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Abstract

A focused, Q-spoiled laSér,_aligned along the interelectrode

axis of a charged spark gap, was used to induce dielectric breakdown -

of the gap. The effect of the following parameters on the triggering

delay was studied; gap polarity, reduced. field in the.gap, percentage -

of the self breakdown voltage to which the gap was charged, pressure
of the gas dielectric (620-21,000 torr), laser power (75—300 MW), and
gap spacing (0.75-3.0 c¢m). TDelay times as short as two nsec, with
jitter less than one nsec, were recorded. Self breakdown voltages
varied from 30 kV to 1.5 MV, . Good agreement was found between the.
observed results and results predicted from the streamer theory of
gas breakdown. : : . . .
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Preface

This report covers a siximonth researth program which T

T conducted at the Air Force Weapons Laboratory, Albuquerque,

New Mexlco; in cooperatlon with the Air Force Instltute of

i Technology The research was concerned w1th the determrna~w
tlon of the trlgger delay and sw1tch Jltter of a 1asere ”":l
trlggered spark gap Addltlonally, we Waﬂted to demonstrate}
that a. laser trlggered spark gap could electrlcally sw1tch
megavolt systems Flnally, we wanted to begln a theoretlcal
study of the breakdown mechanism, : - | | ,t)

Iiwas initially motivated toward the project by

Dr. Leno Padrotti, AFIT Phyéics Department Head, whose

~ interest in the project convinced me of its importance. I
am also:convinced that it should not belmanyiyears until

laser technology has progressed to the point that a switch

such as the one described here will be a practical method

for switching high power systems. However, 1f my rose-

<h

colored glaSSes'should,turn gray, I will at feast'have had
the opportunity to work with a man of Dr. Arthur Guenther's
caliber.

I now wish to take this opportunity to.thank those
people who were most.liberal in the assistance they gave me. éwj

ii
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I suppose that .if a man were to have been fortunate enough

to work for Niels Bohr, he would have thanked him for

LY

"inventing'" the atom. It is ﬁith-the same gratitude that I

- ‘thank Dr. Guenther for not only inventing laser-triggered
spark gap switching, but for having the ability and willing-
ness to solve the‘many engineering problems which.developed
during my research period. One should always feel fortunate
to‘work in a lab where the supervisor has graduated from the
lab and understands the probleme associated with:basic
reaearch My indebtedness. was also 1ncurred by Dr. Raymond
V. chk postdoctoral fellow, who helped me keep the laser
~operating, and by Ellis Dawson, who nearly made an-electronlcs

(:} technician out of me, I also gratefully acknowledge the
asSistance-of'; Leonie Boehmer who helped me prepare the
draw1ngs and graphs, S/Sgt Jerry Teale and John Hebenstrelt,
whose rapld machine shop labors kept the prOJect from |
falterlng, and Willie Kunzler, who helped me reduce the data.

Flnally, I would like to thank Beverly Bettls, who not only

ran our household and supervised our n01sy chlldren but

alsp corrected my grammar and typed the final manuscript.

Jerry R. Bettis

-oiid
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LASER-TRIGGERED

MEGAVOLT SWITCHING

I. Introduction

Stetement of the Problem

| Thls study was an atteﬁpt to develop an electrlcel
switech which would: (1) hold off potent1a1 dlfferences in
the megevo1t range, (2) have a dynamlc lmpedance of less
than one ohm and exhlblt 1nductance in the nanohenry.range,
and (3) completely close w1th the rlsertlme of the current
less than five nanoseconds, w1th SW1tch Jltter less than one

nanosecond. SWltCh Jltter may be deflned as the varlatlon

_ln the tlme between a given reference event and the complete

closure of the sw1tch In addition to these constralnts, it
may be necessary to require nanosecond variation in the time
f

between a given command signal and the complete closure of

the switch--which is termed command jitter. Existing

electrical switches fail to meet these stringent require-

“~

ments. However, from the time that A. H. Cuenther and
A. D. Griffin of the Air Force Weapons Laboratory. demon-
strated that a focused Q-spoiled laser pulse could be used

1
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to break down a charged air gap, it has been evident that

laser-triggered spark gap switching could probably meet

these requirements. This investigation was an extension of

the initial study by Pendleton and Guenther (Ref. 17).
Specifically, this study involved the precise determina-

tion of the delay between the arrival of the laser pulse at

- the gap and the complete'treakdown'of the gap. The complete

breakdown was defined as being coincident in time with the
rise time of the complete dlscharge 'The:delay betweee“the
arrival of the laser pulse and the complete breakdown of the
gap (termed trlgger delay) and the sw1tch Jltter were J |
measured as a functlon of the polarlty of the gap, of the-
pressure-of the gas dlelectrlc, of the dlelectrlc comp051tlon,
and of the percent of self- breakdown voltage to whlch the

gap was charged In the study of the feaSlblllty of laser-
trlggered spark gap sw1tch1ng, extension to the megavolt
range was. requlred, and in the flnal portlon of the research

perlod the requrrement was met.

Importance Qﬁ the ‘Problem

Electrical switches with the requirements listed at the
beginning of,this_paper.are;neceseary to switch various
electrical systems such as high-energy field-reversal.

generators and other pulse power sources useful for the

C
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simulation of nuclear detonation effects and phenomena., 1In
parficular, the requirements for high-voltage holdoff and
rapid-current risetimes are set by simulation devices,
while the requirement for low jitter is set by such devices
as the Blumlein generator which reqﬁires a high degree of
synchronization in several switches that are triggered by a
common signal. Low jitter may also be required in particular

arrangements of devices used for weapons simulation. An

- example of the problems associated with the study of the

effects of nuclear weapons may help the reader to place the
properlemphasis on the study of laser-triggered spark gap-
switching.

 Since the United States entered into the Limited Test
Ban Treaty, which prohibits the detonation of nuclear devices
in the atmosphere, in space, and underwater, weapons simula-
tion has grown in importance. This is because not all the

ﬁroblems in the study of the effects of nuclear detonations

‘are amenable to underground testing. As an example, the

times of flight of various radiation outputs are similar,
and it is very difficult to sort out effects produced by the
different output characteristics of nuclear weapons. Thus,

it has become a requirement to. produce a controlled explosion

in the laboratory,
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Weapons simulation.in the laboratory requires the
release of an enormous amount of energy in a very short time
(high power). Furthermore, an environment similar to that
produced by a nuclear detonation must be produced to be of
practical benefit, That is, weapOns_expeftS demand high
radiation levels of an appropriate. character for irradiation
of a high uniformity throughout the largest possible volume.

To produce such an environment, peak powers greater than

lOlZ-Watts must ‘be achieved in times less than 100 nanoseconds.

It is not a simple process to build a machine with these
capabilities.
Devices used to simulate nuclear detonations consist. .

primarily of an. energy storage system, a switching mechanism,

and some type of transducer which converts the stored energy

into the desired output. It is the combination of these
separate entities into a single machine which makes the task
of building a weapons simulator so difficult. Associated

with any transducer is an inherent inductance, L. The energy

_storage system has associated withita capacitance, C;. and. the

switch has a resistance, R, and inductance, Lg, associated -

with it. The pulse duration of the release of the energy is

- proportional to WILC s if’lﬁft ,- thus, C must be made very

small to get times of the order of those characteristic of.

weapon ohtputs._ However, the stored energy is E = 1/2 cv2,

(:}
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thus, very high voltages are necessary to satisfy the energy
(or power) requirements. At these high voltages (=I0MV)
field emission processes are dominant. Since field emission
transducers will unavoidably produce copious quantities of
eleétrOns, the conversion from stored energy to high energy
electrons is then maximized, and the - electrons are: later -
transformed into weapon-like radiations. As previously-
mentioned, enefgy sforage systems with greater than 1012
watts capacity are’neéeésary in weapons simulation, due pri=-
marily to the inefficiencies associated with the desired
radiation productiqn}processes as outlined above,

Systems such as.the one -just considered, in which R, L,
and C exist in discreet sections, are feasible when the‘
timeé‘of energy deposition are in the radio-frequencyrrangéx
For pulse &urations*less than 100 nsec, it is necessary to
build the system such that R, L, and C are distributed
throughout (e.g. a coaxial transmission line geometry). 1In .
such transmission line geometries the pulse duration is
determined by the length of the line, and L_Becdﬁes more. -
important in pulse risetimes than in pulse durations.

For a hypothetical 104 watt system which is operated

at 107-v01t5, the characteristic impedance becomes 1?:gl§2,w

Since the risetime of the pulse is proportional to L/R, L

- must be made very small since Fzzdgl.,But to operate at

5
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107_volts, large separations, which are needed for insulation,
increase L (particularly Lg). To reduce Lg, n switches
could be used to trigger the system since Lg(total) = L./n..
But in.order to keep the same pulse risetime as a single
switch of inductance, L/n, the n.switches mustwclose‘simul-r_
taneously to within an order of magnitude less than the
desired risetime. Thus, the reproducibility of_the,trigger
delaj*(switch jitter) must be very gpdd.for the-n_switéhgsr'
toitrigger the system in the desired time interval,

The switch must have.a very low impedance, for if the
system has lR:: [¢? > and the switch has. Rf [/2Q ., fully
half the energy is dropped in the switch. Furthermore, the
switch.must close very_shortly'after a,triggering.signal
arrives, since a perturbation of the switch which initiates
switch closure also initiates the beginning of the deposi-
tion of the energy, thus, increasing the risetime. Finally,
it appears impossible to construct a single machine with a -
1014 wate capability anywhere but on site. .Ion Physics
Corporation is currently building.a.lo MV—1012 Watt,system‘;
which inéorporates the largest sized pressure vessel trans-
portable by rail. 1t is then proposed to coﬁple several
‘high-wattage systems to a common transducer and fire all the
Systems:simultaneously with a common triggering signal.

This places -an even higher premium on low switch jitter, for
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if all the systems did not fire simultaneously,‘rﬁflegﬁeq_

waves due to impedance mismatching could cause serious

mechanical and electrical imbalances as well as degradation

of the system performance,

From such considerations as these come the switch

requirements . listed at the beginning of the introduction.

Survez-gg Previous Papers.

