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Abstract

The first experimental demonstration of ducitng of
high power microwave in a preformed density chan-
nel is studied. The microwave remains trapped and
guided in a preformed density channel. These results

are in good agreement with a numerical model de- -

scribing the microwave propagation.
1. Introduction

One of the most interesting topics is the applica-
tion of the laser to plasma based particle accelerators
with a ultrahigh gradient. A number of ways to excite
plasma waves having gradients as high as several ten
of GeV/m have been proposed so far. A laser driven
accelerator that has a number of attractive features
is the laser wakefild accelerator (LWFA) [1,2]. But
LWFA has the fault that the acceleration distance is
severely limited to the diffraction length, or Reyleigh
Length zz = mr2 /Ao, where g is the laser wavelength
and rg is the laser spot size at focus. The self-guiding
[2] of an intese electromagnetic wave in a plasma has
been proposed to overcome its limitation. This phe-
nomenon is particularly interesting for processes re-
quiring a long interaction length such as x-ray lasers
[3] and laser-driven accelerators. More recently nu-
merous theoretical works on this subject [4,5] have
been performed and experimental results [6,7] have
also been presented.

2. Theory of optical guiding

One approach to the guiding of an intense elec-
tromagnetic waves uses the effect depending on self-
induced modulations of the plasma refractive index.
In a plasma there are two types of optical guiding
mechanisms. One is the self optical guiding due to
the ponderomotive force of an intense electromagnetic
wave and the other is the optical guiding due to the
relativistic effect. The former utilizes the dependence
of refractive index on the plasma, which is given by

N =4/1 = (wp/wo)?, (1)

where wg is the incident-wave frequency, w, =
(47n.le|?/m.)}/? is the plasma frequency and n. is
the electron density. With the preformed density
channel along the pass of electromagnetic wave, it
propagates in this channel over distances exceeding
Reyleigh length. The latter results from the increase
of the refractive index due to the relativistic quiver
motion of electrons. Because the refractive index has
the largest peak on the axis where the intensity of
electoromagnetic wave has a maximum, the distribu-
tion of refractive index is the same as that of an op-
tical fiber. Such relativistic self-guiding occurs when

the inident-wave power P exceeds a critical power
[8,9] given by P, = 16.2(w/w,)? GW.

3. Experimental Set up

The experimental arrangement used in the present
studies is shown in Fig.1. A cylindrical, unmagne-
tized argon plasma is produced in a stainless-steel
chamber of 60 cm length by 32 cm diameter covered
with a number of multidipole permanent magnets for
a plasma confinement.

Fig.1 Experimental apparatus

The plasma is produced by a pulsed discharge with
discharge duration of 2 msec and 10 Hz repetition be-
tween the LaBg cathode and the chamber wall. The
plasma density is measured by both a cylindrical and
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a plane Langmuir probe. The typical plasma parame-
ters are the maximum electron density ny &~ 2.0 x 1012
cm™3, electron temperature T, &~ 3 ~ 5 eV in an ar-
gon gas pressure Py = 3 ~ 4 x 10~* Torr.

The pulsed microwave with frequency fo =
wo/27m = 9 GHz and a maximum power of 250 kW
and the pulse duration of 1 psec in FWHM is ir-
radiated from a rectangular horn antenna (aperture
area= 13.5 x 10.5 cm?) with a metal lens located at a
lower end of plasma density toward a higher density
area along the chamber axis.

4. Experimental Results

The density channel is formed by inserting the
Polyimide film sheet with 240 mm length by 15 mm
width and 125 gm thickness at the center of the cham-
ber filled with the plasma. In the present experiment,
the sheet is inserted from the higher density to 15 cm
position from the edge of metal lens. We may esti-
mate that the radius of density channel is about 1
cm.
When the microwave pulse is injected .into this
density channel, Fig.2 shows an axial profile of ob-
served -electric field pattern as a function of incident
power. We observe that with increasing the incident
microwave’s power the microwave pulse propagates
deeper along the density channel and that the electric
field also becomes stronger. The electric field tends
to be confined around the axis (r = 0 cm) as the mi-
crowave pulse propagates along the channel. We can
measure that the spatial separation of three peaks
(o, B,7) appeard in Fig.2 (a) is about 2.2 cm. Three
peaks can be visible as the incident power increases.
We know that the wave length of the fundamental TE
mode in the wave guide (WRJ-10: 2.29 x 1.02 cm?)
is Ay = 4.8 cm. If we assume that the observed wave
in the experiment is the fundamental TE mode, we
suppose that the stanting wave of the mode is formed
in a density channel.
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Fig.2 Profiles of the nomalized field E as a function of the
axial distance. Radial positions (a) r = 0 cm, (b) r = 4 cm.

