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A focused, Q-spolléd laser beam was used to:produce an arc in a

. phere—sphere electrical gap charged to within 30-90% of self break-
down. The time résponse:of the triggering was measured as a function - -
of: laser beam power, 0-80 megawatts; fill gas, SF., Ng, Air; gas
pressure, 100-1400 mm of Hgj; electrode spacing,: «4-1 5 cm;. gap - o
electric ~field, 10-100 KV/em and focus point locationm. Short delay
times as low as 20-fis:werée ‘measured in -8F¢.at atmospheric pressure.'
Generally delay times varied inversely with the.electric field, gas
pressure and:focus point distance from the anode. surface. The results -
obtained were considered con51stent with those predicted by the streamer
theory of arc formation. sl L Lo ‘ : R

-

(
N

Lo I

./,\

%



Preface |

~The initial,pnrpose for this_report is.to gerve as the
written thesis fulfilling the requirements for the Masters'
Degree in Nuclear Engineering from the Alr Force Institute
of Technology. It is sincerely hoped, however, that it will
be a worthwhile contribution te the scientific literature as
the first work concerning laser spark gap trlggering and that
its contents will be dilscussed and amplified in the search
for better understanding of the phenomenon.

I would like to give thanks to all the people who helped
me in this study. By far the most gratitude must go to Dr..
Arthur H. Guenther for conceiving and demonstrating the laser
triggering idea. His unending experimental ingenuity, patience
and inspiration not only made my stay at Kirtland Alr Force
Base delightful, but improved immeasurably the quallty of the
work. In addition, I would like to acknowledge the help of:
Lt. Charles W. Bruce and Lt. P.V. Avizonis for thelr assistance
with the laser aspect of the study; T/Sgt Vincent C. Henrick
-and ieroy A. Johns whose photograpnic skills and reproduction
support are 1ibera11y displayed in the body of this report;

JA1C Mel K:_Pfeffer for electronics and oscillloscope assistance;

H3C 4ntonio C. Hegel,.drafting and graphic drawings; S/sSgt Travis

k. McClarney, head of the machine shop, for speéedy, high quailty
ii




work; and the general technicians who offered their experi-.
ence, companlonship and encouragement: :lbert B. Griffin,
F. Oliver Westfall, A2C Robert D. Goligowski and AlC Willy E.
Kunzler. Thanks also go to Dr. William Lehmann for a ecritical
review of the paper and to my fiance, Judy bcCutcheon, for cor-
recting my grammatical errors and typing the maznuscript.

Finally, I would like to say that I accept the responsi-
bility'for the contents or lack of contents of this report,
especially in the sections concerning theory and conclusions.
It is hoped that futufe work will be more enlightening.
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Laser beam energy (joules) .

Laser beam electric field vectof

Laser pulse width at half maximum (nanoseconds)
Axizl distance between electrode surfaces (cm)

Distance between laser beam'focus point and

cathode_(—) sphere (cm)
Potentlal between electrodes (kilovolﬁs)
Self breakdown voltage of gap (KV)
Lowest voltage for which gap triggerable (KV)

Electric fleld strength between spheres (volts/cm)

Gas pregsure in the gap (mm of Hg)

Time delay between laser pulse arrival at gap
and current flow (ns)

Firast Townsend coefficlent
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INVESTIGATION OF 4 LaSER
TRIGGERED SPARK GaP

I. Introduction

-Statement gg-Problem

In July, 1963, it was demonstrated by Dr. Arthur H.
Guenther and Albert B. Griffin of the 4ir Force Weapons
Laboratory (AFWL), Kirtland s~ir Force Base, that a sphere-
sphere electrical spark gap churged to within one kilovolt of
self breakdown could be triggered by a Qespoiled ruby laser.
It was immediately realized that a detailed, careful investi-
gation of this phenomenon should be undertaken to determine
the behavior of this device and ultihately lead to a theoreti-
cal understanding of the laser beam-gap lnteracflon, It was
thé purpose of this research effort to design and implement an
experimental study which would produce meaningful data perti-
nent to the laser beam-gap triggering interactior and see 1f the
results were consisvent with an existing arc formatién theory, |
The natural outgrowth of ‘this work would be the extablishment

of measuring techniquES, realization of the important parameters

of ‘the system, formul:stion of possible applications and limita-

tions of the device and finally, to serve as a foundation for

further study.



Importance of Problem

The triggering of a spark gap by a laser was cbnceived as
a4 switching device to meet the requirements of a high voltage,
high energy storage device being consldered by arFWL in connec-
tion with a Hadlo Corporation of America (RCA) contract. The
proposed storage system would hold about 500;000 joules of elec~
trical energy at 10 million volts énd discharge into a tfans-
ducer (wire, foil or field emission_éssembly), thﬁs being trans-
formed into thermal, elactromagnetic and mechanical energy. This
energy would then be used for weapon simulation, radiution ef-
fects investlgation and high temperature plasma studles. The
characteristics of the switch considered most 1mportaht were
that 1t 1) cafry at least one million amperes with 2) very low
inductance, 3) have a long lifetime with minimum maintenance,
4) have a switching delay less than 5 nanoseconds with 5) jitter
less than 1 nanosecond and 6) be simple and inherently safe to
operate. No existing high voltage switching device atrthe time
was felt preperly suited to meet these requiréments. it was
believed and subsequently’shown'that a laser triggered swiltch
- hias a high probability of meeting these requiremehts.. The fac-
tor of safety 1s its most outstanaing feature since there 1s no
electrical connection between the storage system and the trig-.
gering device., The results obtained from the studies covered
by this paper also indlicate that the delay, jitter and llfetime

requirements might be readily achleved.



survey of Previous Study

The only two experimental or theoretical studies of
spark gap triggering by lasers Known to the author are those
conducted at ~FWL from 11 July 1963 - 25 July 1963 and the
continuation of the project from 1 Vet 64 - 20 furch 1964 .
which is covered by this paper. The initial studies in July -
63 were primarily of a phenomenologiecal nature to see if the
triggering pheﬁomenon would ocecur in different g-ses and ob-
tain some indications of the time delays to be expected., The
study also pointed out some of the mujor problems associated
with thls experiment. The second attempt on the experiment was
intended to be more.conclusive and show a systematlc approach
te the gathering of duta. Frimarily this involved refinements
in alignment grocedﬁre, scope trizgering and delay messure-
ments. sdditional difficulties were encountered; solutions

ere suggested at the end of the report.

