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ABSTRACT

This thesis describes some of the gross features of the
dielectric breakdown which can occur when the intense radia-

tion of a Q-switched ruby laser is focused into water.

A complete description of the passively Q-switched,
mode selected ruby laser used in this experimental study is
presented. The laser was capable of delivering powers up to
90 MegaWatts in a single longitudinal mode with a beam diver-
gence of less than 1 milliradian. Further mode selection

allowed for operation in the lowest order transverse mode.

In order to obtain reproducible and predictable data, it
was necessary to cleanse the water samples studied of all
suspended particulate matter. A closed-cycle filtering system

capable of removing particles as small as 10_6 cm is described.

The breakdown threshold power in water was found to be

11 Watts/cmz. Stimulated Brillouin scattering

(5 & 4) x 10
with its lower threshold power than the breakdown threshold,
always accompanied the breakdown process. As much as 50% of
the incident laser power was converted to the first Stokes

stimulated Brillouin wave.

Time integrated photographs indicated the breakdown
region to be composed of individual breakdown plasmas separ-
ated by approximately O.4mm and spread along the direction of
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propagation over a region of 5 to 10mm. A model involving
the introduction of spherical aberration into the focal plane
by the focusing lens appears to adequately describe this

phenomenon.

Measurements of the scattering characteristics, spectrum,
and surface temperature of the breakdown region are presented.
It is shown that the scattering behaviour of laser induced
breakdown unaderwater, reflects the character of the shock wave
accompanying breakdown and not the breakdown plasma. -The
breakdown plasma revealed a black body like spectrum with a
temperature of 15,000°K. Shock velocities exceeding 106cm/sec

were produced leading to pressures approaching 106 .bars,
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- CHAPTER 1

INTRODUCT ION

1l-1 Historical Perspective

Dielectric breaKdown‘and the subsequent plasma formation
in optically transparent materials was one of the first and
most extensively studied areas of the interaction of intense,
Q-switched laser radiation with matter, The first observation
of laser induced breakdown occurred in a gas (air) and was
reported in 1963(1). A profuse number of experiments followed
this initial observation. (See for example the excellent review

article by Raizer(e)).

Farly attempts to explain the laser-induced B;éakdown of
gases were based on the effects of the radiation field on indi-
vidual gas atoms. Gold and Bebb(3) developed a theory of mul-
tiphoton absorption leading consequently to ionization, but
detailed calculation(u) indicéted that this process could not
provide a sufficient number of electrons at the powerflevels

involved.

Meyerand and Haught(S) suggested inverse bremsstfahlung
(the absorption of a photon by an electron in the neighbourhood
of an atom or 1on) as a possible mechanism. erght(6) and
Browne(T) treated the breakdown mechanism theoretilcally as an

electron cascade originating in the inverse bremsstrahlung

~
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‘process, Browne(7) showed that the gas atoms 1n the focal
volume would be completely ionized via this process in times
much less than the duration of the laser pulse, while Tozer(8)
concluded from a probabilistic model that multiphoton ioniza-

tion could account for the initiating few electrons.

-This area of study has yet to be fully understood. Break-
down studies in gases are persued vigorously at the National
-Research Council, Ottawa where newly observed effects such as
self-focusing occurring during bréakdown in air(9) and break-
down generated with a single picosecond.pulse(lo)'have still

to be adequately explained.

Iaser induced breakdown in transparent solids has received
far less study, due in part to the destructive nature of the

breakdown process. Hercher(ll)

reported dielectric breakdown

and the resulting fracture in glasses irradiated with a Q-switched
ruby laser, Breakdown has also been reported, in the case |

where a non Q-switched (pulsed) ruby laser was the source of
radiation(lz). In this case the peak power is small: but the

total energy in the pulse 1is large and sufficient energy to

cause mechanical damage may be absorbed in the focal volume as

a consequence of residual linear absorption of the medium(lz).

For a Q-switched laser pulse, the peak power is many
orders of magnitude higher while the total energy in the pulse
is usually very much smaller than the pulsed case and the

residual linear absorption is too small to account for the
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energy removed from the laser beam. Sharma(l3’14) has shown
that dielectric breakdown in this case originates in multiphoton
absorptionvwhich induces a photoconductivity releasing electrons
which are accelerated in the field of the laser leading to a
fully developed electronic cascade in a few nanoseconds. A

very complete study related to the initiation processes leading
to irreversible damage in several transparent glasses when

they are irradiated with a Q-switched ruby laser may be found

13)

in Sharma's dissertation(

Dielectric breakdown induced in liquids using a Q-switched
laser has received very little attention. In fact breakdown
in 1liquids is usﬁally'given only passing mention as a '"nuisance"
phenomena occurring while trying to measure other nonlinear
optical properties of the liquids such as Stimulated Brillouin

(15),

scattering

The only work appearing to date regarding specific mea-
surements of the breakdown phenomena in liquids has been related
.to the shock wave resulting from the cavitation accompanying
breakdown. Bell and Landt(l6) report that shock velocities

leading to pressures greater than 250kbars occurred during the

-

first 300 nsec following the onset of breakdown. Carome and

.coworkers have performed preliminary experiments which measure

(17),

the frequency components of the intense acoustic waves

.and shadow graph studies(l8) of the expanding shock wave at

times greater than 3ysec after the initiation of breakdown.
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Barnes andvRiecKhoff(l9) have reported preliminary results
regarding the radiation flux density, the spectrum, and the
temporal behaviour of the laser induced underwater breakdown

plasma,

- 1-2 Scope of this study

Theories describing the initiation process leading to
breakdown in gases have only been successful in describing
breakdown in the noble (monatomic) gases at low pressures.
Under these conditions the assumption that the radiation field
interacts with the gas atoms on an individual basis is valid,

and the ideal gas law can be used for the equation of state.

By comparison the processes occurring during the ioniza-
tion of water are extremely complex. IJTonization induced in
water vapour using electron beam excitation indicates the
presence of at least seven species of ions as well as elec-

(20). Further, in the liquid state, water molecules

trons
interact strongly and the breakdown initiation process involves
dissociation, ionization and a change of phase. Thus the dis-
cussion to follow does not consider the initiation process
leading to laser induced breakdown in water, due to its com-

plexity. Instead we direct our attention to the properties of

the breakdown plasma following the initial formation period.

During the early stages of this study it was determined

that it was difficult to obtain reproducible data pertaining
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to laser induced breakdown phenomena in water. The problem
stemmed from two sources: (1) instrumentation involving the
mode structure of the laser and the detection techniques used
to record results and ‘(2) problems related to a lack of
reproducible water samples due to microscopic, suspended par-

ticulate matter which occurs in all liquids.

Consequently this thesis has two aims. Firstly, a complete
description is given of the experimental techniques used. This
includes the design and operating‘characteristics of the single
mode laser together with accurate measurement techniques, and
the methods used to cleanse the liquids of foreign material.
Secondly, the characteristics of the laser induced underwater

breakdown are discussed.

- The design and operating characteristics of a single
frequency Q-switched ruby laser are presented in Chapter 2
and Appendix A. In Appendices B and C we present the techni-
ques used to accurately attenuate and detect the laser beam

)

and the plasma radiation.

The preparation of liquids cleansed of suspended parti-

culate matter is described in Chapter 3.

Chapters 4 and 5 describe the laser induced underwater
breakdown plasma and where possible compare it to the more

clearly understood breakdown plasma occurring in air.

Finally, in Chapter 6, we summarize the results of this



-6 -

thesis and offer suggestions for further work related to the

laser induced underwater spark.

4
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CHAPTER 2

SINGLE FREQUENCY PASSIVELY Q-SWITCHED RUBY LASER

2-1 Introduction

In this chapter a description of the passively Q-switched
ruby laser used in this experimental study 1is presented. The
pertinent wave theory of the iaser resonant cavity is consi-
dgered(?l), Tnis theory is restricted to the plane-parallel and

(22,23) resonant cavities with circular mirrors

. plano-concave
and apertures. The techniques of longitudinal and spatial mode
selection of these two resonant cavity configurations are dis-
cussed. Pumping schemes using linear lamps to excite the ruby

cylinder are described. Finally the measured parameters of the

laser are presented and compared with the theoretical derivations.

Derivations of the theoretical results presented below
appear in Appendix A. We draw freely from Appendix A 1in the

following discussion.

2-2 Description of Laser - Gross Features

-
P

e

If accurate comparisons between experimental results énd
theoretical calculations are desired in non-linear optical
experiments, a single frequency laser 1s required. The lager
frequencies are discussed in terms of longitudinal and spatial
modes. A longitudinal mode refers to the standing wave dis-

tribution along the resonator axis between the resonator mirrors.
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A spatial mode refers. to the electromagnetic field distribution

across the output mirror,

Hercher described. a simple Q-switched ruby laser which
operated in a single longitudinal cavity mode using a crypto-
cyanine dye-cell resonant reflector combination to select the
single longitudinal cavity mode(24). To further refine the
laser to select a single spatial mode requires the use of
apertures within the resonant cavity(25). It is the purpose
of this section to define the various terms used and to des-

cribe the single frequency selection techniques.

To obtain the desired mode selection, two resonant cavi-
ties have proven useful. In one cavity the high reflectivity
mirror was a dielectric-coated 99% reflectivity spherical
mirror with a 10m radius of curvature located approximately
1lm behind the output mirror. The other cavity was similar to
the first except the dielectric mirror was replaced with a
high quality Brewster angle input face roof prism and the out-
put mirror was only 40 cm in front of the prism. Details of
the resonant cavity layout are shown schematically in Fig. (2-1).
The pumping cavity was in both cases located such that the
ruby was 25 cm from the high reflectivity mirror with the
Q-switching dye cell (cryptocyanine in methanol) located 15 cm
behind the ruby on the high reflectivity mirror side of the
pumping cavity. The output mirror was a resonant reflector

composed of 1 or 2 glass or sapphire optical flats. A small
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circular aperture placed between the ruby and the dye-cell

@-switch introduced transverse mode selectlon when desired.

2-3 Ruby Quality

The ruby used was a production quality Linde 76mm x 9.5mm
diameter, sand blasted exterior flat-flat cylindrical rod with
the C-axis oriented at 60° to the cylinder axis. The crt3
concentration was 0,05% by weight and the cylinder faces were
flat to 1/10 wave and parallel to 2 arc seconds. The ruby
faces were AR coated. Static divergence tests(26) were per-
formed on the ruby with a Spectra-Physics Model 115 He-Ne gas
laser operating at 632.8nm in the TEMOOq mode to determine
the ruby optical quality. Observations were made of the far
field patterns of the gas laser beam transmitted through the
ruby. Photographs were taken in the intermediate field of
both the Ne-Ne laser beam alone and the beam transmitted
through the laser rod. Neutral density filters were inserted
into the beam to show the variaticn of radiant intensity with

angle,

It was apparent from these photographs that the ruby
introduced a detectable bui very small amount of distortion

to the gas laser beam and a negligible reduction in the peak

(26)

have shown that such static op—’

tical quality is a determining factor in dynamic beam diver-

radiance, Bortfield et al

gence, radiance, and energy eXtraction, from mode selected ruby

-lasers, For example Union Carbide rates laser rods as Select
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Grade if after passing through the laser rod 80% of the gas

laser energy is contalned within 0.1 mr per inch of rod length.

2-4 Pumping Cavity and Lamp Driver Circuit

The ruby was pumped by two linear PEK XE15-2172-2 flash-

lamps with a 75mm arc length and 10mm arc diameter,.

The lamps were approximately impedance matched to a 4
stage pulse forming network so that a rectangular light pulse
of about 600usec duration pumped the ruby cylinder. The pulse
forming network used to drive the lamps is shown in Fig. (2-2)
together with a typical light pulse, measured with a suitably
attenuated 929 vacuum photodiode preceded by 2 cm of saturated
CuSOA solution. The lamps were triggered with a 15 kilovolt
pulse applied to the metal: pumping cavity wall. The trigger

pulse appears as the lower trace in Fig.(2-2).

Two pumping cavities were used. Early in this study an
Optics Technology Model 130 Laser pumping cavity was used in
which the lamps and ruby were placed in the so-called close
coupling configuration in which the two lamps and the ruby lie
in close proximity to one another as shown in Fig. (2-3a).

The reflectivity of the pumping cavity walls has little impor-
tance in this configuration. Latér a double cylinder pumping
cavity was adopted with the flashlamps located at the focal
positions and the ruby located at the common centre of this

double arrangement as in Fig. (2-3b). If the ruby was removed,
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a single image of the two lamps was seen reflécted from the
pumping cavity into the position previously oécupied by the
ruby. The c-axis of the ruby was aligned in the same plane as
that containing the flash lamps. Fluorescence photographs of
the ruby with a 5 cm focal length lens stopped down to f/100
indicated that the double-cylinder cavity illuminated the ruby
much more uniformly than the close coupling cavity. The shape
of the fluorescence in the ruby is shown in Fig. (2-3) by the
shaded area on the ruby cross—secfiono The technique of photo-

graphing the fluorescing ruby is described by Lampis et al(27)o

2-5 Longitudinal Mode Selection and Iaser Alignment

It was first shown theoretically by Sooy(EB), that a
passive Q-switch with some form cf mode selection was pre-
ferable to an active Q-switch for producticn of a narrow line
width with Q-switched ruby lasers., This effect had been noted
experimentally by McClung and:Weiner(gg), It was explained as
being due to the basic difference 1in the operating character-
istic of the two types of switches, the passive type (slow
switch) taking several hundred complete transits of the cavity
to open compared with several tens for a spinning mirror, Kerr

cell or Pockels cell (fast "active" switch).

Sooy(28) has shown that to achieve a factor of 10 suppres-
‘sion of one longitudinal mode relative to another in an active
type switch, requires a factor of 1.07 between the loss terms

per transit.
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However for a .passive switch the required factor drops to

1.0032 which is obviously easier to attain experimentally.

Shortly after the publication of Sooy's calculations

2L

Hercher( published results claiming a linewidth of less

than 60MHz (.00l1}) and peak powers of about 5MW with a multi-
plate reflector of simple design. The reflector consisted of
two thin (1.7mm) flint glass plates (Schott SF6) of high refrac-
tive index, (n ~ 1.79) with an air spacing of about 25mm. The
exact maximum possible reflectance given by such a system can

30)

be calculated from the formula(

Run = [“(‘/n)ZN]/[H Q/n)m] - (2-1)

where N = 2 is the number of plates. For Hercher's resonant
reflector this leads to Rmax ~ 0.67. It should be pointed

out however that this maximum reflectivity requires that the
end plates be either identical or differ by an exact number of
half-wavelengths in thickness, If one plate is X/M greater

than the other, the peak reflectance drops to R ~ 0,48(317°

The exact treatment of resonant reflectors has been dis-

cussed in considerable detail by Watts(31),

However, if the
spacing between the plates is much greater than the thick-

ness of the plates, an approximate result calculated from
simple interference theory can be used, provided the X/& condi-

tion mentioned above does not occur.
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The resonant reflector used in this study consisted of two
9.5mm thick borosilicate glass flats with a refractive index
n~ 1l.5., The flats were parallel to 2 arc seconds and flat to
X/lO over a 20 mm aperture. The spacing between the inside
surfaces of the flats was approximately 75mm. Thé flats were

mounted separately in individual mirror mounts (see Fig. (2-1)).

The resonance condition for plane waves travelling perpen-
dicular between plates separated by distance h is that in one
round trip an integral number of wavelengths fit into the
distance 2nh to yield constructive interference i.e. 2nh = p),
p being very large and integral. If we increase the wavelength
by A\, until constructive interference occurs again, p will be
reduced to (p - l)<3o), i.e. 2nh = (p - 1)(x + AXx) Or A\ =
x/(p - 1). Thus if (p - 1) o p we find the resonance condition

is given approximately by

AN = X N =2 C
2nh 2nh

Thus, the resonance condition for the glass plates
(enh = 2.85cm) is gy = 10.5GHzZ () = 0.17%) and between the

inner surfaces (2h = 15cm) pv = 2GHz (A) = 0.032}).

The maximum possible reflectivity for our resonant

0.45. A

reflector is calculated using Eq.(2-1) to be R . .

schematic sketch of these results is shown in Fig.(2-4). 1In

this same Figure the ruby laser fluorescent line width at 300°K

|
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1s shown, together with a schematic representation of the laser
axial modes. As shown in the Figure there are about 30 resona-
tor peaks fitted under the laser fluorescence line at room
temperature. The fine structure within the resonator peaks
(due to the air space) i1s shown on an expanded scale. The
bandwidth of this fine structure 1s determined frcm the finesse
of the resonator (F 4 1 or 2) to be about 1000 MHz and thus
only about 6 laser axial modes (av;, = 165MHz) will fit within

a gilven peak. The laser axial mode spacing was determined by
the actual resonator length of approximately 40 cm in air which
ylelds an optical length, do

=d_ +d - 1) where d_ is

pt L(ng

the resonator length in air, dL the length of the ruby rod

and n_(= 1.76) the index of refraction of the ruby rod. Nocte

(
that when using a prism reflector the spacing between longitu-
dinal modes is C/4L. That is, the mode spacing is one-half

the value it would be 1if a dielectric mirror was substituted
for the prism. This can easily be seen by tracing a ray through
the laser cavity and realizing that the ray must return upon
reflection to its point of origin. Since the gain 1is greatest
near the centre of the fluorescent line width, it is obvious
that approximately 1 or 2 modes reflected by the reflector
maxXimum closest to this peak 1n the ruby gain will be the

first to achieve threshold in the stimulated emission process.
Hence these high gain modes will bleach the dye cell first
whichvwill further select the highest gain mode of the few

reaching threshold.
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-Thus, provided the laser rod is not pumped too hard a
single axial mode should be produced. This is indeed the case

provided the pump energy does not exceed 1.3x threshold.

The passive Q-switch was cryptocyanine dissolved in
methanol and placed in a pyrex lmm path length Opticell. The
cell was not AR-coated. The low intensity absorption of the
stock solution was adjusted to approximately 40% transmission
at 694.3nm in a Cary 14 spectrometer. This relatively high
absorption was required to ensure single mode operation. When
a lcm path length cell was used and adjusted to the same 40%
transmission, stimulated Brillouin scattering occurred in the‘
methanol and the-output pulse was badly distorted and multiple
frequencies occurred. Similar observations were reported by

Bjorkholm and Stolen(25>.

The alignment of the resonant cavity and the components
within it was found to be critical if stable single node
operatlon was desired. The alignment technigque used is that
of Rothrock and Wilder(32>, the theory of which was described
by Bergman and Thomson(33>. The procedure is shown schemati-
cally in Fig. (2-5) and proceeds as follcws. A gas laser 1is
placed approximately 2 meters or more away from the laser
head and. directed toward it through a 2mm holewin a screen,
(The lens L in Fig.(2-5) is not in place at this time). The
rear reflector M1 is then placed in position and manipulated

until the returned beam covers the 2mm hole in the screen
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symmetrically. Then the ruby R in 1ts pumping cavity is mounted
and with the back mirror covered the very faint spots reflected

from the two ruby surfaces are superimposed on the 2mm hole.

