
/A
N ' - ' T  TO p r  n r A / n r -  r

i n

i\

' D i i A h Y

LASER PmuCED DA1>-IAGB IN  THIIT FILRS 

Aim THEIR SUBSTRATES

by

DAVID MICHAEL ROWLEY

Thesis presented for the 
De^ee of Doctor of Philosophy 
in the University of London

October 1971

Department of Physics, 
Royal Hollo^ray College

R. H.  C. l i b r a r y  '

C L A S S ë ? j Z )
N o.

A C C . N o . lo S ^ a f if lL
DATE ACQ

2



ProQuest Number: 10096782

All rights reserved

INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10096782

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition ©  ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.Q. Box 1346 
Ann Arbor, Ml 48106-1346



A B S T R A C T

The design parameters and the construction of a pulsed 
solid state laser are described.

Q ~ switching techniques are reviewed and a novel form 
of the exploding film Q - switch is decribed. This Q - switch 
was capable of generating high power giant pulses which were 
comparable with those obtained using conventional dye - stuff 
switches.

Techniques for generating ultra - short optical pulses 
are reviewed and in particular the author's procedures for 
generating mode locked pulses in ruby are described. The 
successful use of a random stack mirror circumvented the damage 
problem which besets thin film dielectric mirrors in the presence 
of mode locked pulses. The construction and use of random 
stack mirrors with lasers operating in various modes were also 
investigated.

Spatially modulated structures defined to 0.2 yt. were 
thermally etched on thin metallic films and such structures 
were found to be duplicated on the substrate. Assessments of 
such structures for applications to the manufacture of optical 
diffraction gratings and grid polarizers have also been made.

The hologram of the laser cavity, recorded in gold film, 
was found to be capable of instant 'read out'.

Spatially modulated thin films have been deposited on
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glass substrates by a process in which the condensation of 
the film material was inhibited by the intense electro
magnetic fields within the cavity of a giant pulse ruby laser. 
Such an inhibitivo process constitutes a new phenomenon, 
discovered by the author and reported very recently in Nature.
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..or if they list to try 
Conjecture, he his Fabric of the Heav'ns 
Hath left to thir disputes, perhaps to move 
His laughter at thir quaint Opinions wide 
Hereafter, when they come to model Heav'n 
And calculate the Starrs, how they will weild 
The mightie frame, how build, unbuild, contrive 
To save appeerances, how gird the Sphear 
With Centric and Eccentric scribl'd ore.
Cycle and Epicycle, Orb in Orb:"

Milton, "Paradise Lost", VIII, 75 - 84.
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C H A P T E R  1 

SURVEY 07 RELEVANT AREAS III PHYSICS'

1.1 THE GIANT PUUSE LASER
1 2Tho irregular pulsations of a free running laser  ̂ are 

unsuitable for most applications where timing and control of the 
pulse are important. Even by pumping in excess of threshold 
for oscillation the enhancement of peak power is negligible.
The reason is that the peak power of the output P a (j)AH where 
(}) is tho flux density and A N  the inversion defined as A N  = N^ - N^ 

In a given system the quality factor or Q is a measure of the
streng-bh and lifetime of (j) and the value of A N  for the onset
of oscillations. Thus for a fixed Q, large <|) and large AN, 
necessary for peak power, are not simultaneously attainable.

The threshold for oscillation is reached when the gain for 
each double transit exactly compensates for the losses i.e.

exp 2(AL“Y) = 1 1.
where A is the absorption coefficient, L the length of the active 
medium and y total loss of the system. At threshold 
therefore

AL = Y 2.
Now the absorption coefficient A for an excited material is 
given by

A = Zk (Ng- Nj)
and for an unexcited material the relevant coefficient is

Q= Z k N q
where Z is a factor dependent on the line shape and k is the
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integrated absorption. and the population densities
of the upper and lower levels respectively and N q the total 
number of active ions per unit volume.

Using equation 2 the threshold inversion is given by
N 1- N 2 = l î h  = _I_ 3. ̂ ^ a t  LOo

where a = is the absorption cross section per atom.
No

Equation 1 may be written as
exp2(N,-N,)ZKL =

and if Y Î3 small
exp(Na-Ni)2aoL =

also defines the threshold.

In 1961 Hellworth^'^ proposed a technique for enhancement 
of peak power by modulation of the feedback by means of shuttering 
or rotating an external reflector. Because of the losses intro
duced with the shutter closed the Q, is reduced such that the
threshold condition

exp(aANaoL) ^  .

is not satisfied. During this time A  N rises to a high value
and when the loss is removed, and the Q restored, the radiation
builds up rapidly as the inequality (equation 4 ) is more than
satisfied. The excess excitation is discharged in a single
high power pulse called a 'giant pulse'. If the shutter is
left open after the first giant pulse, threshold may bo reached

5again and ordinary relaxation pulses ensue.
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For mathematical formulation^ and generation of the 
shortest pulses with the highest powers the speed of switching 
or shuttering tho cavity is an important parameter. If the ■ 
switch is so slow that a significant change in population 
inversion occurs tho number of quanta within the cavity increases 
more slowly, the output pulse becomes broader and is no longer 
characterized by exponential slopes. Multiple pulses may also 
bo generated.

Q - Switching Techniques,

The techniques available for Q - switching may 
conveniently be divided into fast and slow speed devices.
The distinction between fast and slow switches is not sharp, 
but when the switching time reaches the order of magnitude of 
the total pulse length multiple pulses develop.

Slow Switches. 7Rotating Mirrors, The triggering of the flash tube is 
synchronized with the position of the mirror so that at the peak 
of the inversion the mirror is parallel to the second reflector. 
Slowness, vibration and noise are undesirable features of such 
opto - mechanical switches.

Rotating Slits.^ This simple, but very slow switch 
consists of a rotating slit inside a statically aligned laser 
cavity. The synchronization problems and inherent instability 
of mechanical systems are reasons for the adoption of other 
devices.

9Suppressed Total Internal Reflection T.I.R, Using a 
90° prism as a reflector, a dielectric is moved to within a 
fraction of a wavelength of the face and T.I.R. suppressed by
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tho tunnel effect. Tho dielectric is then moved away by a 
piezoelectric drive and T.I.R. restored.

Ultrasonic Sifitch Cell}^ The transient diffraction of' 
light in passing through a liquid in which a stationary ultra
sonic wave is excited, allows one cavity mirror to be set at 
an angle to the direction of zero diffracted order. By shock 
exciting the ultrasonic cell the optical path can be gated open 
for a short period.

Faraday R o t a t o r . T h e  plan of polarization is rotated 
by 90° for a double pass in a P bO Faraday rotator. In the 
caso of a ruby laser with its polarization dependent gain 
(ch. 2.3) the Q at this time is low. The resonator is then 
gated open by switching off the field current to the coils.
Tho sloimess of this device, caused by inductive reactance, 
makes it of little use in practice.

12Intensity Dependent Reflectivity. By using a polished 
semi conductor material (in Sb) as a cavity reflector, 
increasing laser emission increases the carrier density in 
the semi conductor. This can produce a change in reflectivity 
typically from 40^ to 90^̂ with a corresponding variation in 
cavity Q. Apart from its slowness the reflecting surface is 
often damaged by the laser radiation.

Exploding F i l m s . A  thin absorbing layer is placed 
inside the laser cavity. Increasing laser emission vaporises 
the material reducing the losses within the cavity and increasing 
the Q factor. Being a slow, single shot, device broad multiple 
pulses are formed. However, chapter 3.3 of this thesis shows that 
by analysing tho losses available from a thin film it is possible 
to generate short single pulses from a ruby laser Q - switched 
by this technique.
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Fast Switches.
Kerr and Pockols Cell.^^' By rotating the plane of

polarization using ejectro - optic devices, very fast (order-
of ns) switching can he obtained, in contrast to the equivalent
Faraday rotator. This method remains the most popular when it
is essential that the timing of the output pulse bo synchronized
with some external event, as in plasma diagnostics. If nitro-

17benzene is used stimulated Raman scattering occurs and tho 
parasitic lines can be annoying in liquid Kerr cells. Electro
optic crystals, for example KDP and ADP (potassium and ammonium 
dihydrogenphosphate) have the advantage of requiring control 
voltages in tho region of depending on electrode arrangement
and material, compared with the 20KV for a Kerr cell. However,
the crystals arc often damaged by the laser radiation.

18 19Saturable Absorbers, ’ Many of the phthalocyanines
and cyanine dyes are highly absorbent but become transparent
with strong illumination. Such an intensity dependent loss
within the cavity forms the simplest and most economical high
speed Q - switch. The only disadvantage, apart from reports

20of mode selection," is that such devices are passive and 
tho giant pulse produced cannot easily be synchronized with 
external events. Dye stuff switches are, however, completely 
self synchronizing in that the bleaching occurs close to the time 
for maximum gain in the crystal. Furthermore, the power handling 
capability is unrestricted.