Urganization of Yaper

The body of this paper.will contain five main sections.
section IT will present'é brief-putline of the exlsting theory
of gaseous conducﬁion, particulérly that dealing with the arc
discharge. The mechznisms believed to be responsible for the
initial arc formation will be discussed. In order to shed
some light on the laser influence in the gap, a brief discus-
sion of the optical ionization in air is included. The theory

section of this puper 1s presented as background material to

ald the reader 1in evaluating the results, Only semlquantitu

tive comparisons are made between the theory and results

-3



obtained. Section III expialns the experimental design. It
includes a discussion of the parameters to be varied, a de-
scription of the two lasers and spark gap chambers, and an
explanation of the diagnostic techniques for monltoring the
laser beam and spuark gap switching. Section IV contains the
data and results. Only representative raw data is included 1in
this section. It ends with an analysis and estimate of the
errors present in the various measured parameters. The dis-
cussion and conclusions resulting from this experimental

study are presented in Section V. Ideas concerning mechanisms
and models are discussed here. The final section (Section VI)
gives recommendations for further'study. Poésible solutions
to existing problems are presented and pertinent data not

obtained here is suggested., No recommendations for final

design of the operational switch are made but ways of improving

the delay and jitter are briefly mentioned.

Two appendices follow the body. slignment, calibration
and other experimental procedures are fully described_in
Appendix.ﬁ. appendix B contalns additional graphs to give

a more complete presentation of the results obtained,

,f.’«'“-’.:z .
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ITI. Theory

The major effort assoclated wiltn this investigatlion was
in designing and 1mplementing_the experiments to obtalin the
interuction data. Thorough analysis and interpretation of the
results was not accomplished. For this reason, this sectlon
on theory is presented in a qudlltative manner as background
material and should not be tuken as a conclusive explanation
of the results obtalned.

The theory of electrical deschargesrln'gaees is stilil a
wldely discuséed guestion. There is good reason for thils,
Unliké a metal, where the electron energies are serlously re-
stricted in the lattice, a gaseous medium provides a much
wider range of possible energies. Thus a greuater number of
proéesses'are in operation prior to and during an. electrical
discharge. This is especlully true of the arc discharge ob-
served at the higher eiectric field strengths, Flgure 1 1s a
schemstic diagrém showing the processes and interconnectioﬁs
between processes assoclated with such a‘discharge between
two electrodes. ihe upper electrode is the cathode, the
electrons tend to move against the flield toward the anode. Path
(a) shows an electron making elastic collisions with the guas
molecules in the gap. ‘ihis 1s by far the most common occurrence
since relatively few electrons ever achleve sufflclent energy
to excite or ionize the gas (lief ?:3). WBen én electron reaches
the anode it may simply be absorbed or it may inject chuarged
carriers into the gap. Path (b) might be folliowed by an elec-
tron whilch haé sufficlent energy to excite a gas molecule. The

result might be deexcltation by nonradiutive collisions or the

6
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emission of a photon with energy hv. This photon is then free
to ionlilze, exclite or deconmpose nelghtoring molecules or even

initiate photoelectric emissinn as at point (c). &sn electron

such as (d) might gazin enough energy to ionize directly, thus

forming a positive ion and one or more free electrons. The

posltive lons formed are accelerated toward the cathode. 4

free electron may also attuch ltself to a molecule and form

a negutive ion. &5 for electron (e) there cun be recombination
with positive ions forming a characteristic photon. For mix-
tures of gases, like air, additional interactions are present
Involving metastable states.. With all these interactions
occurring simultaneously, 1t is with good reason that no
simplified theory of gaseous discharge nas been adopted. Two
arc discharge models do exlst which giﬁe reasonably good pre-
dictions of arc formation. ‘hese are the Townsend avulanche
theory and the streamer theory. It is generslly accepted thut
the Townsend theory should be used at 1ow.va1ues of pd (pres-
sure x electrojé spacing) aﬁd that the streamer thedry is more
correct at higher pd values. The crossover point is somewhere
near a value of pd = 200 cm x mm of Hg. (Ref 6:27). Initially,
& theory was sought which would successfully predict the self
breakdown voltage of a gap; but, lately the emphasis has been
on explalining the formative time ligs of the arc (Ref 3:109).
This was tEe'approach taken in this study. Based on the results
of thls investigation it is the oplnion of the author that the
streamer theory 1s more satisfactory in explaining the short
delay times observed (10“8- 10-7 seconds). « brief discusslon
of its main features is now presented.

? .
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Streamer Theory

The streamer theory of arec discharge formation was postu-
lated as an explanation for the very rapid arc formation times
encouritered at highly overvoltaged gaps. Whereas the Townsend
theory stressed the importance of positive ions emitted from
the énode, the new theory sought a source Of'bharge carriers
proovagating much faster than the lons or electrons in the
gap. The streamer theory 1ls based on the photolonization of
the gas by photons emitted from excited molecules in the posi-
tive space charge cloud resulting from a Townsend type avalanche.

Figure 2 gives a time resolved diagram of streamer deveiop,
ment. Frame (a) of the process shows tﬂe initial Townsend
avalanche formed when an electron or clump of electrons starting
at d, centimeters frdm the cathode is accelerated toward the
anode, The population of ions and electrouns 1ncreéses at the
rate d”x, where o, the first Townsend coefficient, is the number
of new electrons produced per electron per centimeter. The
two charged regions diffuse apart under the influence of the
gap electric field. Since the bulkler positive ions diffuse
more slowly, they remain in a compact cloud near thelr creation
voint, while the electrbn avalanche continues to grow. sassum-
ing a nearly spherical volume of positive charges the space
charge field, E*, can be calculated. Lt emhances the DC field
between the positive cioud and the cathode'by as much as 20%

(Ref 6:37). Within the poslitive cloud are from four to ten

‘times as many excited atoms and molecules as lons giving of £

photons 1n all directions. These photons ure absorbed in the

9



nelghboring neutral gas resulting in further ionization. wany
of the resulting electrons will lie 1n the enhanced field region
where = is largest and be drawn into the positive cloud. ‘ihe
positive lons they leave behind have the effect of rapildly
propagating the positive spuce charge regilon toward the cathode.
‘hls self propagating .space charge streamer is shbwn in Fig. 2b.
Some belleve that the same process occurs at the avalanché tip
(Ref 7:181-183) but thls concept is not as easily justified due

to the lack of a net space charge region there. .t any rate,

~.once the positive streamer reaches the cathode (¢}, the 0C

 potential wave propagates down the conducting streamer toward

the uznode, thus forming =2 complete conducting bridge or arc

- aeross the gap, Fig. 2d. . : . o .

