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The self-channeling of a high power (�500 MW) sub-nanosecond microwave beam in the plasma

formed by a neutral gas (>103 Pa) ionization was demonstrated by Shafir et al. [Phys. Rev. Lett.

120, 135003 (2018)]. In the present research, this effect is observed and studied in detail in a

plasma, preliminarily formed by an rf discharge, in a low (<150 Pa) pressure gas. The results of

analytical modeling and numerical particle-in-cell simulations show that ionization-induced

channeling can be realized at a significantly lower power of the microwave beam and gas pressure

if the preliminarily formed plasma is radially non-uniform with minimal on axis density. Published
by AIP Publishing. https://doi.org/10.1063/1.5051226

I. INTRODUCTION

The ionization-induced channeling (IIC) of an intense

microwave (MW) beam propagating through neutral gas has

been predicted theoretically1 and observed experimentally

more than 30 years later.2,3 Electron impact ionization of a

neutral gas in strong electromagnetic field is responsible for

IIC. Other mechanisms are responsible for self-focusing a

beam of an intense electromagnetic radiation in a preliminar-
ily prepared plasma.4–8 It is important to note that the

ponderomotive force, which plays a crucial role in the self-

focusing of an intense laser beam propagating through plasma,

cannot be responsible for the self-guiding phenomenon of a

microwave (MW) beam with the parameters, considered in

this paper: frequency f � 10 GHz, power density of �1 GW/

cm2, radius of �1.5 cm, and pulse duration less than 1 ns. The

ponderomotive force F ¼ � e2

4mð2pf Þ2rðE
2Þ of this beam needs

a considerably longer time (�10 ns) than the MW pulse dura-

tion to be able to shift electrons to a distance larger than the

beam radius and, therefore it cannot be responsible for the

redistribution of the plasma density to form a channel.

In neutral gas, when the energy of background electrons

oscillating in the electric field of the microwave beam

exceeds significantly the impact ionization energy, then the

ionization rate and, consequently, the density of the gener-

ated plasma are larger at the periphery of a bell-shaped (e.g.,

Gaussian) beam than on its axis. The resulting plasma

“waveguide” traps part of the beam and suppresses signifi-

cantly its diffraction divergence. IIC occurs for specific con-

ditions only, i.e., the electric field is required to be above a

threshold value; the pulse duration should be consistent with

the gas pressure and seed electron density. These required

conditions were defined in a theoretical model in Ref. 3, and

experimentally verified2,3 for the case of high power micro-

wave interaction with neutral gas at pressures >103 Pa.

In this paper, after eliminating some of the uncertainties in

our earlier experiments2,3 which allow for more reproducibil-

ity, we report ionization induced self-channeling in a prelimi-

narily formed and characterized plasma, of a short-duration

microwave beam for even smaller power.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

In this research, the same experimental setup as that

described in detail in Refs. 2 and 3, was used (see Fig. 1). A

high-voltage (HV) generator based on magnetic compression

stages and semiconductor opening switches9 produces a

�6 ns long pulse with a negative amplitude of �320 kV and

a rise time of �0.5 ns on a matched 200 X load. This pulse,

applied on the sharp edge of the carbon cathode of the diode,

generates explosive emission plasma10 serving as a source

for a �1.5 kA hollow (0.5 mm diameter) electron beam with

electron energies up to �270 keV.11–13 The electron beam is

guided through the slow-wave structure (SWS) (3.2 cm inner

diameter) by a 2.5 T magnetic field. Interaction of the beam

with a synchronous backward TM01 mode produces a 0.6 ns

at FWHM (Full Width Half Maximum) microwave pulse

(9.6 GHz). In order to obtain reproducible microwave beam

generation, the cathode radius was reduced in comparison to

the cathode described in Refs. 2 and 3, resulting in a lower

microwave power of �300 MW. Passing through a mode

converter and horn antenna, the linearly polarized micro-

wave beam with a �2.7 cm FWHM at the distance of �9 cm

from the antenna output aperture is irradiated towards an

Ultem lens. The Ultem lens (focal length of �9 cm) was

placed inside the 100 cm long Pyrex tube with 24 cm inner

diameter. At the focal plane, the microwave beam radius was

�1.6 cm corresponding to a Rayleigh length of 5.4 cm and

an electric field of �135 kV/cm.

