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Abstracth

- A focused, Q—spoiled'lasgr was used_tg indpge glectr?pql;bteakden
of thaf#olid diéleqtrib'beﬁween_two @hafgeﬁlgigbttbdéé{"Tﬁe'gffect of
the fo;lawing parameters on_the breakdpﬁn delay was studied:_llaggr |
focal point, app;;ed.vgltage‘(30385_KV)1_charging Pp;érity? iaser power
‘(ZO—BOIMW), dielectric thickness ClOQZO milé)} and dieléctrfc type
(Le#an*énd Teflon FEP). Delay times as short as 3 nsec;'ﬁiﬁh 1 hsec -

: jitter%fWe;e reddﬁdgd{ G;adgd‘dielecﬁrics were fouﬁd tQ'décrease

switchgélosurg time through the formation of mul;iple'breakdgﬁn channels.
Observéd results seem consistent With;thg_avélanthAStfeaﬁer‘theory of

solid bfeakdowﬂQ'
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A LASER-TRIGGERED SWITCH

EMPLOYING SOLID DIELECTRICS

I. TINTRCDUCTION -

Statement of Problem

The technique of using a focused, giant-pulse laser to break down
the dielectric between charged electrodes, théréby”initiating an
electrical discharge across the gap, is called laser—triggered‘swiECHing
(LT8). LTS was first reported by Pendleton and Guenther who used ‘gas .
dielectrics and kilovolt potentials (Ref. 28). Guenther and Bettis
have since extended this techﬁique into ‘the megavolt range (Ref. 15).

This study represents an attempt to determine the suitability pf
s0lid dielectrics for use in laser-triggered switching. Solfds are “
interesting because of their high dielectric strengths and their
ability to pass large amounts of charge with minimum electrode erosion.
These characterlstlcs enable switches which have high voltage holdoffs
at relatively small gap spacings to be comstructed. Small gaps are |
desired because tﬁe iﬁpedante'of the switch is proportional to'the
length of the gap. Therefore solid dielectrics provide the possible
means for operating high voltage switches with low impedance and fast
closure times obtained through laser initiation.

In particular this study involved the determination of the time «
interval (delay) between the arrival of the laser pulse at the.gap'aﬁdj

breakdown of the gap. Jitter or average deviation from the mean delay



was also studied as well as the voltage risetime upon gap closure.
Switch delay and jitter were studfed as a function of applied voltage,
_ electrode polarity, laser power, laser focus, material thickness, and
type of material. 1In additiom, graded dielectrics were studied to
determine their effect on switch closure time.

Importance of Problem

-

The USAF nuclear survivability/vulnerability program is a vital
ﬁgrt of DOD's effort to maintain the effectiveness of Americats defensive
apd strétégic'weapons systems. However, because of the ratification of
the Limited Test Ban Treaty, atmospheric festing of nuclear weapons
s?stems has been suspended. Conseguently, there.are.onlyftwu physical
methods available for evaluating the survivaﬁility/vﬁlneraﬁility of
operational and future weapons systems: underground testing and
laboratory simulation.

The envirommental and geometrical limftations imposed on under-—
ground testing create several disadvantages such as time scale compres-—
sion, weapon output modification, spurious damage to test objects due
to 1ate‘timeueffgcts, difficult gamplevrecovery, and slow testing rate.
In addition, the cost of underground testing is very great. However,
the sultability of laboratory simulation techniques depends on two
factors: (1) whether effects or environments are.simﬁlated, and (2Y
whethér whole systems or only componénts of a system can be tested.

Effects simulation is defined as the process of teproducing a
particular response or combination of responses without recﬁurse to
the environment that caused them, e.g., a plate slap technique to
simulate gertain photon effecfs. Environmental Simulétidn involves

actually reproducing part of a weapon output in the laboratory.
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The validity of effects simulation is sometimes difficult to
analyze. Techniques such as charged particle simulation of photon
effects produce averaged rather than actual responses, and accom-
panying effgcts such as charge storage can affect target response.

In addition, no effect can be simulated unless the interaction of the
weapon enviromment with the test iject is adequately understood.
Therefore, the logical course is to develop simulation devices which
can produce the appropriate weapon—~like environments in the proper.
time scale and over large areas and volumes. There are three impor-
tant factors in producing a weapon-like output which can benefit from
the development of laser-triggered switch; (1) Flux Levels, (2) Area
of Irradiation, and‘(3) Temporal Characteristics.

For example, consider gamma ray simulation. The Air Force
Weapons Laboratory currently has flash gamma machines which operate
at 10 megavolts and employ field emission diodes. Field emission
electrons from the cathode are made to impinge on a high Z anode
target, producing bremsstrahlung X-rays. Such high energy ﬁ—rays are .
used to simulate the gamma output of a weapon. Let us comsider the
benefits to the operation of these machines that might be derived . -
from a laser-triggered switch.

Flux Levels. One such machine is designed with a 40-ohm imped-
ance, and since it operates at 107 volts, its current output is .
~2.5 x 10° amps and its power output is ~2.5 x 10'? watts. This

output power produces a gamma yield of about 5 x 103 rad. However,

requirements now exist for ocutputs of 5 x 104 rad which may . require

powers of 101" watts. To achieve this power level, a machine must be

built with a higher current capahility, since the voltage is limited-



to about 107 vblts. Above this voltage the (y,n) cross section becomes
large and so many photoneutrons are produced that the test area can
become activated. It .is therefore necessary to reduce the generator
impedance to 1.ohm so that currents of 107 amps'can‘be achieved.

Herein lies one problem in building a single 101%-watt
machine. Voltage holdoffs of 107 volts require large separations
between conductors while impedances of 1 ohm require small separatibns
between conductors. One way to bypass this difficulty is to buiid ten
10-ohm machines and arrange them in parallel to a l-ohm transducer.

.The key to accomplishing this task lies in.the switch which
is used to dump the stored emergy into the transducer. All 10 machines
must Se switched with a simultaneity of about 10 percent of.the desired
risetime, which is on the order of 10 nsec. Nonsimultaneity in
switching increases the risetime of the gamma output from the trans- -
ducer and decreases its resemblance to the true output of a weapon..

In addition, the impedance mismatch at fhe transducer would cause
reflections which could result in high-voltage damage to the machines.

Multiple-gap laser-triggered switching with low nanosecond
jitter such as that reported by Guenther and Bettis (Ref. 16), could
reliably switch these maéhines in the required time iﬁterval. A
solid dielectric LTS with such reliability would be even better
-beﬁause of 1its highef voltage holdoff capability and smaller switch
impedance. ' |

Area of Irradiation.. The simultaneous switching of many machines

also provides the means for testing system size devices by increasing
the area of irradiation. It is not possible at present to increase the
size of the individual machines beyend that size which can be shipped

by rail.



Temporal Characteristics. Since many outputs of a nuclear weapon
last for a very short time {(~1077 sec), the energy stored must be =«
dumped into the transducer in comparable times in order to simulate
the weapon output. If the switch were a perfect one (zero impedance)
which closed instantaneoﬁsly, then the risetime of the current into
the transducer would depend only upon the impedance of the geﬁératbrf
However, the switch inductance and resistance increase the current
risetime. In addition, the impedance of the switch results in a
power loss to the transducer which réduces the overall efficiencj of -
the simulator. For instance, if a l-ohm switch were used with a 1-ohm
generator, half the energy would be dissipated in the switch. But if
the switch impedance were reduced to one-tenth ohm, then the enefgyr\
loss would be reduced to 10 percent. It is therefore desirable to
make the switch impedance as low as possible.