The velocities of propuagation of the various regions have

been measured. ‘The initlal avalanche veloelty is about 2 x 1G7

cm/sec, the streamer velocity toward the cathode is ubout 1.3

x,108 cm/sec,. and the potential wave propagation can be as hlgh
as 107 cm/sec, (Ref 6:39,40)., « posttive lon cloud would pro-
sagate at spproximately 2 x 104 cm/sec due to the 103 mass fuc-

tor over electrons {EBef 6:34).

Lééér Beam IoniZatibﬁ

_ACéordihg.tb tﬁe streamer theory the afé fofmation is
initiatgd by an electron or éiumpof.electrﬁns in é Townsend
avaianéﬁe Whicﬁ gainé such proportioﬁé tﬁaf.a-positive épace
charge streamer can develdp. In the'caSe of an'overvoltaged
ga§ it takes bniy one elCtron'to trigger.the'ﬁrocess (Hef 5:26),

10
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Under the conditions of this 1nvestigatioﬁ all triggering was
done in undervoltaged gaps, therefore, the initlating process
must be viewed in terms of the laser beam interactions with the
gas or with the electrodes, The primary interaction is phobably
the ilonization or phétoelectric emission of electrons. BZoth
processes have been demonstréted experimentally (Ref 43342,

Bef 2:1.5). Since the photon energy of ruby laser light 1s
1.78 ev, below the tonization potentials of the lnert gases

and work functions of the common electrode metals, multiple
nhoton absorptions seem neceSéary. The high photon densities

of a focused laser beam make such interacﬁions highly probable
(Ref 9:2229). The ability of multiple photon effects to account
for the large number of ion pairstproduced has been questioned
and a theory of inverse Bremsstrahlung absorption by free elec-
trons and subsequent 1onizations has been proposed. It has
been calculuated that the uvper limit for a 30 megawatt laser
beam is the production of 1016 1on pairs (kef 8:5).

No theory has yet been offered which accurately accounts
for the obéerved ion production in gases. It seems more ffuit—
ful to consider the measured values and their possible relation-
ship to the stresmer formation process.

At least two experimental studles have peen conducted to-
measure electron production by a focused laser beam. In one
the lonlzation of a gas was produced between two needle probes
to collect the charge formed. The energy of the bean was.about

8

1.5 joules and the measured photoionization was about 10 ion

pairs. . comparable number of lons were observed for

11



conventional laser pulses as for Q-spcile& pulses, thus showlng
lonization to be more energy derendent than vower dependent.,
The logarithm of the photoilonization was linesr with laser
energy and corresponded to a sixth-power relationship (Ref 2).

The other experimental study of interest concerned vhoto-
electric emlssion of electrons by a laser beam focused on a
metal target. s rough ealculautiocn on the duta obtained gives
a2 net emlssion of about lolu-electrons. This corresponds to
a current density-of about 100 a/cm? {Ref H4:343),

4 conslderable amount of research needs to be done hefore.-
any firm understanding of the lonization process 1is obtained,
Development of diugnostic tecékniques to yleld reliable data
are also needed. The problems of 1.ser ionization studies are

discussed very well in iieference 10.



ITI. Experimental Design

Parameters

Froﬁ the previous sectlion the conclusion is obvioﬁs that
arc-formation and the laser beam-gas interaction are very come-
plex processes and depend on a varlety ofparameters. OSince the -
proposéd experimental study_of iaser triggering was belng cone
ducted for the first time, it was decided that no system para-
meters would be excluded from consideratlion. This then required
an experimental set-up and procedure which would specify the
condition of the system on each shot and provide for a systematip
variation of these parameters. Deflinitlon of these variables
necessarily preceeded experimental design.

The laser beam was characterized by its energy, average
power, polarization and power density at the focus poilnt. Since
the laser output could not be predetermined 1t was necesééry_

- to provide a monitoring device capable of measuring the energy
and pulse width for each shot. The polarity could be set and
power densify calculated knowing the focal length of the lené.
The other parameters are directly connected with the spark
gap chamber. These variables weret dlameter and materlal of
the spherical electrodes, perpendiculaf distance between
electrodes at closest approach, location of laser focus with
respect to the electrodes, type of gas and gas pressure, gas
éondltion (neutral or partially ilonized) and finally the DC
potential between the electrodes, These variables represent
the state of the system before each experimental shot.

13



2l

dn- 8¢ |pjuswlIRdxnly
19sD7Y wsugd Bunjoy

g By

14




In'additlon, the time delay between laser'pulse arrival
at the focus point and the start of current flow in the gap was
measured to provide an indication of the laser beam-gzp interw

action.

Apparatus

Control of the abqve parameters requires a close interplay
of mechanical, electrical and radiative equipment in the actual
ekperiment to perform the necessary measurehents. The descrip-
tlon of the experimental apparatus 1s glven in this sectlon and
is divlded into three parts: Laser Systems, Spark Gap Chambers
and Control-Diasgnostic Equipment.

Laser Systems. Figure 3 shows the essential features of

set-up employlng the rotating prism laser and the vacuum spark

gap chamber. The laser consisted of a commercial Raytheon
elliptical reflector head modified to hold a 4 in. diameter
by 6 in, long ruby rod with anti.reflectlve, flat ends. st

one focal axis of the elliptic cylinder was mounted an FX. 47

flash tube; the ruby rod was at the other focus. The entire

head was mounted on two micropositioners which were then

mounted to a standard 4 in. optical bench. The rotating prism
Q=spoller was the Bechman and Whitney Corporation model 401

and included the necessary control equipment'model 321, for
proper operation of the laser, It was attached té the bench on

axis with the ruby rod. On the opposite end of the rod was

located a 45% reflective mirror. The prism and mirror consti-

- tute the lasepr resonance cavity. The rotating prism G-spoiler

15
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works on the principle that the reflecting surface of the prism
becomes perpendicular to the ruby rod at the instant the rod
reaches,ite:maximum excitation or population inversion by the

pump light. The.prism rotates from a position of  no optical

feedback to one with feedback. The sudden change into a resonance

condition 1is termed Q-spolling. : For proper operation it was

-necessary to determine the optimum phase relationship between

pump light and turbine angle. - The experimentalrprqeedure for
establishing the méximur energy output for anyrturbinesspeed
1z described in Appendix A, |
ﬁThis-experimentaluarrangement'wae used during most of the
study until a more powerful laser became avallable.  The output
of the rotating prism was variuble from 0-.75 Joules with a -
pulse width at half maximam of from 50~100.nanoeecondae(lfne =

10-2 sec;)' Thus, the power output varied from 0;15~megawatts.-

Energz Qut "
Fulse Width

Average power 1s given by the relation: Power =

Figure 4 shows a similar arrangement with the Kerr cell

- switched laser used during the 1ast month of the project. The';'

entire unit was a Korad Corporation device consisting of &
helical flashlamp surrounding a 3/8 in. dlameter by u 1n. 1ong '
ruby rod. Mounted at one end of the rod was a partial reflect-”

or. At the other end was located a 100% mlrror and a nitro—

benzine filled Kerr cell light shutter for Q-switching. when h

a high electric field 1is impressed upon nitrobenzene 1t becomes

a z Wave light rotator and prevents feedback of the ruby 11ght.

