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THE PLASMA BEAT WAVE ACCELERATOR - I EXPERIMENTS 
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ABSTRACT 

In the Plasma Beat Wave Accelerator, acceleration is achieved 
by a longitudinal electrostatic field produced as a result of charge 
separation generated by a plasma wave traveling close to the speed 
of light. The plasma wave in turn is produced by two colinear 
laser pulses whose amplitude is modulated so that the beat frequency 
matches the plasma frequency. Optical mixing and Raman forward 
scattering instability play a crucial role in the growth and non- 
linear saturation of such high phase velocity plasma waves. In 
this paper we describe experiments that show, i) that long wave- 
length high phase velocity electron plasma waves can be generated 
in a homogeneous plasma by optical mixing and ii) relativistic 
particles are indeed generated by the Raman forward instability. 

INTRODUCTION 

Collective particle accelerators making use of the high fields 
associated with focused laser beams have received considerable 
attention in recent years. Although the transverse electric fields 
at the focus can be as high as 109- i0 I0 volts per meter, a charged 
particle oscillating in such a field achieves no net acceleration 
at all since there is no component of the electric field in the 
direction of propagation. To circumvent this problem, it has been 
suggested that the electrostatic field of a longitudinal plasma 
oscillation set up by the electromagnetic wave can be used to 
accelerate particles i. 

In a laboratory plasma with no external magnetic field, there 
are basically three processes which give rise to high frequency 
plasma oscillations. The first is a linear mode conversion process, 
also known as resonant absorption because it occurs when the 
frequency of the laser light matches the local plasma frequency in 
an inhomogeneous plasma. The energy in the plasma wave is then 
coupled to plasma electrons by collisional damping, Landau damping, 
electron trapping and wavebreaking. Since the phase velocity of 
the resonant field propagates towards the lower density region, the 
wave particle interaction preferentially accelerates electrons 
down the density gradient. Although this process can produce very 
large electric fields (i0 I0- i0 II volts/cm), the region of reso- 
nance is very narrow and consequently particles are not accelerated 
to ultra-relativistic energies. 

The second mechanism is known as high frequency parametric 
instabilities in which an electromagnetic wave propagating in an 
underdense plasma undergoes a decay into an electron plasma wave and 
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an electromagnetic (Stimulated Raman Scattering), an ion acoustic 
(Parametric Decay Instability) or another electron plasma wave 
(Two-Plasmon Decay). Whenever one of the decay products is an 
electron plasma wave, very large electric fields in the direction 
of propagation can be produced. Poisson's equation gives 
V �9 Ep = - 4~en I and the maximum amplitude of the electron plasma 
wave is obtained when the level of density fluctuation nl/n o = I. 
Thus kpEp = - 4~en o and using Up = 4~noe/m we obtain the electric 
field Ep = mmpvD/e and the wave potential e~ as mv~ v where vn ~ is 
the phase velocity of the wave. For Vp = c, e~ = mc 2. In the 
nonrelativistic case, a particle whose velocity v e in the direction 
of propagation of the wave is near the phase velocity can be 

I 
trapped and gain up to 4mv~ (Ve/Vp)~. In the relatlvistic case 
vn = c and the maximum energy gained is theoretically up to 
(~2/m~)mc2. 

The third mechanism is known as optical mixing in which two 
electromagnetic waves beat in a plasma to resonantly drive density 
fluctuations. The electrostatic field of such a resonantly driven 
plasma wave can be very large and be used to accelerate the plasma 
electrons or an injected group of particles. 

