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Observation of spatial asymmetry of THz oscillating electron plasma wave in a laser wakefield
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The asymmetric spatial distribution of electron density perturbation is observed by using a frequency-
domain interferometry technique. The wake amplitude of the outside bump is enhanced by the elliptical
distribution of the pump laser pulse. This asymmetry can be explained with a two-dimensional analytical
model expanded from cylindrically symmetric linear theory.

PACS number~s!: 52.35.Fp, 52.40.Nk, 52.75.Di
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With the development of the technology of ultrashort hi
peak power lasers@1,2#, the optical high field is common
ly available for experimental research. At the laser intens
of 1018W/cm2, the normalized amplitude of the lase
field vector potentiala0;1. Here, a05eA0 /mc25(0.85
31029)lI 1/2 wherel is in mm andI in W/cm2. Under such
a high field, atoms are immediately ionized, and ioniz
electrons are accelerated by the optical ponderomotive
to a relativistic velocity. If the pulse width of the pumpin
laser pulse is shorter than the period of the electron pla
oscillation, electrons are expelled from the high field a
around the focus of the laser pulse by the ponderomo
force during laser irradiation. After laser irradiation, electr
plasma oscillation begins with the frequency ofvpe, where
vpe5(4pnee

2/me)
1/2. Here e, me , and ne are the electron

charge, mass, and electron plasma density, respectivel
so-called standard laser wakefield~LWF! @3# starts to oscil-
late. In the LWF, the longitudinal electric field associat
with an electron plasma wave~EPW!, of which the phase
velocity is almost equal to the speed of light, is thought to
higher than tens of GV/m. This mechanism is very attract
for a compact charged particle accelerator. In experime
research with laser accelerators, several groups have suc
fully measured accelerated electrons with a self-modula
laser wakefield~SMLWF! @4–6# and a laser beat wav
~LBW! @7,8#. Recently, Amiranoffet al. @9# also successfully
measured accelerated electrons even with the LWF. A
described in Ref.@9#, the LWF seems to be the best meth
for particle acceleration to high energy at present. In b
LBW and SMLWF, the EPW is resonantly excited by th
laser intensity modulation. In LBW, the resonance condit
is more strict than the quasi-resonance in LWF. Although
acceleration physics in a laser accelerator has been confi
by a number of observations of accelerated electrons,
have many scientific and technical problems in the deve
ment of a laser accelerator. To discuss these problems,
important to get a well-controlled LWF. To control a LW
@10#, we have to measure the dynamics of the EPW’s. In
measurement of EPW, Hamsteret al. @11# observed the os
cillation of EPW’s by measuring THz radiation from th
plasma. Marqueset al. directly measured a temporally an
spatially resolved EPW@12,13# by using a frequency-domai
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interferometry technique@14,15#. In their measurement, th
spatial information was obtained from the observation slit
the spectrometer to make a frequency-domain interferome
Therefore the observation was a one-dimensional~1D! mea-
surement. However, it is necessary to observe tw
dimensional~2D! spatially resolved images of EPW’s, if w
discuss the spatial distortion of the lateral LWF. The late
LWF is strongly related to the stability of the accelerat
electron beam@16# in the LWF accelerator, because it acts
a plasma lens. Thus, it is important for making a LWF a
celerator to discuss the effect of the spatial distortion of
lateral LWF.

In this paper, we expanded the frequency-domain inter
ometry technique in Ref.@12# to two-dimensional measure
ment. The instantaneous 2D image of the EPW was rec
structed. In this image, we found a cylindrically asymmet
distribution of the relative phase shift caused by the elect
density perturbation. This cylindrical asymmetry can be e
plained with a simple 2D analytical formula modified fro
cylindrically symmetric theory@17,18#.

The frequency-domain interferometry technique in Re
@10,12,18# was used for observing an EPW in a low dens
plasma. In our experiment, a 10 Hz Ti:sapphire laser sys
was used. The pulse width was 100 fs with the maxim
output energy as high as 150 mJ per pulse and the spec
centered at 800 nm. This pulse was separated into two p
by a beam splitter. The reflected part was used as the p
pulse of 60 mJ, and the transmitted part, which was use
the probe pulse, was frequency doubled by a potassium
hydrogen phosphate~KDP! crystal. The probe pulse was se
into a Michelson interferometer, where adequate tempo
separation between two colinear pulses was made. The
delay between the two probe pulses and a pump pulse
adjusted by a delay line, which was set after the Michels
interferometer. After mixing the pump and probe pulses a
dichroic mirror, these were focused by a MgF2 planoconvex
lens of f /4 in the target chamber. The spot size of the pu
pulse at the focal plane was measured to be 7mm311 mm
@full width at half maximum~FWHM!#. The image of the
spot at the focal plane is shown in Fig. 1. The peak inten
was estimated to be 9.931017W/cm2. The target gas was
helium, which filled the target chamber statically. The pre
7247 ©2000 The American Physical Society
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sure of helium was set to be 0.4 Torr by a capacitance
nometer~Baratorn!. The pump pulse ionized the helium ga
near the focal region and excited an EPW by ponderomo
force. The probe pulses were sent into the area where
EPW was excited. Each pulse causes a phase shift depen
on the phase of the EPW, of which the phase velocity
almost equal to the speed of light. These probe pulses w
imaged on the spectrometer slit with anf /2 doublet, which
was set behind the focal point. The pump pulse was refle
before thef /2 doublet by an IR mirror. Then only the prob
pulses interfered with each other in the spectrometer.
magnification was 31 times. The spectral and spatial res