Next one optical flat M2 is mcunted and aligned. At this
point the lens L 1is inserted. Its purpose it to diverge the
beam to approximately a 2cm dia at the output mirror. A faint
ring system displaced from the centre c¢f the screen should be
observed., The mirror M2 is ncw gently adjusted to centre this
ring system, due to the ruby and the c¢ptical flat, on the screen.
Now the back mirror M1 is uncovered and a very sharp system cf
closely spaced rings will appear due tc the two mirrors. The
back mirror M1 (prism) is now adjusted to centre this ring
system. Two ring systems are now centred on the screen. Finally
the second optical flat M3 is mounted and roughly aligned with
the lens L removed and an opaque screen added between the ruby
and the first flat. With the lens L replaced the ring system
due to the two flats (output mirror resonant reflector) is
centred. With the opaque screen removed a complicated series
of ring systems appears on the screen but all are centred.

When the Q-switch cell is added it is only roughly aligned and
is tilted slightly so as not to spoil the interference pattern

.on the screen.

The theoretical paper of Bergman and Thomson(33) claims
that the angular deviation of the surfaces from plane parallel

is given by
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' §
o = __d? x 10 arc seconds

S(s-d)
where d is the mirror spacing, s is the distance from the
screen to the back mirror and § is the deviation of the centre
of the ring system from the hole in the screen. All parameters
were measured .in cm., Thus with d = 5Ccm, s = 250cm and §
measurable to O.lcm we find q 10 arc seconds. However in
aligning the resonant reflectcr d'= 7.5cm and s = 208em so
that g a~ 2 arc second. In single mcode operation the theoreti-
cal divergence of the laser 1s of the order 20 arc seconds
assuming ideal alignment. The accurate alignment procedure

described is therefore mandatory.

The longitudinal mode structure of the laser using a
Brewster-angle roof prism for the high reflector with the
resonant-reflector output mirror described above was measured
by taking Fabry - Perot pictures and simultaneously looking
for longitudinal mode beating in a fast detector. The Fabry -
Perot interferometer used 1O0mm and 25mm spacers, and was
focused onto the film plane with a 100cm lens. The finesse
of the elaton with the 25mm spacer was measured tc be 16
when the light source was a spectra Physics Model 119 single
mode gas laser. Thus with 25mm spacers the inter-order spacing

was 6000MHz (0.20cm™1)

1)

and the resolution (bandwidth) was 375MHz

(0.0125¢cm”
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The fast detector used was a coaxially mounted ITT F4000 |
.biplanar photodlode Ilmpedance matched to the 125 ohm input
impedance of a Tektronix 519 travelling wave oscilloscope.
The overall risetime of the diode- -oscilloscope combination was
0.35 nsec. (3db frequency, 1 O9Hz)

Data 1is presented in Fig. (2-6) showing the results of

these measurements.

The longitudinal mode spacing of the laser was 165MHz
when using a prism reflector (see Appendix A and next section
~ for more details). If two modes are selected the beat between
the modes will occur at nc/hL where n is an integer and /ny,
is the fréquenCy spacing between adjacent longitudinal modes
(see Appendix A). Thus for n < 8 (“C/ML < 1300MHz) the beat
- frequency will appear as a sinusoidal modulation of the norma;
singie mode output on the diode signal displayed on the oscillo-
~scope, We have rarely seen more than two modes in our laser
“and the values of n were usually 4 or 8 Single mode opera~

tion is indicated in Fig. (2-6)




S
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Occasionally both n = 4 and n = 8 mode frequencies appeared.
This rare observation occurred when the dye-cell solution |

required changing.

Although the data presented here applies to the prism high
reflector, similar results were obtained with the dielectric

coated 10m spherical mirror. However for tpe dielectric mirror

the mode spacing was 330 MHz. (Also replaée ne/yr, by ng/ZL).

To measure the divergence of the laser, far fleld photo-
graphs were taken with Polaroid type 55P/N film. About 8%
of the beam was sampled with a pellicle beam splitter using.
a technique described by Waynant et a1(3u). Two photographs
were used to determine the full width beam divergence at the

half power points., First the pattern was photographed such

that the negative was not overexposed. Second, the pattern
was photographed with a 50% glass attenuator inserted into the
beam, keepling all other laser parameters constant. The peak
of the second shdt indicated the 50% level of the first image.
Then the photometer trace of the distance X between half-power
pﬁints in the focal plane 1s transcribed to angle via the
focal length F of the lens: 29§ = X/F.

L

When operating in a single longitudinal mode the minimum
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half-cone divergence angle measured was § = 0.7 milliradians
in the plane perpendicular to the plane containing the lamps.
The ratio of the divergence in this plane to that in the plane
containing the lamps was 3/5vfor the close coupling geometry

and 6/7 in the double cylindef pumping geometry.

It is obvious from the above discussion that a resonant
reflector with thin flats of high index of refraction but the
same air spacing should improve the mode selective properties
of the resonant reflector. Such a reflector was constructed
using high quality 3mm sapphire flats (n 1,76) with the
¢ - axis of the sapphire parallel to the ruby rod axis. This
yielded a maximum reflectivity of R . ~ 66% with the spacing
between reflection maxima increased to Av = 30.1GHz from 10.5GHz
and the fine structure due to the air-space remained the same.
As expected, this reflector lowered the pump threshold slightly.
If linewidth improvement occurred in the laser emission 1t
could not be observed due to instrument limiting of the inter-

ferometer (~ 375MHz linewidth).

.2-6 Transverse Mode Selection

We have shown in Appendix A that the transverse mode
structure for a laser with cylindrical symmetry has a radial

intensity distribution of allowable circularly symmetric 'I‘EMpl

modes given by
ra

Pl () [ ) ez o
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- where as shown in Appendix A, r is the radial coordinate in
the transverse plane and w is the spot size of the fundamental
Gaussian beam defined as the radius at which the intensity
of the TEMOO mode is l/e2 of its peak value on the axis. L L

p
is the generalized Laguerre polynomial of order p and index j.

The intensity distributions of the three lowest order

‘modes described by Eq. (2-2) are plotted in Fig. (2-7).

Theoretically, the spot size of the modes sz is defined
as the radius at which the intensity is 1/¢2 (a 0.135) of the
outermost. peak of that mode. These radlii are plotted in Fig.
(2-7) where the constants C = indicate the ratio of the radii
of the different modes with respect to that of the lowest
order mode Coo' The values. of these constants are COO = 1,0
COl = 1.5 and Cio = 1.9. It is evident from Fig. (2-7) that
the TEMOoq mode can be selected by introducing a circular
aperture into the cavity which is adjusted to introduce large
diffraction losses to the next higher order mode (TEMol*q)
while allowing the TEMooq-mode to oscillate with negligible

loss.

With the above points in mind we can calculate the cavity
-parameters using the theory of the lowest transverse mode
developed in Appendix A. According to Eq. (A-18) the TEM

q
mode has a scalar electric field distribution given by

E (Er;.-t) = %OQXP {-3(\22‘ - CP) - rz(ﬁy-;'\‘ :‘ékf-)]

‘
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arckan (Li_ )
Wus?

The amplitude of this Gaussian beam 1s given by

|Ewa| =& e‘“/“7<\+§2)"2

where Eo is the constant peak amplitude on the axis (r = 0).

‘\u\'\grg CP

The radial and longitudinal intensity distribution is given

by (neglecting absorption)

-zr/JU

S(rz) =S.e (1+5%) (2-3)

The variation of the spot radius w with distance z from

the beam waist is given by

wz:ur.z(ug") (2-4)
where S = Fr. = N/meE (2-5)
and wi = 22 = Mo/ (2-6)

In terms of the radius of curvature R of the mirrors we
have shown (Egq. A-30) that for one spherical mirror and one

plane mirror a distance d apart,
d(R-4q)

while for the parallel-plane cavity approximated by two
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curved mirrors with very large radius R (Eq. A-29)

2F = (2e-d)d
4

Defining the beam angle at r = w by § = dw/dz one finds
8 = Bo3/(1s 532 (2-7)

where SO is the far field diffraction angle defined by

= Um WE =W = A (2-8)
2 =00 z 2, wus, .

See Fig. (2-8) for a pictorial representation of the parameters
just defined. For further explanation of the equations in this

section the reader is referred to Appendix A.

Table (2-1) summarizes the relevant beam parameters of
the laser optical resonators used in this study; 8 1s calculated

at a distance of 100cm from the output mirror. For the plane-

parallel optical resonator, the flat mirror surfaces were

assumed to have curvature such that the difference between the

edge of the mirror and the centre had sagittal depth p = r?QR

‘o X/lo i.e. equivalent to the usual surface figure of the flats.

Thus R = r2/2A where r is the radius of the useful aperture of
the mirror. The flats used had a useful aperture of r = bmm

and a surface figure of X/lo leading to R 5 180 meter.

Finally the frequency separation for the plane parallel
mirror was estimated from Eq. (A-29) with R = 180m and using

d = 50cm, to yield
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AN = 3004q + 712 (24p + ak) MHz

Note that when using a prism as the high reflector while main-
talning the same mirror spacing, the above frequencies would

have to be divided by 2. Further, the spatial mode separation
has the minimum value of 7.1MHz as compared to 1.23MHz estimated
from microwave theory. This shows the failure of analytic solu-
tions as applied to the plane parallel resonator. For the plano-

concave resonator with Rl = 10m R, = » we find from Eg. (A-30)

AN = 300Aq, +21.5 (zap+ral)  MHz . d=S0em

AN = 15049, +15°4 (zap +al) MWz 3 d=100em

As can be seen from Fig. (2-7) and Table (2-1) the funda-
mental mode (TEMOO) diameter, 2WOO, is about 2mm with the
next high mode (TEM_,4) requiring 2W_,, ~ (1.5)(2W, ). Thus a
circular aperture drilled with a number 47 drill (~2.0mm) was
used to select the TEMOO mode of the resonators summarized in
Table 2-1. This aperture was mounted on a micromanipulator
between the ruby and the cryptocyanine dye cell. By scanning
in a plane parallel to the ruby face several points in the
ruby were found to operate in the TEMOO mode using the same
aperture in all three resonators. The plano-concave resonator
yielded single mode operation over more regions of the ruby

than the parallel-plane mirror resonator. However the plano-
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concave resonator was more difficult to align and quite often
the next higher mode (TEM_,4) oscillated instead of the TEM_
mode. Also the divergence was found to be larger and the power
in the TEMOO mode lower. In all three cavities the dye-cell
was adjusted to about 40% low intensity transmission at 694.3nm
and the laser aligned to operate in a single longitudinal mode.
Then the aperture was added, the pump energy increased by 50%
(typically to 1600Joules) and the the aperture scanned across
the plane of the ruby face until single mocde operation occurred.
Without spatial mode selection the laser delivered approximate-
ly 9OMW of power in a 25 nanosecond pulse (FWHM). When the
aperture was added the TEMOO,mode delivered a highly reprodu-
cible power output varying in intensity from O.3MW to 2.8MW
depending upon which part of the ruby the aperture selected.

The FWHM remained at 25 nsec.

This large variation in output power depending upon
which part of the ruby was selected is obviously dependent

on local inhomogeneities in the ruby rod.

The results shown in Fig. (2-9) were obtained by scanning
the beam 1m from the output mirror with a photodiode mounted
behind a 30 micron pinhole(25), Since each point on the dia-
gram represents a separate laser firing for a given resonator
the overall scan attests to the repeatability of the spatially
mode selected laser. This repeatability is alsc evident from

fast detector - 519 oscilloscope measurements. Points labelled
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A are due to the parallel-plane resonator with d = 50cm and
those labelled B and C the plano-concave resonator with d = 50cm

and 100cm respectively.

Eq. (2-2) was recast into normalized form to plot
Fig. (2-9) with W, as an adjustable parameter(25). The values
of W, used are shown in Fig. (2-9) and are in fair agreement
with the theoretical values presented'in Table 2-1., Values of
the half-angle beam divergence calculated using Eq. (2—7) and
n

the experimentally determined spot size are (A) 8, = 2.18 x 10~

N

(B) 8, = 2.80 x 107" and (C) 8, = 3.16 X lO'4 again in fair

agreement with the theory.

- Note added in proof: The data of curve A corresponds to the

‘plane-parallel resonator with a prism for the high reflector.
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CHAPTER 3

'SAMPLE CLEANLINESS AND ITS:EFFECT ON:DIELECTRIC BREAKDOWN

3-1 Introduction:; :The Reasons for Requiring Clean Liquids

barly attempts to measure stimulated:Brillouin scattering
(SBS) in water as a function of laser inputxp@wer were highly
non-reproducible due to dielectric bréakdown occurring spora-
dically and unpredictably near thé threshold. for SBS. This
breakdown occurred for laser powers of 5 MW and above when the
beam divergence (half cone angle at half-power) was 2.0 mr or
less and the beam was focussed with a 5 cm focal length lens.
Fig. (3-la) is a>pb9t95;gph of the water filled cell contain-
ing as—received.diétiiled;water Jhiéh had:béen exposed to the
laboratory atmoesphere sevefal”times and . for undetermined periods
of time during handling. - The peak- laser power was 30 MW, the
beam divergence was 1 mr (half cone angle at half power) and
the photograph,wasitaken.tﬁrough;a'Corning 4-7l filter witﬁ
Polaroid 410.film. Note the intense scattering along the
entire focal cone on. the laser slde of the breakdown region.

35)

Also note what appears to be self-trapping( of the focussed

laser beam and the strong absorption made evident by the lack

.of scattered radiation to the right of the focal region. Finally

this dielectric breakdown.and the resulting cavitation of the
liquid generated a shock wave of sufficient strength.that it
shattered the sturdy glass cell at the lower corners with an

t"'

audible "click".
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When the laser beam was collimated (rather than focussed)
and passed through a similar cell containing distilled water
from the same source as above, the part of the liquid in the
path of the laser beam yielded scattered white light similar
to that appearing to the left of the focal region in Fig. (3—la),
This is shown in Fig. (3-1b). The number, size and distribu-
tion of scattering centres changed with each laser firing. No
macroscopic cavitation with its resulting shock wave occurred
in this case. When the distilled water was filtered into the
cell through a Millipore filter attached to a hand pumped wash
bottle, the intensity of the scattered radiation was sharply
reduced as shown in Fig. (3-2a). -The Millipore filters ranged
in size from 3 microns to O0.45 microns. Repeated filtering
of the same water sample and careful cleaning of the water cell
with the filtered water reduced the scattered radiation further,
so that it failed to expose the film with laser powers of up
to l25MW/cm2 in the collimated beam. Fig. (3-2b) was photo-
graphed with the 4-71 glass filter removed and after bubbling
filtered.O2 gas through the filtered water for 5 minutes. If
the water was outgassed by heating the cell in an ultrasonic
cleaning bath while gently pumping on the cell, this scattered

radiation disappeared also.

3-2 Photodetection of a Broadband Luminescence

To investigate this phenomena further the apparatus of

Fig. (3-3) was used. The laser operated in a single longitudinal
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mode and delivered powers up to 125 MW/cm2 with a cross-

sectional diameter of 1 cm inside the liquid cell. The laser
emission was lineafly‘polarized in the vertical plane. For
complete details pertaining to the experimental apparatus
refer to section (4-2) ahead. For the experiment described
here the optical isolator and focussing lenses Ll and L2 of

é Fig. (4—l)fwere removed and the light box and photomultiplier

(PM) were added as shown in Fig. (3-3). The photomultiplier

(EM1 6256B, S-13 photocathode) résponded,linearlyvto 0.100
-amps when biased above 1000 volts provided signals did not
exceed 800 microseconds in duration.  The maximum PM curreht
gain was 2.5 X lO7 when biased at 1550 .volts. The optics
preceding the PM were (a) 2 cm of concentrated CuSO, solution
(O.D. = 16 at 694.3 nm) which passes the visible spectrum

from 350 nm to 550 nm (see Appendix B) and (b) a removeable
calibrated neutral density filter to prevent saturation of

the PM photocathode and the resulting nonlinear response. The
optical distance from the collimated laser beam in the water
cell to the PM photocathode was 23 cm. When a red Corning 2-64
glass filter plus an interference filter centred at 694.3 nm
with 3.0 nm .passband were added behind the CuSOu solution, no
signal could be detected from unfiltered liquids excited with
the maximum available laser power and with the PM gain and
oscilloscope set to their most sensitive scales. . Thus signals
received by the PM were not due to scattered laser light. The

baffles and light tight box eliminated scattered light in the
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cell,and room lights respectively. The input and output win-

dows of the light tight box weré red Corning 2-64 glass filters,
Both monitor and PM operated into 50 ohm coaxially mounted loads
which operated into 1Al plug-in units of a Tektrdnix 555 oscil-

loscope with an overall system rise time of 12 nsecs.

Fig. (3-4a) shows a typical signal delivered by the PM
(upper trace-signal increasing downward) and the laser monitor
(lower trace). The PM signal shown was detected from a water |
sample which had been filtered once through a 1.2 microns pore
size filter, with laser excitation of 50 MW. The ragged nature
of the pulse smooths out and the pulse width narrows in more
carefully filtered liquids, but the general shape remains the

(36)

same .

Fig. (3-4b) shows data taken by Dowley et 2137) in whicn
the absorption of a pulsed white‘light source was measured.
This white light source was located on the opposite side of
the water cell to the PM in our Fig. (3-3). Dowley triggered
the pulse of white light from the triggering network of his
Pockels Q-switched laser, so that it occurred during the time
the laser beam was traversing the liquid cell(38). Note the
similar time dependence occurring in emlssion and absorption,

particularly during the later time interval (>100 nsec).

-The total luminescence detected through the CuSOu filter
is plotted in Fig. (3*5) as . a function of incident laser power,

for two different water samples. The data labelled A was



LUMINESCENCE

LASER

—~  [—roonsec
IS I U R N

Q) Lurinescerce erission (Yypper trace,
7 increasmng dowrnward) and /aser
pulse ¢ fower frace) .

nl

LASER ON

ABSORP7/ON OF
SECONDARY SOURCE

LASER

- “'/00 /7s€C

Tl T T T 1T 11—

b) Abscrptran of secorndory lipht bearrr
(absorpfron mcreas/irg upward.)

- Upper frace 15 a dovble exposuvre
inarcating 1he absorpriorn of white
nVoht source (after Dowley3?),

FIG(3.4) EMISS/ON AND ABSORFPTION OF

T OROADBAND (WHITE) RADIATION WV
LIQUIDS CONTAINNG SUSPENDED
PARTICULATE NMATTER .



- 45 -

/OME T T T T ™ T T TTTT

L 1 EL1T

A wrEnrerED
- DISTILLED
r . WATER \

]

)

SLOPE L

S

rTT 7]

LUMINESCENCE (ARBITRARY UN/TS

70— h STLTERED =
- O/STNLED “
- .  WAareR ]
L ‘~ (0.45/(1} -
i SLOPE 4
- -

/ 1 Lo v raanl L1 1 L1111
7/ /0

LASER POWER (Mw/crr2)

F7€/36'/ LASER POWER ve. LUMINESCENCE FOR
UNFILTERED AND FUTERED WATER .




|| I

- 16 -

measured from unfiltered, as-received distilled water. The
data labelled B was measured from distilled water that had been
filtered once through a 0.45 microns Millipore filter. As the
incident laser power, P, was increased in both samples the
luminescence, L, increased with an approximately slope 4 depen-

n

dence (L ¢ P'). In the filtered sample the luminescence satur-

‘ated above some ill-defined input. power after which it increased

linearly with increasing laser power. A sharply defined
threshold was not apparent for this change. Further, if the
data of both samples was plotted on linear graph paper the .
luminescence intensity appeared tc be approachlng zero asymp-
totically as the laser power was reduced toward zero. That 1is,
there was no sharply defined threshold for the onset of the
luminescence either. This result is in sharp contrast to the
previously mentioned work of Dowley et al(37) in which a

threshold for the luminescence in water '"doped" with 15.0 nm

.Iundox silicate spheres was observed.

