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The propagation characteristics of a high-power microwave[electromagnetic(em) wave] in a plasma wave-
guide are reported. The plasma waveguide is formed by expanding plasmas via the ponderomotive force of the
high-power microwave and the microwave pulse remains trapped within the plasma waveguide and is guided
in it. With the increase of the incident microwave power, the width of the plasma waveguide increases and the
half width of the radial electric field distribution decreases. This shows that the em wave modifies the refractive
index of the plasma waveguide area. For a plasma waveguide with narrower width, the microwave propagates
along the plasma waveguide at the fundamental TE mode, while as the waveguide width increases the higher
mode component starts appearing. Analytical treatment to the propagation of the electromagnetic wave in a
dielectric waveguide having a step-index profile and the numerical calculations for the radial distribution of the
electric field show fairly good agreement with the results observed in the present experiments.
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I. INTRODUCTION

Advances in laser technology have led us to investigate
the laser-matter interaction phenomena in a number of poten-
tial applications in fast ignition[1], compact x-ray lasers
[2,3], high harmonic generation[4], and laser-plasma based
particle accelerators[5,6]. The success of these applications
depends critically on long interaction distances more than the
Rayleigh length of high intensity laser pulses. For example,
laser-plasma accelerators have been conceived to be the next
generation particle accelerators with ultrahigh gradients.
Proof-of-principle experiments have been performed and
demonstrated ultrahigh field generation and electron accel-
erations by electron plasma waves at various universities and
laboratories around the world[7–9].

Several methods of the laser guiding in a plasma channel
have been proposed and demonstrated in order to extend the
propagation distance of the laser beam beyond its diffraction
limit. Plasma channels have been created by a variety of
methods:(i) passing a long laser pulse through an axicon
lens to create a line focus in a gas, which ionizes and heats
the gas, creating a radially expanding hydrodynamic shock
[10,11], (ii ) using relativistic and/or ponderomotive self-
channeling of an intense laser pulse in a plasma[12,13], and
(iii ) using a slow capillary discharge to control the plasma
profile [14–18]. We have also performed the experiments of
guiding an electromagnetic wave in a preformed plasma
channel with the use of a high-power microwave instead of
an intense laser pulse and demonstrated the guiding of the
electromagnetic wave[19]. Essential idea involved in all the
proposed concepts is to modify the refractive index of the
plasma such that to have higher refractive index on axis and

lower off-axis area, which can be achieved with a plasma
density profile that has a local minimum on axis. In all of
above-mentioned schemes, the guiding conditions fix the
electron plasma density and its spatial distribution. However,
many applications require various plasma parameters for la-
ser guidings. Thus, in order to control the propagation char-
acteristic of laser pulses in the plasma channel with required
characteristics, an investigation of relationships between
plasma channel parameters and the propagation characteristic
of electromagnetic waves is one of important issues.

In this paper, we present the propagation characteristics of
the high-power microwave guiding in the plasma waveguide.
In order to isolate two issues of making the plasma wave-
guide and investigation of the propagation characteristics of
electromagnetic waves in the plasma waveguide, the experi-
ment has used a long and thin glass strip introduced on the
axis of the chamber to generate the nonevolving plasma
waveguide. Fourier analysis of the axial electric field pattern
within the plasma waveguide clearly represents that the
dominant wave number of the microwave lies within the
range of those estimated for an optical fiber, that is, a dielec-
tric waveguide with a step refractive index profile. The nu-
merical calculations of the radial electric field profile also
have been carried out. The results are in fairly good agree-
ment with the results observed in the present experiments.

