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Abstract 

Experimental evidence for the acceleration of electrons 
in a relativistic plasma wave generated by Raman forward 
scattering (SRS-F) of a single-frequency short pulse laser 
are presented. A 1.053 pm,  600 fsec, 5 TW laser was 
focused into a gas jet with a peak intensity of 8x1017 
W/cm2. At a plasma density of 2x1019 2 MeV 
electrons were detected and their appearance was correlated 
with the anti-Stokes laser sideband generated by SRS-F. 
The results are in good agreement with 2-D PIC 
simulations. The use of short pulse lasers for making ultra- 
high gradient accelerators is explored. 

I. INTRODUCTION 

There have been many recent analyses on the stability 
of short laser pulses propagating through underdense 
plasmas. [ 11-[5] These analyses have shown that such 
pulses are susceptible to several instabilities which can 
generate large plasma-wave wakes. One such instability is 
stimulated Raman forward scattering (SRS-F). SRS-F is a 
parametric instability in which an incident electromagnetic 
wave (w,,kO) decays into an electron plasma wave (ap, kp) 
and two forward propagating electromagnetic waves at 
frequency oO-op (Stokes) and oO+op (anti-Stokes), where 
op=(4m?nJm)m .[6] Energetic electrons are generated by 
the resulting electron plasma wave. The simultaneous 
observation of the Stokes and anti-Stokes features and 
energetic electrons is the strongest evidence for the 
excitation of SRS-F. The few previous experimental 
observations of the spectral signature of SRS-F[7] and the 
energetic electrons associated with the Raman forward 
scatter[8] were obtained using long pulse lasers (210 psec). 
The development of short pulse, high intensity laser 
systems in recent years has provided a new experimental 
regime in which to study SRS-F. The experiments and 
supporting particle-in-cell (PIC) simulations described here 
show both the spectral features and accelerated electrons, 
clear evidence of forward stimulated Raman scattering in 
short pulse, high intensity, underdense plasma interactions. 
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11. EXPERIMENTS 

In these experiments, a 1.053 pm, 600 fsec, 5 TW laser 
was focused with an f18.2 aspheric lens into a burst of 
helium exiting a gas jet, generating a plasma 
approximately 0.8 mm long. [9] The peak laser intensity 
used was approximately 8x1d7 W/cm2 (v,,/c = 0.8). The 
plasma density was varied by varying the backing pressure 
of the gas jet (200-1000 psi); the plasma density ranged 
from lx1019 cm-3 to 2 . 5 ~ 1 0 ~ ~  ~ m - ~ .  Near forward 
scattered light (5O-7, from the laser axis) was collected and 
spectrally analyzed using a 0.25 m, 150 grooveslmm 
spectrometer coupled to a liquid nitrogen cooled silicon 
CCD camera. 

The fEst and second anti-Stokes features were clearly 
observable in these spectra, as shown in figure 1. The Am 
between the first and second anti-Stokes and between the 
pump and the first anti-Stokes is the same to within 3%. 
Poor sensitivity of the CCD for wavelengths greater than 
1100 nm precluded observation of the Stokes features. 
Although not shown here, the density inferred from the 
frequency shift of the first anti-Stokes feature 
monotonically increased with the backing pressure of the 
gas jet, as expected. 
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Figure 1: Spectrum of the near-forward scattered light (5,- 
7O from the laser axis) showing the pump and two anti- 
Stokes sidebands. 
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High energy electrons produced by the forward SRS 
were measured with a 900 bending magnet electron 
spectrometer placed eight centimeters past the jet in the 
direct forward path of the laser. Electrons escaping the 
plasma in an f/4 cone were deflected by the magnet and 
detected using a 1 mm thick silicon surface barrier detector 
(SBD). The magnetic field (1.5 kG) was chosen to collect 
2.0k0.1 MeV electrons in these experiments. The SBD 
was shielded to minimize the direct x-ray flux. Additional 
shielding blocked the line of site between the plasma region 
and the SBD, ensuring that electrons reaching the SBD 
were deflected with the magnet. A second SBD was placed 
15 cm from the gas jet 13S0 from the laser propagation 
direction to monitor x-ray signal. The x-ray contribution to 
the signal on the electron SBD was measured by reversing 
the magnet polarity and correlating the x-ray signals 
measured on the two detectors. The electron-plus-x-ray 
was then measured on the electron detector with the correct 
polarity B field while the control detector measured the x- 
ray contribution. In this manner, the x-ray contribution 
(typically about 10%) to the electron signal could be 
subtracted. 
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Figure 2: Correlation of the 2.0 MeV electron signal with 
the amplitude of the first anti-Stokes feature (open circles). 
The solid triangles represent signal on the electron detector 
when the magnet polarity was reversed (null tests). 