The applied voltage and diode current waveforms were

measured using a capacitive voltage divider and a self-

integrated Rogowski coil, respectively. In these experiments,

the waveform of the microwaves at the output of the mode

converter was measured by a directional coupler.14 The

waveforms of the transmitted and scattered microwaves

were measured by standard WR 10 dB receiving and side

antennas (see Fig. 1).

A preliminary plasma was generated inside the Pyrex

tube by a 2 MHz inductively coupled �300 ms long rf dis-

charge, induced by a quadruple antenna in either He or Ar

within a range of 5–130 Pa gas pressure. The parameters of

the rf plasma were studied earlier15 without the presence of
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the Ultem lens inside the Pyrex tube. In the present work, we

used microwave interferometry and visible spectroscopy to

determine the plasma parameters along a line extending

from the tip of the lens and averaged along 240 mm in the

radial direction. For spectroscopic measurements, we used a

Chromex 250i spectrometer (1800 grooves/mm grating,

spectral resolution of �0.03 nm/pixel) with a 4QuikE inten-

sified camera (Stanford Computer Optics) at its output. The,

4QuikE camera was also applied to record images of the

plasma light emission prior and after the microwave beam

propagation. Two Hamamatsu H10721 photomultiplier tubes

(PMT) with collimators were placed at different distances

with respect to the Ultem lens (see Fig. 1) to obtain the tem-

poral evolution of the plasma light emission intensity.

The gas flow was fed into the tube through a hole at the

lens periphery. To determine the gas pressure prior to the rf
discharge, an Edwards active thermocouple ATC-E gauge

was placed inside the Pyrex tube at different distances along

the tube. The data obtained by this gauge were corrected for

He and Ar gases following Ref. 16. The background pres-

sures of 10�3 Pa in the SWS and the electron diode, and

�10�2 Pa in the Pyrex tube prior to He or Ar gas filling,

were kept by scroll and turbo-molecular pumps.

III. EXPERIMENTAL RESULTS

A. Initial plasma diagnostics

Reliable ignition of the rf plasma discharge was

obtained in the range of 0.4–1.2 kW rf power at �50 Pa He

and �1.5 Pa Ar. Here, let us note that actual pressure of gas

at the time of the microwave beam injection could be several

times larger due to desorption of neutrals from tube and lens

walls. For instance, the Edwards vacuum gauge placed out-

side of the Pyrex tube exit showed increase in pressure 2–3

times when the rf discharge is ignited. Nevertheless, further

in the text, we will use values of pressure measured prior to

the rf discharge because of uncertainty in data regarding

time response of this vacuum gauge.

In the absence of the Ultem lens, the axial and radial distri-

butions of the plasma density was found to be close to uni-

form.15 The lens can change these distributions at the distances

comparable with the lens radius because of the change of rf
field configuration and absorption/desorption processes at the

lens surface. With the lens, the radially averaged density mea-

sured by microwave interferometry, increases gradually along

the axis, as it is shown in Fig. 2. Similar axial distribution of

the plasma density was obtained for Ar plasma at �1.5 Pa. The

errors in the plasma density measurements at the distances

z¼ 9 cm, 25 cm, and 40 cm (henceforward, the distances along

the tube axis, z, are measured from the lens tip, z¼ 0), were

61010 cm�3, 63� 1010 cm�3, and 64� 1010 cm�3, respec-

tively. Moreover, one can see that at z¼ 9 cm, the plasma den-

sity increases with increasing rf power less than at larger

distances. This can be related to the increase in neutral gas den-

sity due to desorption from the lens surface induced by plasma

ion bombardment, which causes a decrease in the electron tem-

perature near the lens surface.

