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Experiments to examine the generation of relativistic plasma waves via a high-intensity short-pulse
beat-wave scheme are described in detail. The pulse stretcher of the Vulcan chirped-pulse
amplification (CPA) laser system was modified to produce two frequency, 3 ps pulses focusable to
intensities up to 10'® W cm™. Short high-intensity pulses were used to avoid limitations to the
plasma-wave amplitude due to the modulational instability. Two experiments were undertaken, at 3
and 10 TW, with the generation of plasma waves diagnosed by measuring the sidebands produced
in the spectrum of the forward scattered beam. A resonance in the sideband signal was observed for
an initial plasma density higher than expected for the given beat frequency. This resonance shift can
be attributed to transverse ponderomotive expulsion of plasma electrons from the laser focal region.
A monotonically increasing background was also observed, which was due to nonresonant
cross-phase modulation. © 2006 American Institute of Physics. [DOI: 10.1063/1.2160517]

I. INTRODUCTION

The plasma beat-wave acceleration (PBWA) scheme' is
one of a number of methods of producing relativistic electron
plasma waves via the interaction of an intense laser pulse
with an underdense plasma. The PBWA scheme involves the
copropagation through a plasma of two laser pulses of
slightly differing frequencies, w, and w, (such that w;—w,
=w, < w;,w,). The superposition of these laser fields creates
a low-frequency beat pattern on the laser envelope with
which there is an associated ponderomotive force. If the fre-
quency of the force is resonant with the electron plasma fre-
quency ., a large-amplitude relativistic electron plasma
wave (EPW) can be produced. These plasma waves are of
particular interest, since they can be used to accelerate elec-
trons efficiently to high energies in short distances.

Previous work has shown that the beat-wave scheme is a
reliable and reproducible method for generating plasma
waves having relativistic phase velocities.” ™" The ultimate
amplitude of the plasma waves produced is limited, however,
by several factors—one of which is relativistic detuning. The
growth of the wave proceeds only for as long as the beat
frequency is closely tuned to the plasma frequency. As the
wave amplitude grows, the plasma frequency decreases due
to an increase of the electron mass via relativistic effects.
This detunes the growth from resonance, placing an upper
limit on the wave amplitude and preventing wave breaking
and self-trapping of electrons. In addition, the EPW can de-
cay via the modulational instability9’12’13 over time scales on
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the order of the ion plasma frequency w;. Hence it has long
been realized that the time taken for the wave amplitude to
reach the maximum possible amplitude (i.e., the relativistic
limit) must be shorter than this."*

The (small amplitude) growth rate of the plasma waves
generated by the PBWA is given by é&=dn/n,
=(1/4)a,a,w,. (Where a; is the normalized vector potential
of the ith component of the laser pulse). The plasma-wave
amplitude saturates relativistically in a time 7,
=4(22)'"(a1a,)? at g ey =(16a1a5/3)".% Since ax (N2,
many previous PBWA experiments have used long-
wavelength laser systems such as CO, lasers,”” where the
beat wave is formed using simultaneous emission of two
lasing lines near 10.6 um. Nd:glass lasers, which operate at
~1 um, have also been used in beat-wave experiments.g_10
In these experiments two separate beams are amplified in
different amplifier chains with slightly different lasing fre-
quencies [typically neodymium-doped yttrium aluminum
garnet (Nd:YAG) and neodymium-doped yttrium lithium
fluoride (Nd:YLF)]. Plasma waves produced by such higher-
frequency driver have a greater phase velocity for a given
plasma density, since the group velocity of the beat pattern
driving its growth is higher—the Lorentz factor of the wave
is given by v, =~ (wy/ wy)=(ne/ng)""?, where n, is the criti-
cal density for a laser of frequency w,. They can therefore
potentially accelerate electrons to higher energies. However,
the shorter wavelength of Nd:glass systems means that the
growth rate for plasma waves is lower for equal intensities.

In this paper, a new configuration for beat-wave accel-
eration experiments is described in detail. This setup makes
use of chirped-pulse amplification in the Vulcan Nd:glass
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FIG. 1. (Color online) Modifications to the Vulcan CPA stretcher system for
beat-wave production.

laser system in order to produce a shorter more-intense beat-
wave driver than has been used previously,” thereby increas-
ing the EPW growth rate and preventing saturation via the
modulational instability.12 The results of experiments using
this system to generate relativistic plasma waves are de-
scribed.

