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Abstract: The interaction of powerful sub-picosecond timescale lasers with neutral gas and plasmas
has stimulated enormous interest because of the potential to accelerate particles to extremely large
energies by the intense wakefields formed and without being limited by high accelerating gradients
as in conventional accelerator cells. The interaction of extremely high-power electromagnetic waves
with plasmas is though, of general interest and also to plasma heating and wake-field formation. The
study of this subject has become more accessible with the availability of sub-nanosecond timescale
GigaWatt (GW) power scale microwave sources. The interaction of such high-power microwaves
(HPM) with under-dense plasmas is a scale down of the picosecond laser—dense plasma interaction
situation. We present a review of a unique experiment in which such interactions are being studied,
some of our results so far including results of our numerical modeling. Such experiments have not
been performed before, self-channeling of HPM through gas and plasma and extremely fast plasma
electron heating to keV energies have already been observed, wakefields resulting from the transition
of HPM through plasma are next and more is expected to be revealed.
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1. Introduction

When a high energy density laser, producing high intensity (>1016 W/cm2) ultra-short pulses
(~30 fs), is directed into a high density plasma (~1018 cm−3), the extremely high laser electric fields act as
a ponderomotive force generating a charge separation in the plasma, a wake. The latter is accompanied
by strong electric fields, a wakefield (>100 GV/m) which can be used instead of a vacuum accelerator
cell as an accelerating gradient for charged particles [1–4]. The characteristic times and lengths of the
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plasma in such wakes are tens of fs and tens of µm respectively which make diagnostics rather difficult.
There are several sophisticated experimental studies using a unique longitudinal interferometric
technique [5] and time-resolved polarimetry with plasma shadowgraphy [6] to measure plasma
density gradients and the parameters of the electron bunches during the formation and evolution
of a wake. Most of the diagnostics was focused on the accelerated particles or using the driving
laser to diagnose the plasma density itself [7–10]. An experimental system to study this problem
is affordable only to a few laboratories because of the unique features of such laser system and the
expenses involved.

In addition to exciting plasma waves by laser pulses, there is a growing interest in the possibility
of driving plasma waves with pulsed high-power microwaves (HPM). The study of the interaction
of HPMs with plasma is of interest in space and plasma physics with a broad range of applications,
such as plasma production and heating for tokamaks, stellarators, mirror machines, charged particles
acceleration, plasma waveguides and antennas, etc. [11–14].

Radio-frequency (RF) wakefield generation was first realized by Y. Nishida et al. [15] using 10 kW,
2.86 GHz microwave pulses interacting with a plasma of 2 × 1011 cm−3 density. The plasma density
modulation up to 40% was obtained when the microwave pulse duration is near the ion oscillation
period. Other experimental studies of plasma wakefield generation, ponderomotive force effects,
and self-focusing of microwaves (with frequencies in the range of 3–10 GHz) in plasma were also
carried out [16–18]. All these experiments were characterized by a relatively low power microwave
sources (10–250 kW) with much longer pulses (60 ns–1 µs) than the periods of the plasma electron and
ion oscillation.

The mechanism of wakefield generation, which is relevant both to laser and microwave drives,
has also been studied using numerical simulations for non-magnetized (e.g., [19,20]) and magnetized
plasma [21–24]. Note, that even for extremely high power [several GigaWatt (GW)] microwave beams
cannot compete with the power density of focused laser beams, and consequently the resulting
accelerating gradients, which are several orders of magnitude larger, allowing the generation of wake
fields >100 GV/m.

It was also suggested that the interaction of HPMs with magnetized plasma can be used in other
schemes to realize particle accelerators and high-power coherent microwave sources. Shvets et al. [24]
introduced two possible schemes for particle acceleration, one of which relies on magnetically induced
transparency (MIT). Under MIT conditions, the propagation of the electromagnetic wave along an
externally applied magnetic field, constant in time and varying in space, leads to the appearance of a
longitudinal plasma wave propagating in the same direction as the electromagnetic wave, but with low
group velocity. This longitudinal plasma modulation is also expected to accelerate charged particles,
and the first experimental evidence of MIT was demonstrated by Gad et al. [25]. The second possible
accelerating mechanism, which also considers HPM interaction with strongly magnetized plasma, is
the inverse Cherenkov accelerator in magnetized plasma (ICAMP). Calculations showed that for a 100
GHz, 3 × 107 W/cm2 HPM, a longitudinal electric field of ~10 MV/m can be generated [24].

