v

F,
FKTHS

% VETENSKAP %
&8 OCH KONST 9%

s

KTH Electrical Engineering

High Power Microwave Sources:
Design and Experiments

CECILIA MOLLER

Licentiate Thesis
Stockholm, Sweden 2011



TRITA-EE 2011:046 KTH Rymd- och plasmafysik
ISSN 1653-5146 Skolan for elektro- och systemteknik
ISBN 978-91-7501-044-1 100 44 Stockholm

Akademisk avhandling som med tillstand av Kungl Tekniska hogskolan
framléagges till offentlig granskning for avlaggande av teknologie licentiat-
examen i fysikalisk elektroteknik fredagen den 10 juni 2011 klockan 10.15
i Seminarierummet, Avdelningen fér rymd- och plasmafysik, Teknikringen
31, Kungl Tekniska hégskolan, Stockholm.

© Cecilia Moller, juni 2011

Tryck: Universitetsservice US AB



Abstract

High-Power Microwaves (HPM) can be used to intentionally dis-
turb or destroy electronic equipment at a distance by inducing high
voltages and currents.

This thesis presents results from experiments with a narrow band
HPM source, the vircator. The high voltages needed to generate HPM
puts the vircator under great stress, especially the electrode materials.
Several electrode materials have been tested for endurance and their in-
fluence on the characteristics of the microwave pulse. With the proper
materials the shot-to-shot variations are small and the geometry can be
optimized in terms of e.g. output power or frequency content. Exper-
iments with a resonant cavity added to the vircator geometry showed
that with proper tuning of the cavity, the frequency content of the
microwave radiation is very narrow banded and the highest radiated
fields are registred.

Since HPM pulses are very short and have high field strengths,
special field probes are needed. An HPM pulse may shift in frequency
during the pulse so it is very important to be able to compensate
for the frequency dependence of the entire measurement system. The
development and use of a far-field measurement system is described.
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Sammanfattning

Mikrovagor med hog effekt, HPM (fran engelskans High Power
Microwaves), kan anvindas till att medvetet stora eller forstora elek-
tronik genom att inducera hoga strommar och spanningar.

Denna avhandling redovisar resultat fran experiment med en virka-
tor, en smalbandig HPM-kélla. For att generera en HPM-puls kravs en
mycket hog spdnning. Detta belastar virkatorn hart och det ar framfor
allt elektrodmaterialen som riskerar att forstéras. Flera elektrodma-
terial har testats for att undersdka deras hallbarhet och inflytande
pa mikrovagspulsen. Med ratt material blir skillnaderna mellan tva
identiska forsok smé& och man kan utféra optimeringsstudier av ge-
ometrin, t ex med avseende pa utstralad effekt eller frekvensinnehall
i mikrovagspulsen. Experiment har visat att virkatrons utstalade ef-
fekt kan 6kas genom att inkludera en resonanskavitet i geometrin. Nar
kaviteten ar ratt instélld blir virkatorn mycket smalbandig.

Eftersom en HPM-puls har mycket hog effekt och pulslangden ar
kort behovs speciella faltprober. Frekvensen kan dessutom variera un-
der pulsen sé det dr mycket viktigt att kompensera for métsystemets
frekvensberoende. Utvecklingen av frifiltsprober for HPM &r ocksa
beskriven i denna avhandling.
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1. Introduction

The idea to use an electromagnetic pulse to destroy or disturb electronic
equipment originated from the electical black-outs caused by nuclear weapon
testing [1]. In a nuclear explosion a high power electromagnetic pulse (EMP)
is generated. If such a pulse can be generated without a nuclear explosion it
can be used as a nonlethal weapon, that only causes damage to electronics.
This is the idea behind High Power Microwaves (HPM) [2, 3]. It is intended
to be used to intentionally disturb or destroy electronic equipment without
damaging infrastructure or hurting people.