At the appropridte time in the pumping process, the field is

l?
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removed and a suddenrchange'iﬁ=the feedback occurs. . The output
of thls unit was measured to be zbrut .8 joule maximum with a’
pulse width of about 10 ns. The useful range of power values
was from 40-.80 megawatts..

iSpark-Gap Chambers.. :The'environmental spark:gap chambers:

into- which theé:laser was focused were o6f two types. Both coh-"
sisted of. two'spherical electrodes mounted on-threaded shafts -
for ad justing gap spacling, gas' evacuation and=filldmg outlets,”
lessﬂholders,'obSerVation windows ' and' high veltage connectorsi.
The baslc difference between the two was that one was. ‘glass)
designed for pressures less thah' two atmospheres absolute: and
the. other was metal, to be used from one' w.tmosphere up to 20
atmospheres.-

© The glass: chamber was a ‘Standard 3 in. - 6:in. flanged
KimaxiPdpe&eomﬁfeteiWlthfgaskPES“and fitetings: Figure~5'3hewsﬁj
the chamber proper: without high voltage leads or gas connectors.
The modificatlons 1ncluded the two lucite lens helders, the |
spheres and drill rod shafts and the exhaust hole and nipple;r
out the tOp. The lens holders were designed for 52 mm diameter-
1ens and could be used wlth 30 mm to about 300 mm foeal 1ength i
lens. In the experlments made during the study only a 52 mm
foeal length lens was used.. The two sphere electrodes were -
stainless steel 25 1n. in diameter.. W1th this size sphere
the maximum spacing attainable between them was about three; 

centimeters. The diameter of the drlll rod shafts was é 1nch.

: This gives a sphere to shaft diameter ration of 5 1, making the

18
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field very uniform.between the electrodes .for gap spacings less
than 2 cm. Observation of the gap perpendicular to the lens
holders gave a relatively undistorted view of the spacing..
High voltage and ground'coﬁnegttops_were”attasped.by-j[a in.
bolts to the top and bottom.alates;of;the_chamber., Four RG,87~
insulated cables.were-connected from the chamber electrodes fto.
either-side of the charglng capacitor to reduce 1nddctancef‘ :
The vacuum characteristics of:this chamber were good down-to;wg
less than.500.microns,of4Hg,;the¢lim1t of the pressure gauge . -
used. FPressures as high as 20 psig were sustained in the cham-
ber but movement of the lens holders were detected. This cham-
ber yielded over 30% of the data gathered

The metal chamber shown in Figure 6 was desig'ned for the
purpose of obtainlng data at higher pressures. The top photos
graph of Figure 6 1s a view looking through the 6 ln. diameter
access port. The polyethelene 1ens holders are shown above and
below the spheres wlth one 1ens 1n place. The 1ens holders’“-'
were designed for 2 1n._or 1arger diameter lens with from ls Md
to 55 1n. focal 1engths. The 1ower photograph shows the ex- h
terior of the chamber.' It was conxructed 1n the form of 4 12
in. cube, welded 3/8 1n. steel plate. The case was completelyxr
insulated from both electrodes by nylon sleeves.: One electrode.
is shown on the right slde faoe.' One side of the box contains '

the s:Lx 1nch aooess port while the renainmg 3 f'aces have two

1nch diameter tranSparent windows of quartz or luclte & 1nch

thick 1dentical to the top face shown. These three ports allow

21
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analysis of the incoming and outgoing laser beams as well as

simul taneous side viewing. The lucite windows had a transmit-
tance of 93% at 6943 R. ‘The chamber was considered safe to ' .
20 atmospheres:but no-data was taken above 45 psig.

'Control:Diagnostio“Equipments**The lasers and spark gap:. -

chambers’ were designed'and?éssembledﬁtoiinsure generation of =
thé recéssary data " to JNEBt”-”l?the-Eiperimental aims of the
study. The aetual observatlon and ‘correlation of ‘the para—-

neters involved a' much mo¥escompleXx systeém of control -and- moni-
toring:equipment. -This séc¢tion will discuss: the techniques. -
wsed, grOupingﬁthemFES to° lager  control  und mOnitoring;gap.con;

trol and time déelay measurement. °

1. Laser. In Fig. 7 the pump llght power supoly provides the
energy to fire the fldshlamp and excite the ruby rod“tast 1ts

lasing threshold. The trigger wire 1n1t1etes the flash and 1s
controlled by a slgnal from the rotdting prism 80 thdt the ”{‘-

proper phase relationship 1s maintained between exoitotion end

Q—spoiling._ The determination of the optimum tlmlng 1s deseribed :

in Appendix A.- In Fig._8 the Kerr oell bias is removed a‘;
speoifled time after the pump llght begins.' The optimum delay

settlng must be determined experimentally 1n the same way as’

rin the rotating prism case.