In this paper we shall discuss the optical mixing process 
and the stimulated Raman Forward Scattering instability. In par- 
ticular we shall examine the role of these in the Plasma Beat Wave 
Accelerator. In the Plasma Beat Wave Accelerator, acceleration is 
achieved by an electrostatic field produced as a result of charge 
separation generated by a plasma wave traveling close to speed of 
light. The plasma wave in turn is produced by colinear two laser 
pulses whose amplitude is modulated so that the beat frequency 
matches the plasma frequency. Experiments that show that long 
wavelength, high phase velocity electron plasma waves can be gen- 
erated by the optical mixing process in a homogeneous plasma as 
well as generation of ultrarelativistic particles by the Raman 
instability are described. In the following paper by D. Sullivan. 
results of computer simulations using one dimensional electro- 
magnetic particle code to investigate these phenomena in detail 
are described. 

OPTICAL MIXING 

The nonlinear excitation of electron plasma waves (EPW) by 
by beating two electromagnetic (EM) waves has been under consider- 
able investigation lately because of its potential role in the 
laser electron accelerator I, cascade plasma heating 2, laser-fusion 
pellet preheat 3 and as a plasma density diagnostic &. Basically, 
when two coherent EM waves, (mo,ko) and (~l,kl) occupy the same 
volume the total intensity is modulated in space at Ak = k o • k 1 
and in time A~ = ~o • ~i" In a plasma the ~onderomotive force FNL 
associated with this beat wave can resonantly drive longitudinal 
electron density fluctuations of wavenumber kp = Ak if ~EPW = Am. 
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mEPW is the frequency of the electron plasma wave and is related to 
_ ,2 + q~2v2 the plasma frequency via the dispersion relation m~PW 
i ~p ~p e" 

This is the usual optical mixing process. If the two mM waves are 
colinear as shown in Fig. i, then the phase velocity v D = mEPw/kp 
at which tne density fluctuations propagate is nearly ~qual to the 

2 2 �89 group velocity of the EM waves Vg = c(l - w~/m~) and the three 
F u 

waves are locked into synchronism over thousands of wavelengths if 
up << ~o" Also, since Vp = c there is little Landau damping and 
the EPW can grow to a very large amplitude. 

The behavior of such large amplitude plasma waves driven by 
beating of two laser beams has been studied by Rosenbluth and Liu 5. 
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Fig. i. Resonant excitation of an EPW (mEPW,kp) by beating two EM 
waves (mo,ko) and (ml,kl). Because of the finite spot size the 
density fluctuations are 2D with solid lines (dotted lines) repre- 
senting contours of increasing (decreasing) density. 
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They found that, for Vo/C << i, ~/n o << i the density fluctuations 
grow linearly with time when Up = A~. 

n~n (t) = ~n (t=O) + 41 Vo(0)c v~ Upt (i) 

o o 

Where n/n o is the EPW amplitude and Vo(0,1) = eE(0,1)/m~(0,1) is 
the electron quiver velocity in the laser fields. Wavebreaking is 
approached when ~/n o § I; however, to reach this limit the EPW must 
be exactly in phase with the beat wave. As ~/n o § i, relativistic 
effect on the frequency mismatch becomes important and the EPW 
saturates at a lower amplitude given by 

Vo(0   
(2) 

If Vo/C is O(i) for one or both the beams, then the threshold for 
the stimulated Raman forward scattering (RFS) instability may be 
exceeded in which case relativistic effects do not provide the 
saturation mechanism for the EPW. 

RAMAN FORWARD SCATTERING INSTABILITY 

RFS instability is basically the decay of an incident EMwave 
into a forward propagating EMwave and an EPW with the usual energy 
and momentum conservation condition: 

u = u I + o UEPW 

k = k I + k o p 

(3) 

The threshold for the RFS instability is rather high in an inhomo- 
geneous plasma 6 

1% 2 > 5 • lO17(n /n)2(An/nc)(%/Ax) W cm-2~ 2 
B c 

(4) 

where the density changes by An in a length Ax at an average den- 
sity n. However, once this threshold is exceeded, the long wave- 
length high phase velocity EPW can grow rapidly. Relativistic 
effects do not provide a saturation mechanism because the change 
in Up can be adjusted out by a change in the frequency of the 
forward scattered light u s. Thus in the two beam case, the density 
fluctuations driven by optical mixing will act as an enhanced noise 
source to vigouously drive RFS provided that the threshold inten- 
sity is exceeded. The other one dimensional instability competing 
with RFS is the Raman backscatter (RBS). By solving the dispersion 
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7 
relat ion 