Il. ALTERATIONS TO THE VULCAN CPA SYSTEM
FOR BEAT-WAVE EXPERIMENTS

The unmodified Vulcan chirped-pulse amplification
(CPA) laser system is capable of producing laser pulses hav-
ing a maximum energy of 100 J in 700 fs, corresponding to a
beam power of approximately 140 TW. In order to produce
the required dual frequency beam to generate a beat-wave
modulation on the laser wave packet a mask is placed be-
tween the gratings of the CPA stretcher syste:m.15 The first
stretcher grating disperses the laser spectrum in space, so by
using a mask with two slits after this grating, two well-
separated and relatively narrow bandwidths may be selected
from the wider gain bandwidth of the laser. After emerging
from the double pass stretcher the beam consists of two
pulses propagating collinearly but separated in time (Fig. 1).
This separation is advantageous as it prevents nonlinear mix-
ing of the two pulses within the amplifiers further up the
chain.

This modification of the CPA system introduces flexibil-
ity in the choice of wavelengths that can be used to produce
the beat wave. To alter either of the transmitted wavelengths,
the slits can be moved along the plane of dispersion. Addi-
tionally the bandwidth of each component can be altered by
changing the corresponding slit width. This fine control of
the spectrum is important as it is desirable to maximize the
frequency difference between the two components (and
hence to maximize the plasma-wave growth rate) while
keeping the wavelength of each pulse inside the gain band-
width of Nd:glass.

Placing a mask between the stretcher gratings reduces
the bandwidth the laser system can amplify, with the conse-
quence that the transform-limited pulse length is increased.
Operating at the edges of the gain region in Nd:glass will
also have the effect of reducing the efficiency of the ampli-
fier chain—resulting in lower-energy pulses. This must be
considered when selecting the width of each slit; if it is too
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wide the contrast between the beat-wave minima and
maxima may be low; too narrow and a low power pulse will
result.

Similarly the bandwidth of the compressor must also be
considered to optimize the throughput of the system. Since
the two pulses are collinear, they overlap completely on the
first compressor grating. Thereafter they are spectrally dis-
persed and their paths diverge, though there is still significant
overlap at the second grating. Hence the two beams will
walk off the center of the second compressor grating, which
is ideally set for a central wavelength between the two beat-
ing wavelengths. This again limits the frequency difference
between the two wavelengths. To maximize the laser energy
while minimizing the effect of this walk off, the laser beams
were asymmetric, typically 20X 11 cm, i.e., with an aspect
ratio of approximately 2:1. This has obvious implications for
the focusing of the beams.

Clearly, if sufficient resources are available, a three-
grating compressor system may be employed, such that the
two wavelengths diffract from the first grating onto two
separate second gratings. Such a three-grating setup would
have a particular advantage for beat-wave experiments since
the power throughput could be greatly increased. In addition,
a frequency “chirp” could be imposed on one or both of the
pulses so that the beat frequency could be made to change
over the length of the combined pulse. This would be desir-
able as it could potentially offset relativistic detuning of the
plasma frequency with respect to the beat frequency at large
wave arnplitudes16 (i.e., a corresponding “chirped” beat wave
could be imposed on the wave packet). In order to do this
most efficiently, the stretcher would also need to be modified
as well.

lll. EFFECT OF THE INTERACTION ON THE LASER
SPECTRUM

A. Mixing of laser frequencies via plasma wave
growth

The coupling of the plasma wave with the laser pulses
can enable energy transfer from the initial laser frequencies
w; 5 into spectral sidebands of frequency w;,*mw),, where
m is an integer and w,, the beat frequency, is equal to Aw.
This effect may be distinguished from nonlinear optical ef-
fects such as cross-phase modulation (XPM) by the resonant
enhancement of the coupling when w,=w; — @, ~ ;.. There-
fore as the plasma density is scanned, a peak should be ob-
served superimposed upon any consistent increase in side-
band amplitude due to nonresonant XPM. It should be
stressed that such a spike in sideband intensity can only be
produced through the coupling of the laser with a resonantly
excited plasma wave, and so the height of the spike can be
used to estimate the peak wave amplitude.

The plasma wave modifies the laser spectrum by causing
the refractive index to vary periodically over time. For small
wave amplitudes the expression for the refractive index of an
inhomogeneous plasma contains a nonlinear correction

sn(0),"”
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where L is the propagation distance.