Since the impedance is pfoportional to switch gap spacing, ;
solid dielectrics are advantageous for this use. They have generallg
higher dielectric strengths than gases or liquids and can therefore
hold off high voltages with lower gap spacings. Another way to reduce
switch impedance is to trigger multiple breakdown channels in the gap.
This decreaées both switch inductance and resistance. Multiple-
channel laser triggering in solids can potentially be achieved in two
ways. One way is to physically separate the triggering laser pulse
into two of more beams as Guenther did (Ref. 13). The other way is to
use coﬁpound or graded dielectrics to initiate multiple channels with

one laser beam. This method consists of putting a thin piece of metal

foil between two pieces of solid dielectric and firing the laser into



the foil. As will be shown later in this report, the resulting effect
is the initiation of multiple breakdown channels around the perimeter
of the foil due to field enhancement.

Survey of Previous Studies

The first paper on LTS was published by Pendleton and Guenther
(Ref. 28). They focused a Q-switched ruby laser of 25 to 80 MW .per—
pendicular to the axis of a sphere-~sphere gap and studied switching
cﬁaracteristics as functions of laser power, dielectric gas, gas
pressure, gap spacing, electtic field, and focal point location.
Délays as low as 10 nsec were achieved in ng at atmospheric pressure
when the laser was focused on the high voltage electrode. Similar.
results were reported by Barbini (Ref. 2).

Lower delays and jitter were reported by Deutsch (Ref. 10). A
. coaxial spark gap (4 to 10 mm) with various gas dielectrics charged
as high as 120 KV was triggered with 1 nsec delay and 1 nsec standard
deviation.

The use of high vacuum as a switch dielectric for LTS was inves-
tigated by Clark et al. {(Ref. 7). Delays in the low microsecond range
were achieved with the use of a 1-MW Q-switched ruby laser triggering
a 300-KV gap. Similar results were achieved with a pulsed nitrogen
laser at repétition rates of 5 pps.

| High repetition rate switching in a time regime of more interest
to this study was reported by Guenther and McKnight (Ref. 17). A low—
energy, high-brightness YAG laser was used to switch a gas gap at 50
.pps with less than 1 nsec jitter.
To extend LTS into the megavolt .regime, Guenther and Bettis G%aff

15) used a ruby laser of 100 to 250 MW to trigger a 50-ohm coaxial



éapacitor by firing the laser along the interelectrode axis. Delays
of 2 nsec with 0.2 nsec jitter were reported.

Interesting‘results in the areas of multigap switching and multi-
channel switching were achieved by Guenther et al. Four gas gaps were
fired at 50 pps within 0.1 nsec of eéch other using a YAG laser (Ref.
16), and a factor of 2 reduction in currentrrisetimé was obtainéd by
the 51mu1taneous initiation of two breakdown channels in a 51ngle |
switch (Ref. 13),

In addition to the studies mentloned g0 far, which used either
gas or vacuum—fllled switches, one other dlelectrlc has been 1nvest1;
gated for use in LTS. Marclda (Ref. 25) used transfofmér oil in a
sphere-sphere gap with spacing of 0.365 cm and studied two triggeripg
configurations. Microsecond delays were measured when the laser was
focused perpendicular to the electrode axis but decreased to as low _

as 30 nsec when the laser was focused along the 1nterelectrode axis.



Ii. THEORY

In géneral, solid breakdown theories deal with the work done on
conauction electrons by an applied field. These electrons transfef
some of fheir\energy to the matrix (or lattice) through collisions and
thus raiée its temperatufe. Breakdéwn occuré when fhe matrix tempera-
ture Tm_reaches some critical value T;. The various theories of
dielectric breakdown differ primarily in the conditions which govern
the energy transfer from the field to the matrix ﬁia the conduction
electrons. These theories may be broadly classed as either 'thermal”
or "intrinsic" (Ref. 32).

For "thermal" breakdown it is assumed that the electrical conduc;
tivity ié inereasingly dependent upon T, and thus depends only implicitly
on the applied field. It is therefore a macroscopic theory involving
the generation and transfer of heat in the classical sense.

However, 'intrinsic'" breakdown theories assume that the electrom
distributién itself depends directly on the applied field. Thus the
conductivity and rate at which the electroﬁs supply energy to the
matrix are explicit functions of the applied field. The problem is,
therefore, a microscopic one involving the calculation of the number
and denSity of conduction electrons and their energy distribution and
momeﬁtum uﬂder an applied field. Intrinsic breakdown itself may
further be divided into two types: 'collective" and "avalanche."

"Collective”™ breakdown theories assume that the density of con-
duction electrons increases due to internal field emission. After thé

electron density reaches a certain value, the collisions between
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electrons determine their energy distribution. This distribption_is
Maxwellian with a characteristic electron temperature Te which depends
upon the applied field. If the applied field is greater than a certain
c;itical.value, Te increases without 1imit until collective breakdown
occurs.

The "avalanche" breakdown theory of solids is similar to avalanche
theories for gases. Electrons are accelerated‘by the field and gain
sufficient energy to liberate more electrons through collisional ioni-
zation from bound states in the matrix. However, the qalqulation of
the electron distribution in avalanche brgakdown is more :Umplicated
than that for collective breakdown. This is because both ionizing
collisions and recombination collisions must be included in the_distri—
bution calculations.

A further manifestation of the avalanche theory is the postulation
of a photo-ionization process, sometimes referfed to as the "streamer

theory.f The present consensus seems to indicate that for solids at
toom temperature and above the avalanche-streamer theory bestlfits
experimental results (Refs. 21, 22, 27, and 32 through 36). On this
basis it was decided that a detailed discussion of the avalgqche—
streamer theory would be of more value to this study than a superficial
discussion of both collective and avalanche-streamer theories. In
addition, experimental results supporting the latte: theory will be
discussed.

The results of this study will be interpreted in light of the

avalanche-streamer theory in a later section. However, it is empha-

-sized that no attempt will be made to exclude explanations of these

' results on the basis of other theories. The current understanding of



solid breakdown processes is still too incomplete to allow an exclusive
approach to the analysis of experimental data.

Avalanche-Streamer Theory

Td'begin a qualitative discussion of avalanche breakdown in solids,
let us first postulate that an electron is released from the cathode of
a chargéd spark gap. This electron may‘be reieased by means of cosmic
or ultraviolet radiation, thermionic emission, field emission, or some
-othér-initiation process. As soon as the electron is released, it will
begiﬁ to drift toward the anode With a velocity and a path character—
istic of tﬁe épplied field and the particular solid dielectriec.

Several things can happen to this electron in its progress toward
the anode. One possibility is that it will suffer only eléétic colli-
sions with the solid matrix and will merely be scattered randomly about
through the gap with its net motidn still in the direction of the
appliea field. Another possibility is that it will suffer.an inelastic
collisibn:resulting in capture by the matrix or recombination with a
positive ion. In this case the electron is removed from the gap with
the resulting produétion of a photon which may in turn ionize.an atom
in the dielectric or even release a chérged particle from an eiectrode.
A third major possibility is that the electron will gaiﬁ enough enérgy
from the applied field to suffer an ionizing collision resulting in
the release of another electron. This new electron in iﬁs transit
toward the anode may interact as did the original electron.