HPMs cannot directly ionize most atomic or molecular gases because of insufficient electric field
for field ionization of ground state electrons. When a background initial electron density is present
in the gas, HPM radiation can accelerate these electrons to sufficient energy to cause excitation and
impact ionization of the gas by an avalanching process. A background electron density may be the
result of cosmic radiation or can be generated by electric sparks or lasers as is the case in high-power
microwave compressors. In such compressors a resonant gas filled cavity is charged during a long
period of time (microseconds) by microwave energy which is released by a fast plasma interference
switch, the result of a local ns time scale gas discharge plasma. This plasma, a mm-scale streamer,
changes the wave interference in the cavity, kept destructive during the charging period, by changing
one wave’s phase sufficient to release the energy from the cavity [26,27]

In recent years, HPM sources producing sub-ns timescale, multi-GW power scale, >10 GHz
repetition rates and >20 MV/m electric field pulses have become available. Systems such as SR-BWO’s
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(Super Radiance Backward Wave Oscillator) which can generate such pulses, have a small footprint and
are relatively cheap. These HPM sources can be used to form a wakefield in a plasma of density below
the critical plasma density, that is, for plasmas almost transparent to the microwave pulse. The time
and space scales involved are considerably larger than those typical to the laser wakefield experiments
and therefore diagnostics can be more detailed for the same underlying physical phenomena. These
unique experiments will be reviewed below.

An SR-BWO (Super Radiance Backward Wave Oscillator) [28–33] can generate hundreds of
MegaWatt (MW) to a few GW peak power in sub-ns pulses. An SR-BWO has an extended length
SWS (Slow Wave Structure) compared to a conventional BWO, along which the beam self-bunches
and interacts coherently with a slow spatial harmonic of the electromagnetic wave producing a short
single radiation pulse. The electromagnetic wave propagates along the electron beam with a group
velocity of opposite direction to the beam velocity. It is required that the electron beam persists for a
time longer than the sum of the traveling time of the beam from its source to the end of the SWS and
the time of propagation of the electromagnetic wave in the BWO. For these conditions the radiated
pulse is much shorter than the electron beam and exceeds its power considerably.

An X-band SR-BWO operating at a wavelength of λ ~ 3 cm and a pulse-length of ~0.5 ns,
propagating through an under-dense plasma is expected to exert on the plasma electrons a
ponderomotive force, FP = − e2

4mω2∇(E2
mw), where e, m, ω and Emw are the electron charge, mass,

the microwave angular frequency and the amplitude of the microwave electric field respectively.
For a cylindrical microwave beam with a radial Gaussian profile, Emw = E0e(−r2/ρ2

0), focused to
ρ0 ≈ 2 cm, one can estimate the density modulation by equating FP with the space charge force,
FSC = −eESC = −e2δn r/ε0, assuming that the latter it is directed mainly radially. Then the
density modulation is given as δn

n0
= 2( eEmW

ρ0mωωP
), where n0 is the initial uniform plasma density

and ωP = ( n0e2

ε0m )
1/2

is the plasma electron frequency. If we assume consider a microwave pulse of peak
power P ≥ 200 MW with an electric field component of Emw ≥ 20 MV/m, a density modulation of
at least δn

n0
≥ 0.4 can be obtained for an initial electron density of n0 ~ 1010 cm−3 below the critical

density. The density modulation period is of the order of 1 ns over a range of ~10 cm, a parameter
range much more tractable than the laser/plasma experiments though realized with much lower
ponderomotive forces. Early studies of the interaction of microwaves with plasmas were performed at
much lower powers (<250 kW and pulse lengths of 50 ns–3 µs) [11,15–18].

For an HPM beam interacting with a neutral gas, it was theoretically predicted [34] that for certain
conditions beams will self-channel through the plasma formed by background electron acceleration
and impact ionization. This was explained by electrons gaining energies higher than the energy for
which the ionization cross section is highest and the higher the energy the lower the ionization rate.
For an HPM beam with a Gaussian radial intensity distribution this will lead to a lower plasma density
at the center of the beam than at its periphery: an ionization induced plasma channel through which
the beam can propagate.

