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Abstract 

The physics of the beat-excited, relativis- 
tic electron plasma wave, a candidate for a laser 
particle accelerator, is studied in experiments at 
UCLA. Preliminary experiments have shown waves excit- 
ed up to l-3," "' of the cold wavebreaking amplitude, 
corresponding to longitudinal electric fields of 0.3- 
1.0 GeV/m. Issues addressed here include possible 
experimental limitations on the length, growth time, 
and amplitude of this plasma wave. Plans for future 
experiments on tie acceleration of test charges will 
also be presented. 

Introduction 

Among the proposed schemes for the high 
gradient acceleration of particles with laser beans 
are the media accelerators. (1) The medium is used to 
essentially transform the transverse (to &,-' laser 

electric field into a longitudinal field which can 
then be used to accelerate particles. One such media 
accelerator is the plasma beatwave accelerator. (2) 

Here, a laser beam containing two frequencies, oo and 

? with r-i - o 0 1 
= Am, is injected into a plasma whose 

electron density no is such that the plasma frequency 

o [=(4nn e2/m) !1 1 equal Au. If the plasma is maintain- 
P o 

ed at this resonant density for a suitable length of 
time, the resonantly driven plasma wave (with wave- 
number k ) will grow until it saturates due to rela- 

tivisticPeffects.(3) This occurs when the quiver ve- 

locity of the plasma electrons in the longitudinal 
wave field becomes large enough that their relativis- 
tic change in mass is sufficient to void the resonance 
condition Au = w . For lasers of noderate intensities 

(-ld" U/cm2) ) 
P 

this relativistic saturation level of 
the longitudinal field can be at a good fraction of 
the maximum (sinusoidal) longitudinal field possible 
for the given electron density, which is given as 
eE = mw2/k = mw c. This so-called cold wave- 

max P F P 
breaking field ranges from 10 to 300 GeV/m for plamas 

of density 10 
16 to 1019 cm-', respectively. It is 

the fact that plasmas can support such high fields 
that makes plasma accelerators so attractve. 

This paper will describe the recent experi- 
ments at UCLA on the excitation and detection of the 
beat-excited plasma wave as well as plans for future 
experiments. The paper is arranged in the following 
manner. The experimental apparatus will be described 
in Section I. Section IT will cover the experimental 
results and interpretations while the plans for future 
experiments and conclusions will be siven in Section 
III. 

I. Experimental Apparatus 

The experimental apparatus is shown sche- 
xatically in Fig. 1. A CO2 laser oscillator is 
forced to lase simultaneously on two different wave- 
lengths (9.6 urn and 10.6 WI) by an intracavity absorp- 
tion cell. The two-frequency, node locked pulse 
train is sent through an electrooptic switch-out 

which selects a single, 2 nsec wide pulse for amplifi- 
cation. The pulse is double-passed through two ampli- 
fiers to raise the pu'lse energy to about 16 J. By 
varying the gas pressure in the intracavity absorption 
cell, the ratio of the energies in the two lines can 
be varied. However, it is normally adjusted to give 
12 J in the 10.6 !JDI line and 4 J in the 9.6 urn line. 
The beam is focused with an f/8 lens to a vacuum 

intensity of about 1013 W/cm'. The plasma chamber is 
filled with about 1 'Z of hydrogen gas(h) which is lo- 
cally preionized by ar, arc discharge a few vsec before 
the arrival of the CO2 pulse. The intense laser pulse 

rapidly heats and ionizes the gas over its approxi- 
mately 8 mm focal depth, giving a plasma whose density 
is a function of gas pressure, arc voltage, and arc 
timing with respect to the laser pulse. Infrared 
light which is backscattered by the plasma via stimu- 
lated Brillouin or Raman(5) or any process is sampled 
off a beamsplitter and can provide information about 
the plasma parameters. For example, frequency analy- 
sis of the Brillouin scattered light yields informa- 
tion on the plasma temperature and analysis of the 
Raman scattered light yields electron density infor- 
mation. For these long CO2 pulses (2 nsec), there is 

quite a lot of Brillouin scattered light (about 5-LO% 
of the incident) and a plasma shutter must be employed 
to protect the switch-out and oscillator optics from 
damage due to amplified backscatter. A portion of 
the incident pulse is sampled off the beamsplitter 
which allows a measurement of the energy and pulse 
shape of the two frequencies on every shot. A portion 
of the infrared light which is scattered in the for- 
ward direction (by the fast plasma wave) is sampled 
off a beamsplitter and sent through n monochrometer 
to be detected by a sensitive, high speed copper-doped 
germanium photoconductor. 

