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Abstract

Ultra compact PT charges the solid dielectric PFL in 2µs and 1µs made by RG218 cable

and 450kV XLPE cable in the presented results. The achieved voltage gains of PT are

1:20 in such compact geometries. PFL are made of coaxial cable to drive electron beam

diode in form of vircator and are reported for the first time. The microwave emission

from such compact PFL charged by new-configuration PT is reported for 1MW radia-

tion in frequency range of 4-8GHz. The vircator is operated with the help of dry PFL at

repetition rate of 4Hz and consistency of results in terms offrequency and peak power

upto six sequential shots is reported in the repetitive operating mode. Shot to shot vari-

ation is also shown to be very little in terms of frequency andpeak radiated power in

single shot mode of operation. The cable based PFL pulsed power generator has electri-

cal peak power delivery of 650MW and 3.3GW respectively whenthey are made using

RG218 cable in one case and high voltage XLPE cable in the other case. A broadband

conical horn antenna to maximize the radiation at the axis ofvircator is designed and

implemented after the vircator. 3D modelling results if theantenna are also presented.

The vircator efficiency of 0.3% is also reported and extensive modelling of the results

in PIC code (XOOPIC two and half dimensional code) is also presented. The vircator

is reported to be operating at 50kV of A-K gap voltage which isthe lowest reported in

conventional vircator geometry. At these low anode cathodevoltages the current densi-

ties (computed assuming uniform emission) achieved are 300A/cm2 which is quite close

to the highest values reported in the literature i.e. 450A/cm2. For single shot applica-

tions ultra compact pulsed power generators using exploding copper wire as opening

switch is reported for 500MW and 2GW peak electrical power delivery capabilities in

two reported cases. All the switches in this generator are inair and hence device is very

attractive. The experimental, modelling results of these compact generators aimed for

vircator as load is presented.



SYNOPSIS

It has been seen in the past that for the microwave emission from Vircator (Virtual Cath-

ode Oscillator) like pulsed high power microwave emitting devices, one requires high

electrical input powers which are essentially delivered bythe pulse-shaping and pulse-

compression devices made of high dielectric strength (voltage withstand capability) and

high relative permittivity (high energy density capacity)materials. The leaders in the

field have been liquid dielectrics like water (ǫr = 74 at 350C temperature [1]) and castor

oil (ǫr = 4.7) and have been immensely used in the experiments. In such cases of liquid

dielectrics, especially in the case of water, there is a needof continuous processing of the

liquids to maintain its purity levels so that the dielectricproperty of the liquid utilized

for pulse-shaping and/or pulse-compression are not changed/deteriorated to worsen the

performance of the whole integrated system. The contamination like electrode erosion

and humidity (in case of other than water used as the dielectric) are the main factors

worsening their performance. This ends up in the requirement of associated systems

and components requiring constant energy to run them, even though the system is ly-

ing idle and needs to have short readiness time at the time of need of its functioning.

Moreover, the system becomes heavier because of requirement of such associated com-

ponents and systems. The operation becomes really difficult to work with as the efforts

required in maintaining the system in operational mode is much higher. If the mobility

of pulse microwave source is also of prime concern to the userthen it becomes needless

to say that the usefulness of the liquid dielectric based pulsed power system driven high

power microwave source is drastically reduced.

The aim of the present work is to explore the possibilities ofradiation emission from

a simple virtual cathode oscillator made using a dry-type and maintenance-free type

pulse forming system to drive electrical input powers into it. This enhances the com-

pactness/robustness of the system and reduces the time of readiness from idle to on-state

with increased ease in mobility. Hence the experimental scope for such system in terms
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of practical feasibility is needed to be explored. The work is aimed for making one

such integrated system which has a compact and maintenance-free pulsed power source

and a vircator device matching with the designed pulse-power-source’s parameters to

deliver the considerable levels of microwave emission in the frequency range starting

from a few gigahertz and lying up to 10GHz. Moreover the issues to make system

more compact and also about integrating the chemical energydriven primary pulse-

power energy-storage are also discussed with an aim of realization of such compact and

maintenance-free devices. The work reported in this thesisis aimed towards achieving

pulsed microwave emission of longer durations (long anode cathode gap closure time)

from a vircator driven by a compact maintenance-free dry-type pulsed power source in

the frequency range of few GHz to 10GHz. The research involves solving the physics

problems to design the system components and realize, characterize them in parts and

then assembling such system components in order to study thephysics of integrated-

system made operational. The study on the effect of designed and developed antenna

in view of enhancing free space coupling from the vircator isalso done as part of work

of research reported in the thesis. Related stage-by-stagesystem-modelling is also re-

ported in the thesis which involves very fast softwares for circuit solving like spice

solver PSPICE, inductance extraction programmes like FASTHENRY, EFFI particle-in-

cell codes XOOPIC and few FORTRAN/SCILAB based codes written to analyse the

experimental results as a feedback mechanism while designing in the system in stages.

Essentially there are two mechanisms to generate such pulses and they are as a) ca-

pacitive storage type pulsed power source by utilizing the closing switch and b) the

other is inductive storage type pulsed power generator utilizing the opening switch. In

both the cases the initial energy can be provided by ultra-compact high-energy-density

pulsed power converters (from chemical energy to electrical energy). The first option

among the two types of systems mentioned above is explored for realizing a vircator

driven by a pulse forming line made of solid dielectric whichis essentially high-voltage
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transmission-line combination in parallel to deliver the desired source impedance and

desired electrical powers. The second method of inductive storage driven compact

pulsed power source was also explored and a complete modelling with circuit solver

to incorporate the integration of inductive storage-cumopening switch driven vircator

was done to define the operating parameters of such a compact pulsed power driver after

validation of the model with the experimental results.

Chapter 1 is an introduction of the problem and review of literature. It also presents a

picture of the aims conceived, which is to make a compact and portable pulsed power

system driven virtual cathode oscillator, and need of the work presented in the thesis

Chapter 2 deals with the diagnostics used in the experiments reportedfor the present

thesis work. The diagnostics used for the observing the primary voltage at PFL is simple

resistive divider made of high voltage high energy ceramic disc resister which is made

stacking number of resistors in series to make the upper arm of the resistive voltage

divider. The lower arm is made using the same type ceramic disk resistor with different

composition and dimensions to give a lower arm resistance of5Ω. The attenuation ratio

resulting from this combination is 8000:1. The voltage at the diode is being measured

using a high voltage probe which consists of two similar 100MHz, 100kV 1000:1 probes

connected in series. The net output from this series combination of probes is having an

attenuation of 20000:1 and the high voltage terminals of both the probes are made com-

mon to deliver a voltage measurement diagnostic which can withstand to twice of the

voltage withstand capacity of one divider. This way we can measure the voltage up to

200kV pulse. The rise time of this probe corresponds to 12ns only as per the experi-

mental tests reported in this thesis. For the measurement ofthe current passing through

electron beam diode we have used one standard current transformer (CT) with 20ns rise

time in one segment of ground connection of the vircator chamber which is segmented

in 12 similar parts. The sensitivity of the current transformer is 10Volts/kA and thus

every volt from the CT measures an equivalent current of 1.2kA passing through the
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electron beam diode. For the measurement of microwaves frequency, high frequency

digital storage oscilloscopes and to see the envelope of radiated microwave pulse the

high bandwidth microwave detector diodes are used after suitable attenuation of mi-

crowave power density done by free space attenuation, external fixed attenuators. The

sampling of radiated microwave power is done by horn antennakept at different loca-

tions away from radiating horn antenna or waveguide of vircator.

Chapter 3 describes the system components for capacitive method based repetitive

pulsed power driven laboratory based microwave radiator source and their design, fab-

rication and testing details which are highlighted as givenunder. A compact power

supply, a trigger-generator and the low operating voltage (below 10kV) spark-gap for

repetitive triggering was designed developed and tested. The second major component

is solid dielectric based pulse forming line (compact, dry and requiring no maintenance)

is made in three different experimental setups. It has advantage over Marx base or in-

ductive storage based system in terms of the flat output pulse. The microwave emission

results from these thee setups and respective vircators is observed and reported in chap-

ter 6. The first two of them being based on four parallel 50Ω cables RG218 (180kV

tested for microwave emission with vircator) to give a net 12.5Ω source impedance of

different pulse widths depending upon the cable lengths viz 8m and 12m respectively.

The peak power delivery capability of these pulsed power generators is 650MW for a

matched load. It is to be noteworthy here that the two pulse forming lines were charged

with monopolar and bipolar voltage pulses in two cases respectively and it was found

that the bipolar charging of pulse forming line deteriorates the longevity or life of over

stressed pulse forming line. Then in the final and the third system only mono-polar

charging of pulse forming line was done. This PFL is differently made using 450kV

voltage withstand cables, each of 60Ω impedance providing net 15Ω source impedance.

The system is deliverable to the field with very good portability and also with no main-

tenance during operation. The peak power delivery capability of such this system for a
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matched load is 3.3GW

Chapter 4 describes the design and modelling details of three different transformers

used for charging the transmission line based pulse formingline described above for

driving the vircator. This was done in order to finally generate the microwave radiations

from the vircator. The transformers are modelled (in the last two cases of pulse forming

line) using a circuit solver for studying its electric performance whereas the design was

made on the basis of 3-dimensional inductance extraction program called FASTHENRY

(including physics of coupling of energy between primary and secondary) and using

EFFI computer code (in the first case of pulse forming line). The code FASTHENRY is

capable of handling the 3D geometry of the transformer and givers a pictorial presenta-

tion of the sample problem and solves it by considering the problem space in the forms of

small straight elements of current carrying conductors. Interestingly as the transformer

is air core pulse transformer hence it is essential to know the sizes of primary and sec-

ondary capacitor to demonstrate a system which is compact. The FASTHENRY code

computes the primary and secondary inductances and also mutual inductance between

primary and secondary and hence becomes a good design tool for a suitable air-core

pulse-transformer. The primary capacitor bank is interesting and made in a novel way in

last two cases. For the first time, as is reported in the literature, it has been made in such

a way that the primary of pulse transformer is made using a series and parallel combi-

nation of axial lead type cylindrical capacitors. The transformers are designed in order

to make a double resonant mode operation for a particular case(second setup) of pulse

forming line made by RG218 cable and also to make first pulse charging in the other

cases of pulse forming lines (in the first and third setup) charging. A noteworthy point

is that the PFL charging within 1µs from the beginning of primary capacitor discharge

was finally achieved in the experiments.

Chapter 5 deals with the details of antenna design for axial extractedvircator and for

a suitable coupling with the vircator and to analyse the results of changes in the mi-

5



crowave emission in free space by the use of antenna in the vircator driven by compact

pulsed power driver.

Chapter 6deals with the experiments an their results in different systems using monopo-

lar or bipolar pulses with different rise times for pulse forming line charging. The double

resonant and first pulse charging in minimum rise time is aimed during the transformer

design and studied in second and the third set of vircator experiments after gaining

some experience from first set of experiments in which biggerpulsed power generator

was used to drive the vircator. The system made by such assemblies require almost zero

maintenance during their operation except the maintainingvacuum before each shot in

vircator chamber and the work has been expanded towards repetitive vircator opera-

tion. The modelling of the microwave emitter was done on a twoand half dimensional

particle-in-cell codes XOOPIC which is available in publicdomain. Different cathode

materials are used for the experiments.

The salient features of the conducted experiments are as given under.

1. Monopolar charging of RG218 based system was done and connected virtual cath-

ode oscillator (VIRCATOR)load with graphite cathode demonstrates emission of

microwave radiations in 1.7GHz frequency. The emitted microwaves being prop-

agating electromagnetic fields have caused visible breakdown in gas discharge

tubes like neon lamps and fluorescent tubes. X rays generatedby the electron

beam bombardment were also recorded and annular profile of electron beam was

observed and recorded. This is first of its kind experiment aselectron beams for

vircator operation were produced by any cable based PFL system.

2. Double resonant operation of RG218 Cable based system with aluminium cathode

and demonstration of high frequency radiations at 160kV and180kV charging of

the PFL respectively was subsequently reported. Bulk breakdown in the dielectric
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of the Pulse forming line was also noticed at 200kV of pulse charging voltage in

double resonant charging when the peak value of the chargingvoltage is achieved

in 2.0µs. A slight frequency shift in microwave emission was also observed in the

output depending on the charging voltage. The system was modelled also using

XOOPIC particle-in-cell code and the results show a very good understanding of

the high frequency and low frequency signals coming out of the axial vircator.

3. As the bipolar pulses reduce the life of the solid dielectrics at high voltage stress-

ing so we replaced the RG218 cables with other cables having avoltage withstand

capability of 450kV in short pulses with the cable overall diameter of 39mm and

an impedance of 60Ω. The cable based pulse forming line was charged using a

pulse transformer in the first peak. For this purpose anotherpulse transformer

was made using capacitor bank shaped in form of primary but toenhance the cou-

pling between primary and secondary we have used the flexibility of diameter in

order to use the energy of primary bank efficiently. The secondary was success-

fully charged and discharged in first peak which is attained in 1µs time and the

radiations of vircator were recorded at these conditions.The microwave radiations

from the vircator are observed using a cathode made by red velvet and the A-K

gap being 3mm. It is also observed that the radiations are ranging in 4-8GHz in

different shots and chirping of frequency in different shots is minimal.

4. A successful demonstration of microwave emission from a virtual cathode oscilla-

tor operating at low voltage has been achieved experimentally without any change

in conventional geometry of virtual cathode which had previously been done by

the application of external magnetic field for operating thevirtual cathode oscil-

lator at relatively lower voltages as per the reported literature.
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5. A repetitive 4Hz operation of the vircator driven by cablebased PFL is achieved

and 1MW radiation with 0.3% efficiency is recorded by the vircator at low voltage

operation.

Chapter 7 has the description of the inductive-storagecumopening-switch based com-

pact pulsed power generators which is shown to demonstrate 500MW and 2GW of elec-

trical powers for 200ns of duration into a 12.5Ω and 18Ω loads respectively. The 2GW

power generator is less than 15kg in weight and 70cm length and 20cm diameter cylin-

drical dimensions. The circuit modelling to understand thephysics for such system

was done using action dependent resistivity (Tucker and Toth model) model. The inte-

grated analysis of such system with a load which has formulation of voltage dependent

impedance like that of vircator or planar anode cathode structure devices was also done

and is being reported as assembled system of one kind. The effect of different anode

cathode spacings for such generator driven vircator has been studied theoretically in

terms of load power, voltage and current. This study is meantfor making a single-

shot integrated system for generation of high power microwaves using chemical pulsed

power and foundations are planned to be laid by using this work in order to make a com-

parison of inductive storage -vis-a vis capacitive storagebased compact pulsed power

technology. The inductive storage based pulsed power source is expected to be the most

compact pulsed power source as the energy density of such chemicals driving this sys-

tem is very high and the pulsed power delivery from such chemicals is very high. This

way they form a complete single shot system but as the nature of chemicals used in such

devices is such that they release enormous energies in very short durations they cannot

be used in laboratory based controlled and environment. Thework includes the spice

modelling and the experimental results of laboratory basedinductive storage system.

Further modelling in terms of analysis of the inductive storage system was also done

in order to predict the assembly behaviour of the system for different load impedance
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which includes the pspice modelling of voltage dependent impedance of the vircator

diode which is 137(d/R)2/Vdiode.

Chapter 8 finally has conclusion of the experiments reported in the thesis. This chapter

also includes some of the suggestions for the future experiments.
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LIST OF ABBREVIATIONS

FWHM Full width half maximum

PFL Pulse Forming Line

Vircator Virtual Cathode Oscillator

HPM High Power Microwave

PT Pulse Transformer

PIC Particle-in-Cell

XOOPIC Object oriented particle-in-cell code with X windows

FFT Fast Fourier Transform

STFT Short Time Fourier Transform

µH microhenry

nH nanohenry

µs microsecond

ns nanosecond

ps picoseconds

µF microfarad

S.S. Stainless Steel

VSWR Voltage Standing Wave Ratio

PE Poly-Ethylene

XLPE Cross Linked Poly-Ethylene

TLT Transmission Line Transformer

rms root mean squared

BW Band Width

HV High Voltage

dB Decibel
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1
INTRODUCTION

It has been already shown by different research groups working for the generation of

High Power Microwaves utilizing quite bigger pulsed power generators that the input

electrical powers required for the successful operation ofthese generators is in the order

of GW. This also requires the high voltages in hundreds of kilovolts as the impedances

of such devices is mostly in tens ofΩs. The simplicity in construction and operation

alongwith tunability in radiation frequency by changing geometry makes the vircator

among the most favourite devices for microwave production.Electrical to microwave

power conversion efficiency of axial-vircators (which is simpler in construction among

different vircator variants) is limited. The efficiency of vircator is not seen increasing

more than a few per cent in terms of electrical to microwave peak power conversion.

Mostly the generators used to drive the vircators are heavy and big in size and also de-

mand some other sub-systems during system operation and they find a difficult way to

come out of laboratories. The aim of the work reported in thisthesis is towards mak-

ing the pulsed microwave generating system such that the experiments which are to be

done out of laboratory space may easily be conducted with them. In order to attain this

objective we have tried making pulsed power generators in compact and essentially dry
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configurations which are capable of driving the axial-vircator load with a quite good ef-

ficiency even at moderately high electrical pulsed powers asinput. Given the limitations

in the size/compactness of the pulsed power generators for laboratory applications it be-

comes very interesting to see towards the problem of operating a high power microwave

device which, in the present case, is an axial vircator by using a moderate power but

quite compact pulsed power generator as a driver. This generator may not be giving

extremely high voltages as are possible by some big pulsed-power generators but still

running vircator in repetitive mode.

If we go through the literature survey of the high power microwave sources then we

find that there have been several attempts/efforts made in the past to develop them us-

ing compact pulsed power generators. Effectively the complete problem is bifurcated in

two directions. The first one being design and development ofa compact pulsed power

generator by any method/scheme of pulsed power compression/conditioning which, of

course, is based on the physics of energy storage (high energy density physics) and

associated dielectric breakdown in dielectrics and the second one being exploration of

the optimized radiation from the vircator with the electrical powers being fed by these

designed and developed compact pulsed power sources. The first part, even though ap-

pearing to be too simple to be considered, has been very crucial in the development or

evolution phase. This has invited very nice and interestingworks to be pursued and re-

sulted in the publications also related to the compact pulsed power source development

for HPM applications. Even though the development phase is akind of vertical or one

dimensional study on the topic, but still it could not have been possible without consid-

ering some relevant applied physics concepts. The application of pulsed microwave of

high powers is not limited to the interference effects in the electronic devices but also

for microwave plasma interactions [4].
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1.1. Compact Pulsed Power Generators : Literature survey

1.1 Compact Pulsed Power Generators : Literature sur-

vey

Recently a high voltage cable based 2Ω pulsed power generator for 25GW in 10Ω

CuS O4 load is reported by [53] with an aim of rectangular pulse generation into a

high power microwave source. It is noted as advantage in thisapproach that the other

schemes like Marx generators and flux compression generators are having a drawback

of not capable of providing a rectangular flat top pulse. The weight of this pulsed power

generator is 3ton and its dimensions are 4mx2mx1.2m. A Marx generator type pulsed

power generator [141] which is made very compact and weighing 37.5kg is used for

driving reflex triode oscillator at a pulse repetition rate of 10Hz. This generator is tested

to deliver nearly 200kV voltage pulse into an 18.5Ω impedance load. In another inter-

esting article [47] a pulsed power generator suitable for HPM application is made using

capacitor bank driving an exploding foil opening switch andthen after the compact pulse

transformer uplifting the voltage produced by exploding foil switch opening action. It

is also proposed to finally replace the capacitor bank with their previously deigned flux

compression generators named FLUXAR configuration. Necessary to mention here is

that flux compression generators have served the requirement of the most dense/compact

pulsed power generators and have been employed in the field inorder to substitute the

very huge pulsed power generators which were made in variouslaboratories for the

generation of high power microwaves. Also to add is that the devastating nature of the

chemicals used in the power amplification in these generators may not be a choice by

many of those who are interested in studying interaction of high power microwaves with

the matter like plasma. Moreover the study related to the effect of repeated interactions

in matter may also not be possible by these devices. The powerlevels produced by such

devices may always be argued to be very attractive in the caseof the bigger and heavier
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1.2. Overstressing primary energy storage capacitors: Literature survey

devices but use of chemicals to make them compact may not be aneasy choice for the

user. The compact pulsed power generators without chemicals (used for energy sources)

may be operated in repetitive mode to have a burst of microwave pulses.