In this article, we shall review the results of experiments, analytical modeling and numerical
studies we have performed so far to study the interaction of HPMs with plasmas and neutral gases
using the HPM beams produced by the SR-BWO systems we have developed and our predictions for
our future experiments.

2. The Experiment

Two SR-BWOs were developed and built in our laboratory. One operating in the X-band
at 9.6 GHz (referred to below as X-SR-BWO) [29,35] and the second at 28.6 GHz in the Ka band
(Ka-SR-BWO) [36,37]. Drawings of the X-band SR-BWO is presented in Figure 1. Both HPM sources
are driven by the same 200 Ω internal impedance generator based on magnetic compression stages
and SOS (semiconductor-opening-switches) [38]. On a matched impedance, this generator produces a
~350 kV, 0.5 ns risetime, ~6 ns long (FWHM) high voltage pulse. The sub-ns risetime is obtained by
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connecting the load through a spark gap switch and it is a crucial parameter for the proper operation
of the SR-BWO.
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Figure 1. General mechanical drawing (not to scale) of the X-band Super Radiance Backward Wave
Oscillator (SR-BWO) and interaction chamber.

The two systems differ mainly in the design of their SWS and the axial magnetic field achieved
by an external solenoid which produces a guiding axial magnetic field of ~2.5 T (~70 cm long with
axial non-uniformity of ~1% and with a half period of ~4.4 ms) for the X-SR-BWO and ~8 T (~20 cm
long and ~15 ms half period) for the Ka-SR-BWO. The solenoids are powered by the discharge of high
voltage capacitors. Both SR-BWO’s transmit a TM01 mode electromagnetic wave but for the X-SR-BWO
we used a mode convertor to convert this mode to a TE11 mode, more appropriate for focusing.

A magnetically insulated foilless diode with a hollow graphite circular sharp-edged cathode is
used to produce an annular electron beam [39]. The dimensions and exact location of the cathode are
part of the design of each SR-BWO. In Figure 2 photographs of the SWS’s of the two SR-BWO’s are
presented together with the cross-section of the annular electron beam as recorded on a plastic witness
plate when the beam traverses an ordinary conducting tube immersed in the magnetic field instead of
the SWS. This reflects the good axial alignment of the system axis and the magnetic field axis.
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Figure 2. (a) The Slow Wave Structure (SWS) of the X-SR-BWO and the electron beam cross section.
(b) The same for the Ka-SR-BWO.

The operation of the two SR-BWO systems was tested by MAGIC-PIC [40] simulations and
the resulting HPM pulse shape and power were close to that obtained experimentally [40,41]. The
X-SR-BWO produces ~500 MW whereas the Ka-SR-BWO, ~1.2 GW peak power in a ~0.4 ns long pulse.

The TM01 mode electromagnetic wave produced by the X-SR-BWO is transmitted through a
mode-converter which transforms it to TE11, followed by an appropriate antenna which radiates the
power towards a hyperbolic dielectric lens (34 cm diameter) which focuses the power ~8 cm from its
tip inside a Pyrex tube (see Figure 1). This tube may be filled with gas to controllable pressures, with
RF plasma produced by a set of quadrupole antennas placed near its walls [41], or pumped to near
vacuum. A set of diagnostic tools, receiving antennas to measure microwave transmission, a fast frame
camera to visualize the plasma in time and space, a spectrometer to study the plasma parameters
and scintillators attached to photomultipliers to measure electron energies, are placed around this
experimental chamber as seen in Figure 1. A matrix of Neon lamps placed on plane perpendicular to
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the microwave beam axis inside or outside the chamber, is also used to produce a two-dimensional
spatial integrated distribution of the electromagnetic beam power. All our experiments so far have
been performed in this chamber [35,42–44].

In addition to the above experimental chamber, we designed a plasma filled waveguide into which
the TM01 mode electromagnetic wave can be introduced directly (Figure 3a) [41]. This waveguide
is made of parallel wires so that the longitudinal slots between the wires is large enough for the
plasma produced by flashboard source [45] placed along the walls of the chamber (Figure 3b), to fill
the volume of the waveguide. At the same time, the distance between the wires is small enough so that
the electromagnetic power is contained with minimal losses. The flashboard plasma was characterized
to be stable in time and space [37]. The chamber has longitudinal observation windows where external
diagnostics can be placed.
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Figure 3. (a) The slotted cylindrical waveguide (b) Drawing of the experimental chamber (left), the
structure of a flashboard (upper right) and the equivalent circuit of the flashboard breakdown process
(lower right) [37].

