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Abstract

We investigate generation of eectron beams injected
by the interaction of two laser pulses. A single laser pulse
produces an eectric field (wakefield). By using two laser
pulses eectrons can be injected from the plasma into the
wakefidd. We term the scheme "colliding pulse optical
accderation". We perform theoretical analysis and
numerical simulation of the colliding pulse optical
acceleration by two laser pulses. The accelerated e ectron
beam has a small energy spread and ultrashort pulse
duration. Also, the eectron beam has an emittance lower
than the best quality beam produced by conventiona RF
accderator technology. We find that a high quality
intenserelativistic e ectron beam is generated.

INTRODUCTION

Electron beam injection triggered by an intense
ultrashort laser has been proposed as an injector of
ultrashort electron beams referred to as "optical injection”.
Presently there are three major schemes. nonlinear
wave-breaking injection[1], transverse optical injection[2],
and calliding pulse optical injection[3][4][5]. Three laser
pulses consisting of a pump pulse for wakefield excitation
and two injection pulses for trapping the electrons from
the plasma make up the colliding pulse optical injector.
The calliding pulse optical injection is a high quality
optical injector. The optical injection, however, is the
most difficult.

The counter-propagate laser pulses inject eectrons
from the plasma into a wakefield excited by one of the
laser pulses. One of the laser pulses injects and
accelerates electrons. We call the mechanism "colliding
pulse optical acceleration". The experiment of the
colliding pulse optical acceleration is easier than the
colliding pulse optical injection, and has the possibility to
become a high quality eectron injector similar to
colliding pulse optica injection. We present optical
injection and acceleration schemes that utilize two
counter-propagating laser pul ses.

COLLIDING 2 LASER PULSES

Two counter-propagating laser pulses each produce
plasma waves. The interaction of pulse 0 and pulse 1
generates a standing wave. We assume the electric field E
is

E = Eqcos(Koz-mot)+E1005(Koz+ut),
where my and kq are the frequency and the wave number
of the laser, and Ey and E; are ectric fidd of the laser
pulses. The momentum pj; of theinjection is obtained

Pinj = YinjMeC = CEoE1[SIN(200t)-2000tcos(2Ko2)],
where ¥y is the normalized energy of injection and C is
€/2mqmy°. This equation shows that electrons in the
plasma are accelerated from oscillations generated by the
colliding laser pulses. Electronsin the plasma are injected
into the wakefield, when the laser pulses callide and the
laser drength parameter is above the trapping threshold.
For the laser strength parameters a, of 1.0 and a, of 0.4,
the rms electron pulse duration t¢(rms) is written by

T(rms) = 0.10 1 (FWHM),
where 1t (FWHM) isthe full width at half maximum pulse
width of the laser pulse. The eectron bunch compression
effect isincluded in the pulse duration.

SIMULATION RESULTSOF THE
OPTICAL INJECTION

In order to estimate the quaity of the generated
eectron beam, we performed 1-D Particle-in-Cell (PIC)
simulationg 6] for the calliding pulse optical acceleration
in the linear regime. The length of the simulations is 1
mm, and the colliding point of two laser pulses is at the
center. A portion of the electrons in the plasmais trapped
and accelerated to high energy by the wakefield excited
by the pump pulse. The accelerated electron beam is
clearly separated from dectronsin the plasma

The eectron beam a n=7x10"cm® for a,=1.0 and
,=0.4 has a pulse duration of 7.4 fs (rms) and a charge of
31 pC corresponding to the peak current of 1.5 KA. It
would be difficult to generate such an ultrashort intense
electron beam with conventional RF accelerators. Figure
1 shows the pulse duration of the injected and accel erated
electron beam. The dotted lines show the theoretical value
at A, [mm]=0.8t (FWHM)[fs]. The simulation results are
consistent with the theoretical values. The electron bunch
injected into the wakefield excited by the pulse 0 is also
compressed and dretched in the field before becoming
relativistic. The pulse duration of the accelerated electron
beam changes after trapping into the wakefield which
works as a compressor and a dretcher not only an
accelerator.

Figure 2 shows the accderated dectrons energy at
n=7x10"cm?® for a=1 and &=0.4. The accelerated
energies are consistent with linear theory and the energy
spread is very small. The energy and the energy spread
are 9.5 MeV and 1.42%, respectively.

For the quality of the eectron beam, the emittance is
one important parameter. Figure 3 shows the distribution
of the transverse normalized velocities B; of the
accelerated dectrons at ne=7x10"cm™ for a=1.0 and
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2,=0.4. We can obtain an emittance of the electron beam
from B, = 0.0029. The normaized emittance €., of the
electron beam is approximately,
€nx = PeYBPe

wherer. is the electron beam radius, vy is the normalized
energy, and f is the longitudinal normalized velocity of
the electron. For the eectron energy of 9.5 MeV, yand
are gpproximately equal to 18.6 and 1, respectively.
Assuming the electron beam radius, re=15mm, the
normalized emittance of the accelerated electronsis 0.3
mm mrad (rms). This emittance is smaller than the best
quality beam produced by conventional RF accelerator
technology such as a photocathode RF-gun[7][8].

These results show that the colliding pulse optical
acceleration by two laser pulses has a possibility of small
energy spread and low emittance eectron injection.

CONCLUSIONS

We have explored the generation of a high quality
eectron bunch by using colliding pulse optical
acceleration by two counter-propagating laser pulses that
are a redistic method for experiments of high quality
electron generation. The mechanism is a new one for
eectron injection and accderation. We have made a
numerical simulation of the optical injection scheme and
compared it to the calculation of the optica acceleration.
In particular, we have studied the pulse duration of the
injected and accelerated electron bunches. The wakefied
compressed the electron bunch and the space charge
stretched the eectron bunch. The colliding pulse
accderation scheme investigated has the ability to
produce relativistic dectron bunches with low energy
spread; low normalized transverse emittance, and short
bunch length.
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Fig. 1 The pulse duration of the e ectron beam
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Fig. 2 The energy spectrum of accelerated
electrons at ne=7x10""cm™ for a,=1 and
=04
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Fig. 3 The distribution of the transverse
normalized velocity By of the
accelerated dectrons for a;=1.0 and

a=04 a n=7x10"cm?® and a laser
pulse width of 50 fs.