1.2 Overstressing primary energy storage capacitors: Lit-

erature survey

As far as the primary energy storage capacity of any pulsed power system is concerned,

capacitors mostly play a very important role in their realization. Domingos et al [42]

have reported the testing results of different types of capacitors for application at far

higher voltages as compared with the maximum voltages they were rated for. The aver-

age breakdown voltage is found to be exceeding upto a factor of 8 in some cases which

is quite interesting. In another article by Shkuratov et al [43] a voltage overstressing

of a factor of more than four was reported for some mica capacitors. The capacitors

used to make compact primary energy storage in the case of inductive energy storage

reported in this thesis were also overstressed upto a factorof 2.5. In an independent

study they are operated with twice overstressing than theirrated stress for a repetition

rate of 50Hz [44]. The capacitor used have a shape of cylindrical capacitors with axial

threaded leads at its two ends. The diameter of these capacitors is 45mm and cylindrical

length is 95mm. The capacitors, when opened, are found to be aluminium foil covered

plastic film capacitors . The capacitors which are rated for 2kV DC are charged upto

5kV whereas the capacitors which are rated upto 5kV are charged to 10kV. 2kV capaci-

tors charged to 4.2kV have reported a life of more than 1000shots under 50Hz operation

and low inductance ringing discharge.
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1.3. Coaxial cable used for compact pulsed power: Literature survey

1.3 Coaxial cable used for compact pulsed power: Lit-

erature survey

Solid dielectrics are widely used in making of coaxial cables. Most commonly used

dielectric in the cables is polyethylene(PE). Compared with oil paper or mass impreg-

nated cable, PE insulated cables are almost maintenance free, have a lower weight and

offer smaller thermal resistance for a given voltage and conductor cross section [14].

With the improvements in the PE in the form of HDPE (high density poly ethylene),

LDPE (low density poly ethylene) and cross linked polyethylene (XLPE) the cables

have gone through various useful changes specially in theirhigh voltage withstand ca-

pacities. High voltage transmission using XLPE coaxial cables have made its way upto

500kV and hence the availability of these cables and technological advancement going

in the field of cable technology suggest the possibility of using ready made cables for

making a pulse forming line in order to eventually build a compact pulsed power source

which requires no-maintenance during the operational lifeof the pulsed power source.

The XLPE cables have been used for the development of advanced generators, trans-

formers and pulsed power sources [5, 9, 53, 61]. The breakdown of XLPE has been

studied under DC voltage [8] and the impulse breakdown superposed on AC voltage

[6] is also reported. Production of partial discharges in low voltage cables has been

studied and reported by Steiner [7]. Extensive study on the coaxial XLPE cable is

done by Riechert et al [12–14] regarding breakdown occurring under DC pre-stress and

also under unipolar and bipolar impulses. These results suggest reduction in impulse

breakdown strength of the cable than that at the same DC voltage. It is explained that

as homopolar space charge gets developed around the inner conductor under DC high

voltage, it reduces the field strength inside the insulator of the cable thereby increas-

ing the dielectric strength of cable. Whereas, under influence of unipolar impulses the
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1.4. Opening switches for inductive storage: Literature survey

space charge does not get time to be developed and hence no screening of electric field

is possible. This leads to the lowering of impulse breakdownstrength than to DC break-

down strength in the coaxial cable. As far as the bipolar pulse breakdown is concerned,

the homo polar charge developed in first polarity leads to thehetero polar charge cloud

development around the current carrying conductor in the second polarity field stress.

This finally leads to the enhanced electric field inside the insulator of the cable and

therefore further reduces the breakdown strength of the cable. The correlation of space

charge buildup and breakdown strength of the cable is studied and reported [15] very

interestingly. Other references [10, 11] also have reported a good study on the topic

related to the coaxial cable dielectric breakdown strength. As a conclusion XLPE can

be used safely under 100kV/mm impulse stresses and also for repetitive operation. The

dielectric constant of PE is also reported to be 2.26 in the literature [51]. Reduction in

the dielectric strength of the cable under high temperatureand also under temperature

gradient inside the sample is also reported [14].

1.4 Opening switches for inductive storage: Literature

survey

The application of exploding wires and foils are very widespread [16, 17], [48] and

include but not limited to the production of nano-particles, high-voltage generation,

high-pressure impact studies, pinch-driven fusion events, under-water electrical wire

explosion (UWEE). The behaviour of exploding wire/foil opening switch for power

conditioning application, for high voltage generation experiments in electrical loads,

strongly depends upon its environment for the two reasons; one being the dependence

of change of resistivity on the environment and the other is dependence of voltage break-

down strength on its surroundings. The inter-dependence ofone effect on the other can
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1.4. Opening switches for inductive storage: Literature survey

also not be ruled out. In the present context of high voltage generation the important

parameters of exploding wires are their breakdown strengths and the rate of rise of the

resistivity depending upon the rate of current rise which they are undergoing across. Lit-

erature is full of the evidence where the breakdown strengthof as high as 60kV/cm in

short lengths and 4kV/cm in longer lengths of exploding wires have been achieved inthe

current loadings where the rate of rise of current ranges from few hundred MA/s to some

TA/s. Cho et al [18] have shown the application of exploding copper wire phenomenon

towards nano-particle formation. Mao et al [19] reported their work towards single

wire explosion for nano-particle generation. This also reveals the generation of nearly

10kV/cm field inside the exploding wire of copper when subjected tosuperheating un-

der the current rise time of 5GA/s loading. Vlastos [20–23] has reported much about

the dwell-time, restrike channel resistance and also triedexplaining the mechanism for

current restrike. The study conducted by Sinton et al [125–130] is nice demonstra-

tion of 1kV/cm dielectric strength in exploding wires used for generating extra long

arcs with wire lengths upto 100meters. N.Shimomura et al [133–135] have elegantly

reported production of approximately 20kV/cm field across the exploding copper wire

loaded with an electrical pulse of 2GA/s. In his experiments a high impedance 20kohm

impedance probe was connected as load. Vitkovitsky et al [24] have reported a dielec-

tric strength as high as>20kV/cm in small fuse lengths (upto 3cm) which is again shown

to be exceeded upto 40kV/cm in smaller ( 1cm) fuse lengths by B.M.Novac et al [25].

Taylor [26] has reported 180MA/s current rise time study done on copper wires with

relatively slower current rise times. R.Baksht et al [27] has also shown for the similar

rise time loadings that the plasma formation occurs before the conductor vaporizes in

aluminum foils surrounded by air. Korobenko et al [28] for aluminum and Rakhel et al

[29] for tungsten reported the behaviour of wire at current heating rate reaching as high

as 50-100GA/sec. The electric field as high as 60kV/cm in tungsten wire is reported
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1.4. Opening switches for inductive storage: Literature survey

in these experiments even though any external load is not connected in parallel to the

opening switch except the voltage probe. In the work relatedto underwater electrical

wire explosion experiments [37–41] the resistance evolution of the exploding wires

of copper are very well described for the microsecond (20GA/s), the sub-microsecond

(400GA/s) and the nanosecond discharges ( 1TA/s). However, the experimental setup

for these experiments is not connected with a parallel load,except a high impedance

probe, connected with opening switch. These experiments are essentially related with

the high pressure generation studies by the exploding wires. Reinovsky et al [31] have

reported that even for 5TA/second current rise times, 7kV/cm dielectric strength in alu-

minum foil fuses is achievable for the inductive loads. Recently it has been reported by

Stephens et al [34,35] about their preference for the aluminum as exploding metal con-

ductor material and also presented a good study below 1GAmp/sec current loadings on

fuses. Elsayed et al [32] have reported 14 silver wires in pressurized gas environment

based opening switch which is driven by explosive driven pulsed power source and de-

livers nearly 400kV voltage pulse on a vircator load of 30ohms impedance. The length

of the fuse in the experiment is 56cm which is kept inside special geometry of 28cm

length elegantly. Length-wise the dielectric strength is 7kV/cm which is improved in

the housing to reach as high as 14kV/cm. The current rise time used for the loading of

fuse for these experiments is nearly 20GA/seconds. In a similar current rise time load-

ing experiment reported by Demidev et al [33] a load impedance of 25Ω was driven

by 177kV Voltage generated by 13cm long (15kV/cm dielectric strength) copper wires

used as fuse elements primed by explosively driven generator device. A very interest-

ing analysis by Reinovsky et al [30] in the context of openingswitches reports limit

on the ratio of conduction time to the interruption time by a factor of 10 for capacitor

discharges and with a factor of 50 for the explosively drivengenerators. Suggestion of

this study is existence of a limit or finite upper value for theratio of conduction time to
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1.5. Vircator: Basics

the interruption time in the operation of electro-explosive based fuse opening switches.

The action is defined as the time-integral of current densitysquared passing through

the exploding wire cross section. In fact it is well established that the action is a very

critical parameter for deciding the burst phase of exploding wire after which the resis-

tance rise overshoots and the wire resistance is mainly decided by its component in the

vapor phase. Action to burst is well defined for various metals but a variation of a factor

of 2 for current density variation by a factor of 10 is reported [138] and here comes

the role of experimental boundary conditions which decide this variation which can be

physically explained by the fact that the environment surrounding the exploding wire

decides this variation. The work reported Stephens et al [34, 35] and Sinars et al [36]

for insulated coating wires used as electro-explosive fuses is important in this context.

1.5 Vircator: Basics

As far as the microwave generation from the vircator is concerned it is based on very

simple scheme of forcing a flow of charge carriers i.e. a current far exceeding the space

charge limiting current inside a drift tube also known as a waveguide. The interaction

of the charge particle beam with the drift tube causes the formation of electron cloud

also known as the virtual cathode. Now the following chargesof the beam get trapped

between real and virtual cathode start oscillating and start radiating at the microwave

frequencies decided by distance between real and virtual cathode which is also decided

by the anode cathode gap. The virtual cathode also starts radiating at the plasma fre-

quency of its constituents decided by the charge density of virtual cathode. Interestingly

as we move towards making the compact pulsed power generatorwe struggle to attain

very high voltages (because of limited breakdown strength of insulators) and hence the

voltages produced are moderately high. At these generated voltages the current inside
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1.5. Vircator: Basics

the vircator should be above the space charge limiting currents. The velvet cathode is

found to be a good choice as later it is pointed out that it emits nearly similar current den-

sities as that at high voltage application. Velvet has as lowas 20-50kV/cm breakdown

strength at the application of 100nS pulses as is mentioned in the literature [51].

Under non relativistic cases the space charge limited electron beam current density

(J) between parallel electrodes may be given by equation 1.1[45]. The assumption is

the gap (d) between cathode and anode is smaller than the cathode radius (R). Here V is

the voltage applied across the anode and cathode,ǫ0 is permittivity of the free space and

e,m0 are charge and mass on an electron.v′ is the velocity with which anode cathode

gap is reduced by the expanding plasmas at the anode and cathode andt is the time

elapsed since this reduction in gap has begun.

J =
4
√

2
9
ǫ0

√

e
m0

V3/2

(d − v′t)2
≈

4
√

2
9
ǫ0

√

e
m0

V3/2

d2
(1.1)

this leads to defining a diode impedance (ZLoad) as given under provided V is in Mega-

volts.

ZLoad = 137(
d− v′t

R
)2/
√

V ≈ 137(
d
R

)2/
√

V (1.2)

As far as the propagation of electron beam of radiusrb through a drift tube of radiusr0 is

concerned the space charge limiting current (ISCL in Kiloamperes ) is given by following

equations.

ISCL(annular) =
8.5

ln(r0/rb)
(γ2/3

0 − 1)3/2 (1.3)

ISCL(solid) =
8.5

1+ ln(r0/rb)
(γ2/3

0 − 1)3/2 (1.4)

Hereγ0 is called relativistic factor for electrons moving with velocity v and is defined as

γ0 =

√

1
1− (v/c)2

(1.5)
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1.6. Work Summary

c is the speed of light.

When the current of diode exceeds this space charge limitingcurrent a virtual cath-

ode is formed and the oscillations of virtual cathode occur at approximately the relativis-

tic plasma frequency (fp) which is given by equation 1.6 where n is density of electrons

in the charge cloud.

fp =
1
2π

(
ne2

ǫ0mγ0
)1/2 (1.6)

for the non relativistic case the virtual cathode oscillation frequency (fvc) is given by

fvc ∝
V1/2

d
(1.7)

The radiation frequency (fr) of reflexing electrons (T being period of reflexing) between

cathode and virtual cathode is given by

fr =
1

4T
(1.8)

For non relativistic case the above relation simplifies to

fr(GHz) = 2.5
β

d
(1.9)

Whereβ = vb/c while vb is electron velocity and c is speed of light and anode cathode

gap d is in centimetres.

1.6 Work Summary

In our experiments it has been successfully established that microwave power conver-

sion efficiency as much as 0.3% can be achieved for the vircator operation even at very

low voltages i.e. 50kV. The second interesting thing found was that even at these low
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1.6. Work Summary

voltages the currents densities as high as reported at higher voltages or limiting cases

can be produced using velvet cathode. We have achieved a current density as high as

300A/cm2 in our experiments. Moreover as far as repetitive vircatorsare concerned it is

shown that a reflex triode type vircator has been operated at 10Hz operation and has de-

livered four sequential microwave pulses without any change in the radiated microwave

power. In our experiments we operated at 4Hz of operation andfound that an almost

stable radiation is seen up to 6 consecutive pulses of conventional vircator in terms of

frequency content and power of the radiation. To understandthe physics at low voltage

operation of vircator extensive modelling with the help of various particle in cell codes

have been conducted. It is also shown that the modelling results are being reproduced

by the experimental results. Since the acceleration potential of the electrons is not very

high they are not attaining very high velocities and even in the very low anode cathode

space the transit time is consistent to provide the radiation in microwave range. Suppos-

ing that the applied voltages are very high and then in order to get the reflex frequency in

the GHz range one has to keep anode cathode gap larger otherwise in lower gap spacing

the frequency will be quite higher. Working towards studying the challenges towards

development of compact pulsed power generators for the highpower microwave gener-

ation purposes, we have used the transmission line based pulse forming line for driving

a vircator like load and seen the dielectric breakdown inside the transmission line under

different shaped pulses even though some scitation [53] is thereto make a pulsed power

generator employing a transmission line based pulsed powergenerator. This is estab-

lished evidence that the solid dielectric can be successfully used for the generation of

microwaves by vircator and requires no processing of the dielectric which is water and

oil in bigger systems.

Figure 1.1 shows the assembly drawing of the vircator drivenby coaxial cable based

PFL. In order to compactize the primary energy storage scheme charging the pulse form-
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1.6. Work Summary

Figure 1.1: Cable PFL driven vircator assembly with antenna

ing line, we have reported a scheme in which the primary capacitor bank is interestingly

shaped in form of primary turn of the pulse transformer designed to operate in either a

double resonant or non-resonant mode. It is well explained in various literature that the

most compact energy storage scheme between any capacitive and chemical method is

inductive energy storage method and hence we attempted to even more compactize the

pulsed power system for driving the vircator. Interestingly the system is one of the most

compact system and is capable of delivering 1.5GW of electrical power in 10.5Ω loads.

While comparing with a different type of compact pulsed power generator, it is found

that the present system is even more compact with a Marx generator designed [141] to

directly drive a reflex triode vircator which can certainly be advantageous for repetitive

operation at 10Hz as compared to the system reported in this thesis. In all these ex-

periments we have attempted the axial virtual cathode oscillator configuration which is

relatively simple to design and also quite easy to couple with pulse forming line based

coaxial output pulsed power generators.

The optimization of the space charge as is mentioned in the title of the thesis reflects

the efforts done in order to get sufficient amount of the electron beam current so that, the

space charge limited current is exceeded by a considerable amount leading to the for-

mation of the virtual cathode eventually leading to the generation of pulsed microwaves
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1.6. Work Summary

in repetitive mode. Working with the constraint of driving the vircator by the compact

pulsed power driver to generate the microwave radiations, use of velvet cathode and

smaller anode cathode distances (3mm) were experimentallydone in order to optimize

the space charge effects which finally lead to the formation of virtual cathode. Enhanced

free space coupling was also aimed and with the designed and developed horn antenna a

peak at the line of sight and 300 beam width of the radiation is recorded with the virca-

tor which is driven by a compact pulsed power driver. After having achieved microwave

radiations of 1MW power at 4Hz repetition (at 50kV of anode cathode voltage), after

putting the efforts mentioned in the thesis, the work opens the way for the next stage

of development for enhancing the electrical pulsed power and increasing the microwave

emission from the device which is essentially run by a compact pulsed power generator.

There is open scope of increasing the pulsed power in the system as is evident by the

details reported in following chapters.
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2
DIAGNOSTICS

The diagnostics are important part of the experiment as their performance decides the

correctness of the results obtained from it and the correctness of the analysis of re-

sults done after the acquisition. Different kinds of diagnostics are used for different

objectives of the experiments reported in this thesis like current measurement, voltage

measurement etc. and are being reported as given under. Needless to say that the every

diagnostics used for a particular purpose should have a risetime with which we want

to resolve our acquisition or the information. Moreover theused diagnostics should be

able to withstand to the maximum values of the variable whichis expected to measure

and should not distort the performance when it is inserted inthe system for its objective

of measurement.
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2.1. VoltageMeasurement

2.1 Voltage Measurement

2.1.1 PFL charging voltage measurement

For the measurement of high voltages generated at different stages of experiment the

resistive divider method have been used. For this purpose the high bandwidth voltage

probes have been designed and implemented in the experiments. In Cable PFL based

experiment, the primary capacitor bank charging voltage isalways measured with a

standard DC probe of 40kV peak voltage ratings with a voltage attenuation of 1000:1

connected to a DC voltmeter with a digital display. In the first set of experiments the

Figure 2.1: Resistive Voltage Divider

PFL charging voltage measurement was done using a standard 20MHz voltage probe

which could measure a peak voltage up to 160kV peak. Later it was thought to be

replaced with another probe which is made in-house and is reported below as the rise

time of the pulse to be measured was not in the nanosecond region. The transformer

performance study and the PFL charging voltage of the subsequent sets of experiments

(second and third set of experiments detailed in chapter 6) is observed using a resistive

voltage divider, developed in-house, which is having stackof disk resistors connected

in series to make its upper arm and the lower arm is made using another disk resistor

of low value as compared to the upper arm resistance. These disk resistors are seen to

have no change of resistance up to 5MHz applied voltage signals across them during
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2.1. VoltageMeasurement
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Figure 2.2: Resistive Voltage Divider Performance

their individual testing. It has 5Ω disk resistor in its lower arm whereas the upper arm

is made of 40kΩ impedance disk resistor. The attenuation ratio observed bythe divider

is 8k : 1. The upper arm which is stressed to the most of applied voltage (lower arm is

8k fraction of upper arm) is enclosed in an transformer oil tubemade of perspex. This

helps in increasing the voltage values to which this dividercan be successfully applied

for voltage measurement. The length of oil filled upper arm isnearly one meter and

hence is expected to successfully measure 450kV peak charging voltage applied on the

pulse forming line. This divider is shown in figure 2.1. The performance of the voltage

divider is shown in figure 2.2. For the calibration purpose Northstar make high voltage

probe PVM-5 has been used in the experiment. Since the charging of the PFL is inµs &

sub-µs pulses the rise-time requirement for the voltage diagnostics is not very stringent.
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2.1. VoltageMeasurement

Figure 2.3: High BW Resistive Voltage Divider
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2.1. VoltageMeasurement

2.1.2 Diode voltage measurement

For the measurement of the voltage applied between the anodeand cathode of the virtual

cathode oscillator, we used another high-bandwidth probe developed in house. This is in

fact a cascade of two voltage probes. The output of the first high voltage divider is fed to

the input of the second voltage divider (commercially available) operating at relatively

lower voltage. This high bandwidth high voltage divider wasmade using aCuS O4 liquid

resistor column. The column was made in such a way that the resistivity of the liquid in

upper and lower arms are same. This has been done in order to rule out possibilities of

change in attenuation ratios caused by change in liquid resistor concentration with time

as ratio remains fixed if the both arms have same resistivity all the time. It was made

in the same way as is reported in the reference [46]. The resistive divider is shown in

figure 2.3 and figure 2.4 shows the response of the first stage resistive divider to a fast

voltage pulse applied across it. The rise time shown by the divider is approximately 7ns

and hence can be used for the anode cathode gap voltage measurement. The length of

total liquid column is 40cm and the lower arm is sampled from 1cm distant electrodes

placed inside the liquid resistor column. Attenuation of a factor of 40 is being offered

by the resistive voltage divider. To further attenuate the voltage to a level where we can

safely send the signal to the oscilloscope, another resistive and high bandwidth voltage

divider of 1000 : 1 attenuation, 20kV DC voltage, 40kV peak voltage, 75MHz band-

width( Tektronics make 6015A) is used with the lower arm of the main high voltage

divider already made of liquid resistor column. The importance of first high voltage

probe is because of its higher voltage measurement capabilities provided by the 40cm

long liquid resistor column. This probe is used in the experimental results of the first set

reported in the chapter 6.

