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INTRODUCTION

Not long after the development of the laser in the early 1960s, scientists demonstrated
that a laser with modest power could be focused sharply in order to create plasma in the air.
However, not until the development of “ultrashort” pulsed lasers and their surge in popularity in
the late 1980s, was a phenomena known as optical filamentation discovered. Optical
filamentation is distinguished from the plasma regions typical of conventional high power lasers,
in that it is not created solely by, nor restricted to, the optical focus. Optical filaments do not
immediately diverge; rather represent an ionized pathway created in the wake of the laser beam.
This ionized plasma pathway, or filament as it is often referred to, has opened up a new realm of
possibilities for scientific exploration. This opens the door to vast commercial, medical, and
military applications.

In this report, the physics of this ionized pathway and attempt to use it as a means of
delivering radio frequency (RF) radiation was examined. Various potential methods of RF
attachment to the plasma channel are examined and their effectiveness through both FDTD
models and laboratory experiments in order to optimize this interaction was studied. The results
demonstrated the feasibility and requirements for RF attachment both in terms of laser pulse
characteristics and RF parameters. A number of scenarios including varied filament
characteristics and geometries as well as RF frequencies and power levels were explored. The
coupling of various RF propagation modes in both waveguide and in free-space in an attempt to
determine the optimum configuration for coupling of an RF pulse to a filament or number of
filaments, for maximum received power over distance was looked at.

With an improved understanding of RF/filament interaction, it may be possible to
demonstrate an increase in RF transmission range for free-space propagation through the
atmosphere given a fixed RF input power. Overcoming the conventional 1/ loss associated
with RF propagation through free space is a pivotal step for power and size limited RF systems.

OPTICAL FILAMENTATION
Self Channeling - Filamentation

In the early 1990s, as the field of ultrashort pulse laser research expanded, an increased
interest developed in the propagation of ultrashort pulse lasers in gas, specifically in regards to
the effect of the under-dense plasma created and how it affected focus (refs. 1 and 2). Under-
dense plasma refers to the case where the wave frequency w > w,,, the electron plasma

frequency (ref. 3).

Building upon this research, Braun of the University of Michigan published a paper (ref.
4} entitled, “Self-channeling of high-peak-power femtosecond laser pulses in air.” In this paper,
Braun and his team demonstrated for the first time (that we know of) the self-channeling, or self-
focusing, of an ultrashort laser pulse over a distance of 20 m in air. This channel or “filament” as
Braun described it, was a result of the “balance between self-focusing from the intensity-
dependant refractive index and the combined effects of natural diffraction and refraction from the
plasma created by the intense laser pulse.” His team was able to characterize this phenomenon
over a laboratory scale distance and observed that the channel energy, diameter, and
modulated spectrum all remained relatively constant with range. Braun’s team had in effect
created a stable, ionized, and as demonstrated, a somewhat conductive pathway through the
atmosphere. It was this experiment that opened the door for many applications, some of which
will be discussed at the end of this section. For us, this filament presents a possible method to
move off of the RF attenuation curve for free-space (1/r?) propagation through the atmosphere. It
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was attempted to take advantage of the conductive properties of the plasma and use it as a
lossy wire surrogate. The degree to which filamentation will conduct RF energy will be mainly
determined by the conductivity and lifetime of the channel, the dynamics of the channel itself,
and also the ability to couple and transition RF onto the filament(s) themselves.

Phenomenology

Ultrashort pulse lasers, typically considered as lasers with pulse widths of less than a
nanosecond, can convert modest wall plug power into very large peak power pulses by
compressing the energy into a very small period of time. During propagation through the
atmosphere, the ultrashort pulse wide bandwidth, optical pulses are affected by a phenomenon
known as Kerr self-focusing. Kerr self-focusing causes the optical pulse to compress spatially as
it travels through the atmosphere, continually increasing its peak intensity until it becomes so
great that the pulse actually collapses resulting in plasma (ref. 5). Once the plasma is created, it
serves to defocus the beam, which then begins to diverge. These two effects can actually
achieve a balance with one another resulting in a stable plasma channel locked into a fixed
diameter. As of yet, only an ultrafast laser, which can create pulses on the femtosecond time
scale, can actually achieve a balance between these two phenomena resulting in what amounts
to a continuous “string” of plasma through the air. This phenomenon is known as optical
filamentation and serves as the conduit for our electromagnetic (EM) attachment.

Kerr Self-focusing

The optical Kerr effect was first observed in the early 1960s and is described as
“nonresonant intensity dependant index of refraction” (ref. 6). The Kerr effect is a result of a
mediums (in our case air) refractive index dependency. Specifically, the change in refractive
index when subjected to large intensities of light. In this case (air), the steady state, unperturbed
refractive index of a material or medium n becomes:

n=n,+nyl

Here, n, represents the linear component of the refractive index, n, represents the
nonlinear component of the refractive index, and I corresponds to the intensity of the incident
optical pulse. For the air and most other materials the nonlinear n, term is positive; therefore, a
large intensity will result in a positive change in the index of refraction. In an ultrashort optical
pulse, such as the one used for our research, the beam may, for example, have a Gaussian
intensity profile with the largest intensities towards the center of the beam. The result of the Kerr
effect on a beam such as this is a significant change in refractive index in the center portion of
the beam profile. The higher effective index of refraction of the center of the beam in contrast
with the refractive index of the outer portions of the beam actually creates a lens effect in the air.
This lens effect, resulting from the Kerr effect, is the mechanism for the self-focusing of
ultrashort pulses and is often also referred to as Kerr “lensing.”

Now, in further detail, the self-focusing parameters of a Ti:Sapphire ultrafast laser
system will be examined. Not only was there a concern with self-focusing of the output laser
pulse as it propagates through the atmosphere, there was also a concem with self-focusing of
the lower energy pulse in the laser amplifier as it was attempted to amplify it. This self-focusing
must be taken into consideration when designing an amplification system based on Ti:Sapphire
as the gain medium.



The critical power for self-focusing can be defined as (ref. 6)

_(1222,)’n

=t 327

This represents the minimum instantaneous peak power of a laser in order for self-
focusing to occur. It can also be defined in terms of w,,, the critical size of beam fluctuations. It
is possible for a beam to have a power higher than P., and not self-focus, if the beam fluctua-
tions are very small. For example, in the case of a beam with a very smooth transverse beam
profile, this relation can be used

p o
cr 2
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Ultrashort pulse power levels for self-focusing were measured well above the
conventionally known value for air of ~1.8 GW. This could be a result of the calculation methods
used for determining 71, and their accuracy in the ultrashort regime (ref. 7). From P.,, the self-
focusing length Lse can be defined, which cannot be exceeded regardless of beam profile

0.5p,

F
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1

Here, P represents the instantaneous power on axis of the Gaussian beam waist of the
laser pulse of interest and p, represents the Ralyleigh range, defined as p, = nmw?/4, . The
final equation necessary to define self-focusing for our system relates the pulse energy and spot
size of the laser pulse. Assuming the amplifier is in saturation, the pulse energy W = Pt,, which

2
is proportional to the saturation energy density, hw, /20,,times the beam area 4 (where A~ "‘2"")

can be defined.

For many of the experiments, laser pulse energy of ~100mJ with a pulse width ~100 x
10"® s or 100 fs was measured. This corresponds to an instantaneous peak power P ~1 x 10"
W or 1 TW. For a typical Ti, sapphire laser amplifier driven to saturation operating at a
wavelength near 800 nm, the self-focusing length Lgy is on the order of a few centimeters. In the
next section, the operation of the ultrafast laser system itself was examined in more detail and
self-focusing as it relates to chirped pulse amplification (CPA) was more closely looked at.

