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Abstract

Ultra compact PT charges the solid dielectric PFL s 2nd ks made by RG218 cable
and 450kV XLPE cable in the presented results. The achiegkdge gains of PT are
1:20 in such compact geometries. PFL are made of coaxiat tallrive electron beam
diode in form of vircator and are reported for the first timenheTmicrowave emission
from such compact PFL charged by new-configuration PT isrteddor 1MW radia-
tion in frequency range of 4-8GHz. The vircator is operatéth the help of dry PFL at
repetition rate of 4Hz and consistency of results in termegfuency and peak power
upto six sequential shots is reported in the repetitive atpeg mode. Shot to shot vari-
ation is also shown to be very little in terms of frequency aedk radiated power in
single shot mode of operation. The cable based PFL pulsedmgenerator has electri-
cal peak power delivery of 650MW and 3.3GW respectively wtiey are made using
RG218 cable in one case and high voltage XLPE cable in the otfs®. A broadband
conical horn antenna to maximize the radiation at the axigrotor is designed and
implemented after the vircator. 3D modelling results if #rgenna are also presented.
The vircator diciency of 0.3% is also reported and extensive modelling efrésults
in PIC code (XOOPIC two and half dimensional code) is als@a@néed. The vircator
is reported to be operating at 50kV of A-K gap voltage whicthis lowest reported in
conventional vircator geometry. At these low anode cathad@ages the current densi-
ties (computed assuming uniform emission) achieved aré 80 which is quite close
to the highest values reported in the literature i.e. Ays@¢. For single shot applica-
tions ultra compact pulsed power generators using expjodapper wire as opening
switch is reported for 500MW and 2GW peak electrical powdivdey capabilities in
two reported cases. All the switches in this generator aagriand hence device is very
attractive. The experimental, modelling results of thes®mpgact generators aimed for

vircator as load is presented.



SYNOPSIS

It has been seen in the past that for the microwave emisssam¥Vircator (Virtual Cath-
ode Oscillator) like pulsed high power microwave emittireyides, one requires high
electrical input powers which are essentially deliveredh®y/pulse-shaping and pulse-
compression devices made of high dielectric strengthdgeltvithstand capability) and
high relative permittivity (high energy density capacityaterials. The leaders in the
field have been liquid dielectrics like watef & 74 at 39C temperature [1]) and castor
oil (¢ = 4.7) and have been immensely used in the experiments. In sgek oaliquid
dielectrics, especially in the case of water, there is a péedntinuous processing of the
liquids to maintain its purity levels so that the dieleciioperty of the liquid utilized
for pulse-shaping aridr pulse-compression are not chanfgkederiorated to worsen the
performance of the whole integrated system. The contamiméke electrode erosion
and humidity (in case of other than water used as the diggere the main factors
worsening their performance. This ends up in the requir¢raeassociated systems
and components requiring constant energy to run them, éxamgh the system is ly-
ing idle and needs to have short readiness time at the timeexf of its functioning.
Moreover, the system becomes heavier because of requiteinguch associated com-
ponents and systems. The operation becomes redliguli to work with as the #orts
required in maintaining the system in operational mode ishrhugher. If the mobility
of pulse microwave source is also of prime concern to thetheerit becomes needless
to say that the usefulness of the liquid dielectric basedguipower system driven high
power microwave source is drastically reduced.

The aim of the present work is to explore the possibilitiesaafiation emission from
a simple virtual cathode oscillator made using a dry-type emaintenance-free type
pulse forming system to drive electrical input powers iritoTihis enhances the com-
pactnesgobustness of the system and reduces the time of readinessdie to on-state

with increased ease in mobility. Hence the experimentgdador such system in terms



of practical feasibility is needed to be explored. The warkaimed for making one
such integrated system which has a compact and maintefagcptiised power source
and a vircator device matching with the designed pulse-p@earce’s parameters to
deliver the considerable levels of microwave emission anftequency range starting
from a few gigahertz and lying up to 10GHz. Moreover the issttemake system
more compact and also about integrating the chemical erdniggn primary pulse-
power energy-storage are also discussed with an aim ofzagialn of such compact and
maintenance-free devices. The work reported in this thesisned towards achieving
pulsed microwave emission of longer durations (long anadlkaxle gap closure time)
from a vircator driven by a compact maintenance-free dpetyulsed power source in
the frequency range of few GHz to 10GHz. The research ingabadving the physics
problems to design the system components and realize,atbara them in parts and
then assembling such system components in order to studyhysics of integrated-
system made operational. The study on tifeat of designed and developed antenna
in view of enhancing free space coupling from the vircatals®d done as part of work
of research reported in the thesis. Related stage-by-sismgem-modelling is also re-
ported in the thesis which involves very fast softwares fiocuit solving like spice
solver PSPICE, inductance extraction programmes like FASYRY, EFFI particle-in-
cell codes XOOPIC and few FORTRASICILAB based codes written to analyse the
experimental results as a feedback mechanism while degjgmithe system in stages.
Essentially there are two mechanisms to generate suchspaigkthey are as a) ca-
pacitive storage type pulsed power source by utilizing tlesiog switch and b) the
other is inductive storage type pulsed power generatadziag the opening switch. In
both the cases the initial energy can be provided by ultrapaxt high-energy-density
pulsed power converters (from chemical energy to eledteénargy). The first option
among the two types of systems mentioned above is exploreck#&tizing a vircator

driven by a pulse forming line made of solid dielectric whiskessentially high-voltage



transmission-line combination in parallel to deliver thesded source impedance and
desired electrical powers. The second method of inductoeage driven compact
pulsed power source was also explored and a complete muagi@lith circuit solver
to incorporate the integration of inductive storagenopening switch driven vircator
was done to define the operating parameters of such a comgaetipower driver after
validation of the model with the experimental results.

Chapter 1 is an introduction of the problem and review of literaturealso presents a
picture of the aims conceived, which is to make a compact anthple pulsed power
system driven virtual cathode oscillator, and need of thekyoesented in the thesis
Chapter 2 deals with the diagnostics used in the experiments repdoteithe present
thesis work. The diagnostics used for the observing thegrgimoltage at PFL is simple
resistive divider made of high voltage high energy ceransc desister which is made
stacking number of resistors in series to make the upper é&rmeoresistive voltage
divider. The lower arm is made using the same type ceramicrdsstor with diferent
composition and dimensions to give a lower arm resistan&&ofT he attenuation ratio
resulting from this combination is 8000:1. The voltage & dode is being measured
using a high voltage probe which consists of two similar 16(100kV 1000:1 probes
connected in series. The net output from this series cortibmaf probes is having an
attenuation of 20000:1 and the high voltage terminals af tio¢ probes are made com-
mon to deliver a voltage measurement diagnostic which camsteind to twice of the
voltage withstand capacity of one divider. This way we carasoee the voltage up to
200kV pulse. The rise time of this probe corresponds to 12g @s per the experi-
mental tests reported in this thesis. For the measuremehé @urrent passing through
electron beam diode we have used one standard currentaranesf(CT) with 20ns rise
time in one segment of ground connection of the vircator diemwhich is segmented
in 12 similar parts. The sensitivity of the current transfer is 10VoltgkA and thus

every volt from the CT measures an equivalent current of A.@assing through the



electron beam diode. For the measurement of microwaveadray, high frequency
digital storage oscilloscopes and to see the envelope adtettimicrowave pulse the
high bandwidth microwave detector diodes are used afteéalsei attenuation of mi-
crowave power density done by free space attenuation,redtBxed attenuators. The
sampling of radiated microwave power is done by horn antéepa at diferent loca-
tions away from radiating horn antenna or waveguide of wimca

Chapter 3 describes the system components for capacitive methodl bagetitive
pulsed power driven laboratory based microwave radiatorcgoand their design, fab-
rication and testing details which are highlighted as giveder. A compact power
supply, a trigger-generator and the low operating voltdgtolv 10kV) spark-gap for
repetitive triggering was designed developed and testbd.s€cond major component
is solid dielectric based pulse forming line (compact, drgt eequiring no maintenance)
is made in three dlierent experimental setups. It has advantage over Marx brdse o
ductive storage based system in terms of the flat output plilee microwave emission
results from these thee setups and respective vircatobseeed and reported in chap-
ter 6. The first two of them being based on four paralleR5tables RG218 (180kV
tested for microwave emission with vircator) to give a netb@@source impedance of
different pulse widths depending upon the cable lengths viz &hilam respectively.
The peak power delivery capability of these pulsed poweegsnors is 650MW for a
matched load. It is to be noteworthy here that the two puleaiftg lines were charged
with monopolar and bipolar voltage pulses in two cases sty and it was found
that the bipolar charging of pulse forming line deteriosatge longevity or life of over
stressed pulse forming line. Then in the final and the thistesy only mono-polar
charging of pulse forming line was done. This PFL iffetiently made using 450kV
voltage withstand cables, each ofBmpedance providing net {bsource impedance.
The system is deliverable to the field with very good portgbdnd also with no main-

tenance during operation. The peak power delivery capabiisuch this system for a



matched load is 3.3GW

Chapter 4 describes the design and modelling details of thrékeint transformers
used for charging the transmission line based pulse forrdnegdescribed above for
driving the vircator. This was done in order to finally gerteridne microwave radiations
from the vircator. The transformers are modelled (in thetlae cases of pulse forming
line) using a circuit solver for studying its electric parftance whereas the design was
made on the basis of 3-dimensional inductance extractiogram called FASTHENRY
(including physics of coupling of energy between primarg a&econdary) and using
EFFI computer code (in the first case of pulse forming lindje Tode FASTHENRY is
capable of handling the 3D geometry of the transformer amergia pictorial presenta-
tion of the sample problem and solves it by considering tbblem space in the forms of
small straight elements of current carrying conductorgerbstingly as the transformer
is air core pulse transformer hence it is essential to kn@astkhes of primary and sec-
ondary capacitor to demonstrate a system which is compdst. FASTHENRY code
computes the primary and secondary inductances and als@hinductance between
primary and secondary and hence becomes a good design taolsiatable air-core
pulse-transformer. The primary capacitor bank is intemgstind made in a novel way in
last two cases. For the first time, as is reported in the tileeait has been made in such
a way that the primary of pulse transformer is made usingiasand parallel combi-
nation of axial lead type cylindrical capacitors. The tfansers are designed in order
to make a double resonant mode operation for a particul&(®asond setup) of pulse
forming line made by RG218 cable and also to make first pulsegaig in the other
cases of pulse forming lines (in the first and third setupyging. A noteworthy point
is that the PFL charging withings from the beginning of primary capacitor discharge
was finally achieved in the experiments.

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

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



crowave emission in free space by the use of antenna in tbateirdriven by compact
pulsed power driver.

Chapter 6 deals with the experiments an their results iifietent systems using monopo-
lar or bipolar pulses with dierent rise times for pulse forming line charging. The double
resonant and first pulse charging in minimum rise time is dichg&ing the transformer
design and studied in second and the third set of vircatoeraxgnts after gaining
some experience from first set of experiments in which biggésed power generator
was used to drive the vircator. The system made by such afisemdxjuire almost zero
maintenance during their operation except the maintaimaogium before each shot in
vircator chamber and the work has been expanded towardstrepeircator opera-
tion. The modelling of the microwave emitter was done on a&wd half dimensional
particle-in-cell codes XOOPIC which is available in puldicmain. Diferent cathode
materials are used for the experiments.

The salient features of the conducted experiments are as givder.

1. Monopolar charging of RG218 based system was done an@ctathvirtual cath-
ode oscillator (VIRCATOR)load with graphite cathode destoates emission of
microwave radiations in 1.7GHz frequency. The emitted ovi@ves being prop-
agating electromagnetic fields have caused visible bremkdo gas discharge
tubes like neon lamps and fluorescent tubes. X rays genebagtéloe electron
beam bombardment were also recorded and annular profilectfeh beam was
observed and recorded. This is first of its kind experimerglastron beams for

vircator operation were produced by any cable based PFemsyst

2. Double resonant operation of RG218 Cable based systdnaiuitninium cathode
and demonstration of high frequency radiations at 160kVE@kV charging of

the PFL respectively was subsequently reported. Bulk ld@ak in the dielectric



of the Pulse forming line was also noticed at 200kV of pulsargimg voltage in
double resonant charging when the peak value of the chavgitage is achieved
in 2.Qus. A slight frequency shift in microwave emission was alssasized in the
output depending on the charging voltage. The system wa®lheddalso using
XOOPIC particle-in-cell code and the results show a verydgmaderstanding of

the high frequency and low frequency signals coming out efakial vircator.

. As the bipolar pulses reduce the life of the solid dielestat high voltage stress-
ing so we replaced the RG218 cables with other cables hawnlage withstand
capability of 450kV in short pulses with the cable overalirdeter of 39mm and
an impedance of 80. The cable based pulse forming line was charged using a
pulse transformer in the first peak. For this purpose angthtse transformer
was made using capacitor bank shaped in form of primary beib@nce the cou-
pling between primary and secondary we have used the fleyibfldiameter in
order to use the energy of primary bank@&ently. The secondary was success-
fully charged and discharged in first peak which is attaimedys time and the
radiations of vircator were recorded at these conditioms microwave radiations
from the vircator are observed using a cathode made by regtvahd the A-K
gap being 3mm. It is also observed that the radiations aginmgnn 4-8GHz in

different shots and chirping of frequency irffdrent shots is minimal.

. A successful demonstration of microwave emission fronntaal cathode oscilla-
tor operating at low voltage has been achieved experimgmiahout any change
in conventional geometry of virtual cathode which had poegly been done by
the application of external magnetic field for operating ¥iveual cathode oscil-

lator at relatively lower voltages as per the reportedaitigre.



5. A repetitive 4Hz operation of the vircator driven by cabssed PFL is achieved
and 1MW radiation with 0.3%f&ciency is recorded by the vircator at low voltage

operation.

Chapter 7 has the description of the inductive-storagenopening-switch based com-
pact pulsed power generators which is shown to demonst@tdd/ and 2GW of elec-
trical powers for 200ns of duration into a 12%nd 1& loads respectively. The 2GW
power generator is less than 15kg in weight and 70cm lengti2@om diameter cylin-
drical dimensions. The circuit modelling to understand phgsics for such system
was done using action dependent resistivity (Tucker and ifaidel) model. The inte-
grated analysis of such system with a load which has fornaulaif voltage dependent
impedance like that of vircator or planar anode cathodetira devices was also done
and is being reported as assembled system of one kind. fféxet ef diferent anode
cathode spacings for such generator driven vircator has bemlied theoretically in
terms of load power, voltage and current. This study is mé&mmaking a single-
shot integrated system for generation of high power micvesaising chemical pulsed
power and foundations are planned to be laid by using thi& woorder to make a com-
parison of inductive storage -vis-a vis capacitive storageed compact pulsed power
technology. The inductive storage based pulsed power sagiexpected to be the most
compact pulsed power source as the energy density of suchicdle driving this sys-
tem is very high and the pulsed power delivery from such chalwiis very high. This
way they form a complete single shot system but as the nateteemicals used in such
devices is such that they release enormous energies in herydurations they cannot
be used in laboratory based controlled and environment. widrk includes the spice
modelling and the experimental results of laboratory basddctive storage system.
Further modelling in terms of analysis of the inductive ag® system was also done

in order to predict the assembly behaviour of the system ifidere@nt load impedance



which includes the pspice modelling of voltage dependemtedance of the vircator
diode which is 137C(/R)2/Vdiode-
Chapter 8 finally has conclusion of the experiments reported in theighél his chapter

also includes some of the suggestions for the future exeertisn
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INTRODUCTION

It has been already shown byfidirent research groups working for the generation of
High Power Microwaves utilizing quite bigger pulsed powengrators that the input
electrical powers required for the successful operatichede generators is in the order
of GW. This also requires the high voltages in hundreds @ivkilts as the impedances
of such devices is mostly in tens ©fs. The simplicity in construction and operation
alongwith tunability in radiation frequency by changingogeetry makes the vircator
among the most favourite devices for microwave productiglectrical to microwave
power conversionféiciency of axial-vircators (which is simpler in construectiamong
different vircator variants) is limited. Theteiency of vircator is not seen increasing
more than a few per cent in terms of electrical to microwavakpgower conversion.
Mostly the generators used to drive the vircators are headybéy in size and also de-
mand some other sub-systems during system operation aydiridea dificult way to
come out of laboratories. The aim of the work reported in thesis is towards mak-
ing the pulsed microwave generating system such that theriexents which are to be
done out of laboratory space may easily be conducted witin tte order to attain this

objective we have tried making pulsed power generatorsnmpaxt and essentially dry
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configurations which are capable of driving the axial-viecdoad with a quite good ef-
ficiency even at moderately high electrical pulsed powers@ag. Given the limitations
in the sizégcompactness of the pulsed power generators for laborapmhications it be-
comes very interesting to see towards the problem of opegrathigh power microwave
device which, in the present case, is an axial vircator byigisi moderate power but
quite compact pulsed power generator as a driver. This geremay not be giving
extremely high voltages as are possible by some big pulseapgenerators but still
running vircator in repetitive mode.

If we go through the literature survey of the high power mizawe sources then we
find that there have been several atterfgfiisrts made in the past to develop them us-
ing compact pulsed power generatoriegtively the complete problem is bifurcated in
two directions. The first one being design and developmeataafmpact pulsed power
generator by any methggtheme of pulsed power compresgammditioning which, of
course, is based on the physics of energy storage (highyedergity physics) and
associated dielectric breakdown in dielectrics and thers®one being exploration of
the optimized radiation from the vircator with the elecfipowers being fed by these
designed and developed compact pulsed power sources. $hedit, even though ap-
pearing to be too simple to be considered, has been veryatindhe development or
evolution phase. This has invited very nice and interestingks to be pursued and re-
sulted in the publications also related to the compact puytesver source development
for HPM applications. Even though the development phasekiadiof vertical or one
dimensional study on the topic, but still it could not havem@ossible without consid-
ering some relevant applied physics concepts. The apjolicat pulsed microwave of
high powers is not limited to the interferenc@eets in the electronic devices but also

for microwave plasma interactions [4].
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1.1. Gompact PuLsep Power GENERATORS : LITERATURE SURVEY

1.1 Compact Pulsed Power Generators : Literature sur-
vey

Recently a high voltage cable base@ pulsed power generator for 25GW in Q0
CuSQ load is reported by [53] with an aim of rectangular pulse gatien into a
high power microwave source. It is noted as advantage iraihpgoach that the other
schemes like Marx generators and flux compression gensraternaving a drawback
of not capable of providing a rectangular flat top pulse. Tleet of this pulsed power
generator is 3ton and its dimensions are 4mx2mx1.2m. A Manegator type pulsed
power generator [141] which is made very compact and wegBin5kg is used for
driving reflex triode oscillator at a pulse repetition ratd®Hz. This generator is tested
to deliver nearly 200kV voltage pulse into an 1@.Bnpedance load. In another inter-
esting article [47] a pulsed power generator suitable foMHpplication is made using
capacitor bank driving an exploding foil opening switch #meh after the compact pulse
transformer uplifting the voltage produced by exploding $wvitch opening action. It
is also proposed to finally replace the capacitor bank wigir foreviously deigned flux
compression generators named FLUXAR configuration. Necgdse mention here is
that flux compression generators have served the requitefig® most dengeompact
pulsed power generators and have been employed in the fieldi@n to substitute the
very huge pulsed power generators which were made in valatagatories for the
generation of high power microwaves. Also to add is that #nadtating nature of the
chemicals used in the power amplification in these genevaaty not be a choice by
many of those who are interested in studying interactiongi power microwaves with
the matter like plasma. Moreover the study related to ffextof repeated interactions
in matter may also not be possible by these devices. The dewads produced by such

devices may always be argued to be very attractive in theafabe bigger and heavier
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1.2. OJVERSTRESSING PRIMARY ENERGY STORAGE CAPACITORS. LITERATURE SURVEY

devices but use of chemicals to make them compact may not basanchoice for the
user. The compact pulsed power generators without chesr{ieseéd for energy sources)