tion of the spectrometer were estimated to be 0.2 A° and
1.2mm, respectively. The output spectrum was recorded o
16-bit charge-coupled device camera. The spatially reso
distribution of the relative phase shift can be obtained fr
the interferogram by Fourier analysis@12,15,18#.

When the gas pressure is 0.4 Torr, the electron pla
densityne is estimated to be 2.631016cm23 because of the
full ionization of helium. Therefore the period of the electro
plasma oscillationTpe is estimated to be 680 fs. In order t
obtain the maximum difference of phase shift of the tw
probe pulses in the interferogram, the time separation of
two probe pulses was adjusted to 1.5Tpe. First we observed
the distribution of the relative phase shift by the plasm
when the pump laser pulse was between the two pr
pulses. The phase shift was 100 mrad at maximum.
sweeping the timing of the two probe pulses with a fix
1.5Tpe time interval, the two probe pulses were set to be a
the pump pulse. Thus the distribution of the relative ph
shift by the EPW was obtained. The typical distribution
the 1D spatial profiles of the relative phase shift is shown
Fig. 2. These profiles in Fig. 2 correspond to the pro
along they axis in Fig. 1. The profile~a! corresponds to the
1D distribution of the relative phase shift at which the fi
probe pulse is located at the phase of the maximum elec
density perturbation and the second at the minimum. T
profile ~b! shows the phase shift after 0.25Tpe from the time
of ~a!. Because the two probe pulses are located at the s
phase of the EPW at the time of~b!, the relative phase shif
became zero. The profile~c! shows the phase shift afte

FIG. 1. Typical focal pattern of pump laser pulse at the fo
plane.
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0.5Tpe from the time of~a!. Since the two probe pulses ar
located at the reverse phase of the EPW compared to~a!, the
profile ~c! is the reversed profile~a!. In profiles ~a! and ~c!,
the spatial profile is composed of two parts. One is a cen
part at uyu,4 mm, and the other is an outside part. Th
central part of the profile can be caused by expulsion
electrons from the laser propagation axis, so that the elec
density increases outside the focus. The bump of the ph
profile in the outside part is caused by this phenomen
which will be discussed later.

In 2D imaging, we moved the observation slit of the spe
trometer along thex axis in Fig. 1. At eachx point, the 1D
spatial distributions of the relative phase shift by the EP
were obtained. By placing the 1D distributions obtained
order, we can reconstruct the 2D distribution. In Fig. 3~a!,
the experimentally obtained instantaneous 2D image of
EPW is shown. 2D electron cavitaion is apparently seen.
solid curves in Fig. 4 show the spatial profiles of electr
density perturbation along the linesA-A8 and B-B8 in Fig.
3~a!. Note that the electron density perturbation is norm

l

FIG. 2. Spatial distribution of relative phase shift. The profi
~a! corresponds to the 1D distribution of the relative phase s
when the first probe pulse is located at the phase of the maxim
electron density perturbation and the second at the minimum.
profile ~b! shows the phase shift after 0.25Tpe from the time of~a!.
The profile~c! shows the phase shift after 0.5Tpe from the time of
~a!.

FIG. 3. ~a! Experimental 2D spatial distribution of phase shi
~b! 2D spatial distribution of electron density, which is calculat
by using the 2D analytical model.
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FIG. 4. 1D spatial electron density distribu
tion. Profile ~a! corresponds toA-A8 in Fig. 4,
and profile ~b! corresponds to theB-B8. Solid
curves: experimental data. Broken curves: n
merical fit from the 2D analytical model.
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ized in Fig. 4. Cylindrical asymmetry can be also observ
This asymmetry is thought to be caused by the asymmetr
the laser spot at the focal plane, as shown in Fig. 1. A
shown in Fig. 4, the width of the central part of the profile
different betweenA-A8 and B-B8. Moreover, only in the
outside part ofB-B8 can the bump of the phase shift b
clearly seen.