Propagation through the Atmosphere

As described previously, the extremely short, high intensity pulses created by the laser
system interacts with the air via the Kerr effect resulting in spatial self-focusing of the pulses.
The resulting collapse of the pulses that ensues creates a region of plasma. This alone could be
a useful state for some applications; however, in this case, there was a need to balance out this
self- focusing effect in order to effectively ‘stretch out’ this plasma. Under the proper conditions,
the plasma itself defocuses the beam and opposes the self-focusing with little loss of energy.
The balance of these two effects and corresponding focusing and defocusing (fig. 1) results in a
continuous extended region of plasma that creates a filament.
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Figure 1
Filament formation

The main mechanism responsible for the creation of this plasma is multiphoton
ionization. Multiphoton ionization occurs when an atom absorbs multiple photons, each with
energy hw, resulting in a combined photon energy nhw sufficient enough to knock an electron

free of an atom. The multiphoton ionization rate based upon perturbation theory is given by (ref.
8)

Gy &=yl

where I]' represents the intensity that is dependent on the number n of photons, and g, is the
cross-section. Prior to the discovery of the laser, it was believed that a single photon with energy
hw was only capable of ionizing an atom if hw was greater than the electron binding energy as
predicted by the photoelectric effect. With the development of the laser in the 1960s, it became
possible to achieve much higher light intensities than was previously possible and experimental
multiphoton ionization was observed.

Referring back to figure 1, the n, term in the nonlinear refractive index equation for air
may account for the Kerr self-lensing effect and resulting focusing of the laser pulse; however,
let's examine more closely the counter-balancing effect of the low-density plasma that results
from this focusing. The change in the refractive index of the air as a result of the plasma can be

1
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described as —w,/2w? (ref. 4); where the plasma frequency w, = [%ﬂ]z, m, is the mass of
the electron, o is the optical frequency, and n,(I) represents the intensity-dependant plasma
density. When filamentation occurs, this negative change in refractive index in conjunction with
the positive n, index of air can lead to a stable ionizing pulse that is capable of traveling in this
state for several meters. For a Ti:Sapphire laser system, similar to the one that will be used to
conduct our experiments, operating at A=775 nm, Braun calculated a plasma density of 4.5 x
10'® cm™ required to balance the self-focusing with an optical intensity of 7 x 10" W/em™.



Since the air chemistry and physics involved in the process of filamentation were both
briefly discussed, some of the possible applications of this phenomenon can now be discussed,
in general, before digging deeper into the case of the RF/plasma filament interaction which is
the focus of this report.

ULTRAFAST LASERS
Broad Band is Ultrashort

There is a definite relationship between the frequency bandwidth to the pulse width of a
pulsed laser. This relationship can be exploited (as described in the next section) in order to
amplify ultrashort laser pulses.

The relationship can be described as follows (ref. 13)

Atw > L
tw = 2

where At represents the pulse width of the pulsed laser and Aw represents the frequency
bandwidth of the pulse. It then becomes obvious that the smaller the pulse width of the laser
source, the larger the bandwidth will become in order to obey this relationship. Looking at the
parameters of our system as an example, a 100 femtosecond laser pulse would require a
minimum bandwidth of close to 11 nm. This minimum value, however, can only be reached for a
Gaussian-shaped pulse. A pulse with AtAw = 1/2 is said to be transform limited. A transform
limited pulse will propagate through the atmosphere with a constant pulse width (aside from
dispersion effects). In some cases, a pulse is not transform limited and its instantaneous angular
frequency varies with time. What results is known as a “chirped” pulse. For a chirped pulse, the
instantaneous frequency of the pulse may be “red shifted” or “blue shifted.” This means that the
pulse may have more red or blue (where red represents longer wavelengths and blue
represents shorter wavelengths of light) frequency components on either the front or back end of
the pulse. The result of this inhomogeneous spectrum is evident as the pulse propagates
through the atmosphere. Red and blue frequencies travel at slightly different velocities in air due
to the wavelength dependence of their refractive index dependant velocities in the air. If the
leading edge of a laser pulse is traveling more slowly than the trailing edge, the trailing edge will
eventually catch-up to the leading edge; resulting in pulse compression. This chirp effect is
taken advantage of in order to amplify ultrashort laser pulses.

Chirped Pulse Amplification

In order to create the optical filaments used for the interaction with EM waves, an
ultrashort pulse laser system based upon CPA was used. Chirped pulse amplification involves
taking an ultrashort pulse, in our case one with a pulse width <50 fs and a spectral width of >15
nm, and an output energy of >1.7 nJ and stretching this pulse. If the pulse was not stretched, the
self-focusing of the ultrafast beam described in the previously section would occur inside the
laser amplifier possibly resulting in breakdown, limiting amplification and damaging optics. For
the highest efficiency in the system, the Ti:Sapphire crystal needs to be pumped at close to
saturation, but doing so with very short pulses and very large bandwidths would result in thermal




damage to the optical components in the amplifier. Without the use of CPA, the stretching is
performed via a number of reflections off of a pulse compression grating. Compression gratings
for this application are typically manufactured using holographic techniques and use a unique
gold coating for high diffraction efficiency as well as a high damage threshold (ref. 14). In figure
2a, the seed beam is shown making multiple reflections off of the grating in order to achieve a
positive dispersive delay.

Miiror 1

(a) (b)

Typical stretcher configuration Lab system stretcher design

Figure 2
Pulse compression grating

The figure shows a straightforward view of how the compression scheme works;
however, due to space limitations in a typical ultrafast laser system, beams usually make
multiple reflections off the gratings resembling more closely figure 2b, as in our system. The
principle is that two parallel beams of different wavelengths (various spectral components of the
seed beam) will remain parallel after reflections off the grating, however, will have traveled
different distances allowing for a tailored stretching or as we will be seen, compression of the
optical pulse in time. Multiple passes are made to increase the dispersion as well as to arrange
the wavelength components collinearly. Figure 3 shows the stretcher configuration in our laser
system that will be used for our experiments.

Gold Coated Diffraction Grating

Figure 3
Lab system compressor beam path



Although the exact location of each pulse may be difficult to discern from this picture, it
gives a feel for the number of passes that are made off of a single diffraction grating in order to
achieve the desired stretching delay. This stretching is necessary not only to protect the optics
but also to prevent damage to the optical crystal itself due to the extremely high peak powers
that would result from amplification of a femtosecond pulse.

Once the pulse is stretched it continues on to the regenerative amplifier (fig. 4). The laser
gain medium of this amplifier is Ti:Sapphire as mentioned earlier. The stretched pulse makes
multiple passes through the Ti:Sapphire crystal, which is pumped by roughly 10 mJ of energy
from a frequency doubled Nd:YAG pulsed laser source operating at 532 nm. A cavity is created
using thin film polarizers in conjunction with a Pockels Cell. The Pockels Cell allows the pulse
(which is monitored by a photodiode behind the end cavity mirror) to be contained, releasing it
when the maximum energy is obtained by changing the applied voltage to the crystal medium in
order to rotate the polarization resulting in a pass rather than a reflection off of the thin film
polarizer. After being released from the regenerative amplification cavity, the output energy of
the pulse is ~1.5 mJ.

Pockel’s Cell Tl:Saph Crystal End Cavity mirrors
‘Thin film polarizer

Figure 4
Regenerative amplifier

The stretched, and now amplified pulse, then continues on to a second amplification
stage known as a multi-pass or “bow-tie” style amplifier. This amplifier also relies on Ti:Sapphire
as the gain medium and is pumped with 90 mJ from the same Nd:YAG source that was split with
a 90/10 beam splitter in order to pump both cavities simultaneously. In the multi-pass amplifier,
the stretched pulse will make four passes through the Ti:Sapphire crystal, the cumulative gain
results in a pulse of ~19 mJ (fig. 5).




Ti:Saph Crystal

Figure 5
Multi-pass amplifier

A third amplification stage was added to the system in order to achieve higher energy
and more significant filamentation. This stage is yet another Ti:Sapphire multi-pass type
amplifier (fig. 6); however, this crystal is much larger in diameter and length and is pumped by
nearly 1 J from a higher energy Nd:YAG doubled pump source. The result is a stretched pulse
with an energy >150 mJ, which is then sent through a compressor in order to restore it to close
to the original pulse width of the seed laser. The compressor works by the same principle as the
stretcher, but in reverse. Multiple reflections are made off of a pair of gratings in this case;
resulting in a negative dispersive delay to compensate for the positive dispersive delay, or chirp,
from the stretcher.