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

1.2 Overstressing primary energy storage capacitors: Lit-
erature survey

As far as the primary energy storage capacity of any pulseepsystem is concerned,
capacitors mostly play a very important role in their reatiian. Domingos et al [42]
have reported the testing results offdient types of capacitors for application at far
higher voltages as compared with the maximum voltages tlerg vated for. The aver-
age breakdown voltage is found to be exceeding upto a fat®mosome cases which
IS quite interesting. In another article by Shkuratov et 48][a voltage overstressing
of a factor of more than four was reported for some mica capaci The capacitors
used to make compact primary energy storage in the case wctiud energy storage
reported in this thesis were also overstressed upto a fattdrs. In an independent
study they are operated with twice overstressing than théad stress for a repetition
rate of 50Hz [44]. The capacitor used have a shape of cytatcapacitors with axial
threaded leads at its two ends. The diameter of these capais45mm and cylindrical
length is 95mm. The capacitors, when opened, are found ttub@raum foil covered
plastic film capacitors . The capacitors which are rated ff PC are charged upto
5kV whereas the capacitors which are rated upto 5kV are elag10kV. 2kV capaci-
tors charged to 4.2kV have reported a life of more than 10883mder 50Hz operation

and low inductance ringing discharge.
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1.3. (HAXIAL 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 cabléost commonly used
dielectric in the cables is polyethylene(PE). Comparedh wit paper or mass impreg-
nated cable, PE insulated cables are almost maintenargentree a lower weight and
offer smaller thermal resistance for a given voltage and cdondwecoss section [14].
With the improvements in the PE in the form of HDPE (high dgnpbly ethylene),
LDPE (low density poly ethylene) and cross linked polyegmd (XLPE) the cables
have gone through various useful changes specially in thgir voltage withstand ca-
pacities. High voltage transmission using XLPE coaxialesihave made its way upto
500kV and hence the availability of these cables and tecgmdl advancement going
in the field of cable technology suggest the possibility ahgseady made cables for
making a pulse forming line in order to eventually build a @@t pulsed power source
which requires no-maintenance during the operationablifdhe pulsed power source.
The XLPE cables have been used for the development of addayeseerators, trans-
formers and pulsed power sources [5,9,53,61]. The breakadwLPE has been
studied under DC voltage [8] and the impulse breakdown fgsed on AC voltage
[6] is also reported. Production of partial discharges w imltage cables has been
studied and reported by Steiner [7]. Extensive study on taxial XLPE cable is
done by Riechert et al [12—14] regarding breakdown occgmuimder DC pre-stress and
also under unipolar and bipolar impulses. These resultgesigeduction in impulse
breakdown strength of the cable than that at the same DCgeolti is explained that
as homopolar space charge gets developed around the inmdwator under DC high
voltage, it reduces the field strength inside the insulatdhe cable thereby increas-

ing the dielectric strength of cable. Whereas, under infleesf 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 henceseaisg of electric field
is possible. This leads to the lowering of impulse breakdstsength than to DC break-
down strength in the coaxial cable. As far as the bipolarghleakdown is concerned,
the homo polar charge developed in first polarity leads td#tero polar charge cloud
development around the current carrying conductor in tleerse polarity field stress.
This finally leads to the enhanced electric field inside trsulator of the cable and
therefore further reduces the breakdown strength of thiecdlhe correlation of space
charge buildup and breakdown strength of the cable is sluahe reported [15] very
interestingly. Other references [10, 11] also have repoatgood study on the topic
related to the coaxial cable dielectric breakdown strengha conclusion XLPE can
be used safely under 100kvm impulse stresses and also for repetitive operation. The
dielectric constant of PE is also reported to be 2.26 in tieediure [51]. Reduction in
the dielectric strength of the cable under high temperaaactalso 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 widesu [16,17], [48] and
include but not limited to the production of nano-particléggh-voltage generation,
high-pressure impact studies, pinch-driven fusion evemtsler-water electrical wire
explosion (UWEE). The behaviour of exploding wial opening switch for power
conditioning application, for high voltage generation esments in electrical loads,
strongly depends upon its environment for the two reasoms;b@ing the dependence
of change of resistivity on the environment and the otheegethdence of voltage break-

down strength on its surroundings. The inter-dependenoca®#tfect 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 voltagigegation the important
parameters of exploding wires are their breakdown strengptid the rate of rise of the
resistivity depending upon the rate of current rise whigythre undergoing across. Lit-
erature is full of the evidence where the breakdown strenfjis high as 60kXtm in
short lengths and 4kim in longer lengths of exploding wires have been achievéiaen
current loadings where the rate of rise of current ranges fesv hundred MAs to some
TA/s. Cho et al [18] have shown the application of exploding espyre phenomenon
towards nano-particle formation. Mao et al [19] reporteéithvork towards single
wire explosion for nano-particle generation. This alscesds the generation of nearly
10kV/cm field inside the exploding wire of copper when subjectesupperheating un-
der the current rise time of 5G# loading. Vlastos [20-23] has reported much about
the dwell-time, restrike channel resistance and also &giaining the mechanism for
current restrike. The study conducted by Sinton et al [135}1s nice demonstra-
tion of 1kV/cm dielectric strength in exploding wires used for genagaextra long
arcs with wire lengths upto 100meters. N.Shimomura et al3f135] have elegantly
reported production of approximately 20kvh field across the exploding copper wire
loaded with an electrical pulse of 2GA In his experiments a high impedance 20kohm
impedance probe was connected as load. Vitkovitsky et a] Hade reported a dielec-
tric strength as high as20kV/cm in small fuse lengths (upto 3cm) which is again shown
to be exceeded upto 40kdMm in smaller ( 1cm) fuse lengths by B.M.Novac et al [25].
Taylor [26] has reported 180MA current rise time study done on copper wires with
relatively slower current rise times. R.Baksht et al [273 lagso shown for the similar
rise time loadings that the plasma formation occurs befoeeconductor vaporizes in
aluminum foils surrounded by air. Korobenko et al [28] famminum and Rakhel et al
[29] for tungsten reported the behaviour of wire at currezdting rate reaching as high

as 50-100G#sec. The electric field as high as 60k¥h 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 notemted in parallel to the
opening switch except the voltage probe. In the work relébednderwater electrical
wire explosion experiments [37—41] the resistance ewatutf the exploding wires
of copper are very well described for the microsecond (2@%Ahe sub-microsecond
(400GA's) and the nanosecond discharges ( /EJAHowever, the experimental setup
for these experiments is not connected with a parallel leadept a high impedance
probe, connected with opening switch. These experimestessentially related with
the high pressure generation studies by the exploding witesovsky et al [31] have
reported that even for 5T8econd current rise times, 7k dielectric strength in alu-
minum foil fuses is achievable for the inductive loads. Relget has been reported by
Stephens et al [34,35] about their preference for the alumias exploding metal con-
ductor material and also presented a good study below 1@geugurrent loadings on
fuses. Elsayed et al [32] have reported 14 silver wires isgugzed gas environment
based opening switch which is driven by explosive driversedlpower source and de-
livers nearly 400kV voltage pulse on a vircator load of 30gshmpedance. The length
of the fuse in the experiment is 56cm which is kept inside spe&rometry of 28cm
length elegantly. Length-wise the dielectric strengthk¥/€m which is improved in
the housing to reach as high as 14&w. The current rise time used for the loading of
fuse for these experiments is nearly 206éconds. In a similar current rise time load-
ing experiment reported by Demidev et al [33] a load impedanic292 was driven
by 177kV Voltage generated by 13cm long (13km dielectric strength) copper wires
used as fuse elements primed by explosively driven gerredatoce. A very interest-
ing analysis by Reinovsky et al [30] in the context of opensmgtches reports limit
on the ratio of conduction time to the interruption time byaatbr of 10 for capacitor
discharges and with a factor of 50 for the explosively drigenerators. Suggestion of

this study is existence of a limit or finite upper value for thgo of conduction time to
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the interruption time in the operation of electro-explesbased fuse opening switches.
The action is defined as the time-integral of current dersiyared passing through
the exploding wire cross section. In fact it is well estaidid that the action is a very
critical parameter for deciding the burst phase of explgduire after which the resis-
tance rise overshoots and the wire resistance is mainlgldedy its component in the
vapor phase. Action to burst is well defined for various nsabait a variation of a factor
of 2 for current density variation by a factor of 10 is repdrt§l38] and here comes
the role of experimental boundary conditions which decide variation which can be
physically explained by the fact that the environment sumchng the exploding wire
decides this variation. The work reported Stephens et a) 3Bdand Sinars et al [36]

for insulated coating wires used as electro-explosivesfissenportant in this context.

1.5 Vircator: Basics

As far as the microwave generation from the vircator is comee it is based on very
simple scheme of forcing a flow of charge carriers i.e. a aiiffisg exceeding the space
charge limiting current inside a drift tube also known as aeguide. The interaction
of the charge particle beam with the drift tube causes thmdtion of electron cloud
also known as the virtual cathode. Now the following chargfethe beam get trapped
between real and virtual cathode start oscillating and saakiating at the microwave
frequencies decided by distance between real and virttiabda which is also decided
by the anode cathode gap. The virtual cathode also staitgtirapat the plasma fre-
guency of its constituents decided by the charge densitytofal cathode. Interestingly
as we move towards making the compact pulsed power genavatstruggle to attain
very high voltages (because of limited breakdown strengthsulators) and hence the

voltages produced are moderately high. At these generaléahes the current inside
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1.5. Vircaror: Basics

the vircator should be above the space charge limiting ntsreThe velvet cathode is
found to be a good choice as later it is pointed out that itenetrly similar current den-
sities as that at high voltage application. Velvet has asde0-50kycm breakdown
strength at the application of 100nS pulses as is mentionteiliterature [51].

Under non relativistic cases the space charge limitedreledteam current density
(J) between parallel electrodes may be given by equation[45). The assumption is
the gap (d) between cathode and anode is smaller than thedeatadius (R). Here V is
the voltage applied across the anode and cathgde permittivity of the free space and
e, My are charge and mass on an electr@nis the velocity with which anode cathode
gap is reduced by the expanding plasmas at the anode andleahdt is the time

elapsed since this reduction in gap has begun.

4( Vo2 4( e Vo2
o mp (d— V2 \/7 (1)

this leads to defining a diode impedandg,(q) as given under provided V is in Mega-

volts.

Zioad = 137(u)2/ W ~ 137(%)2/ W (1.2)

As far as the propagation of electron beam of radjubrough a drift tube of radius is

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

equations.
8.5 2/3 3/2
. 8.5
ISCL(SOHd) W 2/3 1)3/2 (14)

Herey is called relativistic factor for electrons moving with welty v and is defined as

1
Yo = \/ 1 — (v/c)? (13
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cis the speed of light.

When the current of diode exceeds this space charge lingtingnt a virtual cath-
ode is formed and the oscillations of virtual cathode octaparoximately the relativis-
tic plasma frequencyf() which is given by equation 1.6 where n is density of electron

in the charge cloud.
1, n€ .,

- 1.6
2" ey (1.6)

p

for the non relativistic case the virtual cathode oscitlatirequency f{,.) is given by

V1/2
fuc oc ——

. (1.7)

The radiation frequencyf() of reflexing electrons (T being period of reflexing) between

cathode and virtual cathode is given by
fi=— (1.8)

For non relativistic case the above relation simplifies to

f.(GH2) = 2.5'% (1.9)

Whereg = v,/c while v, is electron velocity and c is speed of light and anode cathode

gap dis in centimetres.

1.6 Work Summary

In our experiments it has been successfully establishadil@owave power conver-
sion dficiency as much as 0.3% can be achieved for the vircator opemten at very

low voltages i.e. 50kV. The second interesting thing fourawhat even at these low
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voltages the currents densities as high as reported atrtwvgltages or limiting cases
can be produced using velvet cathode. We have achieved entuiensity as high as
300A/cn? in our experiments. Moreover as far as repetitive vircaaoesconcerned it is
shown that a reflex triode type vircator has been operatedHa bperation and has de-
livered four sequential microwave pulses without any cleanghe radiated microwave
power. In our experiments we operated at 4Hz of operationfamad that an almost
stable radiation is seen up to 6 consecutive pulses of ctiovah vircator in terms of
frequency content and power of the radiation. To understia@ghysics at low voltage
operation of vircator extensive modelling with the help afieus particle in cell codes
have been conducted. It is also shown that the modellindtseste being reproduced
by the experimental results. Since the acceleration pateitthe electrons is not very
high they are not attaining very high velocities and evernaery low anode cathode
space the transit time is consistent to provide the radiationicrowave range. Suppos-
ing that the applied voltages are very high and then in oxlget the reflex frequency in
the GHz range one has to keep anode cathode gap larger citbe@miower gap spacing
the frequency will be quite higher. Working towards studythe challenges towards
development of compact pulsed power generators for thegogler microwave gener-
ation purposes, we have used the transmission line basge fouiming line for driving
a vircator like load and seen the dielectric breakdown e transmission line under
different shaped pulses even though some scitation [53] istiharake a pulsed power
generator employing a transmission line based pulsed pgemgrator. This is estab-
lished evidence that the solid dielectric can be succdgdafigked for the generation of
microwaves by vircator and requires no processing of thiectiec which is water and
oil in bigger systems.

Figure 1.1 shows the assembly drawing of the vircator dribyecoaxial cable based

PFL. In order to compactize the primary energy storage selamarging the pulse form-

32



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 aegdzank is interestingly
shaped in form of primary turn of the pulse transformer desigto operate in either a
double resonant or non-resonant mode. It is well explaina@rious literature that the
most compact energy storage scheme between any capacitivehamical method is
inductive energy storage method and hence we attemptectonegre compactize the
pulsed power system for driving the vircator. Interestyrigle system is one of the most
compact system and is capable of delivering 1.5GW of elsdtpower in 10.8 loads.
While comparing with a dferent type of compact pulsed power generator, it is found
that the present system is even more compact with a Marx gemetesigned [141] to
directly drive a reflex triode vircator which can certainky &dvantageous for repetitive
operation at 10Hz as compared to the system reported inhtbgst In all these ex-
periments we have attempted the axial virtual cathodelasmilconfiguration which is
relatively simple to design and also quite easy to couplé pitlse forming line based
coaxial output pulsed power generators.

The optimization of the space charge as is mentioned intlbeofithe thesis reflects
the dforts done in order to get ficient amount of the electron beam current so that, the
space charge limited current is exceeded by a consideraieara leading to the for-

mation of the virtual cathode eventually leading to the geten of pulsed microwaves
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in repetitive mode. Working with the constraint of drivirfggtvircator by the compact
pulsed power driver to generate the microwave radiatioss, af velvet cathode and
smaller anode cathode distances (3mm) were experimeniafly in order to optimize
the space chargdfects which finally lead to the formation of virtual cathodeh&anced
free space coupling was also aimed and with the designedemvatioghed horn antenna a
peak at the line of sight and 36eam width of the radiation is recorded with the virca-
tor which is driven by a compact pulsed power driver. Afterihg achieved microwave
radiations of 1MW power at 4Hz repetition (at 50kV of anodéhode voltage), after
putting the &orts mentioned in the thesis, the work opens the way for thx¢ stage
of development for enhancing the electrical pulsed powdiiacreasing the microwave
emission from the device which is essentially run by a corhpalsed power generator.
There is open scope of increasing the pulsed power in thersyas is evident by the

details reported in following chapters.
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DIAGNOSTICS

The diagnostics are important part of the experiment as geformance decides the
correctness of the results obtained from it and the coresstrof the analysis of re-
sults done after the acquisition. fBarent kinds of diagnostics are used foffelient
objectives of the experiments reported in this thesis likeent measurement, voltage
measurement etc. and are being reported as given underleNe¢al say that the every
diagnostics used for a particular purpose should have dinmewith which we want
to resolve our acquisition or the information. Moreover tised diagnostics should be
able to withstand to the maximum values of the variable wisatxpected to measure
and should not distort the performance when it is inserteédersystem for its objective

of measurement.
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2.1. \VoLtaGE MEASUREMENT

2.1 \oltage Measurement

2.1.1 PFL charging voltage measurement

For the measurement of high voltages generatedfidgrdnt stages of experiment the
resistive divider method have been used. For this purpaséigh bandwidth voltage
probes have been designed and implemented in the expesimenCable PFL based
experiment, the primary capacitor bank charging voltagalwsays measured with a
standard DC probe of 4¥ peak voltage ratings with a voltage attenuation of 1000:1

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

Figure 2.1: Resistive Voltage Divider

PFL charging voltage measurement was done using a stan@itH 2voltage probe
which could measure a peak voltage up to Ké@eak. Later it was thought to be
replaced with another probe which is made in-house and &g below as the rise
time of the pulse to be measured was not in the nanosecormhreghe transformer
performance study and the PFL charging voltage of the suiesggets of experiments
(second and third set of experiments detailed in chaptes édserved using a resistive
voltage divider, developed in-house, which is having staicilisk resistors connected
in series to make its upper arm and the lower arm is made usiother disk resistor
of low value as compared to the upper arm resistance. Thekeeakistors are seen to

have no change of resistance up tdi3z applied voltage signals across them during

36



2.1. \VoLtaGE MEASUREMENT

16.0k L L I L |

N
=}

12.0k

T
-
o

8.0k 4

T
-
o

4.0k

T
I
o

0.0

T
I
[=}

-4.0k

T
o
(9]
Divider Output (Volts)

Applied Voltage (Volts)

-8.0k 1

T
-
o

-12kt+——-TFT—TT"T"T""T—T"—T T T
-8.0u -6.0u -40u -20u 0.0 20y 40y 6.0u 8.0p 10.0u

-
(&)}

Time (seconds)

Figure 2.2: Resistive Voltage Divider Performance

their individual testing. It has® disk resistor in its lower arm whereas the upper arm
is made of 40k impedance disk resistor. The attenuation ratio observatddivider

is 8k : 1. The upper arm which is stressed to the most of applieédgel{lower arm is
8k fraction of upper arm) is enclosed in an transformer oil totale of perspex. This
helps in increasing the voltage values to which this divicher be successfully applied
for voltage measurement. The length of oil filled upper armaarly one meter and
hence is expected to successfully measure 450kV peak olgargitage applied on the
pulse forming line. This divider is shown in figure 2.1. Thefpemance of the voltage
divider is shown in figure 2.2. For the calibration purposetNstar make high voltage
probe PVM-5 has been used in the experiment. Since the dgao§ihe PFL is inus &

sub-us pulses the rise-time requirement for the voltage diagesist not very stringent.
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Figure 2.3: High BW Resistive Voltage Divider
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2.1. \VoLtaGE MEASUREMENT

2.1.2 Diode voltage measurement

For the measurement of the voltage applied between the amobieathode of the virtual
cathode oscillator, we used another high-bandwidth preleldped in house. Thisisin
fact a cascade of two voltage probes. The output of the figt Yoltage divider is fed to
the input of the second voltage divider (commercially afalg) operating at relatively
lower voltage. This high bandwidth high voltage divider waasde using &€,S O, liquid
resistor column. The column was made in such a way that tin&iwy of the liquid in
upper and lower arms are same. This has been done in ordde toutypossibilities of
change in attenuation ratios caused by change in liquidtessoncentration with time
as ratio remains fixed if the both arms have same resistillithatime. It was made
in the same way as is reported in the reference [46]. Thetiresiivider is shown in
figure 2.3 and figure 2.4 shows the response of the first staggive divider to a fast
voltage pulse applied across it. The rise time shown by tieeli is approximately 7ns
and hence can be used for the anode cathode gap voltage praasiir The length of
total liquid column is 40cm and the lower arm is sampled framXistant electrodes
placed inside the liquid resistor column. Attenuation o&etdr of 40 is being fbered
by the resistive voltage divider. To further attenuate tbkage to a level where we can
safely send the signal to the oscilloscope, another resiatid high bandwidth voltage
divider of 1000 : 1 attenuation, R¥ DC voltage, 4@V peak voltage, 7BIHz band-
width( Tektronics make 6015A) is used with the lower arm & thain high voltage
divider already made of liquid resistor column. The impodea of first high voltage
probe is because of its higher voltage measurement cageprovided by the 40cm
long liquid resistor column. This probe is used in the expental results of the first set
reported in the chapter 6.