Diagnostio equipment for monltoring the ldser pulse 1s
also shown 1n Fig. 7 and 8 AS the laser pulse immerges from

the resonance cavity 1t strlkes a 1/8 1n. thlck quartz plate

oriented Lt 45 degrees to the beam.. This beam splitter reflects

22



HOV

ol

_‘
e G L - |uoLmow anmuni
vog ‘dn-19g {03231,
ASDT WSld m.c__o—o.m
S by
Addns A S B _ A _
H3IAMOJ T | @ o . : - asind
CAOVII0A HOIH . . B  —_— B
S L 586 ‘ z | LiNn
- . il . :
. = XINOYHLIN3L* [Fddng  iomog 2 11041 NOD
bow— , O , 06010 - - X 53048 wf
= _ N a3 _ m_Tj
Lo | o o p
~- *XINOMINIL @ ° g m
| & : e
W.. W : . -
L AddnS H3AMOd
SAHILMS | ; : o
SONINNTP | 1HOIT aWnd)|.
/y”,, 1z 1z
LY g m w
D - m
12 |7,
=R P
. 2
r .
A . - o
(rs3 4l ...ﬂn - T
(T 7 -
o h,,t.l\\.. ..l”u




about 8% of the incident beam through several attenuating
filters onto the cathode surface of a vacuum photodioae,
hereafter oalled-the‘laser diode. The-;nstantaneous photoourg i
rent produced atithg_oethode 1sfd¥recsi§ proportional to the
instantaneous laeerinsensit§f':The'ohofocurrent prodUces'e
voltage:change on the :bZ?MF oepaoitor which in turn sends=a
signal to the reeord;ng“_c_lﬁévice. In the earlier work a Tek-

tronix'555 scope was used as in Flg. 7. Faster response times

neoessiteféd“ohanging to the 519 scopes in Fig. 8. In all “ases
the scopes operated on. single sweep mode, trlggered by the laser
diode signal and photograph1Celly recorded by C~12 and C-19

Polaroid,seqpe CRMEras. The actual soope traces of the data

p—

are disoussed=1n“Seotioan1,,Data andiResults.

2. Spark Gap: The spark gagfchémber‘diagnostios involved
determination of gap potengiai, chamber pressure, gap gpacing
and laser focus point. The gap ohargirg circuit is sbown in
roth Fig. 7 and Fig. 8. It consists of a’ 50 KV « 60 ma DC
power supply to oharge al MF, DO KV oil filled oapacitor in
parallel with the sphere electrodes. Two Jennings switches
provide 1solation of the gap from the power supply and furnish-
a discharge path to ground A calibrated eleotrostatio volte
meter 1s plaoed across tue gap to measure its potential.

The gas oressure in the gao ohdmber was regulated by &
valve system oonsisb;ngiof_a‘pressure~gauge end a vacuum gauge.,

s small vacuum pump was used to purge the system. The gas to
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be investigated wasAthentinserted from a pressure-tankrnntil
the degired chamber pressure was achleved. _

The gap spacing-was measured by a cathetometer placed about
20 feet from the spheres. Spacing could be read to within .1 mm.

The laser focus point betweenthe spheres was established’ by hit-

ting a 1/1000 in. thick aluminum foil target. in the gap with a

preliminary laser pulse.: The size of the focus Spot and - its

position :in the gap were_determined In thls way.

3. Qg;ai: The final diagnostic problem was to measure - the time
delay between 1aser pulse arrival at the gap and the start of
current flow._ Current flow was detected by a small loop of
wire placed near one of the electrodes. This 1oop goes by
the name . Bogowski ccil or di/dt loop since any change in cure

rent near it induces-a current,in the loop. This was ideal for

measuring a change in current from zéro to some’ posit ve value

as the gap began to conduct. The signal from the coil ‘Was

displayed on a scope similarly "to the laser photodiode signal.

se-di/dt correlation methods were used., In the

Two laser.pf

first, shoﬁn in Fig. ?, the two traces of a 555 scope .were trigm.

gered by;the 1aser diode. he laser diode signal was displayed

on the lower beamrand the di/dt signal was displayed on the
upper trace. Both input cables were of the same length BO cOm-
raring the two beam displacements from the zero 1ine gave a
direct measure'ofdthe;timerdifference between them. The sweep.
speed-and rise'tié?ibhafacteristics of the 555 were notrsatisa

factory for use with the Kerr cell laser because of its shorter
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di/dt diccy

dq= delay between di/dt origin and vertical dmlec
plates of scope 2 (VDPy,) '

do= ielay between dlods and scope 1 output trigger

dz= delay between output trigger of scope l (Tout) and -
dyo pot of =cope 2

d..0% varlable delay between input trigger qignql and
' actual scope trigger

##% Set d,y so that: dy= do + dz + dyg

Fig. 9 Dual Scope Synchronization
for di/dt Dejay Measurement :
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output laser pulse. The dual séope method shown in Fig. 8 was
then devised with excellent success., The left scope was trig-
gered by the laser diode as beforé. An output trigger signal
from tﬁls 519 was used to trigger theright 519 scope displaye=
ing the di/dt signal. Thus, by knowing the various internal
delays of the cables and.scopes a correlation between the two
:sxghalé was possible. |

It was considered too difficult to detefmine the a@tual
delays in each component of the signal paths so a method was
used to measure the time relationship of two known signals
coming to the scope, namely, a single pulse sent through both
‘cables anq being displayed on both scopes. Figure 9 glves a
schematic pilcture of the set-up. The procedure is simple. |
Simultaneously inject a signal into the di/dt cable at the gup
and the laser cable at the dlode. Adjust the lnternal delays
of the scope so that both pulses are displayed at t=0 on the
:tface. This 1s the case whenrdl;z d2+—d3+-dv2 as indicated on
:Fig. 9. Therefore, if the di/dt signal is in fact deluyed
somewhat from when the laser occurs, this addlitional delay
‘will cause the signal to reach'fhe veftical deflection plates
of second scoperéfter the trace haé'begun:to sweep. « measure
fof the délay is read directly and converted to time according
to the set sweep.speed. Sémple tracés are included in the next
~sectlon. A correction of this number must be made to account
for the time 1t took the 1éser to go from the bean splitter:to
the spark chamber. o | | - |
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To give the reader an idea of how thls apparatus was
assembled in the lab, a photograph of the experimental set-up
1s shown in Pigure 10 to correspond to the schematic represen-

tation of Figuré 7. The various parts are labeled as follows:

1. Laser flashlamp andiruby rod holder
2. Roiating prism turbine |
3. Q-spolling control unit

4. Flashlamp photodiode monitor

5, Beam splitter and laser diode asseibly
6. FEleotrostatic voltmeter '
7o Spﬁrk gap high voltage power supply
8. Gap charging capacltor

'9. Jennings isolation switch

10. BSFg f11l gas supply

11. Chamber evacuation pump

12. Spark gap chamber

The oscilloscopes used to record the signals were located
in the adjoining room to cut down on the stray flelds produced

during gap triggering.
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IV. Data and Results

In the previous sections the parameters were explained
and the methods used to obtain the measurements were dis-
cussed. This chapter will deal with the actual data gathered
from the experimental assembly. Samples of raw data are given,

most of the reduced results are displayed in graphléal form.