Another high bandwidth probe for high voltage measurement was made using commer-

cially available two similar probes each of which has a bandwidth of 75MHz and can
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2.1. VoltageMeasurement

Figure 2.4: High BW Resistive Voltage Divider Performance

measure a peak voltage of 100kV. For the case of 450kV charging of the PFL voltage,

expected diode voltage is nearly 225kV for exactly matched load conditions. To mea-

sure this expected voltage a rugged probe was devised. This was made by connecting

the input terminals of these two probes such that high voltage terminal of the two probes

were connected. What one gets is a probe with two input terminals,to be connected

to theHV side, but having two output ports. In order to protect the oscilloscope from

application of very high voltages, one has to essentially ensure, that the output end of

the probe which is connected with the ground should be used. This way the attenuation

provided by the cascaded probe is twice viz 2000 : 1 to that of single probe which in

the present case is 1000 : 1. This probe has advantage that it has no liquid resistor and

hence there is no issues related to the orientation while fixing the probe with the vircator

system. The resistive high voltage probe made by cascading the same two probes is

shown in figure 2.5.

As the rise time (BW.trise = 0.35) of each probe is nearly 4ns. To determine the rise time
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2.1. VoltageMeasurement

Figure 2.5: Cascaded High Voltage Probe
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Figure 2.6: Cascaded high voltage probe performance analysis
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2.2. Current Measurement

of the probe combination/cascade, experiments were separately conducted based on ex-

aminer’s suggestion which was to consult the supplier’s technical head, Dr. Richard

Adler regarding this arrangement. Subsequently, it is further noted that [50] two probes

may be connected in series for measurement of still higher voltages as is done by me.

Moreover 40ns rise time pulse is simply expected to be reproduced based on the past

experience. The exact bandwidth may be found by using a fast pulse generator like Ag-

ilent 3320A and then observing the shape of the measured voltage by the probe made

after series combination. We have done such experiment withthe signal generator and

found out that the bandwidth of probe is sufficient to show a voltage pulse of 44ns with

the rise time of 12ns. The results of such testing are shown infigure 2.6. The better

method of series connection is also suggested [50] in which the high voltage end of one

probe is connected with the ground point of the other probe. It is also suggested [50]

to short the unused lower arms of the probes used in making series combination but not

connected to the oscilloscope. This is suggested in order toreduce the high voltage gen-

eration at these portions of the probe caused by stray capacitances. This is interestingly

understood that series connections of many such probes may be done to increase voltage

range of probe provided the bandwidth is separately checkedwith the pulse generator.

2.2 Current Measurement

In the first set of experiments the primary discharge currentof the pulse transformer was

measured. It was done by designing self integrating Rogowski coil which works on the

principle of L-R integration. A calibration curve of the self integrating Rogowski coil is

shown in figure 2.7. M/S Pearson make current transformer is used for the calibration

purpose of the self integrating current transformer developed in the lab. The subsequent

current measurement in the experiments is done by the standard current transformer

42



2.3. Microwave Diagnostics

Figure 2.7: Calibration curve of Self Integrating Rogowskicoil for primary current
measurement (sensitivity is 1V/kA)

available commercially for the beam current measurement inthe experiments reported

in the thesis. The current transformer used for this purposeare having 2kA peak current

measurement capability and have a rise time of 5ns. Hence the return current is divided

in 12 similar channels and the current transformer is inserted around one such channel.

The current transformer inserted in one channel and two current transformers inserted in

two channels give same total current and hence single current transformer in any channel

gives the correct measurement of total current.

2.3 Microwave Diagnostics

The frequency of the radiated microwave from the vircator ismeasured using high band-

width oscilloscope connected to a receiving antenna with required external attenuation

to bring down the level of signal below 5Volts which is safe limit for the oscilloscope.

High bandwidth oscilloscope has 50Ω impedance. For the first set of experiments the
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2.3. Microwave Diagnostics

bandwidth of oscilloscope used for the frequency measurement was limited to 5GHz

whereas for subsequent sets of experiments the bandwidth ofthe oscilloscope used in

the measurement is 10GHz. The connection between receivingantenna is done using

very high band width cable of 12GHz bandwidth. In all the measurements the oscillo-

scope is kept inside the shielded enclosure which has 100dB radiation attenuation up to

10GHz frequency. All the in and out signal cables were inserted through a waveguide

port of 20mm inner diameter and 15cm length. The oscilloscope in these experiments

was battery powered. To avoid the reflections of microwaves form surroundings the mi-

crowave absorbers were used in a proper way allowing attenuation of microwaves (more

than 30dB) after being reflected from unavoidable neighbourhood like walls and floor.

Ultra-fast microwave detector diodes of very having a rise time of nearly 2ns are used

for observing the microwave pulse envelop shape in the first and second set of experi-

ments. They are effective in showing the information regarding the duration ofradiated

microwave pulse and also about the variation of power in the single pulse with respect to

time. As a very simple way to find out whether the radiations are taking place or not in

the first set of experiments neon lamps were put in front of radiating waveguide of virca-

tor. The back light illumination of neon lamps from vircatorwas stopped by using black

paper in between them. Tho glow of the neon lamps was observedand recorded using

open shutter photography done at the time of vircator operation. Similarly a fluorescent

tube was also kept in front of the radiating waveguide and it was seen glowing in the first

set of experiments during vircator operation. For the measurement of microwave power

we have used quad-ridge receiving antenna which has nearly flat frequency response in

a very broad frequency range up to 12GHz. The received power is measured byV2/R

method where R is the input resistance of oscilloscope and V is the voltage measured by

the oscilloscope. The external attenuation inserted in theconnection between antenna

and oscilloscope is taken into account for this calculation. Now in order to calculate the
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2.4. Electron Beam Impression

radiated power from the received power, the free space attenuation equation 2.2 (Friis

transmission equation [49]) from transmitting antenna to receiving antenna is consid-

ered. If the power received at the receiver antenna isPr then the transmitted power (Pt)

from the transmitter is given by

Pt = Pr

4π2R2

λ2
0

GtGr
(2.1)

Here theGr andGt are the gains of receiver and transmitter antenna respectively, R is the

distance between transmitter and receiver andλ0 is the wavelength of radiation under

consideration. In dB units same equation can be rewritten as

Pt(dBm) = 32+ 20log10( f R) + Pr(dBm) −Gt(dBm) −Gr(dBm) (2.2)

here f is frequency and should be in GHz and R, the distance between transmitter and

receiver, should be in meters. It is to be noted that before applying this equation it

was confirmed in the experiment that ther2 attenuation of power is being followed in

the measurement zone. For understanding the energy distribution in the radiated power

or the mode of radiation radiated signal was scanned in a plane changing its angular

position by a angular displacement of 7.50 while going from−450 to 450 from the axis

of radiating antenna.

2.4 Electron Beam Impression

In the beginning or in the first set of experiments to find out the electron beam profile, a

thermal paper was used which got blackened by the heating done by the electron beam

bombardment. It was kept before the anode mesh and hence obstructs the way of the

emitted electrons. Later it was seen that an impression of electron beam bombardment

is also found in the SS mesh used in the experiment as cathode.It is integrated image of
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different sequential shots of the experiment.

2.5 X-ray Diagnostics

In the first set of experiments, in order to see the X-ray generation effects of electron

beam bombardment on the anode mesh made of stainless steel, adental X-ray film was

kept in front of output window of waveguide. A stainless steel washer was used as the

obstruction in the path before film for X-rays. The image of obstruction on the film is

demonstration of electron beam production and propagation. X-ray dosimeters are also

used for measurement of integrated doze of number of shots.

2.6 Conclusion

This chapter summarizes the details of the diagnostics usedin the experiments reported

in this thesis. At the end of this chapter it is understood that many high voltage probes

may be cascaded in series, to enhance the voltage range of measurement, and their

bandwidth can be determined experimentally at low but faster pulses.
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3
SOLID-DIELECTRIC PULSE

FORMING LINE

There has been several attempts previously to use commercially available solid dielectric

coaxial cables for pulse compression purposes and simple pulse forming line, Blumelein

[54], Transmission line transformers (TLT) have been reported to be made out of these

cables. Some of them have been used for relatively low voltage applications (References

[55–59]) and some of them are meant for high voltage pulse output. It is certainly

the most easily available coaxial tubes which can easily be used for such purposes, if

the maximum voltage required for the applications can be withstood by these cables

without occurance of breakdown till the desired event is over. Standard RG214 coaxial

cable has been used by Rivaletto et al [62]. URM67 cable basedpulse forming lines

have also been reported by Rossi et al [67, 68], Tuema et al [64] and Turnbull et al

[65] in their respective works. RG218 cable being a thicker cable has also been used

for making PFL and is reported [63, 66, 69–72, 103]. Another special cable made of

cross linked polyethelene (XLPE) is also recently used [53,61] for making cable based

pulsed power generator. It is very interesting to note amongall these references that
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the first attempt to make a source impedance which is lower than the single coaxial

cable impedance i.e. 50Ω aimed to drive a load of 10-20Ω (approximating vircator

impedance) is made by R. Shukla et al [103] using RG218 high voltage cable and

a pulsed voltage of 100-120kV was achieved in these conditions. The voltage spike

above 120kV (reaching to 180kV for very short duration of fewtens of nanoseconds),

as is shown in the same article [103], is ignored in the present context because its

occurrence in the subsequent analysis of results is not supported by the modelling of

the cable based pulse forming line. Electron beam generation by this 12.5Ω cable based

pulsed power generator is also reported in the same paper. Subsequently the generation

of microwaves form a vircator system driven by this 12.5Ω impedance coaxial cable

based PFL is also reported [73,101] at maximum PFL charging voltages of 180kV. The

experimental results are mentioned in detail in chapter 6. Another attempt to reduce the

generator impedance below 50Ω was done by Lindblom et al [61] but the generator

impedance in reported to be 25Ω only whereas the cable impedance is also the same

(load impedance is equal to the constituent cable impedance). Advantage in this scheme

over use of single coaxial cable was the enhancement of operating voltage ratings of

PFL upto 170kV. Recent article [53] demonstrated the performance of an ultra powerful

25GW generator of very low impedance i.e. 2Ω for a 10ΩCuS O4 load aimed for similar

application. It is also mentioned in the same reference thatthe ultra powerful generator

has 2.5tons of weight without water and 3tons of weight with water. Recently we have

reported a 15Ω generator [52] made by 4 number of 60Ω cables of 500kV pulsed-

voltage ratings (procured from M/S Scandiflash AB) and demonstrated the microwave

radiations measured to be 1MW of power for 4Hz repetitive operations in the radiation

frequency lying between 4-8GHz. The results of this setup indetail are also mentioned

in chapter 6.
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3.1. RG218 Cable PFL for first and second set of vircator experiments

3.1 RG218 Cable PFL for first and second set of vircator

experiments

The length of the compressed electrical pulse fed to the vircator is decided by the length

of the cable and is equated to twice of the electrical transittime of the cable. The

equations 3.1, 3.2, 3.3, 3.4, 3.6 make the relevant set of equations of a coaxial

PFL or transmission line and are used for the characterisation purposes of the PFL. This

coaxial pulse forming line hasr1 as inner radius andr2 the outer radius,ǫr is the relative

permittivity of the medium of the pulsed forming line andµ, µr are permeability and

relative permeability of the medium. The capacitance per unit length C of the pulsed

forming line is

C = 2πǫ0ǫr/ln(r2/r1) (3.1)

The inductance per unit length L is

L = (µ/2π)ln(r2/r1) (3.2)

The impedanceZ0 of coaxial pulse forming line is given by the square root of inductance

to capacitance ratio and is as give under.

Z0 = 60(µr/ǫr)
1/2ln(r2/r1) (3.3)

The pulse widthτ of the output pulse from the pulse forming line of length l is

τ = 2l
√

LC (3.4)
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The electric field (E) at any point at radius r between the inner and outer coaxial cylin-

ders is given by the equation 3.5. Here V is voltage applied atthe inner electrode.

E =
V

rln( r2
r1

)
(3.5)

The magnitude of this electric field is maximum (Emax) at the surface of inner cylinder

and is given by

Emax=
V

r1ln( r2
r1

)
(3.6)

Additionally if a load ofZLoad impedance is connected after spark gap with the PFL ofZs

impedance which is charged to a voltageVs at the outset, the power transferred (PLoad)

to the load is given by

PLoad =
V2

Load

ZLoad
=

V2
sZLoad

(Zs + ZLoad)2
(3.7)

The RG218 cable based pulse forming line is shown in figure 3.1. The first set of

Figure 3.1: Pulse forming line made of RG218 cable

experiment is conducted using 8meters length of the cables and hence the pulse width

generated is expected to be 88ns whereas in the second set of experiment the length

of the cables are increased to 12meter. This leads to a pulse width of approximately
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3.1. RG218 Cable PFL for first and second set of vircator experiments

132ns. The Pulse forming line in the first set of experiments is being charged by a

mono-polar voltage pulse, generated from quite a bulkier pulsed power system which

has a big capacitor with mounted spark gap on it (weighing 100kgs) and a separate pulse

transformer. Even though the system is double resonant and the primary spark gap could

not be triggered below 14kV of the charging of the capacitor bank, It was chosen to dis-

charge the pulse forming line in the first pulse only. And it isseen that at 22kV primary

voltage charging the PFL was charged to 120kV of voltage in nearly 1.2µs. The charg-

ing power supply for the primary capacitor bank used in the first set of experiments is

explained in the reference [60].

Figure 3.2: Punctured RG218 cable (blackened spot is the place where cable is punc-
tured)

It was considered in the successive improvements towards compact pulsed power sys-

tem design that the fast charging of the pulse forming line may lead to higher voltage

over-stressing of the transmission line successfully because the charge is retained for

lesser time and hence the successive arrangements were madefor faster charging of the

pulse forming line. A compact pulsed power seed system by using special technique

was made in which the pulse transformer and the primary capacitor bank are integrated

in very small configuration. This transformercum primary capacitor-bank assembly

(weighing<10kgs) is double resonant with the pulsed forming line capacitance which

51



3.1. RG218 Cable PFL for first and second set of vircator experiments

is connected in the secondary of it in the second set of experiments. The power supply

for this setup is very simple as compared with the power supply of the first set of ex-

periments. In order to maintain continuity for the explanation of the improvement it is

being mentioned that a peak double resonant pulse charging of the same PFL was made

possible for a peak voltage of 200kV but with a very limited life which could not ex-

ceed couple of shots. In this case the peak voltage appears after 2µs from the beginning

of primary capacitor discharge. Moreover since the operation of Tesla transformer was

made double resonant to increase the energy efficiency of the complete assembled sys-

tem, the charging pulse appearing across the PFL was bipolarin nature and is expected

to stress the PFL even more as compared with the monopolar pulse charging.

Breakdown in RG218 cable PFL

It was seen that even single shot of 200kV was deteriorating the insulation characteris-

tic of pulse forming line and the life of the pulse forming line was drastically reduced

to couple of shots only. It was concluded that even though thePFL was charged with

the faster pulse, the bipolar pulse was reducing its life as the breakdown occurred in-

side the cable rather at the ends which has sharp edges as is shown in figure 3.2 by

dark spot at the end of cable. This suggested of the bulk breakdown in the material

of the transmission line dielectric. Once the bulk breakdown occurred, all the cables

were disconnected from each other and were separately charges using the same charg-

ing assembly at very low charging voltage so that the secondary voltage does not exceed

40kV voltage. The cable which was damaged showed a different discharge waveform

as is shown in figure 3.3 clearly showing that it is deteriorated by breakdown whereas

others respond in a quite similar fashion with the applied voltage. The deteriorated ca-

ble was selected to be replaced for the next assembly and nextshot. The connector of

the RG218 cable is shown in figure 3.4 which directly connectswith the spark gap

chamber feeding the vircator. This connector helps in reducing the field enhancement
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3.1. RG218 Cable PFL for first and second set of vircator experiments

Figure 3.3: Charging voltage waveform of cables constituting a damaged PFL
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3.2. 450KVcable PFL for third set of vircator experiments

effects of sharp edges of the braid wires of the coaxial cable at the ends of cable. The

sharp wires are smoothly terminated at this connector and hence the field enhancement

caused by sharpness/pointedness of the ends of braid wires is mitigated. with allthese

efforts of protecting the ends (both; charging as well as discharging) of the cable, it was

found that the bulk breakdown of the cable initiated inside the coaxial cable itself (not

only at ends) in the attempts to charge the PFL beyond 180-200kV of voltages. It was

considered to be maximum withstand voltage for RG218 cable.At 200kV charging the

maximum electric power that can be transferred to a matched load by this RG218 PFL is

800MW. The option to replace the RG218 cable based PFL in subsequent experiments

with another cable which could have withstood even higher voltages was exercised and

is reported in the next section of this chapter.

3.2 450KV cable PFL for third set of vircator experi-

ments

Since the charging of the RG218 cable beyond 200kV was nearlyimpossible with the

efforts reported in previous section, thicker-cable based pulse forming line (peak charg-

ing voltage of 450kV) was used for the final set of experiments reported in the chapter 6.

Figure 3.5 represents the end of vircator which is being fed by 450kV rating high volt-

age cable based PFL. Subsequently, in these third set of experiments, the monopolar but

very fast charging of the Pulse Forming Line was aimed and finally the designed PFL

is charged within 1µs from the beginning of the primary capacitor bank dischargeof

the compact pulsed transformer. In this set of experiments,the energy efficiency of the

integrated system was reduced to 56% (from 80% of the second set of experiments) but

the coupling of the pulsed transformer was enhanced to 0.8. Since the primary energy

was stored in very compact configuration, wasting 44% of energy was not a serious
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3.2. 450KVcable PFL for third set of vircator experiments

Figure 3.4: RG218 cable with connector for fitting
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3.2. 450KVcable PFL for third set of vircator experiments

Figure 3.5: PFL made of 450kV (Impulse) XLPE cable

56



3.2. 450KVcable PFL for third set of vircator experiments

consideration in attaining goal of compactness of the driver. Interestingly at the peak

charging voltage, the PFL designed can deliver nearly 3.375GW of electrical power to

the matched load of 15Ω. The PFL is presently being charged and discharged to peak

voltage of 225kV which amounts to a peak power delivery capability of 825MW again

to a matched load. The PFL for the third set of experiments reported in chapter 6 has

Figure 3.6: High voltage XLPE cable with connector for fitting

a cable length of five meters each and approximately a total of1meter length is peeled

off from both the ends. This PFL has four number of such XLPE cables. This leaves

four meters of PFL length and a pulse width of 40-50ns is expected to be produced by

this pulse forming line. The connector of the high voltage XLPE cable is shown in fig-
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3.3. Modelling of PFLwith vircator for power calculation

ure 3.6 which directly connects with the spark gap chamber feeding the vircator. The

charging end was in air and the discharging end of the PFL is enclosed in pressurised

air housing at 2.5 atmospheric pressure. This cable is different from the RG218 cable

as for field smoothening purpose, a thin layer of semicon material is covered over the

insulator. The braid/outer conductor of this cable is placed over semicon coating. Since

the bulk breakdown of the cable is expected to be occurring atmuch higher voltages like

450kV, the charging end of the cable is expected to be more prone to the surface break-

down of the insulator surface if placed in air. Hence a long length is to be peeled-off for

charging the cable to 450kV voltage successfully in air. Theother promising method

would be use two twice length cables in place of four cables and connecting their four

ends together at the one end of spark gap feeding vircator. Inthis case, the charging

point on PFL can separately be fed at the same end of spark gap managing the desired

insulation strength easily and eventually solving surfacebreakdown problem.

