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High conversion efficiency~0.1%! into second harmonic light generated in the interaction of a
short-pulse intense laser with underdense plasma has been observed. In this experiment the plasma
is created by optical field ionization of hydrogen or helium gas. Second harmonic spectra observed
in the forward direction show Stokes and anti-Stokes satellites. This is due to the interaction of the
second harmonic light with large-amplitude relativistic plasma waves. Second harmonic images
taken at 30° from the propagation axis show that the radiation is generated over a length of a few
times the Rayleigh length and that the origin of the second harmonic light is due to the radial
electron density gradients created by the ionization process and the radial ponderomotive force.
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I. INTRODUCTION

Harmonic generation has been a subject of great inte
since the advent of high-intensity, short-pulse lasers.
highly nonlinear nature of the interaction of these la
pulses with gases and plasmas imply that harmonic l
should be a significant feature of such interactions. Ma
mechanisms can generate laser harmonics in plasmas. I
case of the second harmonic, the main mechanism is
presence of density gradients in the plasma. Physically,
is due to the laser-induced quiver motion of the electro
across a density gradient, which gives rise to a perturba
dn in the electron density at the laser frequencyv0 ~as can
be seen from the continuity equation!. This density perturba-
tion, coupled with the quiver motion of the electronsvosc,
produces a source currentJ at the second harmonic fre
quency:J5dn* vosc}cos

2~v0t!}cos~2v0t!. For electron den-
sity gradients transverse to the laser propagation direct
the currents are phased so as to radiate predominantly in
forward direction.

Second harmonic frequency generation has previou
been observed using long laser pulses~300 ps! at intensity
,1015 W/cm2 in a preformed underdense plasma in a dir
tion perpendicular to the laser. This was attributed to p
deromotive self-focusing or filamentation of the hig
intensity laser in a long scale length plasma.1 Angularly
resolved second harmonic measurements were reporte
the interaction of a CO2 laser with a nitrogen gas jet.2 The
forward second harmonic light was attributed to filamen
tion generation. CO2 laser pulses

3 and Nd:glass laser pulses4

interacting with helium gas-filled chambers also produc
second harmonic light in the forward direction, again attr
uted to the production of filaments. In a more rece
experiment,5 the second harmonic of Raman sidescatte
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light was observed at 45° from the direct backscattered
rection.

The interest in the interaction of intense laser pulses w
plasma is not limited only to harmonic generation. T
propagation of intense electromagnetic waves in an un
dense plasma can also excite plasma waves via the forw
Raman scattering instability~FRS!.6–8 This instability is of
interest in laser inertial confinement fusion because it
generate energetic electrons that can preheat the fuel
reduce the implosion efficiency. Another case where FRS
of increasing interest is in laser particle acceleration. Thi
because it can excite a large-amplitude relativistic plas
wave that is therefore suitable for particle acceleration.9–11

The interaction of a short-intense-laser pulse with an und
dense plasma is also of interest in the ‘‘fast ignitor’’ fusio
concept.12 In this scheme, it is required to deliver a sho
intense laser pulse to the~imploded! dense laser-fusion cap
sule. The intense pulse must propagate through a very
~few millimeter! region of underdense plasma and th
propagation may be hampered by FRS.

In this paper we report on an experiment in which w
observed FRS accompanied by second harmonic light g
eration with a conversion efficiency of up to 0.1%. Mor
over, the second harmonic light was phase modulated by
copropagating relativistic electron plasma wave produced
FRS of the main laser beam. We also show explicitly th
ionization-induced density gradients are one cause of sec
harmonic light and show that relativistic and/or ponderom
tive self-focusing may be occurring, as evidenced by the
servation of filamentary-shaped images produced by the
ond harmonic light emission.
1127/$10.00 © 1997 American Institute of Physics
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II. EXPERIMENTAL RESULTS