The initiai'papéf:on 1éser-triggered spark gaps was
published.by Pendleton and Guentﬁer (Ref. 17) in November,

1965;‘”A:laser was focused in the gap'from'an anglé'df inci-

dence perpendicular to the inter-electrode axis (sée'Fig. 4

for arrangement used_in the present study). Théy réﬁbtted

triggering delays as short as 10 nsec. They also reﬁdrte&

the variation in the delay as a function of the pressure of

thé dieiéctric gas;iof the pefcent Self-breakdOWn.voltage"
to which the gap was charged, and of thé distance of focus
from the électrode. They concluded that éhbrt'delay times
fav&rthigh'gaé préséuré} high pércentLself?bréakdbwn”voltage,
and small fécélrpdiht distances from the electrodes. |

A study by Giimouf, Blis;, and Clark (Ref. 8) repofted
on a vacuum-gép triggering system., They reported triggering
delays in the mierosecond range and the variation in the

delay as a function of the target electrode material. They
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concluded that the delay increases with increasing atomic
weight of the electrode material,

A recent document (published since the consumation of.
this report) by Dr. F. Deutsch (Ref. 6) of Cern reports on
a feasibility study of a laser-triggered spark gap. 1In this
- study a delay line was discharged by a spark gap of coaxial
design into a terminating resistor. A Q- sp011ed laser with
20. nsec pulse w1dth and up to 50 MW power was used Gap'lf
lengths varled from three to elght mm and voltages up.to
85 kv were reached. Formatlve times of down to one nsec
and jitters below'one_nsec were found. It was reported that
1t ‘made no difference whether the target electrode was |
charged:pOSLtlve or negatlve, The prlme dlfferences in hlS
report‘aod_the'present stodyare related to varlatlons doe to
much:smaller gap spacing, lower_laSer power, and tﬁe 1ower
peak operating voltage |

- The final paper Whlch the author found in his search of
| therllterature was a study by Barbini (Ref 2) which reported
| only on the phenomenologlcal aspect of coax1a1 trlggerrng,

and it contained no delay or jitter measurements.
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Introduction

It will be instructive to review some of the basic -
principles of the electrical breakdown of gas dielectrics:
which have a bearing on ‘the experimental observations, The

author does not imply that the theory contained in this

- section conclusively explains the observed behavior, but on

the basis of this theory, the observed dependence of trigger
delay times on gap polarity, ground connection, reduced

field, and'laser power is not unexpected These dependencies

. are, in the maln, qualltatlve only because the mathematlcal

model of the breakdown mechanlsm is nebulus and open to some
debate Due to the prlmarlly experlmental'nature of this
study, a complete theory on gas -filled spark gap breakdown

is not attempted, but the reader is dlrected to such sources

_as von Engle (Ref 22) Meek and Craggs (Ref 15), and the

-hlghly readable book: by Raether (Ref. 19) Flnally, in

sectlon VI, observed and theoretlcally predlcted behaVLours

are compared

Conditions

To adapt existing theories of the breakdown mechanism
of gas-filled spark gaps to laser-triggered spark gap break-
down, it is necessary to state the following conditions:

.9



(1) the laser beam can produce ionization in the gas for the
pulse duration, whether or not visible recombination radia-
tion is observed (Ref, 18:499-508), (2) this ionized path
which forms along the laser beam collapses very quickly
after'the-laser pulse ends, and (3) laser impingement on a
material surface is followed very closely by electron -and .
ion ‘emission (Ref. 7:4965). A more complete discussion of:
the ‘interaction of-laser beams with matter is.iocludedslater

~1in this section.

Growth of Ionlzatlon

The theory presented here is for the normal gas break—
down of a gap Wlth lnltlal lonlzatlon due to ultra- v101et
"photoelectrlc emission or gas 1onlzlngrradlatlon such aa
CI-partlcles However, since the theory is ba31c ln‘nature,
1ts appllcatlon can be conSLdered in terms of laser lnduced
breakdown processes.
If Ny electrons per second are produced at the cathode
‘of a charged spark gap, and each electron makes a,.lonlzlng
colllslons per cm of travel then the rate of productlon of

ion pairs in a length dx is
dN = N, 0CdX R ¢ 5
where N, is the number  of electrons at x.. By integrating .

10
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from x = 0 to X = d, we obtain the number of electrons, N,.

at d as

' N.:Noexp(cltc‘i) ' o (2)

If .instead of producing electrons at the cathode, Vwe shield
the electrodes and produce ion pairs throughout the volume,
then each electron sterting a distance x from the anode will
be multiplied to . exp((xx) at the anode. Production of Njdx
electrons over each 1ength dx in the gap gives the number .

n, which arrives at the anode per cm? per sec as

: n:deiexp((Lx)dx

(o]

or ‘ n:(Ni/(I')[e.xp(o; d)}-—Ni/(x. .(Ref. 22:174) (3.)

For processes which produce both uniform ionization in the

.gap and emission from the cathode, the total number flux,

Np, which arrives at the anode is

_NT: Noexp(ad)+ _(N;/Cﬂ [exp-(CC d)— l]

or Ny =(Ng+N /X Jexp(ocd) —(N /o) (%)

From Eq (4) it is seen that the multiplication of current

carriers is strongly dependent on .  In the classical

.theory of breakdown (x 1is called the flrst Townsend coeffl-

cient, It WJ.ll be seen later that a/p is strongly

dependent on the reduced field, E/p, where E is the electrlc

11



field in the gap, and p is the gas pressure,

Such processes as were just described are given the
name electron avalanche. It is this type of phenomenon
which gives the name to the Avalanche or Townsend breakdown

mechanism,

Townsend-Avalanche Mechenism

'_Physicallyfan electron avalanche proceeds as a conical-
shaped growth of ionization. = The electton-cloud at the .
front of the avalanche spreads out, due to diffusion, as the
avalanche grows. The positive ions are nearly stationary,
compared to the.electrons, since wg:lOqu , where V, and Vi
are the drift velecitiesrdf the electtons ahd positive ions,
respectively. The .conical shape of the avalanche, then, is-
due to the spreading path of -ion pair produetion and the 
relatively stationary positive ions left behind.

During the avalanche'process cohioee-quantities of
ionizihg photohs can be proauced, When ionizing collisions
occur, energy is given off ‘in the form of light quanta. If

the ampllflcatlon of the avalanche is increased (e.g. by
1ncre381ng the electrlc fleld in the gap or the’number of
lnltlal electrons), the number of p051t1ve ions and emltted

photons increases, thereby 1ncrea81ng the probablllty that

new electrons are 11berated from the cathode or dlelectrlc

12
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volume. These secondary electrons produce new avalanches in
the next generation (Ref. 19:90). This process continues ..
until the current in the gap increases to a point of insta-
bility and breakdown follows,

Each avalanche has associated Wi;hrit a region of high
field intensification causeé'by the iﬁn sface charge. 1t
is this space charge of the slow poéitive ions produced by
the rapidly succeeding avalanches which produces the rapid:
current growth (Ref. 20:113). According to Raether, the
current form of an avalanche breakdown_will consist of a
rapid current caused by the primary electrons followed by an
exponential increase which.leads to breakdown. 1In the
streamer mechanism (to be described later), which is more
than 100 times as rapid as the avalanche, it is the effect
of the space charge of the avalanché on its:own development
which transforms it into a plasma streamer of high conducti-
vity (Ref, 19:113).

Because of the short times involved in laser-triggered
spark gap breakdown, the streamer mechanism is probably more

applicable and will be considered now.

Streamer Mechanism

- Streamer breakdown occurs as an outgrowth of a normal

avalanche. The avalanche progresses in the normal manner -

S G



until the amplification reaches a certain eritical -value,
The critical parameter is the number of charge carriers in
the head of the avalanche. For a single primary electron .

the number is simply
Ncﬁj“:_exF’(axcr‘w) )

where X, i is the distance the avalanche progresses before:

it is transformed into a plasma streamer.  For N, primary

electrons the number at X' crit iS

,Ncr|.1.: Noexp((x X&I‘“IT) -. | o * o (6)

where - XErH‘C:x§r1+- Thus, it is evident that. the time it
takes to initiate a-streamer is. shortened if the_number

of initiating electrons is increased, since the distance of =
travel of the avalanche is shorter. .In a like manner, the
time for initiating a streamer is shortened if X 1is
increased, These-two facts will prove to belnecessary iq
explaining the observed delay time dependencies.

Raether ‘states that the streamer mechanism- is favored
in long gaps with pd (000 cm-torr because sufficient
amplification will not occur in a small gap to cause streamer
formation. He modifies this to mean that the number of"-
chafge.cérriers-inthe aValanchélﬁﬁst.féaéh'a_cefﬁéin Qalue

before streamers can form. Thus, it is seen that gaps with

14
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‘_pd‘-: [000 cm~torr . can undergo streamer breakdown if the
number of initial electronms, N,, is large enough (Ref. 1-1003).
It is-the‘SPace.charge associated with the large number -
of charge carriers which determines when streamer formation
will occur., Raether calculates breakdown voltages on the

assumption that streamers form whén the space charge field,
Ep= 15X1077exp(Cd)/j; (Ref. 19:78)  (7)

where rq is the radius of the head of the avalanche; is
equal to the applied field E,. The effect of the space
charge- on the applied field,ﬁill now be considered.

The spaée cﬁarge effect of an avalaﬂche is represented

schematically in Fig. 1. The dotted lines in Fig. 1 indicate

+
\\‘)J

———

S N -
- 19' .Q—-—----...._,_,‘__E2<Eo
Eg? (2(\'?;\ - q-"--"\rfé_-” E3 >EO

" Fig.l
THE EFFECT OF SPACE CHARGES OF AN AVALANCHE OF HIGH
MULTIPLICATION ON THE ELECTRIC FIELD Eo (_REF 227/79)

the outline of the avalanche as recorded in cloud chamber

Photographs. Here Ej, Ep, and E3 are the nét fields in the
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vicinity of the avalanche. From Fig. 1, the increased field
on the anode side of the streamer partially'accounts for the
very'rapid movement of the streamer, The streamer velocity
of 8 x 107 cm/sec is considerably greater than the drift
velocity of electrons under the influence of the same elec-
tric field - (V;;: 1.0X 107cm/sec) |
It is ihteresting‘to note that-streamers directed
toward the éathode have greater velocities than anode
directed streamers. Meek and Craggsgive the values of 8 x
107 cm/sec and 2 x 108 cm/sec for anode and cathode directed
streamers, respectively (Ref. 15:181). Raether explains this
phenomenon by considering the production of gas ionizing
radiation. It should be noted here that this explanation
also proves valid for the propagation velocities of the
cathode and anode directed avalanches. That is, the propa-

gation velocity of a cathode directed avalanche sﬁould be

greater than the propagation velocity of an anode directed
avalanche. Then, if the same number N, of ion pairs are

produced at both the cathode and anode (Ref. 7:4963),

Neg=Ngexp(axgyy) (g

and

NCFWZNBGXP(GXEH+) | | |  (§)
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where N$ and-ngit-refer to the anode as the emitting elec-
troaei and N5 and xarit refer to the cathode as the emitting'
electrode. Now N.yit 1s nearly constant and Ng = Nj. Thus,
Xzfit = Xcrit» but since the cathode directed avalanche
propagates faster, the time to reach critical amplification _
is shorter. Thus, one should expect that using the anode
as the target electrode would result in shorter delay times
when X.,.;y is significant, |

Figure 2 shows qualitatively thé'importénce of the gas'”
ioniziﬁg fadiation. It is seéﬁ that electrons féfmed ih front

of the anode directed streamer (avalanche) are drawn quickly

~to the anode by the increased spéce charge field (Fig. 1).

(@) (b)
Fig. 2

- DEVELOPMENT OF THE STREAMERS BY GAS
IONIZING RADIATION (REF 22/127)
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Only a small percentage of electrons help propagate the bulk
of the avalanche. Conversely, electrons which are produced
in front of the cathode directed streamér'are immediately -
drawn into the head of the avalanche, creating more ioniza-
tion, thereby rapidly propagating the streamer Eoward-the‘:
cathode. A criterion for the formation of a streamer from

an avalanche will now be given.