The expected outcome of an HPM attack can be either a hard kill, where
the electrical components are physically damaged, or a soft kill, where the
components are disabled with malfunction as a result. In a hard kill the
HPM pulse induces currents high enough to melt the metal on a circuit
board, or a voltage that will result in a flashover in sensitive electrical com-
ponents. A soft kill upsets a digital circuit when the produced voltage from
the HPM pulse is of the same order as the operating voltage a semicon-
ductor component, e.g. a transistor. To make a PC crash with a required
manual restart, an electric field of some kV/m is needed [4]. The small scale
of electronic circuits make them vulnerable to small amounts of energy.

To protect a device from HPM it has to be wholly contained inside a
metal structure, a Faraday cage, so that the HPM pulse cannot penetrate
the object. Most electrical devices need an external power supply and the
radiation can couple in though these cables, despite otherwise good electrical
shielding. Many devices also have some kind of communication device, such
as an antenna or network connection with a cable, through which an HPM
pulse can couple in. The way HPM is coupled into an object is divided
into two types, front door and back door coupling. Front door coupling
is through intentional receptors for electromagnetic energy, e.g. antennas
and sensors. Back door coupling is through incoming cables, holes in the
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structure like access panels, doors and windows, and bad weldings or other
imperfections.

In general, the power coupled into an object depends on the area sensitive
to radiation, the coupling cross section. For front door coupling this is often
the area of a slot or the aperture area of an antenna. If the frequency of the
HPM pulse is within the bandwidth of the antenna much energy is coupled
in but the effect falls off rapidly for other frequencies. For back door coupling
it is more complicated and the cross section depends on both frequency and
position. The optimal coupling frequency for an object is hardly ever known
beforehand.

There are two main approaches to use HPM; one is to use a narrow band
source where the radiated energy is concentrated in a small frequency band,
and the other is to use a wide band source where the energy is radiated over
a large frequency band, see Figure 1.1. With a wide band source the chances
are good that some energy is coupled in at a frequency where the object is
sensitive, but the energy is small and the effects are also small. If a narrow
band source is tuned to a frequency at which the target is sensitive, the
effects can be large, but it is difficult to know what frequency will give the
best coupling. A narrow band source that is tunable in frequency can cover
a larger frequency band with several HPM pulses with different frequencies.

AWy
fo

(a) (b) (c)

Figure 1.1: Different HPM pulses. The upper figures shows the time domain
and the lower the frequency domain. a) Narrow band b)Intermediate case
¢) Wide band

f

For short pulses, less than 100 ns, thermal diffusion can be neglected
and the power needed to damage a semiconductor component by a hard
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kill varies as 1/t. For longer pulses, between 100 ns and 1 us, energy is
transported away by thermal diffusion and the power needed varies with
1/v/t. To damage an electrical component with a short pulse, little energy
but high power is needed, whereas high energy and lower power is needed
with a longer pulse.

One other way to enhance the effect of HPM is to use repetitive pulses.
To obtain thermal stacking, where the energy has no time do diffuse between
the pulses, a pulse repetition rate of more than 1 kHz is needed. It is how-
ever likely that much lower repetition rate will have effect since each pulse
can degrade the material, with a lower threshold for damage than originally
as a result.

The radiated power is depending on the physical size of the HPM sys-
tem. Both the radiation source and the power supply get larger with power.
Therefore the more powerful systems with radiated powers over 1 GW are
best suited for stationary installations, e.g. on a war ship or on a site. When
there are no limitations in space, large antennas can be used to focus the
radiated beam.

Smaller systems with an output power of less than 1 GW can be mounted
on vehicles, like a truck, or be used as HPM warheads in missiles.

In this thesis results from experiments with a narrow band source, a
vircator, will be reported, as well as the development of a measurement
system for HPM pulses.