Spectroscopic measurements of emission of Ha and Hb

spectral lines of excited hydrogen atoms desorbed from the

lens surface confirm this assumption. Intensity ratio of these

spectral lines, Ia and Ib, was used to estimate plasma electron

temperatures at different axial positions considering the

corona approximation which is valid for low-density plasma

and Boltzmann distribution of the excited 3rd and 4th energy

levels population. The plasma electron temperature was esti-

mated as kTe ¼ ðE42 � E32Þ½ln ðIaIb �
g4A42

g3A32

ka
kb
Þ��1

, where kim is

the wavelength for the i - m transition, where i designates the

upper level, gi is the degeneracy, Aim is the transition proba-

bility for spontaneous radiative emission from the level i to

the lower level m, and Ei is the energy of level i. These esti-

mates show that at z¼ 9 cm, the electron temperature is

0.57 6 0.3 eV, which is smaller than at z¼ 40 cm, where the

FIG. 1. Schematic drawing of the experimental setup, including the microwave generator, antenna, dielectric lens, and the glass filled Pyrex tube. The various

diagnostic probes are also sketched. Note, the rf generator and the quadrupole antennas located on the walls of the Pyrex tube.

FIG. 2. Average plasma density vs. the rf power measured at different axial

distances from the tip of the Ultem lens at z¼ 0 for �50 Pa neutral He.
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temperature is 0.67 6 0.2 eV. The latter agrees with electron

cooling by collisions with neutral which density can be

larger at smaller distances to the lens tip. Thus, one can

assume that the presence of the parabolic lens leads to a non-

uniform radial distribution of the plasma density at the focal

plane.

B. Plasma created by the microwave pulse

Images of the Ar plasma light emission (frame duration

of 1.2 ns) after the microwave beam propagation are shown

in Fig. 3 (left panels). One can see a well-defined, more than

30 cm long, radially confined (�5 cm in diameter) plasma

column formation, 6 times longer than the Rayleigh length

for beam propagation in vacuum. Similar images were

obtained for He plasma at a gas pressure of �50 Pa and rf
plasma density of �2.6� 1011 cm�3 at the focal plane of the

lens. Formation of this narrow plasma channel suggests self-

channeling of the microwave beam similar to those obtained

in earlier research.2,3 It is worth to note that the self-

channeling was observed only within the density ranges of

(2–3) � 1011 cm�3 and (1.5–5) � 1011 cm�3 for He and Ar rf
plasmas, respectively. At larger rf plasma densities, a sharp

cut-off of the plasma channel at z¼ 13 cm was observed (see

Fig. 3, right panel). For smaller rf plasma densities, the light

emission was too small for visual observation of the channel.

C. Microwave diagnostics

Microwave signals, propagating through the tube and

scattered in the region near the focal plane, are registered by

the front and side antennas, correspondingly (see Fig. 1).

The front antenna is placed at the axis at the distance of

140 cm from the lens tip. The side antenna is placed at an

angle of 135	 (antenna is directed to the focal region) at

35 cm from the axis and 80 cm from the lens tip. The ampli-

tude and waveform of the power of these signals depend on

density of the preliminary formed He plasma, as it is shown

in Figs. 4(a) and 4(b). The total energies received by the

antennas at different initial plasma densities (area under cor-

responding curve in Fig. 4) are shown in Fig. 5. Similar

results were obtained for Ar plasma at a gas pressure of

1.5 Pa.

Let us analyze the presented results. One can see that

the waveform of the scattered microwave power (side

antenna signal) is almost independent of the preliminary

plasma density [Fig. 4(a)] and is the same as the waveform

of the power signal registered by the coupler. However, the

amplitude of the scatted microwaves varies with the increase

in the plasma density. The presence of the scatted micro-

waves without the plasma [curve “A” in Fig. 4(a)] means

that possible sources of these signals are scattering at the

tube surface, diffraction at the lens edges, etc.

