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.Abstraot

A focuseld, Q-spoiled laser, aligned_aloog the inter—electrode axis
of a pulse charéed switch ;ssembiy, was used to'initiate the conduction
of an overvolted traneformer‘oil‘gap, Laser poWer:varied betweenVS and
200 Mw aﬁd the voltage pulse eXhibited a'risetime of.SOO neec.to a
voltage of 700 kv. A param;tric study‘of'therfaotors affecting the
delay between the laser pulse arrival at the gap-and conduction af thefﬁ
gap was accomplished, in'mhich the effect of the-iaser.focal polnt

location and power, polarity and voltage on the gap at laser arrival,

was determined Delay times as short as 12 nsec were recorded with

_ jittezr, a measure of reproducibility, estimated in the low nanosecond

region Good agreement was'found between the observed results and the

- . results predicted from the streamer theory of breakdown
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LASER INITIATED CONDUCTION OF AN

OVERVOLTED LIQUID DIELECIRIC

I. Introductiocn

Statement and Importance of Problem

This research effort is an attempt to determine the suitability of
using a giant-pulse laser ito initiate the conduction of an overvolted
liguid dielectric. In particular, this effort involves a parametric

study of- the factors affecting the delay to breakdown, i.e., the time

© interval between the arrival of the laser pulse at the gap and the

conduction of the gap, in which the effect of the laser focal point lo-
cation, laser power, polariiy and voltage on the gap at laser arrival
was evaluated., Jitter, a measure of reproducibility, of the delay to
breakdown was also analyzed as well as the final breakdown vgltage.
Commercial transformer oil was chosen for this investigation because of
its great utilily as an insulating liquid.

Laser-triggered switching, LTS, the téchnique of using a focused,
giant-pulse laser to initiate the conduction of a dielectric between
charged electrodes, was developed at the Air Force Weapons Laboratory
in order to meet the stringent requirements set on switches used in
nuclear weapohs effects simulation sysfems. These devices consist
primarily of an energy storage system, a switching mechaﬁism, and some
form of energy transducer which converts the stored energy into the

desired radiation output. The successful simulation of nuclear detona-

tign effects can require voltages in the megavolt region, powers in the

thousands of gigawatts with risetimes of less than 10 nanoseconds

delivered at the transducer. The main problem is then finding a switch -



capable of handling currents in the‘megampere range thalt prssent the
minimum inductance to minimize the risetime, while still capable df
holding off voltages in the megavoll region., Furthermore, since these
systems are now requiring very'16W'impedance operation, the reduction
of inductance is very critical since risetime is proportional to the
inductance and inversely proportional to the. impedance.

Liquid dielectrics are of interest due to the inherit high elec-
trical hold off potentials, especially under a fast pulse where they
nold of f as vnuch as three to four times their DC breakdown value. This
characteristic allows a small gap spacing; hence reducing the switch
.impedanée and inductance. TLiquid dielectrics are also amenable to re-
covery which allows for a quick restoration of their electrical insula-
tion characteristics.

Other reasons for using theriéser-triggered switching technique
are the inherent safety of a triggering mechanism that is electrically
isolated from the high voltage source, its capability of initiating
multiple switches with a high degree of synchroﬁization by beam split-
ting techniques, and, finally,lits exhibited capability for repetitive

triggering at high raﬁes‘while still retaining nanosecend Jjitter.

Survey of Previous Papers

The first paper on laser-trigéered switching was published by
Gueﬁther and Pendleton (Reff 15). They focused a-0—80 Mw Q-switched
ruby laser perpendicular to theraiis of minimum Separation of é Sphere-
sphere gap using different gases as'dielecirics, and kilovolt DG volt-

_ages. Theif preliminary‘stﬁdy was involved in determihing switching
éharacteristicé a5 functions of 1ésér.power, diélectrics gas, gas
pressure, gap spacing-and electric field. The loﬁest delay to breakdewn,

2
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as low as 10 nsec, was achieved in SFg at atmospheric pressure when
the lagser was focused on the high voltage electrode. Similar results
were reported by Barbini (Ref. 2).

To extend LTS to the DC megavolt regime, Guenther and Bettis
(Ref. 11) used a 100-250 Mw ruby laser to trigger a 50 ohm coaxial
capacitor by firing the laser along the inter-electrode axis. Gases

were used as dielectrics and delays to breakdown of 2 nsec with jitters

of 0.2 nsec were reported.

The use of high vacuum as a dielectric for LTS was studied by
Ciark, et., al. (Ref. 5) using a 1 Mw Q-switched ruby laser triggering
a 300 kv DC gap. Delayé to breakdown in low microsecond reglon were:
observed. ‘

Repetitive LTS was reported by Guenther and MeKnight (Ref. 13)
byrusing a low-energy high brightness YAG laser to switch a gas gap.

Repetition rates of 50 pulses per second with jitter less than 1 nsec

were reported. Multisgap switching and multi-channel switching in DC

gases were also studied by Guenther, et. al. Four gas gaps were fired
at 50 pulses per second within .1 nsec of each other by using a YTAG
laser (Ref, 12) and the simultaneous laser initiation of two breakdown
channels in a single gap reduced the current rigsetime of the output by
a factor of two when compared to a single channel breakdown (Ref. 9).

The usé of solid dielectric for LTS was investigated by Strick-
land (Ref. 21). He employed a 20-90 Mw Q-switched ruby laser focused
along the‘interuelectrode axls with DC voltages of 80 kv, obtaining |
delays to breakdown as low as 3 nsec in 10 mil Lexan.

One other dielectric has been investigated for use in LIS.

Marolda (Ref. 14) used transformer oil in a sphere-sphere gap with
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spaéing of 0.365 cm and studied two triggering configurations for DC (m\
LTS brezkdowns. Microsscond delays were observed when the laser was -
focused perpendicular to the inter-electrode axis whereas delays as

low as 30 nsec were observed when the laser was focused along the

inter-elsctrode axis.

QOrgarization Qi Paper " -

The body of this paper contains six main chapters. Chapter 11

- will present a brief outline of the available mechanisms for eléctron
production and borrows the two main breakdown mechaniSms from gaseous
breakdown to form a semi-quantitative expression for the iaser initi-
ated breakdown of an overvolted transformer oil. Chapter IIT explains
the equipment used in this experiment, including a discussion of the
operation of a Marx pulse generator. Chapter 1V éxplains the experi-
mental.arrangement, including a description of the degradatiqn of the (i}
equipment. Chapter V defines the parameters to be varied and discusses
how these parameters were obtained. The main results_are présented at
the end of this chapter. The last ghapter, Chapter VI, contalns a
discussion of the data and how it correlates with the semi-qualitative

- proposed expression developed in Chapler IT and an egtimation of the
errors present in the various measured paramefers. Possible solutions
- to the problems encountered are suggested. This last Qhapter ends with

recommendations for further studies, and the applicability of employing . »

. the LTS technique to an overvolted Liquid dielectric.
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‘IT. Theory

A rigorous theory of the breakdown mechanism of liquid dielectrics
under DC or pulsed voltages is as yet not available. %The following
four sections will attempt to deseribe the principal phenomena associ-
ated with overvolted breakdown of a liquid dielectric when the dielec-
tric. breakdown is initiated by a laser.

The first section deals with the mechanisms available to liberate
ions and electrons from the surface of the electrodes, followed by a
section describing the events that follow the liberation, mai?ly the
mechanisms of ionization and deionization, .The third section describes
the mechanisms available to explain the conduction and breakdown of the
gaps, The last section will attempt to place the first-thrée areas to-
gether and semi-quantitatively describe the laser initiated breakdowm.

The voltage pulse associated with this experiment can be considered

a ramp function going from zero to 700 kv in 400 nsec.

Emission of Electrons and Tons from the Electrodes

Two major mechanisms are involved in this experiment., The first
type deals with the electron and ion emission before the laser pulse
arrives; the latter with the emission at laser arrival.

Before the laser pulse arrives in the switch area, the electrodes
are under the influence of a ramp voltage pulse. Under these condi-
tipns, the main mechanism of electron emission is due to field effect
emlssion.  Ion emission at this state is negligible.

Field Emission

Under the action of an electric field, electrons may be "pulled"

out of cold surfaces by the field along (Ref. 6). This effect is



~ known by several names, mainly as field emission, cold emission or auto-

electronic emission. An expression based on the wave mechanies theory
has been developed by Fowler and Nordheim for this typs of action under
~an electrostatic field. The Fowler-Nordheim equation for the fleld

‘emission rate of electron generation is of the form:
dn/dt = & B% exp (-B/E) ENGD)
- where:

A and B are constants

E = electrostatic field

In order to describe a time dependent electric field, assume that

the voltage pulse applied to the target electrode is:

V=Vyt ? {2)
fhen the electric field associated with this ramp voltage pulse is:

E = Eo.t | : - | (3)
for the electficlfield is:

E=V/d
' - and
'EQ =_V0/d

where d is the gap spécing.

Hence, the rate of electron generation by fisld emlssion becomes:

dn/at = A*_p? exp (-B*/t) -_ _-“ (&)



O
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.

where: A% = Ao

B* = B/

FElectron and Ion Emission by Lasér Pulse

Cnce the laser pulse arrives at the targeﬁ electrode the entifé
electron emissioh'picture is greatly changed. The interaction of the
laser pulss radiation with a solid surface may be described phenomeno-
logically as the éléctronic égsorptién of fhe obtical radiation by the
cold surface within a'féw optical mean fiee paths of the surfaece during

the first few nanoseconds of the energy deposition cycle of the laser

‘pulse, with the consequent vaporization of the material. Further heat-

ing of the cool vapor may then occur at somewhat later times during the

 laser pulse due to molecular absorption, with the eventual ionization

and reradiation from the Eiasma; Figufé 1 shows the interaction of the
laser with the target electrode without any voltage applied to.the
target electrode. Note the plasma formation due to the heating of the
blow;off materiél. | “

Due to the complexﬁty of the iﬁtefacﬁing.individual phenomena of
electron and ion formation caused by the 1asef, it is béyond the scope

of this study to relate each individual mechanism of ion and electron

7
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Fig. 1 Laser Pulse Inter@ctiqn,with the Target Electrode
- (TParget electrode is on.the left and the laser . (;}
pulse is travelling from right to left.) '
- production. .Iﬁstead, an:overali electron gensratipn equation de-
- veloped by Raizer will be employed (Ref. 17).
T - ‘THe equation described by Raizer_fﬁr the rate of electron genera-

tion in plasma. by a laser is:

dnfdt = Ny O exp (6t) (s

where: - o

N, = number of electrons present at laser arrival.

©
H

number of electrons produced per second.

t = time in saconds

et
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This expression will hold true for only the middle pertion of the
laser pulse. The limits to be set on the middle portion of the laser
pulse are arbitrary, for equation (5) is not valid for the fast expand-

ing plasma encountered during the latter portion of the laser pulse

interaction. The plasma of inferest 1s formed during the Tirst few

nanoseconds of the laser pulse.

The number of electrons present at laser arrival will be deter-
mined by the combination of.the electrons produced during the field
emission and the assumed constant number of electrons generated by the
initial few nanoseconds of the laser. During the early stages of the
voltage pulse on the target electrode, the field emission electrons can
be neglected, a condition which does not hold true at voltages near

self-breakdown of the dielectric.

Tonization and Delonization of the Dielectric Media

Once the electrons and ions have been injected into the dielectrie
medium they will start drifting under the influence of the electric

field and ceuse ionization of the dielectric medium or be lost due to

recombination.