As it turns out, for insulating solids at fields below those
required for breakdoﬁn, the most likely process is the second one
mentioned. That is, 1f an electron does happen to be emitted from the

cathode or even from the bulk of the dielectric, it witl probably be

10



()

()

captured. For fields near breakdown a few electrons may acquire
enough eneréy from the field to either avoid recomhination or to
release more electrons through collisional ionization so that a small
(ro—1* amp) {(Ref. 24) steady-state current may he set up. Over loné
periods of time (minutes-years) this current may cause enough damage

through heating and chemical deterioration of the dielectric to cause

, dielectric breakdown. However, in the time regime of interest to this

study (< 10~° Sec)rthese small prebreakdown currents do essentially no
damage to the dielectric. At fields sufficient for breakdown of the
dielectric, the situation is different. An individual electron can
gain sufficient energy from the field to multiply through collisional
ionization and spread out, due to diffusion, into a conical—shéped path
of ionization which propagates toward the anode. Because of the "snow-
balling" nature of its growth, this process is appropriately called éﬁ
avalanche.

In the process of its growth in the gap, an avalanche can damage
the dielectric in two major ways: (1) through heating due to electron-
matrix energy ‘exchanges and (2) through disruption of thé matrix
structﬁre from ionizing collisions. Depehding upon the field and the
nature of the dieléctric, a single avalanche may reach a.sufficient
size to caﬁse enough daﬁage to break down the dielectric. If one
avalanche does not cause breakdown then further avalanéhes may form
until the dielectric is damaged sufficiently for breakdown to‘occur.

Due to the complex nature of this process in solids, no satis-
factory expressions have yet been developed to predict the behavior of
}a solid dielectric under high electrical stress. In faet, it has been

necessary to propose another distinct but avalanche-related mechanism
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to explain certain characteristics of solid breakdown. This is thé.
streamer mechanism and is aralogous to the mechanism of the same name
in gas breakdown.

The streamer mechanism in gases was first proposed in 1936 by
Raether and Flegler (Ref. 24). The explanation of the process goes as
follows:' First an avalanche crosses to midgap or ﬁear thé anode;. Af
a cértain pbint in the growth of this avalanche the positive ion
densities in the trailingkportion of the avalanche (cathode end)
becdme'sufficiéntrto produce 1o§al fields which distort and.augﬁent
the aéplied tield. Then recombination photonsremitted from the'posi;
tive spécé chafge cause photoelectric ionization in two regions: (1)
between the positive space chérge and the cathode and (2) between the
negétive avalanche head and the ancde. The photoelectrons produced in
these lécalized, inteﬁse field.regions produce new avalanches and
rapidly spread the dischargé toward the anode and toward the cathode.

It'is.also possible that a single avalanche will not reach a
sufficient size to form the positive space charge density required for
streamer formation. In this case it might require several or even mény
avalanches to form. The space charge formed by each successive ava-
lanche would then add to the space chéfge formed bf preceding évalénéhes
until fhe cumulative space charge was sufficient to ;orm streamers.

Tﬁerefore the question-arises as to how ome determinés whethef
a particular breakdown event is pure évalanché or whether it is
avalanche-streamer. The answer to this question depends upon the
dielectric beiﬁg studied. In gases one simple way to make this deter-
mination is to take cloud chamﬁér éhotographs of the break@oﬁn. The

avalanche photographs as an orderly growth of comical jonization
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spreading from the cathode toward the anode. If a streamer is formed,
it photographs as a filament of fonization which seems to have no
distinct point of origin in the gap (Ref. 24).

In a solid dielectric, however, the observation of a streamer

‘process must usually be made indirectly, such as with the use of a

voltage cutoff method. This method consists of applying a high voltagé
to a dielectric for a certain length of time and rémoving the voltgge
before the sample has brokeﬁ down completely.. This procédure résults
in par;ial breakdown of the solid, the analysis of which yields infor—r
matién ébout the breakdown process. |

| Vorébev et al. (Refs. 34, 35) used the cutoff method to test
sqlid dielectriCs in a point-plane gap. He found that when the polnt
eigctrode was positive a definite breakdown channel fdrmed.from the
ancde and éropagated toward the cathode. The length of the chanﬁel
increased as the pulse dufation increased until the channel completely
bridged the gap and breakdown occurred. However, when the poin£
electrode was negative, the paftial breakdown manifested itself, not
as a definite chamnnel, but as a barely'visible region of disturbance.

The results of Vorobev's research point stfongly toward an

avalan;he~streamer‘mechanism in his observations. The reason for this
conclusion is that an electren avalanche cannét propagate from the
anode to the cathode, but a streamer can. Theréfpre, the observed
breakdown channel.emanating from the point-anode was concluded to be

a streamer which was formed in the positive space charge around the

anode. This streamer propagated outward (toward the cathode) and was

- enhanced by avalanches going in the other direction. When the voltage

was cut off, the avalanches stopped and the streamer stopped, leaving

an incomplete breakdown channel.

13



For a puint-cathode, on the other hand, Vaorobev concluded that
the avalanches were hindered by the formation of a positive space
charge around the cathode. In other words, electrons emitted from the
cathode traveled through a field region which encouraged recombination
rather than multiplication. As a result, when the voltage was cut off
béfore breakdown occurred, no streamer had formed so that the only
breakdown damage observed.was the small amount done by the weak
avalanches. |

Additionally, it was found that a negative point configuration.
held off higher voltages than a positive point, and from the previoﬁs
discuséion, this obsefvation seems reasonable. The conclusion there-
fore ié that a streamer mechanism is apparent if the breakdown procéss
is more rapid when initiated from the anode than Whén it is initiated
from the cathode.

Laservinduced Breakdown

In order to obtain at.leastra semiqualitative understandingrof
how a laser can initiate electrical breakdown of solid dieiectrics;
let ué assume.that breagkdown occurs through an avalanche-streamer
process. Further, 1et ﬁs assumne that streamers will form and break-
down will occu£ after a specific number of positive ions, NZ,.havé
accumulated at thé énode; The time required for breakdown to occur
will then depend primarily upom the time to accumulate NZ (the streamer
traﬂsit time being negligible) (Ref. 15).

The buil&up of N, depends upon three processes: (1) generation
thrdugh laser ionizafion,-(Z) generation thrqugh electronic avalanches,

and (3) loss through recombination.
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The first process involves both initiation and buildup. As the
focused laser beam first impinges on the electrode, a metallic plasﬁa
is generated from the electrode surface and some additional plasma is
generated in the dielectric itself. The formation of such plasmas by
a focused laser is well documented (Refs. 7 through 9, 11, 18 through
20, 26, 29 through 31, and 38). Once the plasma is initiated, it
continues to absorb the incident laser emergy through inverse brems—
strahlung interactions with plasma electrons. These energetic elec-
troné then ionize neutral atoms and the degree of ionization increases.

The ion production term from the laser-plasma interaction is

given By (adapted from reference 29):

any = np e ar )
where
Ni; = number of ionizations which result from laser-plasma
interaction
No = initial number of electrons in plasma
6 = number of electrons produced per second

The ion production term from electronic avalanches may be expressed

as (Ref. 33):
dN, = QO as 2% 4t | 2)
Where‘
Ny = number of ions produced.in head of avalanche
v o= electroﬁ flux from cathode (electrons/cm?-sec)

AS = cross-sectional area of plaSma

o = ionization coeff1c1ent of dlelectrlc (1on121ng colllslons
per unit path)

d = thickness of specimen
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‘The third term, a loss due to recombination, is given by (Ref. 33}):

dNg = —y N? dt (3
where
N3 = number of ions which recombine
Y = recombination coefficient (recombinations/sec—electron)
N = number of ions in plasma

So the incremental buildup of N, is given by:

dN_ = dN; + dNo, + dNj

z
=No et ar+v a5 2 ar - yN2ar @)
Let
Ay =g " (5)
and
Ay = v, b3 204 (6)

For simplicity in the derivation to’follow, it will be assumed
that A) and A, remain constant throughout the:spaceﬂcharge buildup.
This assumption is not true for several reasons, the most obvious
of which is that A; increases exponentially with time. The second
reason is that A, increases with plasma buildup: (1) AS increases
with plasma size, (2) plasma photons cause photoelectric emission
from the cathode and increase Vs and (3) o increases with applied
field and fherefore increases as the space charge builds up. However,
the increase of Ay and A, may be diminished to some extent by a
decrease in 0 as the plasma expands. Such expansion is quite rapid
because of the high particle energies ﬁresent in the plasma.

