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Relativistic Plasma-Wave Excitation by Collinear Optical Mixing
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The relativistic plasma wave excited when the frequency difference between two copropagating
CO2 laser beams equals the plasma frequency is detected for the first time. The plasma-wave fre-
quency, wave number, spatial extent, and saturation time are directly measured by use of 7-mrad,
collective, ruby Thomson scattering and the forward-scattered ir spectrum. The wave amplitude
n/no is inferred to be (1—3)% which gives a longitudinal electric field of 0.3 to 1 GV/m at a laser
intensity of 1.7 & 10' %/cm, in reasonable agreement with theory.

PACS numbers: 52.35.Fp, 52.35.Mw, 52.40.Nk

The excitation of plasma waves through the method
of optical mixing has been of interest to plasma physi-
cists for many years. In this process, two electromag-
netic waves interfere to resonantly excite a wave in a
plasma. ' 4 Applications of optical mixing have been
envisioned or found in such areas as plasma diagnos-
tics, 's 6 plasma heating, 2 3 and the study of plasma-
wave physics. 7 The work reported here is part of an
ongoing effort in theory, s 9 simulation, '0 and experi-
ment" to study the physics relevant to a new applica-
tion, namely, a particle accelerator based on the plas-
ma beat-wave accelerator concept. s The motivation
lies in the fact that electron plasma waves can support
electric fields up to orders of magnitude larger than
the fields in conventional accelerators (cf. 20 MV/m
for the Stanford linac). Moreover, these fields can be
made to propagate at a phase velocity v4, ——c so that ac-
celeration can occur to relativistic energies. This last,
most crucial property of the field requires the two elec-
tromagnetic waves to propagate parallel to each other.
This Letter presents the first direct observation of the
relativistic electron plasma wave excited by this col-
linear optical mixing process. It is confirmed experi-
mentally that u& ——c and that the electric field of the
wave is indeed large (0.3-1.0 GV/m).

For this experiment, a CO2 laser is used which
delivers 16 J in a pulse of 2 nsec full width at half
maximum with a 1-nsec rise time. The laser can be
operated either on a single wavelength (10.59 p, m) or
on the two wavelengths 9.56 and 10.59 itt, m with line
energies of 4 and 12 J, respectively. The beam is
focused with an f/7. 5 optics (vacuum intensity= 1.7x 10'3 W/cm2) into a chamber containing about
1 Torr of hydrogen gas which has been preionized by
an arc discharge. The laser-heated plasma has a vari-
able density (as discussed later) near 10'7 cm 3 and an
electron temperature of 30 + 10 eV.

If (toti, kti) and (cot, ki) are the frequencies and wave
vectors of the 9.56- and 10.59-p, m lines, respectively,
then an electron plasma wave (co~, k~) can be
resonantly excited2 if Qlo tot:AQJ=to& and kp ki—= 5k=k~. For too, tot && Aco, oi~ [where co~, = (4n.

x noe2/m)'/ is the plasma frequency and no is the
average plasma density], we have that ko, kt » Ak
(for collinear optical mixing) and that Aco/b, k = to /kp=—u&

——c (1 —b co2/co02)'/2. In our experiment, Ato/

toti)
' = 10.3 and u4, /c = 0.995. Also, since k~ is

small, the thermal correction to the plasma-wave fre-
quency can be neglected so that co~ = co~. According
to the theory of Rosenbluth and Liu, 2 the plasma wave
will grow until it saturates because of relativistic de-
tuning, at which point the amplitude will fall again.
This saturation level (n/no), „and the time to reach
saturation t, were recently rederived to take into ac-
count the laser rise time. '0 With use of the formulas
of Ref. 10, the peak line intensities of about
la=4.4x 10'2 W/cm2 (9.56 p, m) and Ii = 1.7x 10'
W/cm (10.59 itA, m) should yield (n/nti), „=8% and
t, = 500 psec, under the assumption of a linear rise of
the laser field amplitude. If a linear rise of the field in-
tensity is assumed, the maximum wave amplitude and
the time to saturation will be about 9'/o and 300 psec,
respectively. The above theoretically estimated
plasma-wave amplitude should be easily detected by
collective Thomson scattering.

