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Observation of the second-harmonic generation from relativistically quivering electrons
in exciting laser wakefield
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The second-harmonic emission generated by the spatially asymmetric quivering electrons caused by the
ponderomotive force was studied. The intensity of the second harmonic was proportional to the focused
intensity of the pump pulse with the power of 1.8. This intensity dependence can be explained by the relativ-
istic effect of the quivering electrons.
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The interaction between an ultrashort high-peak pow
laser and plasmas is rich in a variety of interaction pheno
ena of high-intensity physics. A recent high-power laser te
nology has enabled the instantaneous power of 1 PW@1# in
the single-shot base and 100 TW in 10 Hz@2#. If 1 PW pulse
is focused to 10mm size, the peak intensity achieves
1021 W/cm2. In this region, the quiver energyUp achieves to
100 MeV with 1 mm in wavelength. The physics related
the fast ignitor~FI! concept@3# in inertial confinement fusion
can be studied in this region with a special single-shot s
tem. Even if 1 TW laser pulse focused to 10mm size, the
peak intensity achieves to 1018 W/cm2, which corresponds
to the quiver energy of 0.1 MeV. The normalized vector p
tential fielda0 achieves to;1, becausea050.85lAI 0. Here,
l is laser wavelength in units ofmm andI 0 is laser intensity
in units of 1018 W/cm2. Therefore, the relativistic effec
starts to appear even in this region. The study of the inte
tion physics in this region also gives us important inform
tion not only for FI, but also for other interesting applic
tions: for example, the laser accelerator@4# and the hard
x-ray laser@5#. Especially in the application to laser acce
erator, the plasma physics related to the laser wakefield
to be understood both experimentally and theoretica
Through this understanding process, control of the la
wakefield~LWF! and the long distance laser guiding has
be technically realized for the real laser accelerator@6#.

In the study of the laser accelerator, the understandin
the excitation of the laser wakefield is one of the import
issues. When the laser wakefield is excited, the laser in
sity is high enough to induce the ponderomotive elect
current towards outside of the focus in the standard-type
ser wakefield~LWF!, or induce the lateral plasma oscillatio
in self-modulated laser wakefield@7#. Both the plasma cur-
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rent and the plasma oscillation in exciting LWF cause
spatially asymmetric nonlinear motion of the quivering ele
trons. Then the second-harmonic emission can be gener
However, the observation of the second-harmonic emiss
from the laser-produced plasmas was reported approxima
15 years ago @8,9# without using the chirped-pulse
amplification~CPA! laser@10#. In their studies, the focuse
laser intensity was so high that filamentation occurred. At
filaments, the steep spatial density gradient was formed,
the second-harmonic emission could be generated wit
stimulated Brillouin backscattering. The observed seco
harmonic emission was not really a harmonic, but rathe
sum frequency of the forward and back-reflected light.
Refs.@7,11,12#, the theoretical explanation was described.
the spatial distribution of the plasma density is uniform, n
even harmonic emission is generated. But if the plasma
the initial spatial density gradient prior to the arrival of th
pump pulse, a source current for the second-harmonic ca
driven. In Ref. @13#, the second harmonic emission of th
side-scattered stimulated Raman scattered~SRS! light was
observed. In their case, the side scattered SRS light of
fundamental pump pulse was frequency doubled at the s
radial density gradient by the ponderomotive electron ca
tation. In Ref. @14#, the fundamental pump pulse was fr
quency doubled at the edge of the pump pulse. After f
quency doubling, that second-harmonic pulse was a
scattered at the electron plasma wave~EPW!, then the SRS
signal of the second-harmonic emission was observed
their case, frequency doubling occurred at the edge of
laser-produced plasma before Raman scattering.

In this paper, we observed the second-harmonic gen
tion from the steep density gradient by the ponderomot
electron cavitation. The density of the plasma was set to
©2001 The American Physical Society02-1
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low enough that the oscillation period of the EPW w
longer than the pulse width of the pump pulse. Then, no S
process occurred. The focused laser intensity was estim
to be up to 1.331018 W/cm2, which corresponds toa0
;0.8 atl5800 nm. The second-harmonic intensity was n
simply proportional to the square of the pump intensity
was proportional to the pump intensity with the power of 1
This intensity dependence can be explained by the relat
tic quiver motion of the electrons.