Tn order to separate the mechanisms of electrons production and
recombingtion, the following assumptions will be made:

1. There exists a large number of electrons and ions in the
dielectric with a wide energy spread caused by the previously mentioned

mechanisms.

2. The laser has little effect on the dielectric due to photoioni-

zation, for measurements made of the absorption of the dielectric used

in this experiment showed an almost 100% transmission of the 694340



radiation of the laser.
3. The effect of the magnetic field assoclated with the pulsed
electric field is insignificant. This is due to the fact that the

ratio of the eiectric field to the magnetic field can be related as:
R = E/(Bv/c) o _(6)
.Wheré:.
' E = electric fiéld
B = magnetic field

v = velocity of the particle

¢ = wvelocity of light

The maximum particle velociities are small compared to thail of the
épeed'of light, causing the ratio to heavily favor the electric field
“ force,

The main mechanisms of ionization and deionization are lonization

by electron collision, radiation ionization, and recombinaiion.

anization by Electron Collisions

| Tﬁe energy néceséary to lonize a molecule of the dielectric media
may be given to the molecule by means of an elecfron impact. The ef-
fectiveness of the electron to cause ionization depends on its energy.
Tt is customary to determine a quantity S, a probability of ionization
by an electron, basically related to the number of ion pairs produced
by the electron travelling one centimeter in the dielectric. S will
bé small.for electron enérgies below tﬁe jonization pbtential of the

dielectric and will again decrease when the electron is too energetic.

10
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Mederate speed eleétrons having enefgy less than the ionization po-
tential may excite an atom and this excited atom may be struck by
another slow moving electron, thereby gaining enough energy to complete
the ionization. Very fast electrons are also poor ionizers compared to
those of optimum energy for they can pass through the atom's sphere of
influence without removing an electron.

If the colliding electron has more energy than the minimum neces-
sary to ionige the étom, the excess may be transferred to the ejected
electron, be retained by the lonizing electron or may be retained by
the single ionized atom and cause further excitation or ionization.'
Any combination of these events can occur. In congidering the pro-
cesses involved in thé electron collision one must remember that the
laws of conservation of energy and momentum rust held for the immediate
pfoducts of the collision. In polyatomic molecules the internal energy
of the resulting positive ion may be greater than the energy of its
disassociated fragments so that the aisassociation.may result in.
secondary products of lonization, “

Positive iong are effective ionizing agents if their energies are
very large. Ions apparently become effective ionizers when thelr ve-
1ocities are as great as those of electroﬁs which have attained ener-
gies-comparable to the ionization potential of the dielectric. The
effect of positive ion can be neglected for they are assumed not to
have attained enough energies to become effective for ionization.

-~ Radiation Ionimation

Radiation ionization or photoionization is the term applied to
the capability of a photon to lonize a substance. The heated plasma

formed by the laser is a source of considerable range_bf wavelengths.

1



The photons emitted by recombination of electrons in the trailing edge
of avalanches (as will Le further explained) is also an intense source
of ionizing radiation. It should be remembered that the laser at
69434° does not have sufficient energy to cause ilonization of the
moleculés.

Photons having energies less than the minimum lonization potehtial
of the dielsctric will cause.no jonization while those of higher ener-
giesrfhan the ionizétion'potentiél will eject electrons of high ener-
..gies.‘ Thié secbndary electron could then produce more ionizatioﬁzby
eiecﬁfon coilisions.

Recombination

The main:mechanism‘of deionization will be considered the recom-
bination process. Attachment mechanisms have a very slight probability
of occurrence Tor they require a third body to accept the excess energy
of the:attaching.particleé {Ref. 6).

Congider a volume of gas in which ions of both signs are uniformly
distributed and jonizing effects have been removed. It will be assumed
that in this fegion there exists a high density of ions. The rate of
disappearance of ions of either sign shouldrbé proportioﬁal to the

product of the density of the two kinds.

Letr
Ny = density of negative ions
Ny, = density of positive lons
¥ = recombination coefficient
then: dNy/dt = dig/dt = NpNp¥ | (7)

12
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If the pogitive and negative lon concentrations are equal and of density

N, the equation (7) becomes:
_ 2
aN/at = ¥N , (8)

Using the mechanisms presented above, an attempt will now be made

to deseribe a suitable breakdown mechanism,

Breakdoun Mechanisms

Due to the complex nature of the processes in overvolted liquid
dielectricé, no satisfactory breakdown expressions have yet been de-
veloped. This study will adopt the two accepted breékdcwn mechanisms
available from gas breakdown and try to relate them to liquid dielec-
trics. Thege mechanisms are thse Tansend.avalanche and streamer
mechanisms.

Townsend Avalanche Breakdown

The Townsend avalanche breakdown mechanism is based solely on
field intensified ionization by chargéd particle collisions. Basically,
one assumes that there exists a number of charged particles, available
at the electrode, which start drifting under the influence of the
electric field. Since the positive ions only produce sufficient loniza-
tion if greatly accelerated, they will be neglected. If one then as-
:sumés that the electron can produce o ionizing collisions per centi-
meter of'tfavel, the total mumber of electrons generated after a dis-

tance x can be computed from:
N = NO exp (OC}:) (Ref. 18) (9)

where: ' o ' ."N0 = dnitial rmumber of electrons

13



If one assumes that:
9: O‘X/t

where: t = average time taken by the electron to

cover a distance x

one obtains an expression for the total number of electrons after a

'time t.
Cow= N, exp (B t) ' (10)

. Differentiating Eq (10) with respect to time, one obtains an expression

for the rate of charge carrier production due to the Towmsend avalanche

mechanism:
difdt = No B exp ( B t) (11)

The exponential growth of the number of electrons produced by the
Townsend avalanche mechanism can be physically interpreted as a éonical«
shaped growth of ilonization. The avalanche process continues until the
gap is bridged with an ionized path along which conductior can take
- placs.,

This rather simple theory can account to some extent for the self-
breakdown of the pulsed dielectric. Another mechanism, nevertheless,
has to be proposed in order to explain certain characteristics of the
laser induced Bfeék&dﬁn. This other process is the streamer mechanism.

Streamer Mechanlism

The streamer bféakdown mechanism was first proposed in 1936 by

Raether and Fleger (Ref. 18). This theory is an avalanche related

1k



mechanism and relies on photoionization of the dielectric produced
during the avalanche.

Assume that the avalanche crosses to mid-gap or near the anode.
At a certain point in the growth of this avalanche, the positive ion
density in the trailing portion of the avalanche (anode end) becomes
sufficient to produce local fields which distort and augment the ap-
plied field. If these local fields are high enough, the electrons
emitted from the head of the aValéncherwill tend to recombine with
the positive lons in the avalanche'énd emit high energy recombination
?hotons isotropically, which causes photoelectric ionizatién. In the
intense field regions ahead of and behind the avalanche head, the
photoeleciric ions produce new avalanches and rapidly spread the dis-
charge towards both electrodes.

The required field distortion caused by the positive charge densi-
ty trailing one avalanche may not be sufficient for streamer formation.
In this case several avalanches are needed so that the space charge
formed by each successive avalanche would then add to the space formed
by the precéding avalanche until the cumulative space charge field
disto;tion is sufficient to produce streamers.

In an avalanche or streamer directed towards the ancde, the elec-
trons ahead of the propagating discharge are swept to the anode away
from the growth of ionigation., However, if one has the discharge |
initiated at the anode, the extremely high-positive charge at the head

of the propagating arc column accelerates electrons towards itself with

- such force that coplous numbers of ionlzing collisions can take place,

resulting in emission of high-energy photons, which now travelling at

the speed. of light 1n the dielectfic, can produce lonization of the

15



dielectric media and, therefore, guickly bridge the gap.

Two basic important diffsrences belween the twe breakdown mechan-
isms should be cbssrved. First, the streamer mechanism is faster due
to its reliance on photons rather than electrohs for the breakdown propa-
gation. Second, the streamer meohéhism can propagate from the anode to

the cathode whereas the dvalanche can not.

Lager Initiated Conduction

The first three sections of this chapter have dealt with the
évaiiable mechanisms of producing eloctrons and ions at the electrodes
and the dieleciric. These sections have suéplied the basic tools nec-
essary to attempt to deseribe the laser induced breakdowm.

Two important processes are now assumed evident:

1. Conduction of the gap will occur through an avalanche streamer
process.

2. The streamer propagation is s0 rapid that the delay betwsen
the initial productlon of charge carriers and the breakdowm is es-
sentlally the time it takes the avalanche to reach the crltlcal charge
carrier concentratlon to form streamers.

The basic approach will be to form an equation relating the net rate
of electron production by the prev1ous mechanisms. This net rate of
electron production can be 1ntegrated from O to the tlme ‘of breakdown,
giving the_crltlcal_charge carrier concentraticn needed for conduction,
.The net rate of eleotroh generation will then be the sum of the elec-
;trons produced by field emission, laser and Townsend avalanche minus

. the electrons lost due to reoombination:
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e

[net rate of Trate of electron
electron . fproduction by +

roduction fiseld emission

rate of elsctron Trate of electron
production by + produetion by -
e

laser Townsend avalanch

- |rate of eleetron
recombhination
Using the previously described equations, mainly Eq (4), (5), (11) and

(8), one can write the above expression as:

dN/dt = A%t exp (~B*/t) + No 0 exp (0 t) + NoBexp (§t)
- (am)2y (12)

Since these terms apply only to distinct sections of the total
electron generation time, a discussion of the time elements and sig-
nificance of the assoclated constants follows.

The rate of electron generation by field emission has time limits
from t=0 to t=breakdown. The contributien of this term can be con-
sidered small as compared to the total number of electrons generated
by the other two mechanisms.

The rate of electron production by laser term has limits from
t = (laser arrival + dt) to t = end of laser pulse. The constant Ny,
the number of electrons present at laser arrival, will be the number
of electrons generated by plasma boil-off from the target electrode
dﬁring the first portion of the laser interaction.

The rate of electron generation by Townsend avalanche term has

17



Timits from t=0 to t=breakdoun time.or until streamers ﬁake over. The
constant N will be tinme dependent and will basically be the mumber of
slectrons generated by the preceding terms of electron generation.

The rate of fecombinétion'térm;is presehf'thfpughout_the entire
electron generation.ﬁiﬁe, mainl& from t=0 to t=breakdown time. The
constant N will be time dependent and will essentially be the number
of electrons generated by the £hféé-pfeéédiné électr0n generation terms.

The net rate of electron.generation equaﬁion will not be inte-
gratéd but kept‘as-is so.as to maintain,the;éifferent_gengration terms

independent.

2_18
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TIT. Equipment

The laser‘triggered apparatus used in this experiment consists
of four major components: an electronically Q-switched laser, an
optical conduit housing a lens system for focusing the laser radiation,
a 2 Megavolt Pulser, and the diagnostic equipment. These four major

components are depicted in Fig. 2.