The resultant effect, however, is probably still an increase of
A; and Ay. The justification for making the gross assumption that
these terms are constant is that first it allows_us to derive a simpie
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analyticai exPression for ﬁd (time to breakdown by streamer formation)é
and second, any increase in A and A, will only serve to enhance ﬁhe_
ability of the laser to initiate breakdown.
Using equations (5) and (6), we can write equation (4) as:
N & (A + Ay) dt - Y N dt | €)

Separating variables and integrating from t = 0 to t = td yields:

Aj+A,  exp (2 ‘/'Y(A1+A2) td) -1
- V Y

No (8)
exp (2 ]/Y(A1+A2) td) + 1
Rearranging and solving for td yields:
Aq+hs
+ 1
2
N ¥ NZ )
ty ~ an, (9)
2 ‘/Y(Al"'AZ) Ar+As
. 1
v NS ]

This equation shows how a laser can initiate breakdown in an
under-volted solid where the ion production rate equals the iom
recombination rate. Before the laser arrives at the electrode,

Ay =0 and 4; = y N%, yielding t; = =. However, when the laser is
focused in the gap, the laser production term, A;, becomes greater
than zero, making A + A, > y Ni and reducing tytoa finite value.
As mentioned previously, even though A; and A; increase as the plasma
builds up, they only serve to enhance the effect of the laser in
breaking down the dielectric.

It should be noted that this analysis is not meant to.be quan-
titative. A more detailed treatment would require the inclusion of

'time—dependent expressions for A; and A,. However, since values for

17



Vor %5 Y and 6 are not known,' a rigorous treatment is not warranted
at present. The usefulness of-equation (9) is that it presents a
qualitative, lower-limit explanation of laser-induced, electrical
breakdown of solids. It is also queilitativdf cdns.is;:egt with the

results of this study, as will be shown later.
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III. EXPERIMENTAL

The experimental apparatus used to study laserétriggered'ewitching‘
in solid dielectrics is shown schematically in'Figureil. The apnaratus
consisted of three main functional units: (1) the.swltch.tank;:(Z) the

laser system, and (3) the diagnostic equipment.

Switch Tank

The ewitch tank (Figures 2, 3) served the,three-fold purpose of
holding the samples to be tested, focusing the laser beam on the: elec-
trodes and applying a DC field to the sample.  The tank was a 50wohm
1mpedance coax1al aluminum cylinder, 7.5 inches I.D. and 18 inches long,

Which held the focusing.lenses and~switch electrodes. A 12—1nch long,

'50mohm constant 1mpedance tapered line of sheet metal was attached to

the : end opposite the lenses and was connected to a 14—foot length of
50—ohm RG/17A coaxial cable. The end of the cable was connected through
a l—megohm charging resistor to a 0 to 120 KV power supply.- The tank
and tapered 11ne were filled with transformer 011 for 1nsuletion.‘i,

The capacitances of the elements charged.byrthe power supply.were
calculated from coakial geometry formulae nsingrpublished values"of
dielectric constants and are tabulated in Table I. .

Electrodes. The electrodes (Figure 4) used in this system Were
the Bruce uniform-field type and were. constructed of Stainless steel
(see Appendix A). The grounded electrode heldrthe beam focueing optics}

which consisted 'of a fixed position focusing lens close. to. the solid .-
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Table I

CAPACITANCES OF CHARGINGlELEMENTS

Element

lA—foot‘RG/17A

Cylinder and
tapered line

- filled with

transformer

" oil

Electrodes

‘closed onto
'10-mil Lexan
sample

"Total

.23

‘Capacitance

D

400

400

500

1300
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dielectric and a variable position collecting lens mounted inte a brass
lens holder. lhe focal lengths in air of the collecting and focasing
lenses Were 55 mm and 13 mm, respectively.

| The space between the two lenses was kept free of 011 by an
epoxy seal around the focusing lens. An O-ring around the 1ens holder
prevented 011 leakage from the chamber. In addltlon an air hole was
drilled into the ground electrode to provide for removal of air bubbles
and contamination Whlch formed after every laser shot. To expel such
bubbles and debris{fthe 1ens holder was used as a piston and moved in
and out several times. It was found that if all air bubbles were not
removed from the cavity in front of the focusing lens damage Would

result to the lens from the laser firlng

Laser‘System

The laser system used for.this research was aAKorad model K—ZQ
ruby laser operated in the giant pulse mode; Q-sw1tching was accom-
plished by the use of a bleachable dye (cryptocyanine dissolved in
methaaol) Whrch is dlscaseed in Appendix B.

The 0pt1cal cav1ty contalned an O, 75-1nch diameter, 9.0-1nch long
ruby rod optlcally pumped by a 51ngle helical Xenon flashlamp. Cavity.
output reflectors consisted of the flat uncoated front of the rod
(~4 percent) and an 0.125-inch thick sapphire flat ( 35 percent)
placed aboat lO cit in front of the rod. A 5/8-iach diameter ceramic
aperture“was placed betweealthe sapphire and the front rod face for two
reasons: (l)rblow-off of material onto the rod from the aluminum rod
holder was reduced, and (2) beam dlvergence was reduced by the reduc—
tion 1n cavity aspect ratio, The_rear cavity reflector was a 100‘perj

cent dielectric reflector in front of which was placed the bleachable
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dye cell at Brewster's angle. Energy output could be varied continu-
" ously from O to & joules with pulse widths (FWHM) from 30 to 40 nsec.

Peak powers used in this study were from 20 to 90 MW.

biégnpstic Equipment

| Diagnostic éQuipmenf consisted primarily of two types: (l) that
ﬁhiéh.honitored laser charécﬁeristics and (2) that which monitored |
bfeékdbwn cﬁéra;teristids. | |

fﬁe 1aserlm6nitoring equipment served the purposes of recording
pulse shape, meésuring energy, and providing a time reference. Pulse
shape was moﬁitoféd-by an iTT.vacuum pianar photodiode with a 10;piCOsec
risetime $§-20 pﬁotocathode. A portion of the laser beam was directéﬁ
into the diode by a beam-splitter and the signal was fed into a
Tektronix 519 oscilloécope which was situated in an R¥ shielded rdom.-
These scopés have_risetimeé of less than 0.4 msec and sweep'épeéds of
from 2 ﬁsec/cm to 1000 nsec/cm. Sweep speeds of.all scopes were.caliw-
brated by thé_method reﬁdrted in Appendiﬁ c.
Laser energy was measutred with‘a thin-foil calorimeter (foilometer)

which is essénfially a piece of aluminum fdiilwith a thermocouple '
~ attached to the back (Bef. 5). A portion of'the‘laser beam was takén_
off with a‘beam-3plitter and directed into the foilometer which héated
‘up and produced a thermal-induced emf at the thermocouple. This signal
was fga into a Hewlettuféckard model 425AR DC microvol£meter and
recorded on a Sanborﬁ moael 7701A heated—styius strip chart recordef.
Tﬁe foilomete% output‘ﬁas'calibrated by firing the laser directly “
into a TRG model 117 Thermoﬁile which had a factory calibrated output

5f136.08 micfovolt/joule. Peak lasef power was calculated by dividing
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the output energy by the pulse width (FWHM). This procedure is possible -
because the laser power as a function of time closely appfoximates a -
Gaussian distribution.