3-3 Discussion

The model we propose for this broadband emission is linear
absorption of laser energy by the colloidally suspended parti-
cles which are heated well above the boiling polnt of water,

leading to local ionization on a microscopic scale,

An exact solution to the problem of heating and ioniza-
tion of small solid particles irradiated with optical radiation

is most complex(39’40). We present below a simple phenomenological
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argument which appears to describe our observations adequately.

During the 1nitial stages of heating an estimate of how
much time is required to raise the temperature of the particle
above the boiling point of the water in contact with it can
be obtalned from the heat conduction equation(ul)

Fue _ 1Ldulew . g
At ) Bk

with the temperature u = O when t < O and the boundary condition

-K 3w = £
DX

when x = 0. Here, X 1s the depth of penetration intoc the

solid measured from the irradiated surface, f(t) is the flux
of heat (laser beam) incident upon the surface expressed in
watts/cmg., a is the thermal diffusivity in cmg/sec and K is

42

the thermal conductivity in watts/cm-oK(

The solution to the above equations yielding the surface
temperature u(t,0) assuming the particles to be immersed in
a uniform flux (the collimated laser beam) and large enough

to be considered semi-infinite in extent 1is easily shown to
pe(41) '
t
- \/z —';‘
ult0) = K™'(m)*T= Fle-T)dT (3-1)
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The uniform flux approximation is valid because the particles
are small compared to the diameter of the collimated laser

beam. The validity of treating the particles as semi-infinite
may be estimated as follows. A rough criterion is that at

the time of observation t, the extent of the lateral diffusion
of energy into the particle from its surface and away from

the particle into the water should be smaller than the thickness
of the particle. In a time t this diffusion length is approx-
imately (at)l/2 where ¢ is the diffusivity. We shall show

shortly that this diffusion length is less than lO_LL cm.

To estimate how.rapidly the particle heats up using

Eg. (3-1) we consider the laser pulse to be approximately

triangular in shape with rise time T so that

£y = -Pot o<t=T

where-PO.is the peak power in the pulse. Substituting into

Eq. (3-1) we find that during the rising portion of the laser

- pulse,

ult,0) = %g() B2 osteT

where the absorptivity of the particle g has been included.
For most solid materials q < 1.0 cm2/sec§42)and the value of
the quantity K'l(a/'n)l/2 is approximately the same for all
materials and in the units used here is ~0.2. Assuming an

(42)

absorptivity g ~ 0.5 -we find the surface temperature is



approximately

ule,0) = % < \07?‘ \._3/2'

where we have set the laser pulse rise time T = 20 nsec, If
we substitute Py = 100 MW (the maximum power available) the
time to heat the surface of the particle to the boiling point
of water u(0,t) = 100°C is found to be t ~ 2 nsec. At the
other extreme we calculate the minimum peak power required to

raise the temperature of the particle to 100°¢C by setting t = T.

The result is PO > 5 MW.

Returning to our assumption that the particles are large

1/2

compared to (at) during this initial heating stage, we see

that the "worst . case'" occurs for t = T = 20 nsec., Thus for

1/2 4

o < l.O.cm?/sec. we find (qt) < 2 x 10 " cm. This result
required that the absorbing particles be larger than 2 microns.
Microscopic examination of the Millipore filters used to filter
the distilled water revealed a few.particles as large as 50
microns. However most particles trapped in the filter were
approximately 10 microns and smaller in size having a variety
~of irregular shapes. Thus, the 1linear heat conduction equa-
tion can be expected to yileld a reasonable first approximation

to the rate of heating of the particle during the early stages

of heating.

Following the onset of vapourization the behaviour of

the plasma must be described by the equations of hydrodynamic
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(39,40)

flow with radiation Since we ‘lack knowledge regarding
the composition of the particles, thelr size and the number
irradiated by the laser, it would be pointless to pursue this
complex problem further. However a phenomenological descrip-
tion of the probable course of events 1s possible. David et
al(39) have described a model which adequately describes the

interaction of laser radiation with a large, initially cool

ablating surface in a vacuum and we use this model as a guide.

Once the linear absorption of the laser radiation has
raised the temperature of the solid particle above the boiling
point of the water in contact with it, a dense highly absorbing
vapour layer will occur. The initial thickness of this layer
may be estimated from the diffusivity of water, q a lO"'3 cm2/sec
to be approximately 4 x 107% cm thick ((at)l/2~ 4 x 1070 cm for
t = 20 nsec). Further heating of this relatively cool vapour
may. then occur at later times due to molecular absorption with
the eventual ionization of the vapour. The photographs in Fig.
(3-1b) and the estimation above indicate that the plasma sur-
rounding the particle was probably only a few microns in thick-
ness.at most. Hence, a significant portilon of the laser energy
-would penetrate this plasma sheath to cont inue heating, vapour-
izing and ionizing the solid particle. The ionized vapour
would be further heated by free-free and free-bound absorption

resulting in strong lonization and re-radiation from the plasma.

. The saturation which occurred in the luminescence emission
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at high laser powers in filtered liquids 1is also indicative of
a totally ionized breakdown plasma. See curve B in Fig. (3-5).
Young(43),has shown that for laser powers greatly exceeding
the breakdown threshold in gases, the total radiated energy

increased linearly with increasing laser power.

The absorption data of Dowley et al(37) adds strength to
this microscopic plasma model. Thesé-authors argue that
attenuation of a white light source by a dense plasma of
electrons and ions appears to be the only explanation of the
essentially wavelength-independent broad-band absorption they

observed.

Also, it is well known that the spectral distribution of
dense plasmas closely resembles a black body spectrum.  In
particular, Peters(uu) has shown that a dense water-vapour
plasma radiates with a near perfect black body spectrumvat
12000°K. Thus if we consider the microscopic plasma regions

to be diffuse black body radiators the spectral distribution

of the radiation intensity (watts/cmz) in the wavelength band

between ) and ) + d) is given by(uz)

‘ WOTYAN = ahd’ d)\ (3-2)
N explhe/xxT) =y

. or

WoTdy = _CXS d)
exp(CpT) - |
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where C, =3~74Kl0‘6 (WQttS/CMz) (\\m\4

Ca =I,-43%x|o7 (h) -k

According to the Stefan-Boltzmann Law, the total black body

radiation integrated over all wavelengths is
- A
WiT) = [ WO dh = ¢ T (3-3)
Q

where

¢ = 567218 Wakts /o 2o &

Numerical integration of Eq. (3-2) over the visible portion

- of the spectrum transmitted by the Cusoy filter (350 nm to

540 nm) is possible using tables of black body-functions(42’45),

This numerical integration in the temperature range 1000°K

< T < 50,000°K yields approximately the same TLL dependence
predicted by Eq. (3—3). However it is impossible to fit mean-
ingful theoretical curves to the data of Fig. (3-5) because
the size and number. of microscopic plasma regions, together

with their temperature is not known.

Similar results were obtained in CClA and methanol. We
suggest that the phenomena are common to all ligquids 1n agree-

ment with Dowley et al(37).

Thus, in summary, the broad band luminescence occurring
in liquids under excitation by a collimated laser beam probably

involves linear absorption of the laser energy by colloildally
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suspended particles. For sufficiently high powers the particles
are heated to incandescence causing local boiling of the water

in contact with them which further enhances the absorption pro-
cess. For high incident laser power and/or small particle size
the entire particle probably vapourizes and ionizes at which
point the luminescence saturates and increases in intensity

linearly with further increases in laser power.

3-4 Closed Cycle Filtering System

The filtering system finally adopted for preparing liquid
samples free from suspended particulate matter is shown in
Fig. (3-6). Filters with pore ‘sizes as small as 0.0l microns
were used in this apparatus. The components of this system
were all manufactured by Millipore, Ltd. The filtering proce-
dure was as follows. The "as-received" liquid (distilled water
for the remainder of this thesis) was filtered through 0.45
micron filters using a Millipore vacuum filtering system. Then
this filtered liquid was used to rinse all the components shown
in Fig. (3-6) and the system was assembled. Plastic tubing
connecting the stainless steel pressure vessel to the stainless
steel pressure filter holder was made as short as possible.
With approximately 10 litres of prefiltered water in the cleaned
pressure vessel, the system was pressurized to 20 psi and
about 1 to 2 litres passed through the system to flush and fill
the components. Then the precleaned lucite water tank was

connected as shown, and was filled and flushed twice before
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the final filling. After the final filling, the tank was
removed from the filtering system and the small inlet and

syphon holes quickly sealed.

Liquids filtered in this manner with 0.01 micron filters
showed little or no luminescence with laser powers up to
125 MW/cme. What little luminescence did appear in some liquids

appeared to have a linear dependence on laser power.

Finally, distilled water that had been carefully filtered
in this closed system required a focussed laser power density
of ~ 5 X lOll W/cm2 to cause dielectric breakdown. Unfiltered

water broke down with power densities as low as lOlO W/cmz.
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CHAPTER 4

GROSS FEATURES OF LASER INDUCED UNDERWATER BREAKDOWN PLASMA

4L-1 Introduction

In this chapter, fast detector measurements time inte-
grated photographs, and stimulated scattering measurements are
discussed in order to determine the gross features of the break;
down plasma (hereafter referred to as the "spark'") and resulting

cavitation in water.

Having devised a technique for removing suspended parti-
culate matter from distilled water in a reproducible way, mea-
surements were performed in order to compare the laser generated
underwater plasma to the extremely well studied breakdown plasma

in air,

The somewhat surprising result of these measurements 1s,
that the underwater breakdown plasma has little in common with-'™,
breakdown plasma produced in air. . It was predicted by Minck(46),
that breakdown in liquids would probably be very similar to
breakdown in gases at pressures exceeding 100 atmospheres
where the molecular density of the gas approaches the molecular

density in liquids.

Following a description of the experimental setup 1n
section (4-2), it is shown in section (4-3) that the underwater

" gpark does not have as clearly defined threshold as the air
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spark, absorption of the incident laser pulse is less and the
resulting plasma is short lived compared to the plasma created

in air.

In section (4-4) time integrated photographs indicate the
breakdown region is composed of- individual breakdown regions
separated by approximately O.4mm and spread along the direction
of propagation over a region of 5 to 10mm. A model proposed
by Evans and Morgan(AT) involving spherical aberration in the

focal region appears to adequately describe this phenomena.

In section (4-5) measurements pertaining to back scattered
SBS are presented. As.much as 50% of the incident laser power

was converted to the first Stokes stimulated Brillouin wave.

Finally, in section (4-6), we present results which indi-
cate that self-trapping did not accompany the breakdown process

in water.

4-2 Experimental Apparatus

The experimental apparatus used for measurements recorded
in this chapter and .the next is shown in Fig. (4-1). The
laser operated in a single-longitudinal mode, with a half-cone
divergence angle of 0.70 mr, at the half—power points, 20nsec
FWHM and delivered powers up to 100MW. Stray white light from
the flashlamps was eliminated with the Corning 2-64 filter.
Most measurements in the sections to follow were made with cir-

cularly polarized light, introduced by the optical isolator
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consisting of a Glan polarizer, aligned to pass the plane
polarized output of the laser and a quarter wave plate oriented
to convert the plane polarized emission to circular leariZed
emission. Optical isolation was required in order to prevent
the intense back scattered stimulated Brillouin scattering
(SBS) generated in the water cell from re-entering the ruby-

(48)

laser SBS in water is discussed in section (4-5). The
liquid attenuator (LA) was used to adjust the laser power focused
into the liquid cell through lens Ll' Lens L2 served to re-
collimate the laser radiation passing through the liquid cell.
The beam splitters (BS) were either glass slides (measured
reflectivity = 10% at 45° with circularly polarized light)

or 8, thick pellicles with reflectivity of 4% at 45°. The
reflectivity of pellicles is a critical function of the angle

of incidence(qg) requiring extremely accurate alignment. The
diodes labelled (1) Laser Monitor, Pp, (2) Transmitted Power
Monitor, P, (3) SBS Monitor,P,, were calibrated RCA 925 (S1 -
cathode) vacuum photodiodes biased at 750 volts .and preceded by
suitable attenuators, diffusers, and spike filters. The diodes
operated into 50 ohm coaxially mounted resistors which operate
into 1Al plug-in units of two Tektronix 555 oscilloscopes with
an overall rise time of 1Z2nsec. A typical attenuator - filter
sequence in front of the 925 diodes was (a) lem of concentrated
NiSO, solution with optical density (0.D.,) of 5.0 at 694, 3nm

(b) a calibrated glass neutral density filter selected to

maintain a reasonable signal current in the linear response
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region of the diode (c) a ground glass diffuser (d) an inter-
ference filter with 3.0 nm pass-band centred at 694.3nm (usually
called a '"spike filter"). These diodes operated linearly from
1072 to 8 x 107° Amps (pulse duration less than 100Onsec) when
biased at 750 volts. For further details pertaining to the

diodes and liquid attenuators see Appendices B and C.

The ITT F4000 (S-1 photocathode) coaxially mounted biplanar
photodiode<5o) shown in position (3) was capable of 0.35nsec
times when used in conjunction with a Tektronix 519 oscilloscope.
In the position shown (Position 3) the diode monitors the
time development of the transmitted pulse. This same diode
was placed at position (4) (viewing the plasma at 90° to the
direction of the laser beam) to measure the time development
of the scattered laser light and the time development of the
plasma itself. Suitable attenuators and filters preceded the

F4000 diode depending on the application required.

The camera was used to record time integrated photographs

of the plasma with magnifications up to 10X.

Most of the data presented in this thesis involves focused
laser beams, It is essential when making quantitative calcu-
lations that the beam diameter in the focal plane of the lens
be known. As will be shown in the next section the intensity
distribution in the vicinity of the geometrical focus is ex-
ceedingly complicated. However the analysis we present below

is based on a simple diffraction limited focus in which primary
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lens aberrations are ignored.

The focused beam configuration is shown in Fig. (4-2).

The lens is characterized by its focal length f and the inci-

dent laser beam diameter d combined to form the F-number F = f/d.

The focused beam is characterized by its beam diameter S at
the focal plane and its depth of focus L. Musal(®l) nas shown
that for a variety of aperture illuminations from the uniform
illumination of Born andeolf(3O) to the Gaussian illumination
of Siegman(52) a simple relationship between the focal. plane
beam diameter S, the depth-of-focus L and the F-number of the

system of the form

L= 4SF = 4sf/y (1)

is approximately valid. The value most commonly used for S

is the beam diameter in the focal plane where the intensity
drops to one half its maximum value, which in terms of the

focal length f and half-cone divergence angle g is defined by

S=2f8 (4-2)

- Thus the depth of focus may be written

L= 8F2®/4 (4-3)

For the laser used here 2§ = 1.4 x 1073 r, d = lem and using

2mm = 70 microns. It is

a 5cm lens L = 1.4mm S = 7.0 x 10~
interesting to compare this experimentally determined value

with the ideal diffraction limited focus for uniform plane
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waves. Born and Wolrf(3°) (pg.441) show that the intensity
along the direction of laser propagation, z, is given by,
2
T =. {S&N\ U{4.]'1°
/4

where

2
W= (2T}(d\%s
N | F
If we assume that a loss in intensity of 50% (half-power) is

permissible then the value of u for which EE%7%Z&>2 = 0.5 must

be found. This requires that u = +5.56 which leads to
2 2.
= XSS (_X (2$ = <+ 3. '
AZ 6 m) d) t 3-54 W¢f

Setting X/d ~ 6 and realizing L = 2|az| we find L = 7f2 8/d

in close agreement with equation (4-3). .

When focusing the laser beam into the rectangular tank
containing water, or when photographing the underwater spark,
the position of the focusing (or camera) lens must be adjusted
to compensate for the refraction occurring inside the tank. By
a repeated use of Snell's law it is easily shown that the focal
position with the tank in place (82), is related to the focal

position in air (SO) via the equation

Sa = Se|™Ma¢osBa | = LIMmzcosea -l - d. M08 _|]
mCoSH Mo COLYo M oidy
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where all the parameters are shown on Fig. (4-3). For most
applications the ratios of the cosines are very close to unity

and N, ~ 1.0, Thus we write

Sa = M2S¢ - QU\'\;- \\ '\'d(\—-!\_r;) (4-4)
AT

This equation finds use in determining the position of the
spark in the liquid cell for a given focal length lens f = SO
located a known distance §j from the input window to the tank.
Typically the lens is located § = lcm from the glass input

window with d = 0.3cm, n, = 1.50 and for water n, = 1.33,

1
leading to

S~ = \\33F -o0-.30 cm (4-5)

With f = 5cm, S, = 6.35cm compared to S, = 5em in air.

- When photographing the underwater spark it 1s more con-

venient to recast Eq. (4-4) into the form

Sa = Se +T\-\- «‘T-;‘_\ + %z\.\-%] (4-6)

where T is the distance to the spark measured from the outside
wall of the tank. Photographs taken from the side in the
4 inch lucite tank (T = 2 inches = 5.08cm) with 3 inch walls

(d = 0.5 ich = 1.28cm) yields

32 = Sp + |:3S cm. (4-7)
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Thus the camera must be moved back: an.additional. 1.35cm after
calculating Soffrom the magnification desired i.e. SO = f(1 + l/m)

where m 1s the magnification.

Experimental checks were made of Egs. (4-2), (4-3), (4-5)
and (4—7). The parameters S and L were measured by photographing
the focused laser beam in a tank bf water to which a few ml. of
milk had been added to render the beam visible. After correcting
for the modified focal length using Eq. (4-5) the measured and
calculated beam diameter S agreed within 25%. However the mea-
sured depth of focus L was approximately 2.0x longer than pre-
dicted by Eq. (4-3). Since spherical aberration introduced by
the lens was neglected in the derivation of Eq. (4-3) this
result was not surprising, as will be shown in section (4-4).

The position of S was used to check Eq. (4-5) and was found to
agree closely with the predicted result. Eq. (4-7) was checked
by suspending a reticle in the tank of water and measuring the

magnification after locating the camera lens using Eq. (4-7).

"4-3 Comparison Between Laser Induced Breakdown in Air and Water

The plasmas resulting from laser induced breakdown in
air and water differ considerably with only a few common char-
acteristics. In this section we compare breakdown in air and
~water from measurements performed with a fast coaxially mounted
ITT F4000 photodiode coupled to a Tektronix 519 oscilloscope

with 0.35 nsec risetime.



- 66 -

The apparatus used is essentially the same as that depicted
in Fig. (4-1) in the previous section. Only the laser power
monitor (1) and ITT F4000 coaxial diode (3) were used here,
however. The laser attenuator (LA). in Fig. (4-1) was positioned
as shown with the optical density (0.D.) adjusted to prevent
breakdown in either air or water and to reduce the incident
power below the threshold for stimulated Brillouin scattering
(SBS) in water. To prevent breakdown and SBS 0.D. = 2.0 was
used with the 96MW incident laservpower available. When '
breakdown was desired the attenuator LA was repositioned in >
front of the laser monitor diode (1) and a second attenuator '
of equal 0.D. place directly in front of the fast detector (3).
In this way the signals received by the diodes remain the same

with and without breakdown occurring.

Threshold values for breakdown in air and ultra clean
water were determined when using a simple lens with 5.0cm
focal length and shape factor(53) g = 0. The breakdown thresh-
0ld in air occurred at 32 + 2MW which lead to 6.9 & 0.4 x 101t
W/cm2 in the focal plane of the lens, calculated using the
measured laser divergencé of O0.7mr (see last section). This
(46).

agrees closely with the value determined by Minck Break -

down in air was always accompanied by an intense flash of
white light and loud audible crack, even when the threshold

power density for breakdown was just exceeded.

