 1um, the peak in-
tensity is 1.24 x 10*!W /cm?, corresponding to a power
of about 2x10®W. By using the well-known formula
Ip)\? 1.375 x 10'%a2, the normalized field ampli-
tude a = eEy/mcw = 30. Wang et al’! pointed out,

that the fraction of electrons captured by laser can

~
~

reach more than 20% when the incident cross-section
of electrons has the size comparable with radius of
laser beam at the focus. Without losing generality, in
our following simulation the test electron is injected
from the same position at zg = —40\, zp = —320\
which is reasonable because the fields near this posi-
tion with our parameters are small and it can only
change the injection parameters slightly. Certainly in
real experiments the injection position is much farther
away. A typical simulation runs up to a time period
about 6000T, which is usually long enough to see the

final energy and final trajectory inferred from our sim-
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ulations at longer time.

/100

The thick
solid line shows the boundaries of the laser beam pro-
1+ (2/2:)2. The injection
parameters (6;,v000) for the five trajectories from (1)
to (5) are (10°, 20), (10°, 10), (2°, 200), (2°, 300),
and (12°, 120), respectively.

Fig.2. Five typical electron trajectories.

file defined as w(z) = wo

Figure 2 shows five typical trajectories of the test
electron. The injection parameters (6;,7008o) for the
five trajectories from (1) to (5) are (10°, 20), (10°,
10), (2°, 200), (2°, 300), and (12°, 120), respectively.
From bottom to top, they are identified as a reflec-
tion trajectory (1), a lower-boundary trajectory (2),
a forward-moving trajectory (3), an upper-boundary
trajectory (4) and a crossing trajectory (5), respec-
tively. As seen from Fig.2, the electron trajectory de-
pends strongly on its initial injection parameters, i.e.
the injection angle and injection momentum. For the

purpose of the particle acceleration, one cares most
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the energy gain. Of the five trajectories only two give
effective acceleration. One is the low-boundary trajec-
tory (2).1'6~18] The other is the forward-moving tra-
jectory (3), which is around the axis along which the
laser beam propagates. We find the former is better
for electron acceleration than the latter. The energy
gains (Ay = — ) corresponding to trajectories (1)
to (5) in Fig.2 are about —9.4, 884.3, 261.7, -15.9, 0.1,
respectively. Electrons with trajectories like (1) and
(5) almost do not change their energies after the inter-
action with the laser beam, those with trajectories like
(4) are decelerated, and the electrons with trajectories
like (2) and (3) can be accelerated.

In order to find the optimum injection angle of the
test electron, we fix the parameters of the laser beam
and the injection position and the injection momen-
tum of the electron, and change the injection angle. As
Fig.3 shows, when the injection momentum ~yy 3y is be-
tween 10.0 and 20.0, there exist some injection angles
at which the energy gain is high. The two energy—gain
peaks in Fig.3(a) imply that there may be two different
acceleration mechanisms, even though the correspond-
ing trajectories are all similar to the lower-boundary
trajectory (2) as shown in Fig.2 and later in Fig.4.
The valley between the peaks corresponds to a reflec-
tion trajectory (1). Simulations also show that, when
the injection momentum becomes larger, the energy

gain peaks usually appear at smaller injection angles.

T I I ! T
(b)
800 /7w
1\
[ =
goof- " Vv i
\ ]
)
\ ]
\ hy
4 400} we i, .
vy
(o \
I v
200 t ) i
1!
N
of Al a FTE_m 4
"R
1 i | PR | 1

Fig.3. Energy gain Ay vs the injection angle ;. for the normalized injection momentum ~¢B8p = 10

(a) and 20 (b).
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Fig.4. Electron trajectory and the energy gain vs the longitudinal coordinate z for injection parameters
(6:,7v080) =(4°,20) (a), (10°, 20) (c), and (12°, 20) (d). Energy gains due to the transverse and longitudinal
fields for the above injection parameters are given in (b), (d), and (f), respectively.

In Figs.4(a), 4(c), and 4(e), we show the elec-
tron trajectories corresponding to the two energy—gain
peaks and the energy valley for the fixed injection
As stated above, the tra-

jectories for energy-gain peaks are close to the lower-

momentum as in Fig.3.

boundary, one above and the other below it. The elec-
trons gain energy mainly near the laser focus within
a few Rayleigh lengths, beyond which the electron en-
ergy changes very little. As shown by Egs.(1)—(3), the
laser fields contain two transverse components and a
longitudinal component. As a result, in principle, elec-
trons can gain energy from both the transverse field
and longitudinal field. However, from the electron tra-
jectories, it is difficult to find the acceleration mecha-
nisms. On the other hand, from Eq.(9), one finds that

the electron gain can be written as(t0]

dvy/dt = = 2n(v, E; + vy Ey + v, E,)

=dvy, /dt + dvy,/dt, (10)

where v, and ~y, represents the energy gain from the
transverse and longitudinal fields, respectively. By
calculating v, and v, for each trajectory, one can find
the real acceleration mechanisms. Figures 4(b), 4(d),

and 4(f) illustrate the v, and v, as a function of the

longitudinal coordinate for corresponding trajectories
shown in Figs.4(a), 4(c), and 4(e), respectively. Obvi-
ously, at the beginning the energy gain for trajectory
in Fig.4(a) is dominantly due to 7., i.e., the longi-
tudinal field. Later on, v, decreases slowly while v
increases slowly in a quite long distance until the elec-
tron is far from the focus, typically 20000 wavelengths.
As a sum, the total energy remains almost a con-
stant. On the contrary, the energy gain for trajectory
in Fig.4(e) is dominantly due to v, i.e., the transverse
field at the beginning. Later on, v, decreases while
7. increases. Also, the total energy remains almost a
constant. Generally, the energy gain by the transverse
electric field is dominant when the injection angle is
relatively large. At the same time, the resulting ejec-
tion angle is also large. When the injection angle is
small and the turning point of the electron, where the
transverse velocity (along z-direction) is zero, is be-
hind the laser focus, the energy gain is mostly due to
the longitudinal field.

As stated above for Figs.4(b) and 4(f), the en-
ergy gains from the transverse and longitudinal fields
cancel each other for electrons moving far away from
—FE,dz or

the laser focus. This means FE,dz =~
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E./E, = —f./8.. One can prove this as follows. For
z > z., we reserve the first order of the electric fields

and obtain

E, eE{Ci _ zcos(¢Y + Yg)
E, ESy /22 + 22 sin(v)
z r B
R~ N - (11)

2tz oz B
where we have substituted ¥vg = 7/2 for z > z,.
Therefore it is the field structure that causes the can-

celling of the energy gains from the transverse and

longitudinal fields.
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Fig.5. (a) Energy gain as a function of the injection
angle for an injection momentum of 7.5 me; (b) Elec-
tron trajectories for injection angles of 5°, 6°, 8°, 10°;
(c) Energy gains due to the longitudinal and trans-
verse fields for the injection angle of 8° and injection

momentum of 7.5 mc.

When the injection momentum is reduced from

these for Fig.3, so that it is not high enough to ap-
proach the high field region inside the focus, the elec-
tron will not be reflected away with a large scattering
angle. In this case, if one changes the injection an-
gle, there is only one peak for energy gain, as shown
in Fig.5(a), for example. There is no region for reflec-
tion trajectory between energy—gain peaks as shown in
Fig.3. Around the angles for the energy—gain peak, all
the electron trajectories are slightly above the lower-
boundary as shown in Fig.5(b). In this case, the en-
ergy gain is predominantly due to the longitudinal
field at the beginning as shown in Fig.5(c). Later on,
the transverse field also contributes to the energy gain
while that due to the longitudinal field decreases.

In another series of simulations, we fix the injec-
tion angle but change the injection momentum. As
shown in Fig.6, there exits an optimum injection mo-
mentum for the largest energy gain. If the injection
momentum is too large, the energy gain tends to be
zero or even negative. Usually the electron is reflected
away or goes directly cross the laser beam in this case.
Both of these two trajectories are not suitable for the
acceleration. For fixed laser parameters as above and
given injection momentum, there is an optimum in-
jection angle for the highest energy gain. Figure 7
illustrates the highest energy gain and the optimum
injection angle as a function of injection momentum,
i.e. A%Ymax(opt,000) and Oopi(v060). It shows that
the electrons can get considerable energy as long as the
injection parameters are optimized. In our simulation,
the maximum energy gain is 450MeV for our laser
beam parameters given at the beginning. Larger in-
jection momentum does not mean larger energy gain.
In addition, Fig.7 also shows that the larger the injec-

tion momentum, the smaller the optimum injection

angle.
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Fig.6. Energy gain vs injection momentum for injec-
tion angles of 12° (a), 4° (b), and 2° (c).
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Fig.7. Maximum energy gain as a function of injec-
tion momentum at the optimum injection angle. The
optimum injection angles are also shown as a function

of the injection momentum.

In previous examples, electrons are injected in the
polarization plane (zz-plane in our geometric configu-
ration). If electrons are injected in the yz-plane, sim-
ulations show that they are more easily scattered out
of the high-field regions. As a result, acceleration is
usually not as effective as in the polarization plane.

In passing, we mention that for electron trajecto-
ries along the propagation axis as shown in Fig.2 for

trajectory (3), electron energy gain is mainly due to

the longitudinal field. Usually its energy gain is not
as effective as for the trajectory (2). Also this trajec-
tory usually occurs when the injection energy is much
larger than the ponderomotive potential peak of the
laser beam, i.e. vy > \/W. Further study is
still underway.

In summary, it is illustrated that there are typi-
cally five different trajectories for electron motion in a
tightly focused laser beam, two of which give high en-
ergy gains for injection electrons. It shows that there
are two different mechanisms for effective electron ac-
celeration, one dominantly from the longitudinal field
and another from the transverse field, corresponding
to two slightly different trajectories in CAS. The re-
lationship between the energy gain and the injection
angle and injection momentum is also shown. Gen-
erally, electrons with high injection momenta are in-
jected preferably at a small angle to have a relatively
large energy gain. By using appropriate injection pa-
rameters, electrons can gain hundreds of MeV of en-
ergy from a Petawatt laser beam. With such a laser
beam, the injection energy of electrons should prefer-
ably be larger than 3.5MeV but less than 15MeV.
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