2 ] (5) l-Z'l(2k2X2) = Z'V2ol[8%2(c2k2+ 2kkoC2u 2,mo-~ p) 

Where Z' is the Fried-Conte function and %D is the electron Debye 
length, the growth rate for the two instabilities can be found 8. 
This is shown in Fig. 2. In a cold plasma RBS dominates, however, 
in a hot underdense plasma the growth rates for the two instabil- 
ities become comparable. The longitudinal E field associated with 
the high phase velocity EPW characteristic of RFS can be very high 
and is responsible for accelerating either the plasma electrons or 
externally injected particles to ultrarelativistic energies. This 
mechanism known as trapping can be more severe than Landau damping. 
(Fig. 3) Landau damping is strong when Vp is 0(Ve) because the 
slope of the electron distribution function (~f/aV)ve has a maximum 
near the thermal velocity. Landau damping results in the local 
flattening of the distribution function in the vicinity of Vp 
thereby producing a heated tail of (nonrelativistic) electrons. 
When, however, v_ >> v_ Landau damping is small. Furthermore, when p 
the amplitude of such a high phase velocity EPW is small, there 
are very few electrons in the background thermal distribution which 
are near enough to the phase velocity to be trapped. However, as 
pointed out by Dawson and Shanny 9, electron trapping is a nonlinear 
damping mechanism not local in velocity space. As the wave ampli- 
tude increases, the number of particles that can interact with the 
wave increases rapidly. Consequently, the damping can be much 
larger than that predicted by the linear theory. The trapping 
width I0 is given approximately by v t = (2eE v /m~ )�89 Electrons pp p" 
or externally injected particles with velocity close to the phase 
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Fig. 2. The normalized growth rates for the RFS and RBS at dif- 
ferent densities in a homogeneous plasma, v /c ~ 0.i Ref. 8. 

o 
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Fig. 3. Trapped particle orbits in an electron plasma wave. The 
frame of reference is moving at Vp along x. 

velocity will be accelerated to = c. Since v cannot exceed c, a 
small change in v/c greatly increases the relativisticy =(i-v2/c2~ �89 
so that particles with very large energies can be produced. 

The saturation mechanism for the EPW driven by RFS instability 
is thus particle trapping. Pump depletion should not be a problem 
since the energy given to the forward scattered EM wave is much 
greater than that to the EPW. This is dictated by the Manley-Rowe 
relation or the law of conservation of wave action. Viz: 

w w 1 o WEPW 

mo mEPW 
(6) 

where w = ~. Since repeated k matching is possible for the RFS 
instability it can be argued that pump depletion is only important 
when the original EM wave has cascaded down by multiple RFS to 
waves near Up. The other saturation mechanisms such as harmonic 
generation, wave-wave coupling, ion dynamics and mainbody heating 
followed by increased Landau damping may also be significant. In 
realistic experimental situations Raman sidescattering, filamenta- 
tion, self-generated B fields due to the electron beam and density 
inhomogeneities may also influence the RFS instability. Computer 
simulations using relativistic electromagnetic particle codes II,12 
is the only readily available tool to investigate these competing 
phenomena. 
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EXAMPLE 