Another high bandwidth probe for high voltage measuremexst made using commer-

cially available two similar probes each of which has a baddwof 75MHz and can

39



2.1. \VoLtaGE MEASUREMENT

0.08

0.08

0.04

Divider Output (Volts)

(syo) Induy Jepiaig

0.02 A

T T T T T T T |
0.0 10.0n 200n 30.0n 40.0n 50.0n
Time (seconds)

Figure 2.4: High BW Resistive Voltage Divider Performance

measure a peak voltage of 300 For the case of 4% charging of the PFL voltage,
expected diode voltage is nearly ZX5for exactly matched load conditions. To mea-
sure this expected voltage a rugged probe was devised. Hzsnade by connecting
the input terminals of these two probes such that high veltagminal of the two probes
were connected. What one gets is a probe with two input teisito be connected
to theHV side, but having two output ports. In order to protect thallascope from
application of very high voltages, one has to essentialguesy that the output end of
the probe which is connected with the ground should be uskeid.\Way the attenuation
provided by the cascaded probe is twice viz 2000 : 1 to thatngfies probe which in
the present case is 1000 : 1. This probe has advantage tlaat mohliquid resistor and
hence there is no issues related to the orientation whiledittie probe with the vircator
system. The resistive high voltage probe made by cascalengame two probes is
shown in figure 2.5.

As the rise time BWt;is. = 0.35) of each probe is nearlyn4 To determine the rise time
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Figure 2.5: Cascaded High Voltage Probe
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Figure 2.6: Cascaded high voltage probe performance asalys
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2.2. GURRENT MEASUREMENT

of the probe combinatigoascade, experiments were separately conducted based on ex
aminer’s suggestion which was to consult the supplier'treal head, Dr. Richard
Adler regarding this arrangement. Subsequently, it is@rhoted that [50] two probes
may be connected in series for measurement of still highkages as is done by me.
Moreover 40ns rise time pulse is simply expected to be repred based on the past
experience. The exact bandwidth may be found by using a tés¢ generator like Ag-
ilent 3320A and then observing the shape of the measuredgelty the probe made
after series combination. We have done such experimentthaétisignal generator and
found out that the bandwidth of probe isflicient to show a voltage pulse of 44ns with
the rise time of 12ns. The results of such testing are shovigume 2.6. The better
method of series connection is also suggested [50] in whielhigh voltage end of one
probe is connected with the ground point of the other probes dlso suggested [50]
to short the unused lower arms of the probes used in makingsssymbination but not
connected to the oscilloscope. This is suggested in ordedtace the high voltage gen-
eration at these portions of the probe caused by stray dapaes. This is interestingly
understood that series connections of many such probesedgrie to increase voltage

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

2.2 Current Measurement

In the first set of experiments the primary discharge cumétite pulse transformer was
measured. It was done by designing self integrating Rogoeaskwhich works on the
principle of L-R integration. A calibration curve of the Beitegrating Rogowski coil is
shown in figure 2.7. Wb Pearson make current transformer is used for the cablorati
purpose of the self integrating current transformer deyedian the lab. The subsequent

current measurement in the experiments is done by the sthcdarent transformer
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Figure 2.7: Calibration curve of Self Integrating Rogowskil for primary current
measurement (sensitivity is 1KA)

available commercially for the beam current measuremetitarexperiments reported
in the thesis. The current transformer used for this purposéaving RA peak current
measurement capability and have a rise timerf Hence the return current is divided
in 12 similar channels and the current transformer is ieskeatround one such channel.
The current transformer inserted in one channel and tw@nutransformers inserted in
two channels give same total current and hence single duragrsformer in any channel

gives the correct measurement of total current.

2.3 Microwave Diagnostics

The frequency of the radiated microwave from the vircatonéasured using high band-
width oscilloscope connected to a receiving antenna wiglnired external attenuation
to bring down the level of signal below 5Volts which is safaili for the oscilloscope.

High bandwidth oscilloscope has @dmpedance. For the first set of experiments the
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bandwidth of oscilloscope used for the frequency measumnemas limited to 5GHz
whereas for subsequent sets of experiments the bandwidlie afscilloscope used in
the measurement is 10GHz. The connection between receawitanna is done using
very high band width cable of 12GHz bandwidth. In all the measents the oscillo-
scope is kept inside the shielded enclosure which has 10&diBtion attenuation up to
10GHz frequency. All the in and out signal cables were irskthrough a waveguide
port of 20mm inner diameter and 15cm length. The oscillosdoghese experiments
was battery powered. To avoid the reflections of microwawas fsurroundings the mi-
crowave absorbers were used in a proper way allowing attemuaf microwaves (more
than 30dB) after being reflected from unavoidable neighhood like walls and floor.
Ultra-fast microwave detector diodes of very having a riseetof nearly 2ns are used
for observing the microwave pulse envelop shape in the firdtsecond set of experi-
ments. They areffective in showing the information regarding the duratiomaafiated
microwave pulse and also about the variation of power initngle pulse with respect to
time. As a very simple way to find out whether the radiatiorestaking place or not in
the first set of experiments neon lamps were put in front aatady waveguide of virca-
tor. The back light illumination of neon lamps from vircateas stopped by using black
paper in between them. Tho glow of the neon lamps was obsengdecorded using
open shutter photography done at the time of vircator omeraSimilarly a fluorescent
tube was also kept in front of the radiating waveguide andg seen glowing in the first
set of experiments during vircator operation. For the mesmant of microwave power
we have used quad-ridge receiving antenna which has neairfydtjuency response in
a very broad frequency range up to 12GHz. The received pav@easured by?/R
method where R is the input resistance of oscilloscope arsdMeivoltage measured by
the oscilloscope. The external attenuation inserted ircémmection between antenna

and oscilloscope is taken into account for this calculatiow in order to calculate the
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radiated power from the received power, the free spaceustiem equation 2.2 (Friis
transmission equation [49]) from transmitting antennaeieiving antenna is consid-
ered. If the power received at the receiver antenrig then the transmitted powelPy)

from the transmitter is given by
4rPR2
P, = P, 2 (2.1)
t— rGtGr .

Here theG, andG; are the gains of receiver and transmitter antenna respbgtivis the
distance between transmitter and receiver an the wavelength of radiation under

consideration. In dB units same equation can be rewritten as
Pi(dBm) = 32+ 20l0g;0o(fR) + P,(dBm — G¢(dBm) — G,(dBm) (2.2)

here f is frequency and should be in GHz and R, the distanseeleet transmitter and
receiver, should be in meters. It is to be noted that befoyayy this equation it
was confirmed in the experiment that tifeattenuation of power is being followed in
the measurement zone. For understanding the energy distnbn the radiated power
or the mode of radiation radiated signal was scanned in eepthanging its angular
position by a angular displacement o§%7while going from-45° to 45’ from the axis

of radiating antenna.

2.4 Electron Beam Impression

In the beginning or in the first set of experiments to find oetetectron beam profile, a
thermal paper was used which got blackened by the heating lojpthe electron beam
bombardment. It was kept before the anode mesh and henacecbdhe way of the

emitted electrons. Later it was seen that an impressioneatrein beam bombardment

is also found in the SS mesh used in the experiment as cathaslentegrated 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 gaiwr dfects of electron
beam bombardment on the anode mesh made of stainless steatahX-ray film was
kept in front of output window of waveguide. A stainless sigasher was used as the
obstruction in the path before film for X-rays. The image o$tobction on the film is
demonstration of electron beam production and propagaXenay dosimeters are also

used for measurement of integrated doze of number of shots.

2.6 Conclusion

This chapter summarizes the details of the diagnosticsindbé experiments reported
in this thesis. At the end of this chapter it is understood thany high voltage probes
may be cascaded in series, to enhance the voltage range stirageent, and their

bandwidth can be determined experimentally at low but fgsiéses.
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SOLID-DIELECTRIC PULSE
FORMING LINE

There has been several attempts previously to use comitheasiailable solid dielectric
coaxial cables for pulse compression purposes and simfde fmrming line, Blumelein
[54], Transmission line transformers (TLT) have been regmbto be made out of these
cables. Some of them have been used for relatively low velégglications (References
[55-59]) and some of them are meant for high voltage pulspututlt is certainly
the most easily available coaxial tubes which can easilydsel dor such purposes, if
the maximum voltage required for the applications can béstatod by these cables
without occurance of breakdown till the desired event is.o8andard RG214 coaxial
cable has been used by Rivaletto et al [62]. URM67 cable bpskg® forming lines
have also been reported by Rossi et al [67,68], Tuema et dl ajgdl Turnbull et al
[65] in their respective works. RG218 cable being a thicladsle has also been used
for making PFL and is reported [63, 66,69-72,103]. Anothercsal cable made of
cross linked polyethelene (XLPE) is also recently used §3Bfor making cable based

pulsed power generator. It is very interesting to note amalhthese references that
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the first attempt to make a source impedance which is lower tha single coaxial
cable impedance i.e. ®Daimed to drive a load of 10-20Q (approximating vircator
impedance) is made by R. Shukla et al [103] using RG218 hidtage cable and
a pulsed voltage of 100-120kV was achieved in these comditiolrhe voltage spike
above 120kV (reaching to 180kV for very short duration of fiens of nanoseconds),
as is shown in the same article [103], is ignored in the presentext because its
occurrence in the subsequent analysis of results is notostggpby the modelling of
the cable based pulse forming line. Electron beam generhgighis 12.%2 cable based
pulsed power generator is also reported in the same papese§uently the generation
of microwaves form a vircator system driven by this X2.Bnpedance coaxial cable
based PFL is also reported [73,101] at maximum PFL chargittgges of 180kV. The
experimental results are mentioned in detail in chapterr@tiAer attempt to reduce the
generator impedance below $Dwas done by Lindblom et al [61] but the generator
impedance in reported to be Q%only whereas the cable impedance is also the same
(load impedance is equal to the constituent cable impedaAdeantage in this scheme
over use of single coaxial cable was the enhancement of tipgneoltage ratings of
PFL upto 170kV. Recent article [53] demonstrated the peréorce of an ultra powerful
25GW generator of very low impedance i.€ for a 1Q2 CuS Q load aimed for similar
application. It is also mentioned in the same referencettteatiltra powerful generator
has 2.5tons of weight without water and 3tons of weight witltex. Recently we have
reported a 18 generator [52] made by 4 number of@Xables of 500kV pulsed-
voltage ratings (procured from /8 Scandiflash AB) and demonstrated the microwave
radiations measured to be 1MW of power for 4Hz repetitiverapens in the radiation
frequency lying between 4-8GHz. The results of this setugetail are also mentioned

in chapter 6.
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3.1. RG218 GBLE 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 thatards decided by the length
of the cable and is equated to twice of the electrical tramsie of the cable. The
equations 3.1, 3.2, 3.3, 3.4, 3.6 make the relevant set cdtieos of a coaxial
PFL or transmission line and are used for the charactesisatirposes of the PFL. This
coaxial pulse forming line hag as inner radius ang the outer radius; is the relative
permittivity of the medium of the pulsed forming line apdu, are permeability and
relative permeability of the medium. The capacitance pérlangth C of the pulsed
forming line is

C= 27T606r/|n(r2/r1) (31)

The inductance per unit length L is

L = (u/27)In(r2/r1) (3.2)

The impedancé, of coaxial pulse forming line is given by the square root aliotance

to capacitance ratio and is as give under.

Zy = Go(llr/fr)l/zln(rz/rl) (3.3)
The pulse widthr of the output pulse from the pulse forming line of length | is

r=21VLC (3.4)
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The electric field (E) at any point at radius r between therirmamel outer coaxial cylin-

ders is given by the equation 3.5. Here V is voltage appligdeainner electrode.

Vv

E =
rin(2)

(3.5)

The magnitude of this electric field is maximuilg.{;,) at the surface of inner cylinder

and is given by
\%

Emax= ———
max rlln(:—i)

(3.6)
Additionally if a load ofZ, ,oq impedance is connected after spark gap with the PF; of

impedance which is charged to a voltageat the outset, the power transferrddj {,q)

to the load is given by
Vand _ VSZZLoad (3 7)

ZLoad - (Zs + ZLoad)2

I:)Load =

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

PFL st

é,lil.l_ll.l.l11_l_||'|hIhii'%l!iiu|].hi1"!1li..'-“-

Figure 3.1: Pulse forming line made of RG218 cable

experiment is conducted using 8meters length of the cablé$hance the pulse width
generated is expected to ber®3vhereas in the second set of experiment the length

of the cables are increased toni2ter This leads to a pulse width of approximately
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132ns. The Pulse forming line in the first set of experiments is getharged by a
mono-polar voltage pulse, generated from quite a bulkigsquipower system which
has a big capacitor with mounted spark gap on it (weighing@®Pand a separate pulse
transformer. Even though the system is double resonanhamatimary spark gap could
not be triggered below 14kV of the charging of the capacitori) It was chosen to dis-
charge the pulse forming line in the first pulse only. And gé&n that at 22kV primary
voltage charging the PFL was charged to 120kV of voltage arlgel.2us. The charg-
ing power supply for the primary capacitor bank used in tret 8et of experiments is

explained in the reference [60].

Figure 3.2: Punctured RG218 cable (blackened spot is thee pldnere cable is punc-
tured)

It was considered in the successive improvements towantipact pulsed power sys-
tem design that the fast charging of the pulse forming ling tead to higher voltage
over-stressing of the transmission line successfully ieedhe charge is retained for
lesser time and hence the successive arrangements werdanéater charging of the
pulse forming line. A compact pulsed power seed system hyguspecial technique
was made in which the pulse transformer and the primary dapd@nk are integrated
in very small configuration. This transformeum primary capacitor-bank assembly

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

51



3.1. RG218 GBLE PFL FOR FIRST AND SECOND SET OF VIRCATOR EXPERIMENTS

is connected in the secondary of it in the second set of exygaitis. The power supply
for this setup is very simple as compared with the power suppthe first set of ex-
periments. In order to maintain continuity for the explamaof the improvement it is
being mentioned that a peak double resonant pulse chargthg same PFL was made
possible for a peak voltage of 200kV but with a very limitefeé Which could not ex-
ceed couple of shots. In this case the peak voltage appaarges from the beginning
of primary capacitor discharge. Moreover since the opanatf Tesla transformer was
made double resonant to increase the enefiggiency of the complete assembled sys-
tem, the charging pulse appearing across the PFL was bipatature and is expected
to stress the PFL even more as compared with the monopokse poarging.
Breakdown in RG218 cable PFL

It was seen that even single shot of 200kV was deterioraliagrnsulation characteris-
tic of pulse forming line and the life of the pulse formingdimvas drastically reduced
to couple of shots only. It was concluded that even thoughPfRle was charged with
the faster pulse, the bipolar pulse was reducing its lifehasbreakdown occurred in-
side the cable rather at the ends which has sharp edges asnn shfigure 3.2 by
dark spot at the end of cable. This suggested of the bulk Hoek in the material
of the transmission line dielectric. Once the bulk breakdmecurred, all the cables
were disconnected from each other and were separatelyashasing the same charg-
ing assembly at very low charging voltage so that the seagnadtage does not exceed
40kV voltage. The cable which was damaged showedtarént discharge waveform
as is shown in figure 3.3 clearly showing that it is deterieddty breakdown whereas
others respond in a quite similar fashion with the applieliage. The deteriorated ca-
ble was selected to be replaced for the next assembly andhekt The connector of
the RG218 cable is shown in figure 3.4 which directly connegth the spark gap

chamber feeding the vircator. This connector helps in reduthe field enhancement
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Figure 3.3: Charging voltage waveform of cables constityé 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 cableea¢hds of cable. The
sharp wires are smoothly terminated at this connector andehthe field enhancement
caused by sharpnégpsintedness of the ends of braid wires is mitigated. wittiredse
efforts of protecting the ends (both; charging as well as digghg) of the cable, it was
found that the bulk breakdown of the cable initiated insite ¢oaxial cable itself (not
only at ends) in the attempts to charge the PFL beyond 18@\2060voltages. It was
considered to be maximum withstand voltage for RG218 cakl@00kV charging the
maximum electric power that can be transferred to a mataeatiby this RG218 PFL is
800MW. The option to replace the RG218 cable based PFL in subsegxeeriments
with another cable which could have withstood even highéiages 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 neaggssible with the
efforts reported in previous section, thicker-cable baseskpiarming line (peak charg-
ing voltage of 45@V) was used for the final set of experiments reported in theteh&p
Figure 3.5 represents the end of vircator which is being fed30kV rating high volt-
age cable based PFL. Subsequently, in these third set ofieqrgs, the monopolar but
very fast charging of the Pulse Forming Line was aimed andlyitiae designed PFL
is charged within &s from the beginning of the primary capacitor bank discharige
the compact pulsed transformer. In this set of experiméimésenergy ficiency of the
integrated system was reduced to 56% (from 80% of the searaf experiments) but
the coupling of the pulsed transformer was enhanced&o Since the primary energy

was stored in very compact configuration, wasting 44% ofggn&ras not a serious
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Figure 3.4: RG218 cable with connector for fitting
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\
Figure 3.5: PFL made of 450kV (Impulse) XLPE cable
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3.2. 450KVcaBLE PFL FOR THIRD SET OF VIRCATOR EXPERIMENTS

consideration in attaining goal of compactness of the dritgterestingly at the peak
charging voltage, the PFL designed can deliver neaBy3%5W of electrical power to

the matched load of X3 The PFL is presently being charged and discharged to peak
voltage of 22&V which amounts to a peak power delivery capability of BRY again

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

Figure 3.6: High voltage XLPE cable with connector for figtin

a cable length of five meters each and approximately a totahafter length is peeled
off from both the ends. This PFL has four number of such XLPE sabldis leaves
four meters of PFL length and a pulse width of 40-50ns is etqukto be produced by

this pulse forming line. The connector of the high voltageP&_cable is shown in fig-
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3.3. MobpELLING OF PFL WITH VIRCATOR FOR POWER CALCULATION

ure 3.6 which directly connects with the spark gap chambexdlifey the vircator. The
charging end was in air and the discharging end of the PFLaksed in pressurised
air housing at 2.5 atmospheric pressure. This cablefierdnt from the RG218 cable
as for field smoothening purpose, a thin layer of semicon nate covered over the
insulator. The brai@uter conductor of this cable is placed over semicon coaSingce

the bulk breakdown of the cable is expected to be occurringuah higher voltages like
450KV, the charging end of the cable is expected to be momepiamthe surface break-
down of the insulator surface if placed in air. Hence a lomgjtha is to be peeledfbfor

charging the cable to 450kV voltage successfully in air. otleer promising method
would be use two twice length cables in place of four cables@mnecting their four
ends together at the one end of spark gap feeding vircatathidrcase, the charging
point on PFL can separately be fed at the same end of spark gapgimg the desired

insulation strength easily and eventually solving surfar@akdown problem.

3.3 Modelling of PFL with vircator for power calcula-
tion

Applying the maximum power transfer theorem from PFL to adikepedance to de-
fine the peak power delivery capability the equation 3.7 leEhlsolved and the results
are shown in figure 3.6. The peak powers estimated are fi@reint load impedances
connected to the two types of PFLs are shown in this figure.s Tigure shows the
power delivery capabilities for ffierent values of load impedances which are fixed in
time for the present consideration. It turns from theseuwatmons that the peak power
delivery capability for matched load conditions are 650MWl 8.3GW respectively
for the RG218 cable (12(®) and XLPE cable based PFLs @h These values are for

peak charging of PFLs to 180kV and 450kV respectively. Here noteworthy, that
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Figure 3.7: Estimated peak load power for the two PFLs

the reported vircator experiments in the chapter 6 are fareble impedance device
whereas the present figure depicts fixed load impedancerpefee. The second set
of experiments reported in the chapter 6 are conducted &\V180the RG218 PFL
voltage and this figure suggests that a peak power not mone6b@MW could have
been delivered by the PFL in these experiments irrespeofitiee profile of the evo-
lution of dynamic impedance of the vircator. At the same titne quite evident from
these modelling results of the 450KV cable PFL that the peakep of exceeding 3GW
can be ensured in a load having an impedance in the range 3&1Qsing this pulse
forming line.