II. EXPERIMENTAL APPARATUS

The experimental arrangement used in the present studies
is shown schematically in Fig. 1. A cylindrical, unmagne-
tized argon plasma is produced in a stainless-steel chamber
of 100 cm length360 cm diameter. The outside surface of
the vacuum chamber is covered with a number of multidi-
pole permanent magnets for a plasma confinement. Although
there are magnetic field on the inside wall of the vacuum*Electronic address: hiroakii@cc.utsunomiya-u.ac.jp
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chamber, a magnetic field free plasma is produced in a
stainless-steel chamber by a pulsed discharge between three
sets of LaB cathode and the chamber wall(grounded). A
typical discharge duration and discharge voltage are 1.5 ms
and 180 V, respectively, with the repetition rate of 10 Hz.
The base pressure of the chamber isP0<8310−7 Torr and
an argon gas pressure is adjusted toPAr =s3–5d310−3 Torr
by a needle valve. The pulsed microwave has a frequency of
f0=v0/2p=9 GHz, maximum power of 250 kW, and a typi-
cal pulse duration of 1ms in full width at half maximum
(FWHM). The microwave is generated by a magnetron with
a repetition rate of 10 Hz and is irradiated into the plasma
from the rectangular horn antenna with the aperture area
12310 cm2. The antenna is located at the lower end of the
plasma density. The plasma density and the rf electric field
inside the plasma are measured by a cylindrical probe with a
tip of 1 mm length30.25 mm diameter, movable along the
axis and rotatable in the radial direction. Typical plasma pa-
rameters are the maximum electron densitynmax<1.2
31012 cm−3 and the electron temperatureTe<2–3 eV. The
ratio of the electric field energy to the plasma energy is es-
timated to beh;«0E0

2/4n0kBTe<0.5, whereE0 is the maxi-
mum electric field intensity of the incident microwave mea-
sured at the outlet of the horn antenna,n0 is the electron
density there, andkB is Boltzmann’s constant.

The preformed plasma channel is formed by inserting a
thin glass strip with 70 cm length31 cm width 30.1 cm
thickness at the center of the chamber along the plasma axis.
In the present experiments, the glass strip is inserted from the
higher density side up to 20 cm from the edge of the horn
antenna. Because of the recombination on the glass strip, it
acts as a sink and the plasma density is reduced at the sur-
face, growing gradually towards larger radial positions. As
the glass strip is present in the chamber for all the time, the
stability of the channel production is guaranteed. Thus, the
production of the plasma waveguide is highly reproducible
in the present study. The width and depth of the desired
plasma waveguide can be adjusted by changing the back-
ground plasma density. An example of the spatial distribution
of preformed plasma channel atz=20 cm is shown in the

inset of Fig. 1 and its full width at half maximums2rDd
perpendicular to the electric fieldEy is less than about
10 mm, which is small enough compared with the cut off
wavelength slc=l0/2.16 mmd of the fundamental TE
mode in the standard rectangle waveguide. Such measure-
ment is done by rotating the probe from its initial position
near the glass strip to away from the strip using slowly mov-
ing motor driving system. The electromagnetic wave(EMW)
is polarized in they direction, so that the plasma waveguide
is cut off to the EMW in the overdense region because of too
narrow waveguide width.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows an example of two-dimensional plasma
density distribution in the absence of the incident micro-
wave. As the typical radial profile in the inset of Fig. 1 can
be seen symmetric with respect to the chamber axis, all mea-
surements are shown only on one side of the glass strip. In
order to control the propagation mode of EMW within the
plasma waveguide to be the fundamental TE mode, the di-
mension of the plasma waveguide perpendicular to the direc-
tion of an electric field should be adjusted at least to be half
the vacuum wavelength of the incident microwave. It can be
clearly seen from Fig. 2(a) that the preformed plasma chan-
nel is formed fromz=20 cm to 75 cm and its width is less
than the cutoff wavelengthlc.

When a microwave pulse is injected into this plasma
waveguide, a typical example of two-dimensional distribu-
tion of the electric field intensity is shown in Fig. 2(b), where
the power of the incident microwave is 250 kW. Although
the width of the preformed plasma channel is kept less than
the cutoff wavelength, it is observed from Fig. 2(b) that the
high-power microwave remains trapped within the plasma
waveguide and propagates for about 50 cm into it. Further-
more, the electric field is confined around the axis. The high-
power microwave cannot penetrate up to the other end of the
chamber from higher radial distances because the plasma
density is more than the critical density, as seen in Fig. 2(a).
The standing wave formation in the plasma waveguide can
be expected to be due to the reflection of microwave energy,

FIG. 1. (Color online) Experimental apparatus used in the
present studies.