At the initial plasma density np � 2:2� 1011cm�3, the

scattered field amplitude [compare curves “A” and “B” in

Fig. 4(a)] and integrated energy (see Fig. 5) increase and

exceed the ones corresponding to np ¼ 0: Simultaneously,

the transmitted signal is weakened considerably. The reason

is the plasma, created by microwave pulse at the focal plane

of the lens. This plasma enhances the microwave scattering

and decreases the transmitted signal.

As the initial plasma density increases, the ionization-

induced microwave energy loss increases also. The scattered

signal decreases gradually holding its shape [curves “C” and

“D” in Fig. 4(a)]. In regard to the transmitted signal, initially

FIG. 3. (Left) Fast framing images of

Ar plasma light emission after the

microwave beam propagation in pre-

liminary plasma (gas pressure of

�1.5 Pa) with preliminary density of

�7� 1010 cm�3. 0 ns corresponds to

the microwave beam entrance time at

z¼ 0 (tip of the lens). (Right) Fast

framing image (frame of 10 ns) of the

plasma light emission at t¼ 10 ns and

gas pressure of �20 Pa.

FIG. 4. Microwave energy fluxes registered by the side (a) and front (b) antennas for different initial plasma densities np and He pressure of 50 Pa. Curves

marked by A correspond to vacuum, B—np ¼ 2:2� 1011cm�3, C—np ¼ 2:4� 1011cm�3, D—np ¼ 2:7� 1011cm�3, and E—np ¼ 3� 1011cm�3.
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it also holds its shape and decreases its intensity [curve “C”

in Fig. 4(b)]. However, further increase in the initial plasma

density leads to strong deformation of the pulse shape: a dip

appears in the middle of the pulse. Simultaneously, the total

energy, transmitted to the front antenna, increases apprecia-

bly (see Fig. 5), which can be explain by the hollow plasma

channel formation in the focal region. This channel traps

essential cross-section of the microwave beam, reduces the

beam divergence, and, as a result, increases the power deliv-

ered to the front antenna. One can consider that without the

channel formation, the trailing edge of the pulse might be

expected to appear as it is shown in Fig. 4(b) by dashed line

(curve “D”). The absolute values of the transmitted micro-

wave power measured by the receiving antenna versus the

initial plasma density are shown in Fig. 6. One can see

clearly increase in the transmitted power at initial plasma

density of 2.8 6 0.1 cm�3.

At a rather large density of the initial plasma,

ionization-induced dissipation and scattering of the transmit-

ted signal are heavily attenuated and its shape is blurred [see

curve “E” in Fig. 4(b)].

D. Plasma light emission

For Ar plasma, in Fig. 7(a), the plasma light emission

intensity measured by the collimated PMTs (see Fig. 1) at

z¼ 40 cm and at the lens focal position at z¼ 9 cm prior and

after the microwave beam propagation is presented. One can

see that microwave beam interaction with plasma leads to

expected sharp increase in the plasma light emission inten-

sity due to increased energy and density of the plasma elec-

trons.2,3 This increased light emission decays to its initial

level within several hundreds of nanoseconds. The ratio

between the peaks in the plasma light intensities measured at

z¼ 40 cm and z¼ 9 cm [see Fig. 7(b)] shows increase with

the increase in the density of the preliminary plasma density.

The latter can be associated with a larger power of the beam

at z¼ 40 cm at increased density of the preliminary plasma,

manifesting a self-guiding effect.

Spectroscopic measurements of Ha and Hb spectral line

intensities were carried out with the 4QuikE camera frame

duration of 40 ls, prior, and 200 ns after the microwave

beam interaction with the preliminary He plasma. The differ-

ence in the frame durations was related to necessity to

observe reliable profiles of these spectral lines. After the nor-

malization of the Ha and Hb spectral line intensities, i.e.,

accounting the difference in the frame time duration and

camera magnification factors, it was found that intensity of

these lines was increased �5 times after the beam interaction

with plasma. This significant increase in the Ha and Hb spec-

tral line intensities is related to the increase in the electron

temperature, and, respectively, plasma density.

