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Abstract dius at the focus. The maximum energy gain is given by

The laser wakefield electron acceleration up to 300 Me\éW = eE, Lq. With the acceleration length,.

has been observed in an underdense plasma driven b An a homoge.neogs.plasma, however, d'ﬁrac“or.‘ of the
2 TW, 90 fs laser pulse synchronized with 17 MeV RF ”naiaser propagation limits the Ia;er—plasma .|nteract|o.n dis-
electron injector at 10 Hz. The electron acceleration w fance toLq. ~ rZ., whereZ, is the effective Rayle'gh
enhanced at a density higher than the resonant density 38 gth. For the respnant plasma dgnsnty, = 1/mrec;

to gas ionization and self-channeling effects. The wakefielf €€ 1S the classical electron radius,

excitation has been confirmed by measuring the eIectro&
density oscillation of the plasma wave with the frequency

domain interferometer. wherery = 2vIn20,/c is the FWHM pulse duration.
Note that the maximum energy gain is independent of a
1 INTRODUCTION focal spot size of laser pulses for Gaussian propagation if

We report here demonstration of laser wakefield acceler& = Zr. Optical guiding has been proposed[5] in order
tion (LWA)[1] of an externally injected electron beam by ato exceed this limit. Our recent experiments using intense
2 TW 90 fs laser pulses in a plasma created in a gas-filldgmtosecond laser pulses report that a self-channeling has
chamber. A large energy gain-800 MeV) was attained, been observed under the critical power of the relativistic
partly owing to self-channeling of a laser in a plasma angelf-focusing]6].

partly owing to larger acceleration gradient than the pre-

diction of a linear. Large blue shift was observed in the 3 EXPERIMENTAL SETUP

laser spectrum in a dense plasma, but no trace of the Ra-

man scattering was found. These facts suggest a new me(\%@ have constructed the LWA test facility consisting of the

anism of LWA using a laser power well below the criti-T__ Iaser.sys_g[em and the electron beam injector[8]. The
cal power of the relativistic self-channeling[2], given by 1:SaPphire T laser system based on the chirped-pulse am-
P, — 17(w§/w§) GW with w, being the laser frequency plification at \¢ = 790 nm produces output pulses com-

andw,, the plasma frequency. A frequency domain inPressed by a grating & fs with an energy of- 200 mJ

terferometer certified the density oscillation in the lasef" @ Peak power of 2 TW at the repetition rate of 10 Hz.

Winax[MeV] ~ 850P[TW]Xo[pm]/7o[fs] X (Z./ZRr),

wakefield[3]. We used the 2856 MHz RF linac as an electron injector to
produce a 17 MeV single bunch beam with a 10 ps FWHM
2 LASER WAKEFIELD ACCELERATION pulse duration containing 1 nC at the repetition rate of
10 Hz.

The LWA has great potential to produce ultra-high-field In our experimental setup, focusing optics and the injec-
gradients of plasma waves excited by intense ultrashaibn electron beamline were installed in the vacuum cham-
laser pulses[1, 4]. The wakefield results from the ponderder filled with He gas. Laser pulses were focused with /10
motive force exciting the plasma wave with the frequencyff-axis parabolic mirror with a focal length of 480 mm.
wp = \/4me?n./m, in a plasma with an ambient electronThe measured focal spot radius wigsum. An electron
densityn.. The maximum amplitude of an axial wakefieldbeam from the injector is brought to a focus in the chamber
is achieved at the plasma wavelength= no., whereo.  with the FWHM beam size of 0.8 mm through a beam-
is a temporal /e half-width of the pulse. Assuming Gaus- line consisting of a triple focusing magnet and a perma-
sian beam propagation of the laser pulse at the peak powsint quadrupole triplet. The RF linac and the beamline are
P in an underdense plasmay(>> w,), a peak amplitude separated with &0 um thick titanium window from the

of the accelerating wakefield is interaction chamber to maintain ultrahigh vacuum in the
k202 electron injector. Since the multiple scattering of electrons
. wo P Ao pr'Z pOz . . . . .
ek, =,/ — )5z eel-— ) at this window causes emittance blow-up, a collimator slit
€0 MeC™ A Ap R is installed at the downstream of the window to reduce the
where) is the laser wavelengtlt, = 27/\, andZr = beam emittance. The beam collimation reduced an electron

wR2/)\o is the vacuum Rayleigh lengti, is the spot ra- charge to~100 pC per pulse. Only the electrons injected
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to the diameter less than a half laser spot size would be : 13— —
trapped and accelerated by the wakefield. An electron pulse 10233 :”"*} © 3
was synchronized to laser pulses with the phase locked con- Nf O L - 1
trol of the mode-locked oscillator. The phase locked loop= 4 i 102 e
maintains synchronization of the oscillator repetition pe-g ‘ 1 .

riod (79.33 MHz) with every 36th RF period of the linac T
(2856 MHz). A streak camera with a time resolution of & 1 :
200 fs measured a timing jitter between the laser pulse an (b)

i S 102t # g 5 ]
Cherenkov radiation from the electron beam. Synchronizag it 10%% ................ ]
| g 5 3
tﬁ’?ﬁi
+
-

10

tion between the two pulses was achieved within the rm
jitter of 3.7 ps. 10 L s .
The energy of accelerated electrons was measured with N g M ]
the magnetic spectrometer consisting of a dipole magnet 1,5 160 '
and an array of 32 scintillation detectors. Injected elec-
trons undergoing no acceleration were swept out of the de-
tectors by the spectrometer magnet following a permanent
guadrupole doublet. The spectrometer covered the ene
range of 16-300 MeV. The energy calibration of the spec
trometer was made by varying the magnetic field to me
sure a 17 MeV electron beam from the RF linac.
The timing between laser and electron pulses was a

a0M10 100 40
Energy Gain (MeV)

ure 1. Energy gain spectra of accelerated electrons for
a) 3.4 Torr, P=0.9 TW, b) 20 Torr, P=0.9 TW, c) 2 Torr,
£=1.8TW, and d) 20 Torr, P=1.8 TW.

