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(Received 12 March 1990)

The simultaneous observations of a beat-wave-excited plasma wave and of energetic electrons are re-
ported. A plasma wave is excited when the beat-wave frequency of a laser with two wavelengths 10.6
and 9.57 pm equals the plasma frequency. The Stokes sideband measurement gives a wave amplitude
Iin/no of -S%. Plasma e1ectrons with the energies of more than 10 MeV are observed at the resonant
density.

PACS numbers: 52.35.Fp, 52.35.M~, 52.90.+z

ly driven gas puff injects hydrogen gas 300 ps prior to the
laser irradiation, which produces a hydrogen plasma. By
controlling gas Aows, we could change the electron densi-
ty no at the focal point from 3X10' to 7&&10' /cm
within 30'%%uo error [11]. The beat-wave frequency between
10.6 and 9.57 pm equals the plasma frequency corre-
sponding to I. l XIQ' /cm . From the Stark broadening
measurement of the hydrogen Balmer-a line (6562.8 A)
emission we estimated the electron density. 8.5 A full
width at half power corresponds to 1.1x10'"/cm for an
electron temperature of ) 10 eV [12]. The spectral reso-
lution is I A, i.e., lx IQ' /cm . The measurement of the
Balmer-a line emission area sho~s that the plasma is cy-
lindrical with a diameter of 1.8 mm and an axial length
of 7 mm. A time-resolved measurement shows the densi-
ty is constant in -5 ns from the laser onset [11]. In the
present experiment we injected no electrons and so we did
not drive the solenoid coil in the chamber.

The double-line laser beam, as soon as it produces the
resonant density plasma, excites the plasma wave in it.
The ratio of the laser frequency to the plasma frequency,
y„, is 10. The excited plasma wave in turn forward
scatters the pump waves to Stokes (11.857 Itm) and
anti-Stokes (8.7 Itm) sidebands and probably also to their
harmonic series. The Stokes line intensity P, is expressed
by the Bragg scattering formula as [13]

2
P.v z6nno L (1)
Po 2 no n Ap

where Po is the 10.6-pm pump intensity, Bn is the elec-
tron density perturbation, n, is the cutoff density, and L
and ko are the length of the excited plasma wave and the
laser wavelength. %e measured P, and Po using a mono-
chrometer with a liquid-helium-cooled Cu-Ge detector to
confirm the plasma wave excitation and to estimate its
amplitude 8n/no The detector se.nsitivity is almost con-
stant over the frequency range from 10.6 to 11.86 pm.
The signal ratio P,/Po was expected to be very small and
indeed was from 0.001 to 0.08, so that to detect P, we
had to put a gas cell in the light path, as shown in Fig. l.
The cell, containing a 100-Torr mixture of SF6 and
C2F3Cl, absorbed 99.9% of the 1 0.6-pm and 94% of the
9.57-pm pumps, preventing damage of the monochroma-
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FIG. l. Experimental setup for the beat-wave acceleration.
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Since Tajima and Dawson proposed the laser beat-
wave accelerator as a promising collective acceleration
scheme [1], there have been many theoretical studies
[2-5], in view of the number of potentially important ap-
plications in the fields of plasma physics, astrophysics,
and particle accelerator physics, but only a few experi-
mental studies. Clayton et al. first demonstrated plas-
ma-wave excitation by a resonant laser beat wave [6],
and this was followed by the work of Ebrahim et al. [7].
Other work of Ebrahim et al. suggested beat-wave-
accelerated electrons [8]. In this Letter, we present the
simultaneous observations of a 10.6- and 9.57-pm beat-
wave-excited plasma wave and of electrons with energies
of more than 10 MeV. The electric field of the wave is
more than 1 GV/m. The observed energetic electrons
support the possibility that a beat-wave accelerator mech-
anism may have been operative, but the maximum ener-
gies observed exceed predicted values by factors of 2-4.