B. Cross-phase modulation

In these experiments, the two beams travel partially
overlapped from the compressor, onto the focusing off-axis
parabolic mirror and then to focus. The recompressed pulses
may be sufficiently intense along this path to generate side-
bands due to atomic cross-phase modulation (AXPM). The
nonlinear cross-correlated component contributes a compo-
nent to the refractive index # proportional to {a,a,),. This
term can thus mix frequencies w,;, to generate a frequency
wy,. The value of the nonlinear refractive index #, is deter-
mined by the density and composition of the medium. It can
be expressed in terms of the nonlinear hyperpolarizability
y=4gymy1m,/3n, where n is the gas molecular density. How-
ever, this expression is only accurate for small values of 7,
with respect to 7, since it is calculated via perturbation
theory. Consequently at higher intensities (>10'> W/cm?),
numerical techniques must be employed to determine the
hyperpolarizability, refractive index, and their dependence on
incident laser intensity. The intensities of these sidebands
(for small amplitude) can be calculated in the same way as
for Eq. (2),"°

Lo, _ —(szm) , )
1 64 807]08

w

where v in this context is the nonlinear hyperpolarizability of
the molecule. The energy in each sideband should therefore
initially grow quadratically with gas density.

AXPM is enhanced when the frequency difference
w;—w, coincides with a transition between energy levels in
the molecule. This resonant effect is particularly important at
low laser intensities; however, at high enough intensity the
nonresonant effect may be observed. As the H, molecule has
no electric dipole moment, it interacts very weakly with far-
infrared and microwave radiation: the frequency differences
used during the experiments to be described here are 1.15
% 10* and 9.0 10* GHz, which do not correspond to any
transition in hydrogen.

Relativistic cross-phase modulation (RXPM) can also
occur in the plasma itself if the oscillation velocities of elec-
trons in the laser field become relativistic, in which case the
refractive index of an underdense plasma becomes
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where the time averaging is over the fast w;+w, time scale.
Using the derivation described in Ref. 18 the intensity of the
first sideband produced through RXPM can be estimated to
be

Iwiwb - i(g& <£71(72> L)Z

I 16\ ¢ ne.{a,ay) + 1

(5)
where (a,a,) indicates an average over the path length as
well as over the fast frequency component. The sideband
intensity should again grow quadratically with plasma den-
sity, at least for small values of Iwiwb. However, at the inten-
sities used in the experiments described here the effect of
RXPM is likely to be much less than that due to atomic/
molecular effects since the nonlinear polarizability of H,
molecules is likely to become very important immediately
before ionization, while relativistic plasma nonlinearities will
not be significant until 7>1.5X 10'® W/cm?.

IV. EXPERIMENTAL SETUP

Pulse compression in these experiments was achieved
using a single-pass two-grating compressor system, and the
beam was focused by an (f=45 cm) off-axis parabolic mir-
ror. In these experiments the gas targets used was hydrogen,
as it is rapidly ionized by the leading edge of the laser pulse
due to direct field ionization. To reproducibly produce an
electron density of 10'°~10'7 cm™3 at focus, the target cham-
ber was statically filled and the density was monitored with a
pressure gauge. Therefore the beam propagated from the
compressor gratings to focus in an atmosphere of low-
density neutral gas can contribute to AXPM.

The beam transmitted through the plasma along the laser
axis was recollimated by a spherical mirror and reflected out
of the chamber. It was then focused by a similar mirror onto
the slit of a 1 m optical spectrometer, where it was spectrally
dispersed by a 600 line/mm grating. A 16 bit 256
X 1024 pixel charge-coupled device (CCD) camera was used
as the detector.

Before the interaction, the beam is rectangular with di-
mensions 20X 11 cm. This 2:1 asymmetry in aspect ratio
results after focusing with the parabolic mirror in a minimum
full width half maximum (FWHM) focal spot size of around
20-30 wm in one direction and a spot of about 10-20 um
in the other. This focusing geometry is not ideal for the pro-
duction of high-quality collimated electron beams as the spot
size is much smaller than the plasma wavelength at reso-
nance, which is 170 um. It is likely that the transverse pon-
deromotive forces acting at the beat frequency-produced
plasma oscillations with a significant radial component—
unsuitable for particle acceleration. Thus, these experiments
were intended to be proof-of-principle investigations, de-
signed primarily to produce and characterize plasma waves
using this new CPA beat-wave setup rather than to drive the
plasma waves to wave breaking and subsequently to generate
directional high-energy electron beams.