IV. DISCUSSION

The ULTEM lens changes considerably the initial

plasma density distribution npl0 rð Þ ¼ nplðr; t ¼ 0Þ because of

plasma ions recombination, absorption, neutral desorption,

etc., which occur at the lens surface. These processes and the

convexity of the lens surface can lead to the initial plasma

density being smaller along the axis. This is a favorable ini-

tial condition for the formation of a two-humped plasma den-

sity profile as a result of microwave pulse interaction with

such plasma even at smaller neutral density or MW power.

The validity of this hypothesis will be verified below using a

modified version of 1D model described in Refs. 2 and 3.

Let us model the radial distribution of the initial plasma

density npl0 rð Þ in the focal plane as

npl0 rð Þ ¼ n0 � 1� Dn � e�r2=Dr2
� �

; (1)

where the parameters Dn and Dr characterize the depth and

the width of the density dip near the axis.

To estimate the range of the plasma and microwave

parameter values which allow the microwave beam’s self-

channeling, let us consider instead of a smooth radial distri-

bution of the plasma density across the channel, a step-like

one. Namely, let us associate the plasma density n1 at the

axis (local minimum of the density) with the core plasma

density, and the density n2, n2 > n1, of the local maximum

(if it exists) at the microwave beam periphery, as a channel

wall plasma density. Such a “hollow” plasma channel can

trap a microwave beam, just like an optical fiber. Then, the

difference between the reflection coefficients of the channel

core and wall becomes sufficient for total internal reflection

FIG. 5. The total energy (in arbitrary units) received by the side (left scale)

and front (right scale) antennas as a function of the initial plasma density.

FIG. 6. Transmitted microwave power density measured on the axis

(r¼ 0 cm) and z¼ 140 cm vs. preliminary plasma density for 50 Pa neutral

He.
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(TIR) of the focused microwave beam. The angle of diver-

gence of the Gaussian beam, u, can be estimated as

u ffi k=prbeam, where k is the microwave wavelength, and

rbeam is the beam waist radius at the focal plane. The beam

will be trapped into the channel when the angle of incidence

h at the interface between the channel core and the wall

exceeds the critical value hTIR, defined as

sin2hTIR ¼
1� n2=ncrit

1� n1=ncrit
: (2)

Here, n1;2 are the plasma densities at the axis and at the chan-

nel wall, respectively, and ncrit is the critical plasma density.

Using the beam parameter values k ffi 3 cm and

rbeam ffi 2� 3 cm, u can be estimated as u ffi 0:32 (the value

rbeam ¼ 3 cm will be used hereafter for definiteness). The

angle of divergence u and the angle of incidence are related

as uþ h ¼ p=2, so that the TIR condition can be written as

cos2u ¼ sin2h � sin2hTIR ¼
1� n2=ncrit

1� n1=ncrit
: (3)

Let us present condition Eq. (3) as

cos2u � 1� g2l
1� g1l

; (4)

where g1;2 ¼ n1;2=n0, and l ¼ n0=ncrit are the normalized

plasma densities. The normalized plasma densities g1;2 are

the functions of time, g1;2 ¼ g1;2ðtÞ, so that the condition in

Eq. (4) can, in general, be satisfied during a limited period of

the pulse duration.

The microwave propagation through the channel is pos-

sible until the core’s plasma density is less than the critical

value

n1=ncrit ¼ g1l � 1: (5)

The two inequalities, Eqs. (4) and (5), define simulta-

neously the range of possible values of the initial plasma

density and the time interval, when channeling occurs.