N A2y 3 ST WA T B AR T Gy Y

Compressor Stage

Figure 6
TW amplifier

Peak Powers, Intensities

The CPA scheme described allows for large gain amplification of very short optical
pulses. The result is peak power levels on the order of TW; in our particular setup, ~1 TW (~100
mJ per pulse). This is even more significant considering the very modest wall plug power
requirements, but understandable since the average power levels of the system are very low ~1
W! ltis these very shont, very intense optical pulses that are required in order to create

8



filaments in the air. With an output beam diameter of ~15 mm, our laser beam will form filaments
if left to propagate freely through the atmosphere due to Kerr self focusing (as described in the
previous section) after a few meters. However, in our experiments, due to space limitation, using
a plano-convex lens or Galilean telescope configuration to focus the beam in addition to fine
tuning the compressor length for chirp control in order to create filaments in space where
needed. Average filament diameters were measured to be roughly 100 pm although, depending
on the energy of the optical pulse, bundles of many optical plasma filaments in one beam were
observed (ref. 15). At energies over 20 mJ it is very common for multiple filaments to form due to
spatial inhomogeneities in the beam profile. However, it is possible to form a single filament at
this level with a spatial beam profile that is fairly homogeneous. At power levels above the range
of 20 to 30 mJ, without additional beam conditioning multiple filaments are observed. Energy
levels of individual filaments were measured to be ~2 mJ with intensities on the order of 10" to
10" W/em?.

FILAMENT INTERACTION WITH ELECTROMAGENTIC WAVES
Filament Conductivity

For the purposes of our research, the modeling and simulation theoretical studies were
performed under the assumption that the plasma filament can be represented as a plasma
“wire.” In reality the conductivity of a filament created by an ultrashort laser pulse in orders of
magnitude is less than that of a wire or perfect electrical conductor (PEC). Ladouceur et.al of
NRL calculated the conductivity of an optical filament created by a self guiding TW laser pulse
over a 200 ns time scale using a non-linear low inductance circuit model of their experiment (‘ref.
16). Over the 200 ns time frame, the resistance ranged from an initial value of 3.6 x 10° Qm to
a final value of 6.4 x 10’ Qm™ at 150 ns. They also determined that these calculated values are
linearly dependent upon the value of the collision frequency. If we take, for example, the best
case resistance of the filament at 3.6 x 10° Qm (the initial value) and compare it to the
resistance at 20°C of a 20 AWG copper wire ~0.0323 Qm™, it becomes obvious that there are
some major differences to consider. 3.6 x 10° Qm™', however, is still a significant improvement
over air which is estimated between 10'3-10"° Qm™ depending on altitude and atmospheric
conditions.

Radio Frequency Interaction

Let’s begin the discussion now of the EM radiation in the form of the RF waves, which
was attempted to attach to the laser generated filaments. Radio frequency radiation in
waveguide and propagating from antennas such as those used in our experiments can occur in
a variety of modes or waves. These refer to the orientation of the electric and magnetic
components of the field as it propagates either through free space or in waveguides or
transmission lines. In general, they can be group them into three main categories, transverse
electromagnetic (TEM) waves, transverse electric (TE), and transverse magnetic (TM) modes.

Transverse electromagnetic waves can be supported in systems comprised of two or
more conductors. A simple example of TEM wave propagation would be twin wire cable where
two wires are oriented parallel to one another and insulated from one another to maintain a
calculated separation. The TEM waves also represent plane waves, these waves will be emitted
from our transmission antennas once in the far field zone and considered for modeling of such
situations. In the case of plane waves, the conductors are considered to be infinitely large plates
spaced infinitely apart from one another (ref. 17). In this case there is no longitudinal component
of either the electric or magnetic field, both of which are in the transverse direction.




Transverse electric waves describe waves with their magnetic field in the longitudinal
direction and without electric field in the longitudinal or in the case of waveguide, axial direction.
The TE modes can propagate in waveguide and represent the dominant mode in rectangular
waveguide, specifically the TE; mode. A series of tests with a pair of wires serving as filament
surrogates that were oriented perpendicular to the face of an open ended waveguide in order to
excite an electric field in the direction of the wires were conducted. In this scenario, the TE mode
created in the waveguide to direct the radiation along the axis of the wires was taken advantage
of.

Transverse magnetic waves represent waves where the electric field component of the
field is directed longitudinally and there is no magnetic field in this direction. Although TM modes
may or may not be (depending on the geometry of the waveguide) the dominant mode in
cylindrical waveguide, they propagate more efficiently in circular waveguide as opposed to
rectangular waveguide. It is for this reason that the circular waveguide was chosen to construct
our resonant cavity that is detailed later in this report. By carefully selecting the dimensions of
the circular waveguide as well as the length of the waveguide between two end caps, it was
possible to resonant a TM mode inside the cavity. This allowed the set up of a very strong
electric field in the direction of a filament propagating through the cavity with a much lower RF
drive power. This orientation and cavity setup was used for a number of applications in physics,
including RF electron guns (ref. 18). In this case, the electron source will be replaced by an
aperture through which the laser will propagate.

One of the primary challenges faced when attempting to efficiently attach RF to a plasma
channel is determining which mode is ideal. This also will change and depend on the particular
orientation of the filament or filaments and the coupling technique proposed. In this regard,
various types of waves will be examined in this report in an attempt to optimize laser filament/RF
interaction.

Ultrafast Laser Filament/ Radio Frequency Interaction

In order to determine the optimum RF attachment to our plasma filaments, coupling of
various modes of RF to filaments positioned in different orientations will be examined. For TE
mode coupling as discussed previously, it is wished to orient the electric field along the direction
of the plasma wire. One method of accomplishing this would be to use a rectangular waveguide
open at one end. The plasma filament would be oriented to travel across the face of the open
ended wave guide in order for the electric field lines to point in the same direction as the filament
axis. Also it was discussed using a circular resonant cavity designed to resonate a specific
frequency of RF. Such a cavity can be designed so that the electric field is pointing towards the
flat face of the cylinder. It would then be possible to send a plasma filament directly though the
two end faces such that the electric field is oriented along the filament. It may also be possible to
run multiple wires or filaments along the outside case of a section of waveguide in order to
transfer the field from the waveguide on to the filaments. Finally, the case of a plane wave
propagating from a common horn antenna coupling onto a pair of filaments, which in effect
makeup a two-wire transmission line could be looked at.
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EXPERIMENTAL SETUP
This section will detail the equipment used in the experimentation.
Lasers
For the in house laboratory experimentation, a CPA laser system was used as follows:
Pump Lasers -

+ Spectra-Physics “Quanta-Ray” Lab-190-100 Nd:YAG Lab Series Pulsed
Laser

Specifications: Energy per pulse at 532 nm >100 mJ, 10 Hz reprate
»  Continuum “Powerlite Precision II" Model # PR-9010 Nd:YAG Pulsed Laser
Specifications: Energy per pulse at 532 nm ~ 1000 mJ, 10 Hz reprate, pulse
width at 532 nm ~ 4-8 ns, beam pointing stability +/- 30 pyrad, beam
divergence ~0.45 mrad, and energy stability ~3%
Oscillator -

+ Femtolasers “Integral 50”

Specifications: pulse width < 50 fs, spectral width > 15 nm, output power
> 100 mW, output energy @ 85 MHz > 1.7 nJ, and wavelength ~800 nm

Optical Amplifiers -

+ Originally designed by Quantronix Corp. Modified to provide better stability
and reliability (discussed in an earlier section)

Multi-pass amplifier output ~19 mJ, 10 Hz, pulse width 200 to 250 ps
Radio Frequency Sources

»  Amplifier Research “1000W1000C" Solid State Linear Amplifier (fig. 7)

Specifications: 1000 W minimum output power, frequency response 80 to
1000 MHz, input impedance 50 ohm, and VSWR 2.0:1 maximum. Capable of
continuous wave (CW) output pulses
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RF linear amplifier gain plot
* D.E. Technologies TWT RF source
Specifications: Power > 2 kW, pulse width > 6 ps
+ Hewlett Packard 8643A Synthesized Signal Generator
+ Agilent E4433B ESG-D Series Signal Generator
+ BNC Module 500 Pulse Generator
* HP 8350B Sweep Oscillaotor
Detection and Measurement Equipment
* Tektronix RSA 3408A Real-Time Spectrum Analyzer
*  Prodyn DDot
* Homs
+  Tektronix TDS 6604 Digital Storage Oscilloscope
Specifications: 6 GHz, 20 GS/s
* Grenoule ultrafast laser measurement device
*  Ocean Optics HR2000CG-UV-NIR High Resolution Spectrometer
* Gentec Laser Energy Detector

* Head - QE25LP-S-MB
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Specifications: Spectral range 0.19 to 20 um, typical sensitivity 10 V/J,
Maximum pulse energy @ 1.064 um ~3.75 J

»  Optical Diffuser

¢ Meter - Gentec Solo-PE

EXPERIMENTS
Single Wire Propagation (Copper)

The investigation of the mechanism for coupling of the TE;; mode for an ideal scenario
using a copper wire as a surrogate for our plasma filament was begun. Beginning experiments
with copper wire as a surrogate makes measurement an easier task, for the wire is continuously
present (as opposed to the short lifetime of the plasma filament) and its conductivity is much
higher than for the case of the plasma. The free electron number density for copper is on the
order of 8.5 x 10°® m™ or 8.5 x 10% cm™ (ref. 19). As will be demonstrated later in the section on
theory and modeling, the coupling efficiency and conductivity of the plasma channel with
regards to RF increases as a function of increasing electron density. This is intuitive since a
higher electron density translates to a higher number of electrons per volume, which increases
conduction of electric field through the wire.