Breakdown characteristics Were,moniiored by a capacitive voltage
divider built into the RG/17 cable betuaen the switch tank.and the
charging power supply (Flgure,z) A schematic of this C-divider is
shown in Figure 5. It was constructed by removing a 12~inch section of
bralded outer conductor from the RG/17 cable and replacing it with a
10~inch section of copper foil. A mylar sleeve.was.placed over the
copper foil and a length cf a1uminum tﬁbing plcceﬁ over che.mylar.
The.tubing was connected at;each end to the braided:coppér cable
shieldlng to complete the outer conducting path and an insulated con-
nection was made to the c0pper foil. Therefore the.resulting cable
section had an insulated.secticnrof ccﬁpér foil betwéen.the inner
conductor and the outer ccnductor. ; |

A signal was recéived fcom the C;divider.Wheﬁ:the tank and cable
wererdiccharged through the'electro&e gap. The rapidiy falling field
bctﬁéentthé cable conducters induced a voltage oncthg copper foil which
was mcnitored by a Tektronig 519 pscilloscopc.: A*typical display of
a Cfdivider signal is shown in FigcrecéB; Thé‘transit time of a
signal from the gap to the é—divider was calculatcﬁ from coaxial for-
mulae as 5.5 nsec. This delay from breakdoﬁn to reception by the C-
divider was accounted for in delay mccsuremgnts as will be discussed
later. | 1

Sample traces of the photodiode output and thé C—divider output
are shown in Figure 6. Trace A is the laser pulse alone; trace B is

the C-divider signal alone; and trace C is for the two signals fed into
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Figure 6A. Laser Pulse from Photodiode
Displayed on Oscilloscope at 20 nsec/div.

Figure 6B. Breakdown Signal from C-
Divider Displayed at 5 msec/div.

* Figure 6C. Laser Pulse and Breakdown
Signal on Same Trace, at 20 nsec/div.
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one scope. Trace C was used to measure delay as will be explained later,

and trace B W'"

Focus Betermination '

Focal pGlnt of the laser was determined theoretlcally and.experl-‘
mentally.r‘The theoretlcal determination used gsimple lens equations and
" assumed incident parallel light. With the 1ens holder pushed completely
into the‘electrode; "h" was 6.85 cm (Figure 4). The theoretical focal
-point versus "d" for h = 6.85 em is shown in Figure 7. (Note: "d" is
only.defined with the lens holder completely in.) The experimental
focal point was determined photographlcally. A camera was set ‘up over
the tank access port and focused on the center’ axis . of the ‘electrodes.
The gap was 0pened as far as possible and h was set at 6.85 cm. Then
pictures of the 1aser focusing in the gap were taken for successively
Idecreasing values of d. One such picture is shown in. Figure 8A.

For consistency the experimental focal point was defined as "break~
dovn-begin," that is, the point nearest the target electrode where the
.intense breakdown plume just started forming. "Breakdown-end" was
defined as the point farthest ﬁrom the target electrode where the
ihtense plumemended. - Thus the region from breakdown—begin to breakdown-
“end was the region of most | intense. breakdown in’ the oil. The points
deflnlng this reglon are plotted as a function of d for h = 6.85.cm |
in Figure 7.? . . | .

The graph éheﬁs that the theoretical focal poiht-ehould.be‘ebout
1 mm hehind breakdown-begin. This occurrence is not unreasonable
because of the natute.of a laser;induced plasma. That is, even theugh
the‘tendency is to propagate in a direetion opposite that of the laser

“beam (Ref. 29), a certain amount of normal expansion will occur in the
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Figure 8A. Laser Focusing in Transformer
0il Between Switch Electrodes (1.85X).

Laser Focusing in Transformer

Figure 8B,
0il with 16.5 cm Lens (3.3X).
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other direction. 8o the experimental and theoretical focal points
agree reasonably well (within 10 percent).

This expansion effect is even more pronounced for longer focal_
length lenses because of the longer focal region obtained, as can be

seen in .Figure 8B. Notice that the rays seem to converge toward the .

~ center of the bright region. This picture was obtained by focusing a

beam into a tank of transformer oil with a lens of focal length .16.5
cm or roughly -eight times the focal length of the lens system in the .
electrodes.

As a matter of practical interest it might be noted that many =~

focusing lenses were damaged in these focal point studies. This is a

‘result of the short focal lengths of the lenses used. However, it was

found that if d were set at its maximum value of 106.5 mm, one lens .
wo@ld,lgstyfor.hundreds of shots, whereas at lower values the power ‘-
density going into the focusing lens was high enough to damage it afggr

a few shots. Therefore all switching measurements were taken by-segﬁgpg

~d at 106.5 mm and pulling the entire lens holder ouf until the laser

was focused at the desired point in the gap. The effective focal
length of the double lens system in tﬁis conflguration wasﬂZO mm}

‘Poﬁer‘Density Determination

In addition to knowing where the laser focused, it was desirable
to know the power density in the beam at #he point where_iF—étruck.the
electrode. As will be shown later, the switching delay is a function
of this power_density; so the switching parameters are not properly
defined unless focal spot size is specified in gddition_:q.peak_pqger

and pulse shape.
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. The first requirement for caléulafing spot size was to know the
laser beam divergence. Using the technique described in Appendix D,
the half-power beam divergence was found to be 2.5 milliradians with
a shot—-to-shot yariation and uncertainty of 15 perceént. The diameter
of the half-power fdcal spot ﬁas obtained by'multiplyingrthis diver—
gencg‘by.thé effective focal length of the lens system. |

* However, as will be shown; minimum delay was achieved when the
_laéer*Was'focusedrslightly into the electr&de, thgrefore'thé bheam
hitting the electrode was larger than the beam size ét the focal'point.
The diameter of this slightly converging beam was calculated to be |
2,08 mm with-ﬁhe use of equations given by Kogelnik (Ref. 23), so the
half-power beam area was 3.4 x 1072 cm?. '

SamglgnPreparatioﬁ-

Samples of the Lexan and Teflon FEP used in this research were cut’
from’QOﬁmerqial grade sheets with no attempt to eifminate aﬁy piehes'
ﬁther than those with obvious défegts such as gouges, deep scratches,
or other imperfections. Sampie size was chosen to be 4.5 by 5 inches
to minimize the chances of dielectric breakdowr around the edges of the:
electrodes and still allow the sample to be inserted into the tank.‘_

»
Before being tested, each sample was cleaned with-meghanol and ‘dried
withia sqftfpaper towel.

" sample thickness was measuréd‘with a'micrometgr'gauge over several
régiéns of the piece and né variations were found which exceeded 10
per;enﬁ-df the nominal thickness. Optical ahsorptio# of the 10~ to
20-mil" thick dielectrics at 6943'i Wﬁs measured on a Perkip-Elmef model
350'spéctrophotometer; and .within the 1 peréent sensitivity of the

instrument no absorption was observed.
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Experimental Definitions of Delay, Jitter, and Risetime

The parameters investigated in this study included laser focal
point, applied voltage, electrode polarity, laser power, sample thick-
ness, and sample type. In order to study the effects of these param-
eters on sw1tch1ng characterlstlcs, it was first necessary to have
con51stent experimental definltions of the dependent variables involved:
delay, jitter, and.risetime.