Indeed, let us rewrite these inequalities as

sin2u
g2 tð Þ � g1 tð Þ cos2u

� llow tð Þ � l � lhigh tð Þ � 1

g1 tð Þ : (6)

In the model considered, plasma densities on axis,

nplðr ¼ 0; tÞ, and at the local maximum at the beam

periphery, nplðr ¼ rmax; tÞ, are associated with the channel

core and wall densities g1;2ðtÞ. The evolution of the electron

density nplðr; tÞ is described by the expression

npl r; tð Þ ¼ npl0 rð Þ � exp ng

ðt

�1
dt0r w t0ð Þ½ � v t0ð Þ

�� ��� �
; (7)

where ng is the neutral gas density, vðtÞ and wðtÞ are the elec-

tron velocity and kinetic energy, respectively, and r is the

electron impact ionization cross-section. Detailed analysis of

Eq. (7) as applied to short powerful microwave pulses is

given in Ref. 3.

Using the solutions of Eq. (7) the relation between

g1;2ðtÞ and nplðr; tÞ, the conditions in Eq. (6) can be pre-

sented graphically as shown in Fig. 8.

The following values of the parameters were used: Dn
¼ 0:32 [panel (a)] and Dn ¼ 0 [panel (b)], Dr ¼ 1:3rbeam;
the neutral gas pressure p ¼ 150 Pa, and maximal amplitude

of the pulsed electric field E0 ¼ 135 kV/cm [panel (a)] and

E0 ¼ 300 kV/cm [panel (b)]. The dashed lines correspond

n0 ¼ 2:75� 1011 cm�3.

Figure 8(a) demonstrates that the channeling is sensitive to

the initial plasma density, i.e., to the value of the parameter l.

There is an optimal value of the plasma density (optimal

value of l, marked by the dashed line), for which the pulse

channeling is most effective. The channeling appears earlier

and lasts shorter as the density (parameter l) increases. The

smaller value of l shifts the channeling to the end of the

pulse where the intensity is small. These non-optimal values

of l are shown by dotted lines in Fig. 8(a). One can see that

for n0 ¼ 2:75� 1011 cm�3, the second half of the pulse is

trapped in the channel. The latter agrees with the shape of

the transmitted pulse “D” in Fig. 4. The comparison between

Figs. 8(a) and 8(b) shows that in the initially homogeneous

plasma, channeling occurs for much more powerful pulses.

In spite that the considered “plasma fiber” model is

rather approximate, using parameters’ values which are

close to the experimental ones, the model explains observed

evolution of the transmitted pulses, presented in Fig. 4,

under the initial plasma density variation. The assumed

radial inhomogeneity of the initial plasma density is a likely

reason for the channel formation by the microwave pulse

with relatively low, about 130 kV/cm, electric field ampli-

tude, whereas in the homogeneous plasma the pulse self-

channeling requires much more strong, above 300 kV/cm,

electric fields.

FIG. 7. (a) Light emission from the

plasma obtained at z¼ 40 cm (blue)

and z¼ 9 cm (red) for preliminary Ar

plasma of 4.4� 1011 cm�3. (b)

Dependence of the plasma light inten-

sities ratio obtained at z¼ 40 and

z¼ 9 cm vs. the density of the prelimi-

nary plasma density. Zero time corre-

sponds to the microwave beam

propagation through the plasma.
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To support the above theoretical model, we performed

numerical simulations using the Lsp17–19 hybrid particle-in-

cell (PIC) code. The collisional plasma is treated by Monte

Carlo, whereas the electrodynamics by the PIC technique.

The number of particles is restrained by a particle collapsing

method which bundles together particles at the same location

and same momentum. To avoid Debye heating, kinetic elec-

trons can migrate to become fluid particles with fluid dynam-

ics governing their motion. A Gaussian 135 kV/cm, 10 GHz

MW beam with a rectangular leading front is injected into

the interaction space and is focused numerically rather than

by a dielectric lens. The tip of the dielectric lens tip is

assumed to be at z¼ 0 cm, the focal point is at z¼ 9 cm, the

region z¼ 0 to 50 cm, and x ¼ �10 to 10 cm of the 2D simu-

lation space is filled with gas and plasma. The gas modeled

is He for which electron impact ionization and four of the

most important excitation reactions are accounted for, using

cross section functions given by Ralchenko et al.20 Only

electron dynamics is considered, whereas atoms and ions are

stationary.