3.3 Modelling of PFL with vircator for power calcula-

tion

Applying the maximum power transfer theorem from PFL to a fixed impedance to de-

fine the peak power delivery capability the equation 3.7 has been solved and the results

are shown in figure 3.6. The peak powers estimated are for different load impedances

connected to the two types of PFLs are shown in this figure. This figure shows the

power delivery capabilities for different values of load impedances which are fixed in

time for the present consideration. It turns from these calculations that the peak power

delivery capability for matched load conditions are 650MW and 3.3GW respectively

for the RG218 cable (12.5Ω) and XLPE cable based PFLs (15Ω). These values are for

peak charging of PFLs to 180kV and 450kV respectively. Here it is noteworthy, that
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3.3. Modelling of PFLwith vircator for power calculation

Figure 3.7: Estimated peak load power for the two PFLs

the reported vircator experiments in the chapter 6 are for a variable impedance device

whereas the present figure depicts fixed load impedance performance. The second set

of experiments reported in the chapter 6 are conducted at 180kV of the RG218 PFL

voltage and this figure suggests that a peak power not more than 650MW could have

been delivered by the PFL in these experiments irrespectiveof the profile of the evo-

lution of dynamic impedance of the vircator. At the same timeit is quite evident from

these modelling results of the 450KV cable PFL that the peak power of exceeding 3GW

can be ensured in a load having an impedance in the range of 10-30Ω using this pulse

forming line.

The time varying impedances are considered in following analysis. The modelling of

the vircator load, having a voltage dependent impedance as is suggested by R. B. Miller

[45] for the case of non relativistic planar diode and mentioned in equations 1.1 and 1.2,

with the cable based PFL is done for the both the cases of RG218cable and high voltage
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3.3. Modelling of PFLwith vircator for power calculation

10.0n 20.0n 30.0n 40.0n 50.0n 60.0n
0

10

20

30

Lo
ad

 Im
pe

da
nc

e 
(o

hm
)

Time (seconds)

 A-K Gap 3mm
 A-K Gap 4mm
 A-K Gap 5mm
 A-K Gap 6mm
 A-K Gap 7mm
 A-K Gap 8mm

Figure 3.8: Simulated vircator(different A-K gaps, 60mm cathode diameter) impedance
for 12.5Ω 180kV PFL
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3.3. Modelling of PFLwith vircator for power calculation

XLPE cable. The pulsed width assumed in the modelling is 50nsand discharge of PFL

starts from 10ns time in both the cases. The effects of plasma expansion from anode and

cathode is also included by using a closure velocity of 5cm/µs which is assumed to be

2.5cm/µs from either side.The charging voltage kept in these modelling are 180kV and

450kV respectively. This has been done in order to estimate the coupled performance of

the PFL with vircator which are mentioned in the chapter 6 as second and third set of

experiments. The resulting time varying impedances for thediode with 60mm cathode

diameter and varying anode cathode gap spacings (from 3mm to8mm in steps of 1mm)

are presented in figures 3.8. As far as impedance collapse is concerned it can be seen

that 4mm anode cathode gap starts with 8Ω impedance and settles very fast to nearly

1Ω impedance in 60ns with 5km/s closure velocity. The corresponding load powers de-

livered are being shown in figure 3.10. This also represents the peak power delivery

capability of the PFL developed because PFL could not be usedfor a charging voltage

beyond 180kV with the vircator. the power starts at 550MW andthen gets reduced to

225MW as per the modelling results during the time in which the impedance collapses

to nearly 1Ω. It needs to be noted here that as the diode impedance reduces, as per the

modelling results the voltage applied across anode cathodegap also reduces accordingly

whereas the current does not increase proportionately. Even the diode closure velocity

is dependent upon the physical properties like vacuum inside the chamber, cathode and

anode material, current densities etc. Still rather simplified modelling results mentioned

here give good insight about the experimental setup used in the second set of experi-

ments reported in the chapter 6.

In order to electrically model the experimental setup reported in the third section of

chapter 6 the similar modelling results as mentioned above are being reported.In this

modelling the PFL impedance is 15Ω and teh charging voltage is 450kV which is peak

charging capability of the PFL being used in the experiments. This gives the under-
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3.3. Modelling of PFLwith vircator for power calculation

Figure 3.10: Simulated vircator(different A-K gaps,50mm cathode diameter) impedance
for 15Ω 450kV PFL

Figure 3.11: Simulated vircator(different A-K gaps,50mm cathode diameter) power for
15Ω 450kV PFL
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3.4. Conclusion

standing of the peak performance which is aimed with this setup and forms the basis of

future works. The resulting time varying impedances for thediode with 50mm cathode

radius and varying anode cathode gap spacings (from 3mm to 13mm in steps of 2mm)

are presented in figures 3.9. The load powers delivered by these pulsed power genera-

tors made of coaxial cables are shown in figures 3.11. It is quite interesting to note here

that this pulse power generator is capable of delivery nearly stable powers above 2GW

to diodes which start with impedance value of 30Ω i.e. the diodes which have initial

anode cathode spacings of 9mm and a cathode diameter of 50mm.

3.4 Conclusion

A completely dry type PFL is aimed to be used in the experimentto achieve a compact

pulsed power generator driving vircator. In the first two sets of experiments reported

in the chapter 6, RG218 cable based pulsed forming lines havebeen made and used.

In the third and final set of experiments, the PFL is made usinga 450kV rating high

Table 3.1: Coaxial Cable Details

RG218 Ref. [52] Lindblom et.al. [53] Lindblom et.al. [61]

r2(mm) 12 30 25.5 16
r1(mm) 6 5 11.5 9
Z0(Ω) 50 60 30 25

Emaxnormalized 2.6 1 1.18 2.1
Dielectric PE XLPE XLPE XLPE

voltage cable. The details of the cables used in these experiments are listed in table no

3.1 and their geometries have been compared with other cables used in making other

pulsed power systems [53, 61]. As far as experiments reported in this document are

concerned we have used transmission lines based pulsed forming lines (coaxial cable in

parallel) to achieve the desired impedance of the pulse forming line. In all the three sets
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3.4. Conclusion

of experiments reported in the chapter 6, we have used four number of cables in parallel

and hence achieved a generator impedance of 12.5Ω and 15Ω respectively. Standard

cables of RG218 having impedance of 50Ω for the first two set of experiments and other

cable (tested for 450kV with sufficient shot life) 60Ω impedance for the last and also the

third set of experiments have been used. The electrical model results give good insight

about the experimental results reported in the chapter 6.
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4
COMPACT PULSE-TRANSFORMER

Some of the radiation sources, which require pulsed accelerators as their driver, oper-

ate with low energies (working with nearly 200Joules), whereas the power requirement

for their operation is very high (in Gigawatts). These pulsed accelerators have unique

characteristic of having very high power delivery capability. The main components of

such accelerators are energy storage components and voltage amplifiers operating in the

order of 100s of kVs to few mega volts. These voltage amplifiers may be either any

Marx generator or any Tesla/Pulse/Linear transformer. The major factor deciding the

size of such voltage amplifiers is either energy required by the radiation source or the

voltage levels of operation of the radiation source. Eventually the high voltage applied

in the radiation source is provided by a capacitor which may be oil or water capacitor

or erected capacitor of Marx generator in any of above mentioned two cases of voltage

amplifiers. Application point of view of such radiation sources forces everyone involved

to think about compact energy storage schemes and compact voltage amplifiers.

The pulse transformer is the device used to uplift the voltage in the secondary of it when

the input voltage is provided to the primary side of it. Sincethe transformer is pas-

sive device and the objective is to pulse charge the pulse forming line and thereby over
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stressing PFL to its DC ratings. This is done in order to protect the PFL dielectric from

continuously applied high voltage. That is why a pulse transformer is required which

can handle the high pulsed power being supplied from the primary storage. In order

to avoid any saturation possibilities by these very high power inside the transformer

air core transformer is chosen for the purpose which certainly has the disadvantages of

slightly poor coupling as compared to the magnetic core transformers. The weight of

the air core transformer is also low so has scope of making a compact and light weight

pulse transformer. The experiment started form the bigger pulsed power system and at

the end of work reported in this thesis, it reached to a very efficient pulse condition-

ing device suitable for driving a vircator. In order to increase the power handling and

transfer capability it is preferred that the discharge circuit from the primary side is very

fast . To achieve this the primary is made primarily as singleturn in the form of sheet

which reduces the primary inductance. The secondary of the pulse transformer can be

made either spiral or helical in shape.In the present work ithas been chosen to make sec-

ondary in the shape of helical winding which has been effectively made very compact.

Equation 4.1 and equation 4.2 are the typical governing equations for the discharge

pattern of a primary capacitorCp charged toV0 voltage initially andLp andLs being the

primary and secondary side inductance of the pulse transformer. The mutual inductance

between primary and secondary of the transformer are definedby M where the equation

4.3 relates the mutual inductance with the coupling coefficient (k) of the transformer.Cs

is the capacitance of the capacitor connected to the secondary of the pulse transformer

which is the PFL in the present case of study.

Lp(dip/dt) + (1/Cp)
∫

(ipdt) − M(dis/dt) = V0 (4.1)

Ls(dis/dt) + (1/Cs)
∫

(isdt) − M(dip/dt) = 0 (4.2)
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M = k
√

LpLs (4.3)

The condition for the 100% energy transfer from the primary capacitor bank to the

secondary capacitor bank is explained by the point of time when the secondary capacitor

is charged at its maximum and the voltage at the primary side capacitor as well the

currents in the primary and secondary side of the transformer are zero. The possible

solutions for realization of this condition can mathematically be found by solving above

equations which are formulated under the assumption of negligible resistive losses in

either primary of secondary side of the transformer discharge circuit [85]. It is found

that 100% energy transformer from primary capacitor to the secondary capacitor will

take place only when

1. The resonant frequencyωp of the primary circuit (with open secondary) is equal

to the resonant frequencyωp of the secondary circuit(with open primary) where

the resonant frequencies of primary and the secondary are defined as

ωp = 1/
√

LpCp (4.4)

ωs = 1/
√

LsCs (4.5)

2. Coupling coefficient values are in discreet numbers like 0.6, 0.385, 0.27, 0.222,

0.18, 0.153 etc. and the secondary voltage peaks at 2nd, 3rd, 4th, 5th, 6thand7th half

cycle respectively

The equations can be solved on the computer for any value of the coupling coefficient

and resonant frequencies. The effects of non zero primary and secondary circuit resis-

tances may also be studies. As we go for lower values of k, the charging time of the

secondary capacitor increases. It is desirable to have short charging time of the PFL

as the electric breakdown of the PFL is inversely proportional to the third root of the
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charging time [108]. in this context if the equations are solved for k values≥0.8 (also

called single resonance mode) the secondary voltage peaks at first half cycle itself. This

reduces the charging time but also reduces the energy efficiency. In another interest-

ing publication [83] an off-resonant Tesla-transformer was designed withk = 0.525

and the frequency ratioωp/ωs=0.69 with an understanding that the primary current is

not reversed before secondary current peaks. Two types of the secondary windings are

generally used in the pulse transformers [109].

1. Helical Winding

2. Radial or Spiral Winding

In the case of helical winding, secondary winding is on an insulator former and is done

with a conductor of a cable with its insulation and outer shield removed. Primary wind-

ing covers the secondary winding completely. Primary or secondary winding can be

made tapered to attain higher values of coupling coefficient. The system has advan-

tages like (1) simple to be made and (2) being suitable for 1-5MV systems as air or

liquid insulation can be used. Helical winding has disadvantages like (1) poor cou-

pling coefficient (2) requires high turns ratio for given voltage an hence the inductance

and the charging time increases (3) low inter-turn capacitance hence the windings are

not capacitively graded leading to requirement of extra protection of HV side from the

breakdown. In the case of spiral or radial winding, the winding is done in radial direc-

tion with thin sheet of conductor and solid-sheet insulator(like any of poly-propylene,

mylar, poly-ester etc.) taken together. The advantages are(1) the system is compact (2)

high coefficient of coupling (3) The secondary winding is capacitivelygraded whereas

the disadvantages are corona initiated breakdown in the solid insulator which is in the

form of sheets. Considering above mentioned advantages anddisadvantages, helical

winding has been selected. It is also noteworthy that the compact pulse transformers
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made for the second and the third set of experiments do not require any insulator envi-

ronment (other than air) for their placement and hence the complexities related with the

handling of transformer oil are not involved.

EFFI Code [2] calculates Electromagnetic Forces, Fields and Inductances due to an

arbitrary distribution of current carrying circular loops, circular arcs and straight lines.

As is described in Ref [2] The code uses algorithm which is based upon combination

of direct as well as numerical integration using Biot-Savart law. As the singularities are

associated for the computation near conductor in the filamentary approximation method

(negligible conductor cross sectional area), the errors are large. But in the case of EFFI

code calculations this error difficulty is solved by deriving the expressions from Biot-

Savert law 4.6 for a volume current distribution.

−→
B(−→r 2) = µ0/4π

∫

l

∫

S
J
−→
dl.(−→r 2 − −→r 1)

|−→r 2 − −→r 1|3
dS (4.6)

Here J is current density in conductor,
−→
dl is a vector differential line element parallel to

the current flow dS is cross sectional element orthogonal to
−→
dl. −→r 2 is the position vector

of the field point and−→r 1 is the position vector of the source point. All the integral of

equation 4.6 are solved analytically for the case of straight conductor segment. For the

same volume distribution of current the vector potential 4.7 is defined as

−→
A(−→r 2) = µ0/4π

∫

l

∫

S

J
−→
dl

|−→r 2 − −→r 1|
dS (4.7)

where the symbols have the same meaning. The electric field due to varying magnetic

field is obtained from equation 4.7using Maxwell relation (equation 4.8)

−→
E = −∂−→A/∂t (4.8)
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4.1. PTfor the first set of vircator experiments

It is quite easier to calculate the inductance of the coil using equation 4.7. The flux link-

age and hence the inductance is found by integrating vector potential over the conductor

region. For the case of arbitrary conductor shape the general coil is approximated by

assembly of circular arc and straight conductor segments ofuniform current density and

constant rectangular cross section which is reasonable formost coils. By this approx-

imation, It becomes possible to represent the integrals in terms of finite products and

sums of elementary functions.

4.1 PT for the first set of vircator experiments

Pulse transformer design and testing with the PFL

The first pulse transformer, made for conducting the first setof vircator experiments is

being reported. It is having a single primary turn and is a Tesla transformer in its ba-

sic configuration. The primary turn is made of a 2mm thick copper sheet rolled over a

cylindrical tube which is made of Perspex insulator. The mean diameter of the primary

turn is 25cms and the length of the primary turn is 30cm. The primary capacitor ( the

capacitor connected on the primary side of the transformer)of 7.1µF and 44kV peak

charging voltage ratings with a mounted spark gap, discharges its energy in the primary

turn of the Tesla transformer through low inductance doublebraid cables connecting the

two. Figure 4.1 shows the arrangement of the capacitor and pulse transformer which

are kept vertically. The secondary winding of the pulse transformer is immersed in the

transformer oil. The connecting wires from the secondary winding come out from the

top of the transformer enclosure for further connections with the RG218 cable based

PFL as is shown in the figure 4.1. The connections between primary capacitor and the

transformer primary turn are such that, at the time of discharge of the capacitor bank a

θ-direction current flows in the primary turn of the transformer. The secondary of the
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4.1. PTfor the first set of vircator experiments

Figure 4.1: Primary capacitor and pulse transformer for experiments of first set
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4.1. PTfor the first set of vircator experiments

transformer is made using RG213 coaxial cable, of which outer jacket and shield is re-

moved and only the inner conductor with its polyethylene insulation is used for winding

the coil. The secondary winding is having 63turns rolled on the diameter of 17.5cms.

The pitch of the secondary winding is 10mm and hence the length of secondary coil is

nearly 64cm. The primary is coaxial to the secondary and the centres of both of them

coincide. Nearly 17cm length of the secondary winding is extended out of the primary

turn from both the sides. The effective diameter of the secondary coil is 18.5cms. The

secondary winding was placed in the transformer oil to protect it from the possibility

of high voltage breakdown occurring into it. The transformer was designed to operate

in the double resonant mode and hence a condition of double resonance was tried to

be met which statesCp.Lp = Cs.Ls and also the coupling coefficient should be 0.6 as

discussed earlier. The primary inductance is 200nH and the secondary inductance is

256µH which match closely with the modelling results done on EFFIcomputer code

for self and mutual inductance calculations. For these geometries the computed mutual

Figure 4.2: PFL voltage and the primary current waveform
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4.2. PTfor the second set of vircator experiments

inductance between primary and secondary of the transformer is 3.9µH. This infers that

the coupling coefficient of the transformer is nearly 0.545 which is quite closeto the

aimed 0.6 value of the coupling coefficient. The transformer was designed to be oper-

ated in double resonant mode with 7.1µF primary capacitance and 6.5nF PFL capaci-

tance. The typical waveforms of the transformer with the PFLmade of RG218 cable of

6.5nF is shown in figure 4.2. The double-resonant condition simulated waveform with

6.5nF capacitor are shown for reference in figure 4.3. In thismodelling the primary

capacitor is charged to 12kV only. In these first set of experiments the cable based PFL

was charged to 140kV in 1.5µS from the beginning of the primary capacitor discharge.

Similar pulsed power system is operated and reported previously for the electron beam

generation study [103]. Considering the non-zero inductance of connecting cables and

joints between primary capacitor and primary winding, the modelling and experimental

results are in close agreement to each other. The pulse forming line was undergoing

its tests for high voltage withstand capability and hence faster rise time charging was

desired. So it was decided to operate the system without any resonant operation and

hence the secondary PFL capacitance was slightly reduced to3.2nF in subsequent ex-

periments. The vircator results are reported in chapter 6. The power supply for the

primary capacitor charging is described in detail elsewhere [60].

4.2 PT for the second set of vircator experiments

As is discussed in the beginning of this chapter, the pulsed voltage transformer is one of

the schemes to uplift the voltages such that a pulse forming line can be charged to high

voltages. Pulse forming line is a capacitor assembly which can with stand to certain high

voltages for driving the matched loads requiring high electrical pulsed powers. One of

the objective of experiments reported in this thesis was to drive a vircator by a compact
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Figure 4.3: Simulated PFL Voltage for 12kV charging of primary capacitor
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4.2. PTfor the second set of vircator experiments

pulsed power supply.

It is very difficult to design or make compact fast pulsed transformer usingmagnetic

cores, as one has to struggle with core saturation for attaining compactness in high volt-

age transformer. Cores pose saturation limits depending upon its size. As the size is

reduced the cores get saturated with relatively lesser magnetic flux (also energies) and

hence are difficult to use. The other reason for not using the magnetic coresis that their

presence makes the system slow by increasing the primary andsecondary inductance

higher by a factor of permeability and hence the system components around the trans-

former including the insulators or dielectrics used in the transformer are overstressed by

high voltage applied for longer durations and hence transformer becomes more prone to

the voltage breakdown. Last, but not the least, reason of notusing the cores is of course

the cost of the cores.