Oscilllograms

The primary source of raw data-was ffom oscillograms of
scope traces. Several sample traces are shown in Fig. 11 and
12. Figure 1l 1s an example of the single dual beam 555 scope
data for relating laser pulse-di/dt signals. The necessary
scope settings recuired for proper interpretation are listed
beside the osclllogram. It is an easy matter to convert linear
distance between start of the laser pulse signal and thé di/dt
‘signal to obtain 4t. For this example the time delay is cal-
culated to be 340 ns., An example of the dual scope data 1s
given in Fig. 12. Here, the upper oscillogram shows the output
of the laser diode and the bottom one displays the di/dt signal.
Having followed the synchronization prodedure explained in the
last chapter, the time delay Aty 1s calculated from the sweep
_speed and the linear distance from triggering to di/dt appearance.
The delay'for this case 1s séén to be about 100 ns. No grid is
shown on the lower trace so as not to interfere with the data.
The osclllograms were calibrated: 1 scope centimeter = 1.03
‘o8clllogram centimeter.

The traces contailning the laser diode output supply the

31



Upper Trace
(di/dtv)

Trigger: lower beam
Amplitude: 5 v/em
Sweep speed: 200 ns/cm

Lower Trace
{laser)
| Trigger: self

Amplitude: 5 v/en
Sweep aspeed: 200 ns/cm

Fige 11 Single 555 Scone Delay Osclillogram

Scope #1
(laser)

Trigger: self
Amplitude: 9.5 v/em
Sweep apeed: 20 ns/cm

Scope #2
(a1/dt)

Trigger: scope #1

Amplitude: 8.9 v/enm
Sweep speed: 50 ns/cm

Fig.12 Dual 519 Scope Delay Oscillograms
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necessary informatidn to determine the energy and power in the
pulse. The techniques used for calibrating the oscillograms
for these parameters are explained in appendix A,

For the sake of convenience and scund procedure, the backs
of the oscillogramS'were'used to record all pertinent data for
the particular shbﬁs gap potential and spacing, gas pressure,
self breakdown voltage, and beam focus point. These numbers
were then transferred to a columnar data sheet for easier hand-
ling. After the tiﬁe delays were calculated the data was then

plotted in graphical form for interpretation.

Graphs
\ Figures 13 through 22 show the characteristic ways the

.data was graphed. These specific ones are included here as
representative of the general behavior observed throughout
the study. Appendix B contains similar graphs of the remain-
ing data and serve to substantiate the conclusions presented
In the Discussion section.

Figures 13 and 14 show the dependence of time delay AtD
on the laser beam power for given spark gap conditions, 1. e,
constant Eg/p. The two graphs displéy data obtained with the
rotating prism and Kerr cell lasers respectively. Thus both
low and high power regions were covered,

Figure 15 shows a plot of time deléy versus the genera-
lized gap pafameter Eg/p. This ratlio of gap electric field to
‘gas pressure is a common one used in delay studiles because,it.

expresses the tradec-off between electron accelerating force
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and mean free path between collisions. The comparisom between
behavior in air and N, 1s intended here. Figure 16 gives the
~data obtained for SF6 under similar conditions. The dielectric
strength of SFg 1s about two times that of N, so the Eg/p

valye near self breakdown 1s considerably higher.

Figure 17 shows the delay behavlor as a function of.Eg/p
for different values of pressure. The vertical lines lubeled
SB are the values of Eg/p for‘self'breakdown at that pressure.
Figure 18 is a semilogarithmic'plot of the same data.

1t was of interest to determine if incident ultraviolet
" light oﬁ the gap would affect the delay characteristics. A |
mercury are lamp in a quartz envelope was shined through a
quartz wlndow in the vacuum chamber lens holder. The data in (:}
Fig. 19 shows behavior with and without ultraviolet

The output light pulse from the laser was. llnearly polarized.
To determine if the polarity orientation of the laser beam with
respect to the gap electric field was an important feature of
the triggefing, the data in Fig. 20 wes obtained. The entire
Korad laser resonanoe cavity was rotated 90 degrees to achieve
the perpendicular orientation.

#8 mentioned earlier, one of the posslble variables was
the focus point location within the sphere-sphere gap. A plot
Of'“fp versus Eg/p with 4, as parameter is given in Fig. 21.

The quantity d, 1s the distanoe between the focus point and
the surface of the cathode (<) sphere. ' ' '

Figure 22 represents a oonven1Ent way of presenting switch
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data., It is a plot of the electric potential between electrodes
versus the product of gap spacing and gas pressure (pd). The
upper curve is Pachen's curve relating the self breakdown voltage

of the gap as a function of pd. The lines beneath it show the

- lower limlt of voltage at which the gap was triggerable with

the laser beam for different values of‘dn.

Error Analysis

An important part of any experimental investigation is
the estimation of the errors in the meassurements. This'sectioh
will discuss the errors introduced by the laser, oscllloécopes
and spark gap diagnostics. Comments will also be made about
the jitter of the switch or the mean fluectuation sbout the
average delay time..

Laser. Twenty Kerr cell laser shots were taken at evenly
spaced time intervals and the energy of each was measured. All
prefire conditions were the same, yet different outputé were
observed. The average output energy for the series was .7 joules
as determined by the calibration curve, Pig. A-d, Appendix 4.

The varliance was calculated to‘be:h.l Joules or a relative

‘uncertainty of about 14%. Host of the data obtained with the

Kerr cell, high powef laser wag correlated at constant beam
energy. The effect of this 14% variation is probably small
considering the non-power dependence displayed in Fig. 1l&4.

The uncertainty 1h the actual laser beam energy for a single

shot 1is about 15% due to the calibration technique used.

L5
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Oscilloscopes. Oscllloscope errors arise from fluctusation

1n triggering behavior and the limilt of error in measuring the
oscillograms. The dual 519 scope triggering variation was
tested by simulating a shot with the iodel 961 pulse generator.
Five shots were displayed on the same oscillogram at 10 ﬁs/cm -
and no difference was measurable between each shot. The repro-
ducibllity of the scopes was thus establlshed. The uncertainty'
in AtD which can be associated with the scope is the error in.
measuring the time to current flow. With an'eyepiéce miil;ﬁetef
scale trace lengtﬁs were determined to within #.2 mm. Thus for
a 10 ns measurement on the 10 ns/cm sweep speed the error would
be 1.2 ns or £2%.