The experimental studies were carried out with a 10 H
TW-class Ti:sapphire laser system. In this system, the p
width was 100 fs and the wavelength was centered at
nm. The pump pulse was focused by a CaF2 planoconvex
lens of f /4 in the target chamber. The spot image of the pu
pulse at the focal plane was measured to be 8mm full width
at half maximum. Then, the peak intensity at the focus w
estimated to be up to 1.331018 W/cm2. The target gas was
helium, which filled the target chamber statically. The pum
pulse ionized the helium gas near the focal region by
tunneling ionization. In this experiment, the density of t
plasma was low enough that no defocus was thought to h
pen@15#. Then, the EPW of the LWF may be excited by t
ponderomotive pressure.

To confirm the excitation of the EPW and its oscillatio
period, we first measured the temporal oscillation of
EPW using a frequency domain interferometry. Details
this measurement have been presented in a previous pub
tion @16,17#. Typical measurement of the relative phase sh
versus the time delay is shown in Fig. 1. In this measu
ment, the gas pressure was fixed to be 0.8 Torr in He and
electron plasma densityne was estimated to be 5.
31016 cm23. The EPW oscillation periodTpe was evaluated
to be 480 fs. The horizontal and vertical axes correspon
the time delay and the measured relative phase shift, res
tively. The dots in Fig. 1 correspond to the experimenta
obtained phase shift. The dash-dotted line is a numerica
with Tpe of 480 fs. This experimental result pointed out th
not only was the pump pulse really focused to the vacu

FIG. 1. Relative phase shift versus time delay. The gas pres
was 0.8 Torr in He. The laser intensity at the focal region wa
31017 W/cm2. The dots correspond to the experimental data a
the dash-dotted line corresponds to a numerical fit.
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spot size, but also the ponderomotive electron cavitation
excited during the pump-pulse duration. The measured os
lation period of the EPW was confirmed to be longer than
pulse width of the pump pulse, then the SRS process ne
happened, while in the previous@13,14# reports the second
harmonic emission of SRS light was measured.

In the measurement of the second-harmonic emission
used almost the same setup as that in the measurement o
temporal oscillation of EPW. The second-harmonics em
sion generated at the plasma was imaged on the cha
coupled device camera with anf /4 doublet, which was se
behind the focal point. The pump pulse was reflected bef
the f /4 doublet by an IR mirror. The second-harmonic em
sion from plasma was selected with a narrow-bandpass fi
centered at 400 nm. The imaging magnification of the sec
harmonics was 153, and the spatial resolution of the imag
ing system was estimated to be 1.5mm.

The typical radial profiles of the pump-laser intensity
the focal region and the second-harmonic emission from
plasma are shown in Fig. 2. In this measurement, the elec
plasma density was 131017cm23. The peak intensity of the
pump pulse at the focal plane was 531017 W/cm2. The
measured second-harmonic profile had two spatial peak
r /s;20.7 and 0.6. The polarization of the second-harmo
emission was the same direction as that of the pump pu
The calculated lateral size of the ionized region at the fo
plane using a Ammosov-Delone-Krainov~ADK ! theory@18#
is simultaneously shown in Fig. 2. In the estimation, t
temporal shape of the pump pulse was assumed to be
Gaussian of which the pulse width was 100 fs. The ioni
tion state~broken line! corresponds to the right axis. One ca
see the two steep density gradients corresponding to the
ionization stages of He gas. In our experimental conditi
the lateral size of the fully ionized region was estimated to
26 mm. The ionization region is much larger than the em

re
5
d

FIG. 2. The dotted line and the solid line correspond to
typical lateral profiles of the pump-laser intensity and the seco
harmonic intensity at the focal plane. The peak intensity of
pump pulse at the focal plane was 531017 W/cm2. The broken line
is the spatial distribution of the ionization state, which was e
mated with the ADK theory for the experimental condition.
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sion area of second harmonic. Therefore, the seco
harmonic emission was not generated at the edge of
plasma in our case.

Figure 3 gives the intensity of the second harmonics a
function of the electron plasma density. In Fig. 3, the inte
sity of the pump pulse was 531017 W/cm2, thena0 was 0.5.
The emission intensity of the second harmonic was prop
tional to the square of the electron plasma density. Moreo
Fig. 4 gives the intensity of the second harmonics as a fu
tion of the focused intensity of the pump pulse. The press
of target gas was fixed to be 1.5 Torr, which correspond
the electron density of 131017 cm23. Then the oscillation
period of the EPW was estimated to be 350 fs, which is a
longer than the pulse width of the pump pulse. The la
intensity was varied with changing the energy of the yttriu
aluminum garnet laser which pumps the final amplifier in
TW Ti:sapphire laser system. The intensity of the seco

FIG. 3. The second-harmonic intensity versus electron pla
density. The pump intensity was 531017 W/cm2 . The dots corre-
spond to the experimental data. The solid line is proportional to
square of the electron density.