LASER
ELECTRONICS

i

/‘\ PHOTODIODE X
; il

BEAM  LTp “CHART
SPLITTERS CECORDER
d FOILOMETER LoAD MONITOR

DIAGNOSTICS

LINE MONITOR
(Rfsgwe DIVIDER] {CAPACITOR DIVIDER)
( EXTERNAL
| 17 TRIGGER
MARX
= s GENERATOR
TURNING
PRISM . i
: OPTICAL CONDUIT
LAD ELECTRODI;) TARGET ELECTRODE

Fig. 2 Major Components of the Laser-Trlggered
: Sw:Ltch:.ng Apparatus

Taser Systenm

The laser system used in this experiment was an oscillator-amplifier
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Korad model K-1500 ruby laser. Energy output of the laser system could
be continuously varied from 1 to 8 joules with pulse ﬁidths (FWFM) from
40 nsec for the lower energy range to 30 nsec for the higher energy
- range. Peak powers véried from 20 to 220 Mw. Figure 3 depicté the
laser system. B .

This system employs an oscillator rod, 9/16 inches in diameter by
6 inches long oscillator rod, Opticaily pumped by a single helical
Xenon flashlamp. This assembly is placed in an optical cavity Q-spoiled
by a KD¥P Pockels cell, When the Pockels cell is friggered electronic-
ally on command, the oscillator cavity is completedlbyra 100% dielec-
trie reflector at the rear and a 17% reflectivity sapphire flat in the
front. The entire oscillator caVify is approximately 24 inches long,
from rear reflector to frqnt refléctor.

The output of the oscillator is passed throﬁgh_gn inverse Gali-
lean telescape.which expands the beam to approximately.3/4 inches in
diameter. The beam is then_apertured by.én elliptical cefamic assenbly
whose function is to préﬁent blowéoff onto the face of the amplifier
rod from the alumimm amplifier rod holder.

‘Afﬁer the oséiilafbrlbutput is_apertured it is allowed to pass
onto the amplifier staée §1aéed_at tﬁ; Brewster angle with respect to
tﬁe oscillatof axis. The éﬁ@lifier stage is comprised of a ruby rod,
3/4 inches in diameter by 9 inches long, optically pumped by a single
helical Xenon flash lamp, The output of the laser system 1s then al-
lowed to pass through a Brillouin“reflectidn rejection system com-
prised of a Brewster's plate tent hofizoﬂtally polarized, followed by
a quarter wavelength plate cut for the ruby wavelength,.6943Ao. The

functions of this Brillouwin reflsction rejection system will be

20
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discussed in the seotion‘deeliug with equipment. degradation, page 40,

Laser Electronlcs B

The laser electronlcs eon51st of the laser capacrtor bank, shutter
electronics A, a delay generator and shutter electronmcs B.

The laser capa01tor bank conslsts of a 60 uf capaoltor used on
the oscillator flashlamp and four 100 uf C&paCltorS used on the ampli-

fier flashlamp "The empllfl‘r flashlamp capacltors could be. 1nserted

in the system ] : _ :
| - Shutter electronlcs-A 1'usts malnly of . a mllllsecond delay
generator, Whereas the delay generator con51sts of an EL Dorado Model
650 nanosecond delay geuerator, Shutter electronics A 1s used to set

the 0pening of the PockelS'cell at maxzmum populatlon 1nver510n-of the

oscillator rod, whereas the delay generator 1s used to tlme sequence

the’ 1aser pulse at dlfferent tlmes on the voltage ramp:apubied to the

target electrode.

- Shutter electronlcs B 1s the orlglnator of a 40 kv pul_t’”
‘command the opening of the Pockels cell. Thls 40 kv pulse Was'achleved

by shortlng a coaxial line charged to. 20 kv and u51ng voltage doubllng

of the reflected pulse. Thestlme—the Poakels;cell gus kept,ogened is

determined by doubling the electrioal transit time:of the chaféed cable.

Optlcal 1 em

The Optlcal system consmsts of a turnlng prlsm and an optlcal

conduilt. The turnlng prism is a 45-90-45 degree prlsm whos'” erpendlc—

ular faces are coated with a hard antl—reflectlng coatlng fo_:6943A°
in order to- 1nsure mlnlmum reflectivity of the Jlaser. output baok into

the laser system.

22
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The optical conduilt was designed to transport the laser radiation
through the load chamber of the 2 Mv pulser and allow it to be focused
along a line joining the points of closest approach of the electrodes.
The conduit consisted of a plexiglass tube in which three lenses were
mounted. This assembly was hermelically sealed in order to insure that
none of the SFg used to pressurize the load chamber would penetrate the
lens system, thersby changing the index of refraction of ‘the media in
which the lens were exposed. The entrance end was opened to the atw
mosphere whereas the exit end was exposed to the dielectric in the
switch.chamber. This exit end was sealed by the last lens apd a high
pressure nozzle was proﬁided to circulate the dielectric in fhe switch
chamber over this final lens in order to insure that air bubbles or
carbon caused by the laser breakdown of the dielectric would not inter-
fere with the passage of future laser pulses. The ﬁhreenlens system
description and governing equations, together with the theoretical

and experimental focus positions plots, can be found in Appendix A,

2 Megavolt Pulser

The pulse generator used in this experiment was a Fhysics Inter-
national 2 My Pulser. This system has the capability of delivering
a 2 megavoll pulse with a rise time of 700 nsec to a 24 inch in diameter
semielliptical electrode. Figure L is a cross-sectional view of the
2 Mv pulser. In Fig. 5, its exterior is shown.

The 2 Mv pulser consists of five subéssemblies: (1) the control
console and Marx trigger amplifier, (2) a DC power supply, (3) a 15
éfage Marx generator, (4) a 10 ohm coaxial line and (5) the switch

and lecad assembly.
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Fig. 5 Extericr View of the 2 Mv Pulser
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Control Console and Marx Tr:tp:;zer Amol:t.f:l.er

operat:l.on. S

DC Power Sum:g.& : "

kv charging voltage.- F:Lgur

Marx generator- o:'.rcu:t winy

Marx stages are connected in series- through modular m:.d—plano
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Stage 1 2 3 4 5 14 15 ‘(

: HV Input

_,/_ T TZ?J_

Rl to Ryy ‘,HV Chgrgihg Resistdrs'

Rl5 to. R14 1 Ground‘Returg

' Fig. 6A Equivalent Marx Generator Configuratlon
Durlng Charging

/_IL -

‘a trieatron
type

R; to R14 t Midplane Resistors

Flg. 6B Equlvalent Marx Generator Conf1gurat10n
L During Erecgion )
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triggered spark geps pressurized with SFg gas. ‘The mid-planee of each
gap ere‘resistively tied to the capacitor case two stagee ahead., During
the charging of the generator?the resistance across the mid-plane gap
fdde'tcofiarge and thelgenerator‘charges as a ‘sequence of nerallel-‘
capacitors throngh the chergdng resistors. The mid;planee are held at
their‘equipotential, i,é., one half of the charging voltage, during
the charglng and holding operat1ons. A'trdgatron gaps, using com-
pressed air as d1e1ectr1c, is connected between the first stage and
ground..’When the first stage is shorted to ground on command from the
Marx trigger amplifier, the mld-planes become unbalanced w1th respect
to the main electrodes and erectmon of the Marx generator taekes place.
The use of the mid-plane triggered spark gaps makes it possible.to
reduce the jitter and erection time of the Marx generator. The output
of the Marx generator is used to pulse oharge the-lO‘ohm coaxial line
:-through a 1arge 1nductor. 7 | o | o "

10 Ol Coax:al Line

B Connectlng the Mérx generator and the terget slectrode is a 10 ohm
coaxnel line. This 11ne is pulse oharged_hy the Marx generator via a
40 uh choke. The coaxial line measuree~8 ft. long, with the ineide
Oonductor havlng a dlameter of 36 1nches and the outside conductor
"’48 1nches. The total Line cepacltance 1s caleulated to be 1200 pf,
w1th transformer oil used as the dlelectrlc between the outs:de and
a'1nszde conductor, Sltuated at the- mlddle of the coaxlal 11ne is a
capacitive voltage divider whlch non1tors the pulse charge and the
reflection from the load or the 10 ohm Line. The pulse charging
equations can be found in Appendix B, together with the experimentally

determined voltage waveforms.

28



Switch Chamber and Load Assembly

A separate chamber'contains the electrodes forming the switch and

the load assembly. A cross-sectional view of the switch and load as-

sembly is shown in Fig.'7.

T
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Fat
Lﬂm—___‘_*:x.

1 ft

1 -~ Target Electrode 4 « CuS0, Load Resistors

2 = load Electrode
3

5 = Turning Prism

- L0 ohm Coaxial Line 6 = Optical Conduit

1

Fig. 7 Cross-sectional View of the Switch Chamber

and Load Assembly

Connected directly to the 10 ohm line is the target‘electrode.

The load electrode across the gap is supported by an insulating'ring
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of epoxy. The target electrode'cau he‘eﬁiernally adjusted'hy'a hydraulic
systemlto vary'the gap spacing. Thirty-two 320 ohm copper sulfate re-
sistors form a parallel bridge across the epoxy vessel grounding the
1oad electrode. The total impedance of therload is 10 ohms,luhich
natches the 1mpedance of the 10 ohm llne.l One of the load resistors

was tapped and used as the load voltage menitor. Both the target
electrode and the load electrode have semlelllptlcal heads wuth a
diameter of 24 1nches. The radlus of a 24 1nch in dzameter semlel-
Lliptical head is about 22 1nches, wh;ch allows for the electr1c fleld

at the_axus-pf the electrodes te be}wlthln 5 percent of that of a plane
" parallel gap The corners of the-:«elliptical' heads that would normally
be regions of high field strength are, in this geometry, electrically~

' shielded by the large diameter coaxial lire conductors. ‘

The six inches ih diameter center portiou pffthe_electrodes could
be removed for modlficatlon and 1nspect10n. The load electrede cehter
portion features a 1/2 inch dzameter opening through which the laser
beam was allowed to pass. The entlre 1oad area can be pressurlzed_w1th
a dlelectrle gas in order to avoid corona losses. SF6, at atmospheric
pressure, Wes used in thls reglon. Figures 8 and 9 show the target

and load electrode respectively.

DiagnostiglEquipment
.The-diegnostic,equipment can be divided into three major‘catee
' gories: laser monitoring, pulser monitors and auxiliary equipnent.

Laser Monitors

Three quantltles relatlve to the laser pulse are of interest in

"thiS-experlment. These are the laser pulse shape, the energy contalned
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Fig. 8:4Load,Elec§rode Viewed Head-On

in the laser pulse and the time at which the laser pulse occurred. A1l

'/ these quantities:were. obtained by diverting a.small portion of the.

ibeam-into two sensors wia the use of beam splitters.

-7 .. The laser pulse shape and time reference was obtained by a-5-20

ITT vacuum planar photodiode exhibiting a 0.1 nanosecond risetime,

This output was monitored on a Techtronix .519. oscilloseope and divided

or triggering other scopes as an initial time reference,

- The; laser: pulse energy was monitored by a thin-foil calorimeter
- (foilometer) which consists essentially of a piece of aluminum foil to

which a.thermocouple has. been attached. The, foilometer was calibrated
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. Fig. 9 Target Electrode

by simultaneously monitoring the foilometer and the total energy output
of the laser system; the latler &eterﬁined by a factory . calibrated. TRG
Modsl 117 Thermopile. The signal of the foilometer was monitored on a
Hewlet-Packard Model 425AR-DC microvoltmeter and recorded on a Sanborn

Mbdel 7701A heated-stylus strip chart recorcer. -~ - = -

2 My Pulser Voltage Monitors
Two voltage monitors were used. One monitored the voltage pulse
on the 10 ohm line whereas the other monitored the voltage across the

‘load. The 10 ohm line voltage monitor employed a capacitive voltage

divider network followed by a rvesistive divider network, The total
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attenuation was 15003 1 with a time eonstant of 30 microseconds which
insures a deviation of less than 5% at 500 nsec from initiation of the

veltage pulse. The load voltage menitor consisted of a resistive

voltage divider network, tapped off one of the-copper sulfate load re-

eistefs; foliewe& by another resistive voltage divider. This last
menitcf was net celibrafed as it was used strictly as a tining monitor
for tﬁis ex@efimeﬁt;

. The two voltage monitors induced signals with peak amplitude of
a@proxiﬁately'BO'volfs into the cables which insured a high signal-to-

nolse level. These signals were further attermated at the inputs to

the oscilloscopes where they were displayed. The line voltage was .

dlsplayed on a Tektronix 555 dual beam oscilloscope simultaneously
with the incident laser pulse and the 1oad voltage Was dlsplayed on,

z

two Tektrenlx 519 oscilloscopes at two different sweep speeds.

