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Laser wakefield acceleration has the possibility to generate an ultrashort electron beam of the order of
femtoseconds or less. In applications of these laser accelerated electron beams, stable and controllable electron
beams are necessary. A high stability electron bunch is generated by laser wakefield acceleration with the help of a
colliding laser pulse (optical injection). Stable and monoenergetic electron beams have been generated in the
self-injection scheme of laser acceleration by using a Nitrogen gas jet target. The electron interaction with the laser
field results in transverse oscillations of the electron beam. From the electron oscillation period dependence on the
electron energy we find that the electron beam width is equal to 1.7 fs (rms).

PACS: 41.75.Jv, 52.38.-1, 52.38.Kd

INTRODUCTION

Measurements and manipulation of ultrafast
phenomena open up new science and applications.
Femtosecond (1 fs=10"" s) pulses can be used to initiate
and control molecular dynamics on a few tens of
femtoseconds timescale, and attosecond (1 as=10"*s)
pulses can be used to initiate and control quantum
dynamics on attosecond timescales. Generation of
ultrashort pulses is a key to exploring the dynamical
behavior of matter on ever-shorter timescales.
High-order harmonics of femtosecond laser pulses have
been shown to be a source of a sub-femtosecond
extreme-ultraviolet (XUV) pulse [1-4]. However, in
order to observe several phenomena on ultrashort
timescales, an ultrashort x-ray and an electron beam are
necessary. Laser wakefield acceleration (LWFA) [5]
based on the effect of plasma wave excitation in the
wake of an intense laser pulse, has the possibility to
generate an ultrashort electron beam of the order of
femtoseconds or less. In experiments, it has been
demonstrated that LWFA is capable of generating
electron beams with high energy up to 1 GeV [6, 7] and
high quality [8-11]: quasi-monoenergetic, low in
emittance, and a very short duration [12]. In addition,
the electron beam has a current density up to the
kilo-amprere level. It has the possibility to be a source
of a X-ray free-electron laser (XFEL) for a coherent
X-ray source [13].

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. Several schemes of electron injection were
proposed in order to provide more controllable regimes
including tailored plasma density profiles [14, 15] and
optical injection [16-21]. Experimentally, stable and
controllable electron beams have been generated in the
self-injection [22] and optical injection scheme [19-21].
Within self-injection, a laser pulse excites a wake wave
and injects electrons into the wake. Within optical
injection, the electrons are injected into the wakefield
by an additional laser pulse [16-21]. Optical injection
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has an advantage in using a regular pattern wakefield
excited by a driver laser pulse. In applications of the
electron beam, it is necessary to characterize the
electron beam. The important parameters are energy,
energy spread, emittance, and pulse width. Among these
parameters it is difficult, in particular, to measure the
pulse width due to the ultrashort bunch length. 100 fs
electron beams have been measured by using Coherent
Transition Radiation (CTR) [23,24] and an
electro-optical (EO) crystal [25]. An electron generates
radiation at the boundary of materials. The radiation is
called transition radiation. When the pulse width of the
electrons is shorter than the period of the radiation, the
radiation should be coherent. From the boundary in
wavelength between the coherent and incoherent
emission, the pulse width of the electrons can be
calculated. However, the Ilaser-accelerated electrons
have a quasi-monoenergetic part (electron beam) and a
broad-spectrum part (thermal electrons). The pulse
width measured by CTR includes the total width of the
electrons not only the electron beam. In order to observe
the pulse width of the electron beam, the effect of the
thermal electrons should be separated from the electron
beam. In order to measure the pulse width of the laser
accelerated electron beam by using a EO crystal, the
crystal should be placed on the electron and laser axis
near the laser focus point to get on electron beam with
high charge density. The measured pulse width should
be the total width not only the monoenergetic part. The
radiation from the interaction between the crystal and
the laser pulse should be noise. In addition, the crystal
could be damaged by the laser pulse. In order to observe
the pulse width of the electron beam, the effects of the
thermal electrons and the laser pulse should be
separated from the electron beam.