Spark Gap. The error in ﬁeasuring the gap spacing, d, can (:}
be estimated as about £.1 mm for a spacing of 1 em. The
instrument limit of error of the cathetometer is less but
optical distortion and poor sphere illumination would increase
the error. Beam focus point could be determined within «#.1 mm
by using the magnifying scale eyeplece. Gas pressure in the
gap wus read with a vacuum gauge good to within about 3% and
a2 crude pressure gauge no better than 10%. Perhaps the most
uncertain measurement of all was the gép_potential. The cali-
brated electrostatic voltmeter has an instrument limit of
ercar of only 2% but the flictuation 4in voltage from the DC
power supply could not be established. This random variation
‘may account for a considerable portion of the delay Jitter
present. For tyﬁical values of the measurements the uncertalnties @

weret
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Ep = .7 #.1 joules (=14%)
tp = 50 #2 ns (£4%)
1 +,01 cm {#1%)

o
"

5 £.01 cm (#2%)
Vg = 30 #.6 KV (£2%)
p & 1000 £100 mm of Hg (#10%)

Eg/p

£

4O +£5 v/cm mm of Hg (#£12%)

Switch Jitter. All of the above uncertainties will
ultimately be felt in a variation in the time delay ity
Sincerthe nature of the phenomenon is not fully understood,
it 1s difficult to.relate the observed jitter to the measured
parameters. The ﬁagnitude can be determined however, For

each of the twenty laser shots used to establish the output

uncertainty a delay measurement was made. For ten of the shots

the pressure was such that the average delay was 39,7 ns, The
variance was calculated to be #£4.2 ns or a relative variat;on
of #11%. For ten shots taken at a lower pressure the gverage
delay was 73.7 ns with a variance of +5.4 ns (£7.3%). Under
more controlled conditions 1t is believed possible to reduce
the jitter cons;derably. Thefe may be a statistical fluxuation
as in the case of‘overvoltage triggered switches which would

set a lower limit.
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V. Discussion and Conclusions

On the basis of this.lﬁvestfgation it has been shown that
certain of the switch characteristics desired by nFWL (see
Section I) can be achieved by-the laser beam triggering of a
spark gap. With respect to the short delay times desired, the
experimental results show that response times'ﬁary'inversely
with gap electric field, gas pressure and focus distance from
the anode. Delay times of 20 ns were observed; shorter delay
times were present but could not be measured. No dependence on
laser power or polarization was_observed. The results as dis-
rlayed in Figs. 13-22 will now be,dlscussed‘in more detail.

Figures 13 and 14 indicate that the triggering response

times show a marked laser beam power or energy dependence {rom

zero to about ten megawatts then becomes lnsensative to changes
in laser beam varlation. There definitely is a triggering
threshold which varies with gap parameters but no careful

study was carried out. It should be noted that short deiay
times favor higher values of Eg/p.

Figure 15 shows the negligible difference observed in

- behavlior for air and N5 in the gap. It also shows the general

behavior of delay versus Eg/p. Again shorter delays are ob-
tained for h;gher Eg/p values. Figure 16 shows that even
shorter delays (20 ns) were obtailned in 5Fg at the same pres-
sure. Higher electric flelds in the gap are possible with
SF6.
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Figure 17 is a parametric display with respect to pres-
sure. For a given Eg/p value shorter delays are obtained at
the hlgher pressures. It must be mentioned that the electrlc
fields are hiﬁger also, For all pressures 1t appears that the
lower delay 11m1t occurring at tne self breakdown 11ne 13 about
80 ns. This may not necessarily be true at much higher pres-
sures.. The saﬁe data in Fig. 18 shows a slight curfatnre~pn a
semi-logarithmic plot. | |

'Figure 19 indicates the negligible influence of ultra-
violet light shining on the gap. In comsidering this result
and the focused UV tebhnique usually used, it is appareht that
intensities were not nigh enough to make a suitable determina-
tion of the UV effect.

The effect of laser polarization 1s likewise indicated to be
negligible according to Fig. 20. This may mean that the elec-
tric fleld intensity at thé'focus point does not affect the gap
voltage and does not influence the gas lonization. It is con-
ceivable that in a polarized llquid or solid dielectric the
laser beam polarity could have a sizeable Influence.

Figure 21' has some interesting information. It indicates
‘that the closer the triggering inltiation is to the cathode
the faster the response times. This could be due to the shorter
cathode travel distance of the poslitive streamer. In the case
where the laser beam was focused directly on the cathode, d,-=
.000 cm, & visible photoemlssion was obseryed which extended
about .3 em from the cathode {see Fig. 23). In Fig. 21 the
dy, = .000 cm line ends at about-Eg/p = 27'v/cm-mm because of
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experimental difficulty encountered with noise interference at
these low delay times. The Jower delay limlt is beliévéd'to
be quite small at higher voltages. (Placing the spark gap
chamber in an electrically iédléted screen room would probably
éliminate the noise problem.)

Unlike exlsting switches which require overvoltages to
trigger, this technique enables one to trigger a gap which is
never charged to the self breakdown voltage. Flgure 22 illus-
trates thls fact., It is noted that the width of the triggering
region 1s a function of the laser beam focus point in the gap.

In order to correlate the data obtalned with the two
exlsting theorlies of arc formatlon a simple calculation is
made using the propagation velocitiés given in Section.II
and the measured delays in SFg. Let us say the Townsend avalanche
was initiated at the midpoint of a L4000 em gap charged close
to self breakdown, i.e. the situation in Fig. 16, Let us also
assume the avalanche moves at its terminal velocity of 2 X 107
cm/sec, toward the anode and that after moving .1 cm the posi-
tive spacé charge fleld at the center of‘the gap can fornm the
streamer tdwérd the cathode. Assumlng its terminal veloclty

as 107 cm/sec, the total delay time for gap closure would be:

.1 em P .2 cm + b oem = 7 ns
2 x 107 em/sec 1.3 x 100 om/sec . 107 cm/sec

AtD -

From Fig. 16 a delay of about 20 ns was obtained, Considering

“the rather abrupt behavior of the example and the vast uncer-

tainties in the velocities used, the agreement is reasonable.
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If one assumes a completely Townsend process employing the much £

slower positive 1ons without streamer formation, a minimum time

delay 1is calculated to be:

«2 Ccm .2 cm «5
- ' + . _ = 10 sec (10 r¥s),
Aty = 2 x 107 em/sec 2 x 107 cm/sec »

This 15 the same orderof magnitude as the formative time lags
observed in low pd discharges where the Townsend theory is
applicablé.