For the two laser frequencies used, the plasma den-
sity must be adjusted to 1.15x10'7 cm 3 for the
resonant excitation of plasma waves to occur. Experi-
mentally, this adjustment is accomplished by variation
of the fill pressure, arc voltage, or relative timing of
the arc discharge with respect to the laser pulse. With
the CO2 laser operating in the single-frequency mode,
the frequencies of the plasma waves with k = 2ki ex-
cited by the stimulated-Raman-backscatter instability'2
are detected with use of 7.5' collective ruby-laser
Thomson scattering. This gives the local plasma den-
sity to within a few percent uncertainty through the
plasma-wave dispersion relation. Some spectra taken
under various conditions are shown in Fig. l. In this
manner the experimental parameters are established
which reproducibly give us the resonant density. As
discussed later, the measurement of forward-scattered,
frequency-shifted CO2 light provides an independent,
on-line confirmation of the presence of the resonant
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FIG. 2. (a) Electron-plasma-wave kspectrum. Each point
is the average, with standard deviation, of three or more
shots (as are the points in Figs. 3 and 4). The horizontal bar
indicates the window of measurement and the dashed curve
represents the instrument function (see Ref. 13). (b) Fre-
quency spectrum with stray ruby light (cu„)and its satellite
shifted by the plasma-wave frequency.
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FIG. 1. Frequency spectra of waves with k = 2k~. The
peaks on the right in each spectrum are due to ion waves
from Brillouin scattering and so are essentially unshifted in
frequency (Ah. = —0.1 A). The peaks on the left are from
Raman plasma waves and are thus indicative of the local
plasma density (lower scale), which was varied in (a) —(d) by
variation of the arc discharge parameters.

density under two-frequency illumination. With the
resonant plasma density tuned in, the beat-excited
"fast wave" can now be driven by running the CO2
laser in the two-frequency mode.

The collective-Thomson-scattering setup for diag-
nosing the fast wave is different from that used to
detect the Raman-generated waves. Because the fast
wave has a very small k [k~ = (b, t0/~p)kp && 2kt],
the scattering angle is correspondingly small —only '7

mrad. A novel optical system was devised'3 which
brings the scattered and unscattered ruby beams to dif-
ferent foci„separated by 1 mm per mrad of scattering
angle. An optical fiber (1 mm diameter) placed 7 mm
from the unscattered beam thus collects the 7-mrad
scattered light. By translating the fiber parallel to k~,
one maps out the angular distribution of scattered light
and hence the k spectrum of the plasma waves. As
shown in Fig. 2(a), there is a definite peak in the k
spectrum centered at the expected value of k~=6k.
Figure 2(b) shows the frequency spectrum of the scat-
tered light indicating that the plasma frequency is cen-
tered at co~ =b, cu, as it should for a wave with v& ——c.
it is also noted that Thomson-scattered ruby light is
only detected when the laser operates on two frequen-
cies and when the plasma is tuned to the resonant den-
sity. Clearly, the wave evident in Fig. 2 is the
resonantly excited electron plasma wave produced by

optical mixing of the two laser lines. The lack of
detectable scattered light with single-frequency opera-
tion indicates that the noise fluctuations near
(td, k) = (b, cu, b, k) are less than 3X10 3np in ampli-
tude, the detection threshold. It also indicates that the
product of intensity times density scale length is below
the forward-Raman-scattering threshold. With the as-
sumption of a parabolic density profile, n (x)
= np(1 —x /L ), the threshold scale length at the
peak laser intensity'4 is L =7.2 mm, which can be
considered as an upper bound of the actual density
scale length. A lower bound can be estimated by ap-
plying the same consideration to the observation of
Raman backscatter (Fig. 1). Again with the assump-
tion of a parabolic density profile, being'above thresh-
old'4 implies that L ) 0.2 mm. As discussed later, a
scale length even as long as the upper estimate may be
a significant limitation on the length of the resonant
region.

Another consequence of collinear optical mixing is
the production of co~-downshifted (Stokes) and cu~-

upshifted (anti-Stokes) sidebands of the laser frequen-
cies. Indeed, when a small portion of the transmitted
light is analyzed, two Stokes and one anti-Stokes side-
bands are observed. Since the sidebands are seen only
under two-wavelength illumination and when co~,= Ace, they provide shot-by-shot confirmation of the
resonance condition. The relative amplitudes of the
forward-going electromagnetic sidebands are plotted in
Fig. 3(a). Figure 3(b) shows the spectral detail of the
anti-Stokes line obtained with a monochromator. At
the laser intensities used, the sidebands are produced
by Thomson scattering of the pump waves from the
driven plasma wave, exactly analogous to the ruby-
scattering process except that there is a small, un-
avoidable k mismatch in the CO2-scattering case.
This correspondence of the CO2 and ruby scattering is
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FIG. 3. (a) A bar graph of the average relative powers in
the two laser lines and in the three sidebands. The second
Stokes sideband at 13.5 p, m was only occasionally seen
above the detection threshold, and so its bar is an upper
bound. (b) Spectral detail of the anti-Stokes line, the width
of which is consistent with the spectral content of the pump
lines. (c) Scattered ruby energy (E,) vs scattered CO2
power in the Stokes line (P, ). Each point is one laser shot.