Auxiliary Equipment ‘ o - S :

- Electrical time delays of the coaxial line cables were heasure&

- with a Hewlett-Packard Tlme Domain Reflectometer Wlth an accuracy of .

0.1 nsec at the 20 nsec/cm rate. 7

' Themoscilleseope'trace photographs were read on a Carl_Zeis Model

/1047 film reader with a reproducibility of # 1.0 microns.,
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IV. Experimental Arrangement

This chapter will explain the reasoning eehind the configuration
used . in this experiment and the“problens enconntered nith the eqnipment.
Also, a detalled explanation of the sequence of events that take place

~once the command 51gna1 is glven to the system will be explalned. The
first section concerns itself with the high noise 1evels encouneered
in this experiment and the methods used to overcome them. The second
section dESCPlbeS the sequence of events whlle the 1ast sectlon des-
: crlbes the problems encountered w1th the eQulpment degradatlon.i Inr
Fig. 10.a detalled layout of the total system is presented as refer~

ence for what follows._

W . 7 :
mm ' - SYSTEM BLOCK DIAGRAM
G-MTH 4 ‘ : . O

ER

Fig. 10 Detailed LTS System Block Diagram ' , €
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Induced Noise

High noise levels were generated in the area surrounding the entire
system. These high noise levels, generated by the high electromagnetic
fields produced during the discharge of the laser capacitor banks and
the erection of the Marx generaior, were capable of indﬁcing voltage

pulses on the order of six volts in solid shield, well grounded coaxial

cables; The major effect of this induced noise was twofold. Firsf,

it presented serious problems with ﬁhe oscilloscopeé and délay gererators
causing them to trigger before the real triggering signal érriﬁed.
This prpblem of pre-~triggering wasrsolved by raising the triggering
voltéges and using Zener diodes‘to block the induced noise. The seé-

ond problem was the erratic behaviof of the oscilloscope traces in the

~ presence of high EM fields. -This problem was solved by placing all the

oscilloscopes and the delay generator inside a double shielded 120 db

attenuation RF screen room.

Seguence of Events

The first consideration that had to'be given to the comnnection of
the laser:systém to the 2 Mv pulser was the.selection of a zero-refer-
ence time from where the sequence of events that followed fof the two
systems would be independent of each other. This reference point-will
determine the reprodﬁpibility of the timing of the iaser to a partic-
ular point on the voltage ramp. This accuracy, or jitter, will be the
sum of the jittér associated with fhe voltage pulse and the jitter of

the laser pulse, both taken with respect to the reference point. Due

to the nature of the laser system used, which réquires a minimum of
U480 nsec between the input of shutter electronics B and the onset of

lasing, this experiment had to settle for the Marx trigger amplifier
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output as the zero-reference time. This selection allowed a jitter of (%ﬁ
65 nsec between the reference point‘and the delay of the laser arrivcl

_at the targelt electrode (15 nsec due to:the laser and 50 nsec due to

the Marx generator). A discussion of how this overall jitter can be

reduced will be found under recommendations.

The slowest element dictated where the trigger signal shouid be
picked off from, cfter this element had been activated.‘ This slowest
el ement or event was detérmined to be‘the ogcurrence of the optimum
population inversion in the laser ruby rods, an cvent that requires
approximatelyll.l milliséconds to occﬁr after the flashlamps of the
laser had been acti%ated. The sequence of events then starts off with
the discharging of the capacitor banks-into the léser flashlamps, This
sequence of_events can be followed with the éssistance of Fig, 11, the

system's electrical circuit.

The discharging of the laser capacitor banks into the flashlamps
is sensed by a di/dt loop, whose signal is fed into shutter electronics
A where it is delayed by approximately 1.17 milliseconds, The outpui
of shutter electronics A4 is allowed to trigger the Marx trigger am-
plifier, then taking approximately 500 micrcseccnds to appear at 1ts
output.

Since the output of the Warx trigger amplifier is‘cero—time, all
the succeeding events and their times will be given with respect to
this output. At 64.7 nsec the high voltage mcnitcr signal of the Marx
" trigger:.amplifier output arrives at the laser delay generator; In-
sertion of the desired delay in£o this delay generator will permil the
laser pulse to arrive at different voltages on the:target el ectrode.

An output.is taken from the delay generator and at 398.? nsec triggers { '
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39 0SCILLOSGOPE 9
LASER PULAE

1

SHAAL INPUT Imm. SO0PE “TRIGIERS

Fig. 11 LTS System Trigger and Signal Flow Chart

the 555 dual beam oscilloscope., At (128,9.+ delay) néec; electronic
shutter B receives the triggering signal which results in lasing at

(608.1 + delay) ngec, an.eve Lﬁensédwby:thagph@tedigde. A@

oscilloscopes.used to display the load wvoltage monitor signal are

triggered by the laser pﬁlse. The lecad voltage monitor signal was

~displayed simultaneouély on both oscilloscopes at breakdown plus 60,0 -
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" Upper Trace: Line Vol;age Monitor - Lower Trace: Laser Puise

Attnn: 300%V/cm , _ Attnn: Relative
Sweep: 100nsec/cm S Sweep: 100nsec/cm
Trigeer: liarx Tris Amp : Trigger: iarx Trig Amp

Fig. 12 555 Dﬁal Beam Oscilloscope Trace:
Line Voltage Monitor and Laser Pulse
nsec. The first scope was used with its sﬁeep rate set at 20 nsec/cm
whereas the latter was set at 100 nsec/em. Typical traces obtained

from these two scopes are shown in Figs. 13 and 14.

Trace: Load Voltage ionitor
Attnn: Relative
Sweep: 20nsec/cm

Trigger: Laser Pulse

Fig. 13 519 Oscilloscopé:Trace:
Load Voltage Monitor - Fast Sweep
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Trace: Load Voltage Monitor .
Attnn: Relative
Sweep: 100nsec/cm

Trigeer: Laser Pulse

Flg. 14 519 0301llosc0pe Trace.‘
. load Voltage Monitor - Slow Sweep
Flnally, at (689 l + delay) nsec the 519 oscmlloscope dlsplaying
the laser pulse is trlggered by the 1aser pulse Whlch 1tself is dls-

played 20 nsec 1ater, as exhlblted in Flg. 15.

Trace: Laser Pulse_

- Attnnt Relative .
Sweeps 20 nsec/cm

Trlggers Laser ‘Pulse

':Fig. 15. 519‘bSEilloséopé Trace:
. Laser Pulse Monitor
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The last important timing parameter is the time of flight of the | <

laser;pﬁise&Bﬁtwéenﬁtheﬁﬁﬁotodiodefaﬁdithe:tangeﬁweleotfqde}=*Ihis time
“ e : , S Qted by '

ties
‘equipment degradation for future systems employing the LTS technique
:in liquid dielectrics. This discussion will be divided among the three -
main components of this system.
2 My Pulser Degradatlonl
The main area of degradation of the 2 Mv pulser occurred to the
electrodes and d:x.eleotr:.c in the sm.tch chamber . There also exists a -

slower degradatlon of the Marx generator and the 10 ohm llne due to
carbon buildup along the 1nsulat1ng supports 1n the hlgh fleld reglons;

The mid-plane<gaps connecting the Marx stages also exhibited deterlo-

' ration-after about, 300 shots. These latter. _inherent in

any TS
tec are
of i

enti

- shots.
Note the craterlng.oe tﬁe te;get electre&ekaﬁeQfo?Bfeakdown andct o |
dispersion of these cratersrwith"eihigh coeoenﬁration-along the ap-

:proxlmate center of the target. The craters have two distinct reglons;

a highly circular center portlon Whloh can be accounted for by 1aser {Q_
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B i o e

Top Scale: Inches ‘L o o

Fig., 16 Target Electrode Condition
After 60 Shots

_vapcrlzatlon of the target material and a more 1rregular cuter portlon

that can be accounted for by the breakdown 1tself. These same irreg-

ular 01rcular craters appear in the load electrcde. Some dlsper51on

of the craters can be accounted for due to the mlsallgnment of the
laser beem with the cptical axis of the lens system and by the self-
breakdown. Apprcxzmately 15 allgnment sequences tcok place durlng fhe
60 shots due to the mechanlcal failure of the +2 “ineh foeal 1ength

lens. The,alignment procedurs left much to be desired as to the
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accuracy and should be simplified or Improved.

Scaie{f'igcﬁesiv = Vr_:r? y

Fiéi_iﬁ""iEQa Flectrode Condition
: After 60 Shots

The load electrode is depicte& ih_Fig. 17, again, after 60 shots.
The. important observation tc be made is the strong degradation of the
border cf the-%-inch laser port. This concentration of cfatefs is due
'ﬁolhighér field regieﬁs-present near the border of the epertﬁre with
respect to the surface of electrode. Note the unusually hlgh concentra—
tlon of craters along the top of the laser port Openlng. Thls is prob-
ably due to the presence of mlnute air bubbles generated.by the +2
inch focal 1ength lens cleanlng assembly wh1ch clrculated the sw1tch

area dlelectrlc over thls f1na1 lens. Note also the 1rregular
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b@gakﬁqwn.:ﬂNo qpantltatlve measureme‘ts were made to determlne the

,:tely every. ten shots the dlelectric was puraped

‘back to the main reservoir and’ mlxed W1th the rest of thﬁ daelectric.

~ The sw1tch chamber was then. refilled from thls reservoir. It should

be noted that the variation between the DCfbreakdown vqltage tests
conducted before and after the conclusion of the experiment were
within one percent.

Optical System Degradation

The main problem area of the system was the mechanical failure of
+2 inch foecal length iéns. This_lens was placed three inches from the
load electode and had the oil dielectric on one side and alr on the
other. This 1ené would break after an average of five to gix LIS
shots. The cause for the failure of the lens was a combination of the
hlgh laser power densities and the shock produced by the breakdown.

Thls breakdown shock was coupled by the relatlvely incompressible

"1iquid dielectric to the fice of the lens. This same lens held up to

the breakdowh'shoék of self-breakdown (no laser used) and showed no

laser damage or piﬁting'if the laser alone was used. Figure 18 depicts

a sequence of failure. Starting with the upper right hand corner and

going counterclockwise, the lens appears with a slight crack and grows

with further LTS shots to final total mechanical failure,‘
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Fig. 18 +2 inch Focal Length Lens Breakage

LTS causes a linear channel (see Fig. 20) which propagates along
the optical axis from the targei electrode to the load electrode.
HenCe,hidrodynamic loading is most severe when ponsiderable elegtrical
energy.is deposited aiong_ the laser generated bréakdown chaﬁnel.
Note that during self-breakdown (see_Fig. 19) the hydrodynamie shock
is of random nature due to the branchesrof.the breakdown patﬂs.