All the above mentioned advantages far over weigh the only serious disadvantage asso-

ciated with air core that is the poor coupling between the primary and the secondary of

the transformer. To overcome this disadvantage people [75–90] have already reported

use of Tesla transformer for high voltage generation purpose. The other direction in

which people are working to make compact pulse transformer is by using self-magnetic

insulation technique [91]. As mentioned above, if the energy required is low and sys-

tems are operating very fast i.e. in one or two microseconds then the dielectric strength

of all the components is quite different to that of it which would have been in the case

when such systems are operated in few tens of microseconds. In moving the direction of

compact and fast pulse transformer we are presenting a pulsetransformer which has its

primary capacitor bank shaped in form of primary single turnwinding. This reduces the

flux losses in external circuit caused by the connections of capacitor bank to the primary

of the transformer and increases the compactness drastically as is shown in following

text.
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Compact Pulse Transformer

In this section the experimental and modelling results of a compact pulse transformer

are being presented. It is primed by a capacitor bank which has been fabricated in such

a way that the capacitor bank and its switch takes the shape ofthe primary of the trans-

former. This has been done in order to avoid the flux losses in external inductive circuit

formed in making the connections between capacitor bank andprimary of the trans-

former however the gap between the primary turn and secondary turn limits the maxi-

mum possible flux coupling in between the primary and the secondary. This primary of

transformer-cum-capacitor bank assembly is made rectangular in the shape rather being

circular as is the case of most of the transformers to accommodate four axial capacitors

in series. The primary is single turn primary to reduce the inductance so that capacitor

bank delivers its energy to the high power level. The primaryof the transformer is made

of cylindrical capacitors with axial leads at its two ends. Aparallel combination of five

capacitors is used to make one of the four arms of rectangularshaped primary. The total

capacitance of primary capacitor bank is 2.46µF and can be charged up to a maximum

voltage of 18kV successfully.

The transformer is made with air core in order to avoid saturation effects of magnetic

cores. The secondary of the transformer is made in the shape of helix, having multi-

ple turns, wound on the rectangular cross section former to enhance flux coupling. The

secondary is placed inside the primary which has rectangular cross-section bigger than

secondary coil. The insulation between the primary and secondary is provided by the

multiple layers rolling of mylar sheet. A high voltage capacitor assembly is connected

with the secondary of transformer so that the performance ofthe transformer with its

primary capacitor bank may be tested. During the initial testing of the transformer with

5nF load capacitor, connected at the output of transformer,the voltages achieved at sec-

ondary capacitor were 160kV in second peak which appears in less than 2µs. As the
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primary capacitor bank can be charged to a maximum of 18kV in which has expected

voltage delivery of nearly 360kV in similar capacitive load is expected. A final voltage

of 200kV with increased probability of a breakdown in the PFLis successfully achieved

in this configuration of capacitor bankcumpulse transformer.

Figure 4.4: Compact pulse transformer using capacitor bankas its primary

Details of experimental setup

In figure 4.4 we have shown the compact pulsed transformer that includes its primary

capacitor bank as its single-turn primary. Capacitor bank is made by 20 capacitors which

are each of 2.1µF and can be charged to 4.5kV maximum even though they are rated for

2kV voltage [102]. These capacitors have a tested current delivery capacity of 15kA

each at 4.5kV charging voltage. The capacitors are arrangedin such a way that the com-

plete assembly takes the shape of one turn of primary of the pulse transformer which is

rectangular in shape and contains four sides. Each side contains five capacitors in par-
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4.2. PTfor the second set of vircator experiments

allel. This way the capacitor bank can be charged up to 18kV maximum. The width of

the transformer is nearly 35 cms, whereas the distance between the ends of the capacitor

leads of each arm is 22cm. The capacitance of primary shaped capacitor bank is 2.46µF.

Effectively the primary has a rectangular cross section of 15cmx 15cm. The secondary

is wound on a rectangular cross section former of dimensions9cm x 9cm and has a total

of 30 turns distributed in the width of 22cms. Measured values of primary inductanceLp

and secondary inductanceLs are 80nH and 41µF respectively. The mutual inductance

(M) between primary and secondary windings is measured to be 905nH which suggests

that a coupling coefficient (k) achieved in this geometry is 0.5. Interestingly the ratio

( Lp.Cp

Ls.Cs
) of product of primary capacitance and primary inductance to the product of sec-

ondary capacitance and secondary inductance is 0.94 which is very close to an aimed

value 1.0. It reveals that under experimental limitations,the tesla machine is made to

a good extent using this novel pulse transformer. Few layersof Mylar sheet are wound

on secondary of transformer before putting it inside the primary to provide insulation

between primary and the secondary. The transformer is low-weight because any heavy

magnetic core is not used. Instead it is an air-core transformer.

The secondary capacitor used for the testing of this pulsed transformer is made using

four pieces of RG218 cables each of nearly 12 meters. The total capacitance of the sec-

ondary capacitor is 5.1nF as is described in chapter 3. The power supply used to charge

the primary capacitor bank is made using a high voltage transformer giving 12kV out-

put voltage with input voltage rating of 230V. The output of high voltage transformer

is connected to a high voltage diode rectifier chain made of 1kV, 1A diodes connected

in series. A total of thirty diodes are connected in series inorder to make this recti-

fier chain. The high voltage transformer output is directly connected to the primary

capacitor bank using this rectifier chain without using any current controlling external

resistor. This helps in fast charging of the primary capacitor bank eventually opening
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avenues for repetitive operation of the complete system. Tocontrol the output voltage

(also charging voltage of the primary capacitor bank) of thehigh voltage transformer

we have connected a variac to control the input voltage in thehigh voltage transformer.

By controlling the input voltage by variac we can control thecharging voltage of the

capacitor bank. The transformer is lightweight and the weight of the transformer along

with its primary which also contains the capacitor bank is less than 10kg. The switching

of the primary capacitor bank is done using a spark gap switchconnected in between

two ends of the primary capacitor bank shaped in form of rectangular single turn loop.

For the measurement of secondary capacitor voltage or pulsed forming line voltage a

high bandwidth (25MHz) high voltage probe having attenuation ratio of 10000 : 1 is

used.

Results with the compact pulse transformer

In the figure 4.5 we have presented the experimental results obtained from the pulse

transformer reported in this paper. The secondary voltage of 160kV at pulse forming

line of 5.1nF is achieved by the charging of primary capacitor bank at 8kV only and

then discharging it through the switch at the primary side ofthe transformer. The capac-

itor bank can be safely charged upto a maximum voltage 18kV which will theoretically

lead to 360kV of secondary voltage. Moreover the charging ofPFL is done very fast

which is within 2µs from the beginning of discharge in the primary capacitor bank. As

far as energy efficiency of the system is concerned it is higher than 80% in the present

configuration considering the second peak of secondary voltage waveform. This means

that 80% of the primary energy is transferred to the secondary side when the secondary

side is at its second peak voltage. One more important thing in the achieved results is

that the second peak in secondary (nearly 160kV) is nearly twice of the first peak (80kV)

which is in opposite polarity and hence the control on the operation of the PFL switch

i.e. PFL output switch is highly improved.
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Figure 4.5: Voltage time history of PFL charged by the compact transformer

Initially when the spark gap connecting the PFL with vircator was filled in air, the peak

voltages possible were not exceeding 160kV on PFL and consistent breakdowns took

place at the output side beyond 160kV. The PFL charging voltages under these circum-

stances are shown in figure 4.6 collectively. These waveforms represent the breakdown

of the output switch at 160kV. Irrespective of the primary charging voltages values,

which were varied from 8kV to 12kV in steps of 2kV, the output voltage could not ex-

ceed 160kV. To enhance the voltages on PFL and also to test thepeak voltage delivery

capability of the pulse transformer without any changes forinsulation management on

the compact pulse transformer, the spark gap connected at the output side of the pulsed

forming line was filled with transformer oil and the gap was accordingly reduced to hold

a maximum of 200kV which is also shown in figure 4.7 This is one of its demonstration

of its charging capabilities to 200kV without any insulation management like filling the

secondary winding in oil. It is also possible to put the transformer in oil or pressurised
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Figure 4.6: Voltage time history of PFL (output spark gap is in air)
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Figure 4.7: Voltage time history of PFL (output spark gap is in oil)

chamber easily, if required, for attaining very high voltages. So far up to 200kV there are

no signs of high voltage breakdown in the secondary of this compact pulse transformer.

4.3 PT for the third set of vircator experiments

After learning the method to make compact pulse transformerreported in the previous

section, a PFL of 450kV cable was made and to protect the cablefrom high voltage

breakdown it was preferred to charge the PFL using monopolarcharging pulse with a

new compact pulse transformer with high coupling coefficient. As it is clear from the

previous study that the capacitors used for making the primary of the transformer have

finite thickness or very specifically the diameter which is 40mm. In order to enhance the

coupling between primary and secondary we had to increase the diameter of the primary

and secondary so that the unavoidable gap between primary and secondary caused by
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the finite thickness of the capacitor does not consume uncoupled flux volume.

After achieving this condition, a high voltage pulse transformer is made with a higher

Figure 4.8: High Voltage Pulse transformer

coupling (80%) in between its primary and its secondary. Thetransformer is made us-

ing the same technique [122] in which the capacitor bank is shaped in form of its single

turn primary but to have a higher coupling ratio. Figure 4.8 is showing the figure of

high coupling coefficient transformer. The primary capacitor bank has an assembly of
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7axial-capacitors of 2µF, 5kV each connected in parallel and four such combinations

connected in series in order to provide a net capacitance of 3.5µH and a peak voltage

rating of 20kV. The primary inductance is computed to be 215nH considering sheet

equivalent of the primary turn with 320mm diameter. The secondary of transformer is

made using Teflon insulated wire wound 40-turns at a pitch of 10mm on a cylindrical

former of 280mm diameter made of perspex. The computed secondary inductance is

240µH and mutual coupling is as high as 0.8 with a mutual inductance of 5.75µH. The

energy efficiency if computed for the first peak (of secondary) comes outto be nearly

56%. Figure 4.9 is showing the Fasthenry equivalent for highcoupling coefficient trans-

former. The Fasthenry program is available with complete documentation [3] for linux

users. The package computes the self as well as mutual inductance of any number of

current carrying conductors. The conductors are discretized sized to number of straight

elements defined with two nodes. The computation by this codeis fast and accurate as

is shown by various sample problems. The resistance computation is also done by the

code with frequency dependent analysis for each conductor at desired frequency. It is to

be noteworthy here that the designed transformer is chosen to have an energy-efficiency

less than 100% in order to get monopolar charging of the pulseforming line. The pri-

mary capacitor bank of the pulse transformer discharges itsenergy in the form of single

turn loop through a spark gap which is at present operating inself breakdown mode

by overvolting of the spark gap beyond its dielectric strength. The spark gap can also

be triggered using optical isolation to have repetitive operation at such low energy and

low voltage with advanced provisions. As far as the chargingof the primary capaci-

tor bank is concerned, it is done by very simple method which involves a high voltage

step up transformer delivering 14kV in secondary when the primary is fed at 230Volts.

The output is half wave rectified using a diode chain of 25Amperes and 1000V ratings.

Some inductive isolation is also provided between primary capacitor bank and the high
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Figure 4.9: Fasthenry input drawing for the transformer (discretized geometry)
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voltage step up transformer output terminals in order to isolate the rectifier diode chain

during the discharge of the primary capacitor bank. The charging voltage of the primary

is controlled by using a variac which limits the input voltage of high voltage step up

transformer from 0volts to 230volts eventually leading to the limiting of high-voltage

step-up transformer output going to the primary of the capacitor bank. Interestingly the

Figure 4.10: PFL charged to 250kV by high voltage pulse transformer Red is acquired
signal and blue is numerically filtered waveform

figure 4.10 shows a charging of the high voltage cable based PFL up to 250kV using

compact pulsed power supply and compact pulse transformer with high coupling coeffi-

cient. The blue waveform in this figure represents the 25MHz filtered waveform of the

red waveform which is sampled at very high sampling rate viz 1Gsa/sec. The dimen-

sions of the pulse transformer are mentioned in the table 4.1. The measured weight

of the pulse transformer along with the capacitor bank of 700joules maximum energy

rating is 19kgms.
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4.4 Conclusion

The pulse transformers for the second set and the third set ofexperiments are com-

pact and novel in their design as they have their primary capacitor bank shaped like

primary turn giving enhanced compactness. For the second set of experiments, a com-

pact pulse transformer is designed, developed and tested for the voltage gains of 1:20

in the reported configuration of primary and secondary capacitance. It is characterised

for 160kV secondary voltage in operation in air and further work towards insulation

enhancement on the PFL’s output switch has led to a peak charging of 200kV of PFL

or secondary capacitor. The transformer is very compact (6kg in weight) and novel in

design by using the capacitor bank assembly in shape of the single turn primary winding.
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Table 4.1: Pulse transformer details

Sr. No Description PT for first set PT for second set PT for third set

1 Primary CapacitanceCp 7.1µF 2.46µF 3.5µF
2 Primary InductanceLp 200nH 80nH 215nH
3 Secondary CapacitanceCs 6.5nF 5.1nF 2.0nF
4 Secondary InductanceLs 256µH 41µH 240µH
5 Mutual InductanceM 2.9µH 0.9µH 5.75µH
6 Coupling Co-efficientk 0.545 0.5 0.8
7 Width primary 30cm 22cm 30cm
8 Width secondary 64cm 22cm 40cm
9 Transformer length 100cm 35cm 60cm
10 Mean primary Cross-section Circular 25cm dia. Rectangular 15cm x 15cm Circular 32cm dia.
11 Mean secondary Cross-section Circular 18.5cm dia. Rectangular 9cm x 9cm Circular 28cm dia.
12 Secondary turns 63 30 40
13 Output Voltage 140kV @ 1.5µs 200kV @ 2µs 250kV @1µs
14 Capacitor bank voltage 22kV 10kV 8kV
15 Energy efficiency >80% 56%
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5
CONICAL HORN ANTENNA

Antenna is very well explained in the detail in reference [92]. The radiation charac-

teristics of the conical horn antenna are mentioned in detail in reference [97]. another

important reference in the field of conical horn antenna describes the electromagnetic

fields of conical horn antenna [96]. A nice compilation of results of compact coni-

cal horn antenna for reflex-triode for enhancing the radiation in the axis of antenna is

presented by Becker [95].

Figure 5.1: Excitation signal given to the input port in the modelling
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5.1 Antenna Basics

The the modal patterns for circular waveguide are enumerated and plotted in [93,

94].The salient results as concluded in above references related to the conical horn an-

tenna are as mentioned under. The directivity (D) for a conical horn antenna for wave-

lengthλ with an aperture efficiencyǫap, aperture circumference C and aperture radius a

is given as

D(dB) = 10log10[ǫap(4π/λ
2)(πa2)] = 10log10[C/λ]

2 − L(s)] (5.1)

The first term is directivity of uniform circular aperture and the second term is referred

as loss figure (L(s)) and is a measure of loss in directivity due to aperture efficiency. The

loss figure can be computed by

Figure 5.2: Far field radiation pattern at 6GHz for first mode

L(s) = 1− 10log10[ǫap] � 0.8− 1.71s+ 26.25s2 − 17.79s3 (5.2)
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Wheres is maximum phase deviation in (number of wavelengths) and itis given by

s= [dm
2/8λl] (5.3)

The directivity of conical horn is optimum when the diameteris equal to

dm �
√

(3lλ) (5.4)

which corresponds to a maximum aperture phase deviation ofs= 3/8λ and a loss figure

of 2.9dB or an aperture efficiency of about 51%. Herel is the extended length of the

cone from its vertex to aperture perimeter.

In the first two sets of vircator experiments reported in chapter 6 horn antenna was not

used for radiating out the generated microwaves from the vircator. In the third set of

experiments the antenna was used after the vircator to assist the radiation in the field

or for enhance free space coupling of the radiation. In orderto measure the power and

pattern of radiated microwaves an antenna was essential. Hence a conical horn antenna

was designed and developed. As is mentioned by Becker [95] the aim of antenna to

be designed for high power microwave radiator is to haveTE11 radiation mode, it is

found in the experiments reported in the chapter 6 that the radiation pattern from the

vircator and antenna is having a peak at the axis of antenna which is an aim of applying

antenna.Antenna was designed in such a way that it was supporting the radiation and

propagation of the microwave signals by which it is fed at theinput end. A conical horn

antenna was designed and made for this purpose because the feed for it was having a

cylindrical waveguide. It was designed to having same inputwaveguide diameter as that

of the drift tube of the vircator and hence it takes all the propagating microwave signals

of the drift tube into it for further radiation from the otherend of large aperture.
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Figure 5.3: Antenna gain value at 6GHz in polar coordinates for first modeΦ = 0
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5.2 Antenna Analysis

Figure 5.4: Antenna gain value at 6GHz in polar coordinates for first modeΦ = 90

The antenna analysis was conducted to find out its main characteristics like the gain,

directivity and reflection coefficient at different frequencies for different modes excited

at the input side of the antenna feed.

A slight flare angle of 30 degree was provided at the output port of horn antennas, in

order to smoothly match the impedance of the antenna with free space impedance for

electromagnetic wave launching in free space. The aperturediameter was 412mm at the

output side whereas the input side of the horn is matched withthe waveguide of 580mm
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Figure 5.5: Far field radiation pattern at 6GHz for second mode

length and 112mm of inner diameter. The length of the horn antenna is 260mm. The

antenna is made of stainless steel and can be evacuated for vacuum. The output end of

antenna is having a stainless steel flange of 450mm diameter and 10mm thickness. This

end of the antenna is closed with an acrylic disk of 25mm thickness with the diameter

of 450mm.

The excitation, used in the modelling, given at the waveguide input port is shown in

figure 5.1 and solution is obtained for the first six modes ( Table 5.1) supported by

the circular waveguide of horn antenna input side. The antenna gain, the reflection

Table 5.1: First six modes used for computation

Mode No Mode Name cutoff frequency (GHz) Impedance(Ω) β(1/m)
1 TE11 1.56799 384.182 164.415
2 T M01 3.26408 343.946 153.077
3 TE21 3.57293 421.057 150.016
4 T M11 4.2556 319.006 141.977
5 TE01 4.53423 457.269 138.136
6 T M21 5.42582 276.841 123.211
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Figure 5.6: Antenna gain value at 6GHz in polar coordinates for second modeΦ = 0
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Figure 5.7: Antenna gain value at 6GHz in polar coordinates for second modeΦ = 90
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Figure 5.8: Antenna gain versus theta atΦ = 0 for first mode at different frequencies

Figure 5.9: Antenna gain versus theta atΦ = 90 for first mode at different frequencies
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coefficient i.e. S11 parameter and VSWR is computed with the help ofCST studio suite

software [98] and the 3D radiation pattern for 6GHz frequency are shown in figure 5.2.

Figure 5.3 and figure 5.4 show the gain values computed with the help of the results of

figure 5.2 forΦ = 0, 90 respectively for variousΘ values in a polar plot.

Figure 5.10: Antenna gain versus theta atΦ = 0 for second mode at different frequencies

As far as the far field radiation pattern for the second mode isconcerned it is shown

in figure 5.5 and the results are plotted on polar curve in figure 5.6 and figure 5.7

In order to see the frequency dependency of the antenna gain pattern, the results were

produced for different frequencies and the results are plotted in the figures 5.8 with 5.9,

5.10 with 5.11 and 5.12 with 5.13. An antenna gain of 17.7dB (directivity) is being

shown by the computational results at 7GHz for the first or dominant mode at the axis

of it. 3dB down beam width is nearly 30 degree for the conditions i.e. for the lowest

order mode at 7GHz of computational frequency forΦ = 0 whereas the beam width for
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Figure 5.11: Antenna gain versus theta atΦ = 90 for second mode at different frequen-
cies

Figure 5.12: Antenna gain versus theta atΦ = 0 for third mode at different frequencies
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Figure 5.13: Antenna gain versus theta atΦ = 90 for third mode at different frequencies

Φ = 90 is also nearly 30 degree. The reflection coefficient denoted by S11 parameter

is also shown for the reference in figures 5.14 and 5.15 as a function of the frequency

for all the six fundamental modes without considering the cross coupling between two

different modes. Finally in the figure 5.16, the VSWR for the horn antenna is presented

which tells that the value is below 1.2 for various modes, excepting some low-frequency

higher order modes, at different frequencies which is quite good for an antenna design

for such purposes. One important thing coming out from this study that the designed

antenna has nearly 16dB gain at a large aperture of 412mm diameter with beam width

of 30 degrees. The large aperture will assist the handling oflarger power expected from

the vircator without causing the breakdown at output windowof the antenna. All the

radiation patterns are visualised and computed in 3-dimension and hence put a simple

picture for further understanding of a rather complex problem of antenna. The solution

is found in time domain so the frequency sweeping is rather easy and fast for different

100



5.2. Antenna Analysis

Figure 5.14: antenna reflection coefficient at different frequencies for different modes

Figure 5.15: S11 parameter on dB scale at different frequencies for different modes

101



5.3. Conclusion

Figure 5.16: VSWR of the horn antenna for different modes

frequencies of computation. The reflectivity and the VSWR ofthe designed antenna are

also quite low within the permissible limits of the normal antenna design for broadband

microwave emission.