The high phase velocity plasma wave is diag- 
nosed by collective ruby-laser Thomson scattering (in 

E1U PLiTTEi- 

Fig. 1. Schematic diagram of the experimental ar- 
rangement. Abbreviations used are: ML, mode 
locker; AC, absorption cell; LTSC, laser-tri- 
triggered spark gap; TSO, Thomson scattering 
optics; BD, beam dump; ONA, optical multi- 
channel analyzer. 
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addition to the forward scattered CO1 light diagnos- 
tic). To synchronize the 211 nsec ruby pulse to .fhe 
co* laser pulse, a portion of the CO2 pulse is sent 
to a laser-triggered spark gap which fires the ruby 
laser at just the right moment so that the peak of 
the ruby pulse is at the center of the plasma chamber 

The Thomson scattering 
"he" the co* pu1se arr1"esm(6; c"LindricaLl,~ focus optics, described elsewhere 
the ruby beam to a Line-focus overlapping the CO2 
focal volume. The collection optics focus the light 
scattered by the plasma wave onto an optical fiber 
which carries the signal to a spectrograph/optical 
multi-channel analyzer combination for frequency 
analysis or to a streak camera for temporal analysis. 
The collection end of the fiberoptic can he position- 
ed so as to collect light at any of a range of forward 
scattering angles, which allows one to measure the k 
spectrum of the plasma wave. Also, the cylindrical 
ruby bean can be masked to ilLuminate various regions 
along the CO2 focal depth which allows one to map out 
the axial extent of the plasma wave. 

II. Experimental Results 

The stimulated Raman scattering instability 
is used to help in tuning the plasma to the resonant 
density. Although, as discussed below, there is some 
indication that the laser heated plasma has a range 
of densities, we can nevertheless arrange it so that 
the density is resonant where it is most uniform 
spatially. To do this, we use the fact that Raman 
scattering occurs where the density scalelength is 
Longest. A product of Raman scattering is a slow 
phase velocity electrcn p1asrr.a wave which can be de- 
tected by ruby scattering at 7$". With the laser 

operating on a single frequency, this plasma wave is 
spontaneously excited wherever the scalelength is 
locally long enough to put the instability above 
threshold. Ruby Thomson scattering gives the Ere- 
quency of this plasma wave which, if the electron 
tenperature is known to some rough accuracy (Brillouin 
scattering gives T 

e = 30-50 eV), gives the electron 

density quite accurately. In this way, tile fill pres- 
sure and arc plasma conditions are established which 
give Raman scattering and, hence, a reasonal.)le scale- 
Length plasma at a density of 1.1 x 1017 crii3, the 
resonant density. 

t 

f p ,: I, II+- 
,’ x 

With the laser operatinS on two frequencies, 
the signal collected by the optical fiber is analyzed 
on the OEIA (see Fig. 1). Figure Z(a) shows the 
typical orltput from the OMA. The light Thomson scat- 
tered from the fast wave is shifted from the ruby 
Erequency by exactLy iiw. Also, as shown in Fig. 2(b), 
the ?losma wave wavenumber k equals Ak, the wavenumber 
difference of the two laser lines, as it should. This 
verifies that the phase velocity of the plasma wave 
is approximately c. 

A question of soax importance is how nearly 
resonant must the density be in order to excite the 
wave. This is very difficult to answer experimentally 
with the way that the plasma is currently produced. 
To illustrate this, we lot the power in the forward 
scattered Stokes line (7P , which is essentially 
Tho;nson scattered CO2 light from the fast wave, vs 
the fill pressure. (Fig. 3) We find that there is 
no Stokes light until the pressure is about 1 T. 
At higher pressures, the Stokes is smaller and irrepro- 
ducible. Note that we expect the Stokes to peak at 
a total pressure of about 1 T since 0.7 T of fully 
ionized H2 plus 0.3 T of triply ionized are (essen- 

tially K2) produces an electron density very close to 

the resonant density of 1.15 y 10 17 -3 cm . The fact 
that the Stokes does not return to zero beyond 1 T 
suggests that the plasma is inhomogeneous. Inhomo- 
geneities in the 2 cm long arc plasma are the sus- 
pected cause of the laser heated pLasma nonuniformity 
which apparently limits the maximum length over which 
the density is within a few percent of resonance to 

T 
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Fig. 3. Variation of the forward scattered Stokes 
radiation with the total fill pressure of 
the plasma chamber. 
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Fig. 2. (a) Time integrated frequency spectrum of the 
Thomson scattered light. The peak on the 
right is unshifted ruby (stray) light and 
the peak on the left is frequency shifted 
(scattered) light. !h) The angular spectrum 
of the scattered light or, equivalently, 
the k spectrum of the electron plasma wave. 
The dashed curve is the instrument function. 

something like 1.8 mm, 
wave.(8) 

the measured length of the fast 

Another important question is what lirnits 
the growth time of the fast wave. Figure 4(a) shows 
the pulse shape of the fast wave scattered Stokes 
line taken with 1 GHz detector/scope combination 
(200 psec resolution). We see that growth stops after 
about 500 psec. Simultaneous CO2 pump transmission 
measurements indicate that the pump is either approx- 
imately constant or even increasing when the growth 
of the Stokes, and hence, the plasma wave saturates. 
Thus we can rule out a short pumping time as limiting 
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the growth time of the plasma wave. Another possibil- 
ity is that the density changes on a few hundred psec 
time.-tale. 