For this test, it will begin by using an open ended waveguide section fixed with a
waveguide to coax adapter with a type-N connector as the feed point for RF. As shown in figure
8, the face of the open-ended waveguide is oriented perpendicular to the axis of the wire.

L.
| 1

Figure 8
Single wire (copper) propagation layout

The waveguide used in this case is WR-284 rectangular waveguide driven such that the
dominant mode is TE+,. The direction of the electric field for this TE; mode is pointed in the
same direction in which the RF cable enters the waveguide to coax adapter. In this onentation,
the electric field will point along the direction of the wire axis. The wire is 0.8 mm copper wire,
fixed at both ends and insulated at both ends to prevent electrical contact with either the fixture
or the table. The open ended waveguide is driven with the Agilent E4433B ESG-D Series Signal
Generator, which can generate a signal of up to ~16 dBm (frequency dependant) and operates
over a frequency range of 250 kHz to 4.0 GHz. Due to the supported wavelengths of the WR-
284 waveguide, this test will be operated over the frequency range of ~2.2 to 3.5 GHz. To
measure the extent of coupling along the copper wire, a Log Periodic (L.P.) type receive
antenna was used, manufactured by A.H. Systems, model SAS-515; oriented with its feed in the
direction of the electric field (along the axis of the wire). The distance (D) between the receive
antenna and the open-ended waveguide was varied in order to measure power received along
the wire as a function of distance. The output of the L.P. antenna was analyzed on the Tektronix

13




RSA 3408A and power measurements were recorded at specific frequencies. The measure-
ments were then repeated again, this time with the wire removed in order to determine the
change in RF power at specific locations. A decrease in RF power with the wire present,
represented possible absorption of reflection of the RF field by the wire; whereas, an increase in
power represented an attachment of RF to the wire and subsequent propagation enhancement.
In this experiment, RF power levels are being compared with and without the wire present in the
field; therefore, the only concern is with relative power levels and not with losses from cables,
connectors, etc at this time. The environment has many reflective surfaces and is in no way
anechoic, so such a baseline measurement at each distance was useful to help account for
interference from reflections off the walls, objects in the room, the floor, etc.

Figure 9 shows the received RF power versus distance for the case of the single copper
wire and the same scenario without a wire. The trend for the non-wire power measurements are
as would be expected, falling off over distance. However, for the case with the copper wire
present, after the initial coupling loss the copper wire power remains close to constant over
distance. This result was consistent with low loss transmission of RF, or in other words, the wire
in this case acted as an effective transmission line over this distance.
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0.65 1.65 2.65 3.65 465 5.65 6.65 7.65
35 -
-40 - . T . "
*

-45 g
é 2 1 wire
proes no wire
g — Linear (no wire)
2
&

distance (m)

Figure 9
Single copper wire propagation

The single wire data was then normalized by subtracting out the free space data at each

respective measurement distance from the source in order to look for change in RF power as a
result of the copper wire versus the distance from the source (fig. 10).
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Figure 10
Normalized single copper wire propagation

Figure 10 demonstrates an increase in the advantage of copper wire attachment versus
free space propagation as the distance from the source increases. There was an initial decrease
in RF power with the copper wire present very close to the antenna, possibly due to the
geometry of the optical table and mounting equipment close to the open-ended waveguide
location. In this orientation, only side-lobes were present and the antenna blocked much of the
radiation from reaching the antenna. The positive slope of this normalized power curve would be
expected, for as the field drops off naturally in space, it continues to propagate on with much
lower loss when using the copper wire as a conduit.

Similar trends are expected in future high power RF and plasma filament experiments.
Due to the much lower electron density of the plasma filament in contrast with the copper wire
however, the extent of the coupling power advantage is expected to be significantly reduced.

Two Wire Propagation

For this experiment, it was intended to characterize the coupling of the TEM mode along
two copper wires as surrogates for plasma filaments. The setup for these tests used two
standard gain horns, one as a transmitter, the other a receiver oriented at different angles with
respect to the wire(s). The wire was standard bare copper wire, 0.8 mm in diameter (~20
gauge), in this case a pair of copper wires, where the spacing and orientation was varied to
determine coupling dependence on wire geometry and position.

Figure 11 plots received power, normalized to free space without wires versus distance
from the transit horn. Notice when the data points are fitted with a linear fit, a trend of increasing
power as was seen in the case of the single copper wire was observed. In this case, there was a
significantly higher slope for the case of wire spacing 2*A versus for A spacing. In the next
section on the modeling for this experiment, this result is predicted theoretically. Also predicted
was a higher slope for the case of two-wire propagation when compared to the single wire case
discussed in the previous section. This may have resulted from the coupling efficiency from the
RF horn to the wire pair. It was observed that coupling was highly dependent on spatial
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orientation and angle of incidence. Due to lab constraints, it was questionable whether it was
possible to get into the far field (required for a clean TEM transmission mode). Therefore, near
field effects may have played a part in this lower than expected slope. Experimental factors were
most likely to blame. Wires tended to sag and it was difficult to keep them parallel to one another
over the entire distance. Two wire transmission lines as studied by Goubau in the late 1950s are
very dependent on position with respect to one another (ref. 20) which could explain lower than
expected improvement in this case. In the future, the dependence on coupling to a 2-wire set on
angle of incidence and distance as well will be investigated.
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Figure 11
Dual copper wire RF propagation

When optimized, theory predicts that attenuation will be lower for RF transmission down
a pair of filaments at a spacing of 2*\. With sufficient laser energy, it would be possible to split a
beam into two, thus creating two plasma filaments in order to take advantage of TEM coupling
from a horn antenna. After splitting losses the energy of our current laser system is not sufficient
for this mode of coupling; however, it is planned to investigate this further in the future.

Rectangular Waveguide Interaction

In order for determine if RF attachment to plasma filaments is feasible, it must first
demonstrated that the two do in fact interact and that to capture this interaction is possible. The
initial proof of principle experiment conducted with actual plasma generated by an ultrashort
pulsed laser was designed to characterize interaction (if present) of a small plasma filament
inside a rectangular waveguide driven by an RF amplifier. The waveguide cavity enables us to
monitor a uniform standing wave without issues related to wave reflection and interference. If
such an interaction were present it would represent the potential for plasma to have an impact
on an EM field in some form; i.e, reflection, absorption, etc. This experiment was the starting
point for the study of RF/plasma interaction and eventually RF/filament interaction.
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The setup was as follows (fig. 12) and used a specially adapted rectangular waveguide
system that enabled us to setup a standing wave at a desired frequency and amplitude with
which the characteristics in a controlled environment could then be measured. Attached to one
end of a straight section of WR-284 waveguide was a waveguide to coax adapter where an RF
signal was fed. On the opposite end of the straight waveguide section a similar waveguide to
coax adapter was connected to an oscilloscope in order to analyze the throughput signal, in
some cases an input coupler was used in order to measure back reflections through the cavity.
The RF throughput signal for any perturbations in the signal coinciding in time with entrance of
the laser pulse was observed. The direction of the electric field for the waveguide was in the
axial direction along the direction of laser propagation. The laser pulse timing was monitored via
a silicon photodetector placed behind one of the directional mirrors capturing the leakage light,
converting this light to voltage that was monitored on the oscilloscope. A hole was drilled though
the center of the waveguide straight and two waveguide below cutoff (WBC) cylindrical filters
6.25-mm inner diameter and ~25-mm long, one on each side. These filters allowed the laser to
propagate through the chamber but limited leakage of RF from the waveguide itself.