3. Self-Channeling Experiments

When a microwave beam produced by the X-SR-BWO was introduced in the gas filled interaction
chamber (Figure 1) the transmitted power measured at the downstream end for different gases at
varying pressures showed an irregular behavior (for He see Figure 4).
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Figure 4. (a) The transmitted power measured on the receiving antenna placed at the downstream end
of the interaction chamber (Figure 4) vs. gas pressure for He. (b) Time dependence of the transmitted
power measured at the same position for three values of the He pressure [42].

These irregularities in transmitted microwave power raised the suspicion that plasma is formed
during the HPM neutral gas interaction which was indeed validated in the images of the light emission
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which appeared in the chamber. In the left panel of Figure 5 a side view of the integrated light emission
from the interaction chamber during and after the transition of a pulse of the microwave beam for
three values of He gas pressure are presented [42]. In the right panel of Figure 5 a smaller region near
the dielectric lens is depicted by a fast framing camera [43] for the same He pressure as in frame (b) on
the left panel.
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Figure 5. Time integrated side-view of the light emitted along the He filled interaction chamber for
various values of the gas pressure [42] (left panel). 1.2 ns long images of the light emission in a region
close to the dielectric lens for 4.5 kPa, He pressure from the time light appears at t = 0 [46] (right panel).

As the He pressure increases up to ~10 kPa, the beam power transmitted downstream decreases
and then it increases as the pressure increases above 10 kPa (Figure 5a). For low gas pressure (below
~20 mPa) there is insufficient gas to enable considerable plasma to form and the power is transmitted
almost undisturbed (Figure 4b). At higher pressures the transmitted power reduces (Figure 4a) and
it appears as a double peak in time (Figure 4b). For these pressures a ~40 cm long, 4 cm diameter
plasma rod is seen (middle picture in the left panel of Figure 5) ~7 times longer than the estimated
Rayleigh length. The initial time evolution of this is seen in the right panel of Figure 5. The plasma
forms initially close to the focal plane and it evolves downstream and upstream until it is seen to shine
along the surface of the dielectric surface of the lens. The latter is proof that the plasma is not the result
of plasma formed on the lens itself.

We also observed that the trace of the beam on a planar matrix of Ne lamps placed ~10 cm from
the focal plane of the beam is hollow for certain gas pressures (Figure 6 left panel, frames c and d) or of
a smaller diameter (Figure 6 left panel, frames b and e).
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Figure 6. Time integrated patterns of the microwave beam power distribution measured by the array
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and front view fast framing images of the plasma obtained for He at 4.5 kPa (d) and 30 kPa (e).
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In Figure 6d for 4.5 kPa He, a hollow channel forms inside a plasma of at least critical density so
that the microwave beam, instead of defocusing after the focal plane (Figure 6a), it travels through it to
light only the central region of the neon lamps matrix (Figure 6b). For 30 kPa He, a narrow critical or
higher density plasma cylinder is seen (Figure 6e) which obstructs the passage of the center of the beam
(Figure 6c). This behavior is the integral of the time dependence seen in Figure 4b. We also estimated
the plasma electron density by absolute calibrated spectroscopy measuring the population level of
the excited He I and He II ions in 4.5 kPa He, to be in the range 2–8 × 1014 cm−3. Note, that different
well developed optical diagnostic methods based on laser assisted spectroscopy, Stark broadening of
spectral lines and the observation of forbidden lines can be applied to measure high-frequency electric
fields in the plasma [46–53]. However, the application of these methods in this case is very challenging
because the plasma is dilute and the microwave beam interaction with the plasma is over less than a
nanosecond resulting in only a limited number of photons emitted by the excited atoms which does
not allow one to obtain a reliable spectral line profile.

The plasma electron energy was measured by the luminescence generated by electrons impacting
plastic scintillators covered by different thickness thin Al foils placed at a 4.5 cm radius on the focal
plane, attached to an optical fiber leading the light outside the interaction chamber to a PMT. Electron
energies ≥ 15 keV were detected. Note that for our experimental conditions, the normalized vector
potential is a0 ≈ 0.14 for an electric field of 150 kV/cm, resulting in an average energy of ~25 keV for
the oscillating electrons which is in agreement with the experimental results.