The bleaching is caused by saturation of the dye due to 
the optical pumping of its absorption transition near oscillation 
threshold. If the energy levels of the absorber are denoted

and E^ then
Eo-Ei = hv.
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Vl being tho laser frequency.
The initial (low level) transmission is given by

To= exp(-asNoL) 5.

Where N q is tho ground state population density and the
absorption cross section.
Hhen the absorber is partially excited the transmission becomes

T = exp(N2“ Ni)asL 

and when = N,  ̂Nq T -> 1 
The pump power P to maintain saturation is

P = N o J V  6.2 T

where T is the relaxation time of the absorber. From equations 
5 and 6

P =  L o g g  To h v ,
2C^LT

Typical values for dye stuffs are t 10"^^ sec. and 2Cg = 10"% m  . For the ruby laser line the power required for 
saturation is in the region of 15 KU/cm •

The saturation power increases if the laser frequency is 
not at the peak of the absorption line of the dye and conversly 
should decrease if the laser line width is less than the absorption 
line width. In the latter case the laser radiation selectively 
saturates the absorption line as is the case with the dye crypto- 
cyanino.

To generate a giant pulse the absorber need not be highly 
saturated. A very small non linearity leads to the generation
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21of shortened pulses. ' Chapter 3.3 explores this fact and 
experimental results are presented showing tho generation of 
single giant pulses by pumping a small absorption edge found 
in Kodak Neutral Density Filters.

By use of those 'conventional* Q - switching techniques 
giant pulse ruby lasers are capable of peak powers in the region 
of lOOMlf with pulse widths from 10 to 50 ns,

1.2 SUBNANOSECOND LASER PULSES
There has been considerable interest in generating shorter

optical pulses with peak powers in excess of those obtainable
by conventional Q - switching methods. Such pulses have
applications in non linear experiments where the efficiency
of tho process is proportional to the square of the light intensity,
transient response of atomic systems, information processing
and optically generated plasmas. Nhilst such applications have

9 12a need for extremely high powers 10 - 10 W the result is
generally the catastrophic damage to the laser medium. Increasing
the peak power of a laser by generating the same energy in a
shorter pulse appears to circumvent this limitation. The damage
appears to have an energy threshold rather than a peak power

22threshold. Bliss examined a number of damage mechanisms in 
transparent dielectrics both theoretically and experimentally, 
looking for a pulse duration dependence. Although such relation
ships are not understood the observation of this dependence 
formed the motivation for developing shorter optical pulses.

Time Variable Reflectivity or Cavity Dumping.
This method of peak power enhancement was suggested and
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23 24analysed theoretically by Vuylsteke ’ end several variations 
of technique are possible. Tho first method, called 'First 
Pulse Reflection Mode' consists of a laser resonator closed by 
a 100/j mirror and an 'effective' zero reflectivity mirror during 
tho puTfip cycle. At the maximum of inversion tho output mirror 
is switched to reflectivity, the inversion is rapidly 
dumped within the cavity and Vfo is coupled out. Such a system 
is characterized by minimum output coupling of the photon flux 
and maximum coupling between stored energy and photon density 
inside tho cavity. Vuylsteke calculated that a 1cm ruby should 
yield a 17 MW pulse Tlfith a width of 10”^ sec. when operated in 
this mode.

The 'Second Pulse Reflection Mode' is similar to the above, 
but the output reflectivity is switched to some critical value 
between zero and lOOPy which optimizes the output with respect 
to tho necessary regeneration, Vuylsteke showed that the 
optimum reflectivity is such that the total cavity loss rate 
due to absorption, scattering etc., is equal to the loss rate due 
to output coupling. Calculations predict 170 IDi peak power 
with 8 ns half width for a Icm^ ruby.

'Pulse Transmission Mode* combines the best of First and 
Second P.R.M. After pumping to a high'inversion with a low 
Q cavity the Q is suddenly increased by switching the output 
mirror to lOÔ J. A rapid conversion of the stored energy to 
photon flux results. At the pealc of the photon flux the output 
mirror is switched back to zero reflectivity and the stored 
photon energy within the cavity is effectively dumped in the 
cavity transit time ( ^1 ns). Peak power in this case is 
920 MR for a Icm^ ruby..
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The main difficulty with T.V.R. and P.T.M. in particular 
is that the timing and speed of the switching operations are 
at tho limit of the "state of the art* in optical control.

25 26 27The methods used" ' ’ utilize Gian Thomson polarizers and
polarization switches driven by an optically triggered Marx -
Bank puiser. Tho P.T.M. technique, when used with a 4 x 3/8
inch ruby, produces a triangular pulse with a rise time of
3.0 ns and a pulse width of 5*3 ns. Pealc powers are in the

8 27region of 1.5 x 10 watts." Even with these shortened pulses 
the calcite surfaces of the 'switch gear' are often damaged in 
pure P.T.M. operation and such components are expensive to replace.

Mode Locking
An alternative approach to shorter pulses is available

by the technique of mode locking. A mode locked crystal laser
—12can produce pulses as short as 10 seconds; the properties 

of such short pulses are of inherent interest besides the giga-
28. 29watt power levels involved. ’ A mode locked laser may be 

compared with the microwave regenerative pulse oscillator 
developed by Cutler?^ Such an oscillator comprises a filter, 
amplifier, delay line and an 'expander'. The purpose of the 
latter is to emphasise the peak region of a recirculating 
pulse, whilst reducing lower amplitude regions, thereby shortening 
the pulse until the pulse width is limited by the frequency 
response of the circuit. Cutler was able to generate microwave 
pulses having a carrier frequency of 4 GEz and pulse widths of 
2 ns. A laser possesses all the basic elements for an optical 
regenerative pulse oscillator. The laser medium acts as combined 
filter and amplifier and the time taken by the light to bounce 
between mirrors(2 L/c) is the corollary of the delay line.
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The action of tho oxpandor is translated from tho time domain 
to the frequency domain and pulse shortening achieved by 
amplitude modulation and side band generation.

Early attempts to operate tho laser as a pulse regenerative
oscillator involved modulating the cavity by moans of electro-
optic devices. Hargrave et al^^ used a c.w. He Ho gas laser
and an acoustic diffraction modulator. The R.P. frequency
was 56 MHz and 2,5 ns pulses were obtained. Tho R.P. signa,l
had to be synchronized exactly with tho axial mode difference
frequency (see chapter 4)* A similar device was used to mode

32lock an argon ion laser.

The oscillating bandwidth of solid state lasers is greater 
by an order of magnitude and shorter pulses are expected from 
ruby lasers. Deutsch^^ used a K.D.P. polarization modulator 
working at 50 MHz and a pulsed ruby laser. Though not realized 
at tho time, the change in optical path, caused by thermal
transients, made complete locking unlikely. Neodymium - glass
lasers were investigated for locking effects by Kichon^^ using
a K.D.P. phase modulator, A c.w. solid state Y.Al.G.: Nd laser

35was mode locked by the use of a diffraction modulator and 
pulse widths < O.I5 ns estimated by comparing the relative 
intensities of second harmonic radiation^^ produced in locked 
and unlocked cases.

Self (automatic) mode locking with use of saturable 
absorber Q - switches was reported for ruby using crypto- 
cyanine in methanol (low power absorption a = 0,24). 
Automatic mode locking, now as then, is a volatile commodity

17



particular to a given laser rod, laboratory and operator. In
chapter 4 procedures are outlined that were adopted to obtain
a reproducible self mode locked output from a ruby laser. In
particular tho damage problem associated with the output mirror^^

39was alleviated by the use of a random stack mirror. The theory, 
fabrication and use of such mirrors with a free running and a con
ventionally Q - switched m b y  laser is the subject of chapter 5*

By 1966 Nd̂ "̂  : glass lasers had become acceptable and the 
advantages of a wide ( cn lOol) bandwidth realized, Eastman 
9740 Q - switch solution was found capable of simultaneously 
Q - switching and mode locking the laser^^ giving pulses with a 
theoretical width of 3*7 % 10 seconds.

Since tho pulse widths had reached the limit of the opto - 
electronic detection systems and were having to be derived from 
the inverse bandwidth relation

which assumes simultaneous excitation over the whole oscillating 
bandwidth, the spectra of mode locked pulses were examined. 
Stotser et al,^^ took random sections of the I8OA spectrum of 
tho output from a mode locked Nd^^;glass laser. Even over a

oregion defined by O.5A the pulse widths were detection limited
and they concluded that mode coupling was complete over the I8OA

—12bandwidth, inferring a lower limit of 2 x 10~ seconds and peak 
powers of 10^^ W. Time resolved spectroscopic data, to - check 
simultaneous excitation over the entire bandwidth was sketchy.

