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Abstract 

Experiment of the laser wake-field accelerator (LWFA) is 
envisaged by using a short pulse, high power laser. The 
LWFA is a novel particle accelerator concept based on a 
large amplitude plmma wave excited by a short intense 
laser pulse. The accelerating gradient of wake-field is pos- 
sible to exceed 2 GeV/m by focusing a 1.05 /in laser pulse 
of 1 ps duration and 30 TW power into a motlerat,e den- 
sity gw. The particle acceleration can be demonstra(.ed by 
injecting a few MctV electrons emitted from a solid target 
irradiated by an intense laser. The experirnrnt will be the 
first proof of principle of the LWFA. 

1 INTRODUCTION 

A breakthrough of achieving super-high accelerating gra- 
dients for future accrterat,ors is the use of a plasma-based 
acceleration mechanism in which a plasma wave is driven 
by a laser pulse or a charged particle beam. It is known 
that the laser pulse is capable of exciting a phasma wave 
with a large amplitude and a relativistic phase velocity by 
means of beating two lasers or an ultSrnshorl laser pulse 
[I]. This schrme came to be known as the Beat Wave 
Accelerator (BWA) for the beating laser driver or as the 
Laser Wakefield Accelerator (LWFA) for the short pulse 
laser driver. A salient feature of this scheme is to make 
use of material ionization or breakdown which limits the 
accelerating gradients for conventional accelerators. Ex- 
perimental activities have focused on the BWA scheme so 
far, primarily because of the tack of super-intense ultra- 
short pulse laser. 

The recent, progress in ultrashort super-intense lasers 
allows us to test the principle of the LWFA. The intense 
short laser pulse with Ihe peak power of 30 TW and the 
pulse width of 1 ps is provided by the Nd:glass laser sys- 
tem. Wilh Ihe use of this laser we should be able lo achieve 
a capability of 10” - 10” W/cm2 intensily in 1 ps pulse 
duration. The intensity of this laser is strong enough to 
create a highly-ionized plasma in an ultrafast lime scale 
due to the multiphoton ionization or the tunneling ioniza- 
lion process. In an appropriate gas pressrrrr, a large am- 
plitude of the wakefield is generated behind a laser pulse 

propagating through the plasma due to the ponderomotive 
force. According to a fluid model of the plasma dynamics, 
a phase velocity of the plasma wave is highly retativis- 
tic so that the wakefield can accelerate charged particles 
trapped by the plasma oscillation. The experiment, will 
diagnose acceleration of relativistic electrons produced by 
the intense laser irradiation. 

2 EXCITATION OF’ PLASMA WAVE; 

We consider electron densit.y oscillat,ions iI1 a i)la.Trrlil ex- 
cit,ed by the impulse provided by an intense short lnsrr 
pulse. For an unmagnetized, cold plasma of classical elcc- 
trons and immobile ions, the linearized equations describ- 
ing the motion of the plasma electron fluid are 

BV 
ln,x = V(e++ ~JNL), (1) 

g + novv = 0, V26, = 4xen, (2) 

where v and n are the electron vrlocit,y i~id density per- 
turbation; no the unperturbed t1ensit.y; $I the electro. 
static pot.entiat of the plasma; and 4NL t,he pondero- 
motive potential defined by averaging the nonlinear forci! 
over 27r/wo, exerted on plasma electrons by a laser puts<: 
with frequency WO. Thus the I’(‘rltlcrolnot,ivc potc~nt~ial is 

dNL = -(meC2/2)a2v where a = eA(r, z, t)/(tn,c’) is the 
normalized vector potential of the t,a.scr field. Assuming 
that all of Ihe axial and time dependencies can be ex- 
pressed as a function of a single variable, < = z - 7~~1, 

with a phase velocity up of the excited plasma wave, the 
electrostatic potential during plasma oscillation is 

a(z -I- $6, = --$%a. t 

where k, = wp/vp and w,, = dw is the plasma 
frequency. The solution is given by 

ti(r,C) = k, 4” 4 ‘sinkp(C - C’)~.WL(~.,(‘). (4) 

The axial and radial wakrfieltls are d~4netl by I;, = 
--&$/a< and E, = -a+/&, respectively. Considering Ihe 
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bi-Gaussian profile of a laser pulse given by where 11,. is the synchronous phaw of the electron capturrd 

In(r,C)l = a0exk' -$ - $-), ( 

by the wave potential. As an example, a I,aser pulse at 

(5) wavelength X0 = 1.052/im should bc able to produce the 
z maximum energy gain, 

where P, is the rms pulse length and Q, is the rms spot 
size, the axial electric field become (W ,nax cx 1.49P(TW)/~(ps) MeV, (15) 

e E:, = (v/j;/4)m,c2k~n~a, exp(-27-‘/a: - $u,2/4) where rr, is the pulse width in FWIIM, CTI, = (21n2)a,. 