The breakdown threshold power in water was not as clearly
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defined as in air. Near the breakdown threshold power density

11 W/cm2 the breakdown region appeared as a

of (5 + 4) x 10
small spherical spark with radius less than 0.2mm. Further,
the breakdown threshold was 10x to 20x higher than the SBS
threshold. The large uncertainty in the threshold power density
is attributed to competing effects suéh as SBS, depleting the
incident power density available for breakdown. The breakdown
threshold could be lowered momentarily in water by bubbling
Millipore filtered nitrogeﬁ into the water tank. See Fig. (3-2)
for effect of gas in water. This could lower the breakdown
threshold by an order of magnitude, but after 4 to 10 ionizing
laser shots the resulting shock wave appeared to outgas the
liquid and the threshold returned to its previous high value.

The surprising result was that the threshold for breakdown

in water was so high.

Brewer and,RiecKhoff(l5) reported that breakdown and SBS
frequently occurred simultaneously at power densitiles

lovW/cm2. Carome et al(l7) report breakdown occurring

< 5 x 10
at powers as low as 1.7MW; however no divergence figure 1is
quoted in this reference. In all the data recorded here the
threshold for SBS in water was at least 10x lower than the
breakdown threshold in sharp contrast to references 15 and 17.
We should point out however that when using unfiltered distilled

water, the results of Brewer and Rieckhoff were duplicated.

More will be gaild regarding SBS in the following section.
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With the liquid attenuator (LA) removed, the incident
laser power of 96MW exceeded the breakdown threshold in both
air and water by approximately three times. The resulting
signals detected by the biplanar diode and displayed on the
519 oscilloscope are summarized in Fig. (4-L). The traces
displayed are (a) the incident lasefr pulse (b) the transmitted
laser pulse (c) the laser light scattered by the plasma and
detected at 90° to the incident beam direction (d) the plasma
light emission viewed at 90° to thé incident beam direction.
The curves (a) and (b) have the same vertical scale indicating
the magnitude of the absorption after breaxdown occurs. The
curves (c) and (d) indicate the time development of the

scattered light only; the magnitudes being arbitrary.

The transmitted pulse for air indicates the usual strong
absorption of the laser beam after breakdown has occurred(BA).
Although the laser beam transmitted through the underwater
spark was reduced by 50%, the sharply defined cut-off in the
transmitted pulse that occurred in the air spark was not
evident. We will show in section 4-5 that this "absorption"
of 50% is due to depletion of the incident beam by back scat-

tered SBS.

The scattered laser light, curve (c) in Fig. (4-4), was
only a small fraction of the incident laser power. In air
(54)

the laser light was Thomson scattered by the free electrons

In water Rayleigh and Brillouin scattering is strong(55) and
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scattered light from the cell walls and windows can be signifi-
cant. Hence the’scattered:laser:light.ih,curve (c) for water
was not entirely due to the plasma. We discuss the scattering

from the underwater spark in more detail 1in chapter 5.

Finally the plasmavemission measured with lem of concen-
trated CuSO, preceding the fastkdgﬁector is shown as curve (d).
In air, the plasma emission was sharply;pééked but decayed
slowly, lasting as long as lOOnsec; In contrast, the light

emitted by the underwater«plasma/lagtedmfdfionly MOnsec..

4-4  Photographs of the Underwater Breakdown Plasma

Time integrated photographs of the»white light emitted
from the breakdown plasma were taken through lcm of CuSQ),
solution (0.D. = 8.at 694.3nm) using Polaroid,Type 47 f£ilm,
and appear in .Fig. (4-5). The photographs were taken from
the side (see Fig. (4-1))and the magnification was approxi-
mately 10x. The complexity of laser induced underwater break-

down is clearly illustrated in fhese.phOtographs.

As noted in the -previous section, . breakdown in water builds
up slowly with.increasing_1aser:powef‘above the threshold
value of ~ 5 x 10-1.W/cm®. This is evident in the photographs
appearing in Fig. (4-5). The focused.laser beam originates
from the left hand side of the page. The first photograph in
the series shows the small, approximately spherical plasma
which appeared close to the calculated geometrical focus when

the breakdown threshold was Jjust exceeded. As the laser power
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was increased the original spherical breakdown point was re-

‘placed by several such points of approximately the same size

and shape. The plasma points appearing at increased laser
powers always were located between the geometrical focal plane
and the focusing lens, that 1s the plasma appeared to grow
backwards along the laser beam. The bottom picture in the
series shown in Fig. (4-5) was taken with the maximum avail-
able laser power of 100MW, which was approximately 3X the power

required at threshold.

To produce the breakdown plasmas appearing in Fig. (4—5),
the laser beam was focused into the water cell with a simple
lens (shape factor, gq = 0) of 5cm focal length in air. The
lens was located approximately lcm in front of the watercell
input window and the laser‘beém cross-section was approxXimate-
ly lem and carefully centred on the lens. The lens alignment
was critical, since tipping or rotating the lens changes the

spherical aberration and introduces coma. The intensity

‘profile of the laser beam in a plane perpendicular to the

lens axis was to a good approximation, Gaussian.

The discrete breakdown points occurring in water have
also been observed in gases(9’56). Various theories have
been proposed to account for this observation based on con-
cepts of detonation waves(56), of self-focusing of the laser
beam(g) and spatial and temporal variation in the beam pro-

file(57). None of these models gave a totally satisfactory
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explanation of the phenomena as it occurs in gases. Recently,
however, Evans and Morgan(47’58) showed that. primary spherical
aberration caused by the use of simple lenses to focus the
laser beam éan,under the conditions discussed below account
for the multiplicity of distinct collinear regions of break-
down along the optic axis. We propose that the observations
recorded in Fig. (4-5) for laser induced breakdown in water

4r)

originate from the same effect. Evans and Morgan( point
out, that due to the relatively large area of the focusing
lens that is illuminated by the laser, distorted wavefronts
occur with values of primary spherical aberration function

§ of several wavelengths. This distortion of the wavefronts

leads to complex intensity distributions.

The value of the intensity I at any point in the region
of the focus of a given lens and laser system may be computed
from the Huygens-Fresnel-Kirchoff integral(BO). Evans and
Morgan(47) solve this integral assuming a laser operating in
a single spatial mode of beam radius a and with a Gaussian
electric field intensity profile of the form E(r) = Eoexp(-r2/2a2)

for O < r < a, The equation Evans and Morgan solve ylelds

" the spatial variation of intensity near the focus and 1is

given by
2

1= [Tgf‘} J‘e"P(“-}ﬁ)“PB{‘R@(@‘%.‘*Pz}]JQ(PV)/DdIo (4-8)

o)
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where p = r/a, X is the wavenumber and A is a constant governed
by the electric field at the lens. The coefficients u and v

are the so-called optical co-ordinates given by

uw = (Q_Tl)(&)zz
AR (4-9)
- N = ﬂ) A
; ()\ (4’\\&
E where ) 1is the wavelength of the laser light in the water

and y and z represent distances measured radially and axially

from the geometrical focus.

The solution of Eqg. (4-8) must be performed numerically.

The results of such calculations are shown in Figs. (4-6)

and (4-7). In Fig. (4-6) the primary spherical aberration
increases from zero to two wavelengths. The trend of the

intensity profiles with increasing spherical aberration 1is

B B RG] Rt i b S L

clearly visible from these sketches. Fig. (4-7) is taken from
the work of Evans and M9rgan(47) and indicates the lines of
constant intensity in the focal region of a 5cm focal length
f/5 simple lens. The intensity 1is normalized to 100% at the

principal focus.

The isophotes of Fig. (4-7) clearly demonstrate how
regions of high intensity maxima lying along the optic axis
could lead to discrete plasmas localized in these regions of

very. intense field strength.

Transformations into real space for the ruby wavelength

focused in water shows that the separation, d, between maxima
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is approximately O.4mm in close agreement with the spacing

in the photographs of Fig. (4-5). Detailed calculations by
Evans and‘Morgan show that the separation between maxima is
relatively insensitive to the laser beam radius on the lens.
For short focal length lenses the number of maxima does not
increase significantly, however the ratio of intensities at
adjacent maxima decreases more slowly than for longer focal
lengths. As the laser beam intensity 1is increased above the
breakdown threshold value, intensity levels will be reached
where the next adjacent maximum will exceed the breakdown
threshold, and two breakdown regions will occur. The second
breakdown region will occur later in time however. For further
increases in laser power more of the maxXima occurring along
the optic axis will be raised above the breakdown threshold

as depicted in Fig. (4-7) and photographed in Fig. (4-5). The

number of discrete breakdown points. occurring will depend

upon (1) the total amount of spherical aberration occurring

(2) the focal length of the lens and (3) the amount by which

the breakdown threshold intensity is exceeded.

In an earlier publication(lg) we assumed this backward motion
of the plasma was caused by strong absorption in a dense

plasma of approximately lO2Ovelectrons/cm3. However the fast
detector measurements of the beam transmitted through the
breakdown region reported in the previous séction do not uphold

this contention. Further, as will be shown in the following

section, that fraction of the incident beam which appears to
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'have been absorbed (~50%) in Fig. (4-4) was depleted due to

stimulated Brillouin scattering, in the backward direction.

Thus the model'proposed by Evans and Morgan(u7)\appears to
qualitatively describe the appearance of the discrete break=

down .points observed.

.- 4-5 Stimulated Brillouin Scattering

The apparatus described in section (4-2) and Fig. (4-1)
was used to measure the incident, "reflected", and trans-
mitted laser power as a function of input laser power. The 5cm

~lens used to focus the laser for the experiment of section (4-4)
was located 1lcm in front of the water cell. Below about 3MW,
the transmitted peak power (PT) increased 11nearlyrwith
increasing 1ncid¢nt.1aser'power (PL)'and Py = Pp after .
accounting for reflection losses in the lenses and cell win-
dows. A reflected beam (Pgp) did not. occur below 3MW. Above
3MW the reflected.beam.appearédxand increased rapidly. in
intensity,untillfhe laser power exceeded.5MW. “With further
increases in laser power the reflected beam increasedilinearly

-up to a maximum value of PR/PL ~ 50% occurring near the break-
down threshold of’3OMW. The relationship PT +-P’R.~ PL.was_.
approximately valid above 3MW. Theée results are presented

graphically in Fig. (4-8).

. When the transmitted beam was measured using the fast

SRS

biplanar diode and Tektronix 519. oscilloscope, the tranémitted

R MR

intensity showed no increase in attenuation and no pulse

.
v
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shaping when the laser power was raised to just exceed the
breakdown threshold. The attenuation of the laser beam re-
mained fixed at approximately 50% for all powers greater than

the 30MW breakdown power.

For powers well above the breakdown threshold of 30MW,
deviations exceeding 50% occurred in the amplitudes of both
the transmitted power and back-scattered SBS power for a
fixed incident laser power. This lack of reproducibility

did ndt occur below the breakdown threshold.

Replacing the diode monitoring the reflected light with
a lcm Fabry-Perot etalon revealed a single Stokes line,
shifted by aAv = O.l95cm—‘l from the incident laser line,
characteristic of stimulated Brillouin scattering (SBS) in
water(59). This Stokes shifted line only occurred for laser
powers greater than 3MW focused with the 5cm lens. With the
optical isolator removed and incident laser power of 20MW, as
many, as three SBS components occurred due to reamplification

(48)

of the back scattered SBS in the laser The data plotted

in Fig. (4-8) were taken with the optical isolator in place.

Detailed measurements pertaining to intense back-scattered
SBS in CS, were reported by Maier et al(6o) in 1966. More
recently Zverev and Martynov(6l) reported more than 50% of
their incident laser power of 28MW was converted to back-

scattered SBS in several liquids and solids, including water.
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Thus the "absorption" of the incident laser beam recorded
in Fig. (4-4v) when breakdown occurred in water appears to be

due mostly to back-scattered SBS.

4-6 Self-trapping Measurements

Alcock et al(9) have proposed a self-trapping model
for the initiation of breakdown in air. Sparks were produced
in air at atmospheric pressure using a 3MW ruby laser opera-
ting in a single axial and spatial mode. A beam stop located
behind the focal region blocked the direct (non self-trapped)
laser radiation transmitted through it. When self-trapping
occurs prior to breakdown, Alcock has shown that the small
diameter of the self-trapped filament (~ 2 microns in air)
leads to a.large divergence of the transmitted laser pulse
allowing as much as 30% of the incident laser beam to get
past the beam stop. This occurs because the self-trapped
filament is destroyed at a breakdown point allowing the laser
light to emerge with the large divergence characteristic of

the 2 micron filament diameter.

A careful check for self-trapping occurring in water prior
to breakdown was performed. Following the experiments of
Alcock an opaque screen was placed between the collimating
lens L, and the fast detector depicted in Fig. (4-1). The
screen was Jjust large enough to block the recollimated laser
beam when the liquid attenuator was adjusted to prevent break-

down. The size and location of the beam stop were checked by
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replacing the fast detector with a photographic plate and
observing if any laser light passed around the perimeter of

the beam stop. The beam stop size was selected so that less
than 1% of the incident laser light "leaked" around its peri-
meter allowing accurate centering of the beam stop. Replacing
the film with the fast detector it was found that the 519
oscilloscope would not trigger unless the attenuation preceding

the fast detector was reduced by more than a factor of 10.

Following this careful alignment, the liquid attenuator
was moved from its position in front of focusing lens Ll to a
position behind the beam stop i.e. between the beam stop and

the fast detector (or film). Using the full 100MW laser

- power available,.  photographs and fast detector traces were

recorded to determine if self-trapping had occurred.

The fast detector traces indicated an increase of less
than 1% in the intensity of the laser light getting passed
the beam stop when breakdown occurred. Photographs were
unable to resolve any increase in the divergence of laser
light. In contrast, Alcocks photographs behind the beam stop
indicated a dramatic increase in the divergence when self-
trapping accompanied breakdown in air. However, Alcock points
out that the widely diverging '"scattered" light was only ob-
served with a laser operating in the lowest order transverse

mode,

Further Korobkin and Serov(62) have shown that breakdown
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occurring in the self-focused beam induced with a Q—swﬁtched
neodymium laser focused in CS2 always occurred to the right
of the focal point for a laser beam originating from the left.
The breakdown occurring in water always occurred to the left

of the geometrical focus.

Thus we conclude that the discrete breakdown points
recorded in Fig. (4—5) did not originate due to self-trapping

of the focused laser bean.
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CHAPTER 5

SCATTERING CHARACTERISTICS, SPECTRUM  AND
TEMPERATURE OF THE BREAKDOWN REGION

5-«1 Introduction

The discussion in Chapterk4 established the gross features
of the laser induced underwater plasma. In this chapter we
attempt to determine the scattering and emission characteris-
tics originating from the breakdown plasma and the resulting

cavitation of the water.

The laser and the experimental setup described 1n section
(432) were used in the experiments reported in this chapter.
The measured scattering characteristics of the breakdown region
are presented in section (5-2). In section (5-3) the spectrum
emitted by the breakdown plasma 1s presented while in section
(5-4) the measured radiance of the plasma.and an estimate of

its temperature 1s presented.
i

A discussioh.of the me;surements‘presented in the above
sections appears in sections (5-5) and (5-6). It is shown
that the scattering behaviour of laser induced breakdown
underwater reflects the character of the shock'wave accompany-

ing breakdown and not the breakdown plasma.
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5-2 'Scattering Characteristics of the Underwater Spark

Scattering measurements of the laser generated underwater
spark were only partially successful in determining useful
parameters of the plasma. Simple measurements were performed
in which a photodiode preceded by suitable filters was rotated

around the plasma in both the horizontal and vertical plane.

The white light emitted by the plasma was measured using
a silicon photodiode preceded . by l'cm of concentrated CuSO4
solution (0.D. = 8 at 694.3 nm with passband from 300 nm to
540 nm). The diode was located 10 cm from the breakdown
region and subtended a solid angle of 1.5 x lO_2 steradians.
The reproducibility of the radiance of the spark measured in
this manner was 120% for different laser firings at fixed laser

power. The measured angular distribution of the white light

emitted by the plasma was found to be the same in all directions

within this +20% reproducibility. This was true up to the

maximum laser power available (100 MW).

The laser light scattered from the focal region was
measured by replacing the CuSO4 filter with a narrow bandpass
interference centred at 694.3 nm (3 nm FWHM). The measured
laser light scattered from the focal volume was highly non-
reproducible with deviations in the recorded Signal as large
as 50% even though the diode was fixed in position and the
laser delivered equal pulse amplitudes (+5%) on separate laser

firings.
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The reproducibility of scattered laser light measurements
was improved by locating a 10 cm lens between the diode and
the spark so that the image of the spark was magnified 10X
and thus just filled the 4 mm diameter acceptance aperture
of the silicon diode. This also allowed the diode to be
located more than a meter away from the water cell, thereby
greatly reducing the intensity of stray scattered light from
the water cell walls and windows from reaching the diode.

The stray light pickup was reduced‘also, due to the shallow

depth of focus of the lens. "

When the diode, lens combination was rotated around the
spark in the horizontal plane containing the axis of the

focusing lens L the intensity of the scattered laser light

12
measured was approximately the same independent of the
scattering angle. The walls of the water‘cell restricted this
angular measurement to U45° < g < 135° where g was measured
relative to the direction of propagation. The angular depen-

dence of the scattered laser light intensity was independent

of angle in the vertical plane also.

As a check on our measuring technique the water cell was
emptied, carefully dried and flushed with a continuous flow of
dry nitrogen, at 1 atmosphere pressure. Breakdown was induced
inside the cell, and the angular dependence of the laser light
scattered from the plasma occurring in nitrogen was measured.

In the vertical plane containing the polarization vector, the
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scattered laser intensity falls off as cosge , Which 1is
consistent with classical Thomson scattering from free electrons.
In the other two mutually perpendicular planes, however, the
scattered laser intensity 1s peaked in the forward direction,
with a less intense peak in the backward direction. - Young et
al(54) have obtained similar results in air breakdown experi-
ments at atmoépheric pressure. Parenthetically, we point out
that Ahmad et al(lOl) have shown recently that the anomalously
high scattered laser intensity in ﬁhe forward and backward
directions can be attributed to reflection at the refractive
index change in the quasi-spherical breakdown plasma boundary.
Further, the ratio of the scattered laser power P from the
nitrogen breakdown plasma to the incident laser power L, in

the horizontal plane with § = 90°, was P/L ~ (1.3 & .2) x 1079,
which when substituted into equation (5-19) in section (5-5)
ahead, yields an electron density of approximately 5 X lOlg/cm3
in agreement with other workers(g). The intensity of the

laser light scattered from the breakdown region in water with

the same geometry yielded the ratio P/L o (2 9 1) X 10—7.

Thus we conclude that the scattered laser light originates
from the breakdown region in water and 1s not due to background

scattering from the water cell.

5-3 Photographic Spectrum

In this section we present data pertaining to the spectrum

emitted by the underwater breakdown plasma as recorded on
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-photographic plates.

The spectrum emitted by the underwater spark was measured
using a Spex Industries model 1700-111 3/4 meter Czerny Turner
spectrometer., The location of the spectrometer and its
associated condensing optics is shown in Fig. (5-1). Two well
corrected 10 cm f.1l. air-spaced achromats were used to collect
and condense the spark radiation on to the spectrometer entrance
slit. The light from the spark was collected at approximately
f/3 and focused onto the slit at approximately f/7. The
acceptance aperture of the spectrometer was f/6.8. Two achro-
mats were required in order to collect the spark radiation
efficiently while simultaneously matching the acceptance
aperture of the spectrometer. The spark was magnified 1.5X
at the entrance slit and the axis of focusing lens Ll was

perpendicular to the slit.