The 10.6 ~ and 10.27 ~ lines of the CO 2 laser can beat in a 
plasma to resonantly couple with a plasma density of ~ 1016 cm -3 
which is 0.1% of the critical density. The laser light group 
velocity is ~ (i-~ m_2/m2)c. This equals the phase velocity of the 

o 
plasma wave. In the wave frame a trapped electron travelling with 

thus has a relativistic B = 1 - m~z/2m~. Its relativistic y is Vp 
2 I equal to (I- ~ )-~ = mo/~p. However, transforming the energy of 

the trapped electron from the wave to the laboratory frame we find 
that the maximum energy gained is 2y2mc 2 = (2m2/m2)mc 2 which is 
about one GeV. The length to reach this energy is approximately 
(2m2/m 2)~ (C/Up) which is about i0 cm. This places a rather severe 
requirement on the density homogeneity of the plasma source and the 
focusing of the two laser beams, but both can be achieved using 
present day technology. The level of density fluctuations re- 
quired to obtain an accelerating electric field of i0 GeV per meter 
can be estimated using the Poissons equation and the optical mixing 
formula in the relativistic limit given by equation (2) is then 
used to roughly calculate the laser intensity required. This leads 
to I o = Ii=1.4• Wnm-2or Vo(1)/C=Vo(0)/c= i. Incidentally, 
this intensity well exceeds the inhomogeneous RFS instability 
threshold even if we assume a 10% density ripple per cm. 

EXPERIMENTS 

Although simple in principle, optical mixing is not straight- 
forward in practice. In fact, until very recently there had been 
only one experiment 13 in which resonantly driven density fluctu- 
ations using two laser frequencies were diagnosed using a probe 
beam to Thomson scatter of the density fluctuations. In any case, 
the signal to noise ratio of the Thomson scattered light was only 
about 3. Diagnosing the EPW driven by two colinear laser beams 
with the condition Up << ~o is a tremendously difficult problem 
because of the short k_. Also, one must have either a well con- 

F 
trolled multiline laser or a tunable laser and a homogeneous, 
tunable density plasma source. By inserting a i0 cm long SF 6 cell 
inside a gain-switched TEA CO 2 laser oscillator and varying the 
SF 6 pressure it is possible to obtain controlled multiline oper- 
ation mainly on 10.6 ~ lines in the P(20) band, 10.27 ~ lines in 
the R(16) band and the 9.6 p lines in the P(20) band. Each band 
contains 3 to 5 lines each ~ 40 GHz apart of roughly the same 
intensity (within a factor of 5). This is shown in Fig. 4. The 
frequency difference between the 9.6 ~ and 10.27 ~ ~ives mr = 
1.35 x 1013 Hz corresponding to n e = 5.7 x 1016 cm -3. If The 
incident laser intensity is well above threshold for RFS, then the 
growth rate can be larger than the line separation of 40 GHz and 
the density fluctuations produced by beating of the various lines 
in the R(16)I0.27 ~ and P(20)9. 6 p band are coupled. This relaxes 

Downloaded 18 Aug 2009 to 128.97.92.208. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp



35 

IO' 
o 9.55#m 

t o.26,vnt 
�9 t o.Bo,vm 

RESOLUTION 

" \ SINGLE ~ " - -  
GRATING 

10"4 DOUBLE 

'0" (r 

SF e PRESSURE (T~'r) 

1.. 10-; 

O* 

O I0-: 

~ 10-' 

i , , / L ~ - - r  

(O0*l) - (10"0) 
R(14) - R(22) 

 lJI ,b, 1 I)-- L , i 
0 ~40 52 56 60 

(00"1) ~176 
P(16) - P(24) 

xll[I 
WAVIENUMDER (cm -I) 

Fig. 4. Multiline operation of a CO 2 oscillator (a) and fine 
structure of the R(16)I0.27 ~m and P(20)9. 6 ~m bands (b). 

somewhat the requirement on the density homogeneity along the 
depth of focus of the laser beams. 

For a tunable density source one can either use a e pinch or 
a pulsed arc plasma. Density homogeneity required can be obtained 
in a 0 pinch in a fully ionized H 2 or He plasma whereas one has 
to use a heavy gas such as N 2 orAr in an arc. Fig. 5 shows the 
density evolution as a function of time of a 4 Torr, 5 eV Ar 
plasma produced by a pulsed capacitive arc. The axial density 
profile measured interferometrically showed that, with the limits 
of measurement accuracy the condition Au = Up can be achieved over 
the depth of focus of the f/7.5 lens. 