5.3 Conclusion

In this chapter the detailed analysis of the antenna used forthe experiments mentioned

in the third section of the chapter 6 has been done. It is seen from the dimensions of the

waveguide of the experimental setup that the structure is overmoded for the frequencies

being radiated from the system and hence six modes have been studied for the antenna.

Maximum field intensity at the axis of the radiator also indicates that radiation is not

purely the dominant mode. This detailed analysis is also helpful in determination of

the peak powers being radiated form the radiator based on thegain calculations of the
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radiating antenna at different frequencies and different modes based on the field mea-

surements done at different locations away from the radiator.
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6
VIRCATOR RESULTS

Axial virtual cathode oscillators are the devices which arerecently being studied by

various groups-worldwide [99, 100] as a source of high powermicrowave radiations

operating with relatively much ease as compared with other conventional and well es-

tablished high-power-microwave generating devices. Thisdevice requires quite a huge

amount of electrical powers, in the form of power of generated electron beam inside it,

which is converted to microwave power in the geometry of vircator.

The principle of operation of vircator is as given under. A high voltage source is con-

Figure 6.1: Schematic of Vircator Chamber assembly with cable based PFL
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nected with the Electron beam diode which is part of vircatorgeometry inherently. In

the case of axial vircator, which is in fact the case of present study, the electron beam

diode is formed of cylindrical cathode and mesh/thin foil anode. The high power Elec-

tron beams are emitted from the surface of cathode mainly by two emission mechanisms

viz. Field Emission and Explosive Electron Emission depending upon the material and

surface properties of the cathode.

Once high power electron beam is generated it is acceleratedtowards anode by the same

Figure 6.2: Vircator Assembly

electric field which is responsible for its generation. As the electrons of the emitted beam

reach the anode, some of them pass through anode depending upon the transparency for

the anode. These passed electrons are forced to propagate inside a drift tube of vircator

which interacts electromagnetically with the beam passingthrough it. The space charge

effects causes the bending of cylindrical beam towards axis of drift tube and this results
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in the formation of electron cloud of certain charge densityinside the drift tube. This

charge cloud is formed only when the electron beam current ishigher than space charge

limiting current of this drift tube. This charge cloud is also called virtual cathode. After

formation of virtual cathode some part of the successive electrons emitted from cathode

are reflected back by the virtual cathode. Because of this they get trapped between cath-

ode and virtual cathode and keep on oscillating in the space between cathode and virtual

cathode till they are lost either by diffusion or by hitting the foil/mesh. These oscillating

electrons radiate the radiations depending upon their oscillating frequency which again

depends upon the A-K gap and electron velocity considerably.

Other than the radiations caused by oscillating electrons between cathode and virtual

Figure 6.3: Pulsed power system and vacuum field emission diode

cathode, there is another mechanism which contributes to the total microwave radiations

from the virtual cathode oscillator. The virtual cathode which is an electron cloud also

keeps on oscillating in space and in time. The oscillation ofthe virtual cathode oscil-

lator in space and time also causes the emission of electromagnetic radiation to take

place. The frequency of the radiation from virtual cathode oscillations is dependent on
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the electron plasma frequency of the charge cloud. Moreoverthere is always a loss of

the electrons from the virtual cathode and electron beam in the form of drift and diffu-

sion loss of electrons. This loss of electrons from the virtual cathode is compensated

by the incoming electron beam which is emitted from the cathode. There is formation

of plasma on the cathode surface and also on the anode surfacecaused by the impact

of energetic electrons of the beam on it. This plasma also expands in all free directions

and occupies the space in between the region of anode cathode. Once the plasma is

filled in this region the electric field between anode cathodegap regions diminishes to a

value where no further field emission of electrons takes place. The event is called diode

closure. This requirement makes the pulse compression and pulse shaping necessary

before applying it to the vircator.

6.1 Vircator Experiments:Set1

Figure 6.4: Impression of electron beam on S.S. mesh

Figure 6.1 is the schematic drawing of the first vircator which was made in the

laboratory. This schematic drawing represents how the coaxial cables were connected
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with the vircator chamber to produce electron beam in the system. It has inlets for four

RG218 cables in it. the central conductors of each cable was shorted to single point

connected with one end of discharge spark gap. the braids were simply terminated with

the housing of the vircator chamber which was made with stainless steel. The antenna

was not physically connected in these experiments and is used to only indicate that it

was aimed to be used since the beginning of the experiments. Figure 6.2 is a close view

on the way the connections between each of four cables and vircator chamber has been

made. In these experiments the vacuum inside the chamber is better than 2X10−4torr.

Figure 6.3 is a full view of the complete experimental setup.The diameter of the drift

tube of the vircator is 140mm.The cathode for these experiments, as is described earlier,

is made of graphite which is stuck to the Aluminium by the silver epoxy which acts as

conducting bonding agent between the two. The anode is made of anode mesh which

has an optical transparency of 75%. These experiments gave anice insight about the

Figure 6.5: Impression of electron beam on thermal paper

system operation conditions and subsequent results and hence are of significance.

This set of experiments were started with 8mm of anode cathode spacings and no

microwave was observed under these conditions. It was also quite interesting to note
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Figure 6.6: Exposed dental X-ray film (exposure in five shots)

in these initial experiments, that the radiated X-rays measured from the electron beam

system was 5mR when was integrated for four shots at 8mm anodecathode gap. At 8

mm anode cathode gap it was observed that the electron beam isannular in shape as is

shown by figure 6.4. In the thermal paper recording of the beamcaused burn on it, as

is shown in figure 6.5 it is also evident that the beam is not perfectly uniform in the

shape. Even though the x-rays were being produced the microwaves were nearly below

the detectable limit of the diagnostics which comprised of the rectangular narrow band

horn antennae having a limited bandwidth as is supported by the WR430 horn antenna.

A dental X-ray film was exposed under this condition of experiments which was kept

at the output side of the drift tube. A washer of S.S. was kept in the path of Xrays

reaching the dental X-ray film. The image of the washer is being shown in figure 6.6.

The motivation for conducting these experiments is to generate the electron beam and to

find impressions of its presence. The results of this experiment were quite interesting.

Continuing with the same experimental setup the A-K gap was further reduced to 5mm

in this experiment so that a lesser impedance is offered by the diode expecting more

current and formation of virtual cathode. At the 75% opticaltransparent SS mesh anode,

microwave radiation is recorded by the microwave detector diode (envelop detection as

is shown by figure 6.7) and also by a high frequency oscilloscope connected with a
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Figure 6.7: Microwave envelop as shown by detector diode

Figure 6.8: Received microwave signal
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receiving antenna as is shown in figure 6.8. Dominating frequency of the received signal

from the receiving antenna came out to be 2.5GHz (FFT of the oscilloscope record) and

its duration is 25ns and is shown in figure 6.9. The interesting part is that even though

the applied pulse for the vircator is of 88ns duration, the radiated pulse is shorter than

the applied pulse. The charging voltage for the pulse forming line is 120kV only in these

experiments. Since the maximum sampling rate of the oscilloscope used in these set

Figure 6.9: FFT of received microwaves

of experiments is limited to the 20Gsa/Second the limed bandwidth of the oscilloscope

is 5GHz in the single shot. That is why the x-axis of the frequency curve is limited

to 5GHz only in the figure 6.9. In order to be even more confirmedabout the fields

being radiated, an array of the neon lamps and gas filled fluorescent tubes were kept

in front of the vircator. the glow of the neon lamps is shown infigure 6.10 and the

glowing fluorescent tube is shown in figure 6.11. The glow in both of them at the time

of exposure of vircator during operation also indicates about the fields being radiated

form the system. After including the calibration factor of the designed high voltage

probe(X40k) in the measured voltage between the anode and cathode of the vircator it
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Figure 6.10: Glowing of neon lamps (red)

is seen that nearly 40kV of the voltage is being applied at thediode in this geometry and

a record of it is shown in figure 6.12.

Figure 6.11: Glowing fluorescent tube in front of microwave radiations
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Figure 6.12: Voltage applied across the anode cathode gap

6.2 Vircator Experiments:Set2

To the best knowledge of the authors it is first system of its kind using coaxial cable

based system driven by the compact pulsed power source to drive the complete assem-

bly. Because of its compact nature, the system has potentialof operating at repetitive

mode also. The results of a bulkier pulsed power system driving a solid dielectric PFL

and vircator connected to it have been mentioned in the previous section and some of

them were published previously [101]. After producing the microwaves from the first

set of experiments further efforts were made to enhance the radiation considerably by

increasing the driving potential for the vircator and at thesame time also to compactize

the complete pulsed power assembly. As discussed above the vircator requires high elec-

trical powers for its operation and only for very short durations. This is done by pulse-

compression and pulse-shaping. An attempt has been made to do the pulse-compression

113



6.2. Vircator Experiments:Set2

Figure 6.13: Axial virtual cathode oscillator System

Figure 6.14: Stainless Steel Cathode
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and pulse-shaping by compact pulse compression system mentioned in the details given

under. The experimental results are also presented after the system details.

6.2.1 Experimental Setup

The Virtual cathode oscillator in the present case has a measured vacuum of 2X10−4mbar

inside the chamber. The vacuum is created with the help of a diffusion pump of 500l/s

pumping speed which is backed by a rotary pump. The vircator chamber is shown in fig-

ure 6.13 and is made of stainless steel. The cathode in teh present experiments is made

of S.S. electrode of 60mm diameter and is shown in figure 6.14.The anode is made of

S.S. mesh of 80% optical transparency. In the present study at different PFL voltages,

the anode cathode spacing is fixed at 4mm which is lesser than the previous case. The

drift tube diameter is 140mm and estimated space charge limited current in this geome-

try is less than 1kA. A conical horn antenna is also designed for the system with input

waveguide matching with the dimensions of drift tube. A conical horn antenna is also

designed for the system with input waveguide matching with the dimensions of the drift

tube. The vircator is operated using a solid dielectric pulsed forming line (PFL) made of

four pieces of 50Ω, RG218 coaxial cables connected in parallel to make a net estimated

impedance of 12.5Ω. The length of each cable is 12 meters and hence the estimated

pulsed-width which is twice of its transit-time, is expected to be nearly 140ns which is

longer than that of the previous case. The pulsed forming line is being charged by the

compact pulsed transformer [122] which has its primary capacitor bank made in the

shape of its primary. The capacitors used in the bank have shown very high power de-

livery driving a plasma focus device [102]. The connectionsbetween pulse transformer

and pulse forming line is done using specialized connectorsat the ground part in order to

reduce the electric field strength generated between ends ofsharp braid wires and inner

conductor of the cable to such levels where the breakdown at feed point (as is shown

115



6.2. Vircator Experiments:Set2

Figure 6.15: PFL Charging Voltage and PFL Discharge Current

Figure 6.16: Receiving Antenna (kept at 1.2Meters from cathode) signal and envelop
seen by the microwave detector diode (vircator operating with PFL at 160kV)
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in figure 3.2) does not take place which, otherwise, happens only at 20kV only. The

improved connections between the transformer and pulse forming line result in charging

of PFL to still higher voltages reaching a maximum of 200kV. The compact transformer

with the combination of Pulsed forming line is having 1:20 voltage gain when compared

with primary charging voltage and PFL peak voltage reached at its second peak. The

capacitor bank-cum-transformer, when first charged to 10kV and then discharged, de-

livers 200kV peak voltage in the second peak in 2.0µs at the Pulsed forming line which

is connected to the Virtual cathode oscillator system usinga self-triggered spark gap

switch. As far as diagnostics are concerned, the standard diagnostics are used for the

measurement of the PFL discharge current, PFL charging voltage, and microwave sig-

nal (both power envelop and frequency). For the measurementof pulsed forming line

charging voltage we have used 10000X resistive voltage divider. For the measurement

of currents we have used a 17ns rise time current transformerwith standard sensitivity of

50V/kA. The current transformer output is connected to the oscilloscope using standard

20dB attenuator in order to reduce the voltage to the oscilloscope input requirements for

the given current pulse. The current transformer is placed inside the spark gap chamber.

The microwave signal is recorded on a 10GHz, 40GSa/sec oscilloscope using a double-

ridged horn antenna having bandwidth of 800MHz to 18GHz. Thereceiving antenna

is kept at 1.2meters distance from cathode location facing the drift tube which has no

radiating antenna in these set of experiments. The receiving antenna is connected to the

oscilloscope using high bandwidth cable having a cut-off at 12GHz. This signal coming

directly from the receiving antenna to the oscilloscope is analyzed for its FFT to give

frequency spectrum of radiated microwave signal. To see thepower envelop of radiated

microwave, the output of antenna is bifurcated and passed through microwave detector

diode Agilent-423B and its output is smoothened to average out the acquisitions over

1ns (40samples) comparable to the rise time of diode. the diagnostics are mentioned in
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Figure 6.17: FFT of receiving antenna signal (vircator operating at 160kV PFL Voltage)
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chapter 2.

6.2.2 Experimental Results

Figure 6.18: PFL Charging Voltage and PFL Discharge Current

Once a peak voltage of 200kV was achieved during the initial testing of the pulsed

forming line the vircator which was connected to its output was operated in vacuum. It

was noted that when the vacuum was not there inside the vircator, the high frequency

components (of higher that 2.5GHz ) in the FFT of antenna signal were not present. The

microwave experiments with vircator were conducted at two different PFL-charging-

voltages of 160kV and 180kV decided by the spark gap settings. Figure 6.15 shows

the voltage measured at PFL charging end and discharge current of PFL measured using

Current Transformer (CT). The peak discharge current reaching in the system is 12kA.

The peak PFL charging voltage is 160kV and the small anode cathode gap leads to fast
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Figure 6.19: Receiving Antenna kept at 1.2Meters from Cathode signal and envelop
seen by the microwave detector diode vircator operating at 180kV PFL Voltage

reduction of diode impedance. The net impedance of the complete discharge-circuit

comes out to be nearly 13Ω. Figure 6.16 represents the microwave signals received

from the antenna and fed to the oscilloscope at 50Ω input impedance. The microwave

pulse record of not more than 50nanosecond duration also suggest that fast closure of

diode is taking place because the applied high voltage pulseis nearly 140ns in duration.

The reflections of voltage and current also suggest the same sequence of events to be

happening in the vircator. Figure 6.17 is more informative in terms of the frequency

content of radiated signal from the vircator. It is clearly visible from the spectrum that

high frequency components of more than 5GHz are present in the signal. The vircator

has successfully demonstrated the high frequency radiations from the compact pulsed

power system. The other set of results achieved at 180kV of vircator operation are also

very interesting and consistent. Figure 6.18 is the record of PFL charging voltage and
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discharge current reaching 180kV and 14kA peak current again demonstrating the same

13Ω impedance of the discharge circuit. The respective microwave signal is shown in

figure 6.19. The microwave envelop is of higher magnitude as compared with the signal

Figure 6.20: FFT of Receiving antenna signal vircator operating at 180kV PFL Voltage

at 160kV indicating a higher emission of microwave at highervoltage. Figure 6.20

represents the FFT of radiated fields indicating that a frequency spectrum of greater

than 5GHz is present as a result of vircator operation.

6.3 Vircator Experiments:Set3

6.3.1 Introduction

In this paper we are presenting the microwave emission results of a vircator which emits

its radiation lying well-within the microwave range of electromagnetic spectrum viz
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4-8GHz and the energy needed per shot is as low as 25joules only. In this reported

experiment the pulse forming line is charged to a voltage of 160kV and the measured

diode voltage is 50kV in the experiment. The primary energy is nearly 50joules only

and hence the energy efficiency of the high voltage pulse transformer and pulse forming

line combination for the given experiment is nearly 50%. Theexperiment is the first

Figure 6.21: Picture of virtual cathode oscillator assembly fitted with the cable based
PFL

of its kind in establishing (experimentally) the low voltage operation of a conventional

vircator, which has a planar cylindrical cathode and stainless steel mesh anode, for the

microwave emission purpose. Moreover, because of the low voltage and low energy

operation we could operate the whole system in repetitive mode and we could achieve

as high as 4Hz operation with this device. Interestingly, the current density of the vel-
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vet cathode used in the present experiment is nearly 300A/cm2 in the present reported

set of experiments. One interesting observation emerging out from the present experi-

ment is that in the low voltage operation of the vircator the beam acceleration potential

is relatively low and hence the axial velocities of reflexingelectrons (trapped between

cathode and virtual cathode) is also limited and far less than 1.8x108m/s and hence with

small anode cathode gaps like that of 3mm, which is the case ofpresent experiments,

it becomes feasible to achieve radiation frequency of 4-8GHz from the vircator. It has

Figure 6.22: Geometrical drawing of the virtual cathode oscillator system

been shown in various studies which were conducted and reported so far in the context

of axial Virtual Cathode Oscillator (VIRCATOR) that an axial Virtual Cathode Oscil-

lator radiates in the microwave range of electromagnetic spectrum provided the voltage

applied between anode and cathode is in the order of hundredsof kilovolts. Recently a

detailed theoretical study [121] was presented for a proposed low-voltage conventional

vircator which shows formation of secondary virtual cathode along with the existence of

a primary virtual cathode. Moreover a theoretical estimation of as high as 7% efficiency

is also reported in the same theoretical model. By using the word "conventional" the

other mechanisms to assist the formation of virtual cathodes are excluded here for com-

parison viz. the application of external magnetic fields: [116], magnetron injection gun

[115] , shielding of the electron source from external magnetic field [117] and external
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Figure 6.23: Simulation Voltage, total Current and the current after foil measured in the
XOOPIC simulation
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electric field: [110, 111]. A very interesting study regarding the effect of background

gas and the ionization is also reported by [112–114] for low voltage vircator with de-

celerating electric field. Another low voltage vircator operation using pin type stainless

steel cathode vircator by the application of 60kV accelerating voltage is also reported

in the literature: [104]. Conventional axial-vircators are already well reported in the

literature: [124], [105–107, 123] . As far as experimental point of view is concerned it
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Figure 6.24: Power radiated in the simulation

becomes more and more tedious and complex task to make a pulsed power source which

delivers higher electrical powers needed to drive the vircator at the hundreds of kilovolts

of voltages. As the output voltage of the pulsed power sourceis increased, to meet the

requirement of vircator, the associated system componentsbecome bulkier and bigger

in size. This results from the requirement of breakdown strength of insulating materials

used in the system design. It results in a quest to explore microwave emission charac-

teristics of a vircator operating at the relatively lower voltages of operation which can

be provided by a compact and easy-to-operate-with pulsed power source. Essentially
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the problem gets bifurcated to two parts, one being engineering part to make a suitable

compact and small pulsed power source and the other being to understand the physics

of the axial virtual cathode oscillator when connected to such small and compact pulsed

power source. A virtual cathode oscillator works when the current of a beam of charged
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Figure 6.25: Instantaneous FFT of the radiated power and halfed frequency to find the
frequency spectrum of radiation in simulation.

particle moving inside a drift tube far exceeds the space charge limited current defined

for that drift tube geometry. Under such circumstances the pinching inside the beam

takes place and a virtual cathode is formed at the place wherethe density of charged

particle is high and energy is in form of potential energy rather in form of kinetic en-

ergy. The region of these high density charge particles oscillates in space as well as in

time leading to a radiation mostly defined by the density of the cloud of charge particles.