Several papers^^*^^ discussed the influence of mode 
discrimination by various resonator elements on the spectral

18



composition of tho radiation. When pulsed solid state lasers 
were used the problem of output mirror damage and the possibility 
of frequency 'chirp' were discussedf

The first attempt at direct measurement of pulse widths
was by Weber^^ Although the experiment had an intrinsic resolution 

-12of 10 seconds it assumed that the pulse sequences were 
reproducible. It was realized by Weber that the phase matching 
condition^^'^^ can bo attained for more than one direction in a 
non linear crystal. The second solution requires a beam split 
into 'o' and 'e' parts and second harmonic is generated by the 
interaction i.e. in the overlap time. The incident beam was 
split and orthogonal polarizations obtained for two optically 
delayed pulses in a Michelson type arrangement. By adjusting 
the relative delay tho harmonic content produced in a 1 ram thick 
K.D.D. crystal was measured as a function of path difference and 
the pulse width deduced.

Direct measurement without resorting to multiple shots was
achieved by the standing wave excitation of two photon fluorescence 
in solutions of organic molecules^^'^^ This technique is 
discussed further in chapter 4*

Single Pulses.
A mode locked laser generates a train of high power 

picosecond pulses. This is disturbing for many scattering ‘ 
experiments and for these it becomes necessary to select a single 
pulse. This can be achieved in two ways. Firstly, selection 
can be made external to the oscillator^with a high speed optical 
gate. Alternatively, the recirculating ultra short pulse can 
bo switched out of the c a v i t y . T h i s  amounts to a
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combination of P.T.M. and mode locking. However, the introduction 
of so many surfaces within the laser cavity tends to disrupt 
the delicate locking conditions. This is particularly important 
with ruby lasers where the conditions for mode locking are 
hypercritical.

I
By amplifying a single picosecond light pulse with five 

cascaded amplifiers Basov^^ obtained a 30 Joule pulse believed 
to be 10”^^ seconds long. Focused on a lithium deuteride 
target the 3 terrawatt pulse resulted in four coincident neutrons.

1.3 HOLOGRAPHY
53From the diffraction theory of image formation it is knotm. 

that the process of diffraction can be regarded as a Fourier 
analysis. For a periodic function such as a diffraction grating 
a series of orders of diffraction correspond to the Fourier 
coefficients and for a non periodic object the general pattern 
of diffraction is tho Fourier transform. A diffraction pattern 
is seen as the square of tho Fourier transform and from such a 
pattern the relative amplitudes of the light diffracted into 
various directions can be obtained. The relative phases are 
unknoim. Since all the information concerning the image of 
an object is contained in the diffraction pattern such information 
should be 'storable’ on a photographic plate. The main difficulty 
is the recording of the relative phases of the different parts 
of the optical transform. Photographic films only record 
intensities, the information contained in the phase portion 
is lost.

The problem of image formation by an electron microscope

20



54-led Gabor to demonstrate the reconstruction of images from 
optical diffraction patterns. The phase problem was solved by 
using an object consisting of a small amount of black detail 
on a large transparent background,( on line system); tho back
ground produced a uniform phase and the variation in phase of 
the diffraction pattern iras recorded as a difference in intensity. 
Gabor called the photographic record a hologram from tho Greek 
'holes* or whole, indicating that the entire wave pattern 
consisting of amplitude and phase was recorded. The method did 
not work very well even for optical patterns and was never applied 
to the problem of increasing tho resolution of electron micro
scopes. The application of the laser, with its intense beam 
of spatially coherent light, allowed the hologram approach of 
image formation to be used successfully. The laser enabled 
the reference (uniform phase) beam to be split off at an angle 
from the beam impinging on the object, thereby removing the 
necessity for a large transparent background (skew hologram)

The extension of holography to colour and the applications
57to image storage and retrieval have been reviewed by Stroke.

Holographic Materials
Other storage media besides photographic plates are capable 

of recording holographic information. There are two basic 
requirements: firstly, the medium must be able to resolve fringes 
of a few wavelengths separation; secondly, it must be able to 
retain the information recorded whilst interrogation takes place. 
Ideally, additional requirements are:

a) Infinite resolution for high density information 
storage without noise
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b) Dimensional stability for faithful reproduction of 
tJie original wave-front

c) Real time recording without processing, which can be 
erased for further use

d) Freedom from loss for high efficiency reconstruction
e) No thickness limitation so that storage capacity can 

bo increased.
The most widely used recording media are summarized in the following 
paragraphs.

Photographic emulsions^^ Agfa lOE 70 and Kodak 649F plates.
The resolution claimed for these plates under exacting conditions 
is 3,000 line pairs per mm. The hologram needs processing, is 
not re-usable, lacks dimensional stability, possesses grain 
noise and the thickness must be less than $0 [im for uniform 
processing.

Photochromie materials. Photochromism is the property
of some compounds to show reversible colour and optical density

59changes under the influence of light. Photochromie glass 
consists of borosilicate glass with silver halide crystals and is 
similar to photographic emulsions but the host (glass) is non 
permeable and the halide atoms are available for recombination when 
the exposing field is removed. This is called thermal fading 
and can take between minutes and weeks depending on temperature.
The 'speed* of the system is four orders of magnitude slower 
than 649F photographic plates. Photochromie glass is suitable 
for real time systems and possesses a resolution of 2,000 line 
pairs per mm.

Alkali Halide Crystals^^ Potassium bromide (KBr) is 
incorporated into potassium hydride (KH) during the formation
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of tho crystal. The crystal is first exposed to ultra violet 
radiation and the spatially modulated laser field bleaches the 
affected areas. The bleaching process is temperature dependent 
and hot air turbulence causes an unstable interference pattern, 
requiring the whole system to be placed in a vacuum chamber.
The resolution depends on crystal quality but is in the region 
of 1,500 lino pairs per mm.

Photoresist^^ is a formulation of resins sensitive to 
the ultraviolet. The resist polymerizes when exposed and may 
be dissolved selectively by a 'developer* e.g. trichloroethylene.

Thermoplastics . This is basically a Xerograph technique. 
The plastic is coated on a photoconducting substrate and in 
full darlaiess equal and opposite charges are placed on tho film 
and its substrate. When exposed to the spatially periodic 
light field the charges move towards each other at the exposed 
parts, resulting in a higher static potential. If the plate is 
heated the differing static potentials allow differing amounts 
of deformation.

Photosensitive Plastics^^ consist of a plastic resin 
coating containing light sensitive diazonium salts (Kalvar 
process). The salt releases nitrogen on exposure to ultra 
violet radiation and by heating the air bubbles expand, forming 
microscopic vesicules. After cooling the image is permanent 
as long as the remaining diazonium salt is allowed to decompose. 
The process has a resolution of ^00 line pairs per mm.

Ferroelectric Crystals^^e.g. lithium niobate. When a 
single crystal of LilîbÔ  is exposed to light of short wave
lengths photooxcitation frees trapped charges which drift a short 
distance before becoming retrapped. The field created by the 
space charges causes a change in refractive index due to electro-
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optical effects. The image can he erased by heating and the 
resolution is 1,600 lino pairs per mm.

65Dichromated Gelatin consists of gelatin-treated with 
water soluble dichromates and chromâtes. The gelatin becomes 
hardened and loss soluble when exposcdto light. Development 
is by agitating in water for 30 seconds and dipping in iso
propanol for rapid drying. Tho structure of the developed 
grains is unlaiown. Dichromates are as fast as 649F photo
graphic plates in the blue region of the spectrum and the 
resolution can be as high as 4,000 line pairs per mm.

Photopolymor^^ consists of a monomer, catalyst, photo- 
oxident and fixer. The photo-oxident is activated by photons 
with resultant oxidation of the catalyst causing free radical 
polymerization. Fixing is by heating or ultra violet light 
which de-activates the oxident. A resolution of 1,000 line 
pairs per mm is claimed, but scattering by long polymer chains 
causes noise.

Holographic Diffraction Gratings
The simplest form of hologram is that recorded without 

an object. Classically this is simply the interference pattern 
produced between two beams of light. For two beams making 
angles and to the surface normal, the distance between 
adjacent fringes in the plane of a photographic emulsion surface 
is given by

d = ----    — ------—  8.
2 c o s 0 2 “ 9 i  sin 0 ^ +

2 2

where X is the wavelength of the source.
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The idea of photographically produced diffraction gratings 
is certainly not new. Early work on interferometric methods 
for tho photographic production of gratings was'reported by 
Burch. Tho intense, spatially coherent light of the laser 
permitted gratings to be recorded over larger areas. Tho
sliortor exposures requires also enabled less stringent control

,ca
J2,73

over mechanical and thermal stability^*"*’ Holographically
produced diffraction gratings are now available commercially 
and their performance extends the generally accepted limits of 
machine ruled gratingsT^^^^ The liglit sources used to produce 
the gratings are the prominent gas laser lines (6328A He He 
and 488OA argon ion) and the beam is separated by a KBsters 
prism arrangement. Two plane mirrors then bring about inter
ference fringes on the film plate.