The time varying impedances are considered in followindyasma The modelling of
the vircator load, having a voltage dependent impedancesagygested by R. B. Miller
[45] for the case of non relativistic planar diode and memgbin equations 1.1 and 1.2,

with the cable based PFL is done for the both the cases of RG#18 and high voltage
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Figure 3.8: Simulated vircator(dierent A-K gaps, 60mm cathode diameter) impedance
for 12.5Q 180kV PFL
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12.5Q 180kV PFL
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3.3. MobpELLING OF PFL WITH VIRCATOR FOR POWER CALCULATION

XLPE cable. The pulsed width assumed in the modelling is B®wsdischarge of PFL
starts from 10ns time in both the cases. Theds of plasma expansion from anode and
cathode is also included by using a closure velocity of fmsmvhich is assumed to be
2.5cmius from either side. The charging voltage kept in these modgedre 180kV and
450kV respectively. This has been done in order to estinhateaupled performance of
the PFL with vircator which are mentioned in the chapter 6ex®sd and third set of
experiments. The resulting time varying impedances fodibde with 60mm cathode
diameter and varying anode cathode gap spacings (from 3rBmioin steps of 1mm)
are presented in figures 3.8. As far as impedance collapsstemed it can be seen
that 4mm anode cathode gap starts wih ifnpedance and settles very fast to nearly
1Q impedance in 60ns with 5kisiclosure velocity. The corresponding load powers de-
livered are being shown in figure 3.10. This also represd@peak power delivery
capability of the PFL developed because PFL could not be isseicharging voltage
beyond 180kV with the vircator. the power starts at 550MW Hreh gets reduced to
225MW as per the modelling results during the time in whiaghithpedance collapses
to nearly X2. It needs to be noted here that as the diode impedance redscesr the
modelling results the voltage applied across anode cath@plalso reduces accordingly
whereas the current does not increase proportionatelyn #vediode closure velocity
is dependent upon the physical properties like vacuumentsid chamber, cathode and
anode material, current densities etc. Still rather sifigalimodelling results mentioned
here give good insight about the experimental setup useldeirsécond set of experi-
ments reported in the chapter 6.

In order to electrically model the experimental setup regmbin the third section of
chapter 6 the similar modelling results as mentioned abowdaing reported.in this
modelling the PFL impedance is @5and teh charging voltage is 450kV which is peak

charging capability of the PFL being used in the experimeiisis gives the under-
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Figure 3.10: Simulated vircator(terent A-K gaps,50mm cathode diameter) impedance
for 15Q 450kV PFL
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standing of the peak performance which is aimed with thigsand forms the basis of
future works. The resulting time varying impedances fordlegle with 50mm cathode
radius and varying anode cathode gap spacings (from 3mmnbonli® steps of 2mm)

are presented in figures 3.9. The load powers delivered lsgtbelsed power genera-
tors made of coaxial cables are shown in figures 3.11. It ieqoieresting to note here
that this pulse power generator is capable of delivery yesable powers above 2GW
to diodes which start with impedance value okB0De. 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 experin@athieve a compact
pulsed power generator driving vircator. In the first twosseft experiments reported
in the chapter 6, RG218 cable based pulsed forming lines baga made and used.

In the third and final set of experiments, the PFL is made uaid®0kV rating high

Table 3.1: Coaxial Cable Details

RG218 Ref. [52] Lindblomet.al. [53] Lindblom et.al.[61]

ro(mm 12 30 25.5 16
ry(mm 6 5 11.5 9
Zo(Q) 50 60 30 25
Enaormalized 2.6 1 1.18 2.1
Dielectric PE XLPE XLPE XLPE

voltage cable. The details of the cables used in these empets are listed in table no
3.1 and their geometries have been compared with othersabkrl in making other
pulsed power systems [53,61]. As far as experiments repantéhis document are
concerned we have used transmission lines based pulsethfpiimes (coaxial cable in

parallel) to achieve the desired impedance of the pulseifgytme. In all the three sets
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of experiments reported in the chapter 6, we have used faubreuof cables in parallel
and hence achieved a generator impedance of1arkd 1%) respectively. Standard
cables of RG218 having impedance ofbfdr the first two set of experiments and other
cable (tested for 450kV with sficient shot life) 6@ impedance for the last and also the
third set of experiments have been used. The electrical hnesialts give good insight

about the experimental results reported in the chapter 6.
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COMPACT PULSE-TRANSFORMER

Some of the radiation sources, which require pulsed a@telar as their driver, oper-
ate with low energies (working with nearly 200Joules), veaarthe power requirement
for their operation is very high (in Gigawatts). These pdlsecelerators have unique
characteristic of having very high power delivery cap#iliThe main components of
such accelerators are energy storage components andevaltggifiers operating in the
order of 100s of kVs to few mega volts. These voltage ampdifrany be either any
Marx generator or any TegRulséLinear transformer. The major factor deciding the
size of such voltage amplifiers is either energy requiredhieyradiation source or the
voltage levels of operation of the radiation source. Evalhtuhe high voltage applied
in the radiation source is provided by a capacitor which mayibor water capacitor
or erected capacitor of Marx generator in any of above meatidwo cases of voltage
amplifiers. Application point of view of such radiation soes forces everyone involved
to think about compact energy storage schemes and compgtageamplifiers.

The pulse transformer is the device used to uplift the veliaghe secondary of it when
the input voltage is provided to the primary side of it. Sirtee transformer is pas-

sive device and the objective is to pulse charge the pulseifgrline and thereby over
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stressing PFL to its DC ratings. This is done in order to mtodee PFL dielectric from
continuously applied high voltage. That is why a pulse ti@mser is required which
can handle the high pulsed power being supplied from theggirstorage. In order
to avoid any saturation possibilities by these very high @omside the transformer
air core transformer is chosen for the purpose which céytaiais the disadvantages of
slightly poor coupling as compared to the magnetic corestamers. The weight of
the air core transformer is also low so has scope of makingrgaot and light weight
pulse transformer. The experiment started form the biggksepl power system and at
the end of work reported in this thesis, it reached to a vdligient pulse condition-
ing device suitable for driving a vircator. In order to inase the power handling and
transfer capability it is preferred that the dischargeuwtrfrom the primary side is very
fast . To achieve this the primary is made primarily as sirtgia in the form of sheet
which reduces the primary inductance. The secondary of uksegransformer can be
made either spiral or helical in shape.In the present wdrstbeen chosen to make sec-
ondary in the shape of helical winding which has beffaatively made very compact.
Equation 4.1 and equation 4.2 are the typical governing teapsafor the discharge
pattern of a primary capacit@, charged td/, voltage initially andL, andLs being the
primary and secondary side inductance of the pulse tramgfiorThe mutual inductance
between primary and secondary of the transformer are ddin&tiwhere the equation
4.3 relates the mutual inductance with the couplingitcent () of the transformerCs

is the capacitance of the capacitor connected to the segoatithe pulse transformer

which is the PFL in the present case of study.
Lo(dip/dt) + (1/Cp) f(i pdt) — M(dis/dt) = Vo (4.2)

L(dis/dt) + (1/Cy) f (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 primaapacitor bank to the
secondary capacitor bank is explained by the point of timemthe secondary capacitor
is charged at its maximum and the voltage at the primary sigmator as well the
currents in the primary and secondary side of the transfoaree zero. The possible
solutions for realization of this condition can mathemalticbe found by solving above
equations which are formulated under the assumption ofigibtg resistive losses in
either primary of secondary side of the transformer disgphaircuit [85]. It is found
that 100% energy transformer from primary capacitor to #g@adary capacitor will

take place only when

1. The resonant frequeney, of the primary circuit (with open secondary) is equal
to the resonant frequencyw, of the secondary circuit(with open primary) where

the resonant frequencies of primary and the secondary &redes

wp = 1/ L,Cp (4.4)
ws = 1/ /LCs (4.5)

2. Coupling coéicient values are in discreet numbers like 0.6, 0.385, 0.222)
0.18, 0.153 etc. and the secondary voltage peak¥z8'2 4", 5", 6Mand7™" half

cycle respectively

The equations can be solved on the computer for any valuesatdbpling coéicient
and resonant frequencies. Thigeets of non zero primary and secondary circuit resis-
tances may also be studies. As we go for lower values of k, theging time of the
secondary capacitor increases. It is desirable to have sharging time of the PFL

as the electric breakdown of the PFL is inversely proposida the third root of the
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charging time [108]. in this context if the equations arevedlIfor k values>0.8 (also
called single resonance mode) the secondary voltage pefist half cycle itself. This
reduces the charging time but also reduces the endfgyeacy. In another interest-
ing publication [83] an fi-resonant Tesla-transformer was designed With 0.525
and the frequency ratio,/ws=0.69 with an understanding that the primary current is
not reversed before secondary current peaks. Two type®ddtondary 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 anlg®r former and is done
with a conductor of a cable with its insulation and outer khiemoved. Primary wind-
ing covers the secondary winding completely. Primary oosdary winding can be
made tapered to attain higher values of couplingffitment. The system has advan-
tages like (1) simple to be made and (2) being suitable foM}+5ystems as air or
liquid insulation can be used. Helical winding has disadages like (1) poor cou-
pling cosdficient (2) requires high turns ratio for given voltage an leethe inductance
and the charging time increases (3) low inter-turn capacééence the windings are
not capacitively graded leading to requirement of extrdqution of HV side from the
breakdown. In the case of spiral or radial winding, the wirgdis done in radial direc-
tion with thin sheet of conductor and solid-sheet insuléligke any of poly-propylene,
mylar, poly-ester etc.) taken together. The advantageflatbe system is compact (2)
high codficient of coupling (3) The secondary winding is capacitivgtgded whereas
the disadvantages are corona initiated breakdown in the isalulator which is in the
form of sheets. Considering above mentioned advantagesliaadvantages, helical

winding has been selected. It is also noteworthy that thepemtipulse transformers
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made for the second and the third set of experiments do noiresgny insulator envi-
ronment (other than air) for their placement and hence thgptexities related with the
handling of transformer oil are not involved.

EFFI Code [2] calculates Electromagnetic Forces, Fields and Inadwes due to an
arbitrary distribution of current carrying circular logpsrcular arcs and straight lines.
As is described in Ref [2] The code uses algorithm which isdagpon combination
of direct as well as numerical integration using Biot-Salawr. As the singularities are
associated for the computation near conductor in the filéangapproximation method
(negligible conductor cross sectional area), the erra@daage. But in the case of EFFI
code calculations this errorficulty is solved by deriving the expressions from Biot-

Savert law 4.6 for a volume current distribution.

- dl.P, -7
BW2)2ﬂ0/4ﬂILJ%dS (4.6)

Here J is current density in conductai,is a vector diferential line element parallel to
the current flow dS is cross sectional element orthogorﬁl.tﬁ’z is the position vector

of the field point andr’; is the position vector of the source point. All the integril o
equation 4.6 are solved analytically for the case of sttaighductor segment. For the

same volume distribution of current the vector potential i4 defined as

5 Jdi
A(P2) = o4 f| fs =S (.7)

where the symbols have the same meaning. The electric fieldaduarying magnetic

field is obtained from equation 4.7using Maxwell relatiogyation 4.8)

- —
E = -dA/ot (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 coigigiquation 4.7. The flux link-
age and hence the inductance is found by integrating veotengal over the conductor
region. For the case of arbitrary conductor shape the geoeitas approximated by
assembly of circular arc and straight conductor segmenisifdrm current density and
constant rectangular cross section which is reasonabledst coils. By this approx-
imation, It becomes possible to represent the integralerimg 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 firsbégtrcator experiments is
being reported. It is having a single primary turn and is darasinsformer in its ba-
sic configuration. The primary turn is made of a 2mm thick aapgheet rolled over a
cylindrical tube which is made of Perspex insulator. The mdiameter of the primary
turn is 25cms and the length of the primary turn is 30cm. Thegny capacitor ( the
capacitor connected on the primary side of the transforwier) 1uF and 44kV peak
charging voltage ratings with a mounted spark gap, dis@satg energy in the primary
turn of the Tesla transformer through low inductance dobbdéd cables connecting the
two. Figure 4.1 shows the arrangement of the capacitor afse pransformer which
are kept vertically. The secondary winding of the pulsedfammer is immersed in the
transformer oil. The connecting wires from the secondanydivig come out from the
top of the transformer enclosure for further connectionthihe RG218 cable based
PFL as is shown in the figure 4.1. The connections betweerapyisapacitor and the
transformer primary turn are such that, at the time of diggdaf the capacitor bank a

#-direction current flows in the primary turn of the transf@emmThe secondary of the
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Figure 4.1: Primary capacitor and pulse transformer foeexpents of first set
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transformer is made using RG213 coaxial cable, of whichrgatket and shield is re-
moved and only the inner conductor with its polyethylenalagon is used for winding
the coil. The secondary winding is having 63turns rolled loe diameter of Lcms
The pitch of the secondary winding is 10mm and hence the heoigtecondary coil is
nearly 64cm. The primary is coaxial to the secondary and ¢éméres of both of them
coincide. Nearly 17cm length of the secondary winding i€esed out of the primary
turn from both the sides. Thefective diameter of the secondary coil is.3@ns The
secondary winding was placed in the transformer oil to mtotefrom the possibility
of high voltage breakdown occurring into it. The transformas designed to operate
in the double resonant mode and hence a condition of doubmagce was tried to
be met which state€,.L, = Cs.Ls and also the coupling céiicient should be 0.6 as
discussed earlier. The primary inductance is 200nH and ¢herglary inductance is
256uH which match closely with the modelling results done on EE®&inputer code

for self and mutual inductance calculations. For these gdoes the computed mutual
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Figure 4.2: PFL voltage and the primary current waveform
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inductance between primary and secondary of the transfasn®uH. This infers that
the coupling coficient of the transformer is nearly 0.545 which is quite clas¢he
aimed 0.6 value of the coupling dbeient. The transformer was designed to be oper-
ated in double resonant mode with ZELprimary capacitance and 6.5nF PFL capaci-
tance. The typical waveforms of the transformer with the IRfdde of RG218 cable of
6.5nF is shown in figure 4.2. The double-resonant conditiomksted waveform with
6.5nF capacitor are shown for reference in figure 4.3. Innislelling the primary
capacitor is charged to 12kV only. In these first set of expenits the cable based PFL
was charged to 140kV in 15 from the beginning of the primary capacitor discharge.
Similar pulsed power system is operated and reported prshljidor the electron beam
generation study [103]. Considering the non-zero indwsarf connecting cables and
joints between primary capacitor and primary winding, thedelling and experimental
results are in close agreement to each other. The pulserfgrlime was undergoing
its tests for high voltage withstand capability and hensefarise time charging was
desired. So it was decided to operate the system withoutesgnant operation and
hence the secondary PFL capacitance was slightly reduc@@né in subsequent ex-
periments. The vircator results are reported in chapter lgée gower supply for the

primary capacitor charging is described in detail elsewljg0].

4.2 PT for the second set of vircator experiments

As is discussed in the beginning of this chapter, the pulséidge transformer is one of
the schemes to uplift the voltages such that a pulse fornmegclan be charged to high
voltages. Pulse forming line is a capacitor assembly whachwaith stand to certain high
voltages for driving the matched loads requiring high eleat pulsed powers. One of

the objective of experiments reported in this thesis wasite@d vircator by a compact
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pulsed power supply.

It is very difficult to design or make compact fast pulsed transformer usiagnetic
cores, as one has to struggle with core saturation for aitagompactness in high volt-
age transformer. Cores pose saturation limits depending up size. As the size is
reduced the cores get saturated with relatively lesser ategitux (also energies) and
hence are diicult to use. The other reason for not using the magnetic ¢stbsat their
presence makes the system slow by increasing the primargeocahdary inductance
higher by a factor of permeability and hence the system comapts around the trans-
former including the insulators or dielectrics used in tla@sformer are overstressed by
high voltage applied for longer durations and hence transfo becomes more prone to
the voltage breakdown. Last, but not the least, reason aising the cores is of course
the cost of the cores.

All the above mentioned advantages far over weigh the onlgps disadvantage asso-
ciated with air core that is the poor coupling between thepry and the secondary of
the transformer. To overcome this disadvantage people 9[f]5rave already reported
use of Tesla transformer for high voltage generation pwepokhe other direction in
which people are working to make compact pulse transforeey using self-magnetic
insulation technique [91]. As mentioned above, if the epegguired is low and sys-
tems are operating very fast i.e. in one or two microsecadmels the dielectric strength
of all the components is quiteftierent to that of it which would have been in the case
when such systems are operated in few tens of microsecandswing the direction of
compact and fast pulse transformer we are presenting a ratsformer which has its
primary capacitor bank shaped in form of primary single tunnding. This reduces the
flux losses in external circuit caused by the connectionspécitor bank to the primary
of the transformer and increases the compactness drastsails shown in following

text.
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Compact Pulse Transformer

In this section the experimental and modelling results obmgact pulse transformer
are being presented. It is primed by a capacitor bank whishbkan fabricated in such
a way that the capacitor bank and its switch takes the shaghe grimary of the trans-
former. This has been done in order to avoid the flux lossester@al inductive circuit
formed in making the connections between capacitor bankpaindary of the trans-
former however the gap between the primary turn and secgndar limits the maxi-
mum possible flux coupling in between the primary and therseéaxy. This primary of
transformereumcapacitor bank assembly is made rectangular in the shéper tzeing
circular as is the case of most of the transformers to accatatedour axial capacitors
in series. The primary is single turn primary to reduce tltigtance so that capacitor
bank delivers its energy to the high power level. The printdithe transformer is made
of cylindrical capacitors with axial leads at its two endspdyallel combination of five
capacitors is used to make one of the four arms of rectanghégred primary. The total
capacitance of primary capacitor bank is 2:B@&nd can be charged up to a maximum
voltage of 18kV successfully.

The transformer is made with air core in order to avoid satmaefects of magnetic
cores. The secondary of the transformer is made in the sHapain, having multi-
ple turns, wound on the rectangular cross section forment@mce flux coupling. The
secondary is placed inside the primary which has rectangubas-section bigger than
secondary coil. The insulation between the primary andrs#ay is provided by the
multiple layers rolling of mylar sheet. A high voltage capacassembly is connected
with the secondary of transformer so that the performand@etransformer with its
primary capacitor bank may be tested. During the initigtingsof the transformer with
5nF load capacitor, connected at the output of transfortneroltages achieved at sec-

ondary capacitor were 160kV in second peak which appeamsmthan 2s. As the
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primary capacitor bank can be charged to a maximum &W1i8 which has expected
voltage delivery of nearly 380/ in similar capacitive load is expected. A final voltage
of 200kV with increased probability of a breakdown in the R&kuccessfully achieved

in this configuration of capacitor bammkimpulse transformer.