FIG. 2. Contour plot of plasma density and microwave electric
field intensity.(a) Contour plot of plasma density in the absence of
microwave inr-z plane.(b) Contour plot of microwave electric field
intensity within the density channel, where incident power is
250 kW.
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which has entered the preformed channel, from the end wall
of the chamber.

Figure 3 shows the radial profile of the plasma density
and of the microwave electric field intensity as a function of
the incident microwave power, where the axial position isz
=60 cm. We can see from Fig. 3(a) that the radial plasma
density profile is widened when the microwave is injected
into the preformed plasma channel. The radial half width of
plasma waveguideDrD increases with the incident micro-
wave power. The width at the incident power 250 kW is
8.9 mm, so expansion of the plasma waveguide is almost
90% of the original width, 4.6 mm(in absence of the inci-
dent microwave). We can see from Fig. 3(b) that no appre-
ciable penetration is observed when the incident microwave
power is belowP=50 kW, while in case of higher incident
power(above 50 kW), the microwave can propagate into the
overdense region. In addition, it is clear from Fig. 3(b) that
the half width of the electric field distribution becomes nar-
rower with the increase of the incident power, that is, the
microwave is confined around the axis of the plasma wave-
guide. This can be explained by simple laws of optics and the
dependence of the refractive indexsNd on the plasma density,
N=Î1−svp/v0d2, wherevp=s4pneueu2/med1/2 is the plasma
frequency with popular notations. As the incident power in-
creases, the plasma waveguide is widened and bored deeper
due to the ponderomotive force of the microwave in the
plasma waveguide. This makes region of higher refractive
index narrower leading to the confinement of the electric
field in a smaller radial extent. The result of Fig. 3 shows that
the microwave modifies the refractive index of the plasma
waveguide. It is evident from Figs. 2 and 3 that the micro-
wave makes a duct by expanding the plasma via the pon-
deromotive force and propagates into higher density side
along the plasma waveguide. Thus, the preformed plasma
channel acts as a waveguide to guide the high-power micro-
wave.

Figure 4(a) shows the experimentally observed radial pro-
file of the electric field intensity in the plasma waveguide as
a function of the preformed plasma channel width, where the
incident microwave power is 250 kW. The data are normal-
ized to the maximum value. For the narrower width, the peak
of the electric field distribution is present on the axis of the
plasma waveguide. It turns out from Fig. 4(a) that the peak
tends to be shifted off axis with the increase of the preformed

channel width. From this result, it is expected that the higher
mode of the microwave starts appearing with the increase of
the preformed channel width.

In order to investigate the mode structure of propagation
in the plasma waveguide in detail, the mode measurements
have been carried out for different preformed plasma channel
widths. Figure 5(a) shows the wave number spectrum ob-
tained by applying a fast Fourier transformation(FFT) to the
data of the axial electric field profile. As seen in Fig. 5(a), a
new wave number spectrumk=0.7 cm−1 appears within the
plasma waveguide for the smallest plasma channel width
2rD=9 mm. For comparison, the FFT of the microwave field
distribution has been taken when there is no plasma in the
chamber and there is a plasma with density less than the
critical density 131012 cm−3. An example of the wave num-
ber spectrum measured near the glass strip is shown in Fig.
5(b), where the plasma density is,n.331011 cm−3, less
than the critical density. The observed dominant wave num-
ber spectrum is always close tok.1.9 cm−1, which corre-
sponds to the wave number of the incident microwave with
the frequency 9 GHz. It is obvious from Fig. 5 that the wave
number of the guiding microwave in the plasma waveguide
is clearly different from that of the incident microwave. In
addition, we can see from Fig. 5(a) that as the width of the
preformed density channel is widened the peak shifts to

FIG. 3. Radial profiles of(a) plasma density and(b) microwave
electric field intensity as a parameter of the incident microwave
power at axial positionz=60 cm.

FIG. 4. Radial profiles of electric field as a function of plasma
channel width.(a) Normalized radial profile of electric field inten-
sity observed experimentally. Incident microwave power is
250 kW. (b) Radial profile calculated by theory of standard wave-
guide. Dotted, dashed, and solid lines represent the mode TE10,
TE20, and sum of TE10 and TE20, respectively.