1.1 Narrow band HPM sources

To generate powers over 100 MW vacuum based electronics are used. Micro-
wave radiation is generated by converting the kinetic energy in an electron
beam [2, 5]. The source is driven by a voltage pulse with an amplitude
of about 100 kV-1 MV and a pulse length of about 1 us. The operating
frequency is some GHz and quite narrow banded, due to the nature of the
source. Some common narrow band HPM sources are the magnetron, the
MILO, the reltron, and the vircator. In the magnetron a voltage is applied
between the inner cathode and the outer anode, see Figure 1.2. Electrons
are emitted from the cylindrical cathode, and due to the radial electric field
and an external axial magnetic field, the electrons circle around the cathode.
The radiation is often extracted from one vane in the anode. At the gaps
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Figure 1.2: Magnetron. The electrons circle around the anode. When they
slow down at the cavity gaps and form spokes, kinetic energy is transformed
to electromagnetic radiation.

of the cavities the electrons slow down and electron spokes are formed. The
kinetic energy of the electron beam is transformed to electromagnetic ra-
diation. The frequency of the radiation is determined by the depth of the
cavities and it is hard to tune a magnetron in frequency during operation.
It is very stable in frequency though and can generate high powers of several
gigawatt. The difference between an ordinary magnetron and an HPM mag-
netron is the higher voltages and currents, which requires other electrode
materials.

The MILO (Magnetically Insulated Line Oscillator) is basically a linear
magnetron [6], see Figure 1.3. The big difference compared to an ordinary
cylindrical magnetron is that the MILO does not require an external mag-
netic field. The current itself generates an axial magnetic field that prevents
the electrons to short-circuit the anode-cathode gap. To generate the self
insulating magnetic field an applied voltage of >500 kV is needed. Since
much of the energy goes to the magnetic field the MILO has lower efficiency
than the magnetron.
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Slow wave structure

Anode
M
—_—
Emitter .
Microwave
[Cathode | radiation

_—

Beam dump -

Figure 1.3: MILO. The current generates an axial magnetic field that pre-
vents the electrons from short-circuiting the anode-cathode gap.

|

In a reltron an electron beam travels through a cavity where the beam
bunches. The bunched beam is then accelerated in a gap with a high ap-
plied voltage, to a velocity close to the speed of light, see Figure 1.4 [7].
The relativistic speed freezes the bunching and the velocity spread of the
electrons is low, with monochromatic radiation as a result. The microwave
radiation is extracted in one or several cavities.

This thesis is based on experiments with the vircator and it will be more
thoroughly described in following chapters.
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Bunching cavity Output cavities
Accelerating
gap Beam dump

I

Electron Electron
gun beam

Figure 1.4: Reltron. The electron beam is bunched in the first cavity. The
bunched beam is then accelerated to relativistic speed, which freezes the
bunching. This leads to less velocity spread of the electrons and the radiation
becomes monochromatic.

1.2 Vircators

The vircator (virtual cathode oscillator) differs from the rest of the HPM
sources in the way that microwave radiation is not generated from the in-
teraction of an electron beam and a cavity. Electrons are emitted from the
cathode and accelerated towards the anode. The anode of the vircator is
transparent to electrons and the electron beam passes through the it, see
Figure 1.5. The physics behind the vircator operation is that there is a limit
to how much current an electron beam can carry. If this limit is reached
the potential energy from the space charge in the electron beam is higher
than the beam’s kinetic energy and an electron cloud, a virtual cathode, is
formed. When this electron cloud oscillates and when electrons are reflected
between the cathode and the virtual cathode, microwave radiation is gener-
ated.

HPM sources like the vircator require high voltages and currents and
the performance of the source depends highly on the electrode materials
(Paper I and III). Common emitter materials are velvet, carbon fibre or
other materials with sharp tips. For dielectric materials like velvet, the
electrons are emitted with explosive field emission, where the electrons are
emitted from a plasma that is formed around the fibres [8, 9, 10]. To much
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Emitter

[—

Cathode Electron Virtual
beam | cathode

l Transparant
| anode

Figure 1.5: Schematic vircator. FElectrons are emitted from the cathode
and accelerated towards and then through the transparent anode. A virtual
cathode is formed when the space charge limit is reached.

plasma lowers the vacuum quality which in turn lowers the performance of
the vircator. To reduce plasma formation a conducting emitter material like
carbon velvet can be used [11, 12, 13], where the electrons are emitted by
field emission [14]. An applied electric field is enhanced at the tips and the
electrons are allowed to tunnel directly from the material into vacuum.