Figure 4.4: Compact pulse transformer using capacitor laants primary

Details of experimental setup

In figure 4.4 we have shown the compact pulsed transformeirtblades its primary
capacitor bank as its single-turn primary. Capacitor bamkade by 20 capacitors which
are each of 24F and can be charged to 4.5kV maximum even though they aikfate
2kV voltage [102]. These capacitors have a tested currdiviedg capacity of 15kA
each at 4.5kV charging voltage. The capacitors are arrangacth a way that the com-
plete assembly takes the shape of one turn of primary of thee pransformer which is

rectangular in shape and contains four sides. Each sidaiosritve capacitors in par-
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allel. This way the capacitor bank can be charged up to 18kXimam. The width of
the transformer is nearly 35 cms, whereas the distance batthie ends of the capacitor
leads of each arm is 22cm. The capacitance of primary shapeditor bank is 2.44-.
Effectively the primary has a rectangular cross section of 26&%cm. The secondary
is wound on a rectangular cross section former of dimendonsx 9cm and has a total
of 30 turns distributed in the width of 22cms. Measured vsifeprimary inductance,
and secondary inductantg are 80nH and 4dF respectively. The mutual inductance
(M) between primary and secondary windings is measured to Bre-9®@hich suggests

that a coupling caicient (k) achieved in this geometry is 0.5. Interestinglg thtio

(LL::EZ) of product of primary capacitance and primary inductacié product of sec-
ondary capacitance and secondary inductance is 0.94 whiokry close to an aimed
value 1.0. It reveals that under experimental limitatidhg, tesla machine is made to
a good extent using this novel pulse transformer. Few layekéylar sheet are wound
on secondary of transformer before putting it inside thenpry to provide insulation
between primary and the secondary. The transformer is lewghw because any heavy
magnetic core is not used. Instead it is an air-core tramsfor

The secondary capacitor used for the testing of this pulsetformer is made using
four pieces of RG218 cables each of nearly 12 meters. Thiecapacitance of the sec-
ondary capacitor is 5.1nF as is described in chapter 3. TWempsupply used to charge
the primary capacitor bank is made using a high voltage toamer giving 12kV out-
put voltage with input voltage rating of 230V. The output agtnvoltage transformer
is connected to a high voltage diode rectifier chain made ®f 1R diodes connected
in series. A total of thirty diodes are connected in seriesroter to make this recti-
fier chain. The high voltage transformer output is direcityrcected to the primary
capacitor bank using this rectifier chain without using aagrent controlling external

resistor. This helps in fast charging of the primary capaditank eventually opening
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avenues for repetitive operation of the complete systemcoftrol the output voltage
(also charging voltage of the primary capacitor bank) oftifgh voltage transformer
we have connected a variac to control the input voltage irnitjle voltage transformer.
By controlling the input voltage by variac we can control tfearging voltage of the
capacitor bank. The transformer is lightweight and the Wwedj the transformer along
with its primary which also contains the capacitor bank sslan 1Rg. The switching
of the primary capacitor bank is done using a spark gap switcimected in between
two ends of the primary capacitor bank shaped in form of regi&ar single turn loop.
For the measurement of secondary capacitor voltage orgpédsming line voltage a
high bandwidth (25MHz) high voltage probe having atteraatiatio of 10000 : 1 is
used.

Results with the compact pulse transformer

In the figure 4.5 we have presented the experimental resbigsned from the pulse
transformer reported in this paper. The secondary voltadé&okV at pulse forming
line of 5.1nF is achieved by the charging of primary capadiank at 8kV only and
then discharging it through the switch at the primary sid#éheftransformer. The capac-
itor bank can be safely charged upto a maximum voltage 18kihwhill theoretically
lead to 360kV of secondary voltage. Moreover the chargingFif is done very fast
which is within Zus from the beginning of discharge in the primary capacitarkbas
far as energy ficiency of the system is concerned it is higher than 80% in teegnt
configuration considering the second peak of secondargg®elivaveform. This means
that 80% of the primary energy is transferred to the secgrslde when the secondary
side is at its second peak voltage. One more important thmrilge achieved results is
that the second peak in secondary (nearly 160kV) is nearbetof the first peak (80kV)
which is in opposite polarity and hence the control on theragen 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 compansformer

Initially when the spark gap connecting the PFL with vircat@s filled in air, the peak
voltages possible were not exceeding 160kV on PFL and demsibreakdowns took
place at the output side beyond 160kV. The PFL charging geainder these circum-
stances are shown in figure 4.6 collectively. These waveSoapresent the breakdown
of the output switch at 160kV. Irrespective of the primanagding voltages values,
which were varied from 8kV to 12kV in steps of 2kV, the outpottage could not ex-
ceed 160KkV. To enhance the voltages on PFL and also to tepetievoltage delivery
capability of the pulse transformer without any changedrfsulation management on
the compact pulse transformer, the spark gap connected autput side of the pulsed
forming line was filled with transformer oil and the gap wasadingly reduced to hold
a maximum of 200kV which is also shown in figure 4.7 This is ohigsacdemonstration
of its charging capabilities to 200kV without any insulatimanagement like filling the

secondary winding in oil. It is also possible to put the tfanser in oil or pressurised
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Figure 4.6: Voltage time history of PFL (output spark gamisuir)
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Figure 4.7: Voltage time history of PFL (output spark gamisil)

chamber easily, if required, for attaining very high volkagSo far up to 200kV there are

no signs of high voltage breakdown in the secondary of thisparct pulse transformer.

4.3 PT for the third set of vircator experiments

After learning the method to make compact pulse transfoneygorted in the previous
section, a PFL of 450kV cable was made and to protect the dedote high voltage

breakdown it was preferred to charge the PFL using monopblarging pulse with a
new compact pulse transformer with high couplingfGognt. As it is clear from the

previous study that the capacitors used for making the pyirofthe transformer have
finite thickness or very specifically the diameter which is¥0. In order to enhance the
coupling between primary and secondary we had to increasdidimeter of the primary

and secondary so that the unavoidable gap between primdrgesmondary caused by
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the finite thickness of the capacitor does not consume ureddipix volume.

After achieving this condition, a high voltage pulse tramsfer is made with a higher

Figure 4.8: High Voltage Pulse transformer

coupling (80%) in between its primary and its secondary. {ffaesformer is made us-
ing the same technique [122] in which the capacitor bankapet in form of its single
turn primary but to have a higher coupling ratio. Figure 48howing the figure of

high coupling co#icient transformer. The primary capacitor bank has an adyeshb
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7axial-capacitors of &, 5kV each connected in parallel and four such combinations
connected in series in order to provide a net capacitancebpH3and a peak voltage
rating of 20kV. The primary inductance is computed to be X %®onsidering sheet
equivalent of the primary turn with 320mm diameter. The selewy of transformer is
made using Teflon insulated wire wound 40-turns at a pitchOofirh on a cylindrical
former of 280mm diameter made of perspex. The computed dacpmnductance is
24QuH and mutual coupling is as high as 0.8 with a mutual induaaf&.7H. The
energy diciency if computed for the first peak (of secondary) comestole nearly
56%. Figure 4.9 is showing the Fasthenry equivalent for balpling codicient trans-
former. The Fasthenry program is available with completudtentation [3] for linux
users. The package computes the self as well as mutual amwhecbf any number of
current carrying conductors. The conductors are dis@@tszed to number of straight
elements defined with two nodes. The computation by this totst and accurate as
is shown by various sample problems. The resistance cotnuia also done by the
code with frequency dependent analysis for each condutttesired frequency. Itis to
be noteworthy here that the designed transformer is chadesve an energyfiéciency
less than 100% in order to get monopolar charging of the dolseing line. The pri-
mary capacitor bank of the pulse transformer discharges#sgy in the form of single
turn loop through a spark gap which is at present operatingeihbreakdown mode
by overvolting of the spark gap beyond its dielectric sttngrhe spark gap can also
be triggered using optical isolation to have repetitiverapen at such low energy and
low voltage with advanced provisions. As far as the chargihthe primary capaci-
tor bank is concerned, it is done by very simple method whigblives a high voltage
step up transformer delivering 14kV in secondary when tiagny is fed at 230Volts.
The output is half wave rectified using a diode chain of 25Arepand 1000V ratings.

Some inductive isolation is also provided between primayacitor bank and the high
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L]

Figure 4.9: Fasthenry input drawing for the transformesqoitized geometry)
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voltage step up transformer output terminals in order tateahe rectifier diode chain
during the discharge of the primary capacitor bank. Thegihgrvoltage of the primary
is controlled by using a variac which limits the input vokagf high voltage step up
transformer from Ovolts to 230volts eventually leading e timiting of high-voltage

step-up transformer output going to the primary of the capabank. Interestingly the

500.00k

250.00k Y\ ’V\[] A(\\
|

IR S iR a4

-500.00k

PFL Charging Voltage

-1.0p -500.0n 0.0 500.0n 1.0u
Time (Seconds)

Figure 4.10: PFL charged to 250kV by high voltage pulse fanger Red is acquired
signal and blue is numerically filtered waveform

figure 4.10 shows a charging of the high voltage cable basédupRo 250kV using
compact pulsed power supply and compact pulse transformiehigh coupling co#i-
cient. The blue waveform in this figure represents the 25Mltréid waveform of the
red waveform which is sampled at very high sampling rate @Gadsec. The dimen-
sions of the pulse transformer are mentioned in the table 7t measured weight
of the pulse transformer along with the capacitor bank ofjgil@s maximum energy

rating is 19kgms.
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4.4 Conclusion

The pulse transformers for the second set and the third sexpdriments are com-
pact and novel in their design as they have their primary @sgrabank shaped like
primary turn giving enhanced compactness. For the secdraf sgperiments, a com-
pact pulse transformer is designed, developed and testeddwoltage gains of 1:20
in the reported configuration of primary and secondary dsgaae. It is characterised
for 160kV secondary voltage in operation in air and furth@rkvtowards insulation
enhancement on the PFL's output switch has led to a peakiolganfj 200kV of PFL

or secondary capacitor. The transformer is very compad {ikveight) and novel in

design by using the capacitor bank assembly in shape ofrigkegurn primary winding.
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Table 4.1: Pulse transformer details

Sr. No Description PT for first set PT for second set PT fordtisiet

1 Primary Capacitandg, 7. 1uF 2.46uF 3.5uF

2 Primary Inductance, 200nH 80nH 215nH

3 Secondary CapacitanCy 6.5nF 5.1nF 2.0nF

4 Secondary Inductandg 256uH 41uH 24QuH

5 Mutual InductanceéM 2.9uH 0.9uH 5.7%uH

6 Coupling Co-éicientk 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. Rectaarglbcm x 15cm  Circular 32cm dia.
11 Mean secondary Cross-section Circular 18.5cm dia. Reguatar 9cm x 9cm Circular 28cm dia.
12 Secondary turns 63 30 40

13 Output Voltage 140kV @ L5 200kV @ s 250kV @Ls

14 Capacitor bank voltage 22kV 10kv 8kV

15 Energy éiciency >80% 56%

NOISNTONQ) "'



CONICAL HORN ANTENNA

Antenna is very well explained in the detail in reference ][9Bhe radiation charac-
teristics of the conical horn antenna are mentioned in detagference [97]. another
important reference in the field of conical horn antenna idess the electromagnetic
fields of conical horn antenna [96]. A nice compilation ofuks of compact coni-

cal horn antenna for reflex-triode for enhancing the raolain the axis of antenna is

presented by Becker [95].

Figure 5.1: Excitation signal given to the input port in thedelling
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5.1 Antenna Basics

The the modal patterns for circular waveguide are enuncbrabel plotted in [93,
94].The salient results as concluded in above referenta®deto the conical horn an-
tenna are as mentioned under. The directivity (D) for a @rhiorn antenna for wave-
lengthA with an aperture ficiencye,p, aperture circumference C and aperture radius a

IS given as

D(dB) = 1000gs0] €ap(47/4%)(n@%)] = 1000g10[C/A]* ~ L(9)] (5.1)

The first term is directivity of uniform circular aperturedathe second term is referred
as loss figurel((s)) and is a measure of loss in directivity due to aperttiieiency. The

loss figure can be computed by

Figure 5.2: Far field radiation pattern at 6GHz for first mode

L(S) = 1 - 10l0gg[eap] = 0.8 — L.71s+ 26.255* — 17.795° (5.2)

90



5.1. AnTENNA Basics

Wheresis maximum phase deviation in (humber of wavelengths) aisdgiven by

s = [dn?/811] (5.3)

The directivity of conical horn is optimum when the diamegeequal to

dm = /(31) (5.4)

which corresponds to a maximum aperture phase deviatisa-d8/81 and a loss figure
of 2.9dB or an aperturefigciency of about 51%. Herkis the extended length of the
cone from its vertex to aperture perimeter.

In the first two sets of vircator experiments reported in ¢aa® horn antenna was not
used for radiating out the generated microwaves from theator. In the third set of
experiments the antenna was used after the vircator tat éissisadiation in the field
or for enhance free space coupling of the radiation. In or@@eneasure the power and
pattern of radiated microwaves an antenna was essentiateHeconical horn antenna
was designed and developed. As is mentioned by Becker [@54ith of antenna to
be designed for high power microwave radiator is to h&g; radiation mode, it is
found in the experiments reported in the chapter 6 that ttetian pattern from the
vircator and antenna is having a peak at the axis of antenrawdhan aim of applying
antenna.Antenna was designed in such a way that it was supgptre radiation and
propagation of the microwave signals by which it is fed atitipgit end. A conical horn
antenna was designed and made for this purpose becausethfofat was having a
cylindrical waveguide. It was designed to having same im@veguide diameter as that
of the drift tube of the vircator and hence it takes all thepagating microwave signals

of the drift tube into it for further radiation from the othend of large aperture.
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Gain (IEEE),phi=0.0,Value
a0
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Figure 5.3: Antenna gain value at 6GHz in polar coordinate$ifst moded = 0
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5.2 Antenna Analysis

Gain (IEEE),phi=90,Value
a0

180

270

Figure 5.4: Antenna gain value at 6GHz in polar coordinadesifst moded = 90

The antenna analysis was conducted to find out its main deaistcs like the gain,
directivity and reflection cdécient at diferent frequencies for filerent modes excited
at the input side of the antenna feed.

A slight flare angle of 30 degree was provided at the output @ohorn antennas, in
order to smoothly match the impedance of the antenna withdpace impedance for
electromagnetic wave launching in free space. The apeaitaneeter was 412mm at the

output side whereas the input side of the horn is matchedthaélwaveguide of 580mm
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Figure 5.5: Far field radiation pattern at 6GHz for second enod

length and 112mm of inner diameter. The length of the horerard is 260mm. The
antenna is made of stainless steel and can be evacuatedtamvaThe output end of
antenna is having a stainless steel flange of 450mm diamedekGmm thickness. This
end of the antenna is closed with an acrylic disk of 25mm thésls with the diameter
of 450mm.

The excitation, used in the modelling, given at the wavegumgpbut port is shown in
figure 5.1 and solution is obtained for the first six modes (Idab.1) supported by

the circular waveguide of horn antenna input side. The amategain, the reflection

Table 5.1: First six modes used for computation

Mode No Mode Name cutbfrequency (GHz) Impedance] A(1/m)

1 TE 1.56799 384.182 164.415
2 T Moy 3.26408 343.946 153.077
3 TEx 3.57293 421.057 150.016
4 T My 4.2556 319.006 141.977
5 TEo 4.53423 457.269 138.136
6 T My 5.42582 276.841 123.211
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Gain (IEEE),phi=0.0,Value_1
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Figure 5.6: Antenna gain value at 6GHz in polar coordinabesécond modé = 0
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a0

180

270

Figure 5.7: Antenna gain value at 6GHz in polar coordinatesécond modé = 90
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Figure 5.8: Antenna gain versus thetabat O for first mode at dferent frequencies
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Figure 5.9: Antenna gain versus thetabat 90 for first mode at dferent frequencies
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codficient i.e. S11 parameter and VSWR is computed with the he@pS3F studio suite
software [98] and the 3D radiation pattern for 6GHz frequyesre shown in figure 5.2.
Figure 5.3 and figure 5.4 show the gain values computed wéthétp of the results of

figure 5.2 for® = 0, 90 respectively for variou® values in a polar plot.

20 4 +4GHZ
—eo— 5GHz
—b— 6GHZz
16 4 —p— 7GHzZz
—4— 8GHz
o 12
Z
o=
w©
O g
44
0 T I T I T I T I T I T I T I T
-40 -30 -20 -10 0 10 20 30 40

Theta (degrees)

Figure 5.10: Antenna gain versus thet&at 0 for second mode atflierent frequencies

As far as the far field radiation pattern for the second modmigerned it is shown
in figure 5.5 and the results are plotted on polar curve in &#gbr6 and figure 5.7
In order to see the frequency dependency of the antenna gterm, the results were
produced for dierent frequencies and the results are plotted in the figui@svith 5.9,

5.10 with 5.11 and 5.12 with 5.13. An antenna gain of 17.7dB{dvity) is being

shown by the computational results at 7GHz for the first or idamt mode at the axis
of it. 3dB down beam width is nearly 30 degree for the conddiae. for the lowest

order mode at 7GHz of computational frequencydos 0 whereas the beam width for
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Figure 5.11: Antenna gain versus thetabat 90 for second mode atfiierent frequen-
cies
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Figure 5.12: Antenna gain versus thetaat O for third mode at dterent frequencies
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Figure 5.13: Antenna gain versus thetaat 90 for third mode at dferent frequencies

® = 90 is also nearly 30 degree. The reflectionfliognt denoted by S11 parameter
is also shown for the reference in figures 5.14 and 5.15 asdidumof the frequency
for all the six fundamental modes without considering thessrcoupling between two
different modes. Finally in the figure 5.16, the VSWR for the horteana is presented
which tells that the value is below 1.2 for various modesegxing some low-frequency
higher order modes, atftierent frequencies which is quite good for an antenna design
for such purposes. One important thing coming out from thuslys that the designed
antenna has nearly 16dB gain at a large aperture of 412mmnetkanvith beam width
of 30 degrees. The large aperture will assist the handlit@rgér power expected from
the vircator without causing the breakdown at output winddwhe antenna. All the
radiation patterns are visualised and computed in 3-dirnerend hence put a simple
picture for further understanding of a rather complex peabbf antenna. The solution

is found in time domain so the frequency sweeping is rathgy aad fast for dierent
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Figure 5.14: antenna reflection d¢heient at diferent frequencies for filerent modes
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Figure 5.15: S11 parameter on dB scale #edent frequencies for flerent modes
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Figure 5.16: VSWR of the horn antenna foftdrent modes

frequencies of computation. The reflectivity and the VSWRhefdesigned antenna are
also quite low within the permissible limits of the normatema design for broadband

microwave emission.

5.3 Conclusion

In this chapter the detailed analysis of the antenna usetthéoexperiments mentioned
in the third section of the chapter 6 has been done. It is geemthe dimensions of the
waveguide of the experimental setup that the structureasnoeded for the frequencies
being radiated from the system and hence six modes have hebkedsfor the antenna.
Maximum field intensity at the axis of the radiator also irdes that radiation is not
purely the dominant mode. This detailed analysis is alspfukin determination of

the peak powers being radiated form the radiator based ogdinecalculations of the
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radiating antenna at fierent frequencies andftirent modes based on the field mea-

surements done atftierent locations away from the radiator.
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VIRCATOR RESULTS

Axial virtual cathode oscillators are the devices which sreently being studied by
various groups-worldwide [99, 100] as a source of high powarowave radiations

operating with relatively much ease as compared with otbhaventional and well es-

tablished high-power-microwave generating devices. d@hisce requires quite a huge
amount of electrical powers, in the form of power of genetakectron beam inside it,

which is converted to microwave power in the geometry ofatioc.

The principle of operation of vircator is as given under. gthvoltage source is con-

Pressure
Insulator Port
fill port - Vacuum -
g i Virtual
» ' 3 Cathode
nlets ,: v
far O aa—n—/
RG218 ) :
Cabl Switch
TS | Drift
| o Anode Tube Radiating
PFL/Switch B Horn
interface Cathode

Figure 6.1: Schematic of Vircator Chamber assembly withechhsed PFL
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nected with the Electron beam diode which is part of vircgometry inherently. In

the case of axial vircator, which is in fact the case of presamly, the electron beam
diode is formed of cylindrical cathode and mghkim foil anode. The high power Elec-
tron beams are emitted from the surface of cathode mainlywbytnission mechanisms
viz. Field Emission and Explosive Electron Emission depegdipon the material and
surface properties of the cathode.