We now try to quantify the effect of AXPM on the side-
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FIG. 2. (Color online) (a) Autocorrelation trace and (b) spectrum of the laser for the 3 TW experiment, and (c) autocorrelation trace and (d) spectrum of the
laser for the 10 TW experiment. The spectra and the autocorrelation traces are not from the same shots.

band generation. After compression and before reaching the
off-axis parabolic mirror, the collimated laser beam passes
through from 0 to 30 mbar of low-pressure hydrogen gas.
At the highest power (10 TW) the beams contained 30 J on
average, 3:1 splitted between the two frequencies, in a
20X 11 cm beam. This gives a total intensity of 4.5
X 10" W cm™ (assuming the frequency components are
fully overlapped). The normalized field amplitudes of each
component of the collimated beam are then a,=1.8X 10~
and a,=7.9X 107, The value of vy for the H, molecule at
1064 nm is y=43.37+0.10X 10753 C*m*13* so 7, at a
molecular density of 10'7 cm™ will be 3.67 X 1072 V=2 m?,
The AXPM correction to the refractive index by the colli-
mated beam is then 9.4 X 107!, and the sidebands generated
before the parabola will have an intensity [Eq. (3)]
Lysw,/1,~1.2X107% which has a negligible effect on the
laser spectrum.

The contribution of AXPM after the parabolic mirror as
the laser converges towards focus can be estimated by inte-
grating the laser intensity over the path between the mirror
and the point where the intensity is large enough to ionize
hydrogen through barrier suppression. The path integral of
the intensity over a distance x after the mirror of focal length
f is, using purely geometrical optics, [§I(x)dx=1(0)f*/(f
—x;), where x; is where the intensity reaches the ionization
threshold (Igg;=1.4 X 10" W/cm?). Expressing I in terms of
(ayay), a value Iy, /1,~2.1 X 107> is obtained. Though
larger than the contribution before the parabolic mirror, this
calculation by perturbation theory suggests that this compo-
nent will also be insignificant. However, the value of 7, used
here (3.79X 1077 from the value of vy given above) will be
greatly underestimated at intensities close to that required for
ionization. Hence this estimate for sideband production is
also likely to be greatly underestimated. Numerical calcula-
tion of these effects, taking into consideration the detailed
atomic physics of the hydrogen atom, is necessary for a

proper estimate and are likely to give orders of magnitude
increase in sideband intensity.

An estimate of the RXPM is expected to take place in
the plasma, and this can be found by using the confocal
length of the focusing optic as the path length (~300 wum for
an f/4 focusing geometry with a nondiffraction limited
beam) and the laser field amplitudes from the 10 TW experi-
ment, a;=1.4 and a,=0.8. Using these values, an estimate
can be calculated using Eq. (5) of 1y, /1,~8 X 1074, for a
density of n,=10'7 cm™3. Since this value is small (and un-
likely to be underestimated as was the case for AXPM), the
sideband generation due to RXPM can be ignored.

V. RESULTS FROM THE VULCAN EXPERIMENT
AT 3 TW

Two experiments were undertaken with the Vulcan laser
using the beat-wave setup. The laser was able to produce
2-3 TW for the first experiment and about 10 TW for the
second.

In the first experiment, the laser produced an average of
8 J on target although a maximum of 14 J was obtained. A
streak camera with picosecond temporal resolution was set
up to monitor the prepulse, so that the relative energies in the
prepulse and the main pulses could be seen. As shown in
the spectrometer image and line out [Fig. 2(b)], the laser
produces two wavelengths at A;=10523 nm and A\,
=1059.1 nm, which corresponds to a resonant electron den-
sity of 4.15X10'® cm™. Each component had a bandwidth
of 1.0 nm with the energy balance between the components
being roughly 4:1 (\;:\,) on this shot. The autocorrelator
trace indicates a pulse length of approximately 2.7 ps [Fig.
2(a)], and a beat pattern of period of 0.6 ps can be clearly
discerned. This confirms that the two pulses were spatially
and temporally overlapped at focus.
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The FWHM focal spot size of 30 wm gives an average
on target intensity of about 2.7 X 10'7 W cm™. With an
energy balance of 4:1, the pulses have field strengths of
a;=0.42 and a,=0.21. This gives a relativistic saturation
time of 7~ 3.1 ps, so that at resonance w;7,;=0.82. The
plasma wave should therefore saturate relativistically rather
than through the modulational instability. The relativistic
wave amplitude limit with these parameters is én/n,=0.78.

