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Abstract 

We propose an ultra-high accelerating gradient accelerator 
based on the laser wakefield accelerat.ion mechanism driven 
by an ultra-short pulse laser with power of the order of 
TW. A st.at.e of t.he art of such high-power lasers makes 
possible t.o build compact high-intensit.y lasers known as a 
t.able-top-terawat.t la~er (T3 ). \\'e report the development 
for a compact accelerat.or capable of acceleration up to 
GeV energies using the multi-terawatt T3 laser with a 100 
fs pulse duration. 

1 INTRODUCTION 

The laser-driven particle accelerators have been conceived 
over a past decade to be a next generation particle accel­
erator promising super-high field particle acceleration[l]. 
Among a number of novel concepts proposed so far, re­
cent Iy there has been a great advance in laser-plasma ac­
ednat ors wit h success in demonstrat.ing ultrahigh gracli­
ent particle acceleration of order ofGeV /m[2]. Thus much 
currf'llt. interest. has focused on development of a practical 
accelerator based on la5er-plasma acceleration mechanism 
ill performance of accelerat.ors, not only accelerat.ing field 
but beam intensity, emittance, repetition rate and so on. 

Currently there have been two major schemes of laser­
plil..'3ma accelerators: the plasma beat wave accelerator 
(PI3\\"A) and the laser wake-field accelerator (LWFA). In 
the PUWA two-frequency lasers are optically mixed to pro­
duce laser beat waves. \\'hen the beat wave frequency is 
equal to the plasma frequency, beat waves drive plasma 
waH'S at a resonance density. In the L\VFA, an intense 
ultra5hort laser pulse excites wakefields in a plasma due 
to a nonresonant shock. Although both methods have 
Ii lIli tat ions on particle acceleration, the L\V FA h as some 
advantages of simplicit.y, plasma control and instabilities. 
l\Ioreover, recent technological availability of high power 
ultrashort-pulse lasers confers a benefit on the L\VFA. Ad­
vance in laser technology has offered us compact terawatt 
laser syst.ems referred to as T3 (table-top-terawatt) lasers. 
The availability of T3 lasers makes possible to build the 
accelerator system in a compact size with a reasonable 
repetition rate. 

This report discusses limitations of the fundamental 
LWFA scheme on the energy gain and improved schemes 
to achieve multi-GeV acceleration by overcoming its lim­
itations. \\'e present the propoasal of the L\\'FA syst.em 
aiming at a GeV energy gain in a table-top size. 

2 ENERGY GAIN OF THE LWFA 

Diffraction-limited LWFA 

An intense short laser pulse excites a wake of plasma 
waves due to the ponderomotive force in an underdense 
plasma, Wo » WP ' where Wo is the laser frequency, wp = 
(47re 2 n e /m e )1/2 is the electron plasma frequency, and ne is 
the ambient electron density. The plasma wave phase ve­
locity is equal to the laser pulse group velocity in a plasma, 

given by vq, = cJ1- w~/w5. Assuming a Gaussian beam 

propagation of the laser pulse with the peak power P in a 
fairly underdense plasma, the peak amplitude of acceler­
ating wakefields is 

eEz = 0.oP (AO) (kp(]'z) ex (_ k;(]';). 
"fimec2 Ap ZR P 4 

(1) 

where no is the vacuum resistivity (3770.), AO is the 
laser wavelength, kp = 27r / Ap = wp/vq" (]'z is the tem­
poral l/e half-width of the pulse, ZR is the Rayleigh 
length, ZR = 1T R6/ AO and Ro is the spot radius at the 
focus. Note that the accelerating field is propotional to 
P rather than ..,fi5 in conventional rf-driven accelerators. 
The maximum gradient is achieved at the plasma wave­
lengt.h Ap = 1T(],z: (eEz)max = 2"fie-ImeC2a6/(]'z, where 
a6 = 0.73 x 10- 18 I.\6, the laser intensity I is in units of 
W /cm2 and AO is in units of Jim. 