In order to analyze this 2D spatial distribution, we deriv
a theoretical model that describes the cylindrical asymme
A two-dimensional cylindrically symmetric formula for th
nonrelativistic analytical model has been developed by G
bunov and Kirsanov and by Marqueset al. @17,18#. In order
to analyze the cylindrically asymmetric distribution of th
electron density perturbation, we took the azimuthal an
dependence into account. In the elliptical intensity distrib
tion, the laser intensity at the focal plane can be describe
I (r ,u,z,t)5I 0 exp@2r2/s(u)2#exp@2(t2z/c)2/t0

2#, where s(u)

is defined as 1/A(cosu/sx)
21(sinu/sy)

2. sx and sy are the
laser focal spot radii along thex andy axes.t0 is the laser
pulse width.r andu are the distance from thez axis and the
azimuthal angle in cylindrical coordinates, respectively.
defining h5sx /sy and s5sx , s(u)5s/k(u) and k(u)
5Acos2 u1h2 sin2 u are obtained. Whenh51, the spot pro-
file becomes a cylindrically symmetric Gaussian distributio
The scalar potentialf(r ,u,z,t) can also be described by th
following relations from Ref.@18#:

f~r ,u,z,t !5w sin~vpet2kpez!expF2
r 2

s2~u!
G , ~1!

where w5Ap(I 0 /ecnc)(vpet0/2)exp@2(vpet0/2)2#. nc is
the critical plasma density. The electron density perturba
dn can be obtained from the Poisson law,

dn5~e0 /e!¹2f5~e0 /e!F1

r

]

]r S r
]

]r D1
1

r 2

]2

]u2
1

]2

]z2Gf.

Heree0 is the vacuum permittivity. The electron density pe
turbation is the sum of two parts,dn5dnr ,u1dnz . dnz in-
dicates the longitudinal oscillation of the LWF, which is in
duced by the temporal profile of the laser pulse, anddnr ,u
indicates the transverse oscillation of the LWF, which is
duced by the transverse profile of the laser pulse.dnz /ne and
dnr ,u /ne become

dnz

ne
5A expF2S r

s~u! D
2GsinFvpeS t2

z

cD G ~2!

and
.
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is
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.
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dnr ,u

ne
5S 2c

vpes
D 2Fh211

2
2

r 2~h221!2

s2

3cos2 u sin2 u2
r 2

s2
k4~u!G dnz

ne
, ~3!

where A;21P(TW)3h(l/s)2(vpet0/2)exp@2(vpet0/
2)2#, P is the instantaneous laser power, andl is the wave-
length of the laser pulse. Therefore,dn/ne5dnz /ne
1dnr ,u /ne. In this measurement, the spot size was m
sured to be 7mm311 mm FWHM. Then s and h were
assumed to be 6.6mm and 1.57, respectively. Under ou
experimental conditions, the longitudinal oscillation is neg
gible compared to the transverse one. Then,dn/ne was ap-
proximated asdn/ne;dnr ,u /ne. In Fig. 3~b!, the theoreti-
cally calculated 2D image ofdn/ne is shown. To compare
the experimentally obtained image with the theoretical o
1D spatial profiles ofA-A8 and B-B8 are plotted simulta-
neously in Figs. 4~a! and 4~b!, respectively. In these figures
solid and broken curves correspond to the experimental
theoretical data, respectively. The theoretical data are
good agreement with the experiment.

The wake amplitude of the outside bump in they direction
is larger than that in thex direction. As seen in Fig. 4, the
ratios R of the normalized wake amplitudeudn/neu at the
outside bump to that at the central part are not fixed to
1/e2;0.14, which can be derived from the cylindrical
symmetric theory@18#. According to our model, the ratio
R(u,h) is given by R(u,h)52c(u,h)/(h211)exp@2(h2

11)/2c(u,h)21#, where c(u,h)5(h221)2 cos2 u sin2 u/
k2(u)1k2(u). In the elliptical intensity distribution of the la
ser pulse, the ratioR depends onu as shown in Fig. 5. In this
figure, the solid curve was estimated by the theory descri
above forh51.57. This ratio for the cylindrically symmetric
case is also represented by the dashed line. The two do

FIG. 5. The ratioR of the normalized wake amplitudeudn/neu at
the outside bump to that at the central part of the profile. Solid li
h51.57. Broken line:h51. Dots: experimental data.
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Fig. 5 were evaluated from the experimental data. For
ample, the ratio atu5p/2 for h51.57 is estimated to be
0.26. This value is about two times larger than that forh
51. Therefore, the enhancement of the wake amplitude
the outside bump can be attributed to the elliptical intens
distribution.

In conclusion, we observed the spatially distorted elect
density perturbation of the lateral LWF. The spatial distrib
tion of the asymmetric electron density perturbation was
termined from the elliptical distribution of the pump las
-

r
y

n
-
-

pulse. In the elliptical intensity distribution of a pump las
pulse, the wake amplitude of the outside bump is enhan
along the steeper intensity gradient. A 2D analytical mo
can explain the experimentally obtained spatial distribut
of the asymmetric electron density perturbation.
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