.The plate factor of the spectrometer was 10f/mm in first
order and 3.7i/mm in second order. The spectrum was recorded
in first order using Polaroid type 55P/N film as well as Kodak
type IN and IF plates, with the entrance slit set to 40 microns
and 5 mm high. This slit width was chosen as a compromise
between resolution (approximately O.4}) and the ability to
expose the plates with a single laser firing, with laser
power fixed at 35MW. Above 50004 a Corning 3-72 filter was
added in front of the spectrometer to remove second order

radiation.
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The data recorded here was taken 1in the early stages of
this study with a less refined laser than reported in
Chapter 2. The laser used delivered a single longitudinal
mode with a beam divergence of 1.0 mr (half-cone angle) with
.30 nsec FWHM. All other parameters of the laser were similar

to those reported in Chapter 2.

The wavelength region studied (38004 to 9500%) was
completely free of any line spectra. The spectrum recorded
consisted entirely of a very intense continuum which extends
for a maximum height of 0.7 mm on the photographic plate.
Since the image on the plate was magnified 1.5X, the spark

height was 4.7 x 1072

cm in close agreement with the photo-
graphs of Chapter 4. The absence of line spectra indicates
a very high pressure plasma, while the absence of absorption
lines indicates an approximately uniform temperature through-

out the plasma volume.

Peters(63) has recorded the emission from dense water
vapour plasmas. Above 1000 atmospheres pressure this plasma
emits a black body like spectrum at a temperature of 12,000°K,
completely free from line spectra. Bell and Landt(l6) have
showﬁ that the shock wave created by the breakdown plasma in
water expands with a velocity greater than 4000 m/sec. at
least during the first 70 nsec following the onset of break-
down. Using the Rice and.Walsh(64) equation of state for

16)

water Bell and Landt( calculate.a pressure behind the shock
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exceeding,lo5,atm. Further, Martin(65) has measured the spectrum
emitted by the plasma created when a large capacitor is dis-
charged between closely spaced electrodes underwater. The
spectrum recorded was completely free from line spectra 1in the
visible region of the spectrum and photoelectric measurements

of the plasma yielded a maximum temperature calculated from an
assumed blackbody like emission, of 30,000°K. In the next
section we will show that the measured temperature of the

laser induced breakdown plasma repdrted here has a blackbody

temperature of 15,000°K. n

The spectrum does show the scattered laser line near ;
69434, The height of the laser linelon the photographic
plate was approximately 1.5 mm and extended an equal distance
either side of the continuum (height, 0.7 mm). Thus the laser j
light was probably scattered by the shock front resulting |

from the breakdown plasma.

If the laser light was scattered from the rapidly ex-
‘panding shock wave, a blue Doppler shift should occur. - To
determine if such a Doppler shift occurred the spectrometer
- was operated in second order and the entrance slit was preceded
by a Corning 2-64 glass filter. The slit height remained at
5 mm but the slit width was reduced to 20 microns. In second
order the linear dispersion at 7000} was 3.56i/mm which with
20 micron slits yields a theoretical resolution of 0.075A.

However this resolution would require the film to resolve
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103/20 = 50 lines/mm. For the films and development procedure
used the experimental resolution was determined to be 30 lines/
mm. thereby reducing the resolution to approximately 0.121%.

The laser light scattered by the shock wave was found to be
shifted by 0.36K + 0.06f towards the blue, when compared to

the laser light scattered by a_ground glass replacing the water
cell. To within the 0.12} resolution of the spectrometer, the
linewidth of the scattered laser radiation was no greater than

that of the laser beam itself.

.5-4 Radiation Emitted from the Underwater Plasma

It was established in section (5-2) that the "white-
light" emitted by the breakdown plasma was the same in all
directions, within the +20% reproducibility for separate
laser firings. The isotropic nature of this white light
emission allows for simple measurements of the radiance of

the plasma without concern for angular corrections.

A 0.25 meter Model 82-410 Jarrell-Ash Ebert mounted grating
spectrometer in conjunction with én EMI 6256B photomuliplier
was used to detect the plasma radiation as shown in Fig. (5-2).
The spectrometer had a linear dispersion of 33 nm/cm leading
to a 0.5 nm bandpass with 100 micron slits. Two ératings»were
available, blazed at 300 nm and 600 nm. All spectra were
recorded in first order. Above 500 nm a Corning 3-72 filter

was added in front of the entrance slit to eliminate higher

order radiation. In some cases, especially near the laser
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wavelength the spectrometer entrance slit was preceded by a
narrowband interference filter to decrease the scattered light

occurring in the spectrometer.

The laser power was held constant at 35MW and the spectrum
was scanned between 400 and 900 nm. An RCA 7102 PM (S—l photo-

cathode) replaced the EMI 6256B above 600 nm.

The calibration procedure used for the radiance measure-
ments is described in Appendix C. Using (C-7) from Appendix C
we find the measured radiance P(xl) measured at wavelength A |

is given by

PON = Vo TOW Watks) 2

M= M
Ve

where Vp = pulsed voltage signal measured on the oscilloscope
due to the plasma emission, VC_= the calibration voltage
measured using a standard spectal source which emits J(xl)

Watts/cm2 - nm. For further details see Appendix C.

The photographs of Fig. (4-5) indicate that the plasma
was compésed of one or several approximately spherical plasma
regions depending upon the incident laser power. If each
sphere is assumed to emit W(xl) Watt/cm2 - nm and if the

distance R from plasma to the spectrometer entrance slit is
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large compared to the plasma radius r, then the radilance

detected at the slit is given by(5360)

—PU\-) = T_\'ﬁ\'; W (\\) W /cm-"— e

If N plasma regions emit independently with average peak
power W(xl), we multiply the right hand side of this equation

by N. Thus the radiance of the plasma is given by,

WO =TPOR. =T X W/ 2
Ntrre? T/i Nme® e =

All the parameters on the right hand side of this equation are
accurately known except r and N. The values of r and N depend
on the laser power uséd. From photographs like Fig. (4-5),

r was determined to have an average valueA? = (2.5 £ 0.2) x
‘lo—gcm for the 35MW laser power used., The value of N increased

as the laser power was increased.

The peak plasma emission recorded on the Tektronix 555
oscilloscope was reproducible within +20% for fixed wavelength

but separate laser firings.

The results plotted in Fig. (5-3) were recorded using a
laser power of 35MW for which.N = 1. The solid curve corres-
ponds to an ideal black body at temperature T = 15, 000°K, that

is we assume
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WO => WIO\T) =amhe® l

5-1
| X epleom =1

WOT) = e )®

exp(G/X\T) = |
where
C.| = 3'-‘4’“0"'

Ce = L 43R =i0’

( Wakksf, 2) (nen)4

nm = 9K :
This equation applies strictly to a diffuse black body radiator
with an emissivity of unity.

Monochromatic black body temper-
atures were calculated using the Planck function of (5-1).

Gregg and Thomas(67) have shown that for laser induced plasmas,

temperatures calculated using (5-1) yield values
<
TN 'TmM

where Tma is the maximum temperature in the plasma volume,
Thus there is a point in the plasma at which the temperature

is at least as high as any monochromatic temperature calcu-
lated using the observed emission intensity in (5~l). The
observed intensities W() ) and the calculated temperatures T(3)
are plotted as a function of reciprocal wavelength in Fig. (5-3).

from shot-to-shot.

The error bars indicate the spread in measured values W() )

The calculated temperature appears to decrease slightly
with increasing wavelength.

If we assume radiation within the
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plasma is reabsorbed via inverse bremsstrahlung this result

is not surprising. The absorption coefficient for inverse
bremsstrahlung is proportional to the wavelength squared.
Further, the temperature gradient near the plasma surface is
extremely steep, implying that the detected radiation at the
longer wavelengths (~ 800nm) may have originated from a region
near the cooler plasma surface. The shorter wavelength radia-
tion (~ 400nm) will be less strongly absorbed and will originate

from deeper within the plasma core.

This approximately constant temperature as a function of
wavelength is a further indication that the plasma electron
density is less than 1072/cmS. The monochromatic black body
temperatures determined by Gregg and,Thomas(67) for dense
plasmas induced at the surfaces of beryllium and lead targets
show a strong temperature dependence on wavelength, with a
factor of 2 difference in the temperatureé calculated at 400nm

and 800nm.

Finally radiance measurements at higher laser powers
were attempted but the reproducibility is poorer due to the
larger number of plasma regions (N = 6 at 100MW) - see Fig. (4-5)
- each of which displays a variation in r of ~% 8%. However
the measurements indicated slightly higher temperatures with
increasing laser power which at 100MW incident power was T =

21,000°K + 4000°K.

For comparison purposes we note that Peters(63) has

"
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measured the radiance of a dense water vapour plasma operated

at 1000 atm pressure., This plasma emits a blackbody like
spectrum at a temperature of 12,000°K completely free from line
spectra. Martin(65) has measured the spectrum emitted by the
plasma created when 1800 Joules is discharged between electrodes
spaced by 2mm underwater. The spectrum recorded was completely
free from line spectra in the visible region of the spectrum
and photoelectric measurements of the plasma ylelded a tempera-

ture of 30,000°K.

5-5 Plasma Scattering

In this section we outline the theory used to discuss
the scattering characteristics of a fully ionized plasma. We
then apply this theory to the observations of the previous
sections. It is shown that the scattering properties of the
underwater breakdown region are not consistent with a:plasma
scattering model and in the next section we show the scattering
is explained assuming the laser light is scattered from the

rapidly expanding shock front.

It is well known that the scattered radiation field from

a single stationary electron excited by an incident plane wave

(68)

is given by

— 2

E, =__ . | (ew(a,* 'E“.) (5-2)

4TE, mc* R 2
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A
where g is a unit vector in the direction of propagation as

shown in Fig. (5-4). The amplitude of this scattered field
can be written as

E‘S = %EQSIN\/’\P

where ro is the classical electron radius

2
= _1_ = 2. I“B -
= o & X152 am (5-3)

The scattering cross-section is obtained by dividing the power

scattered into the solid angle dg by the incident flux §i

do = Ts rz dg_

S,

leading to

G, (&) =d0 = Rsidny = F:(\-'S.\nzescosz(cpb- ¢)§ (5-4)
diL

where the dash over thé symbols signifies an appropriate

time average., This result is the differential scattering
cross-section for a single electron. If the incident light

is randomly polarized the result must be averaged over the
angle (¢ - ¢) and the angular factor in (5-2) is replaced

by (1 + cosegs)/E. ‘The total scattering cross-section, the
so-called Thomson cross-section, 1is obtained by integrating

over the entire solid angle:
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Gr = BWF = 6bSXIO~  em?  (5-5)
3
The mean-free-path for scattering (ne gT)'l is of the order
lO3 meters for a plasma with an electron density as high as
n, = 10'9/cm3.  Thus the possibility of multiple scattering in

the small volume laser induced plasma is negligible,

The calculations so far apply to a single stationary
electron. We now consider the case of scattering of radiation

by a fully ionized plasma in volume V. We will consider only

~scattering from electrons, because (5-2) indicates ES.~ l/m

and hence scattering from ions will be negligible compared to

the contribution from electrons.

Consider N electrons in a volume V divided. into a large
number of small cells of volume dVi of such size that the
scattered electric fields from one cell arrive at the point
of observation with the same phase Py If the mean number of
scattering electrons in the cells is Né and the deviation from
this mean valué in the i-th cell bNei’ the total electric
field at the point of observation (neglecting thermal motion

of the electrons) is obtained by
£~ S (W, +5Nye'®
s ~ L e + CBEL

Since the number of cells is very large, practically every

possible phase 1s present and the mean component‘with‘ﬁé
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vanishes leaving

L L]
"J(PL
~o *
E, ? 3N, e
This result states the well known fact that scattering
can only be observed if there exist deviations from uniformity
in the spatial distribution of scattering centres. The

scattered intensity (taking a suitable time average) is given

by

Ts ~ LZk%Ne.\zSNe.L e"':!(cPh“cPc‘) (5-6)

)

For the simple case of no correlations between the
scattering particles, the fluctuations 1in the different cells

are independent and the above equation reduces to

T.s ~ z:. (SNQ_-L)Z = EE‘NC.L =N (5-7)

i,e. the total scattering is simply proportional to the total

number N of scattéering electrons.

The calculations above assume a stationary particle. If
the particle is moving with velocity v << ¢ the frequency of
the scattered laser light changes by an amount given by the

well known Doppler formula

W = B ~WQ = WV, sinid (5-8)
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where y is the magnitude of the Doppler frequency shift,mS is
the frequency of the light scattered from the moving particle
and VX is the component of the velocity along the direction

-

of the wave vector k given by
- — —-—
R = Rk =tk (5-9)

~Further, since |KS| ~ |KL| if v << ¢ then

R~ 2k s 18 =20 sinld (5-10)
2 ?r Y

as shown in Fig. (5-5). Thus the Doppler shift can be written

in the form
_L-h
L = kA-ﬂI

Having shown in the arguments leading to (5-7) that a
-plasma in which the electrons scatter individually, that we
can simply add the intensity contributions of all electrons

we define a differential cross-section per unit volume,

g_%_ = N T, (&) (5-11)

where ng is the electron density and Ce is the Thomson

differential cross-section for a single electron, (5-4).

To get the frequency distribution of the scattered radia-
tion it is necessary to add the contributions of all electrons,
which have the same velocity component in the direction of the

K - vector defined in (5-9). Thus the spectrum of the scattered
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TPVANGLE RELATION BETWEEN
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 F1E (85:5) SCATTERING 8BY A MOVING ELECTRON .




-
4

- 106 -

radiation will be determined by the velocity distribution of
the electrons in the direction K. The usual case considered,
is a Maxwellian distribution of velocities in which the
electrons are assumed to be in thermal equilibrium at tempera-

ture Te‘ The Maxwell velocity distribution has the form

m———
=N ™M - my?
ane '-Vzmcre e ( T) dv

where K is the Boltzmann constant. Using (5-8) we obtain a

E N

Gaussian profile for the spectrum’ST(k,w) of the scattered

radiation (normalized to the electron density ne)(68)

S (h w\e\w = N 1/2_\“:\(_& XP(ZHKT)Q\N (5-12)

‘Thus in terms of the differential cross-section per unit

volume we write

_C_i:g_ = 0, S (-\;\W\ (5-13)
du d.SL T

The total half-width of the spectrum described by (5-12) is

given by

— 2 KT
Aw\/z = 4wLSLN\\5.-6-V mczt Q,“Z

or converting to units of wavelength
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= 4—>~L_S:W\‘_'B‘/2KT¢ 2 (5-14)
= ‘Mc?

ANy
3
Thus we see that the total scattered intensity, found by
integrating (5-13) over all frequencies is just (5-ll)jgnd
hence depends on the total electron density Dg- The spectrum
emitted is given by (5-12) and (5-14) and depends only on the

temperature Te and mass m.

The next logical step in the derivations would be to
consider the case where correlétions between the scattering
electrons occur. Simply stated, this means nothing more than
putting (5-6) into an appropriate form to yield the desired
spectral density function S(ﬁ,w).- The details of this solution
are long and complex,and as will be shown later are of dubious

value when applied to the underwater breakdown plasma.

We have indicated that the scattered spectrum originating
from the electrons of a plasma is determined by the spectrum
of electron density fluctuations. These density flucturations
have been calculated by a number of authors(69'72). The

results obtained apply strictly to collisionless plasmas com-

‘posed of electrons and a single specles of ions.

We now quote the results of the Salpeter theory(69) that
are useful in analyzing the experimental data. The spectral
distribution of the scattered radiation is discussed by Salpeter

using the parameter
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=L = A (5-15)
RL, AT L sinld
where k 1s defined in (5-10) and Ly is the Debye length defined
by
L = (e KT V2 (5-16)
° ( 'f\ee:)

. For o << 1, electron correlations do not exist and the spectrum

is described fully by the electron temperature Te and mass m,
as shown in (5-12) and (5-14). For ¢ >> 1, the spectrum is
modified by co~opé%ative interactions between the ions and
electrons as described above, The spectrum in this case is
composed of a narrow cenéral line, whose width 1is determined
by the Doppler shift for thermal ion velocities, flanked by a
pair of satellites corresponding to scattering from longitu-

dinal electrostatic oscillations in the plasme which are

displaced from the central ion line by

\
AN = e N (14 3t (5-17)
21T ¢ . a2
where
|
Wa = [N e )’2 (5-18)
e,r“g

is the plasma frequency. For a thermal plasma the intensity
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inf™the satellites is only l/a2 of the total scattered radia-
tion. Further details regarding the line shape S(E,w) may
be found in Salpeters(§9) paper or the excellent review article

by Kunze(68)“

We now discuss the laser induced underwater plasma in
terms of this theory. Using thé Salpeter theory(69) the transi-
tion from uncofrelated to correlated scattering occurs for
o ~ 1, Thus using (5-15) in conjunction with (5-16) to (5-18)

we find the transition occurs when

Ne o 7.8 % |°“ electrons
T¢ Qm‘s - °K

for § = 90°. Using our measured plasma temperature of 15,000°K
we find n, ~ 1.17 x 1016/cm3. For electron densities less
than this value, correlations do not exist and the scattered

laser line should have a Doppler broadened width given by (5-14).

Even for the relatively cool 15,000°K plasma temperature
measured in section (5-4) the linewidth would be p\% = 261.
The measured linewidth was less than O.2A.' Thus the narrow
scattered laser line could have originated from lon-electron
correlations provided ng, > 1016/cm3. However, we will now
show that the intensity of the scattered laser light 1s incon-

sistent with this assumption.

In terms of the differential scattering across-section we
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write for the scattered power

P = do | dzds (5-19)
daL

where L is the laser power in Watts, dz is the interaction
length of the laser light in the plasma volume, and dn is the
solid angle subtended by the detector at the focal volume.
Assuming that scattering occurs due to the electrons in the

plasma, then using (5-11) with 8 = 90° we write

‘_E. = nQC}d? dﬂ_

The value of dz 4 2.5 X lO'zcmﬂwhile the solid angle d

2 26

1.2 x 10°° and rg = 7.95 x 10~ cm2. Thus for electron

scattering we find

—‘t> = 2 47< |0-23'Y\g (5‘20)

The fraction P/L was measured as (2 # 1) x 1077 leading to an
electron density ne ~11022cm3. This extremely high electron
density is not realistic for the following reasons.

1. For radiation to penetrate a plasma its frequency

must exceed the plasma frequency given by

2\'4
UJP = 'Y\e e )
e M
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or

Qe THg] = 8972 (N, [ems])

The laser frequency is wp/2n = 14,32 x lOlLL

Hz leading to a
critical electron density n = 2.58 x 10°1/em3.  Thus for
electron densities exceeding this figure the laser radiation
would be unable to penetrate the plasma. In fact, microwave
measurements of low electron density plasmas indicate a signi-
ficant attenuation of the incidenf radiation for densities
exceeding nc/5.