More recently the high powers developed by pulsed solid
state lasers have enabled metallic surface’s to be used as
recording media. The intensity distribution is recorded by the
evaporation of metal in the interference antinodes produced

1 7 7 7Pby the superposition of two laser beams.  ̂ ’ A hologram
of a resolution test pattern has also been achieved in a 75A

79thick bismuth film.

In the work described in chapter 6, instead of splitting 
tho beam into two parts, the corollary of the Gabor 'on line' 
hologram was used. This allowed the metallic film to fulfil 
a dual role as combined recording medium and Q - switch film.
A large number of metallic films were investigated and their 
diffraction properties and resolution are reported.
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Holographic recording on metallic surfaces has the 
following advantages: an increased resolving power; no 
processing; exposure in full light and truly panchromatic 
range. Furthermore, because of the short 'exposure' time 
the metallic film is more tolerant of vibration and the 
resulting hologram is permanent.

In chapter 6 the instant read out capability of the thin 
film hologram is demonstrated, as is an extension of the 
technique, using gold vapour as the recording medium.
It is also shoT-m that it is possible to record a two beam 
interference pattern on a surface which is normally non- 
absorbing, such as glass.

1.4 LASER IHDUCED HAIIAGB
The technique for recording holograms on metals, described 

above, relies on sufficient energy being absorbed to raise the 
temperature of the surface layer to its boiling point. The 
energy must be absorbed in a time that is short compared with 
the time it takes the thermal energy to diffuse. The recording 
process is then the result of localised high power laser damage 
and from a study of such recordings more information can be 
obtained about the damage processes themselves.

Damage due to the absorption of laser radiation resulted 
in early workers with lasers measuring the output energy in 
'Gillette power', this being the number of razor blades the 
focused radiation could penetrate. Subsequently research has 
been supported by 'the military', whose 'top brass' still think 
the laser is the nonpareil of weapons, blasting enemy missiles

26



from the skies. Real lasers are confined to welding, cutting 
and boring operations at the focus of a lens. Low power, 
high energy pulses cause surface molting and are used for 
welding. High power, low energy systems cause vaporization 
of small quantities of material and are used in resistor 
trimming typo applications. This is not to mention the K watt 
powers from c.w. CO lasers, used for material processing in
bulk.

OpReady was the first to show that an ordinary thermo
dynamic approach could be used for calculating the effects 
produced by laser beams absorbed at opaque surfaces when the 
surface either vaporized or was simply heated. When h i ^  power 
Q - switched lasers were used experimental evidence was not
in accord with such a treatment. Calculations by Ready^^

9 / 2indicated that a 10 W/cm laser pulse, 30 ns long, would 
bring the surface layer of any metal to boiling point in less 
than 1 ns. Vaporization then appeared to proceed slowly, 
tending to maximum emission from the vapour plume (carbon in 
air) 120 ns after the giant pulse had reached its peak.
Ready interpreted this delay in terms of a super heated liquid 
state close to the surface. Material below the surface reached 
its vaporization temperature before the surface layer had absorbed 
its latent heat. This led to a high pressure pulse and sub
sequent superheating of the underlying material until the 
temperature rose above the critical point. At this point there 
was no distinction between the superheated solid and the 
highly condensed gas. The emission of vaporized material then 
proceeded like a thermal explosion.
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This phenomenological model was further supported by
microscopic examination of the surface damage caused by the
irradiation of 2 mm thick metal t a r g e t s . T h e  radiation
damage area showed a concentric zone structure. The central
zone was characterized by melting and re-solidification. The
concentric crater zone was dominated by two types of crater
formations with diameters in the region of 10 microns. The
so-called ejection crater possessed a central peak, usually a
drop like formation, and in later stages the crater was
surrounded by a ring. The other craters were similar to
impact craters and lacked the central peak. In general the
size and number of the craters decreased with increasing
distance from the irradiation centre. With increased power
densities the microstructure was not significantly influenced,
the main feature being an increase in ejection and evaporation
from the melting zone. At the highest power densities radially
directed grooves usually terminated in a drop like formation.
The formation of the craters was related to defects on the surface
as they appeared closely packed along surface scratches.
Crystal structure was not considered important. Microcraters
were also observed in shielded sections of the target area,
thus excluding their interpretation as an effect of a high
intensity microraode. assessment of the crater depth was made n

85 /by lowering a tapered tungsten stylus into the crater. Depths 
were typically 16 microns. Experiments conducted in vacuum 
showed no change in surface microstructure. Shielding part of
the target resulted in a sharp boundary between the crater 
region and undisturbed metal, contrary to previous work?^ 
Assuming the metal was ejected from the craters in the form of 
a vapour jet the energy required would be in the region of 10 ^
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Joules and it has been suggested that the spatial distribution
of picosecond components in the laser pulse could be responsible
for blasting the craters,Alternatively the filamentary

82structure due to self trapping in the ruby rod could have con
centrated the energy from the laser to form intense localized 
hot spots of the order of a micron in size. The similar 
nature of a spark eroded crater presents another possibility 
regarding the laser produced craters. The formation of a hot, 
dense ionized plasma near the irradiated metal surface has

87been observed by Ehler. A localized microdischarge would be 
consistent with the formation of craters at surface 
irregularities. The observation of ordered microcraters^^ on 
pure polished specimens favoured the crater formation by 
unipolar arcs at points of high potential resulting from a 
wavoliko instability within the plasma.

Giant pulse laser damage has also been investigated
89from the properties of the evaporated material. Weichel 

used a streak camera to measure the velocity of the vapour 
leaving the target and,whilst the initial velocity agreed 
with the sublimation temperature (of graphite), subsequent 
vapour absorption of the laser radiation accelerated the 
plume front from 5 % 10^ cm/sec to 7 % 10  ̂cm/sec in a 
distance of 0.3 cm. Other techniques include time of flight 
measurements^^ high speed photography^^ and time resolved

91temperature measurement of laser heated surfaces.

The discussion so far has concerned material in bulk.
When thin metal films are considered the rate of heating and
evaporation depends on the ratio of the bulk specific heats of the

92layer and the heated region of the substrate. A metal layer
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is termed thin when the thermal skin depth d =(aT) is 
greater than the film thickness. Where T is the pulse length 
and a the diffusivity defined as a , - K thermal

conductivity, p density, c specific heat. If the film 
thickness is less than (q t )^ and the incident pulse energy 
is sufficient to vaporize the film, the boiling point 
can be talc en as the threshold for the total destruction of the

In chapter 6 the microtopography of the laser evaporated 
films and their substrates is examiined and several surface 
features elucidated.

* *
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C H A P T E R

EQUIPMENT USED IN THE EXPERIMENTS

2,1 lASER DRIVE UNIT AND FLASH TUBES
The method of creating a population inversion in the 

majority of solid state lasers is by strong pulsed illumination. 
This pump light must have an emission spectrum that covers the 
absorption band of the laser material.

In ruby there are two absorption bands, at 5500 + 5OOA 
and 4100 + 5OOÂ. The emission spectrcum of xenon has peaks 
at 45OOA, 4624I and 467I& and matches the lower absorption 
wavelength of ruby. By using a suitable mixture of xenon and0other gases, a flash tube can be made to emit in the 5500A 
region and provide a better match to ruby than a pure xenon 
filling. These tubes are commercially available in standard 
sizes or can be made to specification. The specification for 
the tube used was as follows:
Arc length 6" Maximum voltage 2,5 KV
Quartz tube 3/8" diameter Minimum trigger 10 KV

Maximum input 5000 J in 2 ms 
The filling pressure was in the region of 100 mm of Eg,

The tube is connected across a capacitor bank charged to 
a voltage that, by itself, would not cause breakdown of the gas. 
The tube is then pre-ionized by a large, low capacity, over 
voltage applied by a trigger wire wound around the tube. This 
acts as ignition and the plasma grows rapidly in luminosity.
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A SPECTRAL OUTPUT OF FLASHTUBES
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The pump light must cause inversion in a time comparable 
with the metastablo lifetime of the lasing- level involved.
B"or ruby this amounts to 2.9 ms. The plasma lifetime, and there
fore pump lifetime, depends on the resistance, capacitance and 
inductance in the circuit. The resistance of the plasma was 
typically -i- ohm and the storage capacity 400 [iF. Fig, 2.2B 
shows the effect of varying the series inductance. With an 
inductance of 100 |.iH the luminous flash lasted 0,8 ms. At 
the input energy of 10^ Joules the power level was approaching 
the advised 2 MW maximum for the tube. At 600 |iH the output 
was a non-monatonic function unsuitable for laser excitation.
With the inductance at 400 |iH the output was critically damped 
and the power within the advised limit.