R Waveguideto
F"mgf'.’mﬂf cw-iaapm

£
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Reflecled SignalTenninalivn

Input Signal

Figure 12
Rectangular waveguide fixture

A laser pulse of ~60 mJ and ~100 fm-sec, was sent through a positive focal lens (f ~ 125
mm) in order to form an intense, visible short plasma filament. The lens was positioned such
that the highest intensity segment of the plasma filament passed through the WBC and was
centered inside the waveguide.

In order to gauge the sensitivity and operation of the experimental setup, a copper wire
was inserted through the waveguide fixture while feeding a CW signal and monitoring the
transmission. Upon insertion of the copper wire, the field inside the cavity was disrupted
substantially, proving the concept for the case of PEC.

Returning to the case of laser generated plasma, figure 13 shows its interaction with the EM
field inside the waveguide cavity. The RF signal in this case was ~2.6 GHz and the sensitivity of
the setup allowed the system to be driven with very lower power (<10 dBm) in order to look for
subtle field perturbations. The interaction presented itself in the form of an increase in RF signal
transmitted following the input of the laser pulse as observed by the photodiode signal.
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Figure 13
Rectangular waveguide interaction

The observation of this disturbance in the EM field due to the plasma filament is a
positive indication that the electron density and lifetime of the plasma filament may be sufficient
under certain conditions to carry RF energy. However, the extent of interaction in this scenario is
minimal, a blip above the noise floor. Thus, in order to enhance this interaction, it is necessary to
increase our RF or laser energy and subsequently the electron density of the plasma filament.
Unfortunately, with the current laser system available, increasing the laser energy is not an
option, therefore, the follow-on experiments deal with methods of increasing the RF field
strength for potential plasma enhancement.

Resonant Cavity Interaction

The rectangular waveguide experiments demonstrated that either a higher laser energy
or high RF power level would be required in order to see an interaction between the plasma
filament and RF fields. The laser energy cannot be increased at this time, so a cylindrical RF
cavity [as discussed in most EM textbooks (ref. 20)] was used to achieve the field strengths
required and to increase the electron density of our plasma filament(s) without the need for large
very high power RF sources. Electrical breakdown and plasma formation in the air caused by
very high RF field strengths was demonstrated and thoroughly investigated (ref. 22). It would,
therefore, be plausible that a sufficient RF field would enhance existing plasma and could
potentially significantly increase the electron density of the plasma channel. As mentioned
earlier, a higher electron density should translate to a high conductivity and thus a greater
interaction between the RF field and plasma channel. This brings us a step closer towards our
goal of RF attachment.

In this series of experiments, the coupling of RF energy to a plasma filament taking
advantage of the very high field intensities created in the circular resonant cavity was examined.
In this setup, we propagate a 100 fs, 100 mJ laser pulse (10 Hz) through an aperture in the
center of a circular cavity to determine the extent of interaction and whether it was possible to
couple RF energy to the outside. This setup also allowed the determination of whether the
filament would conduct energy out of the chamber. The experiment was repeated with two
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cavities, each designed for a particular frequency in order to evaluate the relationship, if any,
between RF frequency and extent of coupling to a single filament and also served as a general
comparison of trends. The filament or bundle of filaments was created with a focal lens ~4 m
from the compressor stage in order to achieve filaments within the range of our laboratory.

900 MHZ Resonant Cavity

The first cavity (which will be referred to as cavity A) was designed with a center
frequency of ~900 MHz and constructed out of aluminum tubing with flanged end pieces that
could be removed, but also provided enough surface contact to ensure a high quality (Q) factor
for the cavity (fig. 14).

27.3cm

p—

9.7¢cm

Figure 14
Cylindrical resonant cavity (cavity A)

This cavity creates a TMy1o dominant mode with the electric field pointing in the axial
direction, or along the filament as was the case for the rectangular waveguide experiment
detailed in the previous section. This mode allows for a longer length of interaction with the
filament and a more efficient delivery of the RF energy available. The cavity was fed from the
side wall and a small probe was mounted on the front wall in order to monitor the electric field
buildup and decay inside the cavity. The feed for the cavity was mounted to a small magnetic
dipole that was grounded to its base and adjusted for the highest possible Q value. After a few
design iterations it became apparent that the Q for the cavity was highly dependent on the
contact between the body and end faces of the resonator in addition to the size and positioning
of the magnetic dipole loop. The end face probe was a very short stub attached to a type N-
connector for output to an oscilloscope or analyzer. In order to extract accurate electric field
numbers, it would be necessary to calibrate this stub in order to calculate its effective area.
Unfortunately, the resources were not available to do so accurately. Therefore, for this test, the
cavity probe serves as a relative indicator of cavity activity. For this cavity, a Q of ~7150
measured via a S12 on a network analyzer was achieved and calculated by w,/Aw, where w,
represents the center frequency and Aw the bandwidth at full width half maximum (FWHM) (fig.
15).
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Q, cavity A

The cavity was fed by a linear RF amplifier delivering greater than 1000 W of RF power
and capable of operating continuously. In this experiment, the RF amplifier was driven with a low
power RF signal generator trigger by a pulse generator that was synchronized with the pump
laser in order to deliver ~10 ps pulses in time with the laser pulses. A photodetector was also
placed downstream near the laser aperture in order to provide a relative reference estimate of
the laser pulse in time with respect to the RF pulse when viewed on an oscilloscope in order to
sync the RF and laser pulses in time. A D-dot sensor, which measures the derivative of the
electric field, was placed a few inches behind the resonant cavity allowing the filament to pass
by its edge. This allowed any attachment and delivery of RF outside of the cavity to be
monitored.

Initially, a plano-convex lens with a short focal length (125 mm) was used in order to
create a visible spark of plasma thatcould center on the hole through which our laser would exit
the cavity. This insured that a conduction path from the inside of the cavity to free space was
made. The sharp focus created a visible plasma spark ~10 mm long, not the long filaments that
have been discussed, however, it allowed us to start with a high electron density to compensate
for the limited laser energy in order to prove the principle of conduction and attachment.

The laser pulse was then fed into the cavity and using the photodiode signal as a
reference, the pulse was centered in time relative to the RF pulse so that interaction occurred for
the entire lifetime of the filament or plasma created. Figure 16 demonstrates the interaction
observed when the laser was fed into the cavity.
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Cavity A, short focus attachment

Upon introduction of the laser pulse at ~10 ps shown in figure 16, there is an obvious
decrease in field inside the resonant chamber. This decrease in electric field corresponds to an
increase in electric field outside the chamber as recorded by the D-dot. It is noteworthy that with
this configuration, the pulse width of the RF energy observed outside of the chamber was ~7.5
us, considerably longer than the ~100 ns lifetime of the filament or plasma alone. This lead to
the belief that not only is the RF coupling onto the laser filament out of the cavity, but also that
the RF is increasing the lifetime of the plasma filament by orders of magnitude. As anticipated,
the high RF field strength is feeding and enhancing the plasma filament.

The expressions for the field inside a cylindrical resonant cavity from a typical microwave

engineering or E&M reference to calculate the electric field present in this resonant chamber
(ref. 23) can be used.
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for the TM010 mode in the cavity, where k = 2.405/R,, and Ry is the radius of the cavity. Using
this equation for the electric field, the amplitude A can be determined as a function of
measurable parameters using the previous equation for E; and the unloaded Q of the cavity:

Q = 2r (energy stored/energy dissipated per cycle)

where the energy dissipated per cycle is actually the power per cycle fed into the cavity. It then
follows that the amplitude

2QPk?
= LRZJZ(kR
WUTT 011( 0)

where P is the input power, L is the cavity length, and w the RF driving frequency. The amplitude
A is related to the maximum electric field inside the cavity E, for the TMgo mode via the relation

A [uo

Therefore, the maximum electric field inside our cylindrical resonant cavity for the TMo1o mode is

O N
"7 Jeof LRIZ(kRo)

For this cavity (cavity A), the parameters are shown in table 1.