The laser beam (75 ns FWHM) containing roughly equal powers 
in the 9.6 ~ and 10.27 ~ lines was focused to an intensity of 
i0 I0 W cm -2 by an f/7.5 lens to a 300 ~ spot on the plasma axis. 
The transmitted light plus any forward scattered light was col- 
lected by an f/2 lens, analyzed by a double grating infrared 
spectrometer and detected by a very sensitive Hg:Ge photoconductor. 
The evidence for optical mixing was obtained by the observation of 
a new line in the forward scattered light around ii ~m which is 
produced by Thomson scattering of the 10.27 ~m line from the EPW 
generated by the beat wave. Moreover, this radiation was only 
generated when u_ = Au as shown in Fig. 5. Although the FWHM of 

P 
the input laser pulse was 75 ns the ii ~m line was only about 25 ns 
wide. Another unusual and at first rather puzzling effect was 
observed. Whenever Au = Up very strong refraction of the beam 
occurred outside the cone angle of the incident beam. (Fig. 6) 
This phenomenon has been called resonant self-focusing due to the 
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Fig. 5(a). Time evolution of the arc density and scattered power 
in frequency ~2 = ~(i0.27 ~)- Up and (b) axial electron density 
profile at 18 ~s. 

ponderomotive force of the EPW 14. 
The ponderomotive force FNL(plasmon) can be much larger than 

FNL(light). The amplification factor A is given by 

A = 
FNL(plasmon) _( 2/ 2) V <E~>/8~ 

p o 

FNL(light) - V <E2>/8~ 
P 

(7) 

E_is the electric field of the EPW. Poisson's equation gives 
E~ - 4~enl/k~ and since p v Vo = eEo/m~o and Vp = c we obtain the 
amplification factor 

A = (~o nl~2~ = ~v--~7~//nl/n~ (8) 

Using the value of nl/n o = 0.4% estimated from the absolute levels 
of Thomson scattered light from the EPW and I o = i0 I0 W cm -2 we 
obtain A > 20. Since the wavelength of the EPW is about the same 
as the diameter of the focal spot, the logitudinal and transverse 
gradients of the electric fields are comparable and a density 
depression is created on axis which causes deflection of the beam 

Downloaded 18 Aug 2009 to 128.97.92.208. Redistribution subject to AIP license or copyright; see http://proceedings.aip.org/proceedings/cpcr.jsp



37 

101 

i 10 4 

m 
m 

10 I 

I0 a 

10 

0,6 0,8 

/ 

1.0 1,1 1.2 1.3 

Fig. 6. Forward refracted light in the 10.27 ~m line vs. m_IA~ 
with density measured by ruby interferometry (D) and by Sta~k 
broadening of a seed gas H~ line. The shaded areas indicate the 
spread of difference frequencies in the incident beam. 

by refraction. It is not clear whether the amplitude of the EPW 
in this experiment was limited by relativistic effects or ion 
dynamics, however, the time duration of the EPW was almost cer- 
tainly limited by the ion motion. The wave ~otential corresponding 
to nl/no ~ 0.4%o was about 2.5kV i.e. << mc Z and since Te was 
only 5 eV no hot electrons due to trapping were expected. However, 
this experiment did demonstrate that short kp EPW can be generated 
resonantly via the optical mixing process. More experiments are 
needed to check out the predictions of the optical mixing theory 
at low laser powers, perhaps with shorter laser pulses. 