Clearly, if one is searching for a reasonable model for
the laser triggering of a spark gap at high pressure the best
available model is the streamer theory. In the opinion of the
author the laser initiation of the arc discharge is not only a
useful phenomenon for switching but will be ideal for basic

studies of arc formation once enough information about laser (:}

' beam-gas, metal interactions 1s known to accurately describe

the free electron formation. Suggestions for contirnued study

of the switch problem are given in the following section.
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Vi. Recommendations

The serles of éxperiments covered by this report has
suppllied enough information to guide future studies and has
shown the need for additlonal diagnostic technigues.

One of the major éreaéneeding attention is the detalled
time behavior of the arc_fbrmation once the iaser beam has 1n;;
tiated the process. A number of avallable tools could be use?.
The volt-ampere characteristics of the discharge as a:functh%r :
of time could be detérmined by existing techniques (Ref. l:lli?.
1118), Correlated with this could be more direct observation of
the dlscharge b& time resolved spectroscopy ahd high speed photo-
graphy. This would yleld extremely valuable information con-
cerning the ionizatlon process and arc pf&pagation and exXpan.
glon velocltles.

Hore detalled study of the luser beam would be frultful,
especlally an analysis of the beam immerging from the spark
gap chamber after the triggering process has been inltiated.,

A satisfaétory procedure 1s described in Ref, 8:5. Use of
higher power lasers would also be of significant importance,
If ﬁhe optical breakdown threshold of fhe gas 1s surpassed é
pronounced effect oﬁ the switch behavior may be observed.

One of the conclusions inferred from this study is that

the primary parameter effecting the response time is the elec

tric field strength in the gap. Since this is limited by the

dielectfic‘material between the electrodes the natural extension
of using SFg at nhigh prgséure is to use llquld or even solid
| 53 |



.dielectrlc materials in the gap.  Numerous olls and crystals
with good optical properties are available.

For 1mprov1ng switch response as such, several different
gap-laser cbnfigurations could be tried., a multiple beam split-
"ting;focusing arrangement could be devised that would simultane-
ously initiate the triggering prdcess.at different points between
the electrodes. Presumably this would greatly reduce the forma-
tive time lag of the arc formation. A similar conditibn might
" pe achieved by 1nject1ng a higher power la:er beam axially through
the chamber electrode. | | |

It is felt, however, that more research on a basic level
'15 needed. it Wiis Suggested that perhaps using pure monatomic
gases'of low Z number such as Helium; Neon-and Argon would
greatly simplify the theoretical considefations and lead to

better understanding of arc formation mechanisms in general.
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Appendix 4

System Alipgnment and Calibration

Alignment

Optical alignment of laser cdmponents is extremely_criti-
cal and greatly effects the quantity and quality of the co-
herent light ﬁulse.prodwced. Figure A-1 shows fhe alignment
assembly. ' A mercury arc lamp mounted in a metal bex shines
through a .05 in. diameter hole locatea at the focal point
of a lems. This polnt source-lens sysfem produces a calimated
light beam in tﬁe horizontsl plane of.the ruby rod. This
alignment beam strikes the beam splitter and is reflected down
the optical axis of the laser. This, then, establlshes the

reference axis. The ruby rod is placed on axis and adjusted

O

until the front flat reflects the alignment beam back on itself.
The return beam passes.through the beam splitter and 1s focused
onto a white plate. This 1is called the reference spot. The
rotating prism turbine is then adjusted until the return beam

of f ;he total internal reflective surfaces 1s focused at the
reference spot. Néxt, the front reflector 1s installed and ad-
justed until its reflected signal falls on the reference spot.
At this point the return‘slgﬁal from the priém,.rod, and front
reflector are all focused at the same point. This means that
the three surfaces aré.on éxis and parallel, the condition for
proper alignment. To place the spark gap chamber in alignment
the lens and focus plate are remcved and the chamber is adjusted
until the laser reflected signals are centered on the chamber fo-

cusing lens. The entire system 1s now in proper allgnament.
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Q-Spoiling Optimizution

For the rotatling prism laser 1t was necessary to determine

the proper time delay betweer start of the flash lamp and G-

switching to obtalin the maximum output. This was done by sSys=

tematlic variation of the delay until the maximum output was

established. The time relationship was established by using

a pump light monitoring photodiode, the output of which was

displayed on a Tektronlix 545'scope. The diode was placed in

such a position that 1t would also detect the laser output.

A typlecal osclllogram 1s shown In Fig, aA~2., It displays the

smoothly varylng pump light intensity and

a sharp discontinulty

where the Intense laser pulse cccurred. This spike could be

varled in position by adjusting a phase angle dial on the

prism turbine. It was found that the maximum ocutput was achleved

when the laser was Qeswitched 1.9 milliseconds. after the pump

light began. At any turbline speed the turbine phase angle could

be set to give the 1.9 millisecond delay,

The Kerr cell laser

was already optimized and aligned by the company.

Fig. A=2
Pump Light Monitor 7Trace

Sweep speed:.5 msec/cm
Amplitude: 5 volts/cm
Turbine speed: 800 rps
Phase angle: 250 deg.
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Laser Calibration

The energy of each laser shot was determined by correlating

'the photodiode output signal with some pre-established standard.

Prior to the triggering experiments a series of laser shots was
taken. The beam was fired into a THG Laser Hater cone calori.
meter and the thermocouple temperature rise indicated on a
meter. The device was calibrated by the manufacturer to relate
thermocouple current to energy absorbed by the cone. Experi-
ence with thlis instrument has shown it to have an accuracy of
+10%. By varying the pump lightlinput a range of outputs was
achlieved along with a corresponding amplitudg variation of the
laser diode signal. For the rotating prism laser the area

under the laser diode osclllogram trace was taken as proportional
to the energy content. The area was measured with a planimeter
and the calibration curve, Fig. A-3, plotted. & straight line
fit was made using the least squares technique. 'The 15% error
in energy 1lndlicated on e:sch duta point is due to the Laser Rater
uncertainty and the 1nstrument‘1imit of error for the output
meter. The error in area measurement was due to the lack of
skill in operating the plaﬁimeter. The Kerr cell laéer was
calibrated by pﬁlse helght. Since the pulse widths are all about
10 ns both energy and power are supprlied by the same calibration
curve. Flgure a.l4 shows the correlation between oscillogram
peak helght and Laser Rater energy absgrbed. A least squarels

fit was also made.
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appendix B

additional Hesults

This section 1is included so that the reader may refer to
udditional data which was obtalned. The curves do not sub-
stantlally deviate from the ones contalned in the body of

the report.
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