Diffraction limits the laser-plasma interaction distance 
to:::: 1TZR Thus the maximum energy gain of relativistic 
electrons is obtained as ~W = eEz ·1TZR. For the optimum 
plasma density, ne = l/1TTe(],;, where Te is the classical 
electron radius, ~Wmax[MeV] :::: 1.4P[TW]Ao[Jiml!To[ps], 
where TO is the pulse duration in FWnr.I, eTo = (2 In 2)(],z. 
Note that the maximum energy gain is independent of the 
focusing property of the laser beam due to diffraction ef­
fects. 

As an example, with a P = 2 TW, T = 100 [s, AO = 
0.8 Jim laser pulse, the maximum accelerating gradient 
is eEzmax :::: 2.1 GeV /m at the plasma density of ne = 
2.4 x 1017 cm-3 for the focus spot radius Ro = 30 pm and 
ZR = 3.5 mm. Thus the maximum energy gain is limited 
to ~Wmax :::: 23 MeV. 

Channel-guided LWFA 

In order to increase the energy gain of electrons accelerated 
by wakefields, it is essential to propagate a short laser pulse 
in a plasma beyond the vacuum Rayleigh length limited 
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by diffraction. The refraction index of a plasma is given 
by TJ ~ 1 - (wi/2w6)[n(r)/noJ, where n(r) is the electron 
density profile. For refractive guiding of a laser beam, a 
radial profile of the refrac!.ion index must be (h]/fh < 0 
[3]. It has been conceived that short intense laser pulses 
can be opt.ically guided wit.hout. diffraction by plasma den­
sity channels with such a radial index profile as optical 
fibers. Optical guiding of a Gaussian laser pulse with a 
focal spot. radius RD can be made through t.he plasma 
density channel with a parabolic electron density profile 
given by n( r) = nCO) + ~nr2 / R~. If the channel den­
sity depth satisfies ~n = 1/(1TT,R6), propagation of a 
Ia.~er pulse occurs with a constant spot size, Ro, matched 
to the equilibrium radius. \\'hen the optical guiding can 
be accomplished by t.he preformed plasma densit.y chan­
nel, the accderat ion distance is limited due to detuning 
of accekrat.ed particles from a correct acceleration phase 
of plasma waves and/or due to the pulse energy deple­
t.ion of a laser pulse. A phase detuning distance is given 
by L¢ ~ >'1'('\1'/ >'o? The energy depeletion distance, in 
which the laser pulse loses a half of it.s total energy, is 
Ld = (16/37r3/2)(,\p/06A'1'O"z)(>'1'/>'0)2[4]. As t.he phase de­
tuning distance is L¢ < Ld for 06 < (8/37r 5

/
2)(>.1'/O"z), the 

maximum energy gain is limited to be ~\V = (2/7r)eEz L¢. 
When a matched optical guiding with an uniform envelope 
radius, Ro = (>'p/7r)(~n/n(0))-1/2 is made, the energy 
gain is obtained as 

For the plasm3- density of the channel axis, nCO) 
l/(7rr e O";), the energy gain is given by ~\V[GeV] 
0.6P[TW](~n/n(0)), where ~71/n(O) = (O"z/ Ro)2 

(2) 

As an example, the matched optical guiding of a spot 
size, Ro = 151/m for a 100 fs laser pulse can be made by 
the channel density depth of ~n/Il(O) = 2.1 at nCO) = 
2.4 x 1017 cm- 3 . As a phase det.uning distance is ~ 0.5 
m, the energy gain of 2.5 GeV is achieved with P = 2 
TW. The maximum amplitude of accelerat.ing wakefields 
at the channel axis is eEz ~ 8 GeV /m within the energy 
depletion distance of Ld ~ 0.9 m. 