Laser Power Supply,
The circuit for the drive unit constructed is shovm in 

fig. 2.3. The output from T^ is rectified by bridge and 
charges the capacitor bank through the limiting resistance 
Eg. The dump system allows to be discharged quickly
if necessary. Closing shorts to ground and the resulting 
-90 V pulse is inverted by T^ before being applied to the -14 V 
biassed grid of causing it to conduct for a short period 
equal to 5RyC^ = 25 [is. The resulting 200V pulse is transformed 
by T^ to the 20 KV required for pre-ionization. The pulse 
at the monitor SKT^ is shoim in fig, 2.2A. The thyratron V^ 
switches 15O V in $0 ns into the pulse transformer. In the 
experiments the signal"at SKT^ was used as a high impedance trigger 
for the laser light detecting systems. The energy stored in 
the capacitor bank was -AO^V^ and fig, 2.IB shows a series of 
calibration cur-vos calculated for various values of and V.
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Most of the components used were standard and are listed below:

 ̂ 100 |iA f.s.d,
2 50 |iA f.s.d.

270 ^ IN 2378 M.
34 K “5,g BYX 22/400 M,
30 M '1,2

*4 2 K '3 4li
22 '4 1 \x

^6,7 100 % o.05|i
«8 100 K <̂ 6 o.5|i

47 K h 20 H 60 mA
«10 220 K U 2D21 (CV 4018)

3 Amp Variac
R.C,A,, plate transformer 1.75 KVA
radio transformer
Ferranti PT6O 100:1 pulse transformer

«EL Philtrol mains solenoid relay

The inductor unit 1̂ 2 and the inverting transformer T^ were 
not commercially available and their construction is outlined 
in the following paragraphs,

Ijg was made from I8 gauge copper strip one inch wide.
The winding was in pancake form to minimise insulation problems. 
Insulation was provided by a paper layer between the windings, 
Forty feet of copper were used, increasing from two inches to 
nine inches in diameter. The inductance, as measured on a 
Marconi Universal Bridge, was 405 |lH,

The inverting transformer T^ consisted of a primary of 100 
turns and a secondary of 115 turns of 26 swg on a ferrite core 
1 cm in diameter and 4 cm long. The ratio was checked using a 
wide band oscillator.
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2,2 LASER HEAD DESIGN
Tho main design feature of the laser head was the efficiency 

with which it coupled the exciting radiation into the active' 
medium. The design used was that of ai exfocal elliptical 
cylinder of the type used for Raman spectroscopy. Such 
illumination projection geometries provide a factor of ten 
reduction in lasing threshold compared with close coupled94 95helical flash tubes.?  ̂ By placing the rod and flash tube 
symmetrically about the focii, fig. 2.4A, the rod was in a 
uniform field of illumination. Centring the rod and flashtube 
at tho focii (focal ellipse geometry) would have caused strong 
focusing of the pump light of the rod centre and a corresponding 
variation of inversion.

The elliptical cylinder was machined from solid aluminium 
in two halves. These were fitted together accurately by metal 
dowels and Alan screws. The ends of the cylinder were closed 
by flat aluminium plates suitably machined to hold the ruby rod 
and flash tube in their exfocal positions.

The reflectivity of the inner elliptical surface was of 
crucial importance if full advantage was to be taken of this 
kind of pump geometry. Ideally the surface should have a re
flectivity of unity. Direct polishing of the aluminium surface 
did not give the desired effect because of impurities in the 
aluminium. The method used was therefore that of high reflectivity 
shim liners. These shims were made of springy, 0,05 thick 
steel and were accurately cut to length so that, with their ends 
abutted, they contoured the inner surface of the cylinder exactly. 
The shims wore electropolished in a saturated solution of chromium 
trioxide in orthophosphoric acid at 120 C. A current of. 10 Amps
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for 5 minutes -was sufficient to remove all processing marks 
and give the surface a high polish. After thorough rinsing 
in distilled water a slight bloom appeared which was removed 
with 0.05 pm polishing powder dispersed in distilled water.
The shims were then coated with a 1.0 pm layer of silver. This 
care talc on with the finishing of the shims was the reason for 
the low threshold values obtained.

Cooling.
The energy released in relaxation to the metastable state 

and that caused by absorption, which is not involved in the 
lasing transition, is a source of heat. This thermal energy 
would have created non-stable threshold conditions, perturbations 
in the resonator and undesirable excitation of atoms to other 
levels. The rated life expectancy of the flash tube was quoted 
for a free environment. Heating of the flash tube would reduce 
the reasonable lifetime loading of the tube by in the image 
forming pump arrangement used. Independent water jackets are 
often employed for cooling, but here a cooled nitrogen draught 
was used. This had the advantage of preventing oxidization of 
the silver coatings on the shim liners. An oxygen free nitrogen 
cylinder with a control valve passed the gas at 300 cc per minute 
into a helical heat exchanger immersed in liquid nitrogen. The 
cooled gas then entered the cavity, its only exit being through 
the clearance around the ruby rod. This arrangement enabled the 
laser to be operated every two minutes without any appreciable 
temperature rise. When deliberate cooling below ambient was 
required the gas flow was increased. The system was purged 
with nitrogen when the laser was not being used and the gas 
entry point sealed off. This procedure lengthened the life 
of the silver coated shim liners to approximately nine months
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compared with three days in a free air environment. After 
nine months degradation of the liners resulted in a steady increase 
of 30^ in threshold. The liners could he taken from the cavity, 
cleaned in and recoated.

2.3 THE OFflCAL CAVITY M D  ALIGîmEITr

The active medium used in the experiments was a 6" x 3/8” 
Vornoillii ruhy cut at the Brewster angle. The outer cylindrical 
sidewall of the rod was polished. This had the disadvantage 
of causing partial focusing within the rod. This effect can 
he avoided by roughening the surface of the rod. However, an 
increase in threshold results because of the diffuse reflection 
at the surface. In the particular pump geometry used roughened 
rods would have threshold values comparable with those obtained 
using helical flash tubes. Further more, a rough surface is 
less stable and in ruby such a surface brealcs dovm gradually 
under the action of the pump liglit.

Ruby consists of chromium doped Al^O^, the aluminium and 
oxygen being inert. The most suitable doping rate is 0.035^
Cr^^ or the equivalent o f 0.0$^ by weight Cr 0 . Th is  ra te

19gives the number of active ions per cc Ho = 1,6 % 10 which 
is generally called pink ruby. With higher doping unwanted 
laser action can be observed in satellite lines of coupled 
chromium atoms.

The ruby la s e r  is  an example o f a th ree le v e l la s e r  system 

and the energy le v e l scheme is  shown in  f ig .  2.5A. At room 

tem perature the ground s ta te  and the upper le v e ls  are taken as 

e q u a lly  degenerate g^/g^ = 1 and invers io n  occurs a t = H o /2 ,

As can be seen there are two possible tra n s it io n s  to  the ground
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ENERGY LEVELS OF CHROMIUM ION IN  RUBY
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State described as the (6929 1 ) and R^ (6943 X) l in e s .  The

R  ̂ l in e  is  p o la r iz e d  a t r ig h t  angles to  the o p tic  a x is  and

t r a v e ls  as the o rd in a ry  ray  in  the b iré fr in g e n t-  c r y s ta l.  The

R^ l in e  is  p o la r iz e d  along the o p tic  ax is  in  the c ry s ta l and

tr a v e ls  as the e x tra -o rd in a ry  ra y . Only the R  ̂ l in e  o s c il la te s

under normal co n d itio n s , since i t  a t ta in s  in v e rs io n  before  the
96Rg l in o  on account o f i t s  h igher therm al p o p u la tio n . Both 

t r a n s it io n s  are  o p era tiv e  in  a m p lif ie rs  but the a m p lif ic a t io n  

o f th e  R  ̂ l in e  is  la rg e r  because o f i t s  la rg e r  spontaneous 

t r a n s i t io n  p r o b a b il i ty .  C u ttin g  the rod a t the Brew ster angle 

fo r  th e  R^ l in e  ensured th a t th ere  were no in te rn a l re f le c t io n s  

a t th e  rod a i r  in te r fa c e . The r e f r a c t iv e  index o f ruby a t 6943 A

is  1.76 and the corresponding Brewster angle ( tan  0 = |i ) is

60° 24'.