Table 1
Cavity A, experimental parameters
Input power P =830W
Q 7150
Cavity length L =98.2 mm
Cavity radius Ry, =133.5mm
RF frequency f =897.77 MHz

Inputting the parameters from table 1 into the equation for E,, gives our predicted value for the
maximum electric field E, ~ 400 kV/m.

As mentioned earlier, without the necessary facilities at hand it was not possible to
accurately calculate the effective area (and thus the gain) of the cavity probe sensor. Therefore,
those measurements will be taken as a qualitative observation of the cavity field buildup and
dump, rather than a quantitative one. The time scale, however, is still relevant and is helpful for
making estimates of quantities such as cavity reactive power.
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This experiment validated the theory of conduction of RF through a plasma filament with
sufficient electron density. The experiment was repeated with a much longer focal length lens (f
=1 m), just enough to provide a much longer filament within the confines of the laboratory (fig.
17). In this case, it was observed that much shorter pulses coupled from the cavity, on the order
of a few nanoseconds with a corresponding drop in cavity field amplitude as detected by the
cavity probe. The decrease in amplitude of the cavity field was of a much smaller magnitude
than for the case of the short focus plasma. This was expected due to the lower energy levels
coupled out of the cavity in the form of the small pulses versus those with much longer pulse
widths for the short focal length. Less energy was coupled out; therefore, the cavity field
disturbance was also substantially smaller.
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Figure 17
Cavity A, long focus attachment

GHz Resonant Cavity. The experiment from the previous section was repeated,
this time using a much smaller cavity designed to operate at ~2.5 GHz [cavity B (fig. 18)]. The
setup for this experiment was the same as the previous one with the exception of the high power
RF source. For this test, the source was a traveling wave tube (TWT) RF source capable of
delivering pulses above 10 ps with > 2 kW of power. With this configuration a lower Q was
achieved, Q ~ 3080, but the amplifier drive power was higher. Using the same relations as in the
previous section, we calculated a maximum theoretical electric field inside the chamber, E; ~
841 kV/m was calculated. This may be somewhat counterintuitive based upon the significantly
lower Q for this chamber, however the higher input power and smaller dimensions play a large
role in this calculation and the field in this case is actually twice that in cavity A. The relationship
between the two cavities was predicted using the standard circular resonant cavity equations
discussed in the previous section.
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Q, cavity B

For this chamber, we again looked at both strong plasma created by a short focal length
lens as well as a much longer filament (or small bundle of filaments) as in the case of Cavity A
(table 2).

Table 2
Cavity B, experimental parameters
Input power P = 1300 W (after cable loss
Q 3080
Cavity length L =355mm
Cavity radius Ry, =51 mm
RF frequency f=2579gHz

A build up time in the cavity was observed as expected and then a stable field inside the
cavity with the absence of a laser pulse (fig. 19).

Figure 19
Cavity B, field resonance
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Figure 20 shows the interaction for the case of the short focal length, short plasma
filament interaction in the cavity. There is an initial, short pulse from the cavity to the outside
along the channel and corresponding dip in the probe field followed by a second much longer
and higher amplitude pulse.
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Figure 20
Cavity B, short focus attachment

The experiment was then repeated for cavity B with a longer, less intense plasma
filament gently focused with a 1 m plano-convex lens. In this case (fig. 21), the interaction pulse
width was much shorter (~10 ns) and only a portion of the cavity amplitude was attached to the
filament and coupled from the resonant cavity.
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Figure 21

Cavity B, long focus attachment
This result was expected due to the reduced electron density in this case. Here, the

plasma was formed mainly as a result of Kerr self-focusing, where in the case for the short focus
the optical focus itself is more dominant.
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As expected, both cavities reacted similarly when interacting with short and long
filaments. Also the higher electric field in the small cavity translated to a greater portion of
energy coupled from the cavity, validating the need to optimize electron density for ideal
attachment and validating the trend for two different cavities and frequencies. It was also
observed that chirp played a significant role in the extent of coupling to the filament. For each
case, the chirp was adjusted via a micrometer controlled translation stage on the grating in the
compressor at the output of the laser system. By tuning the chirp with the compressor, there was
more control over where in space self-focusing would occur.

Planned Follow-up Test: Free Space Filament/Open-ended Rectangular Waveguide
Attachment, TE Mode

This series of tests will represent the first trials of free space coupling of RF to the
plasma filaments without a resonant cavity. The experimental setup will include a much higher
power RF source at ~9 GHz capable of producing >500 kW. With this high power RF source, it
was hoped that electric field levels comparable to those inside the resonant cavities are created
in order to enhance electron density and assist with RF coupling to the filament(s). An attempt to
couple to the TE mode of a waveguide section as was done for the case of the copper wire in
the beginning of this section will be made. Other modes of coupling to the filament will also be
investigated in order to achieve the best impedance match.

Laser energy upgrades are planned that will allow for propagation of higher energy
pulses in pairs, allowing the investigation of TEM mode coupling in free space in addition to
single plasma wire coupling.

THEORY AND MODELING
Basic Theory

For the purposes of this research, the laser generated filament can be considered as a
cylindrical wire in space. The EM theory can then be used to predict how various modes of RF
will propagate down the wire or pair of wires and the resulting attenuation of the RF energy as a
function of distance.

Let’s begin with the foundations for this model and further develop the details and
assumptions. Recall, the laser generated filament is in effect a plasma, or an ionized gas with
relatively equal ion and electron densities.

Beginning with the relation for the electric displacement
D=¢, E+P (C/m?

where &, is the permittivity of free space 8.854 x 1072 m3 kg s* A% E represents the electric
field and P the polarization vector. The polarization vector can also be represented as P = N p,
where N is the electron density or number of electrons per unit volume and p represents the
electric dipole moment. The force on an electron of charge -e in an electric field E can be
defined using F = ma, or

d2

—eE=m—x=—mw?x
dt?
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Defining the dipole moment p = -e x, where e is the electron charge and x is distance and
using the previous equations a new definition for the displacement D is achieved.

wZ
D=c¢, (1 - —”) E
w3
where w,, represents the plasma angular frequency (ref. 21)

ezN
w,, =
R me,

(rad/s)

As discussed at the beginning of this report, the electron density of our plasma filaments
was determined to be on the order of n, ~ 10'® cm™. However, this may vary depending on the
conditions of the atmosphere, characteristics of the laser pulse and other means used to create
the filament. The theoretical examination the dependence of attenuation in the plasma wire with
respect to changes in electron density will be examined. In general, the value as calculated
optically as N ~ 10" m” resulting in a plasma angular frequency w, ~ 5.6 x 10° rad/s and the

plasma frequency f, = wy,/2m ~ 0.9 GHz will be used.
Single Wire Filament

Let's now define the electric and magnetic field components of the plasma wire in
cylindrical coordinates for the case of a single wire as shown in figure 22.

Figure 22
Wire, cylindrical coordinates

In figure 22, &, and ¢, represent the permittivity inside and outside of the wire cylinder,
respectively. The complex permittivity inside the wire (p < a) as a function of w is defined as

R
e @)=L <w(w + iv))

where v represents the electron scattering frequency, which is assumed to be ~10".
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The derivation of the components of the electric and magnetic field inside the plasma
wire can begin by assuming a wave propagating down the z-axis or long direction of the wire
and thus having a time harmonic dependence of ("2~ [This derivation follows those found
in Jackson (ref. 24) or Pozar (ref. 17) and many other E&M textbooks]. Begin with Maxwell's
equations in their general form

V-E=£
€o
VxB ——— o) where D = ¢,E and B = u H
vxE+Z =0
at
V-B=0

Incorporate the time harmonic dependence and rewrite the electric and magnetic fields in
cylindrical coordinates as

E(pl ¢,z) = [E(P. ¢) + Ze,(p, d))]ei(hz‘wt)

ﬁ(p, ¢,z) = [E(p, ®) + 2h,(p, ¢)]ei(hz—wc)

Using these field equations, rewrite two of Maxwell’s equations for the case of the
plasma wire as

VXE = iwuﬁ
VxH = ioeE

From these equations, the components of the E and H fields can be determined as
follows

iwuHy = ihE OF,
iwuHy =i -
¢ P ap
or
h 1 0E,
D e i
wu lwu dp
Similarly,
. 0H, .
—lO)EEd, = % = "hH¢
or
—10H, h

= +
¢ iwe 0p  we %
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Then plug the previous equation for H, into the equation for E, resulting in a simplified
expression for E4. Similarly, we can arrive at the expressions for E,, Hg, and H, following
similar theoretical work done on dielectric rod approximations for fiber (ref. 25).