2. The number density of water molecules in the focal
volume prior to breakdown is 3.3 X 1022/cm3. Thus the cal-
culated ng ~ 1022/cm3 implies almost total ionization of the
water in the focal volume. Martin(65) has measured the elec-
tron density in an underwater spark generated by discharging
1800 Joules between electrodes spaced by 2mm. The electron
density at the peak of this high energy discharge was 4.5 x
lOEO/cm3 and the ionization level never exceeded 30%. Even if
the total energy of our 100MW laser pulse was absorbed the
energy available is less than 2 Joules. The absorption data
of Chapter 4 implies the energy absorbed is very much less
than 1 Joule.

3. Ramsden and.Davies(73) have shown that for laser in-
duced air sparks over 50% of the incident laser energy was
absorbed in the focal volume. The electron density in this

3

case was 5 X 1019/cm . From the absorption measurements of
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section (4-3) it is doubtful whether the electron density
occurring in the underwater plasma reaches these high concen-
trations required for strong absorption. This may also be

(74)

shown theoretically as follows: Spitzer has shown that
for a fully ionized plasma, optical radiation will be absorbed
via the inverse bremsstrahlung process. That 1is, the free
electrons in the vicinity of an ion or atom absorb energy from
the electromagnetic field of the incident radiation with the
consequent increase in energy of the electron and a correspon-
ding decrease in the energy of the field. The exponential
absorption coefficient'derived by Spitzer is given by

K= 4/ 21 V2 _Z nn, K M (s
‘3<3W\KTD \\cm3 c % el (5-21)

822 e T =W -

363x%10° 7 f?e_"r\; i\"e KT !
TAN

where n_(n;) is the electron (ion) density in.cm:3v is the

frequency in Hz, Z is the ilonic charge, g is the Gaunt factor

and Te the electron temperature. The requirement for strong

absorption of the laser energy is that Kdz > 1 1in the equation

dP(z) = - Pl KJIz

Assuming single ionization and setting the Gaunt factor
equal to unity we find that the electron density requirement

for strong absorption of the laser beam is

mn, > ssxto‘%(dz\/"
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for the relatively "cool" electron temperature of leV (11, 600°K).
Thus the electron density in a plasma region with dz = 4 x 10"%cm
must exceed 2.7 X 1019/0m3 for strong absorption to occur.

3

Thus an electron density ng, > 1019/cm would strongly absorb

the ramaining portion of the laser pulse after breakdown had
occurred, in agreement with the experimental results of

Ramsden and Davies(73). This strong absorption was not observed
in underwater sparks. (See section (4-3)).

4, Finally the image of the laser line on the photographic
plate extends well beyond the continuum emitted by the plasma.
We will show in the next section that this result together
with the intensity and frequency shift of the scattered laser

line is consistent with the assumption that the laser light is

scattered by the rapidly expanding shock wave.

5-6 Shock Wave Scattering

We now show that the data recorded in the preceding sections,
regarding the scattering of the laser light from the focal
volume, are consistent with the assumption that the laser light
was scattered from the shock wave accompanying breakdown rather

than directly from the breakdown plasma.

Bell andeandt(l6) have shown that the shock wave origi-
nating from the cavitation resulting from laser induced break-
down in water has spherical symmetry. We approximate the
breakdown plasma as a high intensity point discharge. The

spherical shock wave originating from a '"point explosion'" was
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treated originally by Taylor(75). The results below are taken
76)

from Zel'dovich and Raizer( The approach followed by
Taylor was to use dimensional analysis to find the so-called
similarity variable which involves the known initial state of
the explosion 1.e. the energy E released and the initijal den-
sity Po? which is consistent with the equation of motion and
the equation of continuity describing the shock wave. The
similarity variable is so-called because variables are chosen
which "freeze" the motion of the shock. That is, instead of

plotting V,.VS.T to see the effect of shock velocity with

increasing radius the ratio r/t replaces r. This type of

motion in which the distribution of the velocity remains similar

in time and changes only as a result of changes in scale is
called self-similar. The method of finding the similarity
variable appears to be one of trial and error. Zel'dovich
and Raizer(76) show that the dimensionless quantity

\
% = T (.f_i_ys (5-22)

EL*

can serve as the similarity variable adequately describing the

spherical shock wave, during its early history.

The shock front is defined by a given value of the
independent variable Eor The motion of the wave front defined

by the similarity variable (5-22) and g, is given by

R = §( _\%_ )‘/s s
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and

§ = 3.&8
R

The value of §o can only be calculated for very special cases

such as the ideal gas. Its value is often determined experimen-

tally. The shock variable we are most interested in is the

propagation velocity as a function of time

U =dR =% a(EVs s (5-23)
T4t 3 5<n-.) ‘ -

A rough estimate of the shock velocity is possible from
the height of the scattered laser line recorded on the photo-
graphic plate of section (5-3). After accounting for the 1.5x

magnification the length of the laser line was lmm.

The data recorded in chapter 4 does not fix the exact
moment in time when breakdown occurred. However, since the
data reported here was recorded with laser powers exceeding
the breakdown threshold by only 10% we may safely assume that
breakxdown occurred near the peak intensity of the laser pulse..
Thus the laser light was scattered for the remaining approxi-
mately 30nsec of the pulse duration. The shadow graphs of

Bell and Landt(1®)

~indicate a spherical shock front expanding
outwards from the plasma. Thus the velocity of the shock

averaged over the 30nsec duration of the scattering process

is approximately, V = r/t = 1.7 X lO6cm/sec.

A more accurate estimate of the initial shock velocity is
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possible using the measured Doppler shift of the scattered
laser light. In section (5-3) the laser light scattered by
the shock wave was found to be shifted in wavelength by

0.36} + .06} averaged over several measurements. The Doppler
formula links this blue shift of the laser light to the

velocity of the shock wave through the equation

% = :1'\'{_, sinld

For the 0.36} shift measured at § = 90° we calculate the average

shock velocity V} = (1.1 £ 0.2) x lO6cm/sec.

The maximum shock velocity determined by Bell and Landt
6

was 0.7 x 10 cm/sec which was measured following a delay of
70nsec after the initiation of the breakdown plasma. -We have

shown in (5-23) that the velocity of the expanding shock wave
-3/5

is proportional to ¢t Thus two velocities vy and Vo

measured at times tl and t2 are related through the equation
2 _
va _ (k\"s
Vy ta
Substituting v, = 0.7 x lo6cm/sec at t; = 7Onsec and v, =

1.1 x lO6cm/sec at t, = 30nsec yields vl/v2 = 1.57 for the

left hand side of the equation while (t,/t,)3/2 = 1.66 for

the right hand side. The agreement 1is good.

. It was noted in the previous section that the scattered

laser intensity was too high by at least three orders of magnitude,
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assuming Thomson scattering from the plasma electrons as the
scattering mechanism. However, liquid water scatters optical
radiation due to Brillouin scattering. Benedek and Greytak(55)
have shown that the differential scattering cross-section per

unit volume at room temperature for this process is

.@.’j ~ 0.%%(0-(" e
R

dfL

We have shown that the frequency integrated cross-section for

Thomson scattering 1is given by

ds ~26
(d__—ﬂ_—\_r = 7:9F¥IXI10 '“C tm

Thus an electron density of ng ~ 1019/cm3 is required to equal
the scattering strength originating in the Brillouin scattering
process. The high electron density would cause strong absorp-
(73)

tion of the laser beam as observed by Ramsden and Davies

in air. This strong absorption was not observed. in water.

The intensity of the laser light scattered from the
focal volume was measured with the laser intensity reduced
below the breakdown threshold, then the measurement was repeated
with the laser intensity ralsed to just exceed the breakdown

threshold. The scattered power is again given by

P=do|_dzd0
ds
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Using the Brillouin scattering cross-section of Benedek and
Greytak and substituting the experimental parameters dn =
1.2 x 10-2 and dz = 4 x 10 %cm. yields the theoretical scattered

power ratio

P - 3.gx 107
L

The measured ratio of P/L below the breakdown threshold was
P/L o (7T 2 2) X 1079, This is in fair agreement with the
theoretical value. -When the laser power was raised above the
breakdown threshold, the scattered laser power increased

sharply to P/L o (2 £ 1) x lO'7 as stated previously.

This sharp increase in the scattered laser light is
consistent with the previous data of this section which
indicates that the scattering originates from the strong shock
front accompanying breakdown. Zel'dovich et al.(77) have
shown that for water explosively shocked to pressures exceeding
50kbar, the shock front reflects light due to the increased
index of refraction occurring in the shock front. The reflec-

tivity was shown to obey Fresnel's reflection equations.

We conclude therefore that the laser light scattered from
the focal region during laser induced breakdown in water, was

reflected from the rapidly expanding spherical shock front.



- 119 -
CHAPTER 6

CONCLUDING REMARKS

- 6-1  Summary

In the preceding chapters we have presented a study of
the gross features of laser induced breakdown in liquid water.
It was hoped that the detailed theories developed to explain
breakdown in gases, could be extrépolatedjto describe the
‘breakdown features in liquids. However, the breakdown pheno-
mena occurring in water had very little in common with break-
down in gases. This was due in .part to the competing effects
occurring simultaneously with breakdown in.liquids such as
SBS. These competing effects either do not occur or are very

weak in gases, and can be neglected.

Real gases (including air) have been adequately described
using the simple ideal gas law for the equation of state(z).
There is no single, simple equation of state, which describes
the properties of liquid water at the high pressures occurring
during laser induced breakdown. Several empirical equations
of state exist but they usually apply over limited pressure
ranges and often are presented as tables of measured thermo-
dynamic functions. See for example the Rice and Walsh(64)

equation of state.

We can conclude however that the laser induced underwater
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breakdown region had the following properties:

1. The breaxdown region was composed of several dilscrete
collinear breakdown plasmas located near the geometrical focus
of the lens. The number of distinct breakdown plasmas was
found to be a function of the laser power used. These obser-
vations were found to be adequately explained using a model
proposed by Evans and Morgan(47) who calculated the intensity
distribution near the geometrical focus, taking into account
the effects of spherical aberration introduced by the focusing
lens,

2. FEach discrete breakdown region yielded an intense
white light pulse lasting approximately 4Onsec. The radiance
of this light pulse was measured spectrographically and . found
to be a continuum completely free of line spectra in the range
of wavelengths, 350nm to 900nm. - The continuum emitted like a
blackbody with an equivalent temperature of 15,000°K.

3. The cavitation of the water accompanying breakdown
resulted in a strong spherical shock wave. Due to the incom-
‘pressibility of water, this shock wave produced shock velocities
exceeding 106 cm/sec during the first 100nsec which leads to
estimated pressures exceeding 105 kbars using the Rice and
‘Walsh(64) equation of state for water. This shock wave carries
off most of the internal energy generated in the breakdown
region.

L4, Absorption measurements of the laser light transmitted

through the breakdown plasma indicated an electron density of
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less than 1018/cm3. That is, little or no absorption of the
laser light occurred. Attempts to obtain a more accurate
figure for the electron density by measuring the laser light
scattered by the plasma region were unsuccessful. This was
due to the very short lifetime (~ 4Onsec) of the continuously
changing electron density and the fact that the shock front
scatters a much larger fraction of the incident laser light

than the electrons of the plasma,

6-2 Suggestions for further work

Problems related to laser induced breakdown occurring in
water (and probably liquids in general) present several areas
for further study. The shock wave and the exceedingly high
pressures it induces offers, 1in the authors opinion, the most
interesting area for study. We outline possible problems
utilizing the breakdown plasma below:

1. Shock velocity measurements. Accurate measurements

of the rapidly expanding shock wave would be possible using

a mode locked laser as a Schlieren light source. Alcock and
coworkers(78) at the National Research Council in Ottawa have
accurately measured the shock velocities occurring during

the first hundred nanose;onds following laser induced break-
down in air. Using a mode locked laser as the light source
yielded a 400 nsec long train of pulses with individual pulses
spaced by 5.5 nsec and having a duration of 5 psec. Thus ten

or more shock fronts appear in a single photograph of a single

T
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breakdown region.

When multiple collinear breakdown regions occur as discussed
in Chapter 4 it should be possible to determine, at what point
in time the breakdown regions occur relative to the appearance
of the first breakdown region occurring at the threshold power.
This would allow a further check on the aberration theory of
Evans and Morgan(47) which predicts a delay of approximately
3 to 10 nsec between the appearance of successive breakdown

regions.

Panarella and;Savic(79) have derived a theory which
should describe the shape and velocity of the shock during
its early development. With the accurate shock'velocities
measured using the method described above this theory could

be easily checked.

For times greater than 100 nsec the shock velocity could
be measured using a second ruby laser triggered by the laser
producing the breakdown. With suitable delays the entire his-
tory of the shock wave could be recorded at least until it
interacted with the container walls.

2. Equations of State. The intense shock wave generated

in the breakdown region could be reshaped, using an acoustic
lens, into a plane shock front. Then a second laser triggered
by fhe first laser could be used to measure the SBS scattered
by the shocked 1liquid. The Stokes shift of the back scattered
(80)

wave 1s given in this case by
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‘ = 23,
AN 2 {f\'\,’\fs + (Na-M)u, - 'ﬁ"uf]

instead of the usual formula in an unshocked liquid

AA = 3‘_Q2 (Y\\(\fs
c

where Vg is the velocity of sound in the unshocked liquid ug

- 1s the velocity of the shock front, up is the particle (or
"piston") velocity driving the shoéK (Up < Us) ny is the index
of refraction of the unshocked liquid and n, is the index in

the shocked liquid.

This experiment would allow at least the determination
of the index of refraction of liquids under high transient
pressures. Static measurements are difficult to perform above
pressures of 100 kbar. The shocks resulting from breakdown

develop pressures exceeding 105,Kbar.

Preliminary work along these lines has recently been
réported(Bo) using explosive devices to generate the shock wave.

3. Stimulated Brillouin Scattering. The efficient con-

version of incident laser light to back scattered SBS has pre-
viously been restricted to liquids with exceedingly low threshold
powers such as CS2(6O). This restriction was due to the high
thresholds for SBS in other liquids and the onset of breakdown
originating on suspended pafticulate matter occurring before

the SBS wave has sufficient laser power to develop.
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Using the closed cycle filtering system described in
Chapter 3 to cleanse liquids of forelgn material it should be
possible to study SBS and the nonlinear. properties of liquids
with small nonlinear coefficients such as water and CClA. It
may also be possible, at least for focused beams, to observe
self-trapping(35) in the so-called non-self-focusing liquids

provided breakdown does not occur first.

Lk, Electron Density Measurements. Alcock and;Ramsden(81)
described a Mach-Zehnder interferometer, using a Q-switched
laser asa:.light source, used to measure electron densities

occurring in the after glow of a laser induced air spark.

It may be possible to adapt this system to measure the
electron density occurring in the later stages of the laser
induced underwater spark. However the small size of the under-
water spark, 1its very short lifetime and the problems associated
with the index change resulting from the shock wave accompanying
breakdown may require the use of the very short pulses available
from a mode locked laser. This would require selecting a single
picosecond pulse(82) at the desired timé to probe the plasma.
This is a formidable problem.

5. Use of the Plasma as a Light Source. The laser irduced

underwater spark was shown in Chapter 4 to be very short lived

(~ 40 nsec FWHM). This exceeding intense transient light source
could be used to measure optical effects in materials under

intense but short lived illumination.
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Novak and Windsor(83)‘have used the laser generated air
spark to measure broadband absorption in liquids excited by
the same ruby laser which created the spark. Gill and cowork-

(84)

ers measured drift mobility in semiconductors under trans-

ient excitation of air sparks.

In both cases, a shorter lived, faster risetime light
sourcé would have been desirable. The underwater spark fulfills

these requirements.
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APPENDIX A

LASER OPTICAL FREQUENCY RESONATORS

A-1 Introduction

A Taser optical resonator is, in principle, no different
from its low frequency microwave counterpart. However, due
to the very short wavelength of a ruby laser () ~ Tu), the
(85)

mode density 1s very high and given by

NYAA = 8T dA
P TN

where dy is the frequency bandwidth of the fluorescent line.
Thus, the number of modes that fall within the fluorescent
linewidth of ruby (Av = 333GHz at 300°K) at y = 4.32 x 10%* Hz
is about 2 x lOlO modes/cm3. In a closed resonator these
modes would have essentially the same Q so that they would

interact equally with the atoms of the medium inside the reso-

nator.

The optical resonator 1s an.open resonator i.e. the four
"side-walls' have been removed. Such a resonator will discri-
minate heavily against modes whose energy propagates along
directions other than the remaining two "end walls". These
end walls are the mirrors of the open optical resonator. Thus,
.only those modes propagating in a direction essentially normal

to the mirrors will have a high Q.
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Carrying this microwave analogy one step further it is
possible to estimate the longitudinal and transverse frequency
differences of the electromagnetic field configurations over
the surface of the output mirror. Assuming plane-waves inside
a perfect dielectric waveguide of length L and circular cross-
section r, waveguide theory predicts that resonant frequencies

(86)

can be determined from the resonance equation

W ) -

C L c/m

where Xpl is the gth zero of the Bessel function of order p

plmodes) or its derivature ('I‘M.pl

mode separation in either case is found by setting f = O,

(TE modes). The longitudinal
.p = 0 and defining Xoo = 0. Thus the frequency separation

between longitudinal (axial) modes (q + 1) and q is

where dOpt is the optical distance between the laser mirrors.

= 50cm (typical) Av = 300MHz. The higher order
2

For‘dOpt

transverse modes are those modes for which 22 + p~ # 0. The
first off-axis mode 1is the TMol mode5 ‘We can calculate the
separation of this first off-axis mode from the axial mode
for the same large value of q as follows. The axial mode has

wave vector

- @)
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while thevTMol mode has wave vector

= () (%)

kI_RD = <>_<_>1

r

2

Ry

leading to

Now assuming Vi & Vg (i.e. Kl ~ KO) we may apply the approxi-

. 2 2 . .
mation k = - Ko™ w 2ko(kl - ko). »Then converting to units

of frequency,

el 16 3

where_\)O is centre frequency of the laser emission.

It will be shown shortly that a typical value of r = 2mm.
Setting the derivative of the Bessel function»Jol(Kr) equal
to zero at r leads to X_; = 2.405. Substituting the known
parameters for ruby we find for the spacing of the off-axis

mode

Mg = N, =Ne = 1123 MHe

We will show in the next section that the more exact

analysis yields very similar but by no means identical results.

A-2 Wave Analysis of Laser Resonator

Theoretical studies of the modes of laser resonators have

been made by Fox and.Li(22>, Boyd and Gordon(87>, and Boyd and
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Kogelnik(23). Excellent reviews of these and over 200 other
contributions to the theory of laser resonators are those of
Kogelnik(88) and Kogelnik and Li(89). The theoretical outline

presented here follows closely the review by Kogelnik and.Li(89).

We shall restrict the detailed discussion to the lowest
order TEMOoq mode. The derivation of the higher order modes
will only be sketched here; however the interested reader will

find detailed calculations in references (85), and (22),(87),
(88),(89).