Condition for Streamer Breakdown

N Breakdown criteria for fhe stréaﬁer mechanism haQe been
adﬁanced.indepenaently by Meek and by Ragthef. Tﬁe dépénQ
denée éf thé formative time lag, or fhe fime from initial
e;e¢tron emission.to complete bréakdown, on the reduced
field, E/p, can be determined.fromrﬁhese criteria.. fhe

formative time lag has been the subject of a calculation by

Fletcher (Ref., 15:275), which gives a dependepcé on E/p that

is in agreement with the dependencies found by Meek and

Raether.

It should be noted here that in previous studies of

gap breakdown, both statistical and. formative time lags Werel

considered. The statistical time lag deals with the time it
takes for an initial charged particle to be freed from the

electrode. 5In'Iaserfinitiétedﬂbreakdown,=é1eCtrons and ions

are produced in abundance without delay, thus, the statisticél

18
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time lag vanishes. The formative tlme lag is the time

requlred for a conductlng channel (spark) ‘to brldge the gap.”
This formative tlme;lagpls;no:smaller,than theitrtggerrdelay;
time in the .study.of laser-triggered spark gap. breakdown

; The emplrlcal condition for streamer: formatlon s

If the streamer theory of gas breakdown is appllcable

to 1aser trlggered spark gap breakdown, the theory presented

here should:a110W*one,to,predictpthertegggralﬁbehavipr‘otw,w

. the breakdown, - .

Application of Streamer‘Theoryptgftaser-Inftiatedaﬁreakdoﬁh%"

“%ﬁ'Theﬁdelayitimefbetweenathe.arrivaltoﬁ.the=laser pulse
(c01nc1dent Wlth 1n1t1a1 charged particle productlon) and
the complete gap closure should correspond to the tlme:'“
requlred for the avalanche to. reach the critlcal ampllflcatlon

value:

explOXepp® axi0® oo | (11)

Théﬁ;;ior”fxcﬁﬁx;vat§3$H;ﬁwhere v ,is,the_rate Qﬁ:PFQPﬁgQQiQQ

of the ‘avalancheand .’Afy .is the time delay from carrier

finittationetoﬁbreakdown3;,ﬁ;;xi,.”‘;_{-

vocm&I ln 4x IOB)—lnNo
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Since we have- beén looking for gross dependencies, ‘the .
propagatidﬁ*' time"of the’ sEfééfﬂei—‘ffhaé"*been"-:neglected-.z + This:
ProPagafibﬁ-‘""Eifﬁéff‘Wil'T’T-"'H-a‘\*ié"lthé'éff‘éét% of inereasing A} ° as
th_f;;gap spacing, d, is increased, so that Eq (12).shou1d

more properly read

S 20-lnNo d xc LA T et :f:»%"t'.'-::_ .
Ma TV + m S W

where S is the streamer Vé‘i-ocit-fyj*‘:' “For the same initial:
carrier production, Ng, A'ia(E/p) should vary inversely: -:°

Wi‘-‘-..-h-..__,;..V(-E/‘-"l;?):\-‘.ﬁ(ﬁ/a)}.f--:- Raether gives

() 244)(5) cm/sec o (Ref, 151278 ) (14)

as the avalanche formatlon veloc1ty of an anode dlrected
__ay_al_a:_qc;ha However, from values of Q: m a1r found by

Sanders (Ref. 15:62)
@ = A(E/p) OSE/p-36 V/em=torr (15)

Therefore, ‘the vatiation ‘#n L ~:i¢“insignificant for: quali-"
tative comparisons. Of-‘the basis of Eq (12) wa plot of -
In(AE)vs In(E/p) VShOuld have a slope ¥—9 ' -, ~This value will

be compared in section VI oAgith é-'?""é:'i’{1;:*45e’ilz'fij".“t“ne”--'n;1:‘15&:L' ‘observations,

20
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- Incorporated in the:constant: A of Eq. (15) was the ..
pressurej:’so that if A.= Bp, Eg (15) would read .

U aypaslelp (i)

Thus ,; for: E/p ~.constant,. an inecrease in p will “increase

O . Then; since At: ~is: inversely. proportional to:. Q. . . .

d

(Eq:41ﬁ39;;At{?ishoa&ﬁideprgaseLwith-inereaSing Preé§P¥§;ﬁ§r

d
constant E/p. - This:dependence was; observed. by Pendleton and

GuenthérwGRef;zl7:1549);r_At.a;reduced'field of Efp:-= 43.. .

. volts{em~tortr, the empirical;.curve: . of .. Aﬁ =C+ { 85X f04)( I/ ) s

‘'where C is a constant, fit ‘the data for.200torr=p=6i4torn

within .3%.: ,

In Meek and ‘Craggs: (Ref. 15:210) the formatiye time lag
was investigated as:-a.function of external gas ilonizing
radiatfon. . Tha t ‘isy: an. .external source.of radiation was ..

placed:near -the spark gap so that the.gas was .partially - .

_ionized;f;charged>partic1é8xwe§§athenu1iberatﬁd;fﬁpmm%qus;

electrode,. and the resulting formative time lag was studied

as a function of the intensity of the external radiation, . .,

source... It was: found..that for the greatest intensity of

radiation. used- there was no, appreciable scatter. in formative

time -lags. (i.e. ~low jitter), but .as the intensity. was ., ...

~decreased, ‘the scatter, (jitter) increased. . This is because.

the Sfétisﬁicalptime,lag,‘th?ﬁ‘is the time it takes £g .. .
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produce‘thevfirst"cherge carriers’ in the gap, 1is reduced as
the external radiation- intensity is :increased. Thus; oone ..
Should expect low values of jitter Whenever breakdown occurs
durlng the duration of the laser pulse; Then as the laser
pulse ‘digs away, theafate”bfﬁproductionVofhionapairs in. the’
dielectric volﬁme-decreaSéeﬂehdfjitter ghbuld‘incxeaSé

stightly for breakdown times. neari the ‘end ‘of the’ laser. pulse

;aureﬁiﬁn;~”ﬂitter should theén increase:fastér for breakdown.

times which: occur an increasing time aftetr the ldser. pulse -
has ended.” " Since -this variation :of the jitter has been.:. -
bbeefve37(éee“secﬁion“VI);Witllend§ICredenceﬁto=the condition

stated earlier that the ionized path formed by the.laser

'c&liéﬁsesfqhiék%y“aftethhe"Iasérﬁputséﬁeﬁdé;%

lSiﬁeé;:asﬂhas%béen“stetedgm@ﬁalénqhewpﬁopagationmﬁ
velocitiés and streamer velocities:are greater: toward the .
cathode; and unless there is:a marked difference “fmthe »il.

emission’ From the cathode compared to the dnode;’ shorter . .

detay times should result when the ‘target eledtrode isi the

TN I

anoda, w7 E"

a“ThéFefféét'of‘keepihgﬂdnéﬁéleétfbdé”aéfgrdundfpoteﬁﬁi&l
WH{Té”ehafginglthé’otheriWa@fiﬁVéEtigétedﬂbyiGdﬁihe;ﬁfﬁe'
states;”"Thé“éfféEf’debringing,ﬁﬁeﬁgfduﬁﬂ?potemﬂialawp;toi
the gap is to increase ‘the ‘electrostatic field of the

ungrounded” sphere (Ref. 4:172)" Since- GVFV'E(E/P?

22

o

RV



R T A R T R MR

@

N

y

the multiplication factor is increased near the charged
electrode., Furthermore, the increased field near the

charged electrode will increase V_. . These effects should

‘manifest themselves in shorter delay times when the charged

electrode is the target electrode.

Finally, since Aa depends on the time required to
create a sufficienﬁ number of charge carriers in the ava-
lanche, an increase in the power of the laser pulse (thereby
creating morelcharge carriers) should decrease ,EE . This
should be most evident at low E/p values where (& is
correspondingly low. This effect was noted by Pendleton and
Guenther (Ref. 17:1548) for low 1aser-pOWefs, However, above
a certain value of the power the dependence was nil. This
may be attributable to the fact thaf the_laser was focused
in the gap. At a certain laser power all the particles in
the focal volume of the laser will be ionized, and further
increaéé_in the power will only produce ion pairs in the
path of the laser beam and no ﬁore in the focal volume. 1In
the present study the laser was focused on the electrode
and ‘it traversed the path of the spark channel. Thus, much
higher power than 80.MW (Pendleton's maximum laser power)
would be needed to saturate ion pair production; then the
dependence of At - on laser power shopld hold_to muph higher

d

powers than previously reported.
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Current Forms in the Gap

The condition which was set earlier concerning the fast
closure of thé laser-induced ionized gas is further substan-
tiated by the current forms viewed in the breakdown process.
In the following discussion, %Vgp will be ‘defined as that
peréent of the static breakdown volfage‘to which the gap is
charged. -

-Acéording the Raether (Ref. 19:140), "Whereas at
overvoltages (high percent Vgg for the initial charge
carriers, N,, very large)* the space charge field is suffi-
cient to start tﬁe'streamer, in cooperation with the gas
ionizing radiation, without a time delay (aa:NS) %, the
streamer start is also possible at lower overvoltages
(smaller'pefcent VSB for N, large)*, but needs a certain
timerdelay ﬁ((QE)* to producg favorable conditioﬁs for
this Start! “The physical process leading to the start of
the streamer will be the same as that described above: gas
ionizing radiation produces electrons around the positive
ion cloud, which increases its carrier density; but here in
the static breakdown case (low percent Vgp for“NO'large)*,
a large number of generations of such avalanches, started

in the gas by the gas ionizing radiation, is necessary to-

*Parenthesis inserted by the author.

24



O

accumulate step by step a sufficient chafge density to

start the streamer and to make the streamer visible as a
steep current rise after a time Ty ;ngy " ... "It may be
that these avalanche generations run fbr a certain time with
a nearly constant current just at the limit of being self-
sustained; the value of this currént can be small, so that
it is not observed..." This statemént, in conjunction with
oscilloscope tréces fRef. 19:15152), indicates that the
current form should conéist of an electronrpulse followed
by no measurablé current, until ét :Atj a large current
increase signals breékdown. The fast cioSure condition is
necessary to correlate the observed laser-induced breakdown
cﬁrrents with the current traces by Raether,

The cdrrént‘form iliustfated'in Fig.BuiSJtypical of
breakdown at about 607% VSBﬂ After certain time corrections
it would be evident that the initial pulse--following the
laser pﬁlse and preceding breakdown--corresponds in time to
a prompt current with a durétion approximately the laser
pulse duration and amplitude proportional to the laser pulse

intensity. A change in the electric field from 3 x 104

volts/em to 1.2 x 10% volts/cm did not appreciébiy change the

duration of the current pulse. It is this behavior which

*Parenthesis inserted by the author.
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leads one to suspect that a conducting path is formed by the
laser, which closes shortly after the laser pulse terminates.
To ‘understand this we calculate the current due to a pulse of

electrons traversing a gap.

-l
-t

& § z 50 I,
- = = " nsec
- wE 2k
z ax
B i
Woe I&JI:I:
£33 &3
Fig. 3

0SCILLOSCOPE TRACE SHOWING LASER PULSE,
PRE-BREAKDOWN CURRENT AND BREAKDOWN CURRENT.