_ih (3E, | wp1dH, __ih (8H, we1dE,
Ep=w\G t 7 ooe Hy = \G, — %55
i\ap p g i\dp h padgp
_‘_"(lﬁ_%aHZ) H _"_"(la”z ‘”_5%)
" kZ\pap hr ap " kZ\pap ' h ap

where k% = w?eu — h?

The z-components for the E and H fields must then be determined. Begin with the
Helmholtz equations for the charge-free dielectric region inside of the plasma wire in order to get
the electric and magnetic field intensities.

V2E + k2E =0
where k = w+/ue
V2H + k?H =0

V2, the Laplacian operator, can be separated into two parts for convenience due to the
geometry of the cylinder that is being considered. Specifically, one part for the transverse
coordinates V/2>4> and another for the axial or z-component V2. Then rewrite the electric and

magnetic fields as a sum of these two components

=3

E =E; + a,E,
H= Hr +a,H,

As mentioned earlier the TE mode in this single wire scenario will be examined. For the
case of the TE mode, boundary conditions, which require E, = 0 and H, # 0, can be defined.
This follows from the definition of a TE wave that states that the electric field components lie
solely in the transverse direction. The field components of the H-field will be expressed in terms
of H, = H,pe~ Y% and write another Helmholtz equation

V3H, + (k* + y*)Hy = 0
or
V4H, + h? = 0, where h? = (k% + y?)

The Helmholtz equation can then be expanded into cylindrical coordinates

13/ dH 1 d%H
——(p z) Z +h2z=0

pap\Pap ) T o797
(1

This Helmholtz, second order differential equation can be solved using separation of
variables.

H,(p,¢) = P(p)®(¢)
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Then substituting equation 2 into equation 1 and dividing by the product P(p)®(¢) yields
the separated relation:

-1d?®

p d [ dR(p)
( 5 7

LG PRl ] -
dep i >+hr
3)

For equation 3 to be valid, both sides of the equation must be equal to a constant, called
n?. Using this constant, equation 3 can be broken into two separate ordinary differential
equations

d*®(¢)

Tqﬁz + n2<b(¢) =0

(4)

and

+ h?r? =n?

p i[ dP(p)
P(p)dp 4 dp

The second equation can be rearranged to take on the form of a Bessel differential
equation

d*P(p) +lalP(p) o

1
dp? r dp (h —;2->P(p)=0

Solutions to a Bessel equation of this type can be determined by assuming a power
series in p with unknown coefficients

® )
P(p) = Zp=ocp (ky11p)

The result of this power series can be expressed as
P(p) = CpJn(ky1,), where C, is a constant

Here J,, represents a Bessel function of the first kind given by the expression

o ()™ (K p)nHEm
- m! (n + m)! 2nt2m

]n(hp) =

This expression holds for integral values of n; however, the Bessel equation is a second
order equation, therefore, there should be two linearly independent solutions. The second
solution is known as a Neumann function or a Bessel function of the second kind and is given by
the expression

cos(nm)]n(ky1p) — J-n(ky1p)
(sinnm)

Nn(hp) =
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A general solution can now be written in terms of both the Bessel function of the first and
second kind as

Np(hp) = CoJn(ky1p) + DpNyp(ky1p)

This solution can be further simplified by taking a closer look at the Bessel function
characteristics. This Neumann function has a unique property that it becomes zero for values of
n = 0. For the case of the symmetrical, cylindrical wire, the case p = 0 must be examined, which
represents the center axis (fig. 22). Therefore, the D,,N,,(hp) term from our equation can be
thrown out and left with two equations for both the region inside the wire and the region outside
of the wire, representing the z component of the E and H fields. Taken into account was that all
components of the solution are periodic with ¢ so the only solutions to equation 4 are sine and
cosine or some linear combination of sine and cosine giving the following four equations, where
similar actions have also been taken to arrive at the components outside of the wire.

E,=A-],(ky1p) - sin(me + ¢g) for0<p<a
H, =B - J,(kyq) - cos(me + ¢g) for0<p<a
E; = C:Kpn(y2p) - sin(me + ) forp=a

H; =D - Kp(y2p) - cos(mep + ¢y) forp=a

where kll =4/ kggllil — hZ% and Y2 =+ hz — kggzliz

Applying the boundary conditions, specifically that the normal component of H is
continuous and the tangential E is continuous, we can arrive after some rather tedious algebra
and substitution of the permittivity calculated earlier in this section, at the general dispersion
equation for the E,, and H, modes of the wire.

& 251 _ m?(ha)?(koa)?
(o - F) 2 - F) = T ayrge e v = can®
(6)

where

__m _]m+1(k.1.1a)' 1
(ky1a)? Jm(kyia)  (kyqa)

m  Kmi(y2a) 1

F= = .
(r2a)?  Kn(yza) y:a

Next, examine the interface between the region inside the wire and the region outside of
the wire. The interface between the air and the plasma wire can be represented by figure 23
using this approximation.
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€ air

2 plasma

Figure 23
Air/plasma interface

k. is defined and the resulting formula for the attenuation along the plasma wire D as

_ ’el(w)-ez
k2= ko g(w) + ¢

D = e Imk
" 1n(10) Tig
dB 1
(D] —'T—n-,[kz] =

Move on to find the exact solution by setting equation 6 equal to zero and solving for the
complex root(s). As an example for a plasma wire of diameter d = 1 cm, an RF frequency f~ 3
GHz, calculate a complex permittivity € = 0.709 + 154.3i, corresponding to D ~ 15.3 dB/m.

Figure 24 plots the dispersion versus the complex and real values of h multiplied times the
wavelength Aq.

Rehd,

Figure 24
Dispersion versus RehAg, ImhAq
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With the previous equations, the attenuation along the length of the wire as a function of
frequency can be plotted. The attenuation coefficient D will also depend on the electron density
n. Therefore, plot D will also be plotted for various values of n to show the attenuation trend as
a function of electron density of the filament. Assuming an electron density on the order of 10
cm?, as indicated in the literature, the attenuation of an RF pulse attached to a plasma filament
versus one propagating in free space can be plotted (fig. 25). It is evident from figure 25 that for
a completely attached EM wave (3 GHz, d~0.01 m), a loss of greater than 2 dB/m will severely
limit the propagation range.
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Figure 25

Coupled versus free-space propagation
Two Plasma Wires

Let's know examine the case where there are two plasma wires separated by some
distance d as shown in figure 26.
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Figure 26
Dual wire geometry

For this scenario, transmission of the TEM mode traveling on a two wire transmission
line consisting of two plasma channels will be looked at. A perturbation method for calculating
attenuation along a lossy transmission line similar to the approach used by Pozar in his
microwave engineering text (ref. 17) will be used. Begin with the power equation for a TEM
transmission line

P = Poe_az

P corresponds to the power of the RF signal propagating along the wire pair and a, the
attenuation or loss encountered during transmission. For this case, the attenuation a, is
proportional to the electric field inside the plasma wires and is given by

If|E.0)|°

) wire cros.;osection pdpd9

a = wlm(eyire

w is the frequency of RF multiplied by a factor of 2n and the imaginary part of &,,;, is
given by

2
wpv

Im(ewire) = R E)

where w3 is the plasma frequency as defined in the previous section and u is the electron

scattering frequency. Finally, the electric field, E (p, 8) inside the wire is calculated using
perturbation theory.