In order to minimize the effects of AXPM, the beam was
split into prepulse and main pulse by placing a block of glass
inside the CPA stretcher after the mask. The block was posi-
tioned so that the entire beam at one frequency and part of
the beam at the other frequency (the higher-energy compo-
nent) had to travel through the glass. The light passing
through the glass was delayed due to its higher refractive
index than air; thus the component not passing through glass,
becomes a single frequency prepulse. This prepulse will
preionize the target, thus reducing the amount of AXPM at
high intensity. A measurement with a streak camera showed
that approximately 40% of the laser energy is in the prepulse.
The energy in the beat wave is therefore reduced to an aver-
age of 4.7J. This means that the average intensity was
1.6 X 10'° W em™2, with an energy balance of 2.3:1,
Tr1=3.7 ps, and at resonant density w;7,,=0.98.

After the interaction, the transmitted beam was directed
onto the slit of the optical spectrometer. A 1064 nm notch
filter was placed in front of the slit and tuned so that the
fundamental frequencies were attenuated compared to the
sidebands. The filter had a FWHM bandwidth of 8 nm, so
that a clear signal from the sidebands was recorded while
avoiding serious saturation of the camera with light from the
(much brighter) unscattered part of the beam. Figure 3 is a
plot showing the sideband intensity dependence upon den-
sity. The densities are scaled to the resonant density of the
beat. In Fig. 3(a) the sideband intensity has been normalized
to the energy in the fundamental nearest to that sideband.

The strength of each sideband follows an upward trend
with plasma density (the result of XPM). There is a clear
resonance at n,~ 5n, rising above this background upward
trend (where n,, is the resonant density), which is repro-
duced by all of the sidebands. This is indicative of the reso-
nance between the beat wave and the plasma wave fre-

quency, although the fact that it occurs at such a high density
was unexpected.

The ratios between first and second sidebands for both
the low- (red) and high-frequency (blue) sides of the funda-
mental frequencies are shown in Fig. 3(b). It can be seen
from this plot that for both sets of sidebands, the peak in
these ratios occurs at slightly different density from each
other, both at slightly lower density than the peak in Fig.
3(a). This is unexpected, as it was anticipated that both ratios
would vary with the plasma wave amplitude. Also, the ratio
on the red side is observed to be much larger than on the blue
side.

These anomalies may be explained if the sidebands were
themselves able to couple to the plasma wave so that radia-
tion cascades from the first-order sidebands to the second
order.”' This process would be energetically more favorable
on the red side than the blue, as it involves a reduction in
photon energy rather than an increase (acting like “seeded”
forward Raman scattering). An estimate of the plasma-wave
amplitude using the blue sidebands would therefore be more
accurate. Since the cascading effect will be more efficient at
higher densities, this would shift the peak in the sideband
ratio towards a higher density, which would explain the dif-
ference in position of the red and blue peaks.

By assuming that electromagnetic cascading is negli-
gible for the blue sidebands, an estimate for the average am-
plitude of the plasma wave over the path length of the inter-
action can be made using Eq. (2). Before this can be done the
effect of XPM must be estimated and subtracted from the
sideband ratio. This involves fitting a curve, varying qua-
dratically with density to the points around the resonance
[dotted line in Fig. 3(b)] and subtracting it. The ratio at the
peak of the resonance is then entered into Eq. (2) using an
estimate of the path length. Since the beam is not diffraction
limited the interaction length will be given due to the focus-
ing geometry rather than the confocal parameter of the beam
(which is equal to twice the Rayleigh range zz=m7a3/\). The
focusing optic used in this experiment had an f/4 geometry,
giving L~ 300 pum.

Subtracting the XPM-related component of the sideband
ratios gives a peak ratio of approximately 0.1 at n,~3.5n,.
From Eq. (2) this gives an average value of & of about 2.
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This is higher than the limit imposed by relativistic detuning,
and so cannot be the result of coupling of the laser with the
plasma wave directly into the second sideband. Rather it
must be a secondary effect whereby the light in the first
sideband (as well as other components of the spectrum) is
scattered by the plasma wave into the second (i.e., electro-
magnetic cascading). This value of & also shows that the
assumption that £ <1, which was used to derive Eq. (2), is
not valid in these conditions.

VI. RESULTS FROM THE VULCAN EXPERIMENT
AT 10 TW

The low-energy output of the previous beat-wave experi-
ment was attributed to the reduced bandwidth for amplifica-
tion due to the mask in the CPA stretcher. This resulted in the
energy in the beam reaching subsequent amplifiers being be-
low saturation level, and so the amount of energy extracted
from each amplifier was drastically reduced. The dramatic
shot-to-shot energy variations in that experiment were also
due to this. The lack of fluence was remedied by mounting
an additional 9 mm diameter preamplifier after the stretcher.