A schematic of the apparatus is shown in Fig. 1. A
double-line CO2 laser beam comes from the LEKKO
VIII electron-beam-controlled laser system [9]. A cw os-
cillator injects a 9.569-pm line to the oscillator cavity.
The system then produces a pulse of 0.4-ns rise time and
1-ns full width at half maximum containing 150 J each in
the 10.591-Itm [10ttt(20)] and 9.569-pm [9P(22)] lines.
An f/10 NaCI lens focuses the laser beam from 23 cm
diam to a spot of less than 1 mm, resulting in an intensity
I» 2X IQ'3 W/cm for each line. The absolute intensity
will be between 2X10' and 2X IQ' 'At/cm [10]. At the
focal point in the vacuum chamber, an electromagnetical-
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FIG. 2. Forward-scattered Stokes sideband intensity P., at
11.857 pm divided by 10.6-pm pump intensity Po plotted as a
function of the electron density: Solid circles are for double-line
and open circles for single-line irradiation. Vertical bars denote
Po calibration error of 25%. The detection limit is 0.001.

tor optics as well as suppressing the stray signal level to
less than 0.001Pp. To detect Pp and thus to obtain an ab-
solute ratio of P, /Pp, we replaced the cell with Teflon foil
attenuators. The attenuation includes + 25% error. The
pulse rise and width of the Stokes line P, and thus of the

plasma wave agreed with those of Po within the detector-
scope (Tektronix 7104) response time of ( 1 ns. Pp was

also measured by a P-05 pyroelectric detector.
In Fig. 2 are Stokes signals P, /Pp as a function of np

They show a peak of 0.05 at l.4X 10' /cm and a broad
resonance feature from 0.7 to 3&10' /cm . The stray
light (noise) level is about 0.001. The reason why it is so
broad is that, whenever no is higher than the resonant
density, either the front or the rear of the focal point
should satisfy the resonant condition to excite the wave.
The vertical bars in the figure show the Po calibration er-
ror of 25%. From Eq. (I) the amplitude e=bn/np, giving
P, /Pp =0.05 (0.007-0.06), is 5% (2%-6%) supposing
L =3 mm. Since we have not directly measured L, we as-
sumed L to equal the electron-ion collision mean free
path. The mean free path is 3 mm, or the mean free time
is 10 ps, for the electron temperature of 100 eV. The
mean free path is roughly the homogeneous length out of
the 7-mm plasma. Under the present conditions the satu-
ration amplitude s, due to relativistic frequency shift
predicted by Rosenbluth and Liu [14] is [ 3' (eEp/
mropc)eE~/mro~c] '~ = 20%, where (Ep, cop) and (E~,co~)

denote the electric field and frequency of the 10.6- and
9.57-pm lines, respectively. This value is 4 times that ob-
tained above, a=5% (the wave field of 1.5 GV/m). Even
for the single-line irradiation, we detected small but not
stray signals at 11.857 pm around 10' /cm . They are

shown by open circles in the figure, corresponding to
e-1%. They may be due to instabilities such as a for-

ward Raman scattering (FRS), since, when the intensity

is 10' W/cm, it is on the threshold level for FRS
[i5, iu].

The plasma wave with s and yp can trap and accelerate
either plasma electrons or injected electrons, having ini-

tial kinetic energies (y' —1)mc, as long as (y' —l)mc
& sy„mc is fulfilled. Thus, in the laboratory frame, the

electrons having kinetic energy not less than

8';„=mc '[y„(y„e+1)(1 —P„P') —1]

are accelerated to final energies of

W,„mc'[y„(y„a+I)(i +P„P') I], —

(2)

(3)

where P„=(1—1/y„) '~ and P'=[1 —I/(y„e+ I) ] '~ .
Here y' and p' are the wave-frame quantities of electrons
[11]. Equations (2) and (3) show that the plasma wave

of a=5% accelerates 1.4-MeV electrons to 12 MeV over

a distance of 7 mm. The energy gain is more than 10
MeV.

An eight-channel electron spectrometer (ESM) placed
at 85 cm from the focal point covers electron energies
from 2.5 to 21 MeV. A permanent dipole magnet of 5

kG bends electrons by 180'. The entrance aperture is 8

mrn in diameter, i.e., 7&10 sr. Each channel, whose
window width is 0.6 MeV, has a plastic scintillator
(Pilot-U; —, in. diam and 4 cm long) —photomultiplier

coupling linked to a CAMAC. By using 18- to 20-MeV
rf linac electron beams, we have calibrated the energies
and sensitivities of the ESM channels [11]. An electron
of 20 MeV entering the window yields about 1 X10 elec-
trons out of the photomultiplier. The sensitivities of 2- to
18-MeV channels are calculated in proportion to energy.
We have also used 3-MeV electron beams from an induc-
tion linac. Figure 3(a) shows the number of electrons in-