Once high power electron beam is generated it is accela@teatds anode by the same

Figure 6.2: Vircator Assembly

electric field which is responsible for its generation. Aséfectrons of the emitted beam
reach the anode, some of them pass through anode dependimghetransparency for
the anode. These passed electrons are forced to propagjaie andrift tube of vircator
which interacts electromagnetically with the beam passingugh it. The space charge

effects causes the bending of cylindrical beam towards axisfbtube and this results
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in the formation of electron cloud of certain charge densiside the drift tube. This
charge cloud is formed only when the electron beam currdnigltser than space charge
limiting current of this drift tube. This charge cloud is@lsalled virtual cathode. After
formation of virtual cathode some part of the successivetiglas emitted from cathode
are reflected back by the virtual cathode. Because of thysgbetrapped between cath-
ode and virtual cathode and keep on oscillating in the spetveden cathode and virtual
cathode till they are lost either byftlision or by hitting the fojfinesh. These oscillating
electrons radiate the radiations depending upon theillaseg frequency which again
depends upon the A-K gap and electron velocity considerably

Other than the radiations caused by oscillating electrataden cathode and virtual

Figure 6.3: Pulsed power system and vacuum field emissiatedio

cathode, there is another mechanism which contributetmthl microwave radiations
from the virtual cathode oscillator. The virtual cathodeaths an electron cloud also
keeps on oscillating in space and in time. The oscillatiothefvirtual cathode oscil-
lator in space and time also causes the emission of eledfyoetia radiation to take

place. The frequency of the radiation from virtual cathodeiltations is dependent on
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the electron plasma frequency of the charge cloud. Moreihze is always a loss of
the electrons from the virtual cathode and electron bearnarfidrm of drift and difu-
sion loss of electrons. This loss of electrons from the wirtathode is compensated
by the incoming electron beam which is emitted from the cd¢hdl here is formation
of plasma on the cathode surface and also on the anode sudgased by the impact
of energetic electrons of the beam on it. This plasma alsardgin all free directions
and occupies the space in between the region of anode catl@uee the plasma is
filled in this region the electric field between anode cathgae regions diminishes to a
value where no further field emission of electrons takesepldbie event is called diode
closure. This requirement makes the pulse compression @lsd phaping necessary

before applying it to the vircator.

6.1 Vircator Experiments:Setl

Figure 6.4: Impression of electron beam on S.S. mesh

Figure 6.1 is the schematic drawing of the first vircator whicas made in the

laboratory. This schematic drawing represents how theiabeables were connected
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with the vircator chamber to produce electron beam in theegyslit has inlets for four
RG218 cables in it. the central conductors of each cable Wwadesl to single point
connected with one end of discharge spark gap. the braidssimply terminated with
the housing of the vircator chamber which was made with Esinsteel. The antenna
was not physically connected in these experiments and b tasenly indicate that it
was aimed to be used since the beginning of the experimeigise=6.2 is a close view
on the way the connections between each of four cables acat@irchamber has been
made. In these experiments the vacuum inside the chambettes than X10 “torr.
Figure 6.3 is a full view of the complete experimental seflipe diameter of the drift
tube of the vircator is 140mm.The cathode for these experisnas is described earlier,
is made of graphite which is stuck to the Aluminium by the silepoxy which acts as
conducting bonding agent between the two. The anode is nfagl@ode mesh which

has an optical transparency of 75%. These experiments gaiee ansight about the

Figure 6.5: Impression of electron beam on thermal paper

system operation conditions and subsequent results ame lae@ of significance.
This set of experiments were started with 8mm of anode catlspacings and no

microwave was observed under these conditions. It was alde mteresting 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 measfrom the electron beam
system was 5mR when was integrated for four shots at 8mm asaiiede gap. At 8
mm anode cathode gap it was observed that the electron bemusar in shape as is
shown by figure 6.4. In the thermal paper recording of the beamnsed burn on it, as
is shown in figure 6.5 it is also evident that the beam is notegdy uniform in the
shape. Even though the x-rays were being produced the mageswvere nearly below
the detectable limit of the diagnostics which comprisedhefitectangular narrow band
horn antennae having a limited bandwidth as is supportetidy\tR430 horn antenna.
A dental X-ray film was exposed under this condition of expemts which was kept
at the output side of the drift tube. A washer of S.S. was keghe path of Xrays
reaching the dental X-ray film. The image of the washer isdpelmown in figure 6.6.
The motivation for conducting these experiments is to gatieehe electron beam and to
find impressions of its presence. The results of this expErtrwere quite interesting.
Continuing with the same experimental setup the A-K gap wahér reduced to 5mm
in this experiment so that a lesser impedanceflisred by the diode expecting more
current and formation of virtual cathode. At the 75% opttcahsparent SS mesh anode,
microwave radiation is recorded by the microwave detedtmial(envelop detection as

is shown by figure 6.7) and also by a high frequency oscillpsocmonnected with a
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RECTIFIED MICROWAVES measured at ~5m
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Figure 6.7: Microwave envelop as shown by detector diode
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Figure 6.8: Received microwave signal
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receiving antenna as is shown in figure 6.8. Dominating feegy of the received signal
from the receiving antenna came out to be 2.5GHz (FFT of thil@scope record) and
its duration is 25ns and is shown in figure 6.9. The interggpart is that even though
the applied pulse for the vircator is of 88ns duration, thekat®d pulse is shorter than
the applied pulse. The charging voltage for the pulse fogtire is 120kV only in these

experiments. Since the maximum sampling rate of the oscitipe used in these set
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Figure 6.9: FFT of received microwaves

of experiments is limited to the 20G&econd the limed bandwidth of the oscilloscope
iIs 5GHz in the single shot. That is why the x-axis of the freguyecurve is limited

to 5GHz only in the figure 6.9. In order to be even more confirmledut the fields
being radiated, an array of the neon lamps and gas filled 8aerg tubes were kept
in front of the vircator. the glow of the neon lamps is showrfigure 6.10 and the
glowing fluorescent tube is shown in figure 6.11. The glow ithlad them at the time
of exposure of vircator during operation also indicatesudlioe fields being radiated
form the system. After including the calibration factor bktdesigned high voltage

probe(X40k) in the measured voltage between the anode ahddmaof 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 atltbée in this geometry and

arecord of itis shown in figure 6.12.

Figure 6.11: Glowing fluorescent tube in front of microwasdiations

112



6.2. VircaTorR EXPERIMENTS:SET2

20.0k
) —~ pd
S / / ~ =
< 00 = / ~—
() ~ /
ke \ /N /
% \\\ // \\ //
— \ / \ /
[ \ /,/ \\
8 N \ /
2 -20.0k \ /
2] \ /
© \ /
(0] \ /
s \
p )
[@)]
T _40.0k
(@]
>

-400.0n -200.0n 0.0

time (seconds)

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 itglkising coaxial cable
based system driven by the compact pulsed power sourcevittie complete assem-
bly. Because of its compact nature, the system has poteaft@erating at repetitive
mode also. The results of a bulkier pulsed power systemrdyigisolid dielectric PFL
and vircator connected to it have been mentioned in the puewsection and some of
them were published previously [101]. After producing thienmwaves from the first
set of experiments furtheffferts were made to enhance the radiation considerably by
increasing the driving potential for the vircator and at$hene time also to compactize
the complete pulsed power assembly. As discussed abovetheov requires high elec-
trical powers for its operation and only for very short dioas. This is done by pulse-

compression and pulse-shaping. An attempt has been madette dulse-compression
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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 systenomedin the details given

under. The experimental results are also presented afieyiem details.

6.2.1 Experimental Setup

The Virtual cathode oscillator in the present case has auneadsacuum of X10*mbar
inside the chamber. The vacuum is created with the help offasibn pump of 500
pumping speed which is backed by a rotary pump. The vircdtamber is shown in fig-
ure 6.13 and is made of stainless steel. The cathode in tebrgrexperiments is made
of S.S. electrode of 60mm diameter and is shown in figure 6[hé.anode is made of
S.S. mesh of 80% optical transparency. In the present studiyfarent PFL voltages,
the anode cathode spacing is fixed at 4mm which is lesser iegprévious case. The
drift tube diameter is 140mm and estimated space chargeetinourrent in this geome-
try is less than 1kA. A conical horn antenna is also desigoedthie system with input
waveguide matching with the dimensions of drift tube. A cahhorn antenna is also
designed for the system with input waveguide matching wighdimensions of the drift
tube. The vircator is operated using a solid dielectricgdif®rming line (PFL) made of
four pieces of 5@, RG218 coaxial cables connected in parallel to make a nietatstd
impedance of 124. The length of each cable is 12 meters and hence the estimated
pulsed-width which is twice of its transit-time, is expette be nearly 140ns which is
longer than that of the previous case. The pulsed formirgisrbeing charged by the
compact pulsed transformer [122] which has its primary capabank made in the
shape of its primary. The capacitors used in the bank hawsrskiery high power de-
livery driving a plasma focus device [102]. The connectibatveen pulse transformer
and pulse forming line is done using specialized conneeiittee ground part in order to
reduce the electric field strength generated between erstsaqgb braid wires and inner

conductor of the cable to such levels where the breakdoweedt point (as is shown

115



6.2. VIRCATOR EXPERIMENTS:SET2

-12.0k T T T T T T 160.0k

-9.0k ” A 120.0k

6.0k Latte / V \ 80.0k

:3iok' /“/ \ H [ 40,0k
WA 1o

3.0k \ { \\\/ / X / - —A.lo.Ok
6.0k - f -80.0k
9.0k - \ / V\ ,/ - -120.0k
12.0k - ; ; ; \\"UU ; : ; - -160.0k

-1.0u -500.0n 0.0 500.0n 1.0u

Current (amperes)

PFL Charging Voltage (Volts)

Time

Figure 6.15: PFL Charging VWoltage and PFL Discharge Current

400.0m

N
1

- 200.0m

«Iw

o
1

0.0
H‘

'
N
1

- -200.0m

Antenna Output (Volts)
abejjoA 1ndino epolp Jodeleg

M

1.85E-006  1.90E-006 1.95E 006  2.00E-006 2. 05E 006  2.10E-006

4 -400.0m

Time (seconds)

Figure 6.16: Receiving Antenna (kept at 1.2Meters from @a@#) signal and envelop
seen by the microwave detector diode (vircator operatirig RiFL at 160kV)

116



6.2. VircaTorR EXPERIMENTS:SET2

in figure 3.2) does not take place which, otherwise, happetsai 20kV only. The
improved connections between the transformer and pulsarfigrline result in charging
of PFL to still higher voltages reaching a maximum of 200kkieTcompact transformer
with the combination of Pulsed forming line is having 1:2@&age gain when compared
with primary charging voltage and PFL peak voltage reachets @#econd peak. The
capacitor banlcumtransformer, when first charged to 10kV and then discharded
livers 200kV peak voltage in the second peak in2.at the Pulsed forming line which
is connected to the Virtual cathode oscillator system usirsglf-triggered spark gap
switch. As far as diagnostics are concerned, the standaghdstics are used for the
measurement of the PFL discharge current, PFL chargingg®|tand microwave sig-
nal (both power envelop and frequency). For the measureofgnilsed forming line
charging voltage we have used 10000X resistive voltagel€iviFor the measurement
of currents we have used a 17ns rise time current transfostfestandard sensitivity of
50V/KA. The current transformer output is connected to the lmsabpe using standard
20dB attenuator in order to reduce the voltage to the oscitipe input requirements for
the given current pulse. The current transformer is plagsde the spark gap chamber.
The microwave signal is recorded on a 10GHz, 406&aoscilloscope using a double-
ridged horn antenna having bandwidth of 800MHz to 18GHz. Huoeiving antenna
is kept at 1.2meters distance from cathode location fadiegltift tube which has no
radiating antenna in these set of experiments. The regeantenna is connected to the
oscilloscope using high bandwidth cable having a dtisb12GHz. This signal coming
directly from the receiving antenna to the oscilloscopenalyzed for its FFT to give
frequency spectrum of radiated microwave signal. To sepadlaeer envelop of radiated
microwave, the output of antenna is bifurcated and passedgh microwave detector
diode Agilent-423B and its output is smoothened to averagehe acquisitions over

1ns (40samples) comparable to the rise time of diode. thgnditics are mentioned in
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chapter 2.

6.2.2 Experimental Results
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Figure 6.18: PFL Charging Voltage and PFL Discharge Current

Once a peak voltage of 200kV was achieved during the ingstinng of the pulsed
forming line the vircator which was connected to its outpaswperated in vacuum. It
was noted that when the vacuum was not there inside the @irdae high frequency
components (of higher that 2.5GHz ) in the FFT of antennaadigere not present. The
microwave experiments with vircator were conducted at twffetent PFL-charging-
voltages of 160kV and 180kV decided by the spark gap settikggure 6.15 shows
the voltage measured at PFL charging end and dischargentofieFL measured using
Current Transformer (CT). The peak discharge current iagdh the system is 12kA.

The peak PFL charging voltage is 160kV and the small anod®datgap leads to fast
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Figure 6.19: Receiving Antenna kept at 1.2Meters from Cdehsignal and envelop
seen by the microwave detector diode vircator operatin@@k PFL Voltage

reduction of diode impedance. The net impedance of the camplischarge-circuit
comes out to be nearly @8 Figure 6.16 represents the microwave signals received
from the antenna and fed to the oscilloscope & &fput impedance. The microwave
pulse record of not more than 50nanosecond duration alsgestithat fast closure of
diode is taking place because the applied high voltage paitsearly 140ns in duration.
The reflections of voltage and current also suggest the saquesce of events to be
happening in the vircator. Figure 6.17 is more informativéarms of the frequency
content of radiated signal from the vircator. It is clearigible from the spectrum that
high frequency components of more than 5GHz are presentisigmal. The vircator
has successfully demonstrated the high frequency radsafrom the compact pulsed
power system. The other set of results achieved at 180k\ro&tar operation are also

very interesting and consistent. Figure 6.18 is the recbfFb charging voltage and
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discharge current reaching 180kV and 14kA peak currennadg@nonstrating the same
13Q impedance of the discharge circuit. The respective micvevggnal is shown in

figure 6.19. The microwave envelop is of higher magnitudeoagpared with the signal
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Figure 6.20: FFT of Receiving antenna signal vircator ojpegeat 180kV PFL Voltage

at 160kV indicating a higher emission of microwave at higheltage. Figure 6.20
represents the FFT of radiated fields indicating that a #aqu 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 emissiontseesii vircator which emits

its radiation lying well-within the microwave range of elemmagnetic spectrum viz
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4-8GHz and the energy needed per shot is as low as 25joulgs bnthis reported

experiment the pulse forming line is charged to a voltage6®kl/ and the measured
diode voltage is 50kV in the experiment. The primary enesgggearly 50joules only
and hence the energyfieiency of the high voltage pulse transformer and pulse fogni

line combination for the given experiment is nearly 50%. Bxperiment is the first

Figure 6.21: Picture of virtual cathode oscillator asseniitled with the cable based
PFL

of its kind in establishing (experimentally) the low voleagperation of a conventional
vircator, which has a planar cylindrical cathode and s¢sisilsteel mesh anode, for the
microwave emission purpose. Moreover, because of the Idtag® and low energy
operation we could operate the whole system in repetitivderand we could achieve

as high as 4Hz operation with this device. Interestinglg,¢brrent density of the vel-
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vet cathode used in the present experiment is nearly 06%Ain the present reported
set of experiments. One interesting observation emergimdrom the present experi-
ment is that in the low voltage operation of the vircator tlearm acceleration potential
is relatively low and hence the axial velocities of reflexgigctrons (trapped between
cathode and virtual cathode) is also limited and far less it#x10°m/s and hence with

small anode cathode gaps like that of 3mm, which is the cageeskent experiments,

it becomes feasible to achieve radiation frequency of 4-8@bin the vircator. It has

Axial Vircator ==
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Figure 6.22: Geometrical drawing of the virtual cathodaltaor system

been shown in various studies which were conducted andtegpso far in the context
of axial Virtual Cathode Oscillator (VIRCATOR) that an akMirtual Cathode Oscil-
lator radiates in the microwave range of electromagnegcspm provided the voltage
applied between anode and cathode is in the order of hundfddalsvolts. Recently a
detailed theoretical study [121] was presented for a pregésv-voltage conventional
vircator which shows formation of secondary virtual cathatbng with the existence of
a primary virtual cathode. Moreover a theoretical estioratf as high as 7%f&ciency
is also reported in the same theoretical model. By using theel Wwconventional” the
other mechanisms to assist the formation of virtual cate@de excluded here for com-
parison viz. the application of external magnetic fieldsigJl magnetron injection gun

[115], shielding of the electron source from external maigrfesld [117] and external

123



6.3. Vircaror EXPERIMENTS:SET3

0.0
0 .
- ]
Q
S -20k -
o
< -
o
()}
S 40k -
O
> ]
-60k -
= 00 i
NS,
— -
(0]
=
8 20k -
C
(O]
t -
]
O 40k -
5k -
€ 0 ]
£
= ]
O sk -
3
o 4
|_
-10k -
1 I 1 I 1 I 1

0.0 5.0n 10.0n 15.0n
time (seconds)
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XOOPIC simulation
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electric field: [110,111]. A very interesting study regaglithe éfect of background
gas and the ionization is also reported by [112-114] for |lolage vircator with de-
celerating electric field. Another low voltage vircator og@on using pin type stainless
steel cathode vircator by the application of 60kV acceiegavoltage is also reported
in the literature: [104]. Conventional axial-vircatorealready well reported in the

literature: [124], [105-107,123] . As far as experimentaihp 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 palaer source which
delivers higher electrical powers needed to drive the vrcat the hundreds of kilovolts
of voltages. As the output voltage of the pulsed power soisraecreased, to meet the
requirement of vircator, the associated system compotEusme bulkier and bigger
in size. This results from the requirement of breakdowmsjite of insulating materials
used in the system design. It results in a quest to exploreomaye emission charac-
teristics of a vircator operating at the relatively loweitages of operation which can

be provided by a compact and easy-to-operate-with pulseeipsource. Essentially
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the problem gets bifurcated to two parts, one being engimg@art to make a suitable
compact and small pulsed power source and the other beingdierstand the physics
of the axial virtual cathode oscillator when connected thsasmall and compact pulsed

power source. A virtual cathode oscillator works when theent of a beam of charged
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Figure 6.25: Instantaneous FFT of the radiated power arfddhfiequency to find the
frequency spectrum of radiation in simulation.

particle moving inside a drift tube far exceeds the spacegehiamited current defined

for that drift tube geometry. Under such circumstances thehing inside the beam
takes place and a virtual cathode is formed at the place wherdensity of charged
particle is high and energy is in form of potential energyeatin form of kinetic en-

ergy. The region of these high density charge particledlass in space as well as in
time leading to a radiation mostly defined by the density efdloud of charge patrticles.
Moreover the charges, which are still trying to replenisk lieam current, get trapped
between real and virtual cathode and also start radiatiecireimagnetic wave with a
frequency depending upon reflection time for the chargetiges between real and

virtual cathodes.
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6.3.2 Experimental Details

Vircator parameters In the present experiment we have us@daor chamber made
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XGrafix2702

Figure 6.26:U, versus z for the electrons trapped between cathode anéMudthode
at 18.66ns.

of stainless steel having a sheet thickness of 3mm. The @atisanade of aluminium
which is covered with velvet on the electron emission s@izging a silver epoxy based
electrically conducting bonding agent. The diameter oftlget area stuck on the alu-
minium is 50mm and the anode is made of stainless steel witipacal transparency of
nearly 90%. In an interesting study done on carbon fibre clt$d118,119] it has been
shown that quite high (280-440#n7) and almost uniform electron current densities are
produced in carbon fibres. In a very recent published stud{ii2@] the current densi-
ties in graphite s.s. nail cathode and carbon fibre cathad2@0kV of applied voltage
is also found to be similar . In the present set of experimdrgsgyap between anode
and cathode can be adjusted from 2mm to few centimetres. [Ebran-beam-diode
zone of the vircator is evacuated to a measunetDZ*torr vacuum inside the vircator

chamber. It is measured using the penning gauge connectiedh&ivacuum chamber
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directly. The vacuum measured at the mouth of tHéudion pump at the same time
was still better than an order of magnitude. The vacuum etieé chamber is gener-
ated using a diusion pump of 500litrssecond pumping speed being backed by a rotary
pump. The connection of the vacuum line betweeffiudion pump and the vircator

is done using a 50mm diameter stainless steel bellow coedietith a high voltage

isolator of KF-50 port. The experiments were conducted wifferent anode cathode

43000
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0
Ie-14 Time(seconds) 1.86614e-08

Figure 6.27: Number of simulation particles with time

gaps like 8mm, 7mm, 5mm and also at 3mm to enhance the miceoesmnssion to
a detectableneasurable value. It was observed during the series of symriments
that the anode-cathode gap of 3mm leads to maximum microveaiiation for fixed
diameter of the cathode which is 50mm in all such cases ofystGdnsequently, we
are presenting the results of 3mm anode-cathode spacihgipaper which has shown
maximum microwave emission from the device. We also haveected a conical horn
antenna to the vircator output window made of Nylon. The trgfuthe conical horn

antenna matches with the diameter of drift tube which is Irhdmdimension and out-
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put side of the horn antenna is 412mm aperture diameter viitéred at an angle of
3(° (cone half angle) from the antenna input end. The calculgéénl of horn antenna
is nearly 16dB at frequency of 6.0GHz. The length of the dulie between antenna
input port and anode is 1meter. The complete vircator systemade in such a way

so that it can be fitted with the cable based pulse forming(lRfeL) very easily The
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Figure 6.28: PFL charging Voltage and the diode voltage Veawes

central electrodes of all the four cables of PFL are pressdfivith a common point
connected with one electrode of pressure-distance ctedrepark gap which is con-
nected between pulse forming line and the vircator and alstrals the pulse forming
line discharge into vircator. The braid part of the high &gk cables are connected to
the S.S. chamber connected with the anode of the vircatogasflange based bolting
method. Extra insulation inside the S.S. chamber betwebkle ¢arminals is provided
by using a properly shaped poly-propelene cylinder of thihickness. The spark gap
between the pulse forming line and vircator is filled withr@aif absolute pressure of

air. Figure 6.21 presents the physical picture of the virtaghode oscillator used in
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the experiment and figure 6.22 is geometrical drawing of theal cathode oscillator

with input ports for 450kV, 6Q cables fitted with its standard connectors.