borne out experimentally, as shown in Fig. 3(c). A
straight line here would indicate that the ruby and CO2
scattered light are both proportional to the intensity of
the plasma wave. Although this is true at low values
of P„there is a significant deviation from propor-
tionality at higher values of P, which is not yet under-
stood. The second Stokes line is most likely due to
Thomson scattering of the 10-p,m pump from the
second harmonic of the fast wave (rescattering of the
first Stokes line should be undetectable). If so, the
amplitude of the second Stokes line can indicate how
close the wave is to wave breaking, where the second
harmonic becomes comparable to the fundamental.
An attempt to measure the (2'~, 2k~) harmonic with
ruby scattering failed, implying that its power is down
at least 100 times from the fundamental, which is con-
sistent with the second Stokes data, which is also down
more than 100 times from its fundamental.

The amplitude, length, and time duration are still
needed to complete the picture of the fast wave. The
length of the plasma wave was measured in the follow-
ing way. The ruby beam is cylindrically focused and
samples a length L„=1 cm, much longer than the
length L~ of the plasma wave. By masking the beam
with a 460-p, m slit that corresponds to about five
plasma-wave wavelengths and scanning the slit across
the width of the beam, one maps out the region occu-
pied by the plasma wave, giving L~=1.8 mm, as
shown in Fig. 4(a). Since the measured focal depth of
the laser beam is quite long (about 8 mm), the limita-
tion on the length of the plasma wave is suspected to

FIG. 4. (a) Scattered ruby energy or plasma-wave ampli-
tude (squared) vs axial position, where zero is the approxi-
mate location of the CO2 best focus. (b) Pulse shape of the
11.87-p, m Stokes radiation.

be due to plasma inhomogeneity. As discussed before,
Raman-threshold considerations indicate that the scale
length satisfies 0.2 ( L ( 7.2 mm. A parabolic densi-
ty scale length of 7 mm is consistent with the observed
1.8-mm resonant length if we assume that the density
must be matched to within about 2'/o.

The rise time and pulse width of the Stokes line
should be characteristic of the corresponding proper-
ties of the plasma wave. Figure 4(b) shows a typical
fast-rising Stokes signal with a rise time (5'/o to 95'/o of
peak) of 700—800 psec. After deconvolution of the
detector-scope response time, '5 the actual rise time be-
comes 360—530 psec, a range which is consistent with
the theoretically predicted times to saturation given
earlier. The lifetime r~ of the Stokes line and thus of
the plasma wave is r~ = 1 nsec full width at half max-
imum.

The wave amplitude is determined by making an ab-
solute measurement of the ratio of the scattered E~ to
the unscattered E„ruby energy and using the Bragg
scattering formula, '6

(E~/7.p) P, ~ „- np d
'

Lp

(E,/7. , ) Pp 2 np n„X, L„'
where Pp and P, are the peak incident and scattered
powers, respectively, n„is the critical density for ruby
light (wavelength A.,), v, is the pulse width of the ruby
light (about 20 nsec full width at half maximum), and
the other factors are as defined before. The effective
width'7 of the plasma wave, d, is estimated as 120 p, m
or about one-half of the CO2 spot size. It is found ex-
perimentally that E~/E„=10 'p —10 9, which with the
other parameters in Eq. (1) yields ( n/ n p)
= (1—3)%. From Poisson's equation, this corresponds
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to a longitudinal electric field of 0.3—1.0 GV/m. This
estimate is somewhat smaller than the fluid-theory
prediction. However, some higher-order processes
have been neglected in the theory. The fast wave can
be, in effect, damped by such wave-wave interactions
as quasiresonant mode coupling' through the pres-
ence of a large-amplitude ion wave (from Brillouin
scattering). Electron-ion collisions may also be impor-
tant as the collisional damping rate is on the order of
the effective fast-wave growth rate. The effects of fin-
ite damping were tested by adding a phenomenological
damping term to the Rosenbluth and Liu wave equa-
tion, and it was found numerically that (n/np) „de-
creased by about 15% and t, increased by about 40'/o

for an amplitude damping rate of 5 X 10 4&0~. Other
effects neglected in theory are finite laser bandwidth,
nonideal laser spatial-temporal coherence, and density
mismatches due to Brillouin ion waves.

In conclusion, the high —phase-velocity electron plas-
ma wave excited by collinear optical mixing has been
detected directly for the first time. The frequency,
wave number, spatial extent, saturation time, and peak
amplitude were all measured experimentally and were
found to be in reasonable agreement with the expecta-
tions from theory. Finally, with a modest laser inten-
sity of 1.7 x 10'3 Wicm, the driven plasma wave has a
maximum measured longitudinal electric field of 1

GV/m, offering interesting possibilities for collective
particle acceleration.
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