
JAERI-Conf 94-003

P R O O F  O F P R IN C IP L E  E X P E R IM E N T S  O F L A S E R  W A K E F IE L D  
A C C E L E R A T IO N

K . N akajim a1，T . K aw akubo1,H .  N akanishi1, A . O gata1,Y . K ato2, R . K odam a2,
K . M im a2, H . Shiraga2, K . Suzuki2, K . Yam akawa2, T . Zhang2, Y . Sakawa3, T . Shoji3，

Y . N ishida4, N . Y ugam i4, M . D ow ner5, D . F isher5, B . N ew berger5, and T . T ajim a5
1. N atinal Laboratory for High Energy P hysics, T sukuba, Ibaraki, Japan  

2. In stitu te  o f Laser Engineering, Osaka U niversity, Osaka, Japan  
3. P lasm a Science Center of N agoya University, N agoya, Japan

4. U tsunom iya University, U tsunom iya, Japan  
5. T h e U niversity of Texas at A ustin , A ustin , Texas, U .S .A .

2 0 — P 1 4

Abstract
The principle of laser wakefield particle acceleration has 
been tested by the Nd:glass laser system providing a short 
pulse with a power of 10 TW  and a duration of 1 ps. Elec
trons accelerated up to 18 M eV /c have been observed by 
injecting 1 M eV /c electrons emitted from a solid target by 
an intense laser impact. The accelerating field gradient of 
30 G eV /m  is inferred.

1 INTRODUCTION

Recently there has been a great interest in laser-plasma ac
celerators as possible next generation particle accelerators 
because of their potential for ultrahigh accelerating gradi
ents and compact size compared with conventional acceler
ators. It is known that the laser pulse is capable of exciting 
a plasma wave propagating at a phase velocity close to the 
velocity of light by means of beating two-frequency lasers 
or an ultrashort laser pulse [1】. These schemes came to 
be known as the Beat Wave Accelerator (BWA) for beat
ing lasers or as the Laser Wakefield Accelerator (LWFA) 
for a short pulse laser. Experimental activities around the 
world have focused on the BWA scheme using CO2 and 
Nd:glass lasers[2], primarily because of lack of intense ul
trashort pulse lasers till recently. A possible advantage in 
the BWA is efficient excitation of plasma waves due to res
onance between the beat frequency of two lasers and the 
plasma frequency. On the other hand, a fine adjustment of 
the beat frequency with the plasma frequency is necessary. 
In the meantime, the LWFA does not rely on the resonant 
excitation of plasma waves so that a fine tuning of the 
plasma density is not absolutely necessary. Furthermore 
a new prospect of the LWFA are proposed, that is called 
”self-modulated-LWFA” [3] in which the self-modulation 
of the laser pulse is accompanied by the resonant excita
tion of wakefields behind the pulse. In the LWFA scheme, 
however, no experiment is reported on the wakefield exci
tation and its acceleration of particles to date. This letter 
reports a first experimental result on the laser wakefield 
acceleration and on evidence of self-modulated wakefield 
mechanism.

2 EXPERIMENTAL SETUP

In this experiment[4], the laser pulse is delivered by the 
Nd:glass laser system [5] capable of generating the peak 
power up to 30 TW with a pulse duration of 1 ps. This 
laser sytem is based on the technique of chirped pulse am
plification. A low energy pulse of 20 nJ with 130 ps du
ration from the mode-locked oscillator is passed through a 
single mode fiber of a 1.85 km length to produce a linear 
frequency chirp. The long linearly chirped pulse is split 
into two pulses each of which is amplified to the maximum 
energy of 40 J through each broad bandwidth amplifier- 
chain. One of amplified pulses with 200 ps duration and 
1.8 nm bandwidth is compressed to 1 ps duration by a pair 
of gratings. The other uncompressed pulse is focused on 
the solid target to produce an electron beam.