Figure.3 (a) shows the half width of the radial field
profile Ar as a function of z. The half width Ar
changes along the channel and has minimum around

z = 19 ~ 20 cm, while the field amplitude has max-
imam on the axis. Therefor, we can say that the
microwave pulse is focused at z = 19 ~ 20 cm.

Figure.3 (b) shows the half width of the field ra-
dial profile as a function of the incident power. Fig.3
(b) indicates that the half width has a minimum at
the maximum power P = 250 kW. It is evident from
Fig.3 (b) that the half width tends to decrease with
increasing the incident power.
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Fig.3 (a) Half width of radial field profile Ar as a function of
the axial distance (z). (b) Half width Ar as a function of the
incident power. Solid circles, open circles, triangles, and
squares are the axial positions z = 17 cm, z = 18 cm, z = 19
cm, and z = 20 cm, respectively. Solid lines represent
theorical calculations.

5. Discussion

In order to interpret the observed behavior, we
calculate a transverse profile of the microwave in the
density channel. We assume that the microwave pulse
is weak enough to neglect the relativistic effect. We
use a propagation model approximated by that in an
opticl fiber with refractive index N; inside and "N,
outside. Because the microwave field is axially sym-
metric, we can look for the fundamental TE mode
solution of Maxwell’s equations. In a slab geometry,
this solution [10] is given by

Eq cos(kyy) exp(—jkz) (ly| < a),

Ep cos(kya)

x exp[—p(|y| — a)]exp(—jkz) (ly| > a),
(2)

where k2 = NZkZ—k?, p? = k2~ N2k and ko = wo/c,

c is the speed of light and a is the channel radius.

Applying the continuity condition of magnetic field

Hy, we obtain the characteristic equations

E, =

p = ky tan(kya),
p? + k2 = k3(N? — N3). (3)

This numerical caluculation enables us to determine
the transverse profile for propagation of microwave in
the plasma channel.

We assume that the channel radius is a = 1 ¢cm
from the experimental result. Because the plasma
density of channel outside is overdense, we may put
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Ny = 0. We carry out the calculation as a function
of the refractive index N;. Figure.4 shows the trans-
verse profile of the microwave calculated for above-
mentioned conditions and the observed experimental
results. Note that experimental and numerical values
are normalized. Solid lines and dashed lines are re-
sults calculated for the cases of Ny = 1 (in vacumm)
and N; = 0.5, respectively. One can see that there is
a fairly good agreement between experimental and
numerical results. The experimental result at the
lower density (Fig.4 (a)) is more agreement with the
numerical result of N; = 0.5 than that of Ny = 1,
while at the higher density (Fig.4 (b)) the observation
shows better agreement with Ny = 1. These results
obtained for Fig.4 can understand as follows. As the
microwave propagates along the plasma channel, the
electric field of microwave in the channel is maximum
around z = 19 cm. Therefor, the refractive index
of channel increases, since electrons in the channel
are pushed out of the channel by the enhanced pon-
deromotive force. As a result, the refractive index
of channel changes gradually along the plasma chan-
nel. We can say the results indicate that the ducting
of the microwave is formed and that the microwave
propagates along the channel.
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Fig.4 Normalized radial field profiles. Each curve represents
numerical results. The parameters are channel radius a = 1,
refractive index Np = 0, and N; = 0.5 (dashed line), N; =1
(solid line). Axial positions (a) z = 17 cm, (b) z = 19 cm.

The variation of refractive index is very important
and the motion of the electron has to be taken into
account. The plasma is modeled using no relativis-
tic cold fluid equations. Using the momentum and
continuity equations, we can estimate that én/n. is
directly proportional to the incident power. The half
width has Ar ~ 1/k,. Using equation (3), the half
width is approximated by Ar ~ 1/k, ~ 1/N;. Be-
cause the channel refractive index is given by Ny =
(1 —n/n.)!/? ~ /P, where we put n = n, — én, the
half width is given by

Ar ~1/Ny ~ 1/VP. (4)

On writing in this result on Fig.3 (b) by solid lines,
the experimental and the theorical results are in good
agreement. But this comparison can only be qualita-
tive.

6. Conculsion

We have demonstrated that the ducting of the mi-
crowave is formed and the microwave pulse remains
trapped and guided in the plasma channel at the fun-
damental TE mode. The comparisons of the exper-
imental observations with the theorical calculations
produce good agreement for both the transverse pro-
file of the electric field and the dependence on the
incident power of the half width Ar. We have shown
that the experimental result can be explained by the
concept on the “otical guiding ”.
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