A vircator can be designed in different ways. Three most common geo-
metries are the axial [15] and coaxial vircators [16], and the reflex triode
[17], se Figure 1.6. In the axial vircator and the reflex triode the anode and
cathode are parallel and have the same center axis, while the anode and
cathode of the coaxial vircator are cylinders sharing the same center axis.
The reflex triode is positively pulsed on the inner conductor while the axial
and coaxial vircators usually are negatively pulsed.

To improve the performance of the vircator the virtual cathode can be
enclosed in a resonance cavity [18]. If the cavity is tuned to the operating
frequency, higher fields can be extracted. Vircators tend to have a frequency
chirp during the pulse but a resonance cavity can stabilize the frequency. In
the axial vircator and the reflex triode the cavity can be a pillbox attached
to the anode, enclosing the virtual cathode. The housing of the axial virca-
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Figure 1.6: Three common vircator types. a) Axial vircator b) Coaxial
vircator c¢) Reflex triode

tor is also a cavity defined by the vacuum tube and the wall to the right in
Figure 1.6a). This wall can be moved in the axial direction (see Paper III)
to find the optimum position. In the coaxial vircator the cathode and anode

act as cavities.

In order to generate high powers a high current is needed and this re-
quires a large emitting area. The coaxial vircator has the emitting area
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over the circumference of the cathode and therefore the axial width of the
emitter can still be small. With a narrower electron beam there can be a
more defined excitation point for the generated microwave radiation.






2. Experiments and theoretical
models

Some basic properties of a vircator, like the operating frequency and current,
can be estimated quite well with analytical expressions. Better estimates can
be made with computer simulations but even though the geometry of the
vircator is simple, it is hard to predict the performance. Experiments are
therefore very important in the understanding of vircator physics. Genera-
tion of HPM differs from other microwave generation in that the pulses are
very short and have high peak power. This puts quite different requirements
on the HPM equipment. There are hardly any off-the-self HPM products
and those that can be bought are expensive and not always ideal for the
purpose. Therefore much in-house products are used.

2.1 Vircator theory

All particles in the electron beam carry a charge and together they create
which will give the electron beam potential energy. At a distance of approx-
imately the anode-cathode gap from the anode, the potential energy of the
electron beam is higher than the kinetic energy. A negative potential well
is formed and the beam electrons will reflect and the current is stopped.
When this happens the space charge limit is reached and an electron cloud,
a virtual cathode, is formed.

Figure 2.1 shows a 3D particle in cell (see Chapter 2.3) simulation at
a time in the simulation when the vircator operation is stable. The figure
shows the relative momentum of the electrons along the center axis of an
axial vircator. The electrons are emitted at the cathode and are accelerated
towards the anode with a positive velocity. The electrons have the maxi-
mum speed at the anode and slow down after they have passed it. After

11



12 2. EXPERIMENTS AND THEORETICAL MODELS

the virtual cathode is formed it continues to grow and the space charge in-
creases. A higher space charge stops electrons with higher velocities and
the virtual cathode moves closer to the anode until it is so close that the
kinetic energy of the electrons are high enough to pass the virtual cathode.
When this happens the virtual cathode is dissolved and the electron beam
can propagate again. This can be seen in the figure as escaping electrons.
When the current in the electron beam has reached the space charge limit
again, a new virtual cathode is formed. This periodic formation of virtual
cathodes creates an oscillation that generates a part of the electromagnetic
radiation. The time between the generation of two virtual cathodes agrees
well with the period of the generated microwave radiation. The electrons
with negative momentum are those that have been reflected back from the
virtual cathode. These electrons will also generate radiation when they reflex
between the cathode and virtual cathode. The reflexing electrons will not
necessary have the same frequency as the oscillation of the virtual cathode.
If these two processes are forced to radiate at the same frequency, e.g. by
using resonance cavities, better performance of the vircator can be achieved.