The role of RFS instability in hot electron generation was 
investigated in another experiment 15. 130 ~ thick, self-supported 
carbon foils were irradiated at normal incidence by intense, 
Vo/C ~ 0.3, 700 ps ~M, C02-1aser pulses. 1-5% of the incident 
energy was backscattered and roughly 50% of the incident energy 
was transmitted by the plasma. Thus it can be assumed that the 
foil plasma becomes underdense around the peak of the laser pulse. 
The electron temperature of the hulk distribution wad deduced from 
the slope of the ion spectra recorded absolutely using Thomson 
parabolas, to be ~ 20 keV for both front and rear expansions. The 
angular distribution of the electrons escaping the plasma was 
measured using two absolutely calibrated electron spectrometers 
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in the range 0.4 - 1.5 MeV. 
Fig. 7 shows the absolute electron spectra measured at 8 = 5 ~ 

in the forward direction and e = 15 ~ in the backward direction from 
the thin carbon foil plasmas. If a Maxwellian distribution is 
assumed then these distributions can be characterized by tempera- 

tures of 90-100 keV in the forward direction and of 40-50 keV in 
the backward direction. Electrons with energies up to 1.4 MeV 
were observed in the forward direction. The highest energy electron 
emission (> i MeV) was strongly peaked in the direction of the 

laser. Electrons up to 400 keV were observed nearly isotropically, 
however, probably attributable to 2m~ decay and Raman sidescatter- 

ing. Integrating over the measured angular distribution, assuming 
azimuthal symmetry, ~ i0 II electrons with energy greater than 
400 keV were found to escape the plasma. Although no direct mea- 
surements of the target potential due to this loss of electrons 

were made, we note that target potentials of ~ 200 keV have been 
measured under similar irradiance conditions 16. 

A simple estimate shows that RFS is important in our experi- 
ment. The growth rate for the RFS process I~ is given by y = I 
~(Vo/C)~p/~ o and the flnzte length llmzt on growth Is yL/(cvg) > i, 
where v~ = 3 k v2/m~ and L is the interaction length. Assuming o pe v 
Vo/C ~ 0.3, T e ~ 20 keV, mp/mo ~ 0.46 we obtaln for L/% ~ 50, 
Y/~o ~ 0.03 and we have nearly 27 e-folding growths from the ini- 
tial noise level. For backscatter the growth rates are comparable 
to those for the forwardscatter but backscatter suffers much more 
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Fig. 7. Experimental electron energy distributions in the forward 
and backward directions from thin C foil plasmas. 
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severe Landau damping due to the shorter wavelength and the lower 
phase velocity of the backward EPW. The assumption of a homogeneous 

plasma with L/% ~ 50 is reasonable, since we expect the instability 
to occur in the density plateau region, separating the front and the 

rear expansions. This region has a density scalelength somewhere 
in between the focal spot diameter (150 ~ ) and the ion acoustic 
speed times the FWHM pulse length (i000 p ). In any case the depth 
of focus of the laser beam was - 50 wavelengths. 

Simulations were carried out on the ID relativistic electro- 
magnetic particle code II with the periodic boundary conditions 
where similar wave setups were used as in reference i. The plasma 

was initially thermal, T e 20 keV and uniform, ~P/mo ~ 0.46. The 
propagating electromagnetic pulse had a Vo/C - 0.3. The distribu- 

tion function f(P11) as well as the electrostatic wave spectra are 
displayed in Fig. 8. The temperature and the maximum electron 

energy observed in the simulation distributions were similar to the 
experimentally measured values. For instance, simulations show 

electrons with (Cmax) F = 1.3 MeV and (THOT) F - i00 keV in the 
forward direction compared to experimental values (Emax) ~ 1.4 MeV 

and (THOT) F ~ 90-100 keV. Similarly, simulations show (emax) B ~ 
0.9 MeV and (THOT) B ~ 60 keV in the backward direction compared 

to experimental values of (emax) B ~ 0.8 MeV and (THOT) B ~ 40-50 keV. 
In view of the possible influence of the target potential on the 
experimentally measured electron distributions, this rather excel- 
lent agreement between the experiment and the simulations may be 
rather fortuitous, particularly for the maximum electron energy 
unless the target potential was indeed much smaller than emax" The 
electrostatic wave spectra (Fig. 8b) shows that the backscatter 
mode k b (which grows initially) is swamped by other modes with a 

