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We suggest a scheme of electron acceleration by use of two tightly focused ultra-short intense laser pulses at a

100TW level. Electrons obtain a preliminary acceleration with a small angular spread by the longitudinal ponderomotive

force of the first pulse. They are then injected and further accelerated to hundreds of MeV by the second laser pulse.
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1. Introduction

(1,2]

The rapid advances in laser technology make

the laser acceleration possible. Many acceleration
schemes have been proposed. Such as the plasma
beatwave accelerator (PBWA),[>4 plasma wakefield
accelerator (PWFA),[>6] the laser wakefield acceler-
ator (LVVFA),m the betatron-resonance acceleration
in the self-focusing channel of laser pulses,® and the
stochastic heating by counter-directionally propagat-
ing laser pulses in plasmas.[! In all of these processes,
the particles are accelerated in plasmas. Electrons can
also been accelerated to high energies by laser fields
in vacuum.'°=17) Tt is well known that planar electro-
magnetic waves do not serve the function of electron
acceleration in vacuum because of the symmetrical
motion. For electrons to obtain a significant energy
gain, this symmetrical motion must be broken. Based
on this idea, a lot of proposals have been proposed.
One of such proposals is to use a tightly focused laser
pulse, where the forward acceleration by the longi-
tudinal ponderomotive force at the pulse front edge
is larger than the deceleration at the pulse trailing
edge.['820] Tn another proposal, the electrons are in-
jected from the brim of the laser beam.[!3:15-17]

However, it is found that electron acceleration in

the first proposal mentioned above is not very efficient,
i.e. the energy gain is small even though the acceler-
ated electrons have a small angular spread. Electrons
accelerated in the second scheme can obtain more en-

ergy gain.
adopted a laser field of infinite pulse duration, which

However in that scheme Ho et al have

is unreasonable for today’s technology.

In this paper, we study the second injection
scheme with an ultra-short pulse whose field is a
second-order field both for the transverse and longi-
tudinal small parameters ¢ and o (defined later) in-
stead of infinite pulse or the usually used lowest-order
Hermite—Gaussian (0,0) mode with analytical expres-
sions in the paraxial approximation. Then we combine
it with the first scheme to accelerate electrons to hun-
dreds of MeV using two 100TW laser pulses.

2.The acceleration model and
laser field

In our proposal, a test electron is accelerated by
two successive laser pulses. Figure 1 shows the in-
teraction geometry in the  — z plane. A test elec-
tron initially at rest is located at the focus of the first
laser pulse. The focus of the second laser pulse is at

(20,%0), and the angle between the two laser beams is
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0;. Firstly, the electron is accelerated by the first laser

pulse under the action of the longitudinal ponderomo-

tive force. Then it is injected to the second laser pulse

at a velocity approaching the light speed in vacuum.

Fig.1. The interaction geometry between the laser pulse and the test electron. The electron

is initially located at the focus of the first laser pulse (0, 0).

A monochromatic laser field can be described as

follows:[14:21-23]

45
E, = ES, + E¢? [5252 ”43], (1)
E, = BEtve®S,, (2)
E. = E¢eCh, (3)
B, =0, (4)

2 p?Sy  p'Ss

B, = ES, + Ee [ - } (5)

2 4
B, = EveCy, (6)

2

where ¢ = z/wy, v = y/wy, 72 = 2% + 4%, p = r/wy,

w r
and F = Eo—oexp ——5 | for a beam radius at the
w w

focus wy, the radius away from the focus w(z) =
woy/1+ (z/zR)Q, the Rayleigh length 2z = kw?/2,
k = 2xr/)\, and the diffraction angle ¢ = wy/2zg. Also

there are the following expressions:

S, = (%)nsin(@b +nva);

_ (Wo\" _
C, = (w) cos(¢¥ + nbg), n=0,1,2,..,

where ¢ = ¥y + ¢Yp — Yr + Yg, Yo is a constant
phase, ¥p = n = wt — kz is the plane wave phase,
g = tan~"!(z/2gr) is the Guoy phase associated with
the fact that a Gaussian beam undergoes a total
phase change of m as z changes from —oco to +oo0,
¥r = kr?/(2R) is the phase associated with the curva-
ture of the wave fronts, R(z) = z + 23 /z is the radius
of curvature of a wave front intersecting the beam axis
at the coordinate z. The fields given above satisfy the
Maxwell’s equations in vacuum up to the order of £2.

