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Abstract

Laser acceleration has the possibility to generate a low
emittance electron beam with an ultra-short duration over
short acceleration lengths. In applications of these laser
accelerated electron beams, stable and controllable elec-
tron beams are necessary. A stable monoenergetic electron
beam is generated in the self-injection scheme by using a
Nitrogen gas-jet target. The electron beam directionis con-
trolled by the gas-jet position. We found the profile of the
electron beam was manipulated by rotating the laser polar-
ization. The electron beamisin thefirst bucket of the wake
wave. In energy space, electron oscillations are observed.

INTRODUCTION

Laser wakefield acceleration (LWFA) [1], based on the
effect of plasma wave excitation in the wake of an in-
tense laser pulse, is now regarded as a basis for the
next-generation of charged particle accelerators, compet-
ing with conventional accelerators in the energy gain per
unit length. Recently electron bunches have been acceler-
ated upto 1 GeV by LWFA [2]. In experiments, it has been
demonstrated that LWFA is capable of generating electron
buncheswith high quality [3, 4]: quasi-monoenergetic, low
in emittance, and a very short duration of the order of ten
femto-seconds. Such femtosecond bunches can be used to
measure ultrafast phenomena.

In order to generate a bunch with high quality, required
for applications, the electrons should be duly injected into
the wakefield and this injection should be controllable.
The injection can happen spontaneously, due to a longi-
tudinal or transverse break of the wake wave, caused by
its strong nonlinearity [5] and with cluster-gas targets [6].
This regime leads to the acceleration of particles, although
in an uncontrolled way. Several other schemes of electron
injection were proposed in order to provide more control-
lable regimes including tailored plasma density profiles[7]
and optical injection [8]. Recently we generated a stable
electron beam by using an Argon gas target in the self-
injection scheme [4]. When we use a Nitrogen gas target,
we can aso generate a stable electron beam. The electron
beam can be manipulated by controlling the laser pulse and
the target.
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In this paper we present the results of the electron beam
control in the self-injection scheme. In order to control
the electron beam position, we control the direction of the
electron beam by the target position. We manipulate the
electron beam profile by controlling the laser polarization.
The electron beam is in the laser field and is oscillated by
the field. From the oscillation, we estimate the electron
pulse width.

EXPERIMENTAL SETUP AND
CONDITION

The experimentshave been performed with a Ti:sapphire
laser system at the Japan Atomic Energy Agency (JAEA)
named JLITE-X [9]. The laser pulse, which is linearly
polarized, with 160 mJ energy is focused onto a 3-mm-
diameter Nitrogen gas-jet by an off-axis parabolic mirror
(OAP) with the focal length of 646 mm (f/22). The 1/¢?
diameter of the focal spot is 32 um. The energy concentra-
tion within thisregion is 60%. The pulse width of the laser
pulse, 7, is40 fs. The estimated peak irradiance from the
measurement data, Iy, is9.0 x 1017 W/cm? in vacuum cor-
responding to a dimensionless amplitude of the driver laser

field ag = 8.5 x 10~ 10\o[um]y/ I [W/em?] = 0.65, where

Ao isthe laser light wavelength of 800 nm. The laser po-
larization is controlled by a half wave plate. The thickness
of the plate is less than 50 um. The profile of the elec-
tron beam is measured with a scintillating screen (Kyokko,
DRZ-High), and a charge-coupled device (CCD) camera.
Theelectron energy is measured with amagnetic spectrom-
eter composed of a dipole magnet, a scintillating screen,
and a CCD camera. The CCD camerarecordsthe scintilla
tion pattern. The charge of the electron beam is calculated
from the scintillation signal. The signal was calibrated by
using a conventional electron accelerator.

RESULTS AND DISCUSSION OF THE
ELECTRON BEAM CONTROL

A 20 MeV guasi-monoenergetic el ectron beam is gener-
ated in the self-injection scheme by using a Nitrogen gas
target at the plasmadensity, ., of 2.0 x 10* cm~3 assum-
ing 5ionizationsof N,. The quality of the electron beamis
stable, because the laser pulseisguided along distancein a
channel produced by cascade ionization dueto thelow ion-
ization threshold [4]. We control the stable electron beam
by the control of the laser pulse and the target.
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Figure 1. Control of the self-injected electron beam. The
horizontal axis, v, is the difference of the laser axis from
the center of the gas-jet. y = 0 means that the laser pulse
passes through the center of the gas-jet. When the laser
pulse is focused to the center of the gas-jet, the electron
beam is generated near the laser axis. By controlling the
gas-jet position, the direction of the electron beam can be
controlled.

Direction Control

For applications of the laser accelerated electron beam,
the electron beam position should be controlled. The gas-
jet nozzle has a circular shape of 3-mm-diameter. For the
experiment, we fix the distance between the laser focus po-
sition and the surface of the gas-jet position. In order to
control the electron beam direction, we move the gas-jet
position transverse to the laser propagation direction and
gas-jet direction. The electron beam position is measured
with a scintillating screen and a CCD camera. Figure 1
showstheresult of the direction control. The electron beam
bendsaway from the gas-jet. The electron beamfollowsthe
laser pulse. Thelaser pulse bends dueto the plasmadensity
distribution when the laser pulse is focused on the side of
the gas-jet. Asaresult, the electron beam bends away from
the gas-jet. The fluctuation is very small. It is possible to
control the direction of the electron beam by changing the
gas-jet position.