Let N, electrons simultaneously start from the cathode
of a gap. 1If they move without*multiplication in a field

E, = U,/d at a constant velocity v, an enérgy must be

o

supplied of magnitude -

n _ dx . ‘ s
or . &=NgeELVdt o as

since qE is the force experience by a charge q in a field E;
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This energy must be supplied from an external charging

circuit and is equal to

€=Uigt (19)
Then, Ul=NyeEgV | (20)
T SN EY/(Eed) | 1)
which simplifies to I=Ngg-v/d _ | (227)

This'cﬁrrent-flowé thrbugh the external chérging'ciréuit for
the ddrafionAof the eléctron”tréﬁsit. At E/p = 35 volts/cm-
torr, the electron traﬁsit time for the 11.6 mm gap used in
this pérf of the study would be about 100 nsec, while the
pre-Eréakdown current (Fig. 3) lasted for only 50-60 nsec.
This indicates that electron transit cénnotlexplain the
current form. The fact that firing onto the anode'produéed
identical results further suppo?ts the assertion that a
highly conducting path is formed between tﬁeianode and cathode
for the duration of the laser pulse. Temper this argdment
with the observation thét at E/p = 20 volts/ecm-torr, the
transit_time.would increase to 140 nsec while the observed
current remained constant in duration, and the validity of
the assertion seems plausible!

| It should be noted that thé_collapse of this conducting

channel cannot be explained by the recombination of free
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electrons with ions. The mean time for eléctron attachment
in air at 760 torr and 20°C is given by Cobine (Ref. 4:97)
as 630 nsec.

One explanation might be found in the rapid radial

expansion of spark channels. If it can be argued that the

laser~induced conducting path behaves as a highly stable
spark channel, then it could be proposed that radial expan-
sion of the conducting path lowers its cartier density
(hence conductivity) and the current falls to zero. Radial
expansion velocities to 106 cm/seq ha&e been répofted (Ref.
20:2). For a 0.4 mm diameter region of high conductivity, a
time of 8 nsec is necessary for the conductivity té fall by
half if the radial velocify is 109 cm/sec, Thus, ﬁanosecénd
times of collapse may be acc&untable by radial expansion of

the ionization path,

Laser Beam--Matter Interactions

InVestigations of spark gap breakdown have usually been

concerned with overvoltaged gaps. In this and similar
studies of laser—induéed breakdowh, gaps charged below -
static breakdown voltage have been used. This is because
the very large densities of charged particles produced by
laser beams can trigger a gap without the aid of normal

overvolting.‘ Thus, it is appropriate tO'discuss some of the
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observations and theoretical evaluations of the interaction
of laser beams with matter.

It is generally agreed that for laser power densities
of 10° t0-108 watts/cm2 at a metal surface, laser-induced
electron emission is governed by.the Richardson equation'for
thermionic emission (Ref. 3, 10, 13, 20, 21). A time delay
between the impingement of the laser beam on the surface énd
the-emission of charged particles has been explained on the-
basis of convenfional heat_transfer theory. The references_
quoted. all dealt With.targets'which were mounted in vacuum, -
thus reducing emission of adsorbed gas to a minimum.

Higher power dénsities of 107 to 1010 watts/cm? have . .
been used to study.plasma_prpdqction in metal surfaces and
gases. Meyerand and Haught reported the electron density of
a fully ionized plasma of 1019 em~3 in the focal volume of a
40 MW laser focused in air (Ref. 16:8).  The plasma. appeared
approximately five nsec after the arrival of the laser beam,

It would be expected that higher power lasers could reduce

‘the plasma formation time.

David, et.al., reported the production of an opticélly
dense plasma at the surface of pyrolitic carbon (Ref. 5:493).
Electron densities to 1019 cm~3 were reported from the
interaction of the 160-400 MW beam with the carbon in

vacuum. - In a subsequent paper by Weichel and Avizonis,
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_plasma expansibn velocities to 7 x 106 cm/sec, caused by -{i\
thermal expansion of the plasma during abéorption of the

40 MW laser pulse, were reported (Ref, 235334). A time

_ lapsé of 60 nsec between the arrival of the laser pulse and

the plasma formation was also reported. This study was

conducted with a pyrolitic carbon target in vacuum.

An interesting study by Isenor (Ref. 1ll) reported a
prompt emission of electrons which increased with increasing
background gas pressure (10'5 to 10~3 torr). It was stated
that the emission was enhanced by the adsorbed gas. This
report of prompt emission for préssures above high vacuum

8+orr) ‘increases the author's confidence in the

(=10~
léondition concerning the prompt emission of electrons and
ions.:at atmospheric pressure.

Thé gas ionizing radiation observed in-avalanches has
its analog in fhe plasma formed by the impingement of a -
laser beam on a metal target. . A. W. Ehler feported radiation
centeréd about 210 R émahating fromra plasma prdduced at a
tungsten target. The energy éssociated with such radiation
~is roughly 60 eV, while that associated with the 6943 ]
laser beam is bnly 1.8 eV. Thus, the ionizing ability of
the plasma rédiation is much greater than the laser beam,

particularly since multi-photon collisions are necessary

for 1.8 eV photons to ionize gases with 7 eV ionization

30



()

Pl

b

potentials, Ehler also reported that the magnitude of the
current collected from the anode was the same as that
collected from the cathode. Dr. Ehler's postulated model -

is reproduced here as an argument for prompt plasma produc-

‘tion, " "Ordinarily a metal surface will reflect most of the’

vigible radiation'Which strikes it. waevér, with the high -
power densities obtained with the focused laser pﬁlse (of

the order of 1010 watts cmz), heating -and evaporation of

the metal surface will occur at the beginning of the laser
pulse. The dense cloud of ejected atoms, ions, and electrons

will be rapidly ionized and heated., The plasma electrons

~which absorb the incident laser radiation reach thermal

equilibrium in times considerably less than 1 nsec, and the
ions are heated in ‘turn by the electrons in-a time 6f about
1 nsec." This statement haé'been‘included to stress the
rapidity of events which corroborates with findings in this
stud-y.“é

Finally, if a beam enetgy F (ergs/szseb) is associated

with'a laser beam, an electric field can be ascribed to the -

. beam from

F=ce¥/er | (Ref. 8:295)  (23)

Values for fields calculated in this manner reach 10% to-

109 volts/cm. This leads to the strong possibility of field
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emission processes. A study of laser-induced field emission
condqctéd by Peressini (Ref. 18) reported prompt electrons in
a 0.3 torr atmosphere of an inert gas. A private communica-
tion .from Dr. Peressini, however, assured the éuthor that in
the regions of interest (pressure and laser powef) multiphoton
ionization was much more probable (Ref. 9:60).

- It should be noted that electron production not“only
takes place at. the focus of a laser beam, but anywhere the
power_aensify is great enough. High brightness laéers, using
long focal length lenses where fields have similar strengths
for long lengths, have produced visible breakdown channels
over lengths of several meters. The power density‘varied by
a factor of 4 to 8§ across the gap. in the present study, thus,
volume ionization of the dielectric cannot be dismissed.

It‘can be concluded from the preceding discussion that
prompt plasma formation in gas adsofbing enVironments is to
bé expected for laser power densities greater than 108 watts/
cm?. Also, ionization and heating of the plasma so formed
will occur for the duration of the laser pulse. Probébly
multi-photon ionization could explain the formation of a_'
highly conducting path for the duration of the laser pulse.
The prompt collapse of such a conducting path has not been

reported elsewhere in the literature. .
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IT1I. Equipment

Coaxial Triggering Apparatus

The laser-triggered switching apparatus (Fig. 4)
consisted of a gas-filled spark gap, a powef supply with
which to charge the gap, and a rﬁby laser operated in giant
pulse mbde with;whicﬁ‘to initiate gap breakdown. In the
previous studyéonduéﬁed by Pendleton:and Guenther, the
1a§er béam was aiignéd'perpendicularto the inter-electrode
dimension of a sphere-sphere gap. Thézbeam.was focused
élong the line joinihg the ﬁoints of cloéest approach of the
electrodes, It Waé.fbﬁnd that the 1gwest'delay times were
achieved when the laser beam was_focdsed onvén electrode.
Thus, one recommendation for further research was that a
coaxiairgeometry should be used fo improve switch response.
The system employed in this study was a coaxial laser-
triggeffng systeﬁ, developed indeped@ehtlylby Guenther and
Bafbini (Ref. 3). In coaxial triggéfiﬁg (Fig. 4)rthe_laser
isaligngd along the inter-electrode éimensiqn of;tﬁq-gap.
A lens Qas mounted in a.hollow'electrqde (Shbwnrih-crdss

section in Fig. 4) through'which the laser.béam passed. The

lens was adjustable so that the laser beam could be focused

on the opposite switch electrode. In this manner the laser

beam traveled along the most;probable breakdoﬁn path., The g
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results of such an arrangement will be considered in a

later section.

Spark Gaps

Three spark gaps Were-usedrin this investigation a
glass-walled atmospherlc pressure vessel (620- 640 torr in
Albuquerque, New Mex1co), a steel chamber whlch was used for
pressures to 75 psra, and a unlque coax1a1 capacltor which
was charged by a Van de Graaff generator up to 1.5 megavolts

The atmospherlc pressure vessel cons1sted of a commer-
01a1 flanged Klmax glass pipe Wlth a palr of three- -in,
flanges and a palr of 51x-1n flanges ThlS spark gap was
used for all the measurements ln air at amblent pressure
‘Steel plates were affixed to'the sixiin.?dianeter flanges
on which the electrodes were mounted. A two-in[—diameter“
sphere was mounted on a 1/2-1in. -threaded bolt which was
fastened into one plate to form an adjustable electrode | A
_two 1n.-dlameter stalnless steel hemlsphere with a cylln—
drical base was threaded onto a two- in. 0., D, stainless
steel pipe Wthh was threaded through the other plate The :
interior of this electrode was drilled and tapped to accept
a threaded lens mount. A conical section was removed from
the hemispherical electroderthrough which the 1aser‘beam 1

was focused on the spherical electrode. Gap spacing was
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variable from zero fo three cm. Electrical éonnectioné to (-»
the plates permitted charging the gap to 40 kV before corona
losses became excessive. |

A second spark gap was used which was designed to

withstand pressure differentials of 20 atmospheres, although

' gix atmospheres (75 psia) was never exceeded. It was con-

structed in the form of a 12-in., cube of Welded.B/B—in,
steel plate. Three, 2-in,-diameter viewing ports of 1/2-in.
lucite were located on three sidéé, while the remaining side
contained a six-in. access port. The electrode arrangement
was the same as in the atmospheric cell, even to containing
the same electfodes. The mounting bolt for the spherical
electrode passed through a 1-1/2 in.-diamefer nylon sleeve;
which served to insulate the electrode from the grounded
case. The hollow shaft of the remaining electrode screwed
into the opposité face of the case and was flush with.a
three-in.-diameter, 1/2-in.-thick quartz window which was
sealed to fhe case with an O-ring; Internal corona andr
breakdown along the dielectric insulating surface from the
electrode mounting bolt to ;he case restricted the gap
length to 1.5 cm. At the shorter gap spacing, breakdown

occurred across the gap instead of between the bolt and the

case, Potential differences of 100 kV were attained with

this arrangement. The nylon sleeve used for mounting the
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spherical electrode exténded beyond the outside face of the
cube. A lucite box was threaded onto the sleeve and was -
filled with transformer oil after the high voltage connections
were made to the .electrode mounting bolt, which extended
through the sleeve, to prevent corona losses. The study of
gap length-pressure.effects in Ny was made with this cell

(to be ‘described later).