We think that the mechanism responsible for this behavior is that the MW beam accelerates
background electrons to high energies which ionize the gas to form a plasma channel through which
it propagates as predicted by Bogomolov et al., 1987 [34]. We developed a simple 1D analytical
model [42,43] which explains this process of self-channeling and is the result of the non-monotonic
behavior of the electron impact ionization cross-section which for He has a maximum at ~150 eV and
decreases by more than an order of magnitude for electron energies above 10 keV [54]. If we assume
a background electron density n0 ≤ 105 cm−3, then for a microwave beam of Gaussian distribution
around r, we obtain an ionization electron density by ln[ne(r, t)/n0] = ng

∫ t
0 v(r, t′)σi[w(r, t′)]dt′,

where ng is the gas number density, v the electron velocity and w the electron energy. This model
predicts that as the microwave power increases during the rise of the pulse, the plasma density shifts
from the axis to the beam periphery. It also shows that a threshold field amplitude exists for this
process to occur, Eth(V/cm) ≈ (4− 5)× 105/λ, where for λ =3 cm, the wavelength associated to the
9.6 GHz microwave beam Eth = 150 kV/cm. The 1D Particle in Cell (PIC) simulations [43] confirm that
high energy electrons are indeed produced during the process (Figure 7).

Plasma 2019, 2 FOR PEER REVIEW  7 

 

beam (Figure 6c). This behavior is the integral of the time dependence seen in Figure 4b. We also 

estimated the plasma electron density by absolute calibrated spectroscopy measuring the population 

level of the excited He I and He II ions in 4.5 kPa He, to be in the range 2–8 × 1014 cm−3. Note, that 

different well developed optical diagnostic methods based on laser assisted spectroscopy, Stark 

broadening of spectral lines and the observation of forbidden lines can be applied to measure high-

frequency electric fields in the plasma [46–53]. However, the application of these methods in this case 

is very challenging because the plasma is dilute and the microwave beam interaction with the plasma 

is over less than a nanosecond resulting in only a limited number of photons emitted by the excited 

atoms which does not allow one to obtain a reliable spectral line profile.  

The plasma electron energy was measured by the luminescence generated by electrons 

impacting plastic scintillators covered by different thickness thin Al foils placed at a 4.5 cm radius on 

the focal plane, attached to an optical fiber leading the light outside the interaction chamber to a PMT. 

Electron energies ≥ 15 keV were detected. Note that for our experimental conditions, the normalized 

vector potential is a0 ≈ 0.14 for an electric field of 150 kV/cm, resulting in an average energy of ~25 

keV for the oscillating electrons which is in agreement with the experimental results. 

We think that the mechanism responsible for this behavior is that the MW beam accelerates 

background electrons to high energies which ionize the gas to form a plasma channel through which 

it propagates as predicted by Bogomolov et al., 1987 [34]. We developed a simple 1D analytical model 

[42,43] which explains this process of self-channeling and is the result of the non-monotonic behavior 

of the electron impact ionization cross-section which for He has a maximum at ~150 eV and decreases 

by more than an order of magnitude for electron energies above 10 keV [54]. If we assume a 

background electron density n0 ≤ 105 cm−3, then for a microwave beam of Gaussian distribution 

around r, we obtain an ionization electron density by 𝑙𝑛[𝑛𝑒(𝑟, 𝑡) 𝑛0⁄ ] = 𝑛𝑔 ∫ 𝑣(𝑟, 𝑡′)𝜎𝑖[𝑤(𝑟, 𝑡′)]𝑑𝑡′𝑡

0
, 

where ng is the gas number density, v the electron velocity and w the electron energy. This model 

predicts that as the microwave power increases during the rise of the pulse, the plasma density shifts 

from the axis to the beam periphery. It also shows that a threshold field amplitude exists for this 

process to occur, 𝐸𝑡ℎ(𝑉/𝑐𝑚) ≈ (4 − 5) × 105/𝜆, where for λ =3 cm, the wavelength associated to the 

9.6 GHz microwave beam Eth = 150 kV/cm. The 1D Particle in Cell (PIC) simulations [43] confirm that 

high energy electrons are indeed produced during the process (Figure 7). 

 

Figure 7. The 1D PIC calculated Electron Energy Distribution Function (EEDF) at the peak of the 

microwave field [43]. Insert: The electron impact ionization cross section vs. the electron energy [54]. 