Moreover the charges, which are still trying to replenish the beam current, get trapped

between real and virtual cathode and also start radiating electromagnetic wave with a

frequency depending upon reflection time for the charged particles between real and

virtual cathodes.
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6.3.2 Experimental Details

Vircator parameters In the present experiment we have used avircator chamber made

Figure 6.26:Uz versus z for the electrons trapped between cathode and virtual cathode
at 18.66ns.

of stainless steel having a sheet thickness of 3mm. The cathode is made of aluminium

which is covered with velvet on the electron emission surface using a silver epoxy based

electrically conducting bonding agent. The diameter of thevelvet area stuck on the alu-

minium is 50mm and the anode is made of stainless steel with anoptical transparency of

nearly 90%. In an interesting study done on carbon fibre cathodes [118,119] it has been

shown that quite high (280-440A/cm2) and almost uniform electron current densities are

produced in carbon fibres. In a very recent published study by[120] the current densi-

ties in graphite s.s. nail cathode and carbon fibre cathodes at 200kV of applied voltage

is also found to be similar . In the present set of experimentsthe gap between anode

and cathode can be adjusted from 2mm to few centimetres. The electron-beam-diode

zone of the vircator is evacuated to a measured 2x10−4torr vacuum inside the vircator

chamber. It is measured using the penning gauge connected with the vacuum chamber
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directly. The vacuum measured at the mouth of the diffusion pump at the same time

was still better than an order of magnitude. The vacuum inside the chamber is gener-

ated using a diffusion pump of 500litre/second pumping speed being backed by a rotary

pump. The connection of the vacuum line between diffusion pump and the vircator

is done using a 50mm diameter stainless steel bellow connected with a high voltage

isolator of KF-50 port. The experiments were conducted withdifferent anode cathode

XGrafix 2.70.2

1e-14 1.86614e-08

430000

0.0

nu
m

be
r(

t)

Time(seconds)

Figure 6.27: Number of simulation particles with time

gaps like 8mm, 7mm, 5mm and also at 3mm to enhance the microwave emission to

a detectable/measurable value. It was observed during the series of such experiments

that the anode-cathode gap of 3mm leads to maximum microwaveradiation for fixed

diameter of the cathode which is 50mm in all such cases of study. Consequently, we

are presenting the results of 3mm anode-cathode spacing in this paper which has shown

maximum microwave emission from the device. We also have connected a conical horn

antenna to the vircator output window made of Nylon. The input of the conical horn

antenna matches with the diameter of drift tube which is 112mm in dimension and out-
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put side of the horn antenna is 412mm aperture diameter whichis flared at an angle of

300 (cone half angle) from the antenna input end. The calculatedgain of horn antenna

is nearly 16dB at frequency of 6.0GHz. The length of the drifttube between antenna

input port and anode is 1meter. The complete vircator systemis made in such a way

so that it can be fitted with the cable based pulse forming line(PFL) very easily The

Figure 6.28: PFL charging Voltage and the diode voltage waveforms

central electrodes of all the four cables of PFL are press-fitted with a common point

connected with one electrode of pressure-distance controlled spark gap which is con-

nected between pulse forming line and the vircator and also controls the pulse forming

line discharge into vircator. The braid part of the high voltage cables are connected to

the S.S. chamber connected with the anode of the vircator using a flange based bolting

method. Extra insulation inside the S.S. chamber between cable terminals is provided

by using a properly shaped poly-propelene cylinder of 1.5inch thickness. The spark gap

between the pulse forming line and vircator is filled with 2atm of absolute pressure of

air. Figure 6.21 presents the physical picture of the virtual cathode oscillator used in
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the experiment and figure 6.22 is geometrical drawing of the virtual cathode oscillator

with input ports for 450kV, 60Ω cables fitted with its standard connectors.

6.3.3 Energizing the vircator

Figure 6.29: Diode voltage and diode current waveforms

The pulse forming line (PFL) is made using four equal lengths(5meters) of the high

voltage (450kV) 60Ω characteristic impedance cables connected in parallel to make a

450kV pulse forming line of 15Ω characteristic impedance and nearly 50ns pulse-width.

The capacitance of the pulse forming line is nearly 2nF. The pulse forming line is be-

ing charged using unipolar high voltage pulse in order to utilize the cable breakdown

strength safely.

In order to characterize the vircator we have used the diagnostics (mentioned in de-

tail in chapter 3) which are essentially electromagnetically coupled with the system

and give their output as a time-dependent voltage pulse. To measure the diode current
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Figure 6.30: Diode voltage versus diode current showing single pulsed power dissipa-
tion

Figure 6.31: Microwave pulse with 40dB external attenuatormeasured at 2.5 meters
from radiating antenna in 8 shots. (Power stability in different shots)
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Figure 6.32: Instantaneous FFT of the acquisitions of previous electric field measure-
ment. (Frequency stability in different shots)

and diode voltage we have used current transformer and voltage divider respectively.

The voltage appearing at the diode is measured by a series cascading of two standard

100MHz bandwidth probes described in detail in chapter 2. The output waveform of

the cascaded voltage divider is smoothened to 50MHz bandwidth by numerical tech-

niques in order to incorporate the bandwidth loss of the cascaded probe resulted due

to the series cascading and also due to additional connections used in the series cas-

cading of the two similar probes as mentioned in chapter 2. The emitted microwaves

are measured using wide-band double-ridged horn antenna with a gain of 12.5dB at

nearly 6GHz with approximately flat frequency response from4-8GHz connected to

a high-bandwidth 50Ω coaxial cable for final connection with the high bandwidth os-

cilloscope(10GHz, 40GSa/sec). To attenuate the received signal from the antenna, so

that oscilloscope is not damaged by the input signal, we haveused standard attenua-

tors of broad DC-18GHz frequency range 40dB power attenuation depending upon the
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Figure 6.33: Microwave pulse with 40dB external attenuatormeasured at 1.5m, 2.5m
and 3.5m from radiating antenna at the axis. (showingr2 power attenuation) X-axis
scale 200ns/div
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Figure 6.34: Electric field measured at 2.5meters from radiator when the receiving an-
tenna is scanned from -45degree to 45degree on axis varying in angle of 7.5degree
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measurement requirements. The attenuation imposed by the cables connecting the an-

tenna with the oscilloscope is 3dB as is measured by the high frequency signal generator

(operating in frequency range 4-10GHz) and the oscilloscope. The high bandwidth os-
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Figure 6.35: Power measured at 2.5meters from radiator whenthe receiving antenna is
scanned from -45 degree to 45 degree on axis varying in angle of 7.5 degree

cilloscope with 10GHz bandwidth and 40GSa/s sampling rate was kept inside a 50dB

shielded chamber with all its electrical power being provided by the uninterrupted power

supply (UPS) kept inside the chamber. The diagnostic cable and power chord for UPS

were provided inside the chamber using specialized input ports to maintain its shielding

effectiveness for the frequencies of our concern.

Modelling Results (XOOPIC two and half dimensional particle-in-cell code) Extensive

modelling for the results of low voltage vircator was done ina two and half dimensional

computer code called XOOPIC (made available online by Plasma Theory Simulation

Group, Electrical Computer Engineering Department, Michigan State University, and

Nuclear engineering Department University of California,Berkeley) which uses parti-

cle in cell technique to solve the electromagnetic computational problem. The necessary
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modifications in the available code were done in accordance with the scheme described

by [121] et al and the results were obtained in the computation by using a time step of

0.01ps and a mesh size in axial direction is 0.25mm and in the radial direction is 0.5mm

in the computational space. The applied voltage pulse totalemitted current and current

after the foil are collectively shown in the figure 6.23 The results are well depicting that

the current emitted by the emitter is nearly 5-6kA which matches well with the obtained

results for the same experimental setup as shown by the experimental results in the next

section. The voltage pulse applied is having 1ns rise time and has been applied in radial

direction through a gap which distributes the fields in the radial direction as per the radial

location of respective mesh. Figure 6.24 shows the radiation pulse as measured at the

output port as the integral of pointing flux at the output window. The graph shows that

the emitted power is averaged at 5MW even though intermittent peaks of very short du-

rations are seen for 15MW. The Fast Fourier Transform of the measured radiated power

is shown in figure 6.25 and lies from 8GHz to 12GHz which is not very far away from

our experimental findings reported in the next section. Figure 6.26 presents theuz versus

z graph of the charged particles trapped between the cathodeand anode and is showing

that the velocity is limited to 1.8X108m/s and hence the frequency of the radiation is

not very high for very small gap spacings. Figure 6.27 presents the total number of

simulation particles which is nearly 4.105 particles stabilized after 2nanoseconds from

the beginning of the modelling. The number of simulation particles number of meshes

and simulation time step decide the total time of computation or the problem space. For

the computation of 18.66nsproblem duration it is observed that computational run time

is nearly 72hours on a 4GB RAM computer having 3GHz speed.
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Figure 6.36: Instantaneous FFT of the signal of previous figure showing frequency sta-
bility between different shots. (Frequency(Hz) vs. Time(seconds))

6.3.4 Experimental Results

In figure 6.28 the pulse forming line charging voltage and thediode voltage is shown.

It is shown that the charging of pulse forming line is done using monopolar pulse within

1µS from the beginning of the charging which is quite fast. The diode voltage is nearly

50kV peak which is very low for the conventional vircator operation as is mentioned

in the literature to the best knowledge of the authors. In figure 6.29 the current and

voltage inside the diode are simultaneously shown for showing a comparison and also

to show that main power consumption is taking place in the first pulse only. Figure

6.30 shows single pulse dissipation in the vircator. It turns out that the diode current

is 6kA leading to the diode impedance estimation of nearly 8ohms. As we know that

the pulse forming line has a characteristic impedance of 15Ω and is charged to 160kV

peak voltage hence a load impedance of 8Ω will have nearly 50kV voltage on it. It

again shows that the voltage pulse appearing on the diode is well distributed as per the
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Figure 6.37: 4Hz discharge of the primary capacitor bank forthe generation of the
microwave in vircator; y-axis in volts

voltage division ratio with its source (PFL) impedance. Theexperiment was conducted

to capture full amplitude by inserting a 40dB attenuator before the oscilloscope after

the signal cable. The captured waveform is shown in figure 6.31 which is received by

receiving antenna kept at 2.5meter away from radiating antenna. This figure contains

the information about measured power in eight different shots showing that the power

variation between different shots is insignificant. To show the frequency stability in

the different shots the instantaneous FFT of the measured waveform of figure 6.31 is

shown in figure 6.32. The frequency comes out to be ranging from 4.5GHz to 8GHz

consistently in all the eight shots. To verify that the antenna measurements are done in

the far field region we conducted the measurements at axis which are differing in the

distance from the radiating antenna at three different points viz 1.5meters, 2.5meters

and 3.5meters away from the radiating horn antenna. Three waveforms at each point

were noted and plotted in form of figure 6.33 and it is evident from the figure that

measurement at each point follows nearlyr2 dependency while going away from source
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after 1.5meters away from radiating antenna hence the conducted measurement can be

approximated with the far field measurement for the power estimation. Figure 6.34 and

figure 6.35 show the measured electric field and measured power respectively when the

receiving antenna was rotated with an angular displacementof 7.5degree from -45degree

to+45degree in a radius of 2.5meters from the radiating antennato capture the radiation

pattern of vircator. A peak voltage of 85milliwatt at the central axis was measured with

a cone half angle of 15 degree was observed by the noted radiation pattern and recorded.

The peak radiated power after calibration factor put into the calculation comes out to be

0.85MW. The efficiency of the low voltage vircator reported in this paper is coming out

to be nearly 0.3% if compared with the input power of the electron beam which is 50kV

and 6kA. The spectral density as a function of time of the recorded waveform is shown

in figure 6.36 which shows that the frequency content has chirping in every shot staring

from 4GHz to 8GHz and the frequency content is not changing from shot to shot. The

repetitive operation of the vircator is shown in figure 6.37 which shows the PFL voltage

during this sequential shots at 4Hz. The respective radiation patterns of all sequential

shots are shown in figure 6.38 with the time scale adjusted so that the we may easily

compare the modulation and amplitude of each pulse to see thestability of radiation in

different shots.

6.4 Conclusion

The results of the vircator driven by the different pulsed power sources are summarised

in the table 6.1. It is quite evident at the end of this chapterthat the systematic progress

has been made starting from the first set of experiments conducted with a bulkier pulsed

power generator to the third set of experiments which have been conducted using a

compact pulsed power generator which is lighter in weight also.
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Figure 6.38: Radiation of vircator at 4Hz (6shots electric-field recorded) shifted in time
scale to show the peaks and modulation
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Table 6.1: Summary of vircator experiments

Sr. No Description First set Second set Third set

1 Diode voltage 7.1µF 2.46µF 3.5µF
2 PFL Voltage 120kV 160kV & 180kV 180kV
3 Anode Cathode Gap 5mm 4mm 3mm
4 Cathode Material Graphite S.S. Red velvet
5 Cathode Diameter 60mm 60mm 50mm
6 Antenna No No Yes
7 Results 2GHz Microwave for 20ns duration 6-7.5GHz for 50-60ns Burst of 1MW at 4Hz repetition
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6.4. Conclusion

A successful operation of vircator is demonstrated in the second set of experiments

using a compact pulsed power source. The energy involved in each experiment was

125Joules making the system efficient in terms of power compression and shaping and

also for a futuristic view of achieving repetitive operation.

In the third set of experiments, if we consider that the maximum area that can cause

the formation of measured electron current is equal to the cathode area and the elec-

tron beam is nearly uniform, then interestingly the currentdensities achieved with vel-

vet cathode are also nearly 300A/cm2. The simple method of capacitor bank charging

topology makes it possible to operate the vircator at nearly4Hz of repetition frequency

which is shown in results of the discharge waveforms of the primary capacitor bank. The

glow on neon lamps array and resetting of the computers kept in front of output win-

dow with assisted microwave coupling from the vircator are the qualitative inferences of

electromagnetic emission form the vircator device whereasthe Fast Fourier Transform

of oscilloscope signal gives the frequency spectrum of radiated emission lying in the

receiving range of the antenna. It comes out that the emission ranges in the range of

4-8GHz and frequency chirping during each shot is also well observed in the recorded

radiation pulse of the virtual cathode oscillator. The shotto shot stability of power and

frequency is also well demonstrated in the experiment. The experimental results are

very much consistent with the extensive simulation/modelling results presented in this

paper.
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7
INDUCTIVE-STORAGE-CUM-

OPENING-SWITCH DRIVEN

VIRCATOR

In this chapter we are presenting the results of extensive study (experimental and theo-

retical) done on the exploding wire based opening switchcum inductive storage driver

for driving a load of 10-20Ω so that a driver may be made for delivering high electrical

power for driving a vircator (virtual cathode oscillator) which has already been shown

to be operating from 50kV voltage onwards leading to measurable experimental effects

caused by emitted microwaves and is presented in chapter 6. The experiment reported

in this chapter was conducted in two steps to deliver finally 1.5GW electrical power on

10Ω load in very compact configuration and by using single optimized bare copper wire.
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Figure 7.1: Schematic of inductive storage type pulsed power supply

7.1 500MW SYSTEM AND ITS MODELLING WITH

THE VIRCATOR

Electrical energy storage methods are major design components for high-power-pulsed

electrical delivery systems as they are part of essential involved mechanism of storing

energy in long span of time and then delivering this energy ina desired load in very small

time duration making the amount of peak power delivery in theorder of Megawatts or

Gigawatts. The loads requiring such high power delivery aremainly pulsed accelera-

tors for electron and/or ion beams. This high electrical power is used for generation of

pulsed high power electron beams, which, after its interaction with its neighbourhood, in

turn generates high power microwaves (HPM) suitable for various applications. More-

over, antenna or Ultra Wide Band (UWB) systems also make use of such high electrical

powers (of course after pulse conditioning) for direct generation of High Power Radio

Frequency radiations. Broadly these energy storage methods can be divided in two parts

one being capacitive energy storage and other being inductive energy storage. The en-

ergy density in inductive storage techniques can be order ofmagnitudes higher than that
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of capacitive storage energy density. This advantage of high energy density of induc-

tive storage method (i.e. realization of a compact pulsed power source) as compared

to capacitive energy storage system) comes with added difficulty in the operation or

optimization of the system.

Figure 7.2: Experimental Setup with Marx generator

The inductive storage driver works on following principle.When a current flowing

through a circuit, which has inductor as a circuit component, is interrupted by use of an

opening switch that changes its resistance very fast, the inductor tries to maintain the

flow of currents through itself. If opening switch has another parallel circuit of high

impedance load then this forced current will flow through that parallel load and a high

voltage pulse (also of high power) will flow through the load.

7.1.1 Experimental arrangement

Inductive storage can be primed by a Marx Generator [135] . A compact Marx bank of

10 stages energizes the inductive storage driver. Each stage of the Marx bank consists of

a capacitor of 2.1microfarad, which is charged to 4.5kV in parallel with other stages and
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Figure 7.3: Short Circuit current of driver
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is finally discharged in series to give open circuit voltage slightly less than the product

of the charging voltage and number of stages. The trigger forthe Marx generator is

given by manual operating switch at the centre of 10 stages. The schematic of Marx

generator and load assembly is presented in figure 7.1.The noteworthy point here when

comparing with reference [135] is that the inductance driving opening-switch is not

externally put into the circuit. It is the self-inductance of the geometry of the Marx bank

plus the load inductance. This makes the generator compact.The weight of inductive

storage driver is less than 10kgs. The charging system is also made portable as the

Figure 7.4: Total current (pink) 5kA/div, Exploding wire Current (yellow) 5kA/div,
Load Voltage (blue) 10kV/div: Horizontal Scale 200ns/div

battery is used to initiate the inductive storage driver. Itcould have been made possible,

as the energy/charge requirement for the operation of the system is not very high. The

12-volt DC is first converted to the 12Volt alternating pulses using astable-multivibrator

of nearly 1A current ratings. The output of this astable-multivibrator is fed to the 9-0-
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9 Volt to 1.6kV rms high voltage transformer. A voltage doubler circuit doubles the

output of this transformer and then by passing it through a high voltage diode it is

used for the charging of capacitor of Marx generator. The experimental setup is shown

in figure 7.2. The air is used as the quenching media for the opening switch. The

Figure 7.5: PSPICE model of inductive storage system

opening switch is exploding copper wire of optimized dimensions. The opening of

exploding wire switch is optimized such that its explosion occurs at the peak of current

flow through the inductive storage driver. The optimum length and optimum diameter

of the opening switch in present system is experimentally found to be 9cms and 122µm

respectively. The load used in the experiment is made from copper sulphate resistor.

After early testing of generator, the ceramic disk resistors of high-energy ratings are

used for the experiments.

For the measurement of the parameters of the inductive storage driver various current

and voltage diagnostics have been used. Voltage measurement at the load is done using
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a 75MHz 100kV voltage probe having 1000:1 attenuation ratio. Current measurement

for total current and fuse current is done by high bandwidth current transformers with a

sensitivity of 100V/A and 100X attenuator before the oscilloscope.

Figure 7.6: Total current (red) 10kA/div, Exploding wire current (Green) 10kA/div,
Load Voltage (blue) 10kV/div: Horizontal Scale 100ns/div

7.1.2 Experimental Results

A peak discharge current of 16kA is observed during short circuit erection of Marx gen-

erator. The peak current is observed at 800ns delay from the beginning of discharge. The

short circuit signal was recorded without using the openingswitch i.e. by putting thick

wire instead of thin exploding wire. The waveform is shown inFigure 7.3. Computa-

tionally it corresponds to the 1.2µH total circuit inductance of the driver. The erected

capacitance of Marx generator is taken to be 0.21µF. A circuit resistor of 0.125Ω is

seen to be appearing in Marx bank discharge circuit considering 40kV erection voltage
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which is nearly 90% of full erection voltage i.e. 45kV. The complete compact energy

Figure 7.7: PSPICE model of inductive storage system with vacuum diode

storage device has shown its capability of delivering a peakof 80kV with 200ns FWHM

(full width at half maximum) in a 12.5Ω load. The corresponding powers delivered to

the load are 500MW. The corresponding waveform is shown in figure 7.4. The longer

rise-time of the waveform is because of the reason of continuous flow of current in load

right from the beginning of discharge. In order to sharpen the pulse a closing switch is

also required and it will help in reducing the rise time of theload voltage pulse. This

closing switch before the load connects the load by self-breakdown mechanism which

disconnects the load during initial stages of opening switch action thereby clipping the

initial slow rising part of voltage pulse. Nearly 50ns rise-time is expected in such cases.