By analogy to the waveguide theory outlined .in the intro-
duction to the Appendix we can discuss the laser modes in terms
of a set of field configurations over the surfaces of the reflec-
tors. Such a field configuration is called a transverse mode
if after propagation from one reflector to the other and back,
the field returns with the same spatial pattern multiplied by
a .complex number that gives the total phase shift (imaginary
part) and loss (real part) of the round trip. For every such
transverse mode there is a sequence of longitudinal modes for
which the round trip phase shift is an integral multiple of 2.
Since the waves are nearly plane waves the spacing of longitu-

dinal modes for a given transverse mode is

2de?h.
where dOpt is the optical distance between the mirrors and

¢ is the vacuum velocity of light.
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The problem of finding the transverse modes has been
attacked in two ways. The original, and now classic, approach

by Fox and Li(22)

used the scalar formulation of Huygen's prin-
ciple(3o) to compute the field at one mirror caused by the
illumination of the other. The return field configuration

is similarly calculated and is then required to match, within

a constant, the initial field configuration. -The beauty of
this technique is that diffraction losses can be "built-into"
the resulting integral equation. ‘Further the integral equation
can be solved numerically allowing solutions where analytical
methods are ﬁnavailable'and/or fail. The plane parallel opti-
cal resonator does not have an analytical solution originating
in Maxwells equations and if precise results are required .a
solution must be found numerically using the methods of Fox and

11(22),

The other method seeks simple solutions to Maxwells
equations. These solutions take the form of narrow beams near
the optic axis, which are required to have phase fronts with
the same radius of curvature as the reflecting surfaces (mirrors).
That is the mirrors intersect the beam everywhere perpendicu-~

lar to the local direction of propagation, thereby ensuring the

reflection of the beam back along itself.

Let us consider the simple beam solutions to Maxwells
equations. Following any standard text -on electromagnetic

86)

theory( it is kKnown that a field component or potential u
of a coherent wave with sinusoidal time dependence u = u(x,y,2)

e'Jwt satisfies the scalar wave equation
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\vAIVY +\22u =0 (A-1)

where, if the medium is lossless, kK = yp/c = 2¢/) 1s the propa-
gation constant. Since the deviation of the field component

u from a plane wave is small for light travelling in the z-di-

‘rection one writes(89)

-tka
w = '\\)(x,%,a\e 4 (A-2)

where § is a slowly varying complex function which represents
the difference between a laser beam and a plane wave, namely:
a non-uniform intensity distribution, expansion of the beam
with distance of propagation, curvature of phase front, and
other differences discussed below. Inserting (A-2) into (A-1)

one obtains

%

N

A - L v -
3%z T g T UrF =0 e

where it has been assumed that y-varies slowly with Z and that
its second derivative 32¢/322 ~ O. The differential equation
(A-3) has a form similar to the time dependent Schroedinger

equation. A solution to (A-3) is(89)
Y = exp |-j(P+ & r")] (A-4)

(A-5)
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.The parameter P(z) represents a complex-phase shift which 1is

associated with the propagation of the light beam and g(z)

is a complex beam parameter which describes the Gaussian vari-
ation in intensity with distance r from the optic axis, as well
as the curvature of the phase front which is spherical near

the axis., If (A-4) is inserted into (A-3) a quadratic in r

~results and after comparing terms of equal powers of r one

obtains the relations
') = | (a-6)
P@ = -l (4-7)

where the prime indicates differentiation with respect to z.

The integration of (A-6) yields
42 = (R + 2 (A-8)

which relates the beam parameter ds in one plane (output plane)
to parameter q; kinput.plane) separated from the first by a
distance z. Compare this result to the radius of curvature
of two phase fronts originating from the same point source and

separated by a distance z along the optic axis i.e.

Rz‘ ‘R|+1‘

A-3 Fundamental Mode

The intensity of the coherent beam defined by equation
(A-L4) T ~ |¢|2 obviously has a Gaussian profile. It is not

the only solution to (A-3) but it is the lowest order solution
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called the "fundamental mode" as compared to higher order
transverse modes to be discussed later. We now consider the

fundamental mode 1n more detaill.

It proves convenient to introduce two real beam parameters

R and w related to the complex parameter q(z) by(89)

—\— = —\—. — K __x_. (A—9)
S R Tusd |
(c.f. transformation of a spherical wave with input radius R,
passing through a lens of focal length f, % = %-~ %). - When
' 1

(A-9) is substituted into (A-4) we get

W = exp|-iPeEC)] e () (40
- _ I\, ~——
(Y " )

The first term above, (1) contains the phase information of

the propagating mode while the second term, (2) shows the
variation of amplitude with radius r. From what has been said
above (see statement following (A-9)) we see that R(z) is the
radius of curvature of the wave front that intersects the axis
at z and w(z) 1s a measure of the decrease of the field ampli-
tude E with distance from the axis. This dect¢rease is Gaussian
in form as shown in (A-10) and is plotted in Fig. (A-1). Note
that when r = w the amplitude falls to 1/e times that on the

axis.

The parameter w is often called the beam radius or

"spot size" and 2w.the beam diameter.
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N

-.—-W——l 5/2

FIG (A.1]) AMPLITUDE OISTR/IBYTION OF

FUNDAMENTAL MODE .

F/G(A.2) CONTOUR OF A GAUSS/AN BEAN .
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The Gaussian beam contracts to a minimum diameter 2wo
at the beam waist where the phase front 1s plane. If one mea-
sures z from this wailst, the expansion laws for the fundamental
mode ensue. The complex beam parameter at the beam waist is

purely imaginary (R = » in (A-9)).
Yo = | n:r.’ - 32, (A-11)

Using (A-8) we can calculate q a distance z away from the waist

Q = Qe*? -32,+; (A-12)
Combining (A-12), (A-11) and (A-9) and after equating real and
imaginary parts we find

Nz(%\ = w:.[\+ AR Y] = WJ’[H‘ (1\7‘] (A-13)
TW> 2

R@ =%K_|+ w:‘)"l = %Xw(zeﬂ (A-14)
A2 :
Figure (A-2) shows the expansion of the beam according to (A-13).

The cross-section of this side view of the beam 1s of course

Gaussian.

The beam contour w(z) 1s a hyperbola with asymptotes

[}
v m‘k%\/?__ = XA = tom®d (A-15)
2_—.& “Mo

This is the far field half-cone diffraction angle of the funda-

mental mode.
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It is interesting to note that 1f ¢ is small

L, :msc\/ =

2\ =
Z->% TTWe

=i

A oa 27\ (a-16)
LS

where DO is the beam diameter of the fundamental mode at the
beam waist. Compare this result with the angle.of the first
minimum in the Airy diffraction pattern of plane waves inci-
dent on a circular aperture of diameter D i.e.'ed e i.22x/D.
A result to be expected since the fundamental mode is a plane
wave at the beam waist. The slight difference in the constant

is due to the fundamental mode intensity being Gaussian instead

of uniform across the "aperture'.

To calculate the complex .phase shift a distance z away

from the waist, one inserts (A-12) into (A-7) to get

-P'(i\ = - 3 l% - 2_-;32
é

Integration of this equation yields
PR = M\[t - _?_)
J ) :S(Eo

and using the identity a - jb = re 9% yhere r = a® + b°

3 = tan'l(b/a) so that gn re 9% = gn r - jg we get
1PE = Inir@izy - 10
= I U/ugy) - § Eac (22)

(A-17)
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The real part of P(z) represents a phase shift difference §
between the Gaussian beam and an 1deal plane wave while the
imaginary part produces an amplitude factor (wo/w) which gives
the expected intensity decrease on the axis due to the expan-
sion of the beam. With the results of (A-12) and (A-17) the
fundamental Gaussian beam (A-2) can be written

uira) = e exP{-g(\n -3)- rz('w;g\] (A-18)

ak

® = arctom (_%%e_) (A-19)

‘A-4 Higher Order Modes - Cylindrical Geometry

For a laser system with the usual cylindrical symmetry

(r,ps2) Boyd,andkKogelniK(23) used as a trial solution to (A-3)

=q (£) ex |- r (A-20)
F\Y C}(u) P J(.P+§-R+&¢]'

After considerable calculation they found
\d
3 (&)= ) ! (2c2) (a-21)
BT Rt AW
where Lpz is a generalized Laguerre polynomial and p and j}

are the radial and angular mode numbers. Lpz(x) obeys the

“ differential equation

xci:\.iﬁ+(&+\-x) %&5 wpld =0

Some polynomials of low order are
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Lth\ I

Lty = davax (A-22)

L: (%) = .‘S(h\)(Q*Z) -(R42)e + 12
The parameter R(z) in (A-18) is the same for all modes
implying that the phase-front curvature is the same and changes
in the same way for modes of all orders. This result is due
to the requirement that the curved mirror surface must have
the same radius of curvature as thé beam mode if the beam is
to reflect back exactly along itself. The phase shift g,

however, 1s a function of the mode numbers

@(\xﬂ.:é) = (1\>+9.+\)Qrc\:cw\ /) (A-23)

Note that this result reduces to (A-19) whenp =0, § =0

as required.

A-5 Optical Resonators

The most commonly used laser resonators are composed of
two spherical (or flat) mirrors or one spherical and one flat
mirror, facing each other., If the formulae we have developed
are to be useful, we should be able to calculate the beam para-
meters R and w and the frequency separation of the modes in
terms of the known radii of curvature of the mirrors and their
separation. The beam parameters R and w can be calculated in

terms of the mirror radii -R, -and +R, using (A-14)



- 139 -
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+R, = Za+ 13/2;

where the sign convention that R(z) is positive if it is convex

when viewed from z = + « is used.

Solving these equations we get

2, = =B + L\/R\‘-A?j
2 o}
(A-24)

- _ R
a

)+

.\i\/ Ri— A2

Taking the mirror spacing as d = 22 - Zl > O .we calculate

the beam diameters on the mirrors. 2w, and 2w2 are given by

1
ur -(Ag_‘_)‘ Ra-d . _ d (8-25)
w Ry-d R4R,-d
Wi = Q%)Z‘ Ri-4 d (A-26)
T RZ‘Ci ‘evkﬁi-ci

Further the diameter of the beam waist 2wO is given by

Ay =(A\z dR- DRa-d)RBd)  (a-27)
3 (R, +R2-24)?

Finally the very useful beam parameter 2, = ﬂwo2/K can be

determined from this last equation

ZE = d (R, -d)(R2-d) (R +R2-d) (A-28)
(R1+%2 -24)?
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Since the signs of Rl

equations (A-25) to (A-28) only the magnitudes are substituted

and.R2 were taken care of in deriving

to calculate the beam diameters. (See Fig. A-3).

-A-6 Resonance Frequencies

The resonance frequencies of the optical resonators are
determined by the condition that the phase delay associated

with a two-reflection round trip be equal to an integral multi-

‘ple of 2n¢. Another way of putting this is that resonance

occurs when the phase shift from one mirror to the other is
a multiple of . Taking the mirror positions at z2) = —dl and

22 = d2

[kda - @] - Ered, -3CAY] = T
R(datd) = Qp+lafkan'() ks (E)] = gw

and using (A-18) and (A-23) we find

1

‘where d, + d2 = d and q is an integer, kd = 2gd = (2d)nv.

\ c
Only two case$ interest us here: (1) both mirrors with

equal curvature R >> d so that d; = d, = d/2 leading to

AN = SQE-\-_M\ + %_r (25‘P*’ LQ\'EM\" (dl?.io\]
= (2R-d\d /4

and (2) one plane mirror (R, = =) and one spherical mirror

(A-29)

(R; = R). In this case w; = w_ so that d

1 1 = 0 and d =‘d

2 1

leading to

AN \_ 1\1_ (25p + L“ tan (d/z.)
22 = d(R-d)

(A-30)
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Equations (A-25) to (A-30) constitute the working equations
used in determining the beam parameters R, Wos 2Zg and frequency

separations Ay on working lasers.
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APPENDIX B

Cu 804 AND Ni 804 LASER ATTENUATORS

B-1 Introduction

The attenuation of Q-switched ruby lasers creates problems
due to the possibility of irreversible damage to phe usual
Gelatin and Jena glass-filters. The Jena glass neutral density
(N.D.) filters aré able to withstand higher power densities
than the Gelatin filters but are known to fluoresce at these

higher powers.

Two liquids commonly used to attenuate ruby lasers are
aqueous solutions of CuSOu»and NiSOu, in quartz or pyrex cells.
The advantages of these liquid attenuators are: (1) concen-
trated solutions have high attenuation with pathlengths of
only lcm; (2).the concentration is quickly and easily adjust-
able to yield a continuouély variable optical denisty from

0.D.= O(T = 100%) to 0.D.> 20 (T < 10720)

5 (3) both filters
‘pass the blue-green portion of the visible spectrum and CuSOu
passes the optical second harmonic of the ruby laser (347.6 nm)
virtually unattenuated; (u)lif the liquid should accidently

breakdown it 1s "self-healing".

In this appendix we show the pass-band of these two
filters and accurately calibrate their attenuation coefficients

at the ruby wavelength of 694.3 nm.
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- B-2 Theory

In Fig. (B-1) we show the model of the cell-attenuator
solution combination assumed in the discussién below. Assuming
that only a single pass is made through the attenuator with no
multiple reflections, then in passing through the four surfaces
shown the transmitted intensityfIT is given in terms of the

incident intensityrIO by

L= LO-R)E (BN (R (B
SREOICA R Lol

A . &
' [ Mz2=-M _
~-R\ = (’T\ +I) _Rz—('“z“*\‘l (B-2)

and we have assumed Beer's Law applies i.e. I(x) = I(O)e'OLX
The other symbols are clear from the figure. Now, the optical

density. is defined by the equation
0D, = logo 2o 1° - %3‘0 (8-3)

where T is the intensity transm1581on fractlon Thus substi-

tuting Eq. (B-1) into Eq (B 3) yields =
o < el gt

The cell faces are either pyrex (nl =~ 1.475) or fuzed quartz

will increase

(n, = 1.457) and n, > 1.331. The value of n,

4
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as CuSOu or NiSOq is dissolved in the water. Using the values

of n, and n, above we find

R, = 0.0344 (quartz) R, s 0.00194

Substituting into (B-4) we find

O.D.= 0:0320 + ©:4342 (s L + otz L) (B-5)

The thickness of the pyrex or quartz windows (g ) was typically
£ < 1lmm requiring the ay be greatér than 0.5 cm"l if alZ"iS to
contribute significantly to the absorption process. Since aq
for both fuzed silica and quartz is less than 10*3, (2qlz) <

i

2 x 10 " and hence can be neglected in comparison to q2L. The

working equation for the graphs of the next section .is
0.D = O 0304 + 0 4342921 (B-6)

where the effects of R2 have been dropped also.

We now consider the possibility. of multiple reflections,
neglecting the small effect of 32 and assuming no interference

L

between reflected beams. Setting e %o~ = A, the fraction R

1
of the incident beam is reflected from the input‘surface, while
the fraction A(1 - Rl) is transmitted through the cell to the
second surface. Of this A(1 - Rl)2 escapes (Eg. (B-1)) while
the fraction ARj(1 - Rl) is reflected back toward the input

surface. Iteration of this analysis yields the series

Iy = TAQ-RY [+ RRT+ KR« --- ]
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where the infinite series sums to (1 - A% ?)_l. Substituting
for A'we find

, 2

[, = LO-RY exp(=tal) (B-7)
2
| = R exp(-2taL)

The numerator of this equation is equivalent to Eq. (B-1)
with R, = 0 and q, = 0. The value of R- e 292l - 0.00121¢7202L:

1
so that the denominator in Eq. (B-7) lies between the limits,

0.93%8 < (\—'R‘ze-m“‘) < |

Thus the effects of multiple reflections can be neglected and

the working equation (B-6) is the form used in the next section.

B-3 Results

The liquid filters were prepared by carefully weighing
CuSOA . 5H20.and NiSOu . 6H20 intd bottles containing a care-
fully preweighed volume of water. The bottles wéré sealed
.and the more concentrated solutions warmed to promote dissolving
of the solid material. After the solutions stood for several
hours, measurements were made of (1) the passband in the range
of 350.0 nm to 700.0 nm and (2) the 0.D.of the solutions at
694.3 nm. The measurements were made on a Cary 14 spectrometer
with the solutions in 1lmm and lcm fuzed silica Opticells whose
pathlength was known to the nearest .003mm at 20°C. Thus the
accuracy was limited by the spectrometer and not the concentra-

tion determination or the pathlength accuracy. All data was
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taken with the reference beam containing a similar cell filled

with distilled water.

The graphs of Fig. (B-2) and (B-3) show the passband
converted from units of optical density to the more usual
transmission, T vs. wavelength )(nm) saturated solutions of
CuSOu and NiSOu in opticells with 1.004 mm pathlength were
used. The temperature in the cell compartment of the spectro-

meter was 21°C.

Optical density (0.D.) vs wavelength in nanometers is

‘plotted in Fig. (B-4) and (B-5) for CuSO, and NiS0, respectively

‘at a fixed wavelength of 694.3 nm - the ruby laser emission

wavelength. The data shown was collected over a period of
eight months and was taken on two different Cary 14 spectro-
meters, All the data points taken are shown on these plots.
A least squares fit was calculated for the two plots together
with the standard error of estimate Syx which is plotted as

the pair of dashed lines in Figs. (B-4) and (B-5).

The results of these least squares calculations are shown

below for CuS0, (Eq. B-8) and NiSO, (Eq. B-9)

O.D.., = O-0Ou4 +0.0215¢c L
(B-8)
Sy = 00127
which includes all the data taken and plotted. The results

for NiSOu showed a deviation from linearty at low optical den-

sities which could be due to either a change in the sign of
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(n; - n,) - see Egs. (B-4) and (B-2) - or a failure of Beers

Law in this solution at low concentrations. The author suggests
the former is the cause of the discrepancy. For this Ni504

data two least squares fits were calculated, one for the linear
region between the vertical dashed lines and the other including

all the data with concentrations less than C = 80 gms/100ml

o.‘b.ﬁﬁa&m-oaw0-00457(‘.\_ 2 Sé,‘=o~0\'03
L o
(B-9)

O.D.,, = 0-03b6 +0.00530CL 33,=0.o\gs

Y

where the first equation corresponds to the linear region only.
In all three of the experimentally determined equations L is

the pathlength in mm and C is the concentration in grms of

Cus0, - 5H,0 (or NiSO, - 6H,0) per 100 ml of water.

B-4 Discussion

Assuming Beers Law is valid for all concentrations below
the saturation concentration, the optical density vs. concen-

tration should be defined by Eq. (B-0) i.e.
O0.D = 0.0304 + O+4342 %\

where the slope, m, of the experimentally determined straight

lines is related to the above equation through the relation

0-4342s2L. = mC

where ao has the dimensions of cm'l, if L is measured in cm.
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Most data was recorded with a reference cell containing distilled
water which should eliminate the first term in Eq. (B-6) i.e.
intercept passes through 0.D. = 0. The intercept in the CuSOu
data agreed with the theoretical value of zero within the exper-
imental error. The intercept with the NiSOu data  is larger

than can be justifiably attributed to experimental error so

that several points with low concentrations (c < 10 grms/100ml)
were measured and are plotted as x's in Fig. (B-5). It should

be noted that these points approach zero in a nonlinear way.

We attribute this nonlinear behaviour to the non-constancy of

(np - n

) and its effect on R, which was neglected in Eg. (B-6).

To check the validity of Eq. (B-6) the water filled refer-
ence cell was removed and the data retaken. It was found that
the slope of the lines was unaffected as expected. The 0.D.
of the CuSOu data increasedlby 0.D. = 0.031 in close agreement

with Eq. (B-6) while the Ni80, data increased by O.D. = 0.039.