The experimental setup is schematically shown in F ig .1. 
The laser beam with a 140 mm diameter from the com
pression stage is focused by a 3.1 m focal length lens of 
f/22  into the vacuum chamber filled with a He gas to a 
spot size of 80 /im . The peak intensity of the order of 1017 
W /cm 2 can be acmeved so that a fully ionized plasma can 
be created in a fast time scale (<  10 fe) due to the tun
neling ionization process. The threshold intensity for the 
onset of tunneling ionization is 8.8 x 1015 W /cm 2 for He2+ 
ion [6]. With a 10 TW laser pulse focused into the He gas, 
the fully ionized plasma can be produced over more than 
60 mm around the beam waist. The compressor grating- 
pair, the 10° mirror and the focusing lens are installed in 
the vacuum vessel connected to the vacuum chamber for 
the acceleration experiment. For creation of a low density 
plasma, a gas was statically filled with the flow controlled 
valve. For the high density plasma experiment, a He gas 
was filled with the supersonic gas-jet injector.

Electrons for acceleration are produced from an alu
minum solid target irradiated by the amplified 200 ps laser 
pulse. The p — polarized laser beam with 140 mm diameter 
is focused with a 1.6 m focal length lens to a spot size of 
40 fim  diameter onto the aluminum rod of 6 mm diameter. 
The peak intensity then exceeds 1016 W /cm 2 for 20 J irra
diation. The target rod of 60 mm length is mounted on the 
plunger head inside the vacuum chamber. Hot electrons
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Figure 1 : Schematic of the experimental setup.

emitted from the target are injected into the waist of the 1 
ps pulse laser beam through the 90° bending magnet with 
appropriate edge angles so as to achieve double focusing 
of an electron beam. Since the electron beam length is as 
short as the 200 ps laser pulse duration, the optical path 
length of the 200 ps laser pulse is adjusted so that the 
1 ps laser pulse should overlap with electrons at the focus 
within 士 100 ps. Electrons within momentum spread of 0.2 
M eV /c are collimated at the focus. Electrons trapped by 
wakefields are accelerated in the beam waist of twice the 
Rayleigh length, «  10 mm. The momentum of electron is 
analyzed by the dipole field of the magnetic spectrometer 
placed in the exit of the interaction chamber. The spec
trometer covers the momentum range of 5.6 —19.5 MeV /c 
at the dipole field of 3.9 kG. The momentum resolution 
of the spectrometer is typically 1.0 M eV /c per channel at 
the 3.9 kG bending field. Upon exiting the vacuum cham
ber of a vertical aperture 15 mm through a 100 /im thick 
Cap ton window, electrons are detected by the array of 32 
scintillation counters placed at the image plane of the spec
trometer. The detector is sensitive to a single minimum 
ionizing particle. The noise level of the detector was less 
than 1 ADC count. The probability of counting a cosmic 
ray in coincidence with a laser shot is estimated to be less 
than 10 -8 for each detector. The background x rays are 
detected by 4 scintillation counters placed around the vac
uum chamber to monitor electron intensity. The vacuum 
chamber is shielded by 4 mm thick lead sheets to reduce 
the flux of background x rays. The back of the detector 
is entirely surrounded by 50 mm thick lead bricks so that 
the background signal levels were reduced down to a few 
ADC counts.

3 ELECTRON PRODUCTION

In the beginning of this experiment, the electron pro
duction has been carried out by using only the 200 ps 
laser pulse. The momentum distribution of produced elec

trons was measured with the spectrometer for the injection 
bending field set to 0 .5 ,1 ,2 ,  and 3 M eV /c. The most of 
electrons were observed with the spectrometer set to 380 G 
for the injection bending field set to 340 G (1 M eV /c «  0.6 
MeV kinetic energy). A number of electrons along with nu
merous x rays were produced above the pulse energy of 20 
J. The observed signal levels above 2 M eV /c were as small 
as noise levels. The absolute number of produced electrons 
with momentum of 0.86 土 0.24 M eV /c is estimated to be 
〜 5 x 104 in the interaction region. This result is consis
tent with the experimental data on the super thermal elec
tron production in laser-plasma inter action [7】. The flux of 
electrons above 2 MeV /c ( w 1.6 MeV kinetic energy) is 
expected to be at most 10—4 lower than that of 1 M eV /c 
electrons.