Finally, we used the LSP (Large Scale Plasma) PIC Monte-Carlo hybrid code [55,56] to simulate 

this complex system. The focusing is modeled as an optical focusing of a microwave “laser” beam, so 

it is not exactly the experimental MW beam focused by a dielectric lens, but it has the same symmetry. 

The results for a 10 GHz beam with maximum electric field of 175 kV/cm propagating in a gas ng = 

1.64 × 1017 cm−3 and a 106 cm−3 background electron density are seen in Figure 8 (for a detailed 

explanation see Ref. 46). 

Figure 7. The 1D PIC calculated Electron Energy Distribution Function (EEDF) at the peak of the
microwave field [43]. Insert: The electron impact ionization cross section vs. the electron energy [54].

Finally, we used the LSP (Large Scale Plasma) PIC Monte-Carlo hybrid code [55,56] to simulate
this complex system. The focusing is modeled as an optical focusing of a microwave “laser” beam,
so it is not exactly the experimental MW beam focused by a dielectric lens, but it has the same
symmetry. The results for a 10 GHz beam with maximum electric field of 175 kV/cm propagating in
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a gas ng = 1.64 × 1017 cm−3 and a 106 cm−3 background electron density are seen in Figure 8 (for a
detailed explanation see Ref. 46).Plasma 2019, 2 FOR PEER REVIEW  8 
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Figure 8. Results of Large Scale Plasma (LSP) simulations: Time- and space-resolved evolution 1st row:
of the density of the plasma; 2nd row: of the electric field |Ex| (electric field ranges in (a) between 0
and 200 kV/cm, whereas in (b,c) 0–150 kV/cm and the contour colors scale accordingly); and 3rd row:
plasma electron energy [42].

In Figure 8 (1st row) the evolution of a plasma channel forming during ~1 ns with above critical
density (≥1012 cm−3) walls is seen. In Figure 8. (2nd row) the guiding and reflections of the electric
field inside and from the walls of the plasma channel can be depicted whereas in the 3rd row high
energy electrons form along the axis. These LSP simulations confirm that the experiments described
where an HPM beam interacts with a neutral gas, reveal an ionization induced self-channeling process.

We have also performed these experiments with the same system but with the interaction chamber
filled with preliminarily produced RF-plasma. The plasma produced by the quadrupole antennas in a
low-pressure gas (<150 Pa), was characterized using different electrical, spectroscopic and microwave
diagnostics and our results of the microwave beam interaction with this preliminary formed plasma
were summarized in Ref. [42]. Channeling is observed in these experiments too and we confirm
by modeling and simulation that it is induced by the same ionization process as that occurring
in neutral gas but at significantly lower neutral gas pressure compensated by significantly larger
preliminary electron number densities. In the absence of ionization, no channeling is observed in
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simulations. Moreover, for our experimental setup we confirm that the dielectric lens releases gas with
a non-uniform density distribution which enhances the ionization-induced channeling process.

Ionization induced self-channeling of sub-nanosecond HPM pulse propagation in neutral gases
has been detected in these experiments not only in He but also in air and Argon. Such experiments
have never before been performed.

4. Wakefield Experiments

In Ref. [35] we evaluated the possibility to observe a wakefield for the X-SR-BWO’s focused beam
in the configuration seen in Figure 1. We simulated the transition of the 9.6 GHz microwave beam with
a maximum electric field of 175 kV/cm in a 1010 cm−3 density plasma and obtained that a localized
wake develops near the focal plane (z = 0, in Figure 9 [35]) after the pulse has left this region.
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Figure 9. Electron density, ρ, contours (first row), contours of Ex (second row), and contours of Ez (third
row) vs. z, for three time points. For electric field contour plots, the arrows represent the direction of
the electron motion resulting from the corresponding electric field [35].

The electron density modulates between values above and below the initial density by a factor of
~2, with a period of ~1 ns, over a region of the order of ~1 cm. This is accompanied by electric fields of
a few kV/cm. We estimated that these values are detectable by relatively simple diagnostics. Since our
channeling experiments we realized that the presence of neutral gas can interfere with the ability to
detect a wakefield in this experiment so we decided to explore another experimental setup.