Sevéral attempts were made to correct this problem but they all
failed._ These attempts included the placing of a 3/4 inch thiék
quartz plate between the load electrode and the lens, but the plate

broke after the first LTS shot. A smaller diameter +2 inch f lens
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was tried, but the 1/4 inch plexigléss support broke after a few shots
resulting in the support and the lens being propelled along the tube
and causing the breakage of the middle lens. The experiment Wﬁs ebn-
ducted by examining the lens after every. shot and substitﬁting thé
lens whenever it appeared to be cracked, & total of 35 lenses were
damaged during the 140 shots taken for this experiment. |
Towards the end of the experiment the optical conduilt was fractured
due to the shock of LTS induced breakdown. It was replaced and a sec-
ond one broke after 30 shots. It should be noted that while these
breakdown events also occur in the LIS of gases, they do notlsupport
a strong coupling of the shock as well as the liquids because.of their
inereased compressibility.

Laser System Degradation

Three oscillator rods exhibited very short lifetimes in the laser

 system before the cause of this lifetime reduction was determined.

This mechanism was determlned to be a stlmulated Brillouin scatterlng

from the liquid dielectric.

The reflection was determined to be from the dielectric by care-

. ful analysis of the laser pulse waveform. It was noted that the laser

pulse exhibited two peaks when the pulse was allowed to enter the
transformer oil whereas the second poak was not present if the optical
port was covered. The second peak Was determlned to he approximatel&
25 nsec from the start of the laser pulse and bore a strong resemblance

to the initial laser pulse itself. The strong resemblance led to the

conclusion that it must be some form of reflection being amplified by

the laser system, back through the amplifier rod to the oscillator rod.

. The time of flight of 25 nsec indicates a traﬁel path by the laser
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pulse of abbut 294 inches. This path represents the roundtrip distance
between the photodiode, the reflection, the rear reflector of the oscil-
1ator cavify and back to the phoﬁodiode. Hence, the next step was to
invesﬁigate where a réfiection could occur that was about 147 inches
from the rear reflector of the oécillator cévity. Only the distance to
the dielectric in the switch chamber exhibited such length. For a
maximum“enhancement this reflection should be of the same polarization
of the laser beam, for otherwiée the returning reflection would be
pértiailyuréfiecte& at the face of the amplifier rod {the fade of the -
amplifief rod ié cut aﬁ Bréwstér's angle): Stimilated Brillouwin Séat—

. tering-off of the dielectric in the switch chamber met all the above
mentioned conditions.'

The 180° stimulated Brillowin scattering is basically a reflection
at a béundary where a change of indéx bf refraction occurs. This change
éf indaxrof refraction is caused by thermal and pressure Waves travel-
lﬁng af faﬁdom directions thioughout the liquid. These reflections are
compounded by the laser which selects the reflections that meet Bragg's
.law of refleétion and produce a sort of constructive interference of the
reflections. Thesé reflections are of the.same polarization as the in-
cident laser beam and slightly shifted up and down in frequency from that
-of the laéer; Thése refleétions;:which'can be as much as 80% of the
. iﬁcident.power (Ref. 23),'paés tﬁroughrthe optical system and lmpinge
on ﬁhe ampiifier rod. Beiﬁg of.the.sams polarization of the outgoing -
1:'Lght, the reflection is allowed to go through the amplifier rod where
an appreciable ﬁopulation inVeréion.is present. The stimilated Bril-
louin scattering ié still within the flourescent line width of the

laser but slightly shifted from its initial ffequency’due to Doppler
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'effect. The reflection can then cause stimulated emission of the ‘in-

verted population and thus be amplified. The amplified reflection is
then concentrated by the Galilean telescope between the amplifier and
oscillator rod and strikes the face of the oscillator rod. It is then
further amplified in the ruby rod by the same process described for the
amplifier rod. The oscillator rod is then subject to radiati?n power
levels where any minor flaw in the ruby rod, that would normaily not
cause any concern, becomes a center where damage to the ruby crystél
lattice can occur.

The Brillouin reflection ﬁas partially eliminated by using a
Brewster's plate polarizing tent and a 6943A° quarter wave retardation
plate; This assembly operates in the following manner. The horizontal
radiation from the output of the laéer, which is incompletely polarized,
passes through the Brewster stack tent to purify its polarized nature
with an optical attemuation of less than 5%, It is then rotated by

45° in polarization by the quarter wave retardation plate. The stimu-
p .

- lated Brillouin scattering, which returns on axis with the same polar.

ization as the incident light, is then further rotated by £he quarter
wave plate by another 45°, The resulting vertically polarized light is
then rejected by the Brewster tent. By using this simple Brillouin
reflection rejection system the lifetime of the osecillator rods was

greatly increased and no more double pulsing was observed.
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V. Data Analysis

This chaptef will, first define £he paramsters affecting this exper-
iment and explain how they were'obtainéd and crosé checked. The results
obtained will be then given in graphical forﬁ using the delay to breakdown
to compare the effect of each parameter. A brief explanation of the
graphs will also be found in this chapter. The first section déals with
the definition, followed by tﬁersection describing how the determination

of each parameter was accomplished. The third section presents the data.

Parameter Definition

The main paréﬁeters monitored in this experiment were: gap spac-
.ing, laser focal point position, laser eﬁergy, laser power, delay to
breakdown, delay to laser arrival, voltage and polarity on target elec-
trode at laser arrival, and breakdown voltage.

Other secondary paraﬁetefs, such as pressure of the SFg on the Marx
generator mid-plane gaps, air pressure of the trigatron of the Marx
generator, dielectric condition, optical system condition and electrode
condition were monitored on every shot to verify that they were at the
nominal values or conditions.

Gap spacing is defined as the distance of minimum separation be-

tween the two electrodes. Laser focal point pogition is defined as the

position of the most forward plasma formation present in the experi-
mental determination of the focal position. The laser foeal point po-

sition is measured relative to the load electrode. Lager energy is

defined as the total energy present in the glant pulse produced by the
laser. Laser power is defined as the peak instantaneous power achleved

by the giant pulse of the laser. Delay to breakdown is defined as the

"
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. time between the laser arrival .at the iarget electrode and the con-

duction of the gap. Delay to laser arrival is defined as the time be-

tween the start of the voltage pulse on the target electrode and the ar-.

rival of the laser at the target electrode. Voltage on target electrode

at laser arrival is defined to be the instantaneous voltage on the targst

electrode at laser arrival. Breakdown voltage is defined to be the in-
stantaneous voltage on the target electrode at the initiation of con-

duction of the gap.

Data Reduction

The folloﬁing section will explain how the data was obtained and re-

duced.

Gap Spacing: The gap spacing was determined by a thickness gauge block
made out of aluminum, This gauge was inserted from the top of the
switch chamber and the target electrode adjusted to its proper location.

A cathetometer was used as a cross check for the first few adjustments.

Laser Focal Positionf The laser focal pogition was first calculated
theoretically as shown in Appendix A. An experimental curVe‘Was de-
termined by oﬁening the gapISPacing to its fullest extent and firing
the laser into the switch chamber without erecting the Marx generator.
The laser foecal posifion was varied by adjusting thé telescope and time
integrated photographs were taken of the iaser breakdown of therdielec-
tric in the switch chamber. By using the gap spacing, determined by
using the cathetometer, as a scale factor, one can_convert'the most
férward.plasma formation of the laser breakdown of the dielectric to

the actual distance from the load elesctrode.
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Laser Energy: Laser energy was read out directly from the calibrated
Sanborn strip chart recorder, as described under laser diagnostic

equipment.

. Laser Power:_.Laser power was deterﬁined from the laser pulse waveform
and the laser energy. The full width at_half maximm (FWHM) of the
leserrpulse is obtained from the.laeer pulse waveform, Assuming that
the laser power curve, as a function of time, closely approﬁimates.a
Gaussian distribution, one can divide the laser energy by the FWEM in

nanoseconds and obtain the peak laser power.

Delay to Breakduwn:' The delay to breakdown was obtalned from three
experimentel measurements and cross checked analytically. The experi-
'meﬁtal valuee were obtained from the 555 dual beam osclilloscope ang
the two 519 oscilloscopes monitoring the 1oad'voltage; The delay to
breakdown 45 taken from the 555 oscilloscope by measurivg the difference
in time between the start of the laser pulse and the conduction of the
gap, the latter seen as a sharp drop on the line voltage monitor signa-
ture. The other two experlmental values are taken. from the 519 scopes
by 51mply measurlng the tlme between the start of the trace and the
start of the rise of the load voltage. A1l three values take into ac-
count the cable lengths and time of flight of the laser. The 1ast1tﬁe'
experimental values 2ssume that the dlfference in time for the target
electrode to “notice" the initiation of the conduction and the lOad |
electrode to reglster the increase voltage is negligible. The analytical
crogs check was made by u51ng the delay to laser arrlval and addlng the
delay to breakdown. This total tlme was then used to determine the

voltage at which the gap broke down from the voltage pulse wavelforn.
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This determined breaskdown voltage was compared to the experimentally
determined breskdown voltage. All three values were within 5.5 nsec
of each other and the two breakdown voltages compared within 5% of

each other.

Delay to Laser Arrival: The delay to laser arrival was determined ffom
the two traces of the 555 dual beam oscilloscope. This value was di-
reétly read from the trace as the time difference between the start of
the voltage pulse on the target electrode and the start of the laser
‘pulse, taking into account the laser time of flight and the differénce
in cable lengths. This value was cross checked analytically by using
the voltage waveform and determining the voltage at the target electrode
on laser arrival., The analytical value and the experimental value of
the voltage on the target electrode at laser arrival compared favorably

and were within the 5% error associated with the line voltage monitor.

Voltage on Target Electfode at Laser Arrival: The voltage on the target
electrode at laser arrival was determined by reading the véltage on the
target electrode directly off the top trace of the dual beam 555 085~
cilloscope at the start of the voltage pulse. The value of the voltage
on the target electrode at laser arrival is usualiy'expfessed in percent

of the self-breskdown voltage.

Breakdown Voltage: The breakdown voltage was read directly from the
top trace of the 555 dual beam scope as the maximum vertical deflection

of the 10 ohm line voltage monitor.

Results

The resulfs of this experiment will be presented in the form of
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semi-logarithmic plots. The dependent variable will be the delay to
breakdown 1in nanoseconds with the.independent variable being the voltage
on the targét electrode at laser arrival expressed in percent of self-
breakdown. One will note that the voltage on the target electrode is
directly related to the delay to laser arrival.

The straight lines depicted are best fit lines using the minimum
root mean square deviation. The root mean square deviations were cal-
culated for each point by the assistance of a computer program found
in Appendix C. The standard deviation‘qf the slope of the line and the
equation of the line were also compulted. Finally, the breakdowm voltage
_ versus the voltage on the target electrode at laser arrival is shoun
in a linear plot.

Self-breakdown voltage of the negatively charged target electrode
was found to be (600 + 30) kv, while the positively charged target
electrode was (700 + 35) kv. Both were determined for a 20 mm gap.
Figureé 19 and 20 are time integrated photographs of the self-breakdewn
and LTS bfeakdown respectively. Note the straight breakdown when
initiated by the laser versus the branched breakdown observed for self-

" breakdown.