In order to simulate the whole experimental activity reported so far and to propose the

interfacing of such system with different loads of interest we have taken the modelling

mentioned in reference [48]. The spice [74] circuit solver is used to model and solve

the circuit equations related to the physical phenomenon ofheating of wire and then

burst occurring at the end of event. The pspice equivalent schematic of our experimen-

tal arrangement is presented in figure 7.5. The complete Marxcircuit is converged to its

lumped parameters for the sake of simplicity in calculations. As the frequency is low the
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lumped model is capable of simulating the desired currents to match the experimental

values in short circuited system. The modelling results arepresented in figure 7.6 with

Figure 7.8: Load Voltage (red) 50kV/div, Load Current (Green) 5kA/div, Load Power
(blue) 500MW/div: Horizontal Scale 100ns/div

dotted line style of waveform presentation. Respective scales are written using small

divisions. Please note that in order to match experimentally achieved peak voltages, its

pulse width, other current value parameters, it has been found that value of initial resis-

tance should be kept nearly 2.5times higher than DC resistance. To some extent it seems

reasonable also because skin effects are expected to dominate at higher frequencies lead-

ing to higher initial resistance values. The inductance of exploding wire and load are

taken to be 50nH which is again on realistic assumptions. A slight mismatch of 80ns in

the timings of the occurring peak voltage at load is seen in the simulation results. For

higher impedance loads like antenna (50Ω, 75Ω etc) the expected theoretical (simple

one without considering quenching of wire) power delivery is even higher because in-
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ductive storage driver acts as a current source and the voltage appearing at the load is the

product of the voltage at the load and current passing through the load. The only con-

straint in achieving such enormously high power delivery with inductive storage drivers

is the voltage breakdown inside the exploding wire. Using suitable quenching media

can increase the voltage breakdown limit of exploding wire.Once we have modelled
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Figure 7.9: Normalized resistance of exploding copper wire

the inductive storage systems, we computed the amplitude and shape of the voltage and

current and hence power pulse applied to a Vacuum field-emission-diode having a ra-

dius of 20mm and anode cathode gap of 5mm. For modelling the Vacuum field emission

diode we have used the formula of impedance of planar electron beam diode which is

in fact dependent on the voltage applied to it. This means oneneed to model a voltage

controlled resistor following a relationship as that of field emission diode in planar ge-
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ometry. The relationship of impedance (Z) of a diode in planar geometry is given by

equation 1.2. The model of such assembly is shown in figure 7.7. The results of such

modelling are shown in figure 7.8 with dotted line style of waveform presentation. The

results predict the electrical behaviour of the system. A peak power of 0.9GW and a

peak voltage of 140kV (100ns FWHM) is expected to be delivered by the pulsed power

system in the electron beam load. Needless to say that rise times will be improved by

putting a closing switch before the load. The normalized resistance of the exploding

wire is shown in figure 7.9. Here the measured value of DC resistance (140mΩ)is used

for normalization of the dynamic value of the resistance. The action on wire and the

energy dissipated in the wire is shown in figure 7.10.

Figure 7.10: Action on wire and energy dissipated in wire
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7.2. 1.5GW Compact Generator

7.2 1.5GW Compact Generator

The results of a very-compact (confined into 0.20m cylindrical diameter and 0.75meter

length) and light-weight (<15kg) pulsed-power generator, for driving HPM devices like

vircator with load impedance of tens of ohms, are being presented in the paper. The load

voltage at 10.5Ω is measured 125kV (150ns FWHM) with 1.5GW peak-power. The use

of single-optimized-exploding-copper-wire along with the use of air for all the switches

of the generator (closing switches of Marx generator and opening switch of exploding

wire) make device very-attractive.

7.2.1 Introduction

The pulsed power generators for HPM load driving application become bulkier and

heavier not only because of primary energy storage requirement, in many case explo-

sives are used for electrical energy amplification for miniaturization, but also from the

high voltage insulation requirement at different stages of power compression. If the

environment is pressurized or in vacuum then the housing to create such environments

make system bulkier and bigger. The aim of this work is to makea pulsed power gen-

erator which works in open air and is very easy to work with without compromising in

the driving capability for a HPM load or similar load impedances. To have laboratory

based setups it is not always possible to use explosive basedelectrical energy amplifiers

and this constraint applies to this work as well and hence forthe performance evaluation

of the generator reported in this letter the devices which use the explosive means may

be kept away from the consideration as they are not reusable.Moreover, it is also note-

worthy here that idea of implementing more than single wire for optimized performance

of inductive storage device itself is quite demanding in terms of preparing an optimized

exploding wire assembly. Hence it was restricted not to use more than one single wire.
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Figure 7.11: Experimental setup for the pulsed power source
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Figure 7.12: Short circuit current of the circuit

Figure 7.13: Load voltage and total current as well as fuse current of the circuit
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Now as another requirement from the breakdown point of view,the length of wire should

be sufficient to withstand the generated voltages in the air. Hence alonger wire of nearly

15cm is chosen to be used for the experiment. In another way, approximate length of

15cm of the exploding wire was the aim of designing the pulsedpower source.Earlier in

a different system we have worked with a length of 9cm and could reach a peak voltage

of 80kV only in nearly 13Ω diode [142]. Once approximately length is decided, based

on the previous experience and approximate estimation, it is found that 122micron di-

ameter copper wire should suffice for such currents which are 25kA and reaching in

nearly 500ns to their peak values. In order to generate such currents inside an induc-

tive storage device, a Marx generator scheme was implemented using 12stages each of

0.68µF and a peak charging voltage of 10kV with peak energy of 39joules. This leads

to the erected capacitance of 55nF and erected voltage of 120kV. Interestingly the Marx

generator was made in such a way that it has two straight lineseach having six stages

and separated with increasing distance from trigger side (opposite to the load side) to

the load side. The trigger for Marx generator discharge is provided with manual switch

in between two halves of the Marx assembly. The separation between two straight lines

of Marx generator also provides the inductance to the circuit which acts as inductive

storage element in the circuit (see figure 7.11).It is quite interesting to note that because

of the full access on every component of experimental setup,it takes only less than two

minutes to change the exploding fuse wire and prepare the setup for next shot, which is

not possible in the cases of pressurization of source or in the cases of explosive pulse

amplifiers which can’t be reused because of their very devastating nature. Table 7.1

represents the previous noted experiments where the Marx generator was used to ener-

gize the inductive storage device and then the opening switch (electro-exploding wire

based) conditions the power going into the load. Reference [125]is very bulky as it

requires huge energy to drive the wire for lightening application and reference [131]
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is made using single spark gap and is also quite heavy using many wires in pressurized

gas. Reference [132, 135] have too low current to drive the vircator as the total current

output is limited to a few kAs which is just equal to even charge limited current of vir-

cator, needed to be exceeded for virtual cathode formation.Reference [136] has driven

the vircator to 20GW and 60GW in a big generator.

7.2.2 Experimental Results

Figure 7.14: The power and energy dissipated in the 10.5Ω load

Figure 7.12 shows the short circuit current of the Marx generator based inductive

storage device reported in this letter. In this acquisitionthe exploding wire was replaced

with thick copper wire so that no change in circuit resistance takes place during current

discharge and it is seen that the peak current in the discharge is 25kA when the Marx

is discharged at 9kV charging of each stage. The time period and the peak amplitude
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Figure 7.15: Modelling results of the pulsed power generator with 10.5Ω load without
including delayed burst

with the voltage reversal taken into the consideration, it is inferred that the inductance

is 0.9µH and the series circuit resistance is 400mΩ. The series inductance associated

with the exploding wire is 200nH as is shown by the voltage pulse. The slightly lesser

value of the fuse current as compared with the total circuit current, suggests that the

part of current flows through the load which is connected in parallel to the fuse location

presently shorted with thick wire. In the figure 7.13 the voltage across the load of

10.5Ω made of copper sulphate solution is shown along with the current waveforms of

total current and the fuse current. It is shown that a voltageof 123kV is seen across

the load with FWHM of 150ns. Figure 7.14 shows the amount of energy dissipated

in load and also the power reached into the load. The energy dissipated in the load is

quite a good fraction of the total energy of the capacitor bank at the outset. The power

dissipated in the load is nearly 1.5GW.
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7.2.3 Discussion with Analysis of Results

Figure 7.16: Original and modified resistivity of copper based on action integral

A modelling for the pulsed power generator along with the load is done. For action

dependent resistivity value of the copper wire, the model proposed by Tucker and Toth

[137] is used as basic guideline which is essentially limited to 1011Amp/m2 current den-

sities and invites further studies for removal of this limitation. In order to simplify the

computations using this model, equation based fitting has been successfully used in the

past in which an event of burst (beginning of vaporization) is defined (action at burst is

named action-to-burst and is noted to be 1.7x1017Amp2.sec/m4) below and above which

the resistivity varies differently with the action [138]. In some other cases of modelling

a third equation defining arcing is also considered [139] to achieve physical condi-

tions in modelling. In later studied couple of references [132, 138] the action-to-burst

is found to be 4.1X1017Amp2.sec/m4 and 4.7X1017Amp2.sec/m4 for current densities

of 1X1012Amp/m2 it was also proposed that to interpolate the action-to-burst between
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Figure 7.17: Modelling results of the pulsed power generator with 10.5Ω load including
delayed burst

these values a linear fitting can be used [138] as the event of vaporization is delayed in

higher current densities [132,138]. Rather using equationbased resistivity model which

follows the trend of Tucker and Toth model for different phases, we have digitized the

waveform of Tucker and Toth model and then we used this database for present mod-

elling directly with linear interpolation between consecutive data points. The modelling

results are shown in figure 7.15. The waveforms of the two cases are certainly having

phase mismatch i.e. peaks are not occurring at same intervalfrom the beginning of the

discharge in modelling and experimental results. Moreoverpeak values of the voltage

generated are differing by 20%. In order to remove this discrepancy, in a simplest ap-

proach, we tried different action dependent resistivity curves which were having same

shape as that of Tucker and Toth model but were having scaled values of action integral

(to include delayed burst by super heating) to solve the present experimental problem.
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Figure 7.17 shows the results of the model which is scaled by afactor of 2.5 (as is

shown in figure 7.16) on action axis of the Tucker and Toth model. An excellent match

between experimental values and modelling results are obtained under this condition

and if we back calculate the value of action-to-burst using this scaled model, it comes

out to be 4.25x1017Amp4.sec/m4 which is nearly in same to so far reported values. The

higher values of scaling factors applied for the resistivity model drastically reduce the

computed load voltages and hence show that they can’t be the solution of the present

experimental case.

Figure 7.18: The computed diode voltage for different A-K gap

7.2.4 Summary

A reusable, ultra-compact and light-weight pulsed power generator is made using sin-

gle optimized exploding wire in combination to the Marx bankdriven inductive storage

device. To reach similar or higher powers in loads, the demonstration of explosively
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driven compact pulsed power sources is well reported but they can’t be reused and re-

quire special environments which protects personnel from explosive hazards. Moreover

the single capacitor bank driven systems are also very heavyand big and also involve

very large amount of the initial energies. As the single capacitor banks are slow, they use

multiple wires for the optimized current interruption which may not be very handy. In-

terestingly, this compact generator can also be used for thegeneration of high pressure,

low density metal plasma as the current rise rate is 70Amp/ns and the current densities

1x1012Amp/m2 and 0.9GW peak power is dissipated into the wire which is in the same

range as were previously utilized for experiments [140]. Even though the device is

different, however, the present system is compared with the ultra compact Marx gener-

ator designed to directly drive reflex triode vircator at high repetition rates [141]. For

18.5Ω load impedance the present generator is modelled and found to deliver 200kV

of load voltages which is 2GW load power and is same as that of the compact Marx

generator reported previously. In other words if modelled for load of 10.5Ω the Marx

generator delivers nearly same voltage and same powers as that is reported in the present

experiment. Dimension wise the present system is comparable with the system reported

previously however the weight of the present generator is quite low as compared with

the weight of compact Marx based generator. Certainly the Marx based system (37kg

weight reported for [141]) can be used in the repetitive modebut requires additional

sub-systems to maintain high pressureS F6 and air/nitrogen inside the Marx generator

vessel. Additionally the cost of all the 12 capacitors used in the presently reported sys-

tem is only 40USD and this feature is no less attractive when compared with the cost

of 80 to 100 capacitors used in the compact Marx generator. The modelling results of

this pulsed power system are presented in figures 7.17 7.18 and 7.19 for the diode

impedances modelled on the basis of equation 1.2 without considering the gap closure

event caused by expansion of plasma at the cathode and the anode. The results show the

162



7.2. 1.5GW Compact Generator

voltage, current and power delivered at diodes for different anode cathode spacings and

a fixed cathode diameter of 50mm.

Figure 7.19: The computed diode current for different A-K gap
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Figure 7.20: The computed diode power for different A-K gap
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Table 7.1: Marx Generator driven Inductive Storage based pulsed power generator

S.No Remarks stages CmarxLmarx Vmarx Ipeak Wire Zload Vload Emarx

1 Ref. [125] 2 2.85µF 80kV I f use10kA Enameled Cu Xwire 46kJ
6kV/m 720kg wt. 3 1.9µF 270kV 200µm 36m 69kJ

2 Ref. [131] 2 stages 1µF 1.5µH 180kV 150kA 56cm 0.35mmsq 10Ω 500-600kV 16kJ
bipolar
1 spark

3 Ref. [132] 16-18 580pF 250kV 0.1,1.0,2.0kA 36,45,10µm dia overheating 18J
240mm dia 800mm len (estimated) in fuse

4 Ref. [135] 5 stage 80nF 100kVI f use1.2kA 35cm 40cm 20kΩ 600kV 400J
size 60cm.120cm.150cm 47.7µH 177µH

5 Present Thesis 12 stages .055µF 120kV 25kA 122µm 15cm 10.5Ω 123kV 400J
6 Ref. [136] 6 stages 0.53µF 10µH 300kV 25kA - - 23kJ

N2 at 2atm Marina
7 Ref. [136] 1.6µF 360kV 100kA - - 104kJ

N2 at 2atm - -
3 Marina in‖ - -
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7.3 Conclusion

The inductive storage driver is very cheap and compact and isdeveloped using indige-

nous components. The system is being enhanced for its power delivery capacity. One

way to do this may be use of better quenching media and longer exploding wires which

will certainly require higher amount of energies to start with. The work towards the

interfacing of the driver with electron beam generator for pulse microwave generation

is under consideration. For this purpose the present load (which are of fixed values like

12.5Ω of 500MW case and 10.5Ω for 1.5GW case) will be replaced by the vacuum field

emission diode.
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CONCLUSION & FUTURE WORKS

A compact pulse transformers are designed developed and tested to have desired cou-

pling co-efficients between the primary and secondary depending upon thecoaxial cable

base PFL parameters for two sets of experiments.The transformers have been made with

a very novel design technique in which the primary capacitorbank takes shape of pri-

mary turn of pulse transformer. The voltage gain value, between primary and secondary,

as high as 1:20 has been achieved with such designed pulse transformer. The transformer

is very compact and uses air as insulation to avoid the additional insulation weight up to

250kV of secondary voltages applied on PFL. The detailed modelling 3D of such pulse

transformer supports the deign and results of the pulse transformer.

For the first time the PFL made of high voltage coaxial cables,available commer-

cially, has been made to give low impedance pulsed power generator (four in parallel

to four times enhance current delivery capability and reduce generator impedance to

one fourth) for the generation of electron beams in vircatorgeometry. With the ever-

increasing use and production and associated improvement in the insulation technology

of modern XLPE cables for HV transmission networks the scopeof making such gen-

erators is very promising in future. Such a generator has also been tested for microwave
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radiation at 4Hz operation frequency of the generator in a burst mode. Two such gener-

ator with different cables have been made and were experimented successfully driving a

vircator device. The peak electrical power delivery capability to matched loads of these

generators is 650MW and 3.3GW respectively for 12.5Ω and 15Ω loads. For repetitive

and compact driver for a vircator such generator may find its use as far as reliability of

its operation and ease of handling is concerned for the expert operating hands.

The experimental demonstration for 4Hz repetitive operation of axial virtual cathode

oscillator driven by a compact driver is done. The radiationfrequency chirps between

4-8GHz. The measured microwave power is 1MW and peaks at the centre of radiation

pattern. The beam width of radiation is approximately 300 where the power reduces

by half of its peak power which is occurring at the centre of axis. The efficiency of

the vircator is found to be 0.3% for input electrical power toradiated microwave peak

power.

The vircator is conventional geometry has been operated at the lowest ever reported

voltages of 50kV with considerable microwave power emission. The beam generation at

such low voltages have been found to be nearly similar with that when a high voltage is

applied on cathode. The field enhancement is done by reducinganode cathode gap to as

low as 3mm for such low voltage operation and having a good amount of electron beam

generation leading to virtual cathode formation. A currentdensity as high as 300A/cm2

has been attained by the use of velvet cathode even at the application of 50kV voltage.

It is also found experimentally that while operating at low voltage the kinetic energy

of electrons is limited to 1.5x108m/s and hence with smaller A-K gap distances the

frequency of radiation can be kept below 10GHz. The particlein cell modelling of

vircator supports our experimental results to a good extent. The modelling was done

with the help of XOOPIC, two and half dimensional particle-in-cell code.

A broadband conical horn antenna in order to maximize the radiation in free space
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and to maximize them on the axis of vircator was designed withthe supported 3D com-

puter modelling and was implemented after the vircator. Theantenna is broadband as

is shown by its VSWR curve. The radiation was found to be maximum at the axis of

vircator after the antenna.

A very novel inductive storage technique based pulsed powergenerator has been

made to drive a vircator of nearly similar impedances as are experimented with the

capacitive storage based pulsed power generator. The inductive storage based generator

can come within 20cm diameter and 75cm length and used a copper wire of 122µm

diameter and 15cm length. It is fed by a 12stage Marx generator made of axial capacitors

and all the switches (closing or opening) are in air. The generator has less than 15kg

weight and has been tested to deliver 1.5GW electrical powerto 10.5Ω load at peak

125kV and 150ns FWHM. The peak power computed for the matching load impedance

vircator with anode cathode gap of 13mm and 5cm cathode diameter is nearly 2GW

and a peak voltage of 200kV. This ultra compact generator is useful for single shot

application and also to those places where one can afford to take second shot in next

couple of minutes by simply mounting new exploding copper wire.

In and extensive modelling of opening switch performance ofexploding copper wire

with simple and fast modelling technique it has been found that a current density of

1x1012 amp/m2 is what we have loaded the copper wire with. The action integral to

burst for such super heating correspond to highest values only reported in couple of ref-

erences of exploding wires and the value is 4.25x1017Amp2/m4.

Future Works

As far as future works in the context of the present works are concerned, the following

is some of the advancements which may be taken up. The cable based pulsed forming

line may be made for reduced impedance by increasing number of cables and a simplest

and quite effective way would be to add the two more cables i.e. total of sixnumber of
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60Ω of cables effectively delivering 10Ω PFL impedance capable of delivering higher

peak powers like 5GW in matched loads. The dimensions of the input coupler of PFL

allows the fitting of these two cables easily at present.

The other technical change may be incorporated by the merging of six cables to make a

PFL system by three lengths and charging the PFL at the spark gap end of the PFL. This

leads to a completely closed and further compact assembly.

The vacuum pumping system may either be completely removed from the vircator i.e.

after vacuum sealing of the vircator tube or also by pumping using ion pump which is

backed by small diffusion pump or turbo molecular pump for long life of the desired

vacuum inside the vircator.

Looking at the complexity of design and development involved in the compact pulsed

power sources at the outset only vircator with simple geometry was considered to be

used in integrated system. In future the other competitive devices radiating high power

microwave radiation may be used in place of vircator of simple geometry with the same

or similar pulse power generator.

In the 4Hz operation it is seen that upto six pulses the microwave emission is almost

consistent whereas after six pulses the microwave emissionis reducing at the current

levels studied so far. The next burst of the shots also was quite consistent in the begin-

ning but a systematic study is to be done to conclude further.Single shot operation shot

to shot effects may be further studied for determining an estimate of the life of velvet

cathode dependent on the current densities attained in the system.

In the case of compact inductive storage based pulse power generator, further work may

be done to make the system self supportive so that it may be used directly with the loads.

This can be done by making the spark gaps of the marks which areembedded at the end

of the capacitors. The data of explosion of conductors achieved with the generator may

further help for optimization based on the best choice of thematerial for exploding wire.
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