As w i l l  be shown Brewstered surfaces were found to  have 

a s tro n g  e f fe c t  on the mode s tru c tu re  o f the la s e r  o u tp u t. The 

r e la t iv e  o r ie n ta t io n s  o f the rod, Brew ster faces and o s c i l la t in g  

e le c t r ic  v e c to r  are shorn in  f i g .  2 .5B .

A lignm ent o f the  la s e r .

The alignm ent o f the m irro rs  r e la t iv e  to  the rod was

accomplished w ith  a U n iv e rs ity  L a bo rato ries  helium neon

continuous wave gas la s e r . O perating a t 6328 A the power 

was 1 raVr in  the T .E .M .oo  mode.

The He He la s e r  beam was d ire c te d  norm ally  through the fro n t  

m irro r  o f  the reso nato r and thus traced  out the path o f the ruby  

la s e r  beam. D isp ers io n  w ith in  the rod had a g re a te r  e f fe c t  on 

alignm ent than w ith  a plane p a r a l le l  ended ruby, but th is  was 

not found d e tr im e n ta l to  the performance o f the la s e r . The 

B rew ster faces were unwieldy to  ad jus t because o f beam displacement
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and the most critical adjustment was the orientation of the 
Brewster faces relative to the axis of the resonator. This 
involved two variables; the rotation of the rod'about its 
longitudinal axis and the angle between this axis and the normal 
reflection from one of its mirrors, fig, 2.5B. To facilitate 
those adjustments the laser head was held in a mounting which 
Was capable of rotation and tmaslation, thus giving the necessary 
degree of freedom, fig. 2.6A.

The ruby rod itself was simply held in holes machined in 
the end plates of the laser head and rotation about the rod 
axis was effected by pushing the Brewster edge with a cotton bud. 
Once aligned, this latter adjustment needed no further attention 
unless the laser head was dismantled for flash tube renewal 
or recoating of the shim liners.

Mirrors.
In Madman's original ruby laser the reflectors were formed 

directly on the end faces of the active material. Arrangements 
with external mirrors are considerably more flexible and necessary 
for Q - switched operation.

Quartz glass blanks with a flatness of A/lO were used as 
the supports for the reflective coatings. The blanks were -J-” 
thick, giving extreme mechanical stability. Although metallic 
coatings of silver, gold and aluminium are suitable for low 
power operation they are destroyed by pulsed ruby radiation. -, - 
Dielectric interference coatings are more resilient. Alternate 
X/4 layers of high and-low index substances are used for an odd 
total number of layers. High index materials used are titanium 
dioxide, cryolite and cerium oxide. Low index materials include 
magnesium fluoride-and silicon dioxide. The coatings used for
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the high reflectivity mirrors had the following values, obtained 
with thirteen layers; E 98.8 ,̂ T 0.1#, A l.ljJ at 6943 A.

Mirror adjustment was facilitated by use of a classical 
throe point mounting with spring releases, fig. 2.4B.

An alternative mirror used was a 45°90°45° roof top prism 
made from silica glass. The hypotenuse was flat to A/20 and 
the returning ray was parallel to the incident ray to within 1 sec. 
The alignment of the laser, with this type of reflector, was 
especially critical in the plane parallel to the roof of the prism.

Output coupling mirrors.
In pulsed lasers optimum decoupling is not the only factor 

determining mirror transmission. The energy density in the 
resonator is proportional to i/(1«R) and with R = 95^ the energy 
density is twenty times higher in the cavity than in the emergent 
beam. It is important to operate with high decoupling so that 
damage to the laser material and mirrors is reduced. On the other 
hand, in the special case of mode locked operation, high output 
coupling is detrimental to the required phase looking conditions 
and to avoid mirror damage an alternative mirror was developed 
(chapters 4 and 5)*

For normal operation the Fresnel reflection at the ruby 
air interface can be used to provide feedback. The reflectivity
IS [i-1

|i + l
which amounts to 8^. This technique, however.

was not available with the Brewster angled rod, but the 4^ 
reflection from an uncoated quartz blank was used. Such a 
mirror was free from damage at the power levels used. When 
higher feedback was required dielectric coatings "vrith a 
reflectivity of 4B/& and 20/6 at 6943 A were used.

45



2.4 DEl’EanOH OF OUTPUT
Two oscilloscopes and three photodiodes were used to 

monitor the output of the laser.
Mesh Anode E.M.I. 9648 B, This device required 2 KV potential 

to give good saturation of high output currents. The S 10 
(BiAgOCs) photocathode gave response to 7500 A with an absolute 
sensitivity of 2 mA/W at 6943 A. When it was used with a 
Tektronix T 519 oscilloscope the rise time of the detection 
system was 3 ns. Tho rise time of the T 519 alone was 0.3 ns 
with a vertical sensitivity of 9.3 V/cm.

An I.T.L. high current vacuum diode of the same basic 
construction was also used. In this case, however, the photo
cathode was in a carefully matched housing and the output 
impedance matched directly to the 125 Ohm output impedance of 
the T 519. This arrangement had an overall rise time of less 
than one nanosecond.

A series 5082 - 4200 P. I.IT ."photodiode was also used.
This solid state device had an intrinsic rise time of ^ 1 ns 
when used with a 50 Ohm load. The power requirement was much 
smaller than that of the other two diodes. A dry cell wdth a 
small storage capacitor was used to provide the I8 V negative 
bias, fig. 2.7B. The output from this diode was not capable 
of driving the T 519 and a T 454 oscilloscope was used. With 
a vertical sensitivity of 5 cm the rise time of the detection 
system was limited by the oscilloscope amplifiers to 2.5 ns.
Fig. 2.7A shows the mounting designed to obtain the best possible 
match between the diode and the 50 Ohm cable.

The light input to all the photodiodes was obtained by 
reflection from a beam splitter and attenuated by a diffusing 
screen and neutral density filters. A Kodak no. 70 gelatin
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filter ensured rejection of any extraneous pump light.

Absolute measurements of the energy of the laser pulse were 
obtained with a calibrated T.R.G. Type 100 calorimeter. The 
incident light was directed into a polished, nickel plated, 
silver cone. After multiple reflections most of the incident 
radiation was absorbed in the cone. The temperature difference 
produced in the cone, relative to a reference cone, was detected 
by ten iron-constantan thermocouples. The e.m.f, produced 
was measured by a Fluke 845 A high impedance voltmeter. The 
e.m.f. measured was linearly related to the total input energy 
by a calibration factor of 199 [iV/j. The absolute accuracy 
of the calorimeter was 5^*

The results of calorimeter measurements of single pulses 
were used to calibrate the photodiodes (chapter 3).

*
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C H A P T E R  3 

STUDY OF PASSIVE Q - SHITCHDTG lŒCHAIfISMS

3.1 LASER OUTPUT - FREE RUî TNDTG
To examine the output of the laser under normal conditions 

the arrangement shovrn in fig. 3»1A was used.
The laser cavity, consisting of ruby rod R and two mirrors 

and M^jwas aligned using the gas laser F in conjunction with 
the stop L. A small portion of the output was selected by the 
glass beam splitter S^ and in conjunction with the T 454 and 
P.I.N. diode D^ recorded the intensity time fluctuations of 
the output. Triggering of the T 454 was from the monitor 
SKT^ on the power supply unit. The sweep of the oscilloscope 
was delayed by the triggering facility and adjusted to 
give a delay of 0,2 ms.

The beam splitter directed another small proportion of 
the output to a photographic film P behind the no. filter 
and several neutral density filters F^, thereby recording the 
far field pattern of the radiation.

The main portion of the output then entered the calorimeter 
C. This optical arrangement prevented the ruby laser radiation 
impinging on the gas laser mirrors and possibly causing damage.

Variations of the output in space and time.
The photographs, fig, 3.2, show the intensity time traces 

monitorod on the T 454. At threshold (input energy 650 j), 3.2A, 
oscillations started 830 |is after the beginning of excitation 
and continued for 200 |is. Hith the excitation 50/<̂ above threshold,
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3.2C, oscillations started after 530 [is and continued for a total 
time of 600 |is.

The far field pattern corresponding to each trace is
shown, hear threshold the filamentary structure of the output
beam was evident and oscillations were restricted to the central
area of the rod. The filaments were approximately 100 |im in
diameter and formed clusters which were 800 pm across. Above
threshold the oscillations covered the whole area of the rod
and the filamentary structure seemed to disappear. Increasing
the attenuation by inserting neutral density filters in front of
the camera revealed the filaments again. The best method of
showing the existence of the filaments, however, was by
photographing the scattered light as the laser beam passed through
a liquid, A square glass cell was used, containing water ifith
a drop of milk added to scatter the light. The scattered light
was recorded on Tri X film in a camera focused on the cell.
The photograph, fig. 3*2D,E, shows the clusters of filaments,
the formation of which changed with every shot. Sound theoretical
reasons for this filamentary action do not exist, but examination
of such patterns, with ruby lasers excited barely above threshold,

97allows tentative identification with possible non-axial modes.