FIG. 4. The second-harmonic intensity versus laser intensit
the pump pulse. The target gas pressure was fixed to be 1.5
The dots correspond to the experimental data. The broken lin
proportional to the laser intensity with the power of 1.8.
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harmonic emission was proportional to the laser intens
with the power of 1.8, not proportional to the square of t
intensity.

To explain this intensity dependence and spatial profile
the second harmonic, let us consider the mechanism of
second-harmonic generation from the plasma. It was
scribed in Ref.@11#, in which the mechanism of the odd
order harmonic generation was precisely explained. Usua
the even-order harmonics are never generated from the
form plasma. However, as is pointed out in Ref.@11#, if the
plasma has initial transverse density gradients prior to
arrival of the pump pulse, the second harmonics may
generated. The source current for the second-harmonic e
sionS2 v is proportional to the product ofdnq3a, wherednq
is the charge perturbation by the quivering electrons ana
5a0 cosvt, wherev is the laser frequency. For estimatin
dnq , let us consider the electric fieldEq , which is caused by
the quivering electrons.Eq5n0x, wheren0 is the average
background electron density andx is the quiver amplitude.
Then,

x5
eE0 cosvt

mgv2
}

a

g
, ~1!

whereg is the relativistic parameter,E0 is the electric field
of the laser pulse ande and m are the electron charge an
mass, respectively. By the Gauss’s law,dnq5]Eq /]r . Usu-
ally ]n0 /]r 50, thenS2v50. However, if]n0 /]rÞ0,

S2v}
a0

2

g

]n0

]r
cos2vt. ~2!

Therefore, the second-harmonic emission may be gener
if the plasma has the transverse density gradients. If the s
length of the density gradient by the ponderomotive d
placement is assumed to beLp , ]n0 /]r 5n0 /Lp . These den-
sity gradients become largest at the beam edges. We ass
that they are roughly determined by the laser focal pro
and a constant for this set of measurements. Therefore
power of the second-harmonic emissionP2v is proportional
to a0

4/g23(n0 /Lp)2. The relativistic parameterg is given by
g5A11a0

2/2, then

P2v}
a0

4

11a0
2/2

S n0

Lp
D 2

. ~3!

For example, in the second-harmonic generation with
nonlinear crystal, the motion of electrons that relate to
effective dipole moment is not relativistic, thenP2v}I 0

2.
Only in the plasma, the motion of the electrons is able
become relativistic. By including the relativistic effect, th
second-harmonic intensity is proportional to the laser int
sity with the power of 1 ina0@1, although it is proportional
to the power of 2 ina0!1. In our experimental condition,a0

was between 0.3 to 0.8, therefore, 0.1,a0
2(}I 0),0.65. At

a050.7 (a0
250.5), the second-harmonic intensity was es

a

e

f
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mated to be proportional to the laser intensity with the pow
of 1.8 from Eq.~3!. Then, the experimental result is in goo
agreement with the theory.

As seen in Eq.~2!, the spatial profile of the second ha
monic depends on the spatial profile of the plasma den
gradient and the laser intensity profile. The relativistic eff
of quiver motion does not relate at the spatial profile of
second harmonic. In our case, the density gradient is indu
by the electron cavitation by the ponderomotive force of
pump-laser pulse.

We observed the second-harmonic emission from
plasma, of which density was low enough to induce no S
process. By the observation of the dynamics of the EPW,
oscillation period of the EPW in the study was confirmed
be longer than its duration of the pump pulse. Then
second-harmonic emission was generated by the spat
asymmetric nonlinear motion of electrons, which are e
,
nd

ne

s,
s

d
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pelled from the focal spot by the ponderomotive force. T
obtained spatial profile of the second harmonic had two s
tial peaks. This spatial profile may be explained by a sim
theory. The observed second-harmonic intensity was pro
tional to the electron plasma density with the power of 2, a
proportional to the laser intensity with the power of 1.8. T
laser intensity dependence of the second-harmonic inten
may be explained by taking the relativistic effect of electr
motion into account.
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