6.3.3 Energizing the vircator
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Figure 6.29: Diode voltage and diode current waveforms

The pulse forming line (PFL) is made using four equal len@Bimseters) of the high
voltage (450kV) 6@ characteristic impedance cables connected in parallelatcera
450KV pulse forming line of 18 characteristic impedance and nearly 50ns pulse-width.
The capacitance of the pulse forming line is nearly 2nF. Tileepforming line is be-
ing charged using unipolar high voltage pulse in order tbzetithe cable breakdown
strength safely.

In order to characterize the vircator we have used the d&t@gso(mentioned in de-
tail in chapter 3) which are essentially electromagndiicabupled with the system

and give their output as a time-dependent voltage pulse. dasare the diode current
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Figure 6.30: Diode voltage versus diode current showinglsipulsed power dissipa-
tion
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Figure 6.31: Microwave pulse with 40dB external attenuabt@asured at 2.5 meters
from radiating antenna in 8 shots. (Power stability ifietient shots)
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Figure 6.32: Instantaneous FFT of the acquisitions of previelectric field measure-
ment. (Frequency stability in fierent shots)

and diode voltage we have used current transformer andgeotavider respectively.
The voltage appearing at the diode is measured by a serieadiag of two standard
100MHz bandwidth probes described in detail in chapter 2e dlitput waveform of
the cascaded voltage divider is smoothened to 50MHz bartdvayg numerical tech-
niques in order to incorporate the bandwidth loss of the aded probe resulted due
to the series cascading and also due to additional connectised in the series cas-
cading of the two similar probes as mentioned in chapter 2 &ritted microwaves
are measured using wide-band double-ridged horn antentmaangain of 12.5dB at
nearly 6GHz with approximately flat frequency response fl#®GHz connected to
a high-bandwidth 5Q coaxial cable for final connection with the high bandwidth os
cilloscope(10GHz, 40G$sec). To attenuate the received signal from the antenna, so
that oscilloscope is not damaged by the input signal, we hiaeel standard attenua-

tors of broad DC-18GHz frequency range 40dB power atteanaepending upon the
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Figure 6.33: Microwave pulse with 40dB external attenuat@asured at 1.5m, 2.5m

and 3.5m from radiating antenna at the axis. (showfgower attenuation) X-axis
scale 200nsliv
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Figure 6.34: Electric field measured at 2.5meters from tadighen the receiving an-
tenna is scanned from -45degree to 45degree on axis varyagie of 7.5degree

133



6.3. Vircaror ExXPERIMENTS:SET3

measurement requirements. The attenuation imposed bytiescconnecting the an-
tenna with the oscilloscope is 3dB as is measured by the hegjuéncy signal generator

(operating in frequency range 4-10GHz) and the oscilloscdne high bandwidth os-

80.0m o

60.0m |

40.0m

Power Recieved (Watts)

20.0m

0.0 4
Time (200ns/div during each pulse individually)

Figure 6.35: Power measured at 2.5meters from radiator Wieereceiving antenna is
scanned from -45 degree to 45 degree on axis varying in an@l® aegree

cilloscope with 10GHz bandwidth and 40GSaampling rate was kept inside a 50dB
shielded chamber with all its electrical power being preddy the uninterrupted power
supply (UPS) kept inside the chamber. The diagnostic caidepawer chord for UPS
were provided inside the chamber using specialized inpu$ p@ maintain its shielding
effectiveness for the frequencies of our concern.

Modelling Results (XOOPIC two and half dimensional pagiai-cell code) Extensive
modelling for the results of low voltage vircator was dona itwo and half dimensional
computer code called XOOPIC (made available online by Péa$heory Simulation
Group, Electrical Computer Engineering Department, Miahi State University, and
Nuclear engineering Department University of CaliforrB&rkeley) which uses parti-

cle in cell technique to solve the electromagnetic compariat problem. The necessary
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modifications in the available code were done in accordanitetiie scheme described
by [121] et al and the results were obtained in the computdijousing a time step of
0.01ps and a mesh size in axial direction is 0.25mm and irethi@lrdirection is 0.5mm

in the computational space. The applied voltage pulse ¢mtatted current and current
after the foil are collectively shown in the figure 6.23 Theuks are well depicting that
the current emitted by the emitter is nearly 5-6kA which rhatwell with the obtained
results for the same experimental setup as shown by theimgrgal results in the next
section. The voltage pulse applied is having 1ns rise tindehas been applied in radial
direction through a gap which distributes the fields in tltkaiedirection as per the radial
location of respective mesh. Figure 6.24 shows the radigiidse as measured at the
output port as the integral of pointing flux at the output vawd The graph shows that
the emitted power is averaged at SMW even though interntiggeaks of very short du-
rations are seen for 15MW. The Fast Fourier Transform of teasured radiated power
is shown in figure 6.25 and lies from 8GHz to 12GHz which is rexyrfar away from
our experimental findings reported in the next section. g 26 presents the versus

z graph of the charged patrticles trapped between the catdratlanode and is showing
that the velocity is limited to .BX10°m/s and hence the frequency of the radiation is
not very high for very small gap spacings. Figure 6.27 prisstre total number of
simulation particles which is nearly ¥ particles stabilized after 2nanoseconds from
the beginning of the modelling. The number of simulatiortiples number of meshes
and simulation time step decide the total time of computaticthe problem space. For
the computation of 186nsproblem 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 previousdéighhowing frequency sta-
bility between diferent shots. (Frequency(Hz) vs. Time(seconds))

6.3.4 Experimental Results

In figure 6.28 the pulse forming line charging voltage anddinele voltage is shown.
It is shown that the charging of pulse forming line is donengsnonopolar pulse within
1uS from the beginning of the charging which is quite fast. Tloeld voltage is nearly
50kV peak which is very low for the conventional vircator cgén as is mentioned
in the literature to the best knowledge of the authors. Inrég6.29 the current and
voltage inside the diode are simultaneously shown for shgwi comparison and also
to show that main power consumption is taking place in thé fitdse only. Figure
6.30 shows single pulse dissipation in the vircator. It $uont that the diode current
is 6KA leading to the diode impedance estimation of nearlyn8®. As we know that
the pulse forming line has a characteristic impedance o 48d is charged to 160kV
peak voltage hence a load impedance Of Bill have nearly 50kV voltage on it. It

again shows that the voltage pulse appearing on the diodeliglistributed as per the
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Figure 6.37: 4Hz discharge of the primary capacitor banktter generation of the
microwave in vircator; y-axis in volts

voltage division ratio with its source (PFL) impedance. Experiment was conducted
to capture full amplitude by inserting a 40dB attenuatoobethe oscilloscope after
the signal cable. The captured waveform is shown in figurel &3ich is received by
receiving antenna kept at 2.5meter away from radiatingrenate This figure contains
the information about measured power in eighfaient shots showing that the power
variation between dlierent shots is insignificant. To show the frequency stabitit
the diferent shots the instantaneous FFT of the measured wavefdigue 6.31 is
shown in figure 6.32. The frequency comes out to be ranging #bGHz to 8GHz
consistently in all the eight shots. To verify that the anemeasurements are done in
the far field region we conducted the measurements at axishvere ditering in the
distance from the radiating antenna at threfedent points viz 1.5meters, 2.5meters
and 3.5meters away from the radiating horn antenna. Threefarans at each point
were noted and plotted in form of figure 6.33 and it is evideatrf the figure that

measurement at each point follows neafylependency while going away from source
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after 1.5meters away from radiating antenna hence the ctediuneasurement can be
approximated with the far field measurement for the powemedion. Figure 6.34 and
figure 6.35 show the measured electric field and measuredrpesectively when the
receiving antenna was rotated with an angular displaceai@fbdegree from -45degree
to +45degree in a radius of 2.5meters from the radiating antencapture the radiation
pattern of vircator. A peak voltage of 85milliwatt at the trmhaxis was measured with
a cone half angle of 15 degree was observed by the notedicadatttern and recorded.
The peak radiated power after calibration factor put ineodalculation comes out to be
0.85MW. The diciency of the low voltage vircator reported in this paperasng out
to be nearly 0.3% if compared with the input power of the etetbeam which is 50kV
and 6kA. The spectral density as a function of time of the néed waveform is shown
in figure 6.36 which shows that the frequency content haguigrin every shot staring
from 4GHz to 8GHz and the frequency content is not changiognfshot to shot. The
repetitive operation of the vircator is shown in figure 6.3¥ah shows the PFL voltage
during this sequential shots at 4Hz. The respective radigiatterns of all sequential
shots are shown in figure 6.38 with the time scale adjustetiacihe we may easily
compare the modulation and amplitude of each pulse to sestdbdity of radiation in

different shots.

6.4 Conclusion

The results of the vircator driven by thefidirent pulsed power sources are summarised
in the table 6.1. Itis quite evident at the end of this chafttat the systematic progress
has been made starting from the first set of experiments abedwith a bulkier pulsed
power generator to the third set of experiments which hawn lm®nducted using a

compact pulsed power generator which is lighter in weigéb al
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Electric Field (Arbitrary units)
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Time (seconds) scale for individual pulses only
Radiation of 6 sequential shots at 4Hz operation

Figure 6.38: Radiation of vircator at 4Hz (6shots electietd 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 74AF 2.46uF 3.5uF
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 B Burst of 1MW at 4Hz repetition

NOISNTONQ) '$'Q
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A successful operation of vircator is demonstrated in tlvesé set of experiments
using a compact pulsed power source. The energy involveddch experiment was
125Joules making the systerfiieient in terms of power compression and shaping and
also for a futuristic view of achieving repetitive operatio
In the third set of experiments, if we consider that the maximarea that can cause
the formation of measured electron current is equal to thieocke area and the elec-
tron beam is nearly uniform, then interestingly the curidemsities achieved with vel-
vet cathode are also nearly 39@n?. The simple method of capacitor bank charging
topology makes it possible to operate the vircator at nettfly of repetition frequency
which is shown in results of the discharge waveforms of tivaary capacitor bank. The
glow on neon lamps array and resetting of the computers kefoont of output win-
dow with assisted microwave coupling from the vircator &reequalitative inferences of
electromagnetic emission form the vircator device whetkad-ast Fourier Transform
of oscilloscope signal gives the frequency spectrum ofatadi emission lying in the
receiving range of the antenna. It comes out that the emissioges in the range of
4-8GHz and frequency chirping during each shot is also waskoved in the recorded
radiation pulse of the virtual cathode oscillator. The dbathot stability of power and
frequency is also well demonstrated in the experiment. Hper@mental results are
very much consistent with the extensive simulgtadelling results presented in this

paper.
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INDUCTIVE-STORAGE-CUM-
OPENING-SWITCH DRIVEN
VIRCATOR

In this chapter we are presenting the results of extensidygexperimental and theo-
retical) done on the exploding wire based opening swataminductive storage driver
for driving a load of 10-2@ so that a driver may be made for delivering high electrical
power for driving a vircator (virtual cathode oscillatorhigh has already been shown
to be operating from 50kV voltage onwards leading to meddemxperimental ffects
caused by emitted microwaves and is presented in chapten&eXperiment reported
in this chapter was conducted in two steps to deliver finalhGW electrical power on

10Q load in very compact configuration and by using single opédibare copper wire.
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Figure 7.1: Schematic of inductive storage type pulsed pewpply

7.1 500MW SYSTEM AND ITS MODELLING WITH

THE VIRCATOR

Electrical energy storage methods are major design conmp®f@ high-power-pulsed
electrical delivery systems as they are part of essentralved mechanism of storing
energy in long span of time and then delivering this energydesired load in very small
time duration making the amount of peak power delivery indraer of Megawatts or
Gigawatts. The loads requiring such high power deliveryraainly pulsed accelera-
tors for electron an@r ion beams. This high electrical power is used for genemnadi
pulsed high power electron beams, which, after its intesaetith its neighbourhood, in
turn generates high power microwaves (HPM) suitable foiousrapplications. More-
over, antenna or Ultra Wide Band (UWB) systems also make iseat high electrical
powers (of course after pulse conditioning) for direct gatien of High Power Radio
Frequency radiations. Broadly these energy storage mettardbe divided in two parts
one being capacitive energy storage and other being inguetiergy storage. The en-

ergy density in inductive storage techniques can be orderaginitudes higher than that
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of capacitive storage energy density. This advantage df érgergy density of induc-
tive storage method (i.e. realization of a compact pulsesiepsource) as compared
to capacitive energy storage system) comes with addédudiy in the operation or

optimization of the system.

Figure 7.2: Experimental Setup with Marx generator

The inductive storage driver works on following principhen a current flowing
through a circuit, which has inductor as a circuit componnnterrupted by use of an
opening switch that changes its resistance very fast, tthéctor tries to maintain the
flow of currents through itself. If opening switch has anotparallel circuit of high
impedance load then this forced current will flow through therallel 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] oygact Marx bank of
10 stages energizes the inductive storage driver. Each sfdlye Marx bank consists of

a capacitor of 2.1microfarad, which is charged to 4.5kV iraflal 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 voltalightly less than the product
of the charging voltage and number of stages. The triggethirMarx generator is
given by manual operating switch at the centre of 10 stagé® sEhematic of Marx
generator and load assembly is presented in figure 7.1.Tteevadhy point here when
comparing with reference [135] is that the inductance dgvopening-switch is not
externally putinto the circuit. It is the self-inductanddlue geometry of the Marx bank
plus the load inductance. This makes the generator compaetweight of inductive

storage driver is less than 10kgs. The charging system asmaile portable as the

ot (PiNk @ 5kA/div), I ... (yellow @ 5kA/div),
V| .q(blue @10kV/div)

Figure 7.4: Total current (pink) 5kidiv, Exploding wire Current (yellow) 5S5kAliv,
Load Voltage (blue) 10kxdiv: Horizontal Scale 200ndiv

battery is used to initiate the inductive storage drivecolild have been made possible,
as the energgharge requirement for the operation of the system is not hig;h. The
12-volt DC is first converted to the 12\0olt alternating pwisising astable-multivibrator

of nearly 1A current ratings. The output of this astabletivildrator is fed to the 9-0-
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9 \Wolt to 1.6kV rms high voltage transformer. A voltage darbtircuit doubles the
output of this transformer and then by passing it throughgh holtage diode it is
used for the charging of capacitor of Marx generator. Theegrpental setup is shown

in figure 7.2. The air is used as the quenching media for th@ingeswitch. The
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~
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5| ,}‘: A VYTV
c3 L L@ 1200nH 50nH
| R10

21u
= 125
R12
AMN B -
(

PARAMETERS: PARAMETERS:

TotalCMILs 20 BlowLimCu ~ 4.185e-2

length 09 Beta 25 | &

tho 1.72c8 Gamma 190 i P <1u
IF(V(%IN) <BlowLimCu, .

| 1+Beta*Pwr(V(%In)/BlowLimCu,2 5), 25e-12'3.0
Beta+exp(Gammal(V(%In)-BlowLimCu)yBlowLimCu))
SPT[PWR(V(%INYTotalCMILs 2), EVALUE

V(%IN+)"V(%IN-)

Equivalent Circuit of IS for fixed load viz 12.5 ohm

Figure 7.5: PSPICE model of inductive storage system

opening switch is exploding copper wire of optimized dimens. The opening of
exploding wire switch is optimized such that its explosi@eurs at the peak of current
flow through the inductive storage driver. The optimum Iéngmd optimum diameter
of the opening switch in present system is experimentaliyébto be 9cms and 120
respectively. The load used in the experiment is made froppeosulphate resistor.
After early testing of generator, the ceramic disk ressstir high-energy ratings are
used for the experiments.

For the measurement of the parameters of the inductivegaataver various current

and voltage diagnostics have been used. Voltage measurantbe load is done using
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a 75MHz 100kV voltage probe having 1000:1 attenuation raflorrent measurement
for total current and fuse current is done by high bandwidtient transformers with a

sensitivity of 100YA and 100X attenuator before the oscilloscope.