The space charge limiting current Igcr, for a cylindrical electron beam
can be expressed as [19]

3/2
m003 (’72/3 - 1)
1+2In(R/ry)’

ISCL = 27‘(’50 (2.1)

where g is the permittivity of free space, mg is the rest mass of an electron,
c is the speed of light, R is the radius of the vacuum tube and r is the
electron beam radius. The relativistic factor v is defined as

=\ 22)

where v is the speed of the electrons.
The virtual cathode oscillates with approximately the plasma frequency
of the electron beam. The plasma frequency f, for a planar geometry is

given by
1 nye?
= — 2.3
fo=5-4 pop—_— (2.3)
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Figure 2.1: Particle in cell simulation of an axial vircator showing the relative
momentum of the electrons on the center axis. A virtual cathode is beginning
to form at a distance of about the anode-cathode distance. Before a new
virtual cathode is formed electrons escape from the virtual cathode area.

where —e is the electron charge and ny is the electron density in the beam
as it passes through the anode. The relativistic factor v can in a vircator
also be derived from the relativistic energy conservation law

(v = Dmoc? = eU, (2.4)

where U is the voltage over the anode-cathode gap.

For voltages less than 500 kV, a non relativistic approximation can be
made, and the electron density can be derived from the Child-Langmuir
relation of a planar diode, which describes the maximum current density
Jjor that can be obtained.

. 4 [2e¢ U3/?
JcL = =

e —— 2.5
9\ mg 4rd? e (2:5)

where d is the anode-cathode gap distance. The electron velocity v at the
anode can now be obtained from the non relativistic energy conservation
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relation
77”L()U2
2

The radiation generated when electrons are reflected between the virtual
cathode and the cathode does not necessary have the same frequency as the
virtual cathode oscillation. This frequency for a vircator without resonant
cavities or feed back, can be determined from the time it takes for one
electron to travel from the cathode to the virtual cathode and back again, a
distance that is about four times the anode-cathode gap. The transit time
70 between cathode and anode is

= eU. (2.6)

d
= - 2.
= (2.7)
and the frequency of the reflected electron is
1 3 | 2eU
fr = — : (2.8)

o 49 16\ mod?

2.2 Experimental setup

All experiments were performed at the HPM laboratory at FOI in Grind-
sjon. The experimental setup consists of vircator, voltage generator, vac-
uum pump, shielded operating room, and an anechoic chamber where the
microwaves are radiated and the microwave probes are situated, see Fig-
ure 2.2 and 2.3. The anechoic chamber has metal walls and the interior
dimensions are 2.4x5.9%x2.4 m. On the inside it is covered with 20 cm thick
microwave absorbers.

In the experiments an axial vircator was used. It is housed inside a stan-
dard three-way ConFlat 87-6”-8” vacuum tee. The generated microwaves
are radiated through a 2 m long waveguide connected to the 6” center port
of the tee. The voltage source and vacuum pump are connected to the other
two ports. The axial vircator is designed so that the generated microwaves
can be extracted either only from the area between the anode and cathode,
or from both sides of the anode, see Figure 2.4. In the first case, only the
radiation from reflexing electrons in the anode-cathode gap is extracted.

The depth of the resonance cavity can be changed by moving the wall.
The cathode and anode are designed so that different electrode materials
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Figure 2.2: Schematic figure of the HPM lab.

can be used, and the distance between them can be changed.

The vircator is powered by a Marx generator [20], a voltage generator
where capacitors are charged in parallel and discharged in series via spark
gaps, see Figure 2.5. The Marx generator has 25 stages resulting in a nominal
output voltage of 400 kV and a nominal energy of 320 J [21]. The Marx
generator can be set to deliver up ten pulses in one second.

During the experiments the Marx generator was charged to an erected
voltage of 385 kV, resulting in a peak voltage of about 250 kV across the
anode-cathode gap. The peak-voltage jitter between shots was about 5%.
The stored energy in the Marx generator was 300 J. The voltage was mea-
sured with a capacitive divider with a rise time of 30 ns, and the current
was measured with a Rogowski coil [22] with a rise time of 20 ns.