3 L\VFA TEST FACILITY AT KEK 

yo la.ser system 

We have been constructing the T3 laser system based 
on a Ti:sapphire based chirped-pulse amplification (CPA) 
technique at. 800 nm. The oscillator is a mode-locked 
Ti:sapphire laser pumped by a cw-argon-ion laser at a 
power of 6 \\'. It produces pulses of less than 80 fs d u­
ration at a repet.it.ion rate of 81.6 I\IIIz to deliver the out­
put power of 0.75 \V at 800 nm. The seed pulse from the 
oscillat.or is stretched to ~ 300 ps in a four-pass grating ar­
rangement with t.he reflective telescope. A stretched pulse 
is amplified t.o ~ 5 mJ in the Ti:sapphire regenerative am­
plifier (RGA) pumped at 10 lIz by 100 mJ, 6 ns pulses of a 

Q-switched Nd:YAG laser at 532 nm. The output from the 
regenerative amplifier is further amplified to > 340 mJ in a 
four,pass power amplifier. Both faces of a Ti:sapphire crys­
tal are pumped with two frequency-doubled pulses from a 
Q-switched Nd:YAG laser which produces the total energy 
of 1.5 J at 532 nm. The amplified pulse is compressed in a 
two-pass grating configuration to ~ 100 fs with an energy 
of > 200 mJ, corresponding to the peak power of 2 TW. 

Electron beam injector 

It is necessary for the LWFA to inject the electron beam 
with an appropriate initial energy so that electrons can be 
trapped and accelerated by relativistic wakefields. The 
minimum and maximum trapping energy are 0.9 MeV 
and 1360 MeV, respectively, for the accelerating gradient 
of 8 GeV /m at the plasma density of n, = 2.4 x 1017 

cm- 3 . Thus the injection energy of electron beam should 
be higher than 1 I\le V. 

We use the IlF linac for medical research as an electron 
injector. This linac driven at 2856 MHz IlF frequency 
produces 10 MeV eletron beam pulses of a ~ Ips duration 
with the peak current of ~ 300 rnA at the repetition rate 
of 10 Hz. An electron pulse consists of a train of bunches 
with 350 ps separation, each of which has 10 pC (6 X 107) 

electrons. An electron bunch is synchronized to wakefields 
excited by a 100 fs laser pulse within timing jitter of 3 ps 
with the phase locked control of the mode-locked osillator. 
The phase locked loop maintains synchronization of the 
oscillator repetition period (81.6 MHz) with every 35th 
RF period of the linac (2856 MHz). 

In order to accomplish correct synchronization of the 
electron bunch with an acceleration phase of the wakefield, 
the FWHM bunch length must be less than 100 fs. Such 
an ultrashort electron bunch may be produced from a IlF 
photoinjector driven by femtosecond laser pulses at the UV 
wavelength. These pulses can be obtained through BBO 
crystals as third harmonic generation of Ti:sapphire laser 
pulses splitted from the output of the IlGA. Then we can 
achieve the best synchronization with the wakefield. 

An injected electron beam must spatially overlap with 
wakefields of which amplitudes are distributed inside the 
laser radial profile. Since the focusing force of the radial 
wakefield exists at r < Ro/2, the electron beam should be 
focused to the diameter less than a half laser spot size. An 
electron beam from the injector is brought to a focus in 
an interaction chamber with the rms beam size of ~ 15pm 
through a beamline consist.ing of a quadrupole triplet mag­
net and two quadrupole doublets. 

Accelerator setup and diagnostics 

The test accelerator setup is composed of the IlF iinac 
(RF photoinjector), the electron transport beamline, the 
laser-plasma interaction vacuum chamber, the energy an­
alyzing spectrometer and the optical diagnostic system. A 
schematic is shown in Fig. 1. 
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THE LWFA TEST FACILITY 
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Figure 1: Plan view of the LWFA test facility. 