For a laser pulse with finite duration, we must
add the temporally modified terms to the above field

by using the Fourier transform. Here we derive the

field expressions with higher order corrections using
the method Quesnel and Mora proposed?!! and take
the transverse electric field as an example. Suppose
the laser pulse to be polarized in the = direction and
have a Gaussian profile with beam waist at focus and
The cen-

tral frequency of the pulse is wg. Then the electric

a Gaussian profile temporal envelop f(t).

field in the z direction at the focus can be described
as: E.(z,y,z = 0,t) = Eo(z,y)f(t)exp(—iwgt), and
Fo(z,y) = Boexpl—(a? + y7)/ul.
Fourier transform of this expression yields E,(z,y,z =
0,w) = Eo(x,y)f(w — wo), where f(w) is the Fourier
transform of f(t). Defining E,(p,q,w) = f(w —
% Eo(:c,y)efik(pm""qy)d:cdy, where £ = w/c

and A\ = 2m¢/w, it is then easy to show that E, can

The temporal

(/.)0)

be computed at any point in space using

E.(x,y,zt) =/dwe_i”t // dpdqE,(p, q,w)

% eik(Prt+ay+msz) (7)

1-p2—)"?, it pPegr<i
Here m = 1/2

i(p2+q2—1) , if pP4+¢®>1
Defining

eikZE'(x, Y, 2, w)f(w — wy)
= / / dpdqE,(p, g, w)eMPrravtms),
we obtain
B,y 1) = [ doe 16 Bo,y.2,)

x f(w —wp).

The important property of E here is that it is a slowly
varying function of w with respect to the e~* terms.
Expanding the field to E(z,y, z,w) with the parame-

ter w by using Taylor expansion, one obtains
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In our simulation, f(t) = e_tz/nz, we define the
longitudinal small parameter ¢ = 27 /wgn. The suc-
cessive derivatives of f are proportional to the suc-
cessive powers of o, so that we can obtain the infi-
nite expansions. In our computation, we transform
Salamin’s second-order field®¥ to E(m,y,z,wo) and
then expand the temporal factor to the second-order.
As a result, our last field is an second-order field both
for the transverse and longitudinal small parameters
¢ and o, respectively. All the other components of the
field are treated similarly.

As usual, we discuss the dynamics of a test elec-
tron with mass m and charge —e by numerically solv-
ing the dynamical equation

j—::%i—lz:—%[E—l—BxB], (9)
where the Lorentz factor v = (1 — ,82)_1/2, 3 is the
electron’s velocity normalized by the speed of light ¢
in vacuum, p = 3 is the momentum normalized by
mec, the spatial coordinates » and the time t are nor-
malized by wavelength A and laser period T, respec-
tively, the electronic field E and magnetic field B are
both normalized by mcw/e. We use the fourth-order
Runge—Kutta method with time-step changing to keep
the simulations in a high accuracy. The minimal time
step is 0.0017", which is sufficient for the fields con-
sidered in this paper. In our simulations, the param-
eters for both laser fields are fixed. We take focus
radius wo=7pum and 10pm, respectively, for the first
and second lasers, the laser wavelength is 1um, the
peak intensity is 1.375 x 10*°W/cm?, corresponding
to a laser power around 100TW for both pulses. By
using the well-known formula IyA? ~ 1.375 x 10'%a2,
the normalized field amplitude a = eFy/mecwy = 10.
For both of the two acceleration processes, a typical

simulation runs up to a time period of about 500007.

z,y, 2, wo)eikg(zfct)fll (t -

z/e) .. (8)

This is long enough to obtain the electron’s final en-

ergy and trajectory.
3. Different acceleration

processes

3.1. Ponderomotive acceleration

As has been mentioned, an electron initially at
rest, located near the focus on the axis, can be ac-
celerated by a laser pulse. Since it has been stud-
ied extensively before,[!3720] we just describe it briefly
here. Figure 2 shows one of our simulations, where,
the laser pulse duration is 407y measured when the
laser intensity decreases to 1/e? of the peak value.
We find the final energy of the electron is 23.6mc?
and the transverse deviation is only 0.17Ag when it
moves a longitudinal distance of 50000\y. The corre-
sponding emission angle is (9.75 x 107%)°. This is an
electron source suitable for injection into the second
pulse for being further accelerated. If the pulse du-
ration changes, the final energy gain also changes, as

shown in Fig.3, where it is shown that the maximum
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Fig.2. (a) The electron energy changes with time; (b)

the electron trajectory.
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energy gain is below 24mec?, which is small compared

with the energy gains in other laser acceleration pro-

posals.
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Fig.3. The electron final energy versus laser pulse
duration for the first acceleration project. The laser’s
7.0A0. The
electron is initially at rest and located at the laser

parameters are Ep=10.0mcwg/e, wo

pulse’s focus (0, 0).
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3.2. Laser acceleration for oblique injection of