P 
This possibility is minimize? by opera- 

tins at 1 T fill pressure so that as the plasma density 
builds up during ionization, it will not go through-- 
but instead maximize at--the resonant density. Sub- 
sequent changes in the plasma density will then be 
governed by hydrodynamic motion of the plasma whit!] 
occurs on a slow, nsec tine scale. This expectation 
that the plasma density remains essentially constant 
for about a nsec is supported through the measurements 
of sti-nulated Raman scattering. Raman backscattered 
light was measured with the fast scope and, as shown 
in Fig. 4(b), was found to decay gradually after a 
fast, 500 psec rise. Also, time-integrated spectra 
of the Raman generated slow plasma waves indicate 
that the density was constant to within a few percent 
during this time. Thus, we conclude that the resonant 
density, once it is achieved, stays nearly resonant 
for on the order of 1 nsec. From these arguments, it 
seems quite possible that the actual temporal satura- 
ticn mechanism is the expected relativistic saturation. 
The fact that the measured time to saturation (about 
500-600 psec) agrees approximately with the idealized 
theoretical time to saturation (310-550 psec, depending 
on the assumed shape of the pump pulse) tends to con- 
firm this conclusion. If the rate of growth of the 
plasma k'ave were to agree with theory as well, the 
amplitude should be ii/n, = 82. However, from the 
amount oi Thomson scattered ruby energy, we infer the 
maxinum amplitude of the plasma wave to be about 3X(*). 
This discrepency may be due to certain effects which 
have been neglected in the fluid theory. These in- 
clude the effects of electron-ion collisions, OT non- 
Ideal laser temporal and spatial coherence and perhaps 

most im;Jurtant, the effects of the presence of a large 
amplitude ion acoustic wave. Such an ion wave, known 
to be present from observations of stimulated Brillouin 
scattering, can damp the fast wave through the process 
of quasi-resonant mode coupling(9) and perhaps reduce 
the saturation amplitude of the fast wave. 

Table 1. Various design parameters for future 
experiments. Parameters in the first column 
are, in order: laser wavelengths, plasma 
density, plasma length, laser energy, pulse 
width, normalized electron qui'rer velocities, 
laser intensity, focal Rayleigh length, focal 
spot size. In the second column, the para- 
meters are: relativistic ‘( of the phase velo- 
city, normalized wave amplitude, wave elec- 
tric field, growth time to relativistic 
saturation, acceleration length, minimum 
injection energy, maximum energy gain, and 
the pnm? depletion length. 

Laser/Plasma Parameters Wave/Particle;> 

x 
0’ x1 

n 
0 

L 
P 

E 
9, 

T'e 

O1o' y1 

I 
0 

22 
0 

2w u 

9.56, 10.27 pm -cd, 14.5 

5.8 x 1016 cm- 3 : 3.04(0.30) 

20 cm eE l.Oc6.9) GeV/m 

10 J T 
sat 

40 psec 

50 psec L act 1.7(1.0) cm 

0.07 
'ini 2.4CO.3) MeV 

7 X 1013 W/cm2 aW - 16(72) MeV 

hem L 
dep 

18CO.6) cm 

620 urn "Numbers in parentheses 
are values at the relativistic sa- 
turation level. 

(a> (b) 
Fig. 4. Pulse shapes of (a) the forward scattered 

Stokes radiation and (b) Raman back- 
scatter. Both oscilloscope traces are 
on 500 psecldiv. The dashed curve in 
(b) is the incident pulse shape. 

III. Future Experiments 

Fihile experiments continue with the present 
apparatus (to study such issues as wave-wave coupling, 
etc.) the next phase of experiments are being design- 
ed. These experiments, scheduled to begin late in 
1956 will basically be aimed at the controlled accel- 
eration of injected tast particles. Some limitations 
addressed in the last section will be minimized by 
making two major changes in the hardware. First, the 
plasma source will be a theta-pinch with the primary 
advantage of providing a long, preformed (fully ion- 
ized) plasma. The second change is to use a short 
pulse with the advantages of being "economical" with 
the laser energy (pulse width is matched to growth 
time) and of being short compared to ion-motion time 
scales (less Brillouin scattering). Table 1 summariz- 
es the important parameters assuming the potential 
gradient will be 1 GeV/m, the value already demon- 
strated experimentally. For comparison, the numbers 
in parentheses are the corresponding parameters if 
the wave were to '.>e driven up to the relativistic 
saturation level. 
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