The arrangements for charging and recording for both -
the cells just described were quite similar and will now be
described. Two power supplies were used, both from Kilovolt
Corporation, A 50 kV model was used to charge the atmos-~ -

pheric‘cell, and a 120 kV model was used for the high.

pressure cell.. The cells were both charged through a two

‘megohm charging resistor (Fig. 4), which was insulated-withﬂ

oil. The high voltage lead from the resistor was attached
to a plate or to the mounting bolt, while the other electrode
was returned to ground through a series of.SO kV~500 pf
capacitbrs.' Two 30 kV capacitors, inrseries; were used for
the atmospheric cell (40 kV), and three, in series, were.

used for the .pressure cell (90-100 kV). The low value of -
these capacitors was chosen to give the voltage pulse a fast
rise time when the gap was discharged. The gap conduction
was monitored by a single turn di/dt loop which was positioned

near the cable which connected the capacitors to the electrode.
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The third spark gap ﬁsed in this study was a coaxial
capacitor which was charged by a Van de Graaff.generator
(Fig. 5). It was designed with a characteristic impedance
of 50 ochms and constructed by Ion Physics Corporation of
Burlington, Massachusetts., It was designed for operation at
a pressure of 400 psia -and a'méximum charging voltage of
1.5 megavolts. The Van de Graaff generator had a nine-in, -
diameter column wiﬁh a five-ft.-long by nine-in.-diameter
terminal hung in cantilever suspension concentric with the
30-in, -diameter outer coaxial case. The terminal was capped
with a hemispherical electrode which was opposed by a nine-
in.~diameter hemispherical electrode across a. gap which could
be adjustedffrém zero to six in. A cylindrical 50 ohm CuSOy,
aqueous load was connected in series with the latter electrode
to ground. A capacitive voltage divider was used to monitor
the voltage pulse, and a resistive shunt was used to monitor
the current. An optical path was provided through the
aqueous load, and a lens internal to the grounded electrode
focused the laser beam on the terminal electrode. The
charging potential was monitored by a generating voltmeter
that transforms a D.C. field into an A.C. signal with an

amplitudé proportional to the D.C. field.
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Laser System

The laser used in this switching study was the Korad.
Corporation Model K—2Q.ruby laser, operated in pulse mode.
.Energies from 1.4 to 6.2 joules, with pﬁlse widths (FWHM)
from 8.5 to 27 nsec, were obtained, depending on the Q-
spoiling method used. Since the laser pulse was nearly
gaussian, the average power was taken to be the quotient of
the total energy in the beam and the pulselwid;hlat-half
intensity (FWHM). Power output, fhen; was from 80 MW to
300 MW. Brewster-angle cut ruby rods nine in. long by 3/4-in.
in diameter were employed in the laser héad. A single helical
xenon flashlamp provided optical'pumping. The majority of
the data was taken at four-minute firing interﬁals. However,
the acquisition ofia 16-gallon, constant temperature labora-
tory bath (¥ 0.06°C) permitted firing interval of two minutes,
with a factor of six safety margin to prevent damage to the
rod. The data obtained with the 1.5 megavolt generator was
taken at two-minﬁte firing intervals, as was the pre-
breakdown current data. Two Q~spoilers were used: a passive,

bleachable—dyé cell and an active, Pockels Cell Q-spoiler.

Q-spoilers

The passive Q-spoiler consisted of a Brewster-entrance

quartz prism, a hollow dye-cell, and a TIR (totally internal

40



e
RO—

e

reflecting) prism bonded together as one unit. The hollow
cell is filled with a solution of cryptocyanine and methanol.
The cryptocyanine absorbs the light from the ruby rod until

enough energy has been absorbed to bleach the cryptocyanine.

There follows a coherent burst of light from the laser, which

constitutes the giant pulse. Optimization of the laser
output consists of varying the concentration of-the crypto- .
cyanine. until it bleaches through coincident in time with
the maximum population inversion in the ruby rod. Because of
its inherent simplicity (no mechanical or electrical compon-
ents), it would seem ideal for a time limited research
project. Offsetting the advantages: of the cryptocyanine
cell were three shortcomings: (1) Proper dye concentration
waS"difficult_to control. Since a change in only one part
in 500 changed the operatidnal mode from one of several
pulses to no pulse at all, the dye concentration (éoupled to
the imput energy of the flashlamp) was duite]critical. (2)
Command jitter (i.e. variance ih-delay from laser firing.
command to actual laser firing) was T 30 psec. This meant
that a switch with less than one nsec jitter was being
triggered with an uncertainty of 30 Msec. (3) Unless dye
concentration was perfect, low energy lasing preceded the
giant pulse, It was found that when the gap was charged

above 907 of its static breakdown voltage, the pre-lasing
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could initiate gap breakdown before the giant pulse arrived.
Since the low energy in the pre-lase was discriminated
against in the oscilloscope triggering circuit, only the
giant pulse was recorded, with the result that negative
delay times were recorded. It was found that reproducible
results could be obtained by slowly increasing the dye
concentration until.furthef-addition of- cryptocyanine failed
to increase the delay between the laser pulse and the gap -
breakdown.

| The Pockels Cell Q-spoiler used was an electro-optical
active switch. Horizontally polarized light (the preferred
plane of polarization of the ruby rods used) entered a
horizontally oriented Brewster window. :The light passed
through the Pockels crystal unchanged in its major component.
of polarization and impinged on a stack of optical flats :
oriented at the Brewster angle for vertically polarized
light. The horizontally polarizedilight-was:then scattered
out of the optical cavity, thereby prohibiting lasing action.

At a time set to coincide with optimum pumping energy, a

40 kV pulse was applied to the Pockels. crystal, which

retarded the light E vector, thereby rotating the plane of
polarization by 90°. This vertically polarized light fell
on the Brewster stack and was transmitted to a TIR prism.

The result was a coherent burst of light (the. giant pulse)
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whlch was rotaﬁed another 90° (back to horlzcntal polariza-
tion) on the passage through the Pockels crystal. The
Pockels Cell had several advantages over the cryptocyanine
cell: beam divergence was less (2-5 milliradians compared
to 5-10 milliradians), command jitter was t 7 nsec compared

to + 30 Msec, it readily produced a single pulse with good

reproducibility, and it prchibited pre-lasing and post-lasing.

'Auxiliary Equipment

Several pieces of eqcipment were used for diagncstic B
purposes, and a brief description of each.follows.

For the two small gaps, charging voltages were measured
with electrostatlc voltmeters. Sen81t1ve Research Instru-
ments Model ESH, with a 100 kV maximum deflectlon was used
with the pressure cell, and Sensitive Research Instruments
Model ESH, with 10, 25, and 50 kV scales, was.used in
conjunctioh.with the atmospheric cell, -Calibrations fqr-
nlshed gave accuracy to 17%.

An ITT Blplanar $-20 photodlode,‘capable of a 0.68 nsec
rlsetlme and less than 1. 0 nsec delay, was used to monitor

a portlon of the laser beam for pulse shapes and timing

purposes.,

A Tektronix type 519 oscilloscope was used to record

the photcdiode traces and breakdown_voltage data. A Polaroid
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scope camera was used with type 410 film (ASA 10,000) to

record the oscilloscope traces., A sine wave generator, which

gave output frequencies up to 500 Mc, was used to calibrate
the horizontal sweep rate. The frequency of the sine wave

was monitored by a digital frequency monitor with accuracy

‘to one cyéle in 109'quoted in its manual. Photographs were-

‘taken of the sine waves at each sweep speed for varying

sinusoidal frequencies. The oscilloscopes were then cali-
brated at each mllllmeter of horizontal sweep, and the'i'
callbratlons were reproduced graphlcally (Fig. 6) In this
manner times to one nanosecond were ea511y readable at

20 nsec/cm sweeps. Such a calibration procedure had to be

followed, 31nce the flrst mllllmeter of horlzontal sweep is

non-linear on type 519 oscilloscopes.

The oscilloscope trace photographs were read on a Carl

Zeiss Mode1'1047 film reader ThlS dev1ce, with typewrlter

readout had a reproducibility of Tt 1.0 micron, Thlsr

accuracy, however, was severely llmlted by operator error

to T 0.08 mm when reading laser starting points and T 0.07 mm

when reading breakdown starting points (see_Appendix A for
translation of these distanee inaccuracies infortime |
inaccuracies).

| Laser energy was monitored hy a thin foil caiorimeter

(foilometer). (C. W, Bruce and E. Collet,'"Laaer-'

4

O

S



mm

40 .

30

20

10

20 NS/cm 250 MHzZ

SCOPE 7 CALIBRATION

mm SWEEP X CAMERA REDUCTION
vs

NANOSECONDS

Fig. 6

OSCILLOSCOPE CALIBRATION CURVE

e

200 40 60 80

NANOSECONDS

45

100 120

140



T

TARERRRSTAT AN AL LI I A L

Instrumentation,”" Kirtland AFB, New Mexico. AFWL TR-64-127,
AD364551, June 1965) A portion of the beam was reflected

onto a square piece of aluminum foil which had a thermocouple

on its back side. - The foil was calibrated against a hollow

silver sphere calorimeter of known mass (Ref. 23:335).

The output of the foilometer was displayed on a Sanborn

Model 7700 heated stylus-strip chart recorder. Typical .

' sensitivities were about 0.1 joules/mm, and the foilometer

~displaced the stylus an average of 20 mm.

Electrical lengths of coaxial cables were measured with

a Hewlett-Packard Time Domain Reflectometer. All of the

cables were measured at the 20 nsec/cm sweep rate setting.

The distance measurements on the viewing grid were accurate

to 0.0l em, for an error of 0.2 nsec in total sweep, or only

0.1 nsec for total length. This is true since the actual
length was half the electrical length from the output pulse

to the reversed pulse.
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IV. Experimental Techniques

System Parameters

The influence of the following parameters on switch
performanee were studied: the percentage of the self break-
down voltage to which the gap was charged (%VSB = VCH/VSBX 100,
where VCH = charging'voltage), dielectric medium and
?reesure ), laeer euergy and pulse shape,.polerity of fhe
gap (including the grounding arrangement), the reduced field
in the gap (E/p), and the material used for the target elec-
trode. The parameters were determlned in the following

manners, Self breakdown voltage was found by. slowly in-

'creasing the charging voltage until gap breakdown occurred,

Five such determinations were taken.as.an adequate measure
of Vgg. The ratio of the electrode diemeter to gap spacing
was always greater than 4:1. This constitutes a well defined
gap, according to Meek and Craggs (Ref. 15'312), in which
breakdown characterlstlcs will follow Paschen's Law. That
is," VSB is 11near1y dependent on pd-in the ranges used in
the experlments, thus unless pd varled VSB determlnatlons

were made only twice dally.* Qw1ng to corona effects and

*ITt should be noted that daily variation in relative humldlty

wWere sllght in Albuquerque and was between 30 and 40%

43



field enhancement due to non-uniform electrodes, VSB was -
determined for each polarity.