The definition of delay used in this paper is somewhat different
fron that used by other researchers such as Bettis (Ref. 15) and
Pendleton (Ref. 28). In their studies switching delay was defined as
the, time interval between nnintsHA' and B (Figure 9) minus a certain
tine for time—of—flight,corrections, Point B is determined simply by
extrapolating the rising portion of:the breakdown signal back to the
base line. Because of the fast rlsing nature of this signal it is
possible to define this point as the time at Which breakdown of the
gap occurred. However, the laser pulse does not have such a sharp
rise, and some other extrapolation is necessary. Therefore the most
linear part of the laser rise was extrapolated back to the base 1ine
and the intersection of the twn lines was defined as '"laser-begin"
(A").

This same method was not useful in this study, however, because
at‘very'high“applied fields it yielded’negative delays. Thie-is
physically impossible since it would reqnire the'gapjtorbreak.dpwn'

‘ nefore the laser arrived at‘the gap, and it Wnuid further'require only
2 nsec jitter in.this breakdown Therefore another definition was
formulated which.deflned laser-begln as the point at whlch the laser.
signal first started to rise away from the base line,_as_shown'in the

‘detail in Figure 9.
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. Figure 9. Diagram of Method Used to Experimentally

Define Switching Delay. In this study, delay was
defined as the time interval between points A
("laser-begin™) and B("breakdown-begin'). At
point A, as shown in the insert, the trace of the
laser pulse just starts to rise away from the
baseline. 1In pfevious gstudies (Refs. 15 and 28)
"laser~begin' was defined as point ‘A', where the
linear rise of the laser pulse extrapolated

back to the baseline. ‘ S
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When comparing the results of this study with other studies in the
past or future, this difference.in_definifions 6f delay shouldrbe kept
in mind because the time elapsed between points A and A' varied betwéen
5 and 15 ﬁsec depénding upon the shape of the,laéer'pulse. it'is also
believed that this method of defining delay introduces_soﬁe undesirable
error in measurements at very highrapplie& fields. As will be shown
iater, the gap 5reéks down very close to the beginning of the laser =
pulse (point A in Figure 9) at very high flelds, therefore any variation
in the shape of the signal at this point will affect the measurement.

Tﬁe time-of-flight correction mentioned previously deals with
delays in the diagnostic system which are not inherent in the actual -
breakdown prodesé. These delays include flight time from laser to £2P,
breakdde signal transit time to C-divider and to oscilloscope, time -
from 1ésér.to ﬁHotodiDde, diode signal to oscilloscope, and'ény delays :
added by cables iﬁ ordéf to further separate-thE'bréékdown signal from
the laser signal. The addition and subtraction of these flight times
gave a constant correction tﬁme-which.was subtracted from the time read
on fhe osciiioécéﬁe trace.

Jitter was defined simply as the average deviation from the mean
value of delay. Risetime of breakdown (sﬁitcﬁ closure time) ﬁas.
defined as the time from 10_pe;tent to.90 pgrcént of the_sigﬁal'frmn

the C-divider.
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'ghown‘og the graphs yielded eyeﬁ longer delays.

v, RES_ULTS AND CONCLUSIONS

Y

The results of this investigation are presented in this section

along with a.discussion of their agreement with the avalanche-streamer

theory of breakdown in solids. The analysis must be at best.semiquali-

. tative, since theéoretical expressions which might account for experi-

mental results are nonexistent and empirical data on such factors in

solids as ionization coefficients, recombination coefficients, and

photoionization cross sections is also lacking.

Effect of Laser ‘Focal Poirnt Variatlon

Since it was desirable to optimize the ability of . the laser to-

: trigger switch closure, the first parameter studied was focal point
location. The effect on switch. delay and jitter of varying the focal
point is shown in Figures 10 and 11. The graphs show that whem the

target electrode pqlarity“was_positive there was a slight but definite

nminimum in delay for h = 2.30 inches. For the case of a negatively

charged target electrode there seems to be little difference in h = 2.25

‘inches and h = 2.30 inches. Values of h smaller or ;arger<than_thosg

‘

.On-the¥bésis‘of these graphs it was decided that h = 2;3O inches

- wds the best lens setting to use for subsequent. delay and jitter
‘measurements.  Although h = 2.25 inches might have been a better setting
- for firing into the negative electrode, it was decided that using the -
,Séme focal pdint for both polarities would allow a better comparison

of the effects introduced by polarity changes.

USing a lens setting of h = 2.30 inches resulted in the laser

‘being focused at a point slightly into the electrodé,‘therefore-the
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s high as it woul if: the lens had

been set to focus:the
inches). Figure 1279

setting.

Effect of Appl
Figure'
affected delay

polarities'andll

the -herp discontinuity which occurred at a. certain value of applied

voltage. The value of delay at thls "transition" voltage made extreme

fie from shot t0¢shot}thW" eT'ldtted-on the graph

‘eithet in the low nano-

No values fell between

;theihiéh region and -

_eﬁertneleéslindiceted by.the;f

er) extended'toflower V31Q?S,Wheﬂ tne'c arge'was ‘positive. . ..

t?fect‘of'nasér”Powér Variation...‘

- Flgure 15 shows the effect of reducing ‘the peak laser power from
60 to 90 MW to 20 to 30 MW. The result was - that the magnitude of delay

"and jitter increased but the transition from the low delay region to .

S
3(:;) - - the high delay region occurred at the same voltage.
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Laser and Breakdown, n=2.35 in. Laser and Breakdown, h= 2.4 in.

Figure 12. Laser and Breakdown Damage
in 10-mil ‘Lexan (25X).:
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Effect of Sample Thickness Variation

The effect of sample thickness on switching delay in Lexan charged
to 4.1 KV/mil is shown in Figures 16 and 17. The depeﬁdence is evident;
é; a constant ‘field the delay decreases ﬁith_increasiné sample thicknessr
between 10 and 20 mils. Note, however, that this field 1s less than the
transition field iﬁrlQ—mil‘Lexan. Tt would have been desirable to
sﬁudy this effect at fields above the transition field, but the voltage
1imitations on the switch tank did not permlt this. |

It is also interestlng to note that delays measured in two 10-mil
sheets were about twice as high as those measured in one 20-mil sheet.
This effect is probably due to one or both of}the following: (1) the
oil film between the 10-mil sheets, or (2) randcm allgnment of imper—
fectlons in the two 10-mil sheets.

Effgct of Material Variation

In addition to Lexan, the switcﬁiﬁg characteristicé of Tefloﬁ FEP
lwﬁs studied. Delay versus applied voltage for 10-mil'Tef16n FEP is
piQtted in Figure 18. However, there are several facto;s which make
it difficult to directly cbmﬁare ﬁhis gréph with the similar one for
10-mil Lexan. |

One sucﬁ factor is that the self-breakdown voltage for 10-mil
Téflon FEP was about 60 KV, but the 10—mil L;xan would not self-
dlscharge even at 85 KV (the upper voltage limit for the test system).
The highest publlshed value of the dlelectric strength of Lexan was
A:KV/mll, but the measurement was taken with alr_as the ambient medium.