. ; 0 the laser intensity gives a good estimate of the acceler-
justed by changing a phase delay of the reference RF to taﬁon length. The acceleration field gradient was obtained

phase locked loop so that streak i”.‘age? of two pulses W& Bm the measured maximum energy gain and the FWHM
overlapped. After a He gas was filled in the acceleratlopength of the scattered light lineout equal 3¢Z,. Fig-

chamber, fine adjustment of overlapping two spots of laser . :
. o ure 3 shows the peak accelerating gradient for the laser
and electron beams was carried out within/&0. Two :
: i eak powers of 0.9 TW and 1.8 TW as a function of the gas
sets of pulse height data of the scintillator array were taken - .
ressure of He. The data indicate a good agreement with

with pump Iasgr pulses anq without them as a baCkgrount%Teoretical prediction based on the linear fluid model below
A net pulse height proportional to the number of electroni9 Torr, assuming the focal spot radius of A8. How-

accelerated was obtained from subtracting the data withoy :
. ver, they show that the acceleration occurs even at much
the pump pulses from the data with them. The number

: igher pressures than a plasma wake resonance. Recen
electrons was estimated to be ranged from 2 to 4 per AD gher pressu gst an a plasma wake resonance. rece t
particle-in-cell simulations elucidate that a large amplitude
count for all detectors.

wakefield can be excited by self-modulation at the front of
a laser pulse in rapidly ionizing plasmas[2]. In Fig. 3 the
4 EXPERIMENTAL RESULTS acceleration gradient jumps tol5 GeV/m above 20 Torr
, i for 1.8 TW. Above this pressure of 20 Torr, it was also
In the acceleration experiment the gas pressure of He Wa§seryed that the length of the lineouted laser light turned
scanned from 1 Torr to 300 Torr. Figure 1 shows the pregy,,¢ constant~1 cm. These phenomena suggest that self-

sure dependence of energy gain spectra of electrons acqgfznneling accompanied by the electron density depletion
erated by the laser peak power of 1.8 TW. The maximumy oy take place above 20 Torr.

energy gain up to 300 MeV was obtained. When the elec-
tron pulse preceded the pump laser pulse, no acceleration
of electrons was observed. Accelerated electrons visibly
appeared as the electron pulse was delayed. No accelerated
electron was observed at a delay of 1 ns. We have tried to
observe the self-trapping of plasma electrons due to wake-
field, without the electron beam injection, increasing the _
gas pressure up to 760 Torr. No electrons with energies ‘ . . ‘ . 0Tor
higher than~1 MeV were however observed. It implies 2 1 0 10 20 3N
that the ultrashort laser pulses of 100 fs do not excite the Propegation Axis (mm)
stimulated Raman instability and resultant large amplitudeigure 2: The lineouts of the side scattered laser light at
wakefields. various He gas pressures for P=2.5 TW.

The side scattered laser light from the plasma region The onset of self-channeling is also inferred from the
were imaged onto a CCD camera through a 10 nm FWHMpectra of the forward scattered laser light shown in Fig. 4.
interferential filter to measure the laser intensity distribuAt the low pressure of 1 Torr, only a small blue-shift was
tion. Fig. 2 shows an intensity profile of the scattered lighbbserved as the laser intensity increases. When the pressure
projected onto the propagation axis at various gas pres#ned out to be as high as 20 Torr, however, a drastic blue-

Eures. The lineout width of the scattered light proportional

1.4Torr

18 Torr

Intensity (a.u.)

62 Torr
98 Torr
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Figure 3: The peak accelerating field gradient deducefigure 5: Measurement of the plasma density oscillation
from the maximum energy gain and the acceleration lengtbxcited by a 1 TW pump power in a He gas of 2 Torr. The
The solid curve shows theoretical expectation for the spgblid curve shows a fit of the plasma wave with oscillation
radiusRy = 13 pm. period of 360 fs.

shifting of the laser light was induced above 0.5 TW. As the > CONCLUSION

peak power increased to more than 2 TW, a whole spectruypge have carried out electron acceleration by wakefields in
of the incident laser pulse at 790 nm was shifted to 750 nna. static He plasma excited by a 2 TW, 90 f& [@ser syn-

It has been known that a large amount of the self-phag@ronized with the 17 MeV RF linac electron beam injec-
modulation results from a long distant self-channeling[7}or at the repetition rate of 10 Hz. We have observed high
In our experiment we have not observed red-shifting nasnergy electrons accelerated up to 300 MeV by the wake-
forward Raman scattering. field of ~15 GeV/m excited over a few cm long under-
dense plasma. Acceleration enhancement at higher pres-
sures than the resonant pressure may be elucidated from the
pulse self-modulation due to ionization and self-channeling
of the laser pulse in a plasma. These effects must help to
achieve an efficient electron acceleration up to the higher
energy than 1 GeV. A direct measurement of the electron
density oscillation by the frequency domain interferometry

Z13m verified that the wakefield excitation is consistent with the

Intensity (a.u.)
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] 11omI results of acceleration experiments.
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