The result was an output up to 45 J on target. With a
30 wm diameter focal spot and a 30 J pulse, and the intensity
at focus is 1.3 X 10'® W cm™2. The pulse length (~3 ps) and
the beat modulations are clearly depicted in the autocorrela-
tor image shown in Fig. 2(c). The two beat-wave wave-
lengths were A;=1050.7 nm and \,=1056.0 nm [as shown
in Fig. 2(d)], giving a beat period of about 700 fs and a
resonant density of 7.78X 10'® cm™. The average energy
balance was about 3:1 (\;:\,) which gives a;=1.4 and
a,=0.8. With these parameters 7,;=1.2 ps and ;7,,=0.25
at resonance. So once again saturation occurs through rela-
tivistic effects rather than the modulational instability.

A static fill of hydrogen gas was again used as the target
for this experiment. Shots were taken over a range of gas
densities, and the spectrum of the beam transmitted through
the plasma was recorded on a CCD camera. In this experi-
ment, however, no notch filter was used in front of the slit of
the spectrometer since stronger sidebands were produced,
lessening the need for selective filtering of the two funda-
mentals. For the same reason, no prepulse was used in this
experiment.

A plot of sideband intensities, scaled to the closest fun-
damental frequency, against electron density is shown in Fig.
4. In this density scan, the laser energy was reproducible to
within 10%, and no preselection of data was required. A
resonance at ~12n,, can be clearly seen, again a signature of
plasma wave production. The difference in the densities at
which resonance occurs from the 3 to 10 TW experiment
implies that there is an intensity dependence to the effective
plasma density. The peak in sideband intensity corresponding
to the resonance sits upon a slope rising linearly with density,
again due to AXPM. It is also possible that there is a much
smaller resonance at a lower density, at n,~n,y, it seems
from this that the beat wave is resonant at two very different
frequencies. The results from the first experiment also sug-
gested a second small peak at n, ~n,, although this was not
very clear.
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FIG. 4. (Color online) Plot of sideband intensities against plasma electron
density with a 10 TW beat-wave pulse. A line has been traced through the
points showing the first red sideband intensity to highlight the resonance at
n,~ 12n,.

The stronger cascading effect in the longer wavelength
sidebands is demonstrated by the linear increase of the back-
ground (AXPM) intensity with density to longer wavelength.
This suggests that the cascading process is saturating. Both
the first and the second sidebands to shorter wavelength in-
crease quadratically with density, suggesting that the cascad-
ing to these sidebands is not yet saturated. As the fundamen-
tal at w, was much lower in amplitude than that at w;, the
second (red) sideband to longer wavelength was not visible.

Equation (2) may be used to estimate the plasma-wave
amplitude achieved during the experiment, assuming that
sideband cascading can be ignored and the plasma-wave am-
plitude remains small. Hence once more using the blue side-
bands and taking L=300 wm, one obtains én/n,~0.1.

VIl. DISCUSSION

A mechanism that causes a shift in the resonance must
be able to reduce the effective plasma frequency that the
laser encounters during the interaction, so that the beat wave
encounters resonant plasma even though the ambient elec-
tron density is nonresonant. As the shift appears to increase
with intensity, so must the effect of the mechanism. Two
processes that are possible sources of the observed change in
the resonance condition are discussed here: relativistic elec-
tron mass increase and transverse ponderomotive expulsion
of electrons.

The mass of an electron will increase as its oscillation
velocity in the laser field approaches light speed. This is a
separate process to relativistic detuning of the beat wave,
which involves oscillations in the EPW. The mass increases
with the relativistic factor, which in a linearly polarized laser
field of amplitude a is equal to y=(1+a?/2)"%. As the elec-
tron inertia climbs the plasma frequency drops, as @, 2.
To achieve resonance a higher electron density is required to
compensate for the relativistic electrons and so the resonant
density increases. A beat-wave pulse with 30 J will have a
peak a=1.6, so that y=1.5, and so the resonant density will
also increase by a factor of 1.5. This is small compared to
our observed shift and thus cannot account for the effect.
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As was stated previously, the laser spot size is much
smaller than the beat wavelength so that the magnitude of the
transverse component of the ponderomotive force is some-
what larger than the longitudinal component. This has the
effect of pushing electrons away from the peak of the laser
pulse and lowering the density on axis. A region of positive
charge is produced which in turn inhibits further electron-
density depletion. An estimate of the extent of this depletion
can be made by considering a steady-state situation where
the magnitude of the ponderomotive force is constant,
and then calculating the space-charge field that would
exactly counter it” An intensity profile of the form
I(r,t)zloe‘2’2/”(2)e‘2’2/ 72, where I, is the intensity at the peak
of the pulse, oy is the focal spot size, and 7 is the
pulse duration, will exert a radial ponderomotive force
F,=—(e*/48gm,w,w,)dl/ dr. Equating this to the space-
charge force modifies the density by én(r). Expressed in
terms of the total laser energy W in both pulses of the beat