Profile Manipulation

In order to manipulate the profile of the electron beam,
the polarization of the laser pulse is controlled by a half
wave plate. Our experimental conditionis = = 40 fsand
ne = 2.0x 10 cm~3. From the plasmadensity, the period
of the plasmawave is 24 fs. The profile of the laser accel-
erated electron beam in the first bucket of the wake wave
can be manipulated, because the beam isin the laser pulse
[1Q]. Profiles of the electron beams are shown in Fig. 2.
The spatial profile of the electron beam shows an dlliptical
shape with its major axis parallel to the electric field of the
laser pulse. The electrons oscillate in the laser pulse dueto
the electric field. This result shows that the electron beam
profile can be controlled by the laser polarization and the
guasi-monoenergetic electron beam isin the first bucket of
the wake wave.
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Figure 2: Typical profiles of the electron beams, the direc-
tion of the electric field in the laser pulse, and the polariza-
tion of the laser pulse. The profile can be manipulated by
the laser polarization. The shape depends on the electric
field of the laser pulse.

Observation of Electron Oscillation

The electron beam oscillates in the electric field of the
laser pulse[10, 11] and the transverse wakefield excited by
the laser pulse[12, 13]. Figure 3 shows a typical image of
an energy distribution at n. = 2.2 x 10'? cm~—2 when the
laser pulse has S-polarization (vertical polarization). Elec-
tron oscillations are observed in energy space. The os-
cillation has an angle of 16 mrad. When the laser pulse
has P-polarization, no electron oscillation is observed. If
the electron bunch is shorter than the half of the plasma
wavel ength, the electron energy spectrum can be converted
to the electron pulse width. The electron oscillation is
caused by the laser field or the transverse wakefield. In
order to observe electron oscillation without the laser field,
we decrease the plasma density. Here, the plasma wave-
lengthis A\, = 27¢/w, and the plasma frequency isw, =
VAannee?/me. When we decrease n., A, becomes long
and the electron beam moves away from the laser pulse.
Atn. = 1 x 10 cm~3, the eectron oscillation is ob-
served with the angle of 0.7 mrad when the laser pulse has
P-polarization. The direction of the electron oscillation is
perpendicular to the direction of the electric field of the
laser pulse due to the P-polarization of the laser pulse. The
oscillation is caused by the transverse wakefield.

In order to determine the mechanism of the electron os-
cillation at n, = 2.2 x 10'® cm~3 when the laser pulse
has S-polarization, we compare the oscillation by the laser
field and the transverse wakefield. First we assume that
the electron oscillation is caused by the laser field. The
electric field of the laser pulse is parallel to the direction
of the oscillation. From the experimental parameters, the
estimated amplitude of the oscillation by the laser pulseis
about 16 mrad. Thisis similar to the experimental results.
When the laser pulse has P-polarization, the image of the
energy distribution has no oscillation, because the direc-
tion of the oscillation by the laser field is parallel to the
energy axis. The oscillation depends on the laser polariza-
tion. The fact, that the electric field of the laser pulse is
parallel to the direction of the oscillation, is one piece of
the evidence that the electron oscillation is caused by the
laser field. The wave structure of the energy spectrum de-
pends on the laser frequency. The pulse width (FWHM)
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Figure 3: A typical image of the electron beam in the en-
ergy distribution (a) and a projection of the image onto the
energy axis (b). The electron oscillation can be observed
when the laser pulse has S-polarization. The oscillation
corresponds to the laser frequency.

of the electron is 1.5-cycles of the laser beam at a wave-
length of 800 nm. The pulse width may be about 4 fs
(20% of the period of the plasma wave) if the oscillation
is caused by the laser field. A three-dimensional particle-
in-cell simulation result of the electron beam oscillation in
the laser field has been already published [11]. Next we as-
sume that the oscillation is caused by the transverse wake-
field. The frequency of the oscillation by the transverse
wakefield iswg = wp/v/27050 [12, 13], where w,, is the
plasma frequency, 7o = wo/(v/3w,) is the injection en-
ergy, 30 = /1 — 1/42 is the injection speed of the elec-
trons, and wy is the laser frequency. The output angle of
the electrons, 6(vy), is[13]

0 1/4 E,
_f% sin E—S(\/%—ﬂ— Q’YOBO) )
1

where E. is an accelerating field, ey = mecw, is the
wave-bresking field, and 6y = mw,ro/(2¢). The estimated
output angle by the equation and the experimental data at
ne = 1 x 10'® cm=3 is 2 mrad at the electron energy of
20 MeV. The estimated length of the electron oscillation is
3 times longer than the plasma wavelength. It is difficult
to observe the oscillation by the transverse wake with our
parameters. There are contradictions if the oscillation is
caused by the transverse wakefield.

0(v) =

CONCLUSIONS

L aser-plasma interaction generates an electron beam in
the self-injection scheme. The elipsoidal profile of the
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guasi-monoenergetic el ectron beam isrotated in such away
that the major axis of the ellipsoid follows the laser po-
larization axis. This result also indicates that the quasi-
monoenergetic electron beam is in the first bucket of the
wake wave. In the image of the energy spectrum, 1.5 pe-
riods of the electron oscillation is observed. As a control
of the electron beam, we have succeeded in controlling the
electron beam direction by changing the gas-jet position.
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