Let’s begin with the electric and magnetic field equations in terms of the vector potential

A.
= di=s
H=-VxA
u
and
Fo % a4
- at
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As in the case of the single plasma wire, we are again considering a traveling wave with
harmonic time dependence of the form ei("2-®t) Also, symmetry along the z-axis of the wire
allows us to define 4 = @, - Zy. Therefore, taking into account the harmonic dependence of our
EM wave, we can rewrite the equation for the electric field E as

E=iwps 20— V.0 —-V,0
where the divergence of the potential ¢ has been broken down into two parts, one along the
length of the wire or the z-component and the other the perpendicular components normal to the

z-component. Again, as in the single wire case the symmetry of the wire along the z-axis allows
us to further reduce the equation for the electric field above to

E= Zo(iwpy — the) — VL‘P

In free space, iwg, is equal to ihg, thus eliminating the Z, term resulting in £ = =V, ¢
also taking note that V, - (V,¢) = 0. In the wire, on the other hand, V, ¢ = 0 so the z-component
of the electric field becomes

E, = Eo(iWPA — ihe)

The magnetic field equation inside the wire can be rewritten as

o 1 5 o 1 — -
H=—Vx(ps 20) = —(Via) xZ
Hp Hp

Taking the curl of H

|3

VxH=]+—=0+E, 2,

QD

t

By setting the two equations for the curl of the magnetic field equal to one another, the
following relation is

= — — 1 —
VxH= _ZO B (VJ_ . <#—VJ_(,0A>> = O'*EZ '20 - O'(iw(pA _ih(p)fo
p

Two relations follow: the first for inside the metal and the second in air, respectively
(V2 + iwou,)pa = ihou,

(_V.E)Q’A =0
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The electric and magnetic field equations for both are written in the metal and in the air
region

& W X Z,
= SLPARR
Hp
) (9)
o Vi
E=-%- AL (metal)
Hpo
R XZ
By = 1Pa0XZg (air)
Hp
(10)
- — V
B=B, =-7 1Pa0

. \/110_8(; (air)

2 1/2

(11)

I, represents the total current along the wire, y, is free space permittivity constant which
in this case is also equal to u,, the magnetic permittivity of plasma in equation 9. Taking into

account the continuity of the boundary conditions of the tangential components of E and H

between the surface of the wires and the air yield the following two equations for the surface of
the wires

1 — 1 —

An-{—V -—V =0

( pe 194 o L¢A,0)
Pao = Pa

Employing the equations at the boundary conditions, a solution in terms of Bessel

functions, which is intuitive due to the cylindrical nature of the plasma wires can be looked for.
Looking at one wire, which is possible due to symmetry, can write the field in on wire in terms of

4= ) GmIm(kp) - cos(mo)
m-0

With boundary conditions

1 deg, d 1 d@aq d
__(pz—,9)=— 4 (p:—,e)
Up 9p 2 2
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Then applying these boundary conditions to equation 11 and integrate over the angle 6,
the result is the following Bessel harmonics amplitudes

.

~loio D D
- e

P , =13 — 1, where §,, = 1,ifm>0,48,, = 2,ifm=0
7%k 5 8nfim (k5)

2

with k? = iwou, and g = 50(—f+—2) the plasma conductivity.

Now, there is an expression for the exact electric field inside the wire

By s MDA = Hp®Pa = e,
UpO Hp

Along with this equation for the electric field for the wire the current I, can be replaced
with the propagating power P, by taking into account the impedance of the TEM mode, which
can be looked up in many references (ref. 21)

1

Py = EZTEM g |Io|2

where Zrgy is given as

Finally, taking into account the exact electric field in the wires and the propagating power
P,, the expression for the total absorption losses of the TEM mode traveling through a pair two
non-ideal wires can be rewritten as

m 2

a =

- = (- <2>2—1>
W Uy z - Jm(kp) - cos(m#) pdpdf

2 e d
@myzrew-d* | N |2 s, lm )

o<f<2m

Using this equation, the consequences of the propagation constant a as a function of our
system conditions can be investigated further.

Let's begin by examining the effect of electron density and its impact on attenuation for

the case of the two wire system. Figure 27 shows the decrease in attenuation and
subsequently, the increased in coupling efficiency with increasing electron density.
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Figure 27

Dual wire attenuation as a function of electron density

As described earlier, this increased coupling efficiency with higher electron density is a
direct consequence of the increased conductivity of the plasma channels. As the electron
density increases, the plasma channels behave more and more like copper conductors and less
like lossy dielectrics. This also demonstrates that it is necessary to optimize and if possible,
enhance the electron density of the plasma channels as much as possible to achieve any
substantial attachment of the EM waves regardless of the number of plasma conductors.

Next, the relationship between attenuation and frequency for the two plasma wire
scenario will be investiaged. As in the case of the single plasma wire; the general trend is that
the higher the frequency, the higher the attenuation (fig. 28).

| |

iae® i 11020 1ap®

Figure 28
Dual wire attenuation as a function of frequency
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The role the diameter of the plasma wire has in determining attenuation in the two wire
system will also be looked at. Again, as in the case for the single wire, attenuation is reduced
for larger diameters of plasma (fig. 29).

1x10" 1 |
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dm
Figure 29

Dual wire attenuation as a function of wire diameter

As one would expect, these parameters are innate to coupling along a plasma wire in
general and should not change drastically from the case of single wire to dual wire systems.
However, when the focus is on the orientation of the two plasma wires, some significant trends
can be seen. Figure 30 shows the attenuation for a two plasma wire system as a function of the
wire separation, characterized in terms of the RF wavelength A. These somewhat unexpected
results show that the propagation loss actually decreases as the separation increases up to a
value of 2 A. It should be noted however, that this model assumes that the source and antenna
system is able to supply constant power to both wires regardless of separation. Therefore, these
results must be used with consideration of source antenna characteristics. For the case of the
two copper wires and small homn antenna, these results were consistent experimentally up to a
value of 2 A. Most likely at separations much larger than this, coupling will fall off rapidly.

L] T
5.7,
4 |
aA2(0).0)
(dB/m)
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3
1 1
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05 D ,(D) 2
in*A)
Figure 30

Dual wire attenuation as a function of wire separation
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Based upon the results of the dual wire modeling effort, one could study parameters that
are feasible in the laboratory and provide optimal results. Figure 31 illustrates an example of an
RF source operating at 500 MHz, with spacing equal to twice the wavelength and various
reasonable filament bundle diameters. Attenuation is shown for each of these plasma bundle
diameters as a function of electron density [the expected electron density of 10%? (m™) and
enhanced electron densities].

1.00E+21 1.00E+22 1.00E +23 1.00E+24 100K 28

Figure 31
Attenuation as a function of electron density for feasible ideal cases

Figure 31 demonstrates a number of systems that could be designed for which the

predicted attenuation would be well under 2 dB/m with some enhancement and ~2 dB/m without
enhancement.

CONCLUSIONS AND SUMMARY

As demonstrated, ultrafast laser generated plasma filaments offer the potential of a
conductive channel that can be directed at will through the atmosphere over limited distances.
The ability to harness and employ this potential would provide a means of delivering large
amounts of radio frequency (RF) with less loss over longer distances. In the future, plasma
filaments could potentially create directional transmission lines in air, which could be created,
directed and destroyed nearly instantaneously.

This report examines the potential to harness the conductive properties of these
filaments for RF attachment. Modeling and simulation show, under ideal conditions, the possible
modes of coupling and losses as a function of source parameters. Experimental data
demonstrates, albeit to a limited extent, filaments are in fact conductive. The possibility,
however, to enhance this conductivity with the RF source itself appears promising.

It was shown that plasma filaments do in fact behave like lossy conductors and their
behavior can be characterized by models treating them as such. Over longer distances, factors
such as energy levels and plasma recombination rates and lifetimes, will be limiting factors.

Based upon the results of the theoretical work, the most efficient method for RF
transmission after attachment to a plasma filament would be for the case of a two plasma wire
transmission (TEM) mode, with a spacing of =~ 2A at a frequency in the megahertz (or more
practically hundreds of megahertz) and with the highest electron density possible. Methods of
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electron density enhancement are currently being explored and may in fact make this task
significantly easier in the future.

Based upon theoretical modeling and experimental results, it was demonstrated that RF
attachment to plasma filaments is in fact possible. Optimization of this phenomenon (after the
initial coupling) requires filaments that look as much as possible to our RF source as an ideal
wire. Follow up research will focus on electron density enhancement and high power free space
transmission.
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