The experiment described here was performed at the
therford Appleton Laboratory13 with the Vulcan Nd:glass la-
ser operating at 1.054mm in the chirped-pulse amplificatio
~CPA! mode. In this configuration the laser provided 25 J
0.7–1 ps pulses, which were focused, with anf /4.5 off-axis
parabola, to a 20mm diam spot. This corresponds to typic
powers of 20–25 TW and to on-target intensitiesI 0 of the
order of 531018W/cm2. The effective Rayleigh length~for a
factor of 2 drop in laser intensity! was 350mm. To avoid
refraction induced by ionization processes,3,14 the laser beam
was focused onto the sharp edge of a 4 mmdiam laminar
plume of helium or hydrogen gas from a pulsed, superso
gas jet15 located 2 mm below the focal region. The typic
focal intensity of 531018W/cm2 at f /4.5 is sufficient to fully
optically ionize helium over at least 2 mm into the jet a
hydrogen over the full 4 mm diam of the jet. The electr
density in the gas jet was controlled by the density of n
trals that was varied by changing the backing pressure of
jet. The density was measured through the frequency s
(nvp) of the anti-Stokes sidebands of the pump laser,
created by FRS. The electron density was found to be lin
with backing pressure from 5 to at least 18 bar, where
electron density was 1.531019 cm23. The two key diagnos-
tics discussed in this paper are the forward scattered ele
magnetic spectrum around the second harmonic freque
and images obtained at 30° from the direction of propaga
of the laser taken through narrow band 2v0 interference fil-
ters.

The spectrum of the light transmitted in the forward d
rection was measured in the fullf /4.5 cone angle of the
incident laser. This light was transmitted through a pelli
that was antireflection coated at 1.054mm so as to reject the
pump laser beam. The spectrum was detected with a 16
silicon charge coupled device~CCD! camera. A bright black-
body source placed at the focal position of the pump la
was used to measure the overall transmission function of
optics and the spectral response of the CCD camera.
was used to correct the measured spectrum. Figure 1 sh
the corrected spectra around the second harmonic w

FIG. 1. Typical second harmonic forward spectra for an electron densit
1.531019 cm23 ~solid line! and 531018 cm23 ~dashed line!. Laser power for
both these shots was around 25 TW. The higher-density spectrum s
blue-shifted shoulders.
1128 Phys. Plasmas, Vol. 4, No. 4, April 1997
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length 0.527mm obtained for two different plasma densitie
5.431018 cm23 ~dashed curve! and 1.531019 cm23 ~solid
curve!. At low electron density, three Stokes satellites a
two anti-Stokes satellites are clearly visible due to the int
action with a FRS-driven plasma wave. The positions of
peak of the satellites correspond to frequencies 2v06nvp . In
the high-density case the presence of three Stokes and
anti-Stokes satellites can be discerned. Here the displace
from the second harmonic wavelength is greater, consis
with a higher electron density. The satellites still correspo
to frequencies of 2v06nvp . The most remarkable feature
the broadening of the individual anti-Stokes peaks at t
higher density. This is similar to the broadening observed
the incident transmitted laser spectrum, which, as discus
in a previous publication,9 is characteristic of wave breakin
of the plasma wave.

As mentioned by Krushelnick5 in a experiment where
the spectrum of thebackscatteredlight was reported, two
scenarios are possible for the generation of the Raman s
tered satellites around the second harmonic:~i! laser light
may be frequency-doubled passing the interaction region
scattered by the plasma wave, giving a cascade of sate
at 2v06nvp ; or ~ii ! the incident laser light is scattered b
the plasma first, leading to a cascades of satellites
v06nvp that are subsequently frequency doubled as t
propagate, resulting in satellites at 2v062nvp . Clearly, the
presence of both the odd and even satellites of the sec
harmonic show that the first scenario is dominant in o
forward-scattering experiment. In Fig. 2 we plot as a fun
tion of the electron density the shift of the Stokes~1! and
anti-Stokes satellites~2!. The reference number for eac
curve corresponds to the satellites number for example,
curve ~12! corresponds to the theoretical wavelength sh
of the second Stokes satellites for a cold plasma, i.e. 2vp . To
obtain the theoretical wavelength shifts one needs to kn
the effective electron density. As mentioned earlier, we
quire this effective electron density independently from t
wavelength shifts of the first Stokes and anti-Stokes in
spectrum of the transmitted 1mm pump beam. Figure 2
shows that the experimental wavelength shifts are in g
agreement with the theoretical value.