Négative Target Electirode

Figure 21 depicts the delay to breakdown versus voltage on target
electrode in percent of self-breakdown. Three important observations
. can be made from this plot. First, the plot of delay to bfeakddwn for
focus location of 22 mm and laser power from 120 to 170 Mw depicts two -
distirct slopes, with an inflection at a target voltage at laser
arrvival 30% of VSB. Second, the lower the laser power, the longer the

delay to breakdown for the same focal position. Finally, the optimum

52



GNE/PH/69-19

T

£
ra "f
i L
[
&
oy

e 1 Fig. 19 Self-breakdown at 600 kv of a 20 mm Gap
: 7 - (Left - Target Electrode; Right - Load Electrode)
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Fig. 20 LIS Breakdowm at 580 kv of a 20 rm Gap Laser Travelling
from Right (Load Electrode) to Left (Target Electrode)

53

»
|
|
|
|
|
|
|
|
|
|
|
|
|




DELAY (Aty) nsec)
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R 80120 MW
R 120=170 MW

o= R 80-I70 MW
\\ FOCUS LOCATION
N - 20mm

- 22 mm

'F:I'.g.. 21 Delay to Breakdown versus Voltage on Target
Flectrode at Laser Arrival - Negative T.E.
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lager focus position was found to be at 2 mm inside the target electrode.
Only the focal position of 20 mm is presented, but data points taken at
a foenl position of 27 mm from load electrode (7 ms inside the target
electrodej also demonstrated higher delay to breakdown than that at
20 . " o

Pigure 22 depicts the breakdown voltage vewvsus voltage at laser
arrival; "The straight line of =X can be congidered the zero delay to
breakdown line. Note the bend on the RMS line joining the data points
at a voltage at laser arrival 180 kv (30% self-breakdcwn)e. |

P051t1ve arget Electrode

Flgure 23 depicts the delay to breakdown versus voltage oh target
slectrode in. percent of self-breakdown. Three important observations
can be made from this plot. First, each of the lines for different
focal positions and different laser powers present two dlStlnCt slopes.
Second, the delays to breakdown assoclated with the higher laser powers
of the 22 mm foecal positions are shorter than the delays asseeiated
with the lower laser powers for the same foecal position. Final;y, the
optimum focal position was found to be at 22 mm (2 mm inside the target
electrode). Data was taken for a foeal position of 1%4.5 mm from load
electrode (5.5 mm in front of the target electrode) which exhibited
longer delays than the ones taken at the 22 nm focal position,

Figure 24 depicts the breakdowm volkage versus voltage on target
electrode at laser arrival. Note that there seems to be a break in the
slope of the lines joining the data points. This break point is less

distinguishable than the one present for a negatively charged electrode.
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Fig. 22 Breakdown Voltage versus Voltage on Target
Tlectrode at Leser Arrival - Negative T.E,
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o VI. Conclusion and Discugsion

This chapter will attempt to explain some of the qharacteristics
poin%ed out in the data obtained in Chapter V. The first section will
- correlate the proposed breakdown mechanism with the experimental data.
The next section will present an estimate of the error of the parameters
and an indication of the jitter. The third section discusses the main
problems encountered in this exper1ment and recommends some solutlons
and future studles. The last section discusses the suitability of ap-

plying LTS technique to overvolted Liquid dielectrics.

Comparison of Data with Proposed Breakgcwn Mechanism

. The results presented in Chapter V are the first avallable data on

a laser initiated conduction of an overvolted liquid dieleétric, in

O

particular, trénsformer oil. The results are consistent with the pro-
posed streamer breakdown mechanism even though the data poiﬁts are few
and no more than one breakdown is represeﬁted by each point.
To corroborate the consistency of the data with the proposed
streamer breakdown mechanism, a list of.depsndencies obtained from the
-proposed mechanism will be given, followed by a brief discussion of-
their interrel#tionship.
| 1. TIf streamers are the main mechanism of breakdown, the delay to

breakdown of a negative target electfode should be longer than a positive
target electrode, provided that the laser arrival times on the target
electrode are keﬁt constant and that the number of electrons generated

by, the laser is the same.

(::} _ Since the laser induced electron emission seems to be independent

of the target polarity (Refs. 10 and 11), a comparison of Fig, 21 with
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Fig. 23 at the same focal position aﬁd comparable laser powers leads to
the predicted results. |

2. Since the ionization coefficient of the Townsend avalanche
mechanism is proportiomal to the applied electric field (Ref; 18), the
higher the voltage on the target electrode at laser arrival, the_shorter

the delay to breakdown.

Figures 21 and 23 clearly depief a vériationrof fhe delay to break-
down with the voltage on target electrode gt laser arrival; Sinéé'the
slope of the line is negative, this leadé to the expsctéd result that
the delay to breakdown is inversely proportional t§ the applied electric
field.

3, There should be marked increéase in the delay to breakdown if
the laser pulsé terminates before the onset of conduction of the gap.
This effect is due to the elimination of laser generation term, allow-
| ing the electron recombination tefm to have a more sélient effect in the

net rate of electron production.

In Figures 21 and 23 a marked increase in the delay breakdown at
delays to breakdown in excess of 65 nsec is observed, The laser ﬁulse
used in this experdiment had an average Width ét ité base of approxi-
mately 65 nsec. The data of_the‘positive target electrpde configuration

" displays a hazy break in the slope due to the varlation of the base pﬁlse
width from 60 to 80 nsec caused by three different oscillator rods used
in the laser systen. |

4. The delay to breakdown should lncrease withfdecreasing laser
power, provided that the laser focal position remains constant, This

effect 1s due primarily to the initial number of electrons generated
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by the first few nanoseconds of the laser pulse,

Figures 21 and 23 clearly show that for a given laser focal posi-

tion, the lower power range of the laser demonsirates a higher delay to
- breakdown than the higher power range.

5, The delay to breakdown should exhibit a minimum at an optimum
laser focal position and increase if the focal position is moved awéy
from the optimum. This optimum focal position is basically related to
the largest possible area of target illumination by the laser while
still maintaining the largest number of electrons generated byéthe first

few nanoseconds of the laser pulse, provided that the laser podwer is

_kept constant,

”mwﬁié.m25 Target Electrode I1lumination

Figuré 25 illustrates three focai positions., Position A illumi-
nates a large area but does not contain a high power density, while
position € has a high power density over a small area., Position B is
the optimum compromise. |

Figures 21 and 23 depict the inflqencerof the laser focal position
on the delay to breakdown., The focal positién of 22 mm from the load

electrode (2 mm inside the target electrode) corresponds to the focal

position B of Fig. 25,
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Error Estimate

The two major parameters, the laser power and the time of lasér
arrival on the target electrode, could not be kept at a comstant value,
hence no iwo data points were taken with the same parameters, Therefore,
a thorough error analysis would be fruitless. Instead, errors assoc-
 iated with each individual parameter were investigated, Whers errors
“could not be calculated, a conservative error estimate was made.

Gap width + 0.5 mm |

. based on 6 measurements with the thickness gauge
cross checked with a cathetometer.

Laser Focal Point  + 1.0 mm

conservative estimate, for the plasma.formed
by the laser could vary the focal point posi-
tion by up to .5 mm at long focal lengths.

Laser Energy + 10%

conservative estimate due to high deviation of
laser pulse from Gaussian distribution due to
Brillouin reflection.

Delay to Breakdown + 0.3 nsec

determined from error asspciated with trace
reading of 519 oscilloscope with a sweep rate
of 20 nsec/cm : ‘

+ 5.2 nsec

standard deviation of the two other experi-
mental values taken at 100 nsec/cm sweep rate
‘for 32 data points using the value of the

20 nsec/cm sweep trace as average, Applicable
to delay in excess of 100 nsec.

Delay to Laser + 5.8 nsec

Arrival
error associated in reading two trace posi=
tions on 555 oscilloscope at 100 nsec/em
sweep
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Breakdown Voltage + 5%

overall error associated with 2 Mv pulser line
voltage monitor and trace readings

Voltage on Target Electrode  + 5%
at Laser Avrrival
same breakdown voltage

Switeh Jitter

The switch jitter, the difference between the maximum an% miﬁimum
excursion of a particular value of the delay to breakdown, will ulti-
‘mately reflect all of the above parameter's uncertainties. Since the
parameters could not be held constant, an experimental determination of
the switch jitter was not possible. DNevertheless, an indication of
the switch jitter was obtained by doubling the difference of the delay
to breakdown experimentally determined from the one calculated by the
RMS approximation., Switch jitters as low as 1.2 nsec were obtained for
the points near self-breakdown for a positive target electrode.config-
uration in the laser power ranges of 150 to 220 Mw., There seems to be
a2 trend towards higher jitter at lower laser power ranges and lower
voltages on target electrode at laser arrival. Jitter will not be

‘plotted due to the insubstantial nature of its determination.

Recommendations

The major problem encountered in this experimeni was the serious
degradation of the laser system due.to the Brillouin reflection; The
methéd of using a quarter wave place coupled fo a Brewster tent polars.
izer did not effectively stop all the reflection. The higher power
output needed restricts the use of many of tﬁe available optical
isolators. A more thorough investigation of the dielectric reflection

needs to be made before this problem can be correctly approaéhed and
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eliminated. These studies should.determine the effect of the electric {”}
field, laser power, dielectric material, focusing angle, and length of N
propagation of the laser in the dielectric on the intensity of the
Brillouin reflection. |

The breakage of the last lens (in contact with the dielectric)
and the optical condult can be solved by constructing the optical sys-
tem to withstand the strong shock waves generated during bfeakdown.
" The solution is basically to use a metal for the first few inches of
.the'optical'conduit-that comes-in contact with the dielectric and using
thi.cker 1¢nses properlj supported along the optical axis.

The deterioration of the target elecirode could be substantially
- reduced by using hard metal inserts, such as tungsten, in the center
of the target elecirode.

One other major improvement area would be to move the zero time (i}
-reference'point, the point where the laser system and the pulser are
separated, to a point after the Marx generator,.preferably to a point
on the coaxial line joining the Marx generator to the target electrode.
This new reference point would eliminate the 50 nsec jitter assoclated
with the Marx generator, with respect o its trigger input, and allow
a more precise sglection of the time and voltage on the targel electrode
at laser arrival, A faster reacting Pockels.cell voltage pulse gen-
~erator would be needed wifh a maximum aelay betﬁeeﬁ the trigger Signal
-and 1asef determined by thé time that the voltage pulse takes to
travei thé remaining distan&e betﬁeen”the coaxial line voltage moni-
tqr.and the target electrode.

Other studies with the present system would include the effect of

™

variation of the gap spacing, voltage pulse risetime of the target
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electrode, the use of different electrode materials, the use 5f other
liquid dielectric such as water, different laser wavelengths, and dif-
ferent focal length optical systems on the delay to breakdown. Two
other quantities of interest would be the effect of the variation of the
same parameters studied for the delay to breakdown on the risetime of
the output voltage pulse and the jitter associated with the delay to
breakdown. Other areas of study employing minor modifications of
present system would be the use of multiple chamnel breakdown on pulsed
liquid dielectrics and a whole new field of studies involving the use
of the LTS technmique in overvolted gases and solid dielectrics. A
provision for a gas switch has been made for the 2 Mv pulser and is
currently undergoing self-breakdown tests.