smaller wave number, the most intense of which is the plasma wave 
associated with forwardscatter kp. In addition, there are some 

wavenumbers which are less than kp. Thus the heated electron dis- 
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Fig. 8. Simulation (under the same conditions as in Fig. 7) of 
electron energies (a) at t - 250 m~ 1 as well as (b) the electro- 

static mode spectra at t = i00 m~l. 
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tributions obtained by the experiment and the simulations agree 
well with most of the electron heating due to the RFS process 
(and/or multiple RFS processes since repeated k matching is possible 
only for the RFS process), but is not so much due to the backward 
process. 

The reason why the backscattering is suppressed is the follow- 
ing: When the backscattering EPW is excited, heavy Landau damping 
or electron trapping by this EPW saturates it at a low level thus 
limiting the backscattering to a small value. The phase velocity 
of the backscattering EPW Vp = mp/k b which for this case is ~ 
1.6 v e. Thus this wave is heavily Landau damped to begin with 
and as it grows in amplitude, more and more particles will be 
trapped by it and the damping will grow. The trapping width is 

given approximately by Av t = (2eEEPWvp/m~p)�89 where EEp W is the 
electric field for the plasma wave. The condition that a large 
number of electrons are trapped is given 9 by v_- &v+ < 2v e 
2(Te/m)�89 The maximum electrostatic wave intensity is obtained 
for a cold plasma by setting v e = 0. This gives for the saturation 
amplitude EEp W for the longitudinal wave as (eEEPW/mep) = Vp/2. 
For our case, the phase velocity is 0(Ve) and we expect little 
growth; in any case, the saturation intensity for a cold plasma 
is less than 6% of the light waves. In addition the two plasmon 
decay instability would also saturate at a low level even if mo 
were chosen to be 2m_ because strong Landau damping sets in much 
earlier for 2mp deca~ than it does for the forward Raman process. 
The RFS process appears to be the last parametric process to 
saturate in this hot underdense plasma. 

FUTURE EXPERIMENTS 

The two experiments described in this paper have demonstrated 
the following: 

a) Using a multiline CO 2 laser of only i0 I0 W cm -2, electron 
density fluctuations can be reasonantly excited for up to 25 ns. 

b) When an intense CO 2 laser pulse is incident on a hot, 
tenuous plasma, relativistic energy electrons can be produced in 
the direction of the laser beam. The energy distribution of these 
hot electrons is not monoenergetic but is rather Maxwellian. 

This is just a beginning. Crucial experiments need to be 
done which combine the phenomena of optical mixing and RFS to 
check how the maximum electron energy scales with Vo/C, mp/~ and 
the depth of focus of the laser beam. Computer 6imulatiohs ~o be 
described in the next paper would suggest rather a weak dependence 
on the laser intensity provided the RFS threshold is exceeded. On 
the other hand the maximum energy in simulation scales as (mo/mp)2, 
i.e. inversely proportional to the plasma density. Similarly the 
Thomson scattering diagnostic described in this paper needs to be 
exploited to obtain the complete electrostatic wave spectrum 
S(k,m) generated in the two beam case and compare it to the simu- 
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lation spectrum. It is also of some importance to investigate to 
what extent two dimensional effects such as sidescattering and 
bubble formation are important. Another crucial question that may 
be more conveniently addressed to in simulations is 'how important 
is the background temperature of the plasma in determining the 
relative importance of Landau damping and particle trapping?' 
Experiments designed to answer these questions should form the 
next stage of research on the plasma beat wave accelerator. If 
the results look promising and very large longitudinal electric 
fields can indeed be produced using existing 1 ~ or i0 ~ laser 
facilities, then it would be of enormous interest to see if an 
externally injected, nearly monoenergetic beam of electrons or 
protons can be accelerated to GeV(s) while keeping it relatively 
monoenergetic. 
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