FIG. 5. Wave number spectra obtained by applying a FFT to the
data of the electric field intensity for incident powerP=250 kW.(a)
Wave number spectrum of microwave field within the density chan-
nels of different widths and(b) wave number spectrum in the pres-
ence of plasma less than critical density near the glass strip.
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larger wave number and that another peak appears around
k=1 cm−1 for the largest width 2rD=25 mm.

Figure 6 shows the dependence of the dominant wave
number on the width of the preformed plasma channel. The
solid squares with error bars indicate the experimentally ob-
served wave numbers. We can see clearly from Fig. 6 that the
microwave in the plasma waveguide has two kinds of wave
numbers as the plasma channel width becomes more than
15 mm wider. This is in good agreement with the plasma
channel width in which the peak of the electric field profile
in Fig. 4 is shifted off axis. It is evident from Figs. 4–6 that
the microwave propagate through the plasma waveguide at
both the fundamental TE mode and the higher order mode
when the plasma channel width is 2rD.15 mm.

In order to interpret the observed behavior, the identifica-
tion of propagation modes within the plasma waveguide
have to be carried out. Here, one can employ a propagation
model approximated in a rectangular dielectric waveguide
having step-index profile with refractive indexesN1 inside
and N2 outside. In addition, we may putN2=0 because the
plasma density outside of the channel is overdense. Numeri-
cally calculated wave number can be obtained by using the
dispersion relationship of the electromagnetic wave in the
standard waveguide filled with plasmas:v0

2=vp
2+vc

2+c2k2,
wherevc is the cutoff frequency which depends on the cross
section size of the waveguide. Using the refractive index
N1=Î1−vp

2/v0
2, the wave number of the microwave within

the plasma waveguide is given by

k2 = k0
2N1 − kc

2,

wherek0=v0/c and kc=vc/c. The two solid lines in Fig. 6
indicate the calculated wavenumbers(the fundamental mode

TE10 and higher order mode TE20), where the refractive in-
dex is assumed to beN1=0.9. It can be seen from Fig. 6 that
the experimentally measured wave numbers are in good
agreement with the estimated curve. This result represents
that when the width of the preformed density channel is nar-
rower than the cutoff wavelengthlc.16 mm of the funda-
mental TE mode, the propagation mode within the plasma
waveguide is very close to the fundamental mode TE10 in the
standard waveguide and that the higher order mode starts
appearing with the increase of the plasma channel width,
more than 16 mm.

Next, let us consider a transverse profile of the microwave
electric field in the plasma waveguide. Assuming the above
mentioned model, the calculation of the transverse profile in
the plasma waveguide can be simplified, i.e., equal to that in
the standard waveguide. The calculated results are shown in
Fig. 4(b). The value of the horizontal axis is normalized at
the width of the preformed plasma waveguide. As seen in
Fig. 4(b), in case of coexistence with the higher mode TE20
the peak of the electric field is off axis and in comparison
with Fig. 4(a), they agree well. Therefore, it is evident from
Figs. 4 and 6 that the higher mode observed in present ex-
periments can be regarded as TE20 higher mode.

IV. CONCLUSIONS

We have investigated the mode structure of the guiding
microwave in the preformed plasma waveguide. The micro-
wave pulse expands the plasma waveguide by its pondero-
motive force and remains trapped within the plasma wave-
guide and is guided in it. The propagation structure is the
fundamental TE mode for the plasma channel width nar-
rower than the cutoff wavelengthlc of the fundamental TE
mode. As the width of the plasma waveguide becomes wider
thanlc, the microwave propagates through the plasma chan-
nel at both the fundamental TE mode and the higher mode.
The comparisons of the experimentally observed transverse
profile of the electric field with the numerical calculations
show fairly good agreement for its dependence on the plasma
channel width. The results show that it is possible to control
the propagation mode in the plasma waveguide by changing
the plasma waveguide parameters and to support the more
potentiality of the applications with the laser-matter interac-
tion.
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