To measure HPM pulses special probes are needed since the pulses are
short and the electromagnetic field strength high. The probes must have
a short rise time to be able to record the rapid changes of the microwave
radiation and a small effective area, otherwise there will be a flashover at
the output of the probe. One probe that meets these requirements is the
B-dot probe, which basically is a small single loop antenna that measures
the time derivative of the magnetic field. To lower the inductance and thus
giving it a shorter rise time the loop is extended in the axial direction to
a cylinder. In order to obtain a differential output two cylinders are used
measuring in opposite directions, see Figure 2.6. When the signals from the
two cylinders are added together, the signal is doubled and common mode
noise is canceled out.
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P

Marx generator

(b)

Figure 2.3: HPM lab. The microwave radiation is propagated through a
2 m long waveguide. a) Marx generator, vircator and vacuum pump. b)
Waveguide aperture in the anechoic chamber.
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Figure 2.4: Axial vircator with different extraction possibilities. The ad-
justable cavity wall is used to tune the cavity. a) Extraction from both sides
of the anode. b) Extraction only from the anode-cathode side. Radiation
generated by the virtual cathode is not extracted.

To be able to determine the radiation pattern measurements at several
points have to be made. Since there are shot-to-shot variations, measure-
ments of the radiation pattern have to be made at all desired positions at
the same time, which requires many probes. The probes are expensive and
measurements of probes have shown that our in-house built probes perform
as good as commercial ones. Another advantage with building own probes is
that they can be modified to meet new requirements. Both commercial and
in-house probes are calibrated at SP Technical Research Institute of Sweden.
To verify that the probes perform as intended they are also tested regularly
in the lab using standard gain horn antennas and a network analyzer.

It is difficult to build small, wideband antennas with a flat frequency
response. It is therefore important to compensate for the frequency depen-
dence and attenuation of the probes and cables in the postprocessing of data
(Paper II). This is especially important with a source like the vircator since
the operating frequency of the vircator tends to shift during the pulse.
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Voltage

probe ~L

Figure 2.5: a) Marx generator with 25 stages. Here only the last stage is
visible. The capacitive voltage divider probe can also be seen. b) Circuit
drawing with four stages. The capacitors C' are charged in parallel and when
the first spark gap is trigged, the rest of the spark gaps close. The capacitors
are then discharged in series and the voltage over the load Zj, is four times
the input voltage.

2.3 Design tools

To be able to simulate both charged particles and time varying electro-
magnetic fields, a method called particle-in-cell (PIC) can be used [23]. A
mathematical grid is put over the simulation volume. In the cells the total
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Figure 2.6: B-dot probe.

charge is represented by super-particles each with the total mass and charge
as the original particles, thus keeping the original charge to mass ratio, see
Figure 2.7. The charge of each super-particle is distributed on the grid
points and are weighted with the distance to the grid points. The resolution
gets better with the number of super-particles. The use of super-particles
reduces simulation time significantly compared to simulating all particles.

(ij+1) (i+1,j+1)
° °

\ 4 4
(iJ) (i+1)

Figure 2.7: 2D PIC grid

The equations to be solved for are the Lorentz’ force equation for the
movement of the super-particles

d
md—‘t’:q(E—i—va), (2.9)
and the Maxwell equations
0B
VXE=—— (2.10)

ot
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1 OE
2ot
m, v and ¢ are the mass, velocity and charge of the particle. E and B are
the electric and magnetic fields, ug is the permeability of free space and c is
the speed of light. These equations are solved with the following iteration
cycle:

V x B = + (2.11)

1. Assign the charge on the grid points
2. Solve the electric and magnetic fields
3. Calculate the Lorentz’ forces on the super-particles

4. Move the super-particles

One way to solve these equations is with a Finite-Difference Time-
Dependent (FDTD) method, which is second-order accurate in both time
and space. Maxwell’s equations can be solved with the Yee algorithm which
solves both the electric and magnetic fields in time and space. The Yee
algorithm has a staggered grid and uses central difference for the space
derivatives and leapfrog for the time derivatives, see Figure 2.8. Leapfrog
time-stepping means that the electric and magnetic fields are not calculated
at the same time step.