To confirm the 1D theoretical model described above,

we chose the same conditions as those in Fig. 8. The 2D

interaction region is filled with 150 Pa neutral He. We con-

sider either a uniform 2.75� 1011 cm�3 density plasma or a

non-uniform preliminary plasma density which radial distri-

bution at focus (z¼ 9 cm) is given by Eq. (1). We chose

npl0(z) to increase linearly from z¼ 0 cm according to the

dependence given in Fig. 2. In addition, npl0(x, z) changes

with x as the convex shape of the experimental lens so that

Dx fixed at focus (Dr in the analytical model) increases with

increasing z from z¼ 0. The resulting time dependence of

the plasma density contours is seen in Fig. 9.

Note in Fig. 9 that the upper limit of the plasma density

contours is chosen to be at or above the critical density. The

formation of a plasma channel is clearly seen for the simu-

lated non-uniform preliminary plasma in Figs. 9(a)–9(c).

FIG. 8. Graphical representation of the inequalities Eq. (6). (a) Radially inhomogeneous distribution of the initial plasma density. (b) Homogeneous plasma

density. The functions llowðtÞ and lhighðtÞ are obtained as solutions of Eq. (7). The dashed horizontal lines correspond n0 ¼ 2:75� 1011 cm�3; the microwave

pulse intensity, IðtÞ � E2ðtÞ, is shown by the gray shaded area. The microwave beam is trapped into the hollow plasma channel when a l ¼ const line is placed

between curves llowðtÞ and lhighðtÞ [gray rectangles in panel (a)].

FIG. 9. Lsp simulated time and space resolved evolution of the He plasma electron density generated by the propagation of a 135 kV/cm, 10 GHz focused MW

beam. Plasma density contours are drawn for a non-uniform (a)–(c) and a uniform (d)–(f) initial plasma distribution. t¼ 1.50 ns in (a) and (d), 1.75 ns in (b)

and (e), and 2.00 ns in (c) and (f). Red is for �1012 cm�3 and dark blue is for �5� 1011 cm�3 plasma density.
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When the preliminary plasma is uniform [Figs. 9(d)–9(f)],

some channeling appears initially but the channel fills in

quickly.

In Fig. 10, the propagation of the electric field compo-

nent of the focused MW beam is drawn. In Figs.

10(a)–10(c), we clearly see the channeling of the MW field

through the plasma channel [Figs. 9(a)–9(c)]. Moreover,

scattering from the walls of the channel can also be depicted.

These scattered fields have been observed in the experiment

(Fig. 4). The simulated scattered beam changes its orienta-

tion as the plasma channel wall density and length increase.

For a uniform preliminary plasma fill [Figs. 10(d)–10(f)],

very little channeling appears and eventually the plasma den-

sity becomes critical around the axis. When this case is com-

pared to Figs. 9(d)–9(f), we see that the ionization of the gas

blocks the beam propagation rather than channeling it. For a

uniform plasma, there is little beam scattering. In Figs.

10(g)–10(i), an initially non-uniform plasma fills the interac-

tion region, but ionization or excitations are turned off. For

this case, the MW beam crossing the region has no effect on

the plasma, and the plasma does not perturb the beam. This

means that ponderomotive forces have no role in the mecha-

nism of the observed self-channeling.

V. SUMMARY

In this paper, the interaction of a high power

(�300 MW), sub-ns microwave beam with a preliminarily

formed low density plasma and a low pressure neutral gas

is studied using microwave, optical, and spectroscopic

methods. It is shown that ionization-induced self-channeling

of the microwave beam occurs for much lower values of the

wave amplitude when the density of the initial plasma is radi-

ally inhomogeneous. This experimental result is confirmed

by an analytical model, describing the evolution of such a

non-uniform plasma. PIC simulations support this model and

confirm the experimental results. The model and the simula-

tions confirm that the ionization of the neutral gas is responsi-

ble for the microwave beam’s channeling.
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