Gap spacing was taken to be the distance of closest-
approach of the electrodes. 'Since_one-eleotrode had a 5
coaxial opening to pass the 1aser beam,_ineide calipers
could not be used. Instead, calibrated thickness blocks .

were used for measuring gap spacing (Fig. 7).

CALIBRATED
P THICKNESS

BLOCK ._ O

Fig. 7

METHOD FOR DETERMINING THE GAP SPAC&NG

Charglng voltage was measured w1th the electrostatlc
voltmeters on the Small gaps and w1th the generatlng volt—
meter on the large gap. The generatlng voltmeter had to be
callbrated 31nce it was not an absolute device. The terminal

of the Van de Graaff generator was connected to ground
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through a series of twenty 10-gigohm resistors. A micro-
ammeter monitored the leakage current in these resistors. A
conversion could then be made between charging voltage, VCH’

and leakage current, i1, in this manner:

— I | 9 7. |
\n = (20X 10X 10° Vol ts | (24)

for i1 in émps, or
N Vo= O.Zqi[ MV _ (25)

for i in miéroémps; This method cannot be used for any.
extended pefiod, however, since the resistors degrade with
voltage, temperaturé, and time. Thus, the Secondary'standard
(the generating volfﬁeter)Awas used. |

The dielectric medium in the gap was recorded on eacﬁ
shot, as was the pressure éf'the gas dielectrics. Atmos-

pheric pressure was monitored with an aneroid barometer

which had a limit of accuracy of + 0.1 torr. In the pressure

éaps atgosPheric_pressure and gauge pressure ﬁere both
monitéred to give absolute pressure to T 50 torr.
Laéer ehergy énd laser pulse shape Werermonitorea as
described in the prece&ing Séction. | |
Electrode polarity was recorded in such a way thét thére
were fouf ﬁolarity arrangemeﬁts-mthesé are: (1) Cathode as

target eiectrode/cathode grouhded, (2) Cathode as target
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electrode/anode grounded, (3) Anode as target electrode/anode

grounded, and (4) Anode as_target-electrode/cathode grounded,

Diagnostic System

Figure 8 is a schematic of the diagnostic system. Cable
lengths were measured as described in section IIL. Time of
flight delays were'measured with a steel tape. Since the

velocity of electromagnetic waves is C = 29.998 cm/nsec (in

vacuum), an error of * 1 cm meant an inaccuracy of only about

+ 0.03 nsec, which was an order of magnitude below other
errors. In dlelectrlc or conducting media, the speed of
electromagnetlc radlatlon 18 g%v”"_ , where LL is the
permiability and € 1is the dlelectrlc constant (Ref 12 |

' 203). This correctlon had to be made for cables whlch coold
not be checked on the Reflectometer and for other electrlcal
connections. |

The 519 oscilloscope was triggered internally by the

photodlode pulse whlch was subsequently dlsplayed Cable -

lengths and sweep rates were chosen sSo that both the laser
pulse and breakdown pulse were dlsplayed on the same‘trace'
Both the photodlode and dl/dt cables were fed into the

SLgnal input of the 519, via a coaXLal cable T. Insertion

unlts w1th callbrated re51stances were used to prov1de

1mpedance matchlng and thus reduce reflectlons It was also
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important to properly terminate each cable at the T or
reflections would occur. For this purpose the 50-125 ohm
adapters were chosen, such that the incoming cable was fed
into the non-termingtedfgnd df the connector, while the

gable T was fed with the terminated end of the connector.

To adapt from a 50 ohm cable to a 125 ohm cable T with an
in-liﬁe attenuator, it was.only necessary to adapt the 50 ohm

cable to a 125 ohm attenuator through a doubly non-terminated

' 50-125 ohm adapter. The reason for this is that all the

attenuators are pfoperly.terminatéd to reduce reflections.
Signal delay was found by determining the time for the start
6f bfeakdown from the beginning of the sweep and subtracting
the timeffor the lasef sﬁart from the beginning of the sweep.
Triggering delay was then found by subtracting the cable |
iength distances and the time of flight of the laser pulse
from the signal delay. Figure 9 illustrates the procedure

used to determine the signal time. The straightest portion -

of the signal rise was extrapolated to the base line, and

this point was arbitrarily taken as the éignal time. The
signal delay was then determiﬁed‘by subtracting the time fof
point A from the time for point B,

Since there is a current which flows in the gap during‘

the laser pulse, regardless of whether or not breakdown

occurs during this period, a method was necessary to separate

592



Fig. 9
METHOD USED TO DETERMINE SIGNAL TIMES

Fig. 10

METHOD USED TO SEPARATE BREAKDOWN CURRENT (C)
FROM PRE-BREAKDOWN CURRENT (D)
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the pre-breakdown current from the breakdown current. Figure
10 illustrates a typical determination of this type. For
laser powers in the 80 to 200 MW range the pre-breakdown

current was less than a third of the breakdown current, and

the separation posed no problem once its presence was

categorized.

Special Procedures for the FX-15

Some special procedures were negdgd for the FX-15
megavolt subﬁiy.' éiﬁcé a deﬁ péiﬁf df:ieés.than -60°C was °
neédea to opéfate ﬁhe machiné; dryneés.of the ihteriqr Wésh
requisite. Each time the pressure seal was broken it was
necessary to wipe the interior with moisture ébsorhing cloths.
Before.the_;ank was pressurized it was eyacugted thIQpﬁcrons
Hg to reduce water and air content in the chamber. Careful
measureﬁent of the vacuum was not attempted, but relying on
the manufacturer's claim for the roughing pump, a roughing
periodjof'six to eight hours was assumed to be adequate.

The tank was then filled with laboratory gas with dew points

between -60°C and -80°C.
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V. Discussion gg'Data

Raw Daté

The data which was used to determine the delay times
Ag'consisted of polaroid photographs of dscilloscope traces,
The system parameters were measured as described in sections
III and IV and vere recorded in Eabular form. Each oscillo-
scope trace was nuﬁbered and the same number was used to
refer torall data taken on_the pérticular shot. In addition
to the osgilloscope traces and parameter monitors, time
integrated photographs of the breakdown spark revealed perti-

nent information concerning the breakdown process. The

 following traces and photographs are typical of all the data

collected during this study..

Figufe 11 is a traceiwhich'shows the laser pulse
followed by breakdown. The oscillation in the breakdown
currenﬁ is a result of the diséharging‘char%cteriStics of
the capacitive circuit (Fig. 4). The following information
pertains to this trace: Vg = 35.2 KV, Vgy = 23.0 kv,
target electrode = tungsten cathode, grounded electrode =
cathode, sweep rate = 50 nsec/cm, Aazsg.a 'nsec, and laser
power = 85 MW. |

Figure 12 is a trace which shows the laser pulse

followed by a pre-breékdown current which is followed by
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Fig. 12

BREAKDOWN WITH PRE-—:B'REAKD'OWN CURRENT
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“breakdown. Traces such as Fig. 12 led to the study of the

pre~breakdown current as a function of the laser power and
the field in fhé gap. Here laser power is 130 MW.

Figures 13 and 14 are arc phqtographs and the corres-

pondiﬁg oscilloscope traces for a charging voltage of 600 kv.

It was found that at certain laser power densities the jitter
was inexplicably large. Figure 13 shows a breakdown with

ﬁany lossy leaders. The corresponding oscilloscope trace at

" a sweep rate of 20 nsec/cm fails to record the breakdown.

 Figure 14 exhibits breakdown which is physically a highly

linear saprk, therefore nearly lossless and exceedingly fast.
The pulse which follows the laser pulse on the oscilloscope

trace is the voltage pulse. The pulse duration is 10 nsec

- because the inner conductor of the system was five feet long,

which gives a reflected pulse about 10 nsec in duration,
After reading the oscilloscope traces and making the
delay éorrections, the final data was reducéd to graphical

form.

Final Data

Figures 15 through 30 are graphs which are representa-
tive of the results obtained during this study.
Fig, 15. This is a plot of the delay time, AE s VS.

%gp. Since pressure was nearly constant (atmospheric

27
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pressure) during the period this data was obtained, Fig: 15
also indicates the strong-dependence gf delay time on
reduced field (E/p). The error bars are an indication of
the switch jitter. The laser power was kept between 130 MW
and 165 MW. The-indicated polarity is anode ta%get/cathode
grounded, |

The scatter of the data points in the horizontal
direction in Figs. 16, 17, 18, and 19 is not as great as:
first appearances wbuld suggest, The horizontal scale has
been expanded by a factor of six for increased.readability.

Fig. 16. This is a logarithmic plot of delay vs.

reduced field. This graph contains the same information as

‘Fig. 15. The advantage of plotting AE! vs. E/p on a full

logarithmic graph is that the depen&ence of Ati on E/p
can more readily'be determined by finding the slope of the

straight line. 1In this instance the equation would be
&= A(E/p)y 27 | (26)

Fig. 17. This graph represents data taken with the
cathode as the target and the anode grounded. This data was

taken at the same time as that represented in Figs. 15 and

'16. Since the power supply used in this paft of the experi-

ment could be readily switched from positive to negative

output, a prescribed number of shots were taken at each
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voltage with both positive and negative targets. The empiri-

cal formula which gives the best fit to the data is-

At= Ay(E /o) 347 | (27)

The dielecfric was air at ambient pressure.

Fig. 18. This graph and the one in Fig, 19 reproduce
the results in Figs., 16 and 17, with the}éﬁception that the
target electrode is also the grounded é1ectrode.

From Fig. 18 the grounded anode as target gives

_A-la: AS(E/Fs—lO.G (28)

Fig, 19. The empirical fit for the grounded cathode as

target arrangement becomes

AJ&:AI‘(E/@‘“-G | | (29)

It will also be noticed that the scatter increased from Fig.

16 to Fig. 1§. The dielectric was air’ at ambient pressure.
'Fig. 20. This is a superposition of two graphs.
Ploﬁted:on the basic graph is electron drift velociﬁf in air
Vs, redﬁced field. Superimposed on this is d/Aa‘Vé'E/p.
The funétion d/htirepresents_a "velocity' for the bteakdown
proceés{' intFig. 20 if éan be seén that the éeiéy time is

not strongly dependent on electron drift velocity.
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Fig. 21. The switch jitter for the four polarities was:
quite similar, therefore only one is reproduced here, The'
general form of the dependence of jitter on 7Ngg was the
- same--the only difference being the slope of the ;apidlﬁ
increasing portion, The nearly flat portion of the,jitter
vs. %Vgp extequqﬁwn tb'the point where tbe deiayj(Fig. 15)
is about 30?40 nsec, This delay correspoﬁas‘to a rapid
decrease in fhe laser intensity in the gap (Fig; 11).
| Fig. 22. This'baf,graph shows the distribution of a
sét of 11 shots which were taken to determine the switch
jitter, This data was taken at 97.5% Vgp when Vgg = 30.7 KV
- The delay was 3.2 nsec with a jitter of + 0.99 nsec. .