B B
@ L n+1/2
E E E
n
i i+1/2 i+1 i+3/2 j+2

Figure 2.8: 1D Yee scheme. The electric field is calculated at integer time
and space steps while the magnetic field is calculated at half integer steps.
The index is n for the time stepping and ¢ for the space stepping.
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In the one-dimensional case (2.10) becomes

n n n+1/2  pn—1/2
Lan - EL By = By i

Az At

(2.12)

for a wave polarized in the z-direction, where Axz and At are the steps in
space and time. The electric field and super-particle position are solved at
integer time steps and the magnetic field, current density and super-particle
velocity are solved at half integer time steps.






3. Results

3.1 Paperl

Experimental studies of anode and cathode materials in a
repetitive-driven axial vircator

Repetitive use of a high-power-microwave radiation source implies strong
erosion on cathode and anode materials. Electrode-material endurance has
been studied in a series of experiments with an axial virtual cathode oscilla-
tor powered by a compact Marx generator. The Marx generator is operated
in a 10-Hz repetitive mode with a burst of ten pulses. Velvet and graphite
was used as emitter material and stainless-steel mesh, stainless-steel wires,
and molybdenum wires as anode material. The voltage and current of the
vircator was studied with different combinations of electrode materials. The
most commonly used electrode materials, velvet emitter and stainless steal
mesh anode, showed the largest shot-to-shot variations while the combi-
nation graphite emitter and molybdenum wires showed a more repetitive
behavior, but with lower radiated field strengths and shorter pulse lengths.

Destructive tests, where the number of shots before failure was regis-
tered, showed that the best results from the combination of graphite emitter
and molybdenum wire anode.

3.2 Paper II

Magnetic Field Measurement System for HPM Research

One method to characterize the radiated microwave field from a high-power
microwave (HPM) source is to measure the radiated high-level electromag-
netic field in several locations at a high sampling rate registering the fre-

23
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quency time dependence, thus being able to determine the radiated pattern
and mode. A complete free-field measurement system for measuring the
magnetic field component in high-level electromagnetic fields has been de-
veloped at FOIL. The system consists of a B-dot sensor and a balun, both
designed and constructed at FOI. The B-dot sensor is designed as two cylind-
rical loop sensors with differential output. The balun is a microstrip design
etched on a dual sided PTFE circuit board.

The B-dot sensor is used to measure very high field strengths, and to
avoid electrical breakdown it is important that the gain is low. The B-dot
sensor and balun is used in a large frequency band, 1-6 GHz, and it is
in practice impossible to get a flat frequency response for such a system.
This use of an antenna is quite unconventional, since it is more common to
design antennas with high gain and only use the them within a frequency
band where the frequency response is flat, and where theoretical models
agree well.

Due to the large frequency band in which the B-dot sensor is used,
resonances in the system can give an output signal from the B-dot sensor
and balun that is several times higher at times when the frequency shifts
some hundred megaherz, even though the actual magnetic field strength is
the same.

Since the B-dot sensor and balun have to be small, they are hard to
build and all B-dot-balun pair have slightly different characteristics. To get
accurate measurements, all pairs have been individually calibrated at SP
Technical Research Institute of Sweden. In the postprocessing, the signal
registered at the oscilloscope is compensated for the frequency dependence
of the B-dot-balun pair used.

3.3 Paper 111

Experimental Studies of the Influence of a Resonance Cavity
in an Axial Vircator

A resonance cavity enclosing the virtual cathode can improve the perfor-
mance of a vircator. Experiments with different cavity depths have been
made to test if it is possible to make the two radiating mechanisms of the
vircator radiate at the same frequency. In this experiment series it was very
important to have low shot-to-shot variations to be able to see the cavity
variations, and not the cathode material deterioration. Carbon fibre velvet
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was used as emitter material and molybdenum wires as anode. The carbon
fibre velvet combines the good qualities of the emitter materials tested in
Paper I, the low shot-to-shot variation of graphite and the high radiated
fields and longer pulse lengths of velvet.