x [C(C) cos kpC + S(C) sin kpC] , (6) 
The trapping condition of an electroll with the energy 

7 = E/m,cZ and the velocity ,D = u/c is given by 

where 
eEz/(mmp) L ~(1 - &PI - l/-rb, (16) 

C(C) = 1 - rte[erf(</a, - ik,a,/2)], (7) 

S(C) = -Im[erf(C/a, - ik,,a,/2)]. (8) 
where ,0+ is the phase velocity of the plasma wave and y4 
is the relativistic factor of its phase velocity defined as 

The maximum accelerating gradient is achieved at 
the plasma wavelength .AP = 7ru,: (eEz)maw = 
2Jj;e-‘rn,c’!a~/uZ. As an example, the maximum accel- 
erating gradient of the pl;tsma wave excited by a 1.052/1m 
laser with inl.ensity of 10 ‘s W cm’ and 1 ps pulse duration / 
lends to 2.5 GeV/m at the plasma density of 2.415 x 10” 
cm-3. 

3 ELECTRON ACCELERATION 

Assuming the Gaussian beam optics, the intensity is ex- 
pressed by 

I(r,z) = lPexp[---$$], 7ru?(z) 

where P is the peak power of the laser pulse. The spot 
size u)(z) of the laser beam is 

W(f) = uio [ 1 + (*/&I 1’2, ZR = “w~/xo, (10) 

where 10~ is the radius of the beam waist, f~ the vacuum 
Rayleigh lengt.h and X0 the wavelength of the laser. The 
longitudinal wakefield excited by a Gaussian laser pulse is 
written as 

f71eC2E0 
( 

P2 
eEz = z,Il + (z/zfi)“] exr’ - w;[l + (z/zn)“] > crx3 +, 

(11) 
where I/I = kpt - w,t and with the vacuum resistivity !A0 
(377sl), 

GP A0 
Eo=Jiimac4 c ( > k,,r,exp(--y). (12) 

Thus equations of electron motion are 

4-P) -eE dlj, _ me ---&- = 3 dt - wp(Z - l)! (13) 

where 7 = l/d- and u, = dz/d2. The maxi- 
~nurn energy gained by a synchronized electron with ve- 
locity equal to the phase velocity of the plasma wave is 
obtained by integrating the axial wakefield along the laser 
beam axis. 

J O” (AQm,, = E,(r)rfz = 7r771,CZ&0 co!3 $,, (14) 
-03 

pb+- I-$, \! WO 
74 = ,/,A; = 2, (17) 

4 LASEH 

The super-intense, ultrashort laser pulse is available at In- 

stitute of Laser Engineering, Osaka University (21. A 1 ps 
laser pulse is amplified to a peak power of 30 TW by using 
the technique of chirped-pulse amplification with a 1.052 
I’m Nd:glass laser. A laser pulse of 130 ps duration is cou- 
pled to a single mode fiber of a 1.85 km length. A chirped 
pulse of 150 ps duration and 1.8 IJJII bandwidth at exit of 
the fiber is amplified to an energy of 41 J with a beam di- 
ameter of 14 cm. Finally the laser pulse is compressed to a 
pulse width of 1 ps by a pair of gratings. The output from 
the compression stage is focused into a vacuum chamber 
containing IIe gas with a focal spot size of 100 pm. For 
the use of production of an electron probing beam, a part 
of the laser pulse before compression is split and focused 
onto an aluminum target with a focal spot of 30 pm in 
diameter. 

5 PLASMA 

Although the optimum plasma density for the wakefield 
excitation is 2.4 x 10” CJII- 3 for a I ps pulse, it is possible 
to generate a large amplitude p&ma wave over a broad 
range of the electron density in the plasma. This feature 
is advantage of the LWFA scheme over the beat wave exci- 
tation which occurs only at the resonant density. TIJUS in 
the LWFA, there is no need to have highly homogeneous 
plasmas at fairly high densities in the long region. 

The short pulse laser with intensity greater than N 10J5 
W/cm2 causes tunneling ionization of atoms in an ultrafast 
time scale (5 10 !%). The ionization due to the intense laser 
field can be classified by the Keldysh tunneling parameter 
[3], K = wodm/(e&), where I/i is the ionization po- 
tential of the atom or ion and wo and E. are the frequency 
and the strength of the electric field, respectively. In the 
regime of K < 1, the ionization is described as a tunnel- 
ing process, while the multiphoton ionization dominates in 
the region, K > 1. The onset of tunneling ionization is pre- 
dicted by a simple Coulomb-barrier model. The threshold 



intensity for tlie production of charge state Z [4] is given 

by 

Ilh = 2.2 X 10’5Z-2(Ui/27.21)4 W/cm2. (18) 