Fig. 23. The work doﬁé in Ny with pressures up to
3780 torr is represented:in Figs. 23 and 24, Although it
was previously determined by Pendle;on that at a consﬁant
reduced field the delay time decreased with increasing.
pressuré, the data in Fig. 23 was taken to éonfirm,this
dependence for coaxial triggering; In Fig. 23 the:uppgrd
curve is'for d=7,5mm, p= 2375 tdrr, and VSB~=“61-d:ka
The lower curve plots the data obtained with 6 = 7%5 mm;i
pl= 3780 torr, and Vgg = 87.2 kV. The reduced fieid af VSB
~was 34.3 volts/cm-torr for p = 2375 torr, and the reduced

Field at Vgy was 30.8 volts/cm-torr for p = 3780 torr.
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-Fig. 24. Delay vs. reduced field isiplotted in Fig. 24
for two values of gap spacing at nearly the same pressure.
The upper curve is for d = 14.9 mm, p = 1880 torr, and Vgp =
89.2 kV, and the bottom curve is for d = 11.25 mm, p = 1830
torr, and Vgg = 69.2 kV., It is seen that the delay increases
with the gap spacing., This indicates that for certain

conditions (moderate laser power 150 MW and VCH/VSB about

80% or less) there is definitely a transit effect as opposed'

to a volume dielectric breakdown effect. That is, the behavior
agrees with an ionization growth model (e.g. streamer mechan-
ism) for the breakdown mechanism.

Fig. 25. The pre-breakdown current (Fig. 12) was
studied as a function of the reduced field,-the laser power,
and the electrode material. Figures 25 through 27 are the
results of that study. 1In Fig. 25 the height of the current;

trace, as recorded by the oscilloscope, is plotted vs. E/p.

It is interesting to note that the slope of the current vs.

E/p curve is the same as the corresponding portidn of the
electron drift velocity vs. E/p curve (Fig. 20).

Fig. 26. Here is plotted the height of the éﬁrrent
trace vs. 1asef poWer. Although data was collected for four
electrode materials (tungsten, aluminum, naval brass, and

304 stainless steel), only a composite of these four curves

is plotted, because the scatter in the data precluded

72



O

DELAY (nsec)

Fig. 24

EFFECT OF GAP SPACING
* ON THE DELAY.

I ) } . 1 |

J ™

1

28 29 30 3
- €/P VOLTS/Cm torr

. 1
25 26 27

32

33

34

35

73




PRE-BREAXKDOWN GURRENT (RELATIVE)

PRE CURRENT
Vs
E/P
P= 620 torr
d- 1.8 cm

o _'is 20 25 30 35
E/P VOLTS /cm torr

Fig. 25
PRE-BREAKDOWN CURRENT vs REDUCED FIELD

40

74




Obe 028 008 082 092 Ob2 02z 00Z 081 09I Okl 02

(M) Y3mod ¥3sv

001 08 09

oy 02

0

!

SSTINIVLS ANV ‘SSvHa ‘NANINNTY ‘NILSONNL HO4
YIMOd YISV "sA INIYYNIFYd 40 3LISOdNO)

9¢ "bigy

L1 1 i 1.

™

01

(ww) 30VYL INJYYND3Yd 40 LHOIIH

75




TR G i BT TR

quantitative determination of the relative magnitude of the

HENEN
i ‘__/i

current for the various materials,
Fig. 27. An interesting observation is the current
trace forms for various materials, Figure 27 makes a com- ¢
parison of the current form from stainless steel and aluminum.
The stainless steel exhibits two peaks, thse height ratio
varies with laser power and with reduced field., That is,
the first peak increases quicker than the second péak with

increasing laser power and reduced field in the gap. The

‘single aluminum peak is typical of the traces for tungsten

and brass as well,

_ Fig; 28. 1In conjgnct?gnlwith the study of paréﬁetric
dépendencies it was natufél to determine if the'métefial of
the target electrode would have any bearing on the delay
tiﬁe. Figure 28 shows the results of this inquirj, }Thé
laser power was maintained in the 80 to 90 MW rangé for this
invéstigation, and the self breakdown voltage waskept
cénstant by keeping p and d.constant. The order Qf.the
curves 1is not eﬁplained. t

Fig. 29. The delay vs. %Wgp is plotted for three
different laser powers. From upper curve to lower curve the
laser powers are: 80-90 MW, 130-165 MW, and 230-230 MW. It
should be noted that for quite high lasér powers. it was possi-

ble to trigger the gap with-less than 200 nsec delay at 35% Vgg. ‘
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Fig. 30. Probably the most important part of this -
study was the demonstratéd ability to trigger systems which
had potential differences greater than one megavolt. An
extensive research program had been planned, but serious
degradation of the column resistors in the Van de Gfaaff |
generator limited the reliability of all but a small portion

of the data. The data shown in Fig, 30 was obtained with

laser powers in the 230-280 MW range. The delay times are

very small near Vgp» and the correspondingly low jittér

(¥ 2 nsec) encourages one to pursue the research on the
FX-15,
Preliminary‘ﬂéta.show that the addition of an éleétfo-
negative gas ‘has had decided effects on the performance of (i}
the switch. At a constant reduced field, delay times
increase with the addition of €0, and SF;. However, the
improved dielectric strength of the mixture allows higher
reduced fields and correspondingly better fesults. This
means that the machine must be operated closer to its self

breakdown voltage to achieve the same results.
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VI. Conclusions and Recommendations P

Comparison of Predicted and Qbserved Dependencies

The results presented in section V aré consistent wiph
the proposed Stfeamer mechanism for 1asef-induced breakdown
(section II). In order to support this contention, the
expected behaviors (section Ii) %ill be_rgstated and a
comparison made with the observed Behaviors (section V).

The following is a list of the dependencies which would‘be
expectéd if the streamer theory were applicable to laser-?
induced breakdown:

(1) If the laser-induced emission from the cathode and
anode afe nearly the same, shorter:delay times should result
when tﬁe anode is used as the target electrode.

(2) Since &  is proportional to E/p, the effect of
grounding one electrode should be to decrease the delay when
the ungrounded electrode islused as the target electrode.

| (3) Delay times should be proportional ﬁo (E/p)'g'z.

(4) The delay time should be relatively independent of

the electron drift velocity.

(5) The switch jitter should be quite small as long as
the intensity of the laser beam in the gap is,high.
" (6) For a constant reduced field, delay times'should

decrease with increasing pressure. - e

82



(7) The delay times should increase as gap spacing is
increased. | |

(8) Delay times should decrease with'increasing'laser
power, |

fhe following is a comparison of observed behavior with
the eight poihts just listed.

' (1)'Laser—indUCed emission seems to be independent of
the target'pclarity ((Ref. 7:4963) also confirmed in this
study), thus, a comparison of Fig. 16 with Fig. 17 and Fig.
18 with Fig. 19 leads to the expected result. That is, the
delay is less when the target electrode is fhe anode.

(2) A comparison of Fig. 16 with Fig. 18 and Fig. 17 =
with Fig.l9-reveals that using the ungrounded electrode as
the target gives shorter delay fimes.' Thus, from (1) and
(2) the best switch performance results from using thé
ungrounded- anode as the target for the laser beam.

(3) It is seen from Figs. 16, 17, 18, and 19 that the
predicted value for AB as a_function of E/p is in good
égreement with observed values. The value of the exponent

ranges from ~8,27 to -11.6. It is interesting to note that

for the case of an ungrounded target, the observed exponent

1s more positive than the predicted value of -9.2 for both

polarities, while for the case of a grouhded target, the

observed exponent is more negative than -9.2, This would
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agree with the obsefvation that the electric field is
intengified near the ungrounded.electrode.

(4) Figure 20 confirms that the delay times do not
depend significantly on the electron drift velocity. |

(5) Figures 21, 15, and 1l are needed to support the
contention that low jitter results when the laser intensity
in the gap is high. 1In Fig. 21 the jitter varies slowly to
about 70% Vgg. From Fig. 15 this éorresponds to a delay of
35 nsec. From Fig. 11 (50 nsec/div) the intensity of the
laser beam is léss than a third of the maximum intensity
and is rapidly decreasing. Then, for delay times greater
than about 35 nsec, the jitter increases rapidly as expected.

(6) Figure 23 reveals that at a constant reduced field,
increasing the_pressuré reduces the delay time. It was
mentioned in section II that an eﬁpirical fit to the data
presented in the paper by Pendleton and Guenther was of the

form

A"l&: c+ (S.SX |04)(|/p) (30)

for constant E/p. This agrees with the following form of

Eq (13):

20—-1InN B S S
A, = 992 -+ crit .
97 vep(e/py s By
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That is, at constant E/p

20 —InNg d—xmi
S (_I/p)+ S (32)

where B is an undetermined constant and v is taken as nearly

constant.

(7) From Eq (31)

A+ —Ql=d2
bty ~agp= 05 (33)

This assumes E/p is constant and Xcritl = Xcrit2 for constant .
E/p. Then, for di = 14,9 mm and dyp = 11.25 mm, the plot of

Atj vs. E/p should vary by the constant (0.365/8) nsec.

For S5=0.08cm/sec (Ref. 15:181), the difference in
' AE between d = 14.9 and d = 11.25 mm should be about

4.6 nsec. The observed value of 3-6 nsec agrees within
experimental errors,

(8) Figure 29 indicates the dependence of the delay
times oﬁ laser powér. The delay times decréase with in-
creasing laser power.  This is explained by the streamer
theory on the basis of the increase in NO‘(the initial
charge carrier concentration) with increasing laser pover, .
From Fig. 26 it is apparent that the pre-breakdown current
increases with laser power. It is plausible that the height

of the current trace is related to the amount of material

removed from the target electrode. 1In this case, N, will
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increase and Eq (31) gives

2 _yl _
at))-0508) = \;B%";%z N

Thus, for Nca) =.-'Ng s &Y (N) — A&(h%) >0 . This assumes
that |
2 R : :
><cr'l-l's cr1+ = Inl\g hNgz (35)
vBp{E/p)™ "

which indeed Will be, since the bulk of A%i 'is made up from
the latter term in Eq (35). Thus, it is expected that Aa :
will decrease with increasing laser power (particularly at
low %Vgg) until the saturation value for N, is reached. The
-resuifs plotted in Fig. 29 are interesting for two additional
reasons: (1) The dependence of the delay fime on the reduced
field is nearly the same for laser powers of 80 MW and

150 MW. However, the agreement ceases for very short delay
times (<150r20 ngc),(Z) The dependence of delay time on
reduced.field for fhe 250 MW laser power is quite different:
from the hypothesized behavior (Eq (31)). Thus, it may be
conjectured that there are two processes involved in the
breakdown mechanism; one, which follows the streamer break-
down theory for delays greater than some minimum value, and
another mechanism which depends more strongly on laser

power and is much faster. One such process might be the

breakdown of the .dielectric volume by the laser. &ince the

86

¥

P



\“‘mea\"j

laser is aligned along the path which any subsequent break-
down will follow, a laser power of sufficient magnitude

could create a conducting path along which breakdown could
rapidly proceed.without waiting for avalanche and streamer
formation. Certainly, more work needs to be done in this:

research area,

Applicability of Results to Switch Design

It has been demonstrated that a laser- trlggered spark
gap can effectlvely sw1tch voltages up to 90 kV in times
less than five nsec with jitter less than one nsec. It is
appropriate now to discuss some ﬁore of the information
obtalned during this study,

An important safety feature of a switch, such as the
one described here, isrthat there is no eleétrical coupling
between the sw1tch and the high voltage power supply. The
only coupllng needed is an optical path to a gap electrode.
In systems which have megavolt potentlal dlfferences, safety
cannot be stressed too much, nor the dlfflculty of trlggerlng
the systems Wlth low jitter and low delay.