Probably the most important area of future study would be a de-
tailed study of the laser induced conduction of an overvolted dielec-
tric. This study should be able to describe quantitatively the
mechanism of the LTS bréakdown and yield an analytical model for the
event,

Suitability of Application of the LTS Technique to Overvolted:Liquid
Dielectric

This study has demonsirated that a laser initiated conduction of
an overvolted transformer oil can effectively switch voltages up to
600 k% in times less than 15 nsec witﬁ Jitter in the low nanosecond
range.

| The use bf liquid dielectrics is a compromise between the feature
of non-destruction of the dielectric found in gases and the very small
gap spacings possible with the solid‘diélectrics while still retaining

all the basic features of the LTS technique.
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‘The LTS techrique in pulsed liquid diclectric seems to be very
dependent on laser power and the duration of the laser during conduc-
tion, hence it is advisable to use high power lasers, in levels above
300 Mw, having pulse widihs comparable to or longer than the expected
delay to breakdown times., Also operétion in the high percent of‘Self—
breakdown voltages at laser arrival will insure low delays and jitter

times.
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APPENTIX A

Optical System Focus and Spot Size Determination

The main parameters of the optical system are shown in Fig. 26.

The desired result is the dependency of FFIE on H, the variable distance

between lens 1 and 2. Note that the first lens is a negative foeus lens

while the other two are pos

itive.

N1 Glass - N2

Dielectric
N3

Fig. 26 Main Parameters of the Optical System

and Ass

oclated Ray Diagram

Using the classical optical equation relating the focus to the

object distance and image distance for a lens in ailr:

1/s4

il

where: ' ' SA

SB

il

F

+ 1/3B = 1/F

Image distance
Object distance

Foeal distance in air

(13)

one arrives at the image distance for the 1 and 2 lens combination for

a collimated input beam:
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SB2 = F2¥3a2/(F2-SA2) (14)

H

where, from Fig. 26,

SA2 = DIZ+H+F1

1l

" The equation relating the image and object distance for an equally
radiused convérging lens having a medis of index of refraction N1 in the
object gide, NZ as the'lens glass and N3 on the image side, can be de-

rived as:
 NL/SA + N3/SB = (2¢M2 - (N1 + W3))/R - (15)
where: : ' = pradius of lens

Solving Eq (15) for the object distance and letting:

SB = 3B3
SA = 5A3
N3 = index of refraction of oil

N2 = index of refraction of glass

il

nl index of refraction of air

cne obtains:
SB3 = (N3*R*SA3)/(S43 (2%N2 - (W1 + N3)) - R*N1) (16)

The dependency of the focal position of the optical system relative
to the load electrode (FFLE) on the variable distance between lens 1 and

2 (H), can be obtained from Bq (16) by letting:

SA3 = D23 - SB2
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where: SB2 is determined from Eq (14)

and: EFLE = SB3 - SEIE

distance between load electrode
and lens 3

fl

where: _ SRLE

Note that the index of refraction of the glass of the last lens is

a critical value for one is subtracting two comparable values in the

. denominator of Eq (16). The index of refraction of the last lens can

be calculated by:
C1/F = (N-1) (1/Rg + 1/Rp) o an

If one now allows:

"Ry = Rz =R
N :Nz
and Fr = FB

and solving for NZ, one arrives at:
N2 = R/(2*F3) + 1 {18)
In this experiment the parameters used were:

Fl = -5 inches

F2 =_}10 inches

3= +2 inches
D12 = 5.6 inches
D23 = 25.0 inches
D3LE = 3.0 inches

BEAMD = 0,75 inches {beam diamster of the laser at
" the input of the optical conduit)

N1l = 1.00
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N3 = 1.49 (determined experimentally) ' C:f‘

i

R = 55.5 mm (measured experimentally)

The other parameter of interest is the spot size on the laser beam

-on the lens 3 and at the 1dad_electrode. The beam waist at the focus of

.. the assembly can be calculated by using:

SSF = F* 0 | - (19)
where: SSF = gpot size at focus
P o= equivalént focus of the system

6

beam divergence

The spot size on the lens 3 and the load electrode port can be

caleulated by similar triangles from the ray diagram of Fig. 26.

Hence:
BEAMD/F1 = SRé/SAZ (20)
and: SR2/sB2 = SR3/(SB2-D23) (21)
-and SR3/SB3 = SRLE/FFLE - (22)

These claculations wefe all made with the assistance of the attached
computer program. All symbols used are the same as the ones used in
Fig. 26.

The caléulated and experiméntally determined focal pogitions, as a

function of H, are deplcted in Fig. 27.

Beam divergence was determined to be 1.6 milliradians and the spot
size at the focus Was_déﬁermined to be 2.3 mn in diameter for a foeal

position of 22 mm,
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FOCUS AND SPOT SIZE DETERMINATION - LTS THESIS (j}

READING LENS SYTEM PARAMETERS IN INCHES
READsF1lsF23F35012,D234BEAMD

READsON3 sR3sD3LESTEP

PI=241416

- TRANSFORMING PARAMETERS TO MM IF NEEDED

FIM=F1%2544%(=14)
F2M=F2#25.4
F3M=F3%25¢4
D12M=D12%25.4

D23M=D23%25e4

BEAMR=BEAMD*25e¢4/ 2
D2LEM=D3LE*Z25«4
TEPM=TEP#254 4

COMPUTING THE INDEX OF-REFRACTION OF LENS 3:
ON2=R3/({2e*F3M)+1l. ]

PUNCHING INPUT PARAMETERS

PUNCH 102y F1

PUNCH 103s F2 -

PUNCH 10%4s F3

PUNCH 108sGN2

PUNCH 1059 D12

PUNCH 106, D23 . (j)
PUNCH 107s D3LE

PUNCH 101 -

PUNCH 109

COMPUTING THE FOCAL POINT OF THE SYSTEM AND THE SPOT
SIZE AND AREA

DO 1 1=14131,10

H=I-1

S2A=F1M+D12M+H

S2B=F2M#52A/{S52A~F2M)

33A=D23M=52B
S2B=0ON3/{(GN2-1a)/R3+{GN2~0ON3}/R3~1+/53A)
FRLE=530-D3LEM . .
SR2Z=SZ2A#BEAMR/F 1M

SR3=5R2#(52B~D23M) /528
SRLE=SR3#D3LEM/53B

GAZ=PIRSR3*5R3

5ALE“PI%SRLE*SRLE.,

PUNCHING OUT THE DESIRED RESULTS
PUNCH 100sHsFFLEsSR39SRLESA3»SALE

FORMATS | o |
FORMAT(/33X3F5¢195(3XsF742))
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101 FORMAT(//s5Xs1HHs TX s 4HFFLE s TX33HSI'3 96X s 4HSRLE » TX s
1 3HSA3s6Xs4HSALE)
102 FORMAT(4Xs4HF1 =4 F54ls1Xs6HINCHES)
103 FORMAT(/34Xs4HF2 = F54131Xs6HINCHES)
} : lo4 FORMAT(/s4Xsa4HF3 =y F54191Xs6HINCHES)
105 FORMAT{/#3Xs5HD12 =s F54¢131Xs6HINCHES)
' 106 FORMAT(/#3Xs5HD23 =3 F5e151Xs6HINCHES)
. ‘ 107 FORMAT(/92Xs6HD3LE =9 $F5e1ls1Xs6HINCHES)
108 FORMAT{(/33X»5SHGN3 =3F643) o
109 FORMAT(S5Xs14HDIMENSION = MM)
sSTOP
END
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APPENDIX B

10 OHM Coaxial Line Voltage Pulse Analysis

The equivalent series circuit of the pulse charge system used in

this experiment can be represented as shown in Fig. 28,

V, = Output of Marx Gemerator ( V; =n V4, where

1
n = number of stages and Vg, = DC charge voltage)
C1 = Series Capdcitance qf Marx generator
Ry = Equivalent series resistance
Ly = Total circuit inductance

v, = Voltage across Cp (voltage on coaxial line)

Cyp = Coaxial line capacitance

Fig. 28 'Equivalent Cireuit of Pulse Charge System

An analysis of the above circuit yields for Vp:

yor= 2 o &7 @D smgreg)| @

C, t Cz
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where:
I :B.i_
ZL,

-
}g' e tan B

N
I

2
. € s ‘
If (;%i) is small compared to Eggiii » as in a Marx Generator, Eq 23

can be approximated to:

"
V, = Vi [l — cos(wt)]‘

G

If the eircuit resistance is low and if €y is much greater than €2, the
voltage on C, can_approach two times the initial voltage on Cy at the
end of the first haif-ecyels.

The risetime of the voltage pulse on the coaxial line can be varied
by changing the choke that connects the Marx Generator with the coaxial
line, hence changing the circuit's inductance.

No analytical calculations were made for the voltage pulse. TFigures
29 and 30 depict the experimentally determined pulse waveform taken from
the voltage monitor of the 10 ohm cqaxial'line. The negative pulsé is
plotted with a vertical negative axis to facilitate a comparison betwsen -
both polarities. These plots represent an average of 5 shots per polar-
ity. The self-breakdown voltage for the poditive pulse was found to be

(700 +35) xv while the negative pulse exhibited a (600 +35) kv self-

breakdown.
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Fig. 29 Positive Line Voltage

Line Voltage‘(xlOO) kv
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| L ‘ | !I |
10 15 20 25 35 3% 40 4 0

time (x10) nanoseconds

Fig. 30 Negative Line Voltage
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Q | APPENDIX C

Root Mean Square Program

The RMS program used in this experiment is a highly modified AFIT
ATD program. It is capable of storing all the data points desired for
a specific run and the operator can select the different x orny he
desires by inserting the called for indicators via a typewriter input.
The program will perform the EMS best fit to the given dats points in
log-log, semi-log or numerical form. The output featu:es the RMS devia-
tion for each point and converts the calculated values back to numericals
if needed. The standard deviation of the points is also output together
with the equation describing the best fit. |

The program is self-explanatory and each step can be easily traced,
hence no detailed analysis will be given. One should remember that this
program was designed so that the user has immediate feedback via a type-
X writer output, and can bé easily converted to non-operator assisted once

the desired runs are determined.,
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JOB LEAST SQUARES FITTING FCR LTS THESIS
* ORIGIN 15000

C RESERVING STORAGE SPACE
DIMENSION X(BO}yY(BO}iYY(30)iDELTY(SO);A(lOoll)
DIMENSION HH(30)SS{30)sLZ130)
OIMENSION AA(JO)’BE{EO}tCClBO);DD(3O):EE(30)
DIMENSION EF(30)sGG(30)

C DETERMINING IF NEW DATA OR NEW X IS TO BE USED
1p20 TYPE 1008
ACCEPTsL
IF(L) 1021,1022,1023

e READING IN DATA

1022 READ MMM

. DO 1030 I=1sMMM
READ 1017sAA(I)1sBBI11sCCLITsDD(I)JEE(T}FFIT)
1 GG(I)sHH(I}sSSII)
TYPE LO13»AA(I)

1930 CONTINUE

C ACCEPTING FOCUS POSITON AND TARGET ELECTRODE POLARITY
TYPE 1014
ACCEPTSPTE
TYPE 1007

ACCEPTsFFF _ : (j)

¢ SELECTING X
1023 TYPE 1009
TYPE 1010
ACCEPT N
IF(N) 2000:300054000
2000 DO 5000 I=1sMMM
CLZ(Iy=AALTLY
YEI)=HB(I)
XUI)=EE(I)
5000 CONTINUE
KK =MMM
IF{PTE} 5010+5011+5011
5010 PUNCH 1015
GO0 TO 5012
5011 PUNCH 1016
5012 CONTINUE ' "
PUNCH 1116
PUNCH 1006sFFF
PUNCH 1002
PUNCH 111%
PUNCH 1005
GO TO 8000
3500 J=1
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DO 6000 I=1sMMM

IFLFF(IVY. 2010.2020,2o1o
2020 GO TO 6000
2010 X(JI=FF(I)

LZ(J)=AALL)

Y {J)=HH(I)

J=J+1
6000 CONTINUE

KK=Jd=1

IF(PTE) 5013950145014
5013 PUNCH 1015

GO TO 5015
5014 PUNCH 1016
5015 CONTINUE

PUNCH 1116

PUNCH 1006sFFF

PUNCH 1003

PUNCH 1112

PUNCH 1005

GO TO 8000
4000 J=1

DO 7000 I=1sMMM

IF(GG(I}} 3100332003100
3500 GO TQ 7000
3100 X{J}=GG(1)

Y(JY=HH(I)

LZ(J)=AALI)

J=J+1
7000 CONTINUE

KK=J-1 .