The flashboard plasma filled waveguide (Figure 3) is devoid of neutral gas and can be attached
directly at the output of either the X-SR-BWO or the Ka-SR-BWO. We have developed a 1D model of
the interaction of a sub-nanosecond high-power (~1 GW), 10 GHz TM01 mode pulse propagating in
a cylindrical waveguide filled with under-dense plasma [57]. The electron motion can be separated
into a fast and slow motion. The fast motion, oscillations at the microwave frequency can be averaged
out to leave only the slower motion following the time dependence of the amplitude of the pulse
envelope. This leaves a set of relatively simple equations of motion, dvr

dt = fr(r)E2
0, dvz

dt = fz(r)E2
0,

where fr,z(r) describe dependencies of the radial and longitudinal forces on the radius r, and E0(t) is the
time dependent pulse envelope for a given waveguide radius. The analysis shows that the radial force
fr(r) is much stronger than the longitudinal force fz(r) which also changes sign. The radial force is the
sum of two opposing forces, the ponderomotive and the Lorentz force. Depending on the waveguide
radius, the total radial force can either be in the direction of the Lorentz force, outwards from the
axis of the waveguide, or in the opposite direction forcing the electrons towards the waveguide axis.
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For the radial force to be positive everywhere, that is, all electrons are forced towards the waveguide
walls, it is required that the waveguide radius be rWG ≤ rcr[cm] = 19.85

f [GHz] [37]. If rWG > rcr, some
electrons move towards the axis and some towards the walls. This model was tested numerically for
the Ka-SR-BWO and some of the results are seen in Figure 10.
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traversing a 1.4 cm radius waveguide made up of 24 uniformly distributed 2 mm diameter wires in 

a 5.25 cm radius tube (Figure 3) filled with a 3 × 1010 cm−3 electron density plasma [61].  

Figure 10. Radial distributions of the normalized density ne(r)/n0
e for different waveguide radii, for P

= 0.5 GW, n0
e = 2.5 × 1010 cm−3 [37].

To validate the above model, we performed 3D LSP PIC simulations with some of the results seen
in Figure 11. These results show significantly lower density modulations than those obtained with the
1D model but the overall behavior is similar and in an experimentally detectable range.
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Figure 11. Contours of the electron density ne normalized to the initial density, ne
o = 2.5 × 1010 cm−3

vs. z at 3 ns from the microwave pulse injection start time at z = 0, t = 0, for different waveguide radii
6.2 (a), 6.4 (b), 6.6 (c) and 7.5 mm (d) for a 28 GHz, 500 MW and 0.4 ns Full Width at Half Maximum
(FWHM) microwave pulse propagating from z = 0 downstream [37].

The above 1D analytical model and the 3D PIC simulations considered solid wall waveguides.
We have also tested the effect of the longitudinal spaces when the waveguide is slotted. In Figure 12
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we present a snapshot of the density modulation in such a waveguide for a 10 GHz TM01 source
traversing a 1.4 cm radius waveguide made up of 24 uniformly distributed 2 mm diameter wires in a
5.25 cm radius tube (Figure 3) filled with a 3 × 1010 cm−3 electron density plasma.
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Figure 12. Relative electron density contours in the [r, z] plane at y = 0 and t = 3.5 ns [57].

Finally, we should mention that we have found that for sufficiently high-power microwaves the
plasma electrons can completely be driven to the waveguide walls like a snowplow effect leaving a
positively charged plasma (see Figure 13) [57].
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Figure 13. Electron positions in the [r,z] plane including all electrons within a 1 mm thick slice, at t =
3.5 ns for 1.25 GW, 10 GHz, 0.4 ns FWHM pulse and ne = 3 × 1010 cm−3 [57].

Our analytical model and numerical simulations support the feasibility of producing plasma
density modulations and wakefields in the experimental environment we developed.

5. Summary

We reviewed here our unique experimental setup providing a benchmark for studying the
nonlinear interaction of extremely HPM sub-nanosecond long pulses with neutral gases, plasmas
or gas/plasma mixtures. We have so far observed ionization induced self-channeling and predicted
the parameter regions to observe plasma wakes and wakefields. Wakefield experiments are being
performed at present. We can imagine more experimental challenges, such as adding external magnetic
fields and more diagnostics, such as a nonintrusive optical measurement of the local electric field
with high spatial and temporal resolution using the non-resonant four-wave mixing interaction with a
driving femtosecond pulsed laser beam [58].
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