L.us 1.bus 2.0

lotar (red) 10kA/div, Iy yype (Green) 10kA/div, V ,.q4 (blue)
10kV/div: Horizontal Scale Time @ 100nS/div

Figure 7.6: Total current (red) 10kéiv, Exploding wire current (Green) 10Kdiv,
Load Voltage (blue) 10kxdiv: Horizontal Scale 100ndiv

7.1.2 Experimental Results

A peak discharge current of 16KA is observed during shocudierection of Marx gen-
erator. The peak currentis observed at 800ns delay frometi@bing of discharge. The
short circuit signal was recorded without using the opesivgch i.e. by putting thick
wire instead of thin exploding wire. The waveform is showrFigure 7.3. Computa-
tionally it corresponds to the JuP total circuit inductance of the driver. The erected
capacitance of Marx generator is taken to be PR21A circuit resistor of 0.128 is

seen to be appearing in Marx bank discharge circuit consigldOkV erection voltage
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which is nearly 90% of full erection voltage i.e. 45kV. Thengolete compact energy
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Figure 7.7: PSPICE model of inductive storage system witluuen diode

storage device has shown its capability of delivering a pg@0kV with 200ns FWHM
(full width at half maximum) in a 1248 load. The corresponding powers delivered to
the load are 500MW. The corresponding waveform is shown urdig7.4. The longer
rise-time of the waveform is because of the reason of coatisdlow of current in load
right from the beginning of discharge. In order to sharpengtlse a closing switch is
also required and it will help in reducing the rise time of thad voltage pulse. This
closing switch before the load connects the load by selidewn mechanism which
disconnects the load during initial stages of opening s$watction thereby clipping the
initial slow rising part of voltage pulse. Nearly 50ns rig@e is expected in such cases.
In order to simulate the whole experimental activity repdrso far and to propose the
interfacing of such system with fieérent loads of interest we have taken the modelling
mentioned in reference [48]. The spice [74] circuit sohseused to model and solve
the circuit equations related to the physical phenomendmeating of wire and then
burst occurring at the end of event. The pspice equivaldrégreatic of our experimen-
tal arrangement is presented in figure 7.5. The complete ®lesuit is converged to its

lumped parameters for the sake of simplicity in calculatiohs the frequency is low the
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lumped model is capable of simulating the desired currentadtch the experimental

values in short circuited system. The modelling resultgpaesented in figure 7.6 with
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V,_oad"(_!rziéﬁ)w'éﬁ!iéwaff\;; lLoag Current (Green) 5kA/div, Power ,.q
(blue) 500MW/div: Horizontal Scale Time @100nS/div

Figure 7.8: Load Voltage (red) 50kdv, Load Current (Green) 5kidiv, Load Power
(blue) 500MWdiv: Horizontal Scale 100rdiv

dotted line style of waveform presentation. Respectivéescare written using small
divisions. Please note that in order to match experimgnéalieved peak voltages, its
pulse width, other current value parameters, it has beamdfthat value of initial resis-
tance should be kept nearly 2.5times higher than DC resistdio some extent it seems
reasonable also because skiieets are expected to dominate at higher frequencies lead-
ing to higher initial resistance values. The inductancexpi@ling wire and load are
taken to be 50nH which is again on realistic assumptionsighssimismatch of 80ns in

the timings of the occurring peak voltage at load is seenansimulation results. For
higher impedance loads like antennaGI52 etc) the expected theoretical (simple

one without considering quenching of wire) power delivesyeven higher because in-

150



7.1. 500MW SYSTEM AND ITS MODELLING WITH THE VIRCATOR

ductive storage driver acts as a current source and theyeddigpearing at the load is the
product of the voltage at the load and current passing tlhrdg load. The only con-
straint in achieving such enormously high power deliverthinductive storage drivers
is the voltage breakdown inside the exploding wire. Usinigable quenching media

can increase the voltage breakdown limit of exploding wid:mce we have modelled
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L 100
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Normalized Resistance

20.0k

=10
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T y T y T y T
-400.0n -300.0n -200.0n -100.0n
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Figure 7.9: Normalized resistance of exploding copper wire

the inductive storage systems, we computed the amplitudisiaape of the voltage and
current and hence power pulse applied to a Vacuum field-eniskode having a ra-
dius of 20mm and anode cathode gap of 5mm. For modelling tbeua field emission
diode we have used the formula of impedance of planar eletteam diode which is
in fact dependent on the voltage applied to it. This meansheee to model a voltage

controlled resistor following a relationship as that ofdieimission diode in planar ge-
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ometry. The relationship of impedance (Z) of a diode in ptagegometry is given by
equation 1.2. The model of such assembly is shown in figure The results of such
modelling are shown in figure 7.8 with dotted line style of wlrm presentation. The
results predict the electrical behaviour of the system. Akpsower of 0.9GW and a
peak voltage of 140kV (100ns FWHM) is expected to be deliwénethe pulsed power
system in the electron beam load. Needless to say that mes twill be improved by
putting a closing switch before the load. The normalizedstasce of the exploding
wire is shown in figure 7.9. Here the measured value of DCtaasie (140r)is used

for normalization of the dynamic value of the resistancee &tion on wire and the

energy dissipated in the wire is shown in figure 7.10.
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Figure 7.10: Action on wire and energy dissipated in wire
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7.2 1.5GW Compact Generator

The results of a very-compact (confined into 0.20m cylirelrdiameter 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 piteskin the paper. The load
voltage at 10.8 is measured 125kV (150ns FWHM) with 1.5GW peak-power. Tle us
of single-optimized-exploding-copper-wire along witle thise of air for all the switches
of the generator (closing switches of Marx generator anchimygeswitch of exploding

wire) make device very-attractive.

7.2.1 Introduction

The pulsed power generators for HPM load driving applicati@come bulkier and
heavier not only because of primary energy storage reqeingnn many case explo-
sives are used for electrical energy amplification for mumization, but also from the
high voltage insulation requirement atfférent stages of power compression. If the
environment is pressurized or in vacuum then the housinge@ate such environments
make system bulkier and bigger. The aim of this work is to makellsed power gen-
erator which works in open air and is very easy to work withhwiit compromising in
the driving capability for a HPM load or similar load impedas. To have laboratory
based setups it is not always possible to use explosive ledasetdical energy amplifiers
and this constraint applies to this work as well and hencé®performance evaluation
of the generator reported in this letter the devices whighths explosive means may
be kept away from the consideration as they are not reusklaesover, it is also note-
worthy here that idea of implementing more than single woreoptimized performance
of inductive storage device itself is quite demanding im&of preparing an optimized

exploding wire assembly. Hence it was restricted not to ugeerthan one single wire.
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Figure 7.11: Experimental setup for the pulsed power source
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Now as another requirement from the breakdown point of vilea/length of wire should
be suficient to withstand the generated voltages in the air. Hehaeger wire of nearly
15cm is chosen to be used for the experiment. In another vegypaimate length of
15cm of the exploding wire was the aim of designing the pufsager source.Earlier in
a different system we have worked with a length of 9cm and couldrageak voltage
of 80kV only in nearly 18 diode [142]. Once approximately length is decided, based
on the previous experience and approximate estimatios faund that 122micron di-
ameter copper wire should ffice for such currents which are 25kA and reaching in
nearly 500ns to their peak values. In order to generate suigkrds inside an induc-
tive storage device, a Marx generator scheme was impleghesiag 12stages each of
0.68:F and a peak charging voltage of 10kV with peak energy of 38gurThis leads
to the erected capacitance of 55nF and erected voltage &f/1R@Qerestingly the Marx
generator was made in such a way that it has two straight éaek having six stages
and separated with increasing distance from trigger sigpdsite to the load side) to
the load side. The trigger for Marx generator dischargeasiged with manual switch
in between two halves of the Marx assembly. The separatitwdas two straight lines
of Marx generator also provides the inductance to the dinwhich acts as inductive
storage element in the circuit (see figure 7.11).1t is quiteresting to note that because
of the full access on every component of experimental séttgkes only less than two
minutes to change the exploding fuse wire and prepare the &t next shot, which is
not possible in the cases of pressurization of source ordrcéises of explosive pulse
amplifiers which can’t be reused because of their very datiagt nature. Table 7.1
represents the previous noted experiments where the Maecg®r was used to ener-
gize the inductive storage device and then the opening Wgiectro-exploding wire
based) conditions the power going into the load. Referent25]is very bulky as it

requires huge energy to drive the wire for lightening aglan and reference [131]
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is made using single spark gap and is also quite heavy using miaes in pressurized
gas. Reference [132,135] have too low current to drive theator as the total current
output is limited to a few kAs which is just equal to even clealignhited current of vir-

cator, needed to be exceeded for virtual cathode formaReference [136] has driven

the vircator to 20GW and 60GW in a big generator.

7.2.2 Experimental Results

1.5G , . , . , . , . 250

1.3G
200

1.0G +
- 150

750.0M +

- 100

Load Power

500.0M —

Energy in Load

50
250.0M +

0.0

: , . . .
0.0 500.0n 1.0u 1.5u 2.0

Time

Figure 7.14: The power and energy dissipated in the2@oad

Figure 7.12 shows the short circuit current of the Marx gatwrbased inductive
storage device reported in this letter. In this acquisiti@mexploding wire was replaced
with thick copper wire so that no change in circuit resiseatakes place during current
discharge and it is seen that the peak current in the disehar@5kA when the Marx

is discharged at 9kV charging of each stage. The time penddlze peak amplitude
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Figure 7.15: Modelling results of the pulsed power genenaith 10.52 load without
including delayed burst

with the voltage reversal taken into the consideratiors ihferred that the inductance
is 0.uH and the series circuit resistance is 4@@nirhe series inductance associated
with the exploding wire is 200nH as is shown by the voltageseulThe slightly lesser
value of the fuse current as compared with the total circuitent, suggests that the
part of current flows through the load which is connected malpa to the fuse location
presently shorted with thick wire. In the figure 7.13 the &gk across the load of
10.52 made of copper sulphate solution is shown along with theectinvaveforms of
total current and the fuse current. It is shown that a vol@igg23kV is seen across
the load with FWHM of 150ns. Figure 7.14 shows the amount @@y dissipated
in load and also the power reached into the load. The enesgypdited in the load is
quite a good fraction of the total energy of the capacitorkbatrthe outset. The power

dissipated in the load is nearly 1.5GW.
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7.2.3 Discussion with Analysis of Results
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Figure 7.16: Original and modified resistivity of copper &@a®n action integral

A modelling for the pulsed power generator along with thellsadone. For action
dependent resistivity value of the copper wire, the modeppsed by Tucker and Toth
[137] is used as basic guideline which is essentially lichte10-*Amp/ n? current den-
sities and invites further studies for removal of this liatibn. In order to simplify the
computations using this model, equation based fitting has baccessfully used in the
past in which an event of burst (beginning of vaporizatieefined (action at burst is
named action-to-burst and is noted to bex10’Amp.se¢nt*) below and above which
the resistivity varies dierently with the action [138]. In some other cases of modglli
a third equation defining arcing is also considered [139]dbieve physical condi-
tions in modelling. In later studied couple of reference821138] the action-to-burst
is found to be 4AX10YAmpE.sedm* and 47X10Am.segnt* for current densities

of 1X10*?Amp/n? it was also proposed that to interpolate the action-totthesveen
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Figure 7.17: Modelling results of the pulsed power genenatth 10.52 load including
delayed burst

these values a linear fitting can be used [138] as the everapainzation is delayed in
higher current densities [132,138]. Rather using equdtased resistivity model which
follows the trend of Tucker and Toth model fortidrent phases, we have digitized the
waveform of Tucker and Toth model and then we used this da¢afma present mod-
elling directly with linear interpolation between consgee data points. The modelling
results are shown in figure 7.15. The waveforms of the twoscase certainly having
phase mismatch i.e. peaks are not occurring at same infeovalithe beginning of the
discharge in modelling and experimental results. More@eaik values of the voltage
generated are flering by 20%. In order to remove this discrepancy, in a sistE@-
proach, we tried dierent action dependent resistivity curves which were ttagame
shape as that of Tucker and Toth model but were having scaleds of action integral

(to include delayed burst by super heating) to solve thegmtesxperimental problem.
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Figure 7.17 shows the results of the model which is scaled factar of 2.5 (as is
shown in figure 7.16) on action axis of the Tucker and Toth rhodie excellent match
between experimental values and modelling results arar@atainder this condition
and if we back calculate the value of action-to-burst usimg $caled model, it comes
out to be 425x10’Am#.se¢mt* which is nearly in same to so far reported values. The
higher values of scaling factors applied for the resistimiodel drastically reduce the
computed load voltages and hence show that they can't beotbhgas of the present

experimental case.
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Figure 7.18: The computed diode voltage fdifelient A-K gap

7.2.4 Summary

A reusable, ultra-compact and light-weight pulsed poweregator is made using sin-
gle optimized exploding wire in combination to the Marx baitk/en inductive storage

device. To reach similar or higher powers in loads, the desttahon of explosively
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driven compact pulsed power sources is well reported byt¢ha't be reused and re-
quire special environments which protects personnel frophosive hazards. Moreover
the single capacitor bank driven systems are also very haagahbig and also involve
very large amount of the initial energies. As the single cédpabanks are slow, they use
multiple wires for the optimized current interruption whimay not be very handy. In-
terestingly, this compact generator can also be used fageheration of high pressure,
low density metal plasma as the current rise rate is 70Amand the current densities
1x10"2Amp/n? and 0.9GW peak power is dissipated into the wire which is enghme
range as were previously utilized for experiments [140].efEthough the device is
different, however, the present system is compared with thee edimpact Marx gener-
ator designed to directly drive reflex triode vircator atthrgpetition rates [141]. For
18.52 load impedance the present generator is modelled and fauddliver 200kV
of load voltages which is 2GW load power and is same as thateotompact Marx
generator reported previously. In other words if modellediéad of 10.%5 the Marx
generator delivers nearly same voltage and same poweratas teported in the present
experiment. Dimension wise the present system is compaveati the system reported
previously however the weight of the present generator iledow as compared with
the weight of compact Marx based generator. Certainly thexMased system (37kg
weight reported for [141]) can be used in the repetitive mbderequires additional
sub-systems to maintain high press&E; and aifnitrogen inside the Marx generator
vessel. Additionally the cost of all the 12 capacitors usethe presently reported sys-
tem is only 40USD and this feature is no less attractive wieenpared with the cost
of 80 to 100 capacitors used in the compact Marx generatoe. niddelling results of
this pulsed power system are presented in figures 7.17 748 a9 for the diode
impedances modelled on the basis of equation 1.2 withowgidenng the gap closure

event caused by expansion of plasma at the cathode and ttie.aftte results show the
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voltage, current and power delivered at diodes fdliedent anode cathode spacings and

a fixed cathode diameter of 50mm.
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Figure 7.19: The computed diode current foifelient A-K gap
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Figure 7.20: The computed diode power foftelient A-K gap
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Table 7.1: Marx Generator driven Inductive Storage basdéskeduypower generator

S.No Remarks StageS Cmarxl—marx Vmarx Ipeak Wire ZIoad Vload Emarx
1 Ref. [125] 2 2.8pF 80kV  IusclOKA Enameled Cu Xwire 46kJ
6kV/m 720kg wt. 3 1.9F 270kV 20Qum 36m 69kJ
2 Ref. [131] 2 stages F 1.5uH 180kV 150kA 56cm 0.35mmsqg  TD500-600kV  16kJ
bipolar
1 spark
3 Ref. [132] 16-18 580pF 250kV 0.1,1.0,2.0kA 36,4uf0dia overheating 18J
240mm dia 800mm len (estimated) in fuse
4 Ref. [135] 5 stage 80nF 100kVI¢ysel .2KA 35cm 40cm 20 600kV 400J
size 60cm.120cm.150cm A4H 177uH
5 Present Thesis 12 stages .0B5 120kV 25kA 122im 15cm 10.% 123kV 400J
6 Ref. [136] 6 stages 0.pF 1QuH  300kV 25KA - - 23kJ
N, at 2atm Marina
7 Ref. [136] 1.6F 360kV 100kA - - 104kJ
N, at 2atm - -
3 Marina in|| - -

VOLVYIANAS) LOVANG) M\OG'T "2



7.3. GONCLUSION

7.3 Conclusion

The inductive storage driver is very cheap and compact addvsloped using indige-
nous components. The system is being enhanced for its palieey capacity. One
way to do this may be use of better quenching media and longéoaing wires which
will certainly require higher amount of energies to starthwiThe work towards the
interfacing of the driver with electron beam generator folsp microwave generation
is under consideration. For this purpose the present lohctvare of fixed values like
12.50 of 500MW case and 10¢hfor 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 atadl teshave desired cou-
pling co-dficients between the primary and secondary depending up@oéxgal cable
base PFL parameters for two sets of experiments.The tranesfe have been made with
a very novel design technique in which the primary capaditork takes shape of pri-
mary turn of pulse transformer. The voltage gain value, betwprimary and secondary,
as high as 1:20 has been achieved with such designed puistotmaer. The transformer
Is very compact and uses air as insulation to avoid the aaditinsulation weight up to
250kV of secondary voltages applied on PFL. The detailedattiod 3D of such pulse
transformer supports the deign and results of the pulsefoamer.

For the first time the PFL made of high voltage coaxial cald&sjlable commer-
cially, has been made to give low impedance pulsed powerrgemgfour in parallel
to four times enhance current delivery capability and redgenerator impedance to
one fourth) for the generation of electron beams in vircgeometry. With the ever-
increasing use and production and associated improvem#éms insulation technology
of modern XLPE cables for HV transmission networks the safpaaking such gen-

erators is very promising in future. Such a generator hastaen tested for microwave
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radiation at 4Hz operation frequency of the generator inratbnode. Two such gener-
ator with diferent cables have been made and were experimented sullgelsfing a
vircator device. The peak electrical power delivery caligiio matched loads of these
generators is 650MW and 3.3GW respectively for £2d&nd 152 loads. For repetitive
and compact driver for a vircator such generator may findsesas far as reliability of
its operation and ease of handling is concerned for the erperating hands.

The experimental demonstration for 4Hz repetitive operatif axial virtual cathode
oscillator driven by a compact driver is done. The radiafr@guency chirps between
4-8GHz. The measured microwave power is 1MW and peaks atethieecof radiation
pattern. The beam width of radiation is approximately @®ere the power reduces
by half of its peak power which is occurring at the centre akaxThe dficiency of
the vircator is found to be 0.3% for input electrical poweradiated microwave peak
power.

The vircator is conventional geometry has been operatdwedowest ever reported
voltages of 50kV with considerable microwave power emissikhe beam generation at
such low voltages have been found to be nearly similar wigihwhen a high voltage is
applied on cathode. The field enhancement is done by redaoiode cathode gap to as
low as 3mm for such low voltage operation and having a goodusutnaf electron beam
generation leading to virtual cathode formation. A curmensity as high as 300&nmy
has been attained by the use of velvet cathode even at theatfpi of 50kV voltage.

It is also found experimentally that while operating at lositage the kinetic energy
of electrons is limited to 5x10®m/s and hence with smaller A-K gap distances the
frequency of radiation can be kept below 10GHz. The pariitleell modelling of
vircator supports our experimental results to a good ext&éhe modelling was done
with the help of XOOPIC, two and half dimensional partiateeell code.

A broadband conical horn antenna in order to maximize thetiat in free space
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and to maximize them on the axis of vircator was designed thglsupported 3D com-
puter modelling and was implemented after the vircator. dikenna is broadband as
is shown by its VSWR curve. The radiation was found to be maxmat the axis of
vircator after the antenna.

A very novel inductive storage technique based pulsed pgeeerator has been
made to drive a vircator of nearly similar impedances as apem@mented with the
capacitive storage based pulsed power generator. Thetinelstorage based generator
can come within 20cm diameter and 75cm length and used a coppeof 122:m
diameter and 15cm length. Itis fed by a 12stage Marx genarsde of axial capacitors
and all the switches (closing or opening) are in air. The gaEoe has less than 15kg
weight and has been tested to deliver 1.5GW electrical poavé0.52 load at peak
125kV and 150ns FWHM. The peak power computed for the magdoad impedance
vircator with anode cathode gap of 13mm and 5cm cathode dearrsenearly 2GW
and a peak voltage of 200kV. This ultra compact generatoseull for single shot
application and also to those places where one ¢amdato take second shot in next
couple of minutes by simply mounting new exploding coppeewi

In and extensive modelling of opening switch performancexploding copper wire
with simple and fast modelling technique it has been fourad &hcurrent density of
1x10*? amp/n? is what we have loaded the copper wire with. The action irategr
burst for such super heating correspond to highest valugseported in couple of ref-
erences of exploding wires and the value . B5%10"’Amg /.

Future Works

As far as future works in the context of the present works areerned, the following

is some of the advancements which may be taken up. The cakéel lpalsed forming

line may be made for reduced impedance by increasing nunfilcabtes and a simplest

and quite &ective way would be to add the two more cables i.e. total ohsmxber of

169



60Q of cables &ectively delivering 10 PFL impedance capable of delivering higher
peak powers like 5GW in matched loads. The dimensions ofrtpeticoupler of PFL
allows the fitting of these two cables easily at present.

The other technical change may be incorporated by the ngeddisix cables to make a
PFL system by three lengths and charging the PFL at the sparkmgd of the PFL. This
leads to a completely closed and further compact assembly.

The vacuum pumping system may either be completely remaweed the vircator i.e.
after vacuum sealing of the vircator tube or also by pumpsiggiion pump which is
backed by small diusion pump or turbo molecular pump for long life of the desire
vacuum inside the vircator.

Looking at the complexity of design and development invdluethe compact pulsed
power sources at the outset only vircator with simple geom&as considered to be
used in integrated system. In future the other competitaxeags radiating high power
microwave radiation may be used in place of vircator of serg@ometry with the same
or similar pulse power generator.

In the 4Hz operation it is seen that upto six pulses the miav@iemission is almost
consistent whereas after six pulses the microwave emissiogducing at the current
levels studied so far. The next burst of the shots also was gansistent in the begin-
ning but a systematic study is to be done to conclude furiagle shot operation shot
to shot éfects may be further studied for determining an estimate elite of velvet
cathode dependent on the current densities attained iryshens.

In the case of compact inductive storage based pulse powerafer, further work may
be done to make the system self supportive so that it may lokdisetly with the loads.
This can be done by making the spark gaps of the marks whiatnalbedded at the end
of the capacitors. The data of explosion of conductors &elievith the generator may

further help for optimization based on the best choice ohtlagerial for exploding wire.
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