wave this is
42w (1 2r2) ( 2r2) ©
- — |lexp| - — .
2 2 0;0

77'3/ meca)lwzo'é’r (o)

on(r)=

If the laser propagates through a plasma with an initial
density greater than the resonant value, the beam can reduce
the density on axis so that it is resonant with the beat there.
Indeed for a wide range of densities the effect of pondero-
motive expulsion will be to produce some region having a
resonant density in which plasma waves can be produced.

Although the transverse ponderomotive mechanism
seems to be sufficient to cause the shift in the resonant den-
sity that is necessary for this effect to be observed, it is
interesting to investigate how transverse effects interact with
the other aspects of the beat-wave process, such as growth
rate and saturation, to produce the variation in sideband am-
plitudes observed experimentally.

We can illustrate the effects of ponderomotive expulsion
of electrons using a simple numerical calculation. First, the
intensity distribution of the beam in the space immediately
surrounding the focus is inscribed upon a two-dimensional
(2D) array, so that every point on the array contains the laser
intensity due to both pulses (averaged over the pulse length)
that pass through that position. Such a distribution could be,
for a Gaussian beam with energy W,

Phys. Plasmas 13, 013103 (2006)

FIG. 5. (Color online) The calculation
of the sideband intensity using 2D
grids for a 3 ps, 30J pulse with a
30 um spot size. (a) The distribution
of average intensity over time is calcu-
lated using Eq. (7). (b) The modified
electron-density distribution is found
using Eq. (6). (c) The wave amplitude
limited by the allowed density mis-
match and the relativistic saturation
mechanism is assigned to each point.
(d) An estimated “strength of scatter-
ing” is calculated.

2

w 2 2\ 1/2
{I(r,2)) = T eXp(— ogrz)), o(z) = 0'0(1 + j_?) .
(7)

where (I) denotes an average over the pulse length 7. An
electron-density distribution can be defined in a similar array
by choosing an ambient density and then using Eq. (6), again
letting o vary over z, to find the degree of electron cavitation
or displacement imposed on the plasma by the transverse
ponderomotive force of the laser. The laser intensity and
electron density at identical points on both grids are com-
pared, and a new array that contains the final wave amplitude
at every point is generated using the equations for plasma-
wave growth rate along with the expressions for linear and
nonlinear detuning amplitudes. The linear detuning accounts
for the mismatch between the electron density and the reso-
nant density, so that &,,=aa,[w,/2(w,—w,)].

It now remains to obtain an estimate of the sideband
intensities that might be produced for these experimental pa-
rameters. According to Eq. (2), the relative sideband inten-
sity is proportional to (n,eL)?, where & is the wave amplitude
and L is the path length of the beam through the wave. How-
ever, as this is not a ray-tracing program, it is difficult to gain
a value for L for each part of the beam. To get around this, a
new grid is constructed containing the values of I(n,)?, and
all the values in this new grid is summed to give a rough
indication of the strength of the scattering of the laser by the
wave. The inclusion of the intensity factor in this calculation
has the effect of weighting the scattering in favor of regions
close to focus. This is because the laser fluence through re-
gions away from focus is smaller than at focus, so there is
less laser energy per unit volume in those regions to couple
to the plasma compared to the focal region. Figure 5 illus-
trates the steps of the calculation, and Fig. 6 shows the re-
sults. A similar methodology has previously been
implemented,” although in that case phase information was
retained to get a more accurate measure of the accumulated
scattered intensity. However, our simple model will suffice
for illustration.