The Gaussian pulse of Nd:glass laser with the peak inten- 
sily of 10’” W/cm2 and the pulse length of r~ = 1 ps 
causes the onset of ionization at the leading front distant 
Iron1 the pulse peak by 2~ in a hydrogen gas, and by 1 .CTL 
in a IIr gas. The tllnneling ionization theory [5] gives the 
ionization ralr for hydrogen atonl, 

We{ = l.GlW,“, 
I 

‘“~yy’ex+z!&], (19) 

where w,.” is the atomic unit of frequency(= 4.1 X 1Ol6 
s-l) and E, U is the atomic field strength (5.1 x 10” V/cm). 
‘I’lie laser with intensity of 4 x 1014 W/cm’ can produce a 
fully ionized hydrogen plasma in - 1 fs. Thus an appro- 
priate plasnla density required for excitation of the plasma 
wave is produced by adjusting the filling pressure of gases 
without. my elctric discharge device or prc-ionizing laqer 
pulses. 

6 DIAGNOSTICS 

For the acceleration experiment, it is necessary to use 
elctrons of which energy are larger than the trapping codi- 
tion corresponding, to t,he amplitude of plasma waves. The 
minimum threshold kinetic energy trapped by the plasma 
wave potential is about 40 keV for excitation of a 10’” 
W/cm* intensity. It, is known that a large amount of elec- 
trons with energy up to - 1 MeV are created in pIa.+ 
mas produced by irradiation of all intense lnser pulse on 
solid targets. Extremely hot electron generation may be 
explained by the IL~rlm illstability or the rmonance ab- 
sorption of the laser radiation. According to experiments 
in CO2 l,aser prodluced plasmas [G], electrons with energies 
up to 1.4 hleV were observed in a 5” wide cone about the 
targrt normal during a 300 ps risetime of the laser pulse 
with intensity of 10 l4 W/cm’. A typical fluence wa5 - lo7 
electrons/keV-str at an energy of 1 MeV. The theoretical 
simulation of the Raman forward scattering gives the in- 
stability threshold intensity of - 10” W/cm2 for Nd:&ass 
laser. 

In order to inject electrons emit.ted from the solid targrt 
into the laser wakefield in the waist of the laser beam, a 
dipole magnet is used to selecl the electron energy in the 
range of 0.2 - 3 MeV. This spectrograph is placed between 
the solid target and the image point of elect,rons so that 
horizontal and vertical focusing is achieved by appropriate 
choice of tlie magnet, edge angle. The spectrograph pro- 
vides an electron beam with the image diameter of 30/im 
and the energy spread of 10% at 1 MeV by means of adjust- 
ing the collimator. A typical intensity of a pulsed probing 
beam leads to 10” electrons at 1 MeV. 

The electrons must, be injected along the axis of the main 
laser bealn at the time delay within - 50 ps behind the 
laser pulse. The optimum delay is achieved by adjusting 
the optical path length of two laser pulses. The electron 
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acceleration occurs at the waist of the lnser beam charac- 
terized by the Rayleigh length of - 10 cm in the plasma 
chamber. The accelerated electrons are bent by the ali- 
gle of 90’ in the dipole field of the spectrometer placed in 
the exit. of the plasma chamber. This spectrometer covers 
the energy range of 10 - 45 MeV at the dipole fic>ltl of 4.3 
kG. The electron detector is the array of 32 scitllillation 
counters each of which is assembled wit.ll n I CI~ wide scirl- 
tillator and a l/2-in. I)hotor~nrtil)lier. The I)ulse heig1lt.s of 
the detector array are measured by the fasst ntult.ichannc~l 
CAMAC AIXs gated in coincidence wit11 t Ike laser pulse,. 
The energy resolution of the spectromelcr is 1.3 MeV per 
channel. 

7 CONCLUSION 

For application of the LWFA to high energy particle ncccl- 
erators, some problems regarding tile accclcrnlion distance 
must he circllmvented. ‘l’he accelrrntion leng(,h is lilllit(l(l 
by a phase detuning between the plasma wave and tile ac- 
celerated part,icles, an energy deplet,ion of t,l~c pu~np laser 
and a stably transport distance of both laser and particle 
beams without diffraction and instabilities in plasmas. In 
this experiment, the primary limitation on the acceleration 
length is difiraction of the laser beam because of extremely 
underdense plasmas. The self-focusing effect of an intense 
laser pulse propagating in a plasma may prevent. its trans- 
verse prolile from spreading. The nonlinear excitation of 
plasma waves may prevent trapped particles from drluniiig 
to the phase velocity of the plaxna wave. These nonlinear 
effects due to the superintense laser field are invcstigatrd 
along with the ultrafast ionization dynamics tlirollgh this 
exp?riinent. 
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