On the other hand, the electron beam oscillates in an
electric field [26-29]. The electric field is caused by the
laser pulse and/or a plasma wave. When the pulse length
of the electron beam is shorter than the plasma
wavelength and the electron beam is in the laser pulse,
the energy spectrum is converted to the pulse width of
the electron beam.
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The oscillation by the laser field is a reference for
the conversion. In this paper we present the result of the
optical injection to generate a stable electron beam, and
the pulse width measurement of the laser accelerated
electron beam. The electron beam is in the laser field
and is oscillated by the field. From the oscillation, we
measure the electron pulse width of 1.7 fs (rms).

1. OPTICAL INJECTION

The experiments have been performed with a 3 TW
linearly polarized Ti:sapphire laser [30]. The target is a
supersonic helium gas jet flowing out of a rectangular
nozzle with the size of 1.3 mm x 4 mm. The 70 fs driver
pulse with 0.2 J energy is focused onto the helium gas
jet. The peak irradiance, [, is 6.8 x 10" W/em?
corresponding to a dimensionless amplitude of
ap=8.5x 10" 2, [um] (Zy[W/ecm?])"? = 0.6, where 4, is
the laser light wavelength of 800 nm. The 70 fs
injecting pulse with 10 mJ energy is focused onto a
region at the beginning of a channel formed by the
driver pulse at the angle of 135 degrees with respect to
the driver pulse propagation. Its peak irradiance, I,
is about 2.0x10"W/em® corresponding to a
dimensionless amplitude of a; = 0.1.

The self-injection ceases at lower plasma densities,
when the wake wave becomes more regular. In order to
demonstrate the counter-crossing injection, we must use
plasma with a density below the self-injection threshold.
The threshold parameters are found by changing the
plasma density and measuring accelerated electrons
with the driver pulse alone. When the plasma density
decreases from 4.10 x 10" cm™ to n, = 4.00 x 10" cm”,
the reproducibility abruptly drops. For our parameters,
the self-injection ceases at the plasma density below the
threshold of 4.00 x 10" cm™.
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Fig. 1. A typical image of an energy distribution of the
electron bunch obtained by the counter-crossing
injection at n, = 3.95 x 10" em™ (a), and a projection of
the image onto the energy axis (b)

Fig. 1 shows the energy spectrum of the accelerated
electron bunch optically injected with the help of the
injecting pulse for n. =3.95x 10" cm™. This density is
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below the self-injection threshold. The collision of the
two laser pulses produces a quasi-monoenergetic
electron bunch with 15MeV peak energy, 7.8 %
(1.2 MeV) rms energy spread, 30 pC charge, and
15 mrad divergence.

Fig. 2 compares the stability of the self-injection and
the counter-crossing injection mechanism. The
experiments of the counter-crossing injection were
conducted for n,=3.95x 10" cm™. The self-injection
has been seen for n,=4.40 x 10" cm™, which is the
optimum density for self-injection to generate
quasi-monoenergetic electron beam. These results show
that the counter-crossing injection has higher stability
than the self-injection. Fig. 2 shows a wide scatter of the
self-injection points, with several at large values, while
the optical-injection points are clustered nearer to the
lower left of each plot.
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Fig. 2. The stability of the self-injection and the
countercrossing injection. The stability of the
countercrossing injection is higher than that of the
self-injection

2. PULSEWIDTH MEASUREMENT

A quasi-monoenergetic electron beam is generated
in the self-injection scheme by using a Nitrogen gas
target around the plasma density, n,, of 4.0 x 10" cm™
assuming 5 ionizations of N,. The quality of the electron
beam is stable [31], because the laser pulse is guided a
long distance in a channel produced by cascade
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onization due to the low ionization threshold [22]. By