jected into the ESM channel windows from the plasma
with double-line irradiation. Identical symbols corre-
spond to the same shot. The large symbols are for the
resonant condition [(1-2)&10 /cm ] and the small ones
are for off resonance. The parameters on the right-hand
side show (incident laser energy)/(electron density). To
know the noise level or the detection limit, we put a
deflecting dipole magnet of 0.7 kG in front of the ESM
aperture, which shows the noise level as —10 elec-
trons/channel, although somewhat different for each
channel. The electron spectra seem to have two corn-
ponents, i.e., low-energy (less than —10 MeV) and high-

energy tail (more than 10 MeV) components, especially
for the resonant density shots. With single-line irradia-
tion at resonance, as seen in Fig. 3(b), the spectra seem
not to have such high tails.

We summed up the number of the low-energy (2.5 to 8
MeV) and high-energy (10 to 21 MeV) components sep-
arately and plotted them as a function of the electron
density. Thus, we found that with double-line irradiation,
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FIG. 3. Energy spectra of the electrons forward emitted from the hydrogen plasma and analyzed with an electron spectrometer

(ESM). Number of electrons per channel (a) with double-line irradiation both at and off resonance and (b) with single-line irradia-

tion at resonance 1(1-2)& IO "/cm'l. Identical symbols are from the same shot, of which the parameter is (laser energy)/no. Noise

level is —10 electrons.

the high-energy components have a resonant peak in the
density, though there is some data scattering, while the
low-energy components show not a sharp, but rather a
broad (weak resonant) feature [see Figs. 4(a) and 4(b)).
The vertical error bar is, then, ~ 50 electrons and the
horizontal bar is the density measurement error. It seems
that the low-energy electrons are accelerated to 10 MeV
or more by the beat-wave-excited plasma wave. It is,

however, not consistent with an s of -5%, because most
of the high-energy components are too high to be ac-
celerated by one wave. 1.5 GV/m (5%) times 3 mm only
provides 4.5 MV. If we suppose an amplitude of 6% and
an acceleration distance of 7 mm, which is the plasma
length, the gain becomes 14 MeV, but the distance is
twice the length of the plasma wave. This is not yet un-

derstood. It may be explained by multiple-stage accelera-
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FIG. 4. (a) Number of the high-energy electrons summed over the ESM channels (10-21 MeV) vs the electron density with

double-line irradiation. (b) Number of the low-energy electrons (2.5-8 MeV). Vertical error bar is 50 electrons. Horizontal error

bar is the density measurement error.
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tion, for instance [17]. However, even this does not ac-
count for the data between 14 and 21 MeV.

It is plausible that the low-energy components are
trapped by the wave potential, since their broad resonant
feature suggests that the beat wave would also affect
them [see Fig. 4(b)]. However, the reason for emission
of the low-energy components for both single- and
double-line irradiations is, as well, not clear. Even if for-
ward Raman scattering of s-1% is excited, the trapping
threshold for a 1% FRS wave is too high (-3 MeV) to
trap thermal plasma electrons, and the FRS amplitude
(-0.3 GV/m) is too low to account for the observed
2.5-8-Me V electrons.

The FRS might Landau damp the excited plasma wave
to limit the wave amplitude to a few percent. Whenever
stimulated Raman scattering such as the FRS is excited,
stimulated Brillouin scattering could also invariably be
excited, which may cause plasma rippling to limit the
effective length of the plasma wave to several mm [18].

In Figs. 2 and 4, the resonant density seems to be not
I. l &10 27 but 1.4x 10' /cm3. So, the absolute density
may need correction by a factor of 1.2.

In summary we simultaneously observed a beat-wave-
excited plasma wave and energetic electrons. The 10.6-
and 9.57-pm beat wave excited a plasma wave of s-5%
at resonant density. The field is —1.5 GV/m. We ob-
served, then, plasma electrons with the energies of —10
MeV or more. The observed energetic electrons support
the possibility that a beat-wave accelerator mechanism
may have been operative, but the maximum energies ob-
served exceed predicted values by factors of 2-4.
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