electrons

When a test electron is injected obliquely into a
high-amplitude laser field properly, it can gain signif-
icant energy.['®=1'7] However, in most of these calcu-
lations, the used pulse durations are infinite. Here
we conduct some new calculations with finite pulse
durations taken into account. Consider that an elec-
tron with initial momentum pg, initially located at
(20, 0), is injected into an laser field focused at (0,0).
Figure 4 is a typical case, in which the laser pulse

has a focus radius wy

10)\g, a peak amplitude
a = Egpe/(mcwg) = 10.0, a pulse duration 2n=40Ty,
the initial phase ¥g = 0.757, and the initial pulse cen-
tre at zg = —3212)g. The electron is injected at the
point of (zg, yo, z0) = (—241,0, —3200) at an injection
angle 0; = 4.45° with injection momentum py = 20me.
After interaction, the final energy is 304.9mc?, corre-

sponding to an energy gain of 284.9mc?.

(t—2)/To

-1 0 1 2 3 4 5
/10000y

-1 0 1 2 3 4 5
£/10000T

Fig.4. (a) The electron trajectory; (b) the relative phase; (c) the transverse electric field the electron
feels (dashed line), and the longitudinal field (dotted line); in quite a long time both of the fields the
electron feels are unipolar; (d) the work done by transverse (dashed line) and longitudinal (dotted

line) fields and for the electron’s total energy (solid line).

It is known that both the longitudinal and the
transverse field components in focused laser pulses can
contribute to the electron acceleration. Some earlier
studies suggested that the longitudinal field played a
dominant role in the acceleration, while some oth-
ers suggested that the ponderomotive force (or the
transverse field) played a dominant role. To clarify

the acceleration mechanism, one can use the following

relationship!®):

dy/dt = — 27 (B.E. + By Ey + B.E.)

=dyy /dt + dv./dt, (10)

which is obtained from the equation of motion. Here
1 and -, represent the energy gains from the trans-
verse and longitudinal fields, respectively. Figure 4(d)
shows that at the beginning the energy gain for tra-
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jectory is dominantly due to +., i.e. the longitudinal
field. Later on, =, decreases slowly while v, increases
slowly in quite a long distance until the electron is
far from the focus, typically 5000\q. However, the to-
tal energy remains almost constant since the electron
has moved about 1000\,. The energy gains from the
transverse and longitudinal fields cancel each other out
as electrons move far from the laser focus.[?4 Figures
4(b), 4(c) and 4(d) show that the electron remains in
phase with the laser pulse for a long time because of
its high speed and the field structure. One finds that
both the transverse and longitudinal fields contribute
to the energy gain of the electron.

To study the effect of the finite pulse duration on
the energy gain, we plot the energy gain against the
pulse duration in Fig.5. It shows that the energy gain
exponentially increases with the pulse duration in a
way approximately as AE/mc? = ae™ 4 AEax.
For the parameters we used for the laser pulse and
the test electron, we have a = —171.9, b = 10.1 and
AFnmax = 95.6. This shows that a long pulse is unnec-
essary since it is not much beneficial to the accelera-
tion. However, a very short duration always results in
a small energy gain. This is because the large laser in-
tensity gradient in the longitudinal direction can lead
to an large deflection of the electron. To be reason-
able, we adopt n = 20, i.e. pulse duration is 407y, in
the following section.

100 T T T
80+ 1
N
18
& eof 1
5
0 40 i
»
s
g 20 » energy gain
= V. .
—— exponential
or fit l
Ye) . 5 . . A )
5 10 15 20 25 30 35
n/To
Fig.5. Electron energy gain vs the laser pulse du-
ration. The solid line is an exponential fit. Here,

the electron is injected at (z9,zo) = (—3200, —241.5)
with initial momentum po = 20.0 at an injection angle
0; = 4.0°, the laser initial phase being ¢ = 0.757.

Figure 6(a) shows the final energy of the test elec-
tron as a function of the initial phase of the pulse. In
a wide range of the initial phase, the electron can gain
a large energy. This is advantageous to the acceler-
ation. At the same time, if one changes the relative

time delay between the pulse and the electron to arrive

140}
120}
100}
80 ]
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40t | ]
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o . ]
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-3210 -3200 -3190
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Fig.6. (a) The electron’s final energy versus the laser
pulse initial phase. For all of the dots, the electron’s
initial momentum is 20mec. Except for laser duration
n = 20.0, all other parameters are the same as those
in Fig.5. (b) The fine structure for a small change of
tp. (c) The global tendency of electron’s final energy
vs the relative delay time to of laser pulse. The solid

line is its Gaussian fit curve.