Power and energy output.
The peak power radiated in the non~Q - switched mode is 

an indefinite quantity since the output consists of a large 
number of irregular spikes, fig. 3.2, The total energy radiated, r 
is a more meaningful quantity in this case. This depends mainly 
on the degree of excitation and output coupling, Pig. 3.IB 
shows the total output energy radiated Eq as a function of 
excitation energy Ej for dielectric mirrors of 4/̂  and 48/0 
reflectivity. The non-linear behaviour close to threshold was
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caused by the whole cross section of the rod not being excited.
The overall conversion efficiency was in the region of 0.2^.

Beam divergence.
To determine the divergence of the laser beam successive

recordings of the far field pattern were taken with the camera
P, fig. 3.1A, at different positions. A microdensitometer trace
was then made from each negative and the beam width taken as
the distance between points where the recorded intensity fell
by l/e of its peak value. The resulting divergence was computed 

— 3at 1.4 X 10"" radians. This value was typical for solid state
lasers and was larger than would be expected from diffraction
theory, assuming the radiation came from an aperture of diameter
d radiating in phase with uniform amplitude i.e. 9= —d

As shovm in the previous paragraph, however, the radiation 
was restricted to filaments and clusters of filaments. It has 
been showm that when related to these filaments the beam ' 
divergence appears to have the correct magnitude. The interpretation 
of these filaments as associated with non-axial modes is 
further supported by observations made on lasers with large 
mirror spacings. Non-axial mode selection in such systems 
results in smaller beam divergences.

Beam inversion cross section.
As with the filaments discussed previously, which may be 

attributed to the optical cavity, a further intensity variation 
across the beam was caused by the pump geometry. This variation 
was caused by a combination of the self focusing properties of 
the laser rod and the pump cavity.

Evaluation of the inversion cross section was achieved

53



using the camera shown in fig. 3.1A, recording the far field
pattern for a fixed level above threshold. Pig.3.1C shows
the resulting variation of inversion across the-rod diameter,
derived from microdensitometer traces of the negatives. Thou^
showing a pronounced hump the result compared favourably with

95other projection pump geometries.

Detail of the spikes. .
The detail of the spikes or relaxation oscillations is

shown in fig. 3.3A-D. The spacing of the spikes was irregular
in tho region of 2 [is. Individual pulses had full width at
half maximum (P.W.H.M.) in the regi.on of 3$0 ns. Using the
calibrated P.I.N. diode (section 3.2) the largest pulses were
found to have poalc powers in the region of 600KIT whilst the majority
were in the region of 400 KU.

This pulsating behaviour has also been observed in c.w.
98ruby lasers; Qualitatively the pulsations can be explained 

by the fact that the photon density (j) builds up rapidly in 
the laser and, in the presence of a high photon density, stimulated 
transmissions occur at a much faster rate than excitations are 
supplied. Consequently the population of the upper level is 
depleted below the point where oscillations can be sustained,

Statz and De Mars^^ tried to explain the pulsations 
analytically by deriving a pair of non-linear differential 
equations, linking the photon density cj) with the inversion 
density N,

d(j)__BN(j)-C 9.
■JT ’
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where B is a constant and C the rate at which photons leave the
system. The first terra on the right of equation 9 is the
number of photons created per unit volume by stimulated emission.
if the inversion is created at rate A and spontaneously decays
at a rate —

T

d N  _  A  -  N  -  2 B N ( j )  1 0 .
d t  “  T

The second term on the right is the rate at which the inversion 
is depleted by the spontaneous process. The third terra is the 
corresponding rate for stimulated transitions.

It is not possible to solve these so-called Statz De Mars 
equations in a closed form. Small signal solutions for deviations 
of M from unity (N normalized to unity at threshold) were 
obtained by Dunsmuir^^^ and lead to a rapidly damped oscillation.
It must be noted that computer solutions of the equations 
assume a homogeneous, isotropic medium, uniformly excited and 
oscillating in a simple mode. As demonstrated, such assumptions 
are normally invalid, When operated near threshold, however, 
the latter requirements were partially fulfilled and a sequence 
of damped oscillations was observed, followed by an undamped, 
quasi periodic sequence, fig. 3.3^. As the pump level was 
raised more modes were excited, as evidenced by the beat 
frequencies observed in fig. 3.3D) the output being the chaotic 
spike ensemble of fig, 3.3A. The beat frequencies of fig. 3.3D 
could be related to the axial mode frequency separation for the 
cavity length concerned.

The reason that the various modes did not radiate independently,

56



in the damped periodic fashion of fig, 3.3D, was two-fold. In
the first place, some sort of mode interaction was inevitable
and secondly, spatial modulation of the population inversion-
caused the output to shift from one mode to another. This
phenomenon, called spatial hole burning, is caused by tho spatial
distribution of population inversion due to one particular
mode being more favourable for oscillation in the adjacent mode.
This interpretation assumes that tho population inversion at
any given point was depleted faster than it could be refilled

112by diffusion from adjacent excited ions. Statz and De Mars
showed this to be the case by showing that the spatial cross
relaxation time for the Cr^^ ion was of the order of 10 ^ sec
whilst from the duration of the individual spikes it was evident

—7that a level was depleted in 10 sec.

When the effects of spatial hole burning are combined trith 
factors such as inhomogeneities, irregularities in the excitation 
and temperature variation during excitation it is obvious that 
the periodic damped output of fig. 3.3D was difficult to achieve 
and not easily reproducible.

The shifting of the mode pattern results in time coherence 
not being maintained from one spike to the next. As fig. 3#3C 
shows, the duration of a single spike was of the order of 300 ns : 
and this may be taken as the phase memory of the laser in this 
case. Berkley and Wolga^°^ found that interference fringes . .
with a ruby laser operated in this regime disappeared ifith 
path differences exceeding 3000 cm, corresponding to a time 
coherence of 100 ns.
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3.2 CHTFTCCYMTDIE Q - SWITCH
To examine tho output of the laser when Q - svrLtched by 

a saturable absorber the arrangement of fig. 3.1A- was used. •
The dye was introduced into the cavity in a quartz glass cell, 
with a path length of 0.5 cm, positioned near the maximum 
reflectivity mirror M^. The cryptocyanino crystals were dissolved 
in methanol (lOO mg per litre) to form a stock solution. The 
photochemical properties of the dye made it necessary to store 
the stock solution in a refrigerated dark bottle. The strength 
of dye required for the generation of a single giant pulse 
depended on the reflectivity of the cavity mirrors and the pump 
level. Generally one could just discern a slight blue tinge in 
the dye. The exact low level transmission Tq of a particular 
solution was determined using a Perkin Elmer spectrophotometer 
and the values of Tq quoted refer to 6943 A. The shift of 
absorption maxima for cryptocyanine in various solvents 
( solvatochromy) is discussed in chapter 4« The photograph, fig. 
3.4A shows the laser output as monitored on the T 454 using the 
•A' triggering facility, i.e. the first signal from the diode 
triggered the sweep. A reduction in number of pulses was 
immediately noticed when the cell transmission Tq was 0.8.
With initial absorption increasing, the number of pulses 
was reduced to two for Tq = 0.32 and by slightly reducing 
the flash tube input energy a single pulse was generated when 
Tq was 0,25.

The main disadvantage of the dye switch was that, although 
the process was reversible, degradation of the dye resulted in 
inconsistencies which had to be compensated for by slight 
adjustment of dye concentration or flash tube input. Impurities 
in the dye caused long term degradation and a fresh solution had
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to bo made daily from the stock solution.

The jitter time of the giant pulse was investigated 
using the '13* triggering facility of the T 454. The sweep of 
tho oscilloscope was delayed by JO O  |is relative to the start 
of the excitation as monitored from SKT^. As fig, 3.4B shows 
tho giant pulse was radiated after 85O + 25 |is.

Pealc power and diode calibration
Photograph fig, 3»4C shows the single giant pulse profile. 

The F.W.H.M, was 50 + 5 ns and the measured output energy was 
8/200 Joule, Assuming a Gaussian profile tho area under the 
curve,fig. 3.48 was P.W.H.M, x peak power = output energy.
The value of the attenuation in front of the P.I.N. diode was 
noted and a power calibration factor S calculated.

5 = 0 - 1 x 1 0 0 x 1 0 ®  Watts/Volt 
T ^

Rocalibration of the diode was required if the portion of light 
selected from the main beam varied.