Although_voltage triggering thresholds will.vary consi-

derably with switch design and laser power, it should be

 noted that the atmospheric pressure cell had a triggering

'threshold of 18-20% Vgg for laser power of'about 150 MW,
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Finally, the results above can be used to predict the
feasibility of simultanecusly triggering several spark gaps
with one laser.  One laser pulse could be used to trigger
n switches, if partial reflectors were placed in the beam
such that -1 times fhe power incident on each reflector

n -k
were directed into each succeeding gap (k =0, 1, 2, ...,

n-1), This would assure that each gap received the same

power density, thereby eliminating the 1aseripower dependence

of the delay time. 1In particular, for n = 2, one 50%-
reflector would be needed. -To take the simplest example,.
let us-suppése that we are required to switch two systems
-within five nsec, Further assume that they are separafed.
X ftf Since the time of flight of tEe 1asér pulse.is abouﬁ
1.02 X nsec, the delay time of tﬁe gap closer to the laser
mﬁst bé 1.02 X nsec greater than the delay time bf the other
gép. This can be prescribed in a number of ways.

| The data presented in éection V can bé.uSed to detef—
mine how to vary the"system parameters in ordef to.ﬁéke the
time of flight correétion. For moderéte.voltages and lasér
powers (Figs. 15 and 21), the systems would haﬁe to be
operated above about 70% VéB to meét the.jitter'réquirement.
For a separation not much gréater than (35?1.02) ft., a
variation in the percent self'bréakdown voltage to which the

gaps are charged would make the time of flight correction.
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- If the voltages from the two systems were required to be

‘the same, the problem becomes more complex. However, a

simple solution would result from increasing Vgp of the
front gap and charging to a lower percent Vgp. This could
be done by increasing pd. It would probably be preferable
to increase p and leave d constant. The output characteris-
tics would probably be more nearly the same if the gap
spacing were held constant.f

To see if this is applicable to megavolt svitching, lett

us consider the final graph, Fig. 30.

- Megavolt Switching

Using the conclusions just stated, one should be able

to construct a switch capable of handling megavolt potential

differences and predict the performance of such a switch.
Breakdown voltage Vs, pressure curves for sphere- sphere

spark gaps reveal that at 400 p81 in Nz the reduced fleld is

near 24 volts/cm-torr for breakdown voltages of 1.5 MV when

d = 3 em., This means that x is about 2.07 at 90% Vsp»

whereas a: is about 5.5 at 90% VSB for the atmospherlc

pressure cell. Then, since AE - is proportlonal to I/,

the megavolt switch will have a slower response. To offset
this, Ny could -be increased by increasing the laser power.

In additiou, a lens_with.a looger focal length would_allow
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the laser to produce greater ionization throughout the
volume, which would reduce jitter and increase the . .avalanche
and streamer propagation velocities. Both of these changes
were made to obtain the results shown in Fig. 30. It is
seen in Fig. 30 that the delay times vary slowly with %Vgp.
This can be compared with. the results in Fig. 29 for high .
laser power., The laser power used in obtaining the curve

in Fig. 30 and the lowest curve in Fig. 29 were in the 230-

280 MW range,

The conclusion, then, is that it is possible to switch
megavolt systems with less than three nsec delay times. The

risetime of the voltage pulse upon breakdown was two nsec.

Each deta'point in Fig. 30 represents from three to
five shots.. No detailed studj of the jitter was made because
of the degradation of the column resistors in the Van.de
Graaff generator However, an outside limit may be placed
on the sw1tch Jltter from the spread in the ‘data, o
The data spread for Flg 30 was about * 3 nsec when the
delay was 15 nsec, and about 1 1 nsec When the delay was
less thanﬂfive ﬁsec. The highest voltage‘which.was triggered
with this system was 1. IIMV with lees thanth nsec delay
for Vgg = 1.5 MV. Wlth a more stable power supply there
should be no dlfflculty in obtalnlng trlggerlng delay times

of less than five nsec and switch jitters of less than one nsec. ivj
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Recommendations for Further Research

Several questions have been left unanswered that future
research could resolve, The following recommendations are
of a Basic research nature: (1) investigate the temporal
growth of ionization with a high speed streak camera,

(2) investigate.the switch jitter as a function of laser
power more thoroughly, (3) study the resistive and inductive
phases of thé'breakdown, and (4).étudy the effect of dielec-
tric £il1ll in more detail,

From an engineering standpoint it would be uéeful to:

(1) demonstrate the feasibility of synchronously switching

-more than two gaps, (2) extend the dielectric study to

include solids and liquids, (3) study the possibility of
repetiti&eiy switching sﬁark gaps with high repetition-rate
lasers, and (4) develop a method of producing multiple
breakdown channels within a singie gap in order to reduce

inductance.
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Appendix A

Error Analysis

It is always interesting to make an analysis of the
errors that are intfoduced into reported data. A report of
data without a corresponding report on the reliability of
the data places a burden on other investigators wishing to
reproduce the data, Often, when the physical processes
involved are not well understood, it is necessary to analyze
the data With respect to the empirically derived dependen-
‘cies. The research reported in this study falls into this
category.

The measurement of interest in this study was the time
deléy between the arrival of the laser pulse at the gap and
the breakdown of the gap. Two types of uncertainties are
associated with the determination of the delay time: (1)
uncertainties associated with meaéurements such as the
distance from the laser to the gap, the distance from the
gap to the oscilloscope, and the distance between the events
as recorded by the trace photographs, and (2) uncertainties
introduced by the variation of the system parameters such as
charging voltage; laser power, and dielectric composition

and pressure., The first type of uncertainty is relatively
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easy to deal with. Every measurement has an error associated
with it, which is determined by the instrument used to make
the measurement. It is also evident that such errors wiil
have a bearing only on the absolute value of the delay time.
That is, if the process being investigated were exactlf
reproducible and the total errors of type (1) amounted to
0.5 nsec, such that a deiay of 5 nsec fecorded as 4.5 nsec,
then the delay would be recorded as 4.5 nsec every time the
same process occurred, - This agssumes, of course, tgat the
data is recorded with any desired precision. If the condi-
tions just listed were trué, the error analysis would be
Short and easy to make, however, the initial conditions
of the equipment were hard to prescribe, and the data could
not be recorded with infinite precision. These uncertainties
lead to a variation in the reproducibility of the process,
which has been termed switth jitter. The task ip this error
analysis, then, is to account for as much of the switch
jitter as possible. |

The system parameters which have a bearing on the delay
time are: the electric field in the gap, the composition
and pressure of the‘gas dielectric, the percentage of the

self breakdown voltage to which the gap is charged, and the

‘output power of the laser. Other parameters influence the

delay time (e.g. gap polarity and the location and size of

95



TR I T T e e e Lyt ety

the laser focus (Ref. 17:1547)), but are not considered in.
the error analysis since they were easy to maintain. Addi-
tional errors were introduced by the way in which the data
was recorded--these errors will be considered first.

It was reported in section IIT that the uncertainty in
reading the oscilloscope traces was T 0.08-mm in the first
5mm and * 0.07 mm after 2 cm of sweep. The following -

uncertainties in the event times are the result: (1) at

20 nsec/em the uncertainties are T 0.25 nsec and + 0.25 nsec,

for a total uncertainty in the signal delay of + 0.5 nsec,

(2) “at 50 nsec/cm the uncertainties are + 1.5 nsec and

+ 0.7 nsec, for a total uncertainty of + 2.2 nsec, (3) at

100 nsec/cm the uncertainties are T 3 nsec and 1t 1 nsec, for
a total uncertainty of ¥ 4 nsec. The ranges of delay
measured on each sweep rate setting were: 0 to 35 nsec on
20 nsec/cm, 35 to 270 nsec on 50 nsec/cm, and greater‘than
270 nsec on 100 nsec/cm. The error just considered has the
effect of reducing the abruptness of the jitter vs. %VSB
curve (Fig. 21) at 67-70% Vgg. However, the correction is
not ‘enough to reverse the author's claim of low jitter at
intense radiation levels, but rather strengthens the claim,
since thé jitter increases more.slowly near therlast 1/3 of

the laser pulse.
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To investigate the parametric dependence of jitter,

recall Eq (3;):
o= o +"——d—§(°”+A | @)
From Fig. 16 the actual dependence is | |
s =a(/p) 287 (26)

so that if v is taken as constant, we obtain for Eq (31):

20-InNg . d-xcpiy

A= . '36
where C is a constant. Taking finite differences

- P égg ' _ _

J _7.27[\'#{':l b +8.27A1a Ug + L (37)

where j is the jitter, Ug is the gap potential, and L is an
undetermined variation caused by the fluctuation of the
laser power.

The term § qg/’qg in Eq (37) lies between 0.005, at

Ug = 15 kV, and 0.01 at Ug = 30 kV. The term §p/p  was a

measure of the fluctuation in ambient ailr pressure and had a

magnitude of 0.0008. Then Eq (37) becomes

j=0.0086 o + 0.0BZTAE + L (38)

for Ug between about 25 and 30 kV and
j= 00068} + 0.04188% + L - 39)
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for Ug betﬁeen about 10 and 25 kV. This gives typical values

for jitter of T 9.4 nsec, for AE:TZOOnSGC , and ¥ 2.8 nsec,
for AE::60nseC. These compare with + 21 nsec, for AEF:ZOOnSEC,

and ¥ 7 nsec, for A-&: 60nsec—Figs, 15 and 21, It is apparent
that both the computed values are less than half the observed
value., For 70% Vgp or greater, the predicted jitter agrees .
with the observed jitter to within 10%. However, the
dependence on laser power has not been accéunted for and

must remain so at this writing. A check of Fig. 28 reveals
that at lower laser power the jitter is lower. This parti-
cular variation of the delay time must be due to the 1nN,

term in Eq (31). 1If it is true that the pre-breakdown current
is proportional to fhe number of charge carriers which the (ME
laser beam produces, Fig. 26 reveals that N, varies nearly

linearly with laser power., Then, as a fifst approximation

we could write
InNg= IngM 3 (40)

where M is the laser power and g is a constant. The jitter
introduced by the laser power could then be approximated
from Eq (31) as
~$M t
o(aty) & L———F; - (41

which leads to
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O

; _[M 20 ] &M (42)
N Vel Ll 5 8.3 M
| M cp(E/p) MIngMi

Twenty shots were taken at laser powers of 80 and 150 MW

with the following results: |

{Qﬂ] =0.17 (43)
M jgo
and [%ﬂ] = 0.i35 (44)
- 150 :

Unless g decreases with laser power (the reverse seems true
from Fig. 26) the jitter caused by the variation in laser
plower should diminish as power increaseé. This is contfary
to preliminary observations, and further verification of

this anomalous behavior seems necessary.
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