IF(PTE) 5016350175017
5016 PUNCH 1015 :
. GO TO 5018
5017 PUNCH 1016
5018 CONTINUE

C "~ PUNCHING OUT TABLE HEADINGS
PUNCH 1116
PUNCH 10Q06sFFF
PUNCH 1004
PUNCH 1112
PUNCH 1005
8000 PUNCH 1011

C PUNHING QUT DATA POINTS USED
PUNCH 1001s(LZ{J)»J=1sKK)

C SPECIFYING ORDER OF POLINOMIAL AND RESIDUE TOLERANCE
KN=0
CCON=1+
NN=1
LI=0
TOoL=1.
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aNaES

150
151
152
154

155 -

1po

191
1g2

41
bg

42

4g

CHECKING THAT ENCUGH DATA 15 GIVEN FOR REQUESTED i
POLYNOMIAL '

IF(KK=1~NN}95,96496

PUNCH 107NN

5TOP

DETERMINING WHETHER DATA IS TO BE FITTED TO NUMERICAL»
SEMI-LOGs OR LOG=LOG CURVL AND PERFORMING LOG
QPERATIONS '
IF{LI}155»1524150

DO 151 I=1sKK

X{1)=CON#LOG(X(I))

DO 154 I=1:KK

Y(L)=CON#LOG(Y(I))

CONSTRUCTING NORMAL EQUATIONS AND PUTTING COEFFICIENTS

INTO MATRIX

N=NN+1

M=N+1

Do 102 I=1sN

LL=I—-1

A{TsM)=00s

DO 102 J=1sN

Al{lsJ)=0e

K=J+I=2 .
DO 102 II=1sKK

IF(J-1)101+1005101
WHY=Y{I TY®X(IT)%*LL

AlT sMyI=AL{TIsM}I+WHY

TEMP=X{TI)*#K

AtTsJY=AtTI s J}+TEMP

SOLVING THE SIMULTANEOUS EQUATIONS BY THE - JORDAN
METHOD

SEARCHING FOR LARGEST PIVOT ELEMENT
DO 8 K=1sN ' o Cu
MM=K+1

TEMP=ATK K}

1=0

IF{K-N) 41545941

DO 42 TI=MMsN :

IF (ABS{TEMP)-~ABS(A(IIsK}))46s42s42 4
TEMP=A{IIsK) : : ' _
I=11"

CONTINUE

CHECKING FOR SINGULARITY AND NEED FOR ROW INTERCHANGE

IF{TEMP14T s 14947
IF{IY43+4F 943
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43

b4

&g

120

&n0

650

198
203
204

INTERCHANGING ROWS
DO 44 J=1sM
TEMP=A(IsJ)
A{TsJ)=AIK»J)
A{K»J)=TEMP

DIVIDING ROW BY PIVOT ELEMENT
TEMP=A(KsK)

DO 5 J=MMsM
A(KsJ}—A(KoJJ/TEMP

SUBTRACTING MULTIPLES OF PIVOT ROW FROM OTHER ROWS
DO 8 I=1sN

IF(I-K)62810

TEMP=A(T 4K}

DO 7 J=1M

A(lsJy=A(IsJ}=TEMP*A(KsJ)

COMPUTING AND STORING RESIDUES AN TOTAL RMS ERROR

- 5MDY2=0+

DO 121 J=1»KK
WHY=A{L M)

DO 120 I=1sNN
TEMP=A{I+1aM}¥X(J)*%]
WHY=WHY+TEMP

YY (J)=WHY
DELTY(J)=Y{J)}~WHY
TEMP=DELTY{J)*DELTY(J)
SMDY2=SMDY2+TEMP
Q=KK

TEMP= SQRT(SMDYE/Q}

COMPUTING THE STANDARD DEVIATION
TEMP2=SQRT(SMDY2/{Q=2s} )
SIGY=TEMPZ

COMPUTING THE STANDARD DEVIATION OF THE SLOPE
XKK=KK ‘
XSUM=0.0
XXSUM=0 0
DO 650 I=1sKK
XXSUM= XXSUM+X{I)%X(IJ
XSUM=XSUM+X (1}
CONTINUE
D=XKK#XXSUM
SI1GS=5IGY#SART (XKK/ {D={ XSUM*XSUML )

COMPARING TOTAL RMS ERROR WITH SPECIFIED TOLERANCE
IF{KN)198+2015198

IF(NN=10)2035201+201

IF(TEMP-TOL1}201+2Q15,204

IF(NN=KK+112055201»201
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800

5p1
601
500

602

. 603

RETURNING TO BEGINNING FOR FIT TQ HIGHER CRDERY
IF NECESSARY

NN=NN+1

GO TO 155

PUNCHING TABLE HEADINGS
PUNCH 530 ‘
PUNCH 125

PUNCH 126
QUTPUTTING RESIDUES AND TOTAL RMS ERROR

DO 202 J=1#KK

PUNCH 127 LZ(J);X&J}iY(J);YY(J)rDELTY(J)

PUNCH 128 TEMP
PUNCH 528»SIGY
PUNCH105 sNNsKK

CHECKING FOR NUMERICALs SEMI-LQOGy OR LOG-LOG
OUTPUT EQUATION .
J=0
IF{LI}160s161162
PUNCH 175 ' :
PUNCH 106s A(LlsM)s Jy (A(I+1oMysIsI=1sNN)
GO TO 800
PUNCH 175
PUNCH 166> A(LsM)» Jp (A(I+LlsMIsIsI=1sNN)
PUNCH 529s516GS

CCT=A(1 M)

EET=A({Z2+M)

CCT=EXP(CCT)

PUNCH 8Q50

PUNCH 8010s CCTHEETSIGS
GO TO 8GO

PUNCH 174 B o | L

PUNCH 1665 A(LsM)s Js (ACI+1lsM)sIsI=1sNN)
CONT INUE -

CONVERSION BACK TG NON-LOG
IF(LI) 701,500,501

DO 601 I=13KK
X(1)=EXP(X{I))

DO 602 I=1sKK
YUT)=EXP(Y(I))
YY{I}=EXP(YY{I))
SMDY2=040

DO 603 I=lsKK
DELTY{I)=Y(I)=YY(I}
TEMP=DELTY.(I1}*DELTY (I}
SMDY2=SMDY2+TEMP

Q=KK

TEMP=SQRT (SMDY2/Q)
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c COMPUTING THE STANDARD DEVIATION
TEMP2=5QRT (SMDY2/ Q=241 )
SIGY=TEMP2

» C PUNCHING TABLE HEADINGS
. PUNCH 700
s PUNCH 125
PUNCH 126
C OUTPUTTING CONVERTED RESIDUES AND TOTAL RMS ERROR

: DO 620 J=1sKK

620. PUNCH 1273 LZ(J);X(J);Y(J}nYY(J}iDELTY(JJ
PUNCH 128s TEMP
PUNCH 52855IGY
GO TO 701

C FORMAT STATEMENTS
105 FORMAT(/20HBEST POLYN OF DEGREEsIZs5H FOR y12y
1 12H DATA PTS ISs/s1X)
106 FORMAT(L12X»3HY =95Xs1PE164731139/{20Xs1PEL16475113))
lp7 FORMAT({46HNOT ENQUGH DATA PTS FOR A POLYNOMIAL
1 OF DEGREE»I2)
FORMAT(// 93X y4HSHOT »2(8Xs SHGIVEN) s 6X 9 8HCOMPUTED s 6X s

: 125
(:) 1 9HDELTA Y =)
196 FORMAT(2Xs6HNUMBER9X s IHXs 12X 9 1HY s 12X s 1HY 10X
1 9HY(G)=Y{C)s/)
127 FORMAT(3XsI493(6X¥FTe2)96XsFTes)
128 FORMAT{/17X»31HTOTAL ROOT MEAN SQUARE RESIDUE=)»
1 1PElée7)
lgts FORMAT(B8Xs7THLOG Y =95X91PEL6e 791139/ (20Xs1PEL6eT7s113)}
174 FORMAT(23X»s11HCOEFFICIENT »7XsL4HPOWER OF LOG Xs/1X)
175 FORMAT(23Xsl1IHCOEFFIGIENT »9Xs10HPOWER OF Xs/1X)
528 FORMAT(/s17X9»32HSTANDARD DEVIATION OF Y VALUES =,
1 1PEl&e7)
559 FORMAT{/ /»17Xs29HSTANDARD DEVIATION OF SLOPE =»
1 1PEL16s7}
530 FORMAT{(///317X+15HSEMI~LOG VALUES)
700 FORMAT (//7/s17%s 2THCONVERSION TO ORIGINAL DATA}
. 1g4 PUNCH 110
n . . 110 FORMAT(15HMATRIX SINGULAR}
1001 FORMAT{ITsITsIT)
102 FORMAT{6HX=NSEC}
1003 FORMAT (BHX=VLA)
1p04 FORMAT(6HX=PSBD}
1005 FORMATI( /)
1006 FORMAT(/96HFOCUS=9F7s 2’23H MM FROM LOAD ELECTRODE}
1gQ@7 FORMAT(B6HFOCUS=)
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1508 FORMAT (28HO=NEW DATAs =1=STOPs 1=NEW X}
1009 FORMAT{8HSELECT X) ' N
1010 FORMAT(22H=1=NSECs 0=VLAs 1=PSBD)

1011 FORMAT (13HDATA PTS USEDs/)

1112 FORMAT{5HY=DTB)

1013 FORMAT(F741)

1014 FORMAT(13H+TE=1y ~TE==1]

1015 FORMAT(25HTARGET ELECTRODE NEGATIVE)

1016 FORMAT(25HTARGET ELEGTRODE.POSITIVE).

1116 FORMAT(13HGAP= 20a00 MM}

1017 FORMATIF5415F642sF7425F80 21F8e29F842sFTe2:F842s
1 FBe24FT742)

1018 FORMAT&/!////)

8010 FORMAT(/#8Xs3HY =p1PELLle396H EXP((»1PELLe3s3H +-y
1 1PEL143s5H } X))

8011 FORMAT(T7X#2Hes)

8050 FORMATt//,onExPONENTIAL EQUATION)
701 CONTINUE
PUNCH 1018
PUNCH 8011
GO TO 1020
1021 STOP
END
% EQJ