Figure 6 shows that as the laser intensity increases
(through an increase in pulse energy or a decrease in spot
size), the density range broadens to become a plateau bor-
dered by two sharp cutoffs. At the low-density end of the
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FIG. 6. (Color online) A plot of the variation of estimated “sideband intensity” with ambient electron density for a 3 ps duration pulse with 30 um focal spot,
and with (a) pulse energy ranging from 5-55 J and (b) focal spot size o, ranging from 10—45 wm. The triangles represent the ambient electron density above
which the minimum density in the interaction is greater than the resonant density.

plateau, most of the plasma-wave production takes place
away from focus, as the ponderomotive effect decreases as
a* whereas the wave growth rate falls as 0. This means
that, although the laser is intense enough to grow a large
plasma wave, significant cavitation does not take place.
Therefore scattering occurs over a large region, but at rela-
tively low laser intensity. At the other end of the plateau,
strong cavitation at focus brings the density there down to
the resonant value so that plasma waves can be resonantly
excited. Although this only occurs in a small region, the laser
intensity is at its highest and the scattering is strong there.
The cutoffs occur when there is no point in the plasma at
resonance, either because the ambient density is too low or
the effect of cavitation is too weak. As the strength of the
cavitation increases as 064, the position of the high-end cut-
offs is extremely sensitive to focal spot size.

As noted above, these calculations cannot be used as a
direct comparison with experiment since the wave amplitude
given in Fig. 5(c) is actually a complex amplitude with mag-
nitude and phase. The phase, even if calculated on a simple
2D grid, is an integral over time and changes with density
and time very rapidly near resonance implying that it is dif-
ficult to obtain an estimate of the scattered amplitude into the
sidebands from such considerations. In addition because the
focal spot conditions were asymmetric and nondiffraction
limited this means it would be necessary to do a three-
dimensional (3D) calculation with an accurate focusing
geometry—in order to compare directly to experiment.

Furthermore, the calculation does not take account of the
finite spatial extent of the regions in which the wave is cal-
culated to be resonantly excited, which could significantly
affect the way that electrons oscillate in those regions. For
example, in the middle of the two cutoff points of plateau in
Fig. 6, most of the scattered light comes from a ring around
the focus which is much narrower than the spot size or the

plasma wavelength. The electrons in this “ring” would not
feel the same electrostatic return force as in a plane wave, so
the frequency of oscillations would be greatly altered, and so
scattering from this region can be ignored. If this source of
scattering were to be discounted, there would remain two
peaks in sideband growth, one next to the low-density cutoff
and the other next to the cutoff at high density. This would be
in agreement with the result of the density scan performed in
both experiments, although the large-amplitude difference
between those two peaks is not reflected here.

Nevertheless, these calculations clearly indicate that the
effect of pondermotive cavitation can produce the observed
changes in resonant density. We have recently become aware
of work where sidebands were observed in a beat-wave ex-
periment that also had wb>wp.23 These were described as
coming from forced off-resonance radial plasma waves,
which could scatter a probe beam in the forward direction.
We should note that this mechanism might also contribute to
our observed upward trend of the sideband light below the
clear resonance peak (in addition to AXPM).

Viil. CONCLUSIONS

The characteristics of the transmitted optical spectra,
which were measured during these experiments, have shown
that large-amplitude plasma waves have been created by the
beat-wave interaction. When a scan in target plasma density
was carried out, both with a 3 and 10 TW beat waves, peaks
in the intensities of scattered sidebands in the transmitted
spectra were observed. These were the results of resonances,
which are due to an interaction between the two laser fre-
quencies and an electron plasma wave. These resonances
were displaced from the density for wp.=w,—w,, and the
only mechanism that could cause this displacement is the
transverse ponderomotive force of the narrow laser pulse
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forcing electrons out of the beam and bringing the electron
density in a large region of the interaction close to the reso-
nant value. To illustrate this effect a simple calculation of the
effect of ponderomotive charge displacement was con-
structed and it was found to be able to show how the experi-
mentally observed resonance shift could occur.

As well as the resonance resulting from the mixing be-
tween the laser frequencies and the plasma wave, there was a
monotonic increase with plasma density in spectral sideband
intensities, indicating the occurrence of cross-phase modula-
tion (XPM). This is believed to be caused by the nonlinear
refractive indices of the hydrogen gas traversed before focus.
There were also indications that a secondary scattering pro-
cess took place whereby light cascaded between the spectral
sidebands, not only between the fundamental laser frequen-
cies and the sidebands.

Although large-amplitude plasma waves were created
during these experiments, these waves would have been far
from planar, as the focal spot size was much smaller than the
plasma wavelength. Such an interaction would be very inef-
ficient in accelerating electrons to high energies in a well-
collimated beam. It is thought that future experiments, using
a focusing optic with a larger f number or a phase-zone plate
in order to increase the size of the focal spot relative to the
plasma wavelength, will result in more planar plasma waves.
Increasing the spot size means lowering the laser intensity, so
a more powerful laser than used here would be required to
reach comparable plasma-wave amplitude.
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