Increasing the initial absorption of the cell and the 
excitation level increased the peak pulse power,generated. 
Photograph, fig. 3.4P shows the 10 Ihf pulse produced with Tq = 0.1. 
The corresponding power density (flux) was 14.5 W/cm^ in the 
output beam. The output mirror in this case was a quartz glass 
flat so the flux inside the laser cavity was almost the same 
as in the output beam. . Damage thresholds for ruby cited in

ip
literature were in the region of 4OO Mf/cm" but operation 
below 100 MW/cm^ was recommended for extended ruby life.
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3.31 EXPLODING FILM Q - SNITCH
The sudden increase in Q required when the inversion A N

102 103is high can he achieved using exploding films. ’ Such
Q - switch films have been classed as slow speed devices because 
tho disappearance of the film cannot be expected instantly due 
to the filmas mass.

A thin film possesses three loss mechanisms; pure reflection,
diffraction if the particle size is of the order of a wavelength
of light and absorption loss. In the past it has been the rule 
to rely solely on absorption loss, consequently thick films i-rith 
a high thermal inertia were used. Such absorption Q - switches 
generated broad multiple pulses.

The switch time is proportional to a where
d t d t

Ys is the total loss consisting of an absorption loss Yq
and a reflection loss ŷ.

Ys = Ya + Yr
assuming there are no diffraction losses. If ŷ  is small a 
thick film is required to obtain sufficient change in Q. If, 
however, ŷ  is high, as in the case of a thin specular metal 
surface, a large change in Q can be rapidly triggered by the 
vaporization of the thin film caused by the remnant absorption

Gold films of various thicknesses were vacuum deposited 
on glass substrates and the films placed in the cavity arrangement 
shown in fig. 3.1A near the mirror The total loss ŷ  from
such a film was variable since the reflection coefficient was 
a function of angle of incidence 0 . The plane of incidence
Was parallel to the oscillating electric vector and by convention
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the reflected beam was denoted in fig, 3.6A, Photograph 
fig. 3.5 shows the computed reflection coefficients for the 
gold films.

0With 100 A thick films oscillation proceeded normally with 
a low Q whilst the 300 A film prevented lasing completely. When

othe film thickness was 200 A a single giant pulse was generated 
and the peak power could be varied by adjusting 9 over a small 
range. The F.W.H.M. of the giant pulse was 30 ns and no 
subsequent pulses were observed, implying fast switching of 
the cavity Q,

The series of photographs fig. 3.5 was taken using
different parts of a gold coated 3"x 1” microscope slide at
the angle 0 indicated. The peak power output for a given 
varied from one slide to the nejct, but the expected rise in 
peak power as 0 was varied was consistent for a particular 
film. The film thicknesses were measured by standard inter
ference techniques.

The interpretation of a low which triggered a rapid
change in ŷ  and Q iras further substantiated by energy
considerations assuming ŷ  to be zero (Maxwell*s demon vaporizing
the film.’). The 13 uulse radiated when H = 0.5 had apa
total energy of 350 mJ, The threshold inversion given by
equation 3 is y kj

N 1- N 2
or exp 2 (< Ni-N2>aoL - y ) = 1 

Assuming the loss coefficient is that due only to lealcage loss 
at the cavity mirrors

exp-2y = rg
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Y = 1- ( ̂1 2̂̂

and 3 may he written
N 3 - N i  = .Nq .(^-^^^3)^) .11.

q L
Tho gold film modifies the value of say to an effective 
value Pjg

^g='■l(l-(Yr+Ya))
for Ya ®

^g= ri(l-Yr)
After vaporization of the gold film the reflectivity of
returns to its real value of r^. Using 11 the excess inversion is
now

A N  = No (r̂ rs)̂  _ Nq (rir3)̂ (̂l-Yr) 
a L  q l

= (*̂1 '̂ a)̂  Yr per unit volume
aL

If V is the frequency associated Tfith the lasing states, the 
total energy stored is

E= Nohv aL(rir2)^Yr(QL)’̂
where a is the ruby cross sectional area. Theoretically one
half the stored energy may be radiated in a single pulse and

2assuming the following values; a = 0,73 cm , r^ = 1.0, r^ = O.O4, 
Yr = 0.5, a = 0,4 cm"^, Nghv = 4.6 Joule/cc, the energy 
radiated is computed at 420 mJ, compared with the 350 mJ actually 
observed.

Other metallic films were utilized and similar results 
obtained to those obtained with gold films. The damage caused 
to the films and their substrates is the subject of chapter 6.
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3.3 II NEUPRAL DENSITY FILTERS
To compare the results of the gold reflection switch ifith

a pure absorption switch Kodak Kratten no, 96 density filters
wore used. Such filters contain carbon particles dispersed in
a gelatin base and evaporation of the absorbing loss results
in an increased Q, The particle size is such that the Callier
factor defined as Specular Density = 1.02 at 6800 A and

Diffuse Density
therefore no diffraction loss is involved.

The filters were placed in the cavity arrangement shorn
in fig, 3.1A near the mirror M^. Photograph fig. 3.7 shows the ' 
effect of increasing the density value and correspondingly 
increasing the change in Q brought about by the destruction 
of the film. The number of pulses decreased with increasing 
loss, whilst the peak power increased. The single giant pulse 
generated with density 0,4 -bad a F.W.H.M. of 30 ns implying
fast switching. However, the set of photographs on the right
demonstrates that the switching effect was reversible and a 
filter continued to Q - switch for at least 10 shots. It was 
clear that the switching mechanism was not solely the destruction 
of an absorbing film. The spectral distribution of the filters 
was examined with a spectrophotometer and the results are 
reproduced in fig. 3.6B. A true neutral density characteristic 
would have been a horizontal straight line but as fig. 3.6B 
shows there was a variation of density value with wavelength,
Tho non-linearity increased with higher density values.

Information supplied by Kodak Ltd. stated that certain 
dyes were incorporated in the filters. In particular there was 
an absorption edge in the region of 7000 A and it was concluded 
that the optical pi.imping of this region resulted in partial
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saturation of the contained Such a. saturation process
would explain the reversible behaviour of this type of Q - switch.

When the pulse power reached 1.5 MW the reversibility was 
not observed and it was concluded that the structure of the 
dye had changed due to the high power. This type of behaviour 
has boon observed when the dye triphenylmethane was used as 
a Q ~ switch}

3.3 III CARBON LAYERS
To avoid the contaminating effect of dyes in density 

filters absorbing films were made by depositing carbon films 
on glass substrates, Acheson Colloids Ltd. dry film lubricant 
Bag dispersion no. 5^0 in amyle acetate was used and the glass 
cover slips dipped into the suspension. Absorption measurements 
taken when the dispersing agent had dried indicated a diffuse 
absorption of 0.3.

The films were put in the cavity near the maximum reflectivity 
mirror, fig. 3.1A, as were previous films. The laser output.is shown 
in photograph fig, 3.8A. At low excitation two giant pulses 
were generated, followed by low level relaxation oscillations 
as threshold was reached again. Increasing the excitation 
increased the number and power of the after pulses. Subsequent 
operation of the laser revealed normal relaxation oscillations 
since the vaporization of the carbon caused a step function 
change in Q.

Coating a cover slip a second time increased the diffuse 
absorption to 0.6. In this case the first pulse generated 
had a peak power of 8 MN, fig. 3*8B, but again after pulses
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were observed.

Dispersing the carbon particles in ethanol had the advantage 
of forming a quasi reversible Q - switch, as opposed to the 
single shot carbon layers. The first giant pulse had a P.W.H.M, 
of 40 ns and a peak power of 0,3 M,fig, 3,8C. The reduction 
in power was due to the absorption in the ethanol, which was 
also the cause of the partially Q - switched after pulses.

The behaviour of a large number of organic solvents 
has been investigated by Selden^^'^^^ who showed that a small 
absorption edge was sufficient to reduce the number and width 
of normal relaxation oscillations. The output obsex'ved above, 
with carbon dispersed in ethanol, is seen to be a two stage 
Q - switch. A single giant pulse, generated by destruction 
of the absorber, is followed by a series of partially Q - 
switched pulses, caused by the solvent,

3,3 IV SELF Q - SWITCHING
lOSSzabo and Erickson observed that a ruby laser could 

be self Q - switched at 77 K if there was a non-uniform photon 
density in a region of the ruby which was shielded from the 
pump light. The variation of photon density in their experiments 
was caused by using a roof top T.I.H, ruby rod and the roof 
top region was shielded from the pump light.

The pulse shortening mechanism, proposed by Szabo, was 
that of a saturable absorber effect in the ruby comparable 
with the Q - switching of CO^ lasers by CO^ vapour. The 
mechanism requires an absorption cross section a* of the 
unpumped atoms to be greater than that, of the laser atoms
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for a uniform photon density (}) . The roof top, however,
increased the photon density resulting in a higher effective 
value for a* = M Q l where M was a constant depending on the 
degree of reduction of the beam in the absorber (approximately 
M - 2 for the roof top). The value of M required for saturation 
was also a function of temperature. At 100°