4 LOW DENSITY EXPERIMENTS
In the acceleration experiment the injection bending field 
was set to 1 MeV /c. The momentum distribution of elec
tron signals was measured for 8 TW  focused into a static 
fill of 50 mTorr of He gas as shown in Fig. 2. The electron 
density of a fully ionized plasma is 3.5 x 1015 cm一3 at this 
pressure. The spectrum of electrons measured at 50 mTorr 
is distinguished from the data measured for 7 TW injected 
into an evacuated chamber at 5.2xl0""a Torr. No energetic 
electrons above 2 M eV /c were observed when both the 200 
ps pulse and the 1 ps pulse were injected in the evacuated 
chamber. The momentum spectra of accelerated electrons 
has been inferred by integrating equations of 3-D electron 
motion. In a higher momentum tail of the spectrum, the 
simulation results are in good agreement with the experi
mental data points obtained for 8 TW  injection. The data 
obtained from the evacuated condition are also roughly in 
agreement with the momentum spectrum oi injected elec
trons approximated by a Gaussian distribution. The sim
ulation indicates that injected electrons were accelerated 
by the excited plasma wave of the peak accelerating gradi
ent of 0.7 GeV /m . An estimate of the number of electrons 
accelerated up to higher momenta than 2 MeV /c results 
in 〜 100, assuming the evacuated data as background.
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Figure 2: Momentum spectra of accelerated electrons in a 
low density plasma.

5 HIGH DENSITY EXPERIMENTS
In the high plasma density experiment we observed sev
eral data points contributed by electrons accelerated up 
to higher momenta than 5 M eV /c when He gas was filled 
by the gas-jet injector with the back-pressure of 7.8 atm. 
The pulsed gas pressure was calibrated to be 220 Torr for 
such back-pressure. This pressure corresponds to a fully 
ionized plasma density of 1.5 x 1019 cm一3 . The observed 
signals are shown in Fig. 3. It is estimated that about 
100 of electrons injected into the plasma are trapped and 
accelerated up to higner momenta than 5 M eV /c by the 
plasma wave. The highest momentum of the accelerated 
electrons was 18.0 士 0.8 M eV /c. The linear plasma fluid 
theory can not predict the observed spectrum of acceler
ated electrons for a rather low power of 3 TW  and such 
high plasma density. It is suggested that more efficient 
excitation of plasma waves may be caused by highly non
linear effects. The self-modulation of a laser pulse has been 
predicted to excite accelerating electric fields in excess of 
100 G V /m  around such plasma density[3]. This prediction 
is based on two requirements: The pulse length is longer 
than the plasma wavelength, L  > Xp =  8.5/im, and the 
power is greater than the critical power for the relativis- 
tic self-focusing, P  >  Pc - 17(Ap/A0)2 GW = 1 . 1  TW . 
Both the puise length and the power was adequate to ex
cite the self-modulation of a laser pulse in this experiment. 
In this plasma density, the acceleration length is limited to 
Ap(Ap/Ao)2 ^  0.6 mm by detuning of accelerated electrons 
from the phase velocity of the plasma wave. Then we can 
infer the accelerating field gradient of 30 GeV /m .

6 CONCLUSIONS
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Figure 3: Momentum spectra of accelerated electrons in a 
high density plasma.

the linear wakefleld regime. In the nonlinear regime we 
have observed more energetic electrons accelerated up to 
18 M eV /c. It is inferred that the accelerating field exceeds 
30 G V /m .
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We report the first test of the laser wakefield acceleration 
mechanism. The momentum spectra of accelerated elec
trons have been well predicted by simulation results in