In shots at higher electron densities, as can be obse

of

ws

FIG. 2. Wavelength shift of the Stokes~1! and anti-Stokes satellites~2! as
a function of the electron density. The reference numbers on each c
correspond to the satellite’s number.
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in Fig. 1, a small amount of energy of the transmitted sec
harmonic~less than 10%! was slightly~'70 Å! blue-shifted.
The blue-shift is a consequence of the time varying elect
density due to tunnel ionization during the rising edge of
laser pulse:16 the resulting variation in time of the refractiv
index self-modulates the phase of the laser during its pro
gation in the plasma. Its proper frequency is then increa
giving a blue-shift that is roughly proportional to the electr
density. Similar but larger and more intense blue-shift f
tures are obtained in the transmitted pump. The blue-shif
of the satellites of the second harmonic indicates that
onset of the second harmonic light~and its blue-shift! oc-
curred during the ionization phase, early in time, and wo
thus precede the FRS, allowing the green light to inter
with the relativistic plasma waves, as seen in Fig. 1.

III. DISCUSSION

In the experiment by Krushelnicket al.5 ~I 0'231018

W/cm2 and f /3 focusing! no second harmonic light was ob
served in the forward direction in hydrogen and only a co
version efficiency of 1026 was observed in helium. In con
trast, we observed a high conversion efficiency for
generation of forward second harmonic light, about 1023, for
both helium and hydrogen. The measured second harm
conversion efficiency in the cone angle of the laser is plot
as a function of the laser intensity~changing the laser en
ergy! in Fig. 3. This shows that the second harmonic conv
sion increases with laser intensity. A simple theoretical c
culation for the conversion efficiency of second harmo
production due to interaction of a laser beam with dens
gradients is given by5,17

h5
P2v0

Pv0

5
a0
2

~11a0
2/2!

S L

4L
“

kp
2

k0
2D 2,

where P2v0 ~and Pv0! are, respectively, the power of th
second harmonic and the pump laser,a05eA/mc250.86
31029l(mm)AI 0(W/cm2) is the normalized vector poten
tial of the laser, wherel is the laser wavelength andI is the
laser intensity andk0 (kp) is the laser~plasma! wave num-
ber. L

“

is the density gradient scale length andL is the
interaction length. For our conditionsL is limited by the
detuning of the generated second harmonic from the pu
laser due to dispersion in the plasma,17 which is about 120

FIG. 3. Measured second harmonic efficiency as a function of the l
power.
Phys. Plasmas, Vol. 4, No. 4, April 1997
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is taken to be around 10mm, the focal spot radius. If
we takea052, which corresponds to our maximum intensi
of 531018 W/cm2 and a number density of 1019 cm23, we
find an efficiency of 0.1%, which is of the order of the o
served maximum efficiency. That the efficiency increas
rather than saturating due to relativistic effects, as sugge
by these simple treatments, can be attributed to enhance
of density gradients due to ponderomotive effects, which
occur at these higher intensities.

In Figs. 4 and 5 we present two typical second harm
ics images obtained at 30° from the propagation direction~in
the plane of the laser polarization! in hydrogen and helium,
respectively. These images of the scattered second harm
radiation from the interaction region were obtained us
two f /3 achromatic lenses on a eight bit CCD camera wit
depth of field of at least 4 mm. The spatial resolution w
limited by the pixel size of the CCD to 20mm. The second
harmonic of the laser radiation was selected with a 10
full width at half-maximum~FWHM! interference filter cen-
tered at 0.53mm. In order to be sure of the nature of th
green light, we measured the full light spectrum at the sa
30° angle. This spectrum exhibits an intense second
monic component at 0.53mm that completely dominates th

er

FIG. 4. Typical second harmonic image at 30° from the propagation axi
hydrogen.