using the electron beam, a pulse width is measured.
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Fig. 3. Typical image of an electron beam in energy
space (a), and a projection of the image onto the energy
axis (b) for the laser pulse of S-polarization at
n, =4.4x 10" cm™. The electron beam has peak energy
of 17 MeV and a charge of 17.0 pC
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Fig. 4. Typical image of an electron beam in energy
space (a), and a projection of the image onto the energy
axis (b) for the laser pulse of P-polarization at
ne = 4.4 x 10" cm™. The electron beam has peak
energy of 17 MeV and a charge of 19.3 pC
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The experiments have been performed with a Ti:
sapphire laser system at the Japan Atomic Energy
Agency (JAEA) named JLITE-X [30]. The laser pulse,
which is linearly polarized, with 130 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 pulse width of the laser pulse, 7, is
40 fs. The peak irradiance, /), is 7.3 x 10" W/em® in
vacuum corresponding to a dimensionless amplitude of
the laser field a, = 0.6.

The electron beam oscillates in the electric field of
the laser pulse. In phase space, we can see the electron
oscillation by the electric field [32]. The oscillation is a
reference in order to convert the energy spectrum to the
pulse width. Fig. 3 shows the typical image of an energy
distribution at n, =4.4 x 10" cm™ when the laser pulse
has S-polarization (vertical polarization). Using the
sensitivity of the phosphor screen, calibrated with the
help of a conventional electron accelerator, we estimate
that the total charge of the monoenergetic electron beam
is about 17 pC. Electron oscillations are observed in
energy space. The oscillation has an angle of 16 mrad.
The electric field of the laser pulse is parallel to the
direction of the oscillation. The amplitude of the
electron oscillation by the laser field, 4, i1s defined
as Aeuser = ay/y, where y is the Lorentz factor of the
electron beam. From the experimental parameters, the
estimated amplitude of the oscillation by the laser pulse
is about 16 mrad. The maximum amplitude of the
experimental data is 16 mrad. The result has good
agreement with the calculated amplitude. When the
laser pulse has P-polarization (horizontal polarization),
no electron oscillation is observed as shown in Fig. 4.
When the laser pulse has P-polarization, the image of
the energy distribution has no oscillation, because the
direction of the oscillation by the laser field is parallel to
the energy axis. The oscillation depends on the laser
polarization. The fact that the electric field of the laser
pulse is parallel to the direction of the oscillation is one
piece of evidence that the electron oscillation is caused
by the laser field. The wave structure of the energy
spectrum depends on the laser frequency. The pulse
width (FWHM) of the electron is 1.5-cycles of the laser
beam at a wavelength of 800 nm. The pulse width is
1.7 fs (rms) (12 % of the period of the plasma wave).

CONCLUSIONS

In order to improve the stability of laser-accelerated
electron beam, optical injection experiments have been
performed. The generated electron beam shows that the
optical injection is one of techniques to generate a stable
electron beam. Stable and monoenergetic electron
beams have been generated in the self-injection scheme
of laser acceleration by using a Nitrogen gas jet target.
In the image of the energy spectrum, the electron
oscillation by the laser field is observed. The energy
spectrum can be converted to the electron pulse width.
The result of the 0.64-cycles oscillations indicates a 1.7
fs (rms) pulse width for the electron beam. The peak
current is 10 kA. The technique of the measurement is
the direct observation of the pulse width of the electron
beam.
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HOBBIIIEHUE BOCITPON3BOANMOCTHU NAPAMETPOB ITYYKOB 3JIEKTPOHOB,
YCKOPSIEMBIX B JIASEPHOM ILVIABME,
N NBMEPEHME JJIMTEJIBHOCTH 3JIEKTPOHHOI'O ITYUYKA