The oil medium used in this study increased the voltage holdoff con-

siderably.
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Anather fl"r.:'.-cto‘r;: which makes. it diff i;::u-]..‘t'g to compare: data, om: Lexan . '
aﬁdﬁiTéfﬂibrii. FEPy igr that the voltage was not. lowered: suffieiently. to:
deazarmmer if a transa.tlon pomt from low nanose.cond delaya t:a Tow:
micrﬁsecﬂnd delaysex:.sted for Teflon. Nevertheless, it:is. mterestmg
tkit note: that in. thj:é:sxa.lid _which has: a lomér d‘fIiEl.eciric, s:tréﬁg_th;; than:
. Lawamn __;'nana:szanand éelays wera achie.ved. at: voltages which: woulid: have:
| 'y&eidéﬂummmcsecend delays i Lexan.

fﬁﬁamefbm, it might: not: be: unmasonable_ tow cﬁncluda that: at: low:

5, a solEd with: a: Low: die.-le.c.tric str&lﬂ:gth

trigge;r wirfh l’o,wm:f

Eiﬂﬂfﬁ:& s:ﬂ*lid’ wa.th a h:l’_gh dn.e.le.etric sta:emgth

e a:ﬁ Graﬂeé" I’Xielectrics on: R:Lsetlme

Goaded: dielectrics: were: included in this. study Because: af their
mwm &b:tsli_ﬂy toe: imrease, the- valtaga holdaff‘ of a: gap: (Refi. L) In
aﬂd&tiam to: thi& adﬁrantage, Guenther: believed that: thedr use: waul.d

_dre:mas& visetime (switch.closure: time): th::nugh the: formatibm: of nmla:iﬁ

. cliannelis: (Refi. 14)Y. These multiple chiannels:. reduea riset.ime._

by 10wering the: switeh mpedance.
The: graded: dielectrics used. in this: study were c,onstructgd: by

mmtmg ar piece: crf 0:5-mi} aluminum: foil. bed:weerr tug: shagts oft H-mid

_Eaaiam Three: types: of foil Iinserts: w&r'e:'us:edz*“ () a rommd, lZS*—inch
'-d:l.ame:ta:rf :i.nse:rt, €2). a hexag@nal inse.rt Wlth 0.6-inch. s;des, ancL (3) a

hexagnnal insert: Wlth; l—j:nch s;i.des.

| Tt was: Eound.: that when the laser WaSs: flred Into- the. center of’ the:
foil it é:au&ed' breakdown b‘-etween.: the: center of the foil and the: ground’ :
-eleatrmde, but. mo: hreakdown hetwe:en the. cen.ter of’ the: foil: and: the:
-:t:arghat« el&cﬁmde. The breakdown path Erom the. foil: te- the: tarpget elee—

;tmcia ocmxrred at several places around:- the edge of: the fon_’L F&tg-éuﬂ:&z ]19

2 ho.ws a pxictur& of thiss breakdom behavior.

. 50



Figure 19. Multi-Channel Breakdowm
Behavior of Graded Dielectric.
~A-1n. Diameter, Round Insert

51




GNE/PH/68-12

These dielectrics broke doWn around the edges of the foil because
of Stroﬁg field enhancement there. The number of hhannels that gccurred
could not be controlled, but was probably dependent upon the number and
physical nature of the field-enhancing defects that were produced around
the edge of the foil in tﬁe,process of cutting.

Figure 20 shows how the number of these breakdown chanﬁels affected
switch xisetime; The expected effect would be that the risetime would

decrease with increasing‘ghagnQLthUt1asﬁ;§nﬂheusean%thisﬁdcgu#s only

for the round insert and

effect occurs for the la%

switch riéetime.

No correlation could;%é f§§ éi_;’ Jend-riset éiin these
dielectries. Delays in gii;Bf;ﬁﬁ;@vwggé ab§gthﬁhé:%gﬁé é§7£Eé;de1ay in
20;mi1 Lexan. S T
Sﬁmmarz

“in ordér to 5etter analyze the.ﬁﬁiﬁ.ieéulésiﬁf tﬁié‘ét;dy, they are
firsf summarized for convenience. |

1. Minimum délay.ﬁas achieved when the laser was chused 0.12-
~ inches igside'the target electrode. |

2. Delay_iﬁ Lexan Increased continpously as applied voltage
decreased until a transitipn voltage was reached‘wheré‘the delay increased

discontinuously‘with,eﬁtfemely high jitter. Below the transition voltage

the delay again increased continuously with decreasing voltage but at
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valuee.teororders of magnltude hlgher than the values measured above
the transition voltage Values of delay above the tran51t10n voltage
were always less than the laser pulse duratlonlwhlle delays below the
transition voltage.were.always 1onger than the 1aser pulse duration.

3. Delay was somewhat lower when the target electrode,wasr"‘
charged positive than when it was charged negatlve, but jltter was
slightly higher. L

4. Reduction of 1aser power from 90 MW to 20 MW increased delay

and jitter, but the'transitiop,voltage from the low delay region'to the .

'ﬁigh'delay region di& not cheﬁéé.

5. At an applied field of 4.1 KV/mil (Which is below the transl~
tion field in 10-mil Lexan) delay decreased as sample thickness
increased from 10 to 20 mils.

6. In Teflon FEP whlch has a lower dlelectrlc strength than
texan, low nanosecond delays were achieved at voltages;whlch.ylelded f?
Low mictoseeond delays in Lexan. |

7; It was.possible-with one laser beam to initiate multipléf
breakdown channels in' graded dielectrlcs, thereby reducing sw1tch
closute time. : | ‘
DISQUSSlOH
| It is believed that the results of this - study are con51stent with
‘the avalanche—streamer theory of solld breakdown ThlS conc1u31on is
flrst indlceted by the fact that delays were lower when breakdown was
;nitlated ftom the anode. Second,-equatlon (9) allows a semiqualita-

tive explanation of how the other parameters affected delay.
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It has already been shown how this.equation relates to triggered
breakdown of an under-volted soiid.‘ It also indicates that ty shonld
increase as the applied‘voltage decreases. This effect is primarily
due to the decrease in o with applied field. As o decreases, A2
decreases exponentlally and td increases.

It mlght at first glance, be expected that this trend should
contlnue smoothly until the gap no longer breaks down, even with the
aid of the laser (1 e., Az decreases until A1 + Ay =y N%);.-However,:-
to show that this trend is discontlnuous rather than continuons,-let'us'

postulate that at a certain applied voltage,-V » the gap has not broken

t
down after a time t (length of laser pulse) At this point the laser.
production term A; will be removed from equation (9) because the laser
pulse has ended. In addition,'because of the rapid expansion velocities

of the 1aser—induced plasma a great deal of the charge accumulated

during t'Q will be eliminated.

The.resulting-effect is that in a time probably no greater than _
ahout 5 nsec, the laser stops aiding in the space charge buildup, and

most of what charge had accumulated up to that point is dissipated

.through hoth expansion and .recombination. We now have a coﬁpletely

different situation than we had before the laser was fired. Before to,

Ay = v N% so that td = oo, Now,.however, because of the damage done to

the dielectric by the laser, the values of A; and y have changed. ag
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has increased to A} beceuse a' in the damaged dielectric is greater than
o in the virgie dielectric, and y has decreaeed to v'. The new condi-
tfen is A} > y'N% so that the material is slightly over-volted. The gap
then proceeds to break dovn'at a rate which depends upon A3 and yv'. The
‘resultant breakdovn.times are‘exeected to be considerably greater than
those obteined when the laser term Ay aseists breakdown.
-‘Ihue the deiaylie split ieto two regions:

| : 1) 'td_i;tﬂ.- | '(iow region) vhere breakdovn ie.determined‘.

by Ai, Az;.aed'yg and | | . |

d 2
by A =0, Az > Ay, and v' < vy.