The calibrations discussed above all pertain to the low
light intensity measurements performed on the Cary 14 spectro-
meter. A final test of the liquid attenuators was performed
using the high . intensity (l2OMW/cm2) light beam delivered by
the Q-switched laser. Two methods of testing were used. (1)
The 0.D. of the liquid attenuators in lem pathlength cells was
adjusted to have the same value as the Jena glass attenuators
calibrated independently by the'manufacturer. -The signals re-

ceived by two calibrated photodiodes, one preceded by the glass
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attenuator and the other preceded by the liquid attenuator, were
measured. A second measurement was made with the liquid and
glass attenuators interchanged. Agreement within +5% occurred
for optical densities in the range 0.3 < 0.D. <« 6. Below 0.D.=
0.3 the liquid attenuators yielded slightly larger signals

(~ 20% larger) than their glass counterparts. (2) A series

of lcm pathlength cells with 0.D.'s in the range from 0.3 .to

6 were stacked in series in front of a calibrated photodiode.
The Q-switched laser operating with constant amplitude (4£5%)
was fired at the stack of cells., The number of cells used

and the order in which they were stacked was varied while
keeping the overall 0.D. the same for each laser firing. Once

again, no variations in the detected signals was measureable.

From the results of these high intensity measurements
we conclude that the liquid attenuators scale linearly with
concentration and/or pathlength in the range 0.3 < 0.D. < 6
for incident laser power densities up to lEOMW/cm2 and possibly

higher.

Finally we note that the calibrations and calculations
in this appendix assume light beams at normal incidence to
the cell. 1In stacking cells in series they are tipped slightly
- to avold interference effects.  The question remains; how does
tipping the cell effect the path length L? .It 1is easily shown,
from Snell's law, that 1f L. 1s the pathlength at normal inci-

0
dence, § the angle of incidence and N, the index of refraction
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to

of the liquid the pathlength wlll be increased from LO

m3% 2\n

L=\, (\-_s_\_nj_e_"’z ~ LO[HJ_(Q)Z]

where we have neglected the effects of the cell windows as
in Eq. (B-6). Even for angles of incidence as large as 30°,
the increase in pathlength is less than 8%. For the usual
angle of less than 10°, the pathlength increase is less than

1%. Thus errors due to tipping the cell can be neglected.

Large errors occur for solutions close to the saturated
solution concentration. This was to be expected due to the
known fallure of Beer's law with very concentrated solution
and the sensitive dependence of saturation concentration on
temperature. Crystals appeared.in saturated solutions when

they were cooled by as . little as 2°C. Thus solution concen-

trations should be kept well below the saturation values.
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APPENDIX C

CALIBRATION OF PHOTODETECTORS

C-1 Phototubes

Several types of phototubes were used as detectors of
ruby. laser radiation and the plasma radiation. Five phototubes
in common use in this laboratory are listed in Table C-1, to-
gether with typical characteristics(go). Monochromatic respon-
sivity vs. wavelength(go) is plotted in Fig. C-1 for the photo-
cathodes discussed here. Included on this figure is the respon-
sivity of a silicon pin diode (dashed curve). The vertical
scale and quantum efficiency (i.e. electrons/photon) should by

multiplied by 10 for this curve.

The RCA 925(91) vacuum photodiode was commonly used as a
monitor of Q-switched ruby radiation. When used in conjunc-
tion with.a reasonably fast oscilloscope, rise times were limited
by the oscilloscope (~ L nsec for Tektronix 585, 12 nsec for
Tektronix 555)‘and not the diode. When biased at 1600 vdc,
this diode can deliver currents sufficiént to drive TWT oscillo-
scopes such as the Tektronix 519 with rise times in this case
governed primarily by the transit time spreading (TTS) caused

by the focusing effects(92’93) of the diode cylindrical geometry.

The so-called biplanar vacuum-photodiode(ga) is capable of

delivering currents from 5 x lO_7 to 5 . amps with a deviation
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from direcﬁ.proportionality between current output and light
input of less than 10%(95). When the biplaner-diode waé mounted
(94,96)

in a high-frequency coaxial mounting and properly termi-
nated into a coaxially mounted 50 ohm load, a rise time of less

than 0.5 nsec was attainaﬁlé.

Solid state devices such as the HPA 4205 pin diode(97)
listed in Table (C-=1) have the advantages of small size (.061
inches diameter), low bias requirements (-20Vdc), extremely
high quantum efficiencies (0.75 electrons/photon or 0.5A/W),
wide spectral range, (400 to lOOOnm) and rise times of less
than .1 nanosecond. Their main disadvantage is that the peak
pulsed current is limited to about 10 mA for pulse durations
less than 100 nsec. This current limitation can:be overcome

by using a large area diode at some sacrifice to rise time.

Finally photomultipliers (PM) are capable of high pulsed
currents of short duration, but suffer from rise times of
typically 0.5 nséc(98) per stage. For the EM1 6256B in Table
(C-1) with 13 stages the rise-time was approximately 7 nsecs

in close agreement with this prediction.

In this appendix we discuss the calibration procedures
used and the measured linear operating ranges of the phototubes.
The discussion to follow relates primarily to the cylindrical
925 and biplanar F4000 phototubes.

S
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C-2 Calibration Procedure

The diodes were calibrated using an Electro Optics
Associates (EOA) model L-101 spectral source. This spectral
irradiance standard was a quartz-iodine lamp operating at a
colour temperature of 3050°K when 6.500 Amps were delivered
to the lamp from a precision EOA model P-101 current supply.
The use of this lamp as a spectral irradiance standard 1is dis-
cussed in detail by Stair et al.(99). Both the lamp and.current
supply are directly traceable to NBS secondary standards. The
manufacturer claims 15% accuracy for the calibration curve of
the lamp, provided it has been in use for less than 100 hours.
The lamp used in the calibrations below was approximately 35
‘hours old. In the visible region of the spectrum the calibra-
tion curve is inaccurate due to the coarse wavelength scale
and the rapidly changing irradiance of the source as a function
of wavelength. However, in those regions of the calibration
curve where accurate readings were possible_(x > 1500nm and
three points between 250 and SOOnm) it was found that our lamp
agreed with Stair's lamp QL-10 within 2%(99), Thus, Stair's
accurate results in the range 350 < ) < 1000nm were used to
improve our calibration accuracy. If the calibrations deter-
mined from this "improved" curve are seriously questioned, the
number of significant figures in the final result can always be
reduced to agree with the accuracy of the manufacturers cali-
bration curve. (For example, at the ruby emission wavelength,

694 nm, the EOA curve yields the irradiance 6.2 &+ 0.2 uw/cm2-nm
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at 40 cm while from Stairs results we find 6.33 + .12 uw/cmg-nm).

The current delivered by the diode under calibration was
measured with a Keithley model 153 nanoampere meter which was
calibrated using a Keithley model 261 Picoampere Calibration
unit. This allowed currents to be read with 1% accuracy of

full scale.

The spectral irradiance standard is calibrated for a
lamp-to-cathode distance, d, of 40 cm. This distance could

be measured to within +imm and we calculate the error due to

-8

distance measurements using

1, .

2
1. =N 40

which with p = £ 1mm yields

I_‘.Z\iZA = 1+
1. a0 \‘200

The error introduced due to uncertainties in d is +0.5%.

With planar photocathodes (F4000 diode and 6256B PM) this
distance accuracy was easily obtained. With semi-cylindrical
diodes (925 and 929 diodes) the distance to the photocathode
varies across the cylindrical cathode. The 925 has a typical
cathode radius of 8mm; thus if we measure the lamp-to-cathode
distance midway between the anode and the extreme point of the

cathode we set p = + 4mm and the distance error in this case
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was + 2%.

C-3 Laser Detector Calibration

The 925 diodes were calibrated with a spike filter preceding
the photocathode with the following properties: 1) aperture
of filter = 2.54 cm diameter 2) peak transmission at 694.3 nm
was 0,72 3).passband, FWHM was 3.0 nm. Thus the responsivity

of the detector was given by

= 1,

Amps ('C—l)

S ATTOYFONAN Watt
where I, was the detector output (Amps), J()») was the standard

lamp irradiance (Watts/cmg-nm;at 4Oocm), F()) was the filter
transmittance normalized to unity, and A the area of the re-
ceiving aperture. It was found that a numerical integration‘
of IJ(x)F(x)dx using the calibration curves of the standard

lamp and the filter yielded a result which agreed within ~R2%

with the result obtained when approximating the integral by

JTOFONAN = TOu) TO)-AN

where J(XL) is the irradiance of the lamp at the laser wave-
length )\ , T(XL) is the peak transmittance at ) and A\ 1s the

‘FWHM .of the spike filter in nanometers. Thus,

K, = 1 Amps  (c-2)
S TATONTONEY  Wett
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For 9 diodes (Sl cathode) calibrated using the procedures

described above, it was found that K, varied from O.T4l x 1073

L
to 2.03 x 10_3‘A/W. The mean value of K

T =3
[ was Kp = 1.54 x 10

A/W in close agreement with the published average value of 1.68
X 19-3,A/w. All but two diodes were clustered in the range

1.3 < KL < 1.6 x 10'3 A/W. The measured values of K. remained

L
essentially constant for bias voltages ranging from 250V to
1100V. An independent check of our calibration procedure was
available from the calibration tiéket provided by the manufac-
turer of our biplanar: photodiode. The manufacturer's califration
ticket listed K; = 0.766 x 1073 A/W at 694.3 n, while our cali-
bration yielded K. = 0.74 x 103 A/W, i.e. agreement within

L -
%,

- C-4 Photomultiplier Calibration

Photomultipliers (PM's) are usually calibrated in combi-
nation with a spectrometer. The 6256B PM used in this study
was preceded by either narrow bandwidth interference filters
(spike filter) or a Jarrell-Ash 0.25 meter Ebert Type spectro-
meter with O.Bnﬁ resolution. The spectrometer - PM combination
requires the addition .of a suitable filter;preceding,the en-
trance slit to ensure that only.a single spectrum order is
detected. The responsivity of the filter, spectrometer, PM

combination is given by

K, = - Iz Ae Awps  (C-3)
Lus [TONTONAN Wakk
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where I is the detector output (Amps), J(») is the irradiance
of the standard lamp, T()) 1s the transmission of the filter

and spectrometer in series, § and w are length and width respec-
tively of the entrance slit of the spectrometer and.AR is an
added attenuator at the spectrometer entrance slit to prevent
saturation of the PM (AR is typically a neutral density filter
with Ap < 103). The response, SR(Amps), of the spectrometer -
PM .detector to a radiant source with wavelength power distribu-

tion P(1) (Watts/cmg-nm) is

Sk = Kelw [POYTOV  Amp.  (oot).

provided the filter-spectrometer combination are the same as
those used to determine KR. Therefore the scattered power

distribution is given by

f?medx = Sg f JO) TO)dX (6-3)

This equation can be greatly simplified if J(\) and P()) are |
smoothly varying, continuous functions of wavelength. The
standard iamp varies smoothly, and if we assume P() ) also

varies smoothly then since the bandwidth of the spectrometer

is only 0O.5nm, we can .consider both J()) and P()) to be constant

at the wavelength Ay of interest and hence

L)

POY [TOVAN = _Se Jo) [T
\J~ Ie Ar CY>CXI- W
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or —\3(\\) = 18“1 J—(XJ (Cc-6)
R AR

When célibrating our Jarrel-Ash 0.25 meter spectrometer in
conjuncfion with our 6256B PM it was found that the gain of
the PM was sufficient when biased at 1000 .vdc to yield mea-
sureable voltages -across the 50 ohm resistor used in the
pulsed 1light emission_measurements of chapter 5 of this thesis.
Using the Keithley Model 153 nanodmper-microvolt meter, mea-
sureable calibration voltages with the same SOn‘load‘werg

"possible. Thus (C-6) was recast into the form

POy = Ve JOW Wakks [ 2oqm  (¢7)
- ™Mmo=Nm
No Ar

where Vp = pulsed signal to be measured and,VC = the cali-

bration voltage. Further AR = 1 for bias voltages g 1000V for
the system described above. The value of P();) calculated from
‘Eq. (C-T7) is the irradiance at the input slit to the spectro-

meter,

C-5 Linearity

Ideally, a photodetector should indicate a direct propor-
tionality between .current output and light flux input, if the
photocathode is uniformly illuminated. That is, the current
I(t) should be related to the light flux L(t) through the

equation



- 167 -
Tty = K L) (c-8)

where K. is the monochromatic responsitivity in Ampéres/Watt

L

(See Eq. (C-1), K. ~ 1.5 x 1075 A/W for 925 diodes at 694.3 nm).

L
The linearity predicted by Eq. (C-8) was checked using a
-General Radio Type 1538A Stroboscope wﬂich delivered a light
pulse with.1.3 microsec duration (FWHM) and roughly triangular
shape. A pulse rate of 2 flashes per sécond.was used for the
measurements reported here, The bias curcﬁit used with ecylin-
drical 925 diodes is shown in Fig. (C-2). The GR8T4-K coaxial
capacitors provided a high fréquency, low impedance current
source. The current pulse delivered by the diode to the Tek-

tronix 50.ohm coaxial resistor with 100 MHz bandwidth was

displayed on a Tektronix 555joscilloscope.

We approximate the light pulse time dependence by the
expression ‘
L) = L sin® Tt ost =S (C-9)
P 2%
where Lp is the peak intensity and § is the full width at
half-maximum (FWHM). A rough estimate of the maximum pulsed
current the diode can deliver may be calculated by equating -

the d.c. rating of the phototube, I to the value of the

de”?
pulsed current I(t) averaged over the period T, that is

:
e " *;fnt\dt (c-10)
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Equation (C-10) states that the charge delivered by a d.c.
current, Idc’ flowing for a time T, 1is equal to the charge
delivered by the single pulse occurring in time T. Substitu-
ting (C-9) into (C-10) realizing I(t) = K;L(t) and solving

for the peak current (Ip = KLLp) yields

— T -
1. = I,k-é- (c-11)

Equation (C-11) must be used with caution since it predicts
very high currents for large T/s. ‘Experimentally it was found
that Eq. (C-11) was valid for T/§ < 106 for S-1 and S-4 vacuum
~diode photocathodes, Using T = 1/2 and § = 1.3 ysec together

with the typical Idc =5y A.d.c., rating of vacuum-phototubes

we find Ip ; 1.92 Amp. However, the diode current will often
saturate due to space-charge current limiting before this
value is reached. This space-charge limited current is calcu-

‘late from the Child-Langmuir equations(gg’loo)

I, =2 3%
Sl Y CEAENE Y

A B'\?\m\qr (C-12)
:R-6 %1078 N 72 (Amp)

. : ‘/5.1 . V}/:;
I _S_(me)\/% F)

| = \S-bxlo‘c' .\_/_3/2 (A"\H
. » ﬁz

'C\j\'(hdr'\ca[
(c-13)

where A = cathode area, 4 = cathode—anode distance, g = anode

length r, = anode radius, V.= bilas voltage.andle2 is a .factor
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92)
introduced by Langmugr to account for focusing effects in
cylindrical diodes. The numerical values apply to the F4000
biplanar diode and 925 cylindrical diodes used in this study,

and Ee is an experimentally determined value of 32.

The biplanar diode is usually biased at 2500 Vdc leading
to a space charge limited current of 6 Amps. The manufacturer(94)

claims a linear response up to one half this value, i.e. Ib =

3 Amp.

The cylindrical 925 diode (Fig. C-2) is recommended to be
operated at 250V for dc applications(9l) leading to ICEE =
77.5 x 1073 Amp. We will show shortly that B° o U4; thus I, =
19.4 x lO_3zAmp..well above the d.c. rating of 5 x lO"6A. It
was determined experimentally that all 925 diodes could be
biased at 1000Vdc and selected (low gas) diodes biased to 1600Vdc.
Substituting V = 1600Vdc and assuming EE = 4 in Eq. (C-13)
yieldvaC = 0.314 Amp. The superiority of the biplanar diode

is evident.

The coaxially counted biplanar diode was found to respond
linearly (£5%) for currents ranging from 1074 Amp. (minimum
detectable level) to 1.5 Amps using the Strobe flash described
above., Using the ruby laser as the pulsed light source this diode
responded linearly to greater than 3 Amps (voltage signals > 375

volt using a 125 ohm load!). The bias voltage was fixed at 2500Vdc.

Prior to measuring the linearity of the cylindrical 925

phototubes, they were checked for gas amplification by maintaining
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a constant light flux sufficient to yield % d.c. photocurrent

of lO'6~Amp and increasing the bias voltage while simultaneously
measuring the tube current. Most phototubes indicated a linear,
almost horizontal I-V characteristic for voltages less than
1100Vdc., Above this voltage, all but one of the nine tubes
tested showed a sharp increase in current, characteristic of

gas amplification. The remaininé tube remained linear to

1600Vdec. The cylindrical diodes were checked for linear res-
‘ponse to the pulsed Strobe flash'iight source at bias Voltages

of 250, 500; 750 and 1000 Volts. The resulting diode current

vs. the transmission of calibrated neutral density,filters is
‘plotted in Fig. (C-3). From these results and the known bias
¥oltage, values of B 2 were calculated from Eq. (C-12) and are
included on the figure. The theoretical value of 32’is»criti-
cally dependent on the ratio r/ra where T, is the radius of

the anode cylinder and r the radius to the space charge layer(92).
While the values of EQ varied from 4 (at 250 volts) to 8 (at V
1600 volts) the ratio r/r, only changes from 3.3 to 4.5(92). )
The fact that 52 changes with bias voltage is given only-passihg
mention in the theoretical discussion of Langmuir and.Blodgettc92).

The interested reader should consult this reference for furthef

details,

When the Strobe flash was replaced with the Q-switched
laser the 925 diodes saturated due to space-charge current

limiting at essentially the same point shown in Fig. (C-3).
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C-6 Ilaser Beam Sampling

In most experiments, only a small fraction of the incident
laser beam 1is "monitored" using a beam-splitter. The beam
splitter is followed by suitable attenuators and filters as
in Fig. 4-1 of chapter 4. Assuming the reflectivity of the
beam-splitter to be R, then‘RPL of the incident laser power

PL is directed toward the photodiode where 1t is attenuated

by an amount A so that the power incident on the photocathode

is RPL/A. If the sensitivity of the cathode is K, Amps/Watt

L

and the load resistor is R, ohms then the voltage across the

L
coaxial resistor in Fig. (C-2) will be V = (RP;/A)K.R; so

that the incident power is given by

R = AV | Woatts (C-14)
RK R TOW

We have added a term T(XL) in (C-14) to account for the trans-
mission of an interference filter designed to pass the ruby

wavelength.

The reflectivity of the beam splitter is a critical
function of both the angle of incidence and. the polarization
of the incident laser beam. For example, at the usual 45°
angle of incidence Rl = 0.092 for light polarized perpendicu-
lar to the plane of incidence while for the parallel case R
reduces to R = 0.008 for a single surface of glass with

11
index n = 1.50.
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Two types of beam splitters were used: (1) simple glass
microscope slides approximately lmm thick and (2) pellicles
of collodion membranes, approximately 8 microns thick, stretched
over a suitable frame. The reflectivity of these two forms of
beam-splitter is shown in Fig. (C-4) which.is taken from the
work of Hillenkamp(49). Note the rapidly changing reflectivity
near U5° for the pellicle beam splitter. The reflectivity
changes from approximately RL = 0.3 to RL = 0 in less than 5°
for the ruby laser light polarized perpendicular to the plane
of incidence. Measured reflectivities of both the pellicle '

and the glass slide using a He-Ne laser confirmed these results.

Glass slides yielded R = 0.20 for plane polarized light
1

and.RO = 0.10 for circularly polarized light. The pellicles

v

ylelded R = 0.08 and R_ = = 0.0k, Hi1lenkamp (49) points out
L

that particularly in the case of pellicle beam splitters, the
reflectivity is also affected significantly by the divergence

of the laser beam. For most of the experiments performed in

this thesis, glass slides were used as beam splitters.
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