X. Komaxku, M. Mopu, I0. Xaawu, M. Kanoo, H. /laitmo, I0. @yKyoa,
A.C. Iupoosckos, /I.K. Koza, C.B. bynanos

B mpouecce yckopeHHs KWIbBAaTEPHBIMHU BOJTHAMH BO3MOKHA TEHEPAIMs CBEPXKOPOTKUX 3JIEKTPOHHBIX ITyUKOB
(eMTOCEeKyHAHON UINTENbHOCTBIO. [l mpuitoxkeHnil TpeOyroTCsl SMEKTPOHHBIE IIYYKH C BOCIPOM3BOAMMBIMU H
KOTPOJIMPYEMBbIMHU Napamerpamu. OnTHyeckas HHXEKIHs, UCIOJIB3YIOIIasi CTAIKUBAIONINECS JIa3€PHbIC UMITYIIbCHI,
o0ecrieurBaeT BHICOKYIO BOCIPOU3BOIMMOCTD IAPAMETPOB IIyYKOB YCKOPEHHBIX 3JEKTPOHOB. MOHODHEpreTHYeCKHe
IIYYKH 3JICKTPOHOB C BOCHPOU3BOAMMBIMU MMapaMETpaMn 6])1.]'11/1 TMOJIYUYCHBI IPpHU «CaAaMOWHIKXCKIIUN>» B KHUJIbLBATCPHYIO
BOJIHY B JKCIEPHMEHTAaX, HCIOJB3YIOIUX B KAaueCTBE MUIIEHU CTPYIO a30Ta. B3auMmonelcTBUE IJIEKTPOHOB C
H3Iy4YEHUEM JIa3epHOTO KMIYJIbCAa MPUBOAUT K MONEPEYHbIM OCLMIUIALUAM 3IEKTPOHHOTO Iydka. AHamu3
HaOoaeMoil B AKCHEPHMEHTE 3aBUCHMOCTH IEpHOJa OCLHWULILMHA OT SHEPTHUH 3JIEKTPOHOB IO3BOJSIET HAWTH
JUTATENEHOCTD YJIEKTPOHHOTO My4Ka, paBHYO 1.7 ¢c.

NIABUIIEHHA BITTBOPIOBAHOCTI HAPAMETPIB ITYYKA EJIEKTPOHIB,
10 YCKOPIOIOTBHCH B JIABEPHIU IIVTIA3MI,
TA BUMIPIOBAHHS TPUBAJIOCTI EJIEKTPOHHOI'O ITYYKA

X. Komaxi, M. Mopi, 0. Xaawu, M. Kanoo, 1. /laiimo, I0. ®@ykyoa,
A.C. Hiposckos, /I.K. Koza, C.B. Bynanos

B mporeci mpucKOpeHHs KiIbBaTepHUMH XBHJISIMH MOXKJIMBA TeHepalis HaJKOPOTKHUX €JeKTPOHHUX ITy4KiB
¢demrocexkyHaHoi TpuBanocTi. s nonarkiB moTpiOHI eNEKTPOHHI ITyYKH 3 BIITBOPIOIOYHUMH 1 KOTPOJIOIOYUMHU
napameTpamu. ONTHYHA IHXKEKI[s, 110 BHKOPHCTOBYE 3ilITOBXYIOWi JIa3epHI IMITyJbcH, 3a0e3leyy€e BHUCOKY
BIZATBOPIOBAHICTh IapaMeTpiB IIyYKiB IPHUCKOPEHHX EJIEKTPOHIB. MOHOEHEpPreTH4Hi Iy4YKH eJIEKTPOHIB 3
BiJITBOPIOBAaHUMH I1apaMeTpaMu OyJIM OTpHUMaHi IPU «CaMOIHXKEKIi{» B KUIbBATEPHY XBWIIIO B EKCIIEPUMEHTAX, B
SIKMX B SIKOCT1 MillIeHI BUKOPUCTOBYBaJacsi CTPyMiHb a30Ty. B3aeMojiist eJeKTpoHiB 3 BUIIPOMIHIOBAHHSIM JIa3€PHOTO
IMITyJIbCY MPHU3BOIUTH O TIONEPEYHUX OCLMIISAIINA EIEKTPOHHOTO ITydka. AHaJli3 CHOCTEpirarodoi B eKCIepHUMEHTI
3aJIe)KHOCTI TIepioAy OCHWJISMINA BiJ €HEeprii eIeKTPOHIB J03BOJSE 3HAUTH TPHUBAJIICTH CIEKTPOHHOTO ITydKa, SKa
nopisaroe 1.7 de.
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