(2) t, >t | (high region) where Breakdown is determined

This postulated mechanlsm agrees with experlmental data. :Thet is,
When td | L’ breakdown is in nanosecondsr However if td > tL’ it is |
greater by two orders of magnltude. This same effect while not 50
extreme, was also observed by Bettls in gases (Ref. 3), Marolda in DC- |
charged traneformer oil (Ref 25) and Zlgler in pulse~charged trans—A
former oil (Ref. 39). | | o
| The increase in delay Wlth a reduction in 1aeer power is to belt_
expected This effect results Slmply from a decrease in the magnltede T

of Al. However it also mlght be expected that further reductlon of
‘1aser power would increase the tramsition voltage (V ) in additlon to
' ;ncrea51ng delay. |

'The7decreeee fh‘delej With‘increasfng thickness is elso‘reesenable
in light ef;eqdation,(Q)-' The factor here which reduces ty is the
dependence Df‘Az on d (eample thickness),;eince'ez * Zad. However, two:
qualifications must be made coﬁcerﬂing this observation. First, the‘

applied field'vas just'below‘the transition field, so that a slight
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increase in Ay was enough to drop tg back into the time regime of the
laser pulse; For fields above the transition field, Ehis.thickﬁess'
effect would probably not bé so marked. The seébﬁdrquaiification‘is
that no conclusion can he made about how ty will behave as thickness is
increased above 20 mils. Certainly one would expect to .reach a peint
where delay began to increase as thickness increased, because of less
laser-induced damage to the dielectric.

Finally, the observed effect of dielectric strength on t.d is
réasonable.' A comparison oleigure 13 with Figure 18 shows that the
weaker dielectric (Teflon) yields nanosecond delays at lower fields
than does the stronger dielectric (Lexan). The Teflon has a higher o
(higher A;) than does the Lexan so there is greater avalanche enhance=
ment of space charge buildup. The regulting effect is a loﬁering of
Vt' Figures 13 and 18 cannot be compared directly, however, becauser

the Teflon data was obtained at a lower laser power.

Recommeﬁdations

It is obvious that much more work is needed in solid dielectric
laser-triggered switching before its full value can be assessed. One
important study needed is the switching of thick samples DC~charged and
pulse-charged to megavolt potentials. Also, more information is needed

on many different materials at extreme ranges of laser powers in order

to determine the best material to use and the minimum laser power needed

to perform a particular'switching task.

Another area which would yield valuable information about the
nature of laser switching of solid dfelectrics would be a study of how
the transition voltage in a particular sample.varied with laser pulse

length. It is believed that longer pulse lengths (>;00 nsec) would

37



yield nanosecond switching delays at lower voltages than can be

obtained with relatively short pulses (<50 nsec).
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APPENDIX A
BRUCE ELECTRODES

. Since this study 1nvolved e determlnation of factore affecting
switch performance, it was desirable to minimize external influences
- sueh asg asymmetric fields. Bruce electrodes (Ref. 6) were chosen
. Fecahse they meet.this uniform field requirement and.because-they'are

readily machinable, | . | - o

The contour of .this type of’ electrode is. shown in Figure 21. VIt
consists of three parts, each merging tangentially into the. next' (a)
‘a flat surface AB of diameter not less than the maximum spacing at
which the electrodes are to be used, (b) a portion BC qf.gradually‘
‘increasing curvature to minimize edge effects, the initial radius of

curvature being not 1ess than 10 times the maximum gap spacing, and

(c) a c1rcu1ar portion CD to complete the edge.
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APPENDIX B
BLEACHABLE DYE (PASSIVE) Q-SWITCH

Q-switching is a method which is generally used to attain the
highest possible peak power output of a 1aser. It consists. of decreasing
the opticél gain in the laser cavity while the active medium is being
inverted. Then when the medium hés ﬂeen‘excitéd to its.ﬁaxiﬁum population
inversion, the gain is suddenly'increased allowing the Stdfed energy to"’
be released in a short burst of light.

The passive, bleachable dye Q-switch was chosen fbr this study’
because of its simplicity and economy. Also, we ﬁad no need-torprecisély
control when the giant.pﬁlse occurred. Because‘of this inability to
cémﬁand fire a passive Q-sﬁitch, it would not be suitable for use in a
giitically-timed laser-triggered swiﬁching system. -

A passive Q-switch operates on the principle of nonlinear absorption,
Itsfbpti¢al transmission at the laser frequency is a'functioﬁ of the
inténsity and duration of exposure to the laser. When placed between the
Laser crﬁstal and én.énd reflector; it acts as a nonlinear gain control
§Witch. ‘As fod”pumping begins, the.initial transmission is very low and-.

‘the dye'attenuqteéqlightfdirected toward it, Then when the rod has%beénf
| pumped sufficiently hard, a rapid absorption occurs in the dye;whiﬁh

bieaches it out and creates a condition of highzgain. This sudden gain
increase rapidly depletes the inverted medium and a giant pulse of light
Is emitted. The power output is determined by the dye copcentration and-

and the  amount of optical @umping._



(:> ' APPENDIX C

OSCILLOSCOPE CALTIBRATION

Because of the extremely short times involved in LTS, it was
necessary to ensure that the scopes used to measure these times were
accurately calibrated} The Tektronix 519 oscilloscopes were calibrated
on the 3, 10, 20, and 50 nsec/cm sweep speeds by the injectiﬁn of a 250-
MHz signal from a General Radio type 1215C oscillator. Accurate measure-
-ment of the injected signal frequency Waé made with a Hewlett-Packard -
type 5257A transfér oscillator in conjunction with a Hewlett-Packard
type 5245L frequency counter. This combination gave better than fivew
figure accuracy in frequency monitoring.

The signal thus displayed 6n the scope at the various sweep speeds
was photographed and réad on a Carl Zeiss model 1047 film reader., The

. accuracy of the film reader was 1imi£ed by operator error to about
+0.05 mm of film distance or +0.l mm of actual distance (camera reduced
image by a factor of 2). Therefore, at 20 nsec/em the uncertainty in
sweep speed was 0.2 nsec/cm.

The resulting correlation between real time and distance on thé
film gave the sweep calibration for that scope and sweep speed. It was
found that in all cases the initial part of the trace showed nonlinear-
ity up to a ceftain poiﬁtrbeyond which the trace was linear. This non-
linear portion was, for most scépes, no more.than the first half centi-
metef of trace. It was corrected for by externally t:iggering the.

(::) ' oscilloscopes and delaying the input signal until the trace had passed
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the nonlinear part. Therefore all measurements of laser and hreakdown
characteristics were made in the linear region of the oscilloscope

trace.
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APPENDIX D
BEAM DIVERGENCE MEASUREMENT

Beam divefgence was measured using.a technique described by Winer
(Ref. 37). The technique yields quantitative_nhotog:ephicrdetermina-
tions of laser intensity distributions. The selfecalibratingens#ure of
the method eliminates the effects of‘nonlineariiesponse ampng:different
photographic emulsions. -

It 1nvolves focusing the laser beam on.a smoath Mg0 block w1th,a

“long focal length lems (~3 meters). The focused :Lmage is then photo—-

graphed through a multiple lens plate Which gives many images on one
photographic plate. Behind the lenses are placed filters of various
calibrated neutral densities and the resulting multiple images have
different densities.

Upon being scanned With-sldensitqmeter, these images yield the
intensity distribution across the iaser.beem. This information is then
reduced by the method described in reference 37 and yields a plot of
relative energy density versus full cone. divergence angle. Beam diver- |

gence is then defined as the full cone angle at which the relative

" energy density falls to 1/2 its maximum value (1/2 power beam divergence)..

The uncertainty in the quoted value of heam fivergence is the maximum
and minimum deviation in fitting a curve to the experimental data, as

illustrated in Figure 22.
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Figure 22. Curve—Fltting Technique -
For Measuring Beam Divergence :
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