In order t.o propagate and focus high power pulses, the 
grat.ing compressor is inst.alled into the interaction cham­
ber which is evacuated and refilled with a Helium gas to 
prevent. self-focusing and damilge on the gratings. In t.he 
lIe fillf'd interaction chamber, a plasma is produced by tun­
neling ionization due to an intense laser field of 5.6 x 1017 

W ICIIl 2 , higher than the t.hreshold intensit.y of 9 x 1015 

W Icm 2 for He2+ ionization. The RF !inac and the beam­
line are separated with a titanium window from the in­
teraction chamber to maintain ultrahigh vacuum in the 
electron injector. 

In the diffraction-limited LWFA, the driver laser pulses 
are simply focused in the interaction chamber with an off­
axis paraboloid. In the channel-guided LWFA, the plasma 
density channel must be preformed by a prepulse before 
excit.ing wakefields. A possible method to generate refrac­
tive indf'x st.ructure is the use of shock waves produced by 
a laser-induced gas breakdown[5J. The long laser pulses 
with relatively low intensity of 1013 ~ 1014 W Icm 2 induce 
the gas-breakdown through various ionization processes to 
d rive a shock wave in the ion density, which develops a 
depression in the plasma density on axis behind the shock 
at the local ion sound speed, c, ~ 5 X 106 cm/s for a 
He plasma at a ~ 100 eV electron plasma temperature. 
The uncompressed pulses (~ 300 ps) from the T3 laser are 
passed in a ~ 30 Torr lie gas to preform a favorable plasma 
density channel. After some delays (5 ~ 6 ns), the output 
pulses from the grating compressor are focused onto the 
end of the channel to be guided. 

Plasma fluorescence and channeling propagation of a 
laser pulse can be imaged onto a charge-coupled-device 
(CCD) camera with the microscope objectives. In order 
to measure frequency and amplitude of excited plasma 
wakefields, Thomson scattering measurement is performeci 
at an angle of 60 degrees with a longer probe pulse at 
A = 0.8J.1m derived from the output pulses of the power 

amplifier. A wavelength shift is expected to be ~A ~ 10 
nm for the plasma density of 2.4 x 1017 cm-3 . The ener­
gies of accelerated electrons are measured with the mag­
netic spectrometer consiting of two dipole magnets and 
three silicon strip detectors to measure a beam position 
and profile. The dipole field of 4 kG and the detecor po­
sition resolution of 0.25 mm allow for measuring particle 
energies in the range of 0 ~ 10 GeV with resolution of 0.2 
I\le V. If we measure a position and profile of accelerated 
electrons at the entrance, the center and the exit of the 
spectrometer, we can precisely decide the energy, the en­
ergy spread and the emittance of the accelerated electron 
beam. 

4 CONCLUSIONS 

\Ve present a proposal of the L\VFA to obtain electron ac­
celeration more than 1 Ge V in a table-top size by the use 
of a 2 TW, 100 fs T3 laser system and a 10 MeV RF linac 
injector. We will first focus on experiments to search for 
a stable optical guiding technique, following completion of 
the T3 laser system. Then we install the RF linac injector 
or the RF photoinjector in future to carry out accelera­
tion experiments on the diffraction-limited LWFA and the 
channel-guided LWFA. 

5 REFERENCES 

[1] T. Tajima and 1.M. Dawson, Phy. Rev. Lett, 43, 267 
(1979). 

[2] C. E. Clayton et al., Phys. Rev. Lett. 70, 37 (1993); 
K. Nakajima et al., Physica Scripta, (1994), to be pub­
lished. 

[3] E. Esarey et al., Phys. Fluids B 5, 2690 (1993) 

[1] S.Y. Bulanov et al., Phys. Fluids B 4, 1935 (1992). 

[5] C. G. Durfee III and II. M. Milchberg, Phys. Rev. Lett. 71, 
2109 (1993) 

Proceedings of the 1994 International Linac Conference, Tsukuba, Japan

797