The electron measurements were made at or near 800 
psi, the pressure at which the anti-Stokes levels were 
highest. The electron signal was generally seen to increase 
with an increase in the anti-Stokes level whereas the x-ray 
noise level remained more-or-less constant. This 
correlation is illustrated in figure 2 (open circles). The 
results of a null experiment are also shown in figure 2 
(solid triangles). The null values were obtained by 
reversing the polarity of the magnet, i.e., deflecting 
energetic electrons away from the electron SBD. 

111. SIMULATIONS 

The advent of massively parallel supercomputers has 
made possible more realistic modeling of short pulse laser- 
plasma experiments than in the past; i.e., the spatial 
dimensions (transverse and longitudinal), laser pulsewidth, 
laser to plasma frequency ratio, and propagation distance in 
the simulation are the same as in the experiments, We have 
develped a parallelized fully relativistic, two dimensional 
electromagnetic PIC code which uses the basic algorithm of 
ISIS on a cyclic mesh. [5] The computational box is a 8192 
x 256 Cartesian grid and the simulations follow 1 . 2 ~ 1 0 ~  
particles for 3x104 time steps. The main difficulties with 
quantitatively modeling the experiment are that the noise 
level in the simulation is typically larger than than in the 
experiment and that the simulations are two dimensional 
(slab geometry). 

In order to model the experimental conditions 
accurately, an estimate of the effective plasma length is 
required. This estimate was made by performing a series of 
simulations which covered a range of laser intensities and 
plasma densities: (A) o O/op=lO, v,/c=0.33, (B) 
wO/wp=lO, vosc/c=0.8, and (C) o0/oP=5, v,,,,c=0.5. In 
each simulation, the laser pulse duration was 600 fsec, the 
plasma was preformed with a uniform density, and the ions 
were immobile. The evolution of the electron distribution 
function and the electromagnetic mode spectra were 
monitored as a function of distance the rising edge of the 
laser pulse propagated into the plasma. 

In figure 3, we show for simulation B the electron 
distribution function, f(P,), and the k spectrum of the laser, 
E,&&,), after the pulse has penetrated 0.48 mm and 0.64 
mm into the plasma. We calculate the total energy within 
each anti-Stokes line and find that after 0.64 mm (0.48 
mm), the ratio of anti-Stokedpump = 0.06 (0.006) and 
second anti-Stokedanti-Stokes = 0.04 (in the noise). The 
experimentally measured ratios at S0-70 for the anti- 
Stokes/pump and the 2nd anti-Stokedlst anti-Stokes were 
0.034 and 0.027 respectively. The second anti-Stokes was 
not seen on every shot and there was substantial shot-to- 
shot variation (factor of 2 )  in the normalized anti-Stokes 
level. The results from the experiment and the simulations 
are in reasonable agreement, within the shot-to-shot 
variation, for a plasma length of 0.64 mm. Imlportantly this 
distance is less than the presumed dimension of the gas jet. 
In addition, the edge of the electron distribution does not 
exceed 2 MeV until the laser has penetrated 0.48 mm into 
the ]plasma (figure 3(a)). It extends to 5 MeV after 0.64 
mm of plasma, with a few electrons at 20 MeV (figure 
3(b)). We emphasize that in simulation A (v0,,,/c=O.33), no 
MeV electrons or higher order anti-Stokes sidebands were 
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observed for laser penetration distances less than 1 mm. 
Furthermore, the simulations show that if the interaction 
length is extended to 1.3 mm, the maximum energy of the 
self-trapped electrons approaches 60 MeV. 

[5] C. B. Decker, PhD. Dissertation, UCLA-PPG #1526 
(1994); C. B. Decker et. al., Phys. Rev. E 50, R3338 
(1994). 

[6] D.W. Forslund et. al., Phys. Fluids 18, 1002 (1975) and 
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Figure 3: The electron distribution function at (a) 0.48 mm 
and (b) 0.64 mm and the corresponding electromagnetic k 
spectrum at (c) 0.48 mm and (d) 0.64 mm for wdwp=lO 
and ~osc /~=0 .8 .  

IV. CONCLUSIONS 

To summarize, forward stimulated Raman scatter was 
observed in short pulse, high intensity laser, underdense 
plasma interaction experiments. Two anti-Stokes features 
were resolved in the near-forward spectra. Electrons 
accelerated to 2 MeV were monitored and correlated with 
the first anti-Stokes feature of the SRS-F. The 
experimental results are in good agreement with PIC 
simulations results. The simulations show that if the 
interaction length could be extended to 1.3 mm, the 
electrons would be accelerated to energies as high as 60 
MeV by gradients of order 100 GeVIm. Therefore a short 
pulse, single-frequency laser could form the basis of a 
robust, ultra-high gradient, modest beam quality electron 
accelerator. 
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