FIG. 5. Typical second harmonic image at 30° from the propagation axi
helium. Small dots in the image are x-ray hits from accelerated elect
hitting the vacuum chamber.
1129Malka et al.
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plasma recombination light in energy. We observe in th
figures second harmonic light emanating over a distanc
'3 mm, which is about eight Rayleigh lengths. Similar fe
tures were observed in the images taken at 1.053mm. En-
hanced longitudinal propagation lengths have previou
been obtained in a similar experiment,18 which imaged the
scattered laser light~at v0! at 90°. In this experiment, by
analyzing the axial intensity profile for different laser cond
tions, the authors concluded that relativistic self-channe
was responsible for the long images.

The images of the second harmonic light show signs o
single longitudinal filament. These filaments are mu
clearer in helium~Fig. 5! than in hydrogen~Fig. 4!. In both
types of plasma this structure appears more clearly when
gas pressure is higher. Since in this experiment the la
power is much greater than the critical power for relativis
self-focusing@Pcr517~vp/v0!

2 GW#, the laser can in theory
self-channel, resulting in propagation of high-intensity fi
ment of light19 over a considerable distance. The laser int
sity can be higher than its value in vacuum, due to the re
tivistic self-focusing. The transverse ponderomotive fo
associated with the optically guided laser pulse is then h
enough to significantly expel the electrons from the la
axis, creating a sharp density gradient where second
monic light can be generated. Hence the second harm
filaments we see can be a signature of this self-channe
due to relativistic self-focusing. There is further evidence
this decrease in effective plasma density due to th
relativistic/ponderomotive effects in the separation of the R
man sidebands as a function of intensity, as mentioned
previous publication,20 for it was found that the sideban
separation for a constant backing pressure~and hence a con
stant initial density of neutrals!, decreases with increasin
intensity. This would be consistent with an effective decre
in plasma frequency due to relativistic quiver motion of t
plasma electrons and/or a density depression due to pond
motive blow-out. Recent experimental investigation us
the same laser and plasma conditions have confirmed
relativistic laser intensities~a0'1! are present in thes
filaments.21

Another interesting feature is evident in the hydrog
images in Fig. 4. At the beginning of the interaction regio
a 100mm before the focal plane, the radial second harmo

FIG. 6. Experimental radial second harmonic light profile obtained at
position defined by the arrow from the image in Fig. 3.
1130 Phys. Plasmas, Vol. 4, No. 4, April 1997
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light intensity profile produces a minimum along the las
propagation axis. Figure 6 shows the radial intensity pro
obtained at the position along the laser axis defined by
arrow in Fig. 4. The two maxima in the radial second h
monic light profile are separated by about 80mm.

One can calculate the time-dependent electron den
using the tunnel ionization rates22 for hydrogen. Neglecting
the effects of hydrodynamic motion for the duration of t
laser, we can calculate the radial electron density at the
sition of peak laser intensity. The radial laser intensity pro
is Gaussian, with a radius~to 1/e! in intensity of 10mm. In
Fig. 7 we plot, on the same graph, the calculated elect
density in hydrogen, and the product of the laser intens
with the electron density gradient, as a function of rad
distance. This last quantity is the source term for the sec
harmonic light, as discussed earlier~see, for example, Ref
19!. This quantity present a maximum at 35mm that is 3.5
3the radius, giving two maxima about 70mm apart. This
compares favorably with the experimentally acquired va
of 80ms. We do not observe this feature in the helium ca
This is probably due to the different ionization character
tics of the two gases. Helium is ionized at higher laser int
sities, both for its first and second ionization. Consequen
the density gradients due to ionization are less well defi
for helium.

IV. CONCLUSION

In conclusion, we report here the first observation of t
forward scattering of second harmonic~2v0! light from rela-
tivistic electron plasma waves driven by FRS. The gene
tion of the second harmonic light is consistent with the pr
ence of radial electron density gradients resulting from b
the ionization process and the radial ponderomotive for
The second harmonic conversion efficiency and its dep
dency on laser power agree well with theory. The brig
second harmonic light scattered over a distance of sev
Rayleigh length indicates self-channeling.

e
FIG. 7. Calculated radial electron density in the hydrogen case~dashed
curve! and the product of the radial laser intensity with the radial elect
density gradient~solid curve!.
Malka et al.
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