To be able to study the two radiation mechanisms of the vircator, it
was designed so that the radiation from the virtual cathode can be shielded
off. Only radiation from the area between the anode and cathode is then
extracted. The depth of the resonance cavity showed to have small influence
on the radiation from the volume between the anode and cathode. At the
optimum cavity depth the virtual cathode was forced to oscillate at the
same frequency as the electrons in the anode-cathode gap. The result was
a very narrow bandwidth of the microwave radiation, less than one percent,
which is unusual for an axial vircator. At this cavity depth the magnetic
field strength was the highest registered. The use of a cavity also made the
microwave pulse stable in frequency during the entire pulse.






4. Discussion

Generation of High Power Microwaves is a research area facing many prob-
lems not common in generation of microwaves with lower power. The ma-
terials have to withstand very high currents and voltages, and special care
has to be taken in the material choices. The performance of a vircator can,
like most microwave sources, be optimized. To be able to do reliable ge-
ometrical studies the shot-to-shot variations have to be low. Experiments
have shown that even different velvet fabrics result in different characteris-
tics of the microwave radiation, voltage and current. We have tested many
electrode materials and found that carbon fibre velvet is the best emitter
material. Unfortunately we have only one carbon fibre emitter and we have
not been able to get hold of more of that kind. The search for new emitter
materials is therefore an ongoing process, and the goal is to find a material
with a low emission threshold, low outgassing and that can be manufactured
in different geometries.

Narrow band HPM research has mostly sprung out of pulsed power and
plasma physics and, traditionally, low effort has been put on the measure-
ment system. In the postprocessing of vircator experiment data it obvious
that compensating for the entire frequency response of the measurement
system is necessary. For a radiation source like the vircator, where the fre-
quency may shift during the pulse, it is extremely important to compensate
for the entire frequency response while it may be enough to just use the dom-
inating frequency in the postprocessing for a more frequency stable source,
like the magnetron.

27






5. Conclusions

The vircator is a narrow band HPM source with a simple geometry. It is
possible to build compact vircators since they does not require an external
magnetic field and can be driven by non relativistic voltages. The perfor-
mance of the vircator depends highly on the electrode materials. Carbon
fibre velvet has been shown to have low shot-to-shot variations and the gen-
erated field strengths of the microwave radiation are high compared to e.g.
graphite. If the vircator is to be used repetitively the erosion of the electrode
materials must be low. Molybdenum wires as anode material have proven
to last much longer than stain-less steal wires.

To be able to properly evaluate the performance of the radiation source,
a well known measurement system must be used. Special far-field probes are
required to measure the high generated fields of an HPM source. To avoid
electrical breakdown the probes must have a low gain, which in our case is
achieved with small aperture areas of the probes. The diameter of the probe
is just a few percent of the wavelength of the microwaves. The probes are
used in a wide frequency range, 1-6 GHz, in which the frequency response
is not flat. The actual frequency response may differ several decibel from
the theoretical due to resonances in the measurement system. For conven-
tional antenna use the variations are too large, but for HPM use it is fully
sufficient as long as the measurements are compensated for the frequency
response of the measurement system. Since the frequency of the pulses may
shift during the pulse and also differ between shots with identical setup due
to e. g. jittering in the voltage supply it is important to compensate for
the entire frequency response and not only the dominating frequency. We
have developed our own measurement system and each individual probe is
calibrated.

With proper electrode materials and a well calibrated measurement sys-
tem it is possible to make geometry optimization studies. We have shown

29
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with experiments that it is possible to make the two radiation mechanisms
of the vircator radiate at the same frequency. By including a tuned reso-
nance cavity in the vircator geometry the virtual cathode can be forced to
oscillate with the same frequency as the radiation from the electrons that
are reflected between the cathode and virtual cathode. The result is higher
radiated microwave fields with a very narrow bandwidth.
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