at the laser focus by changing the pulse’s initial cen-
tre tg, it is equivalent to changing the initial phase.
Figure 6(b) shows the final energy as a function of the
time delay. It is found that there are periodic drops
in the energy gain in a cycle of every 27 in between.
The energy gain is relatively stable at certain levels.
Figure 6(c) shows the stable energy gain over a large
range of the time delay ty. It appears that this energy

gain can be fitted by a Gaussian function:

exp (—% <t° t_ltm>2> . (1)

where v9 = —34.8, t,, = —3212.3, t; = 11.7, A =
4424.1. The maximum energy gain corresponds to
to =tym = —3212.3 & —3211.8 = —t,, t, is the flight

time for electron to reach the focus plane when there

A
=70 +
T

is no laser pulse. This means when the electron is syn-
chronous with the laser pulse it will obtain a largest
energy gain. The time delay width for energy gain
> 50mc? is about 207T,. With laser pulse parameters,
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and the injection point and angle all fixed, we can also
change the initial injection momentum. There exists
a high flat top with 49 < py < 58 in Fig.7. How-
ever, this injection momentum is still too large for our
successive acceleration purpose since electrons accel-
erated by the first process usually have energies less

than 24mc?, as shown in Fig.3.

250 —————————————————
200 - f"'-""\ ]
g - I 1 A
E 150 I . I-I .
g b ’ =
&  sof / ubv«_-’ ! 1
—/ [
0_ p
0 20 a0 60 &0
po/me

Fig.7. Energy gain versus initial injection momen-
tum. Here n = 20.0, all other parameters are the same

as those in Fig.4.

For this purpose, one needs to optimize other pa-
rameters. The injection angle is another important
variable. Figure 8 shows the electron energy gain as
a function of the injection angle for a given injection
momentum py=20. Different injection angles give dif-
ferent interaction points between the laser pulse and
electron. Figure 8 shows that when the injection an-
gle equals 4.45°, the electron can obtain energy up to
about 120MeV that is treble larger than that in the

case of smaller injection angle.
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-1} WN\}\MWWWW ]
- -2 5 10 15 20]
3 -3t 2/1000X9
o
(=)
= 4}
)
-5}
o (2) |
-7 L L L 1 L i
0 2 4 6 8 10
2/10000X0

300 [ k
250 F J
200 k

150 /

100 1

50 I \ ]
l‘._. f 1"‘! 4

3.4 3.8 4.2 4.6 5.0
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Energy gain/mc?

Fig.8. The electron energy gain versus injection an-
gle. Here po = 20.0, all the other parameters are the

same as in Fig.7.

3.3. Successive acceleration by two laser pulses

Now we consider successive acceleration of elec-
trons by two laser pulses. We combine our simula-
tions of the two different acceleration processes. Fig-
ure 1 shows the interaction geometry, where the sec-
ond laser pulse is focused at (zg, zg), which is far from
that of the first pulse. Since the electron accelerated
by the first pulse moves almost along its propagation
axis, the injection angle to the second laser pulse can
be changed by setting the second laser’s crossing an-
gle. By adjusting the relative delay between the two
laser pulses to about Zy/c, the electron can interact
with the second laser at the right time. To change the
injection momentum of the electron into the second
laser pulse, one can change the first laser pulse’s du-
ration, as shown in Fig.3. In this way, one can control

the three critical parameters 6;, tg, pg in experiments.

300 T T T T T T

250 1

200 1

Energy/mc?
s
o
=)

100 | k
50 I k
ol (b) |
0 2z 4 6 8 10
£/10000T,

Fig.9. Two laser pulses accelerate an electron to 127MeV. The first laser pulse parameters are

a = 10.0, n = 20.0, and wg = 7.0, the second laser pulse parameters are a = 10.0, n = 20.0, and
wo = 10.0. The angle between the two lasers is 8 = 4.65°.
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In an example of simulation showing the succes-
sive acceleration, we accelerate an electron initially at
rest to 120MeV. Figure 9(a) shows the electron trajec-
tory in the & — z plane. Figure 9(b) shows its energy
as a function of time. It is certainly possible to opti-
mize the relevant parameters so that the energy gain

can be made even larger.
4. Summary

By using test particle simulations, we have stud-
ied the ponderomotive acceleration for electrons ini-
tially at rest and laser field acceleration for injected

electrons by tightly focused laser pulses. For the first

case, the accelerated electrons have not very high en-
ergy but have very small angular spread. For the sec-
ond case, electrons can gain high energy. Energy gains
are calculated for different pulse parameters and injec-
tion electron parameters. For an electron initially at
rest, we propose a scheme of successive acceleration
by use of two laser pulses, where the first pulse can
provide a primary acceleration for the electron, which
is then injected into the second laser pulse for further
being accelerated. An example of simulation is given,
in which electrons can be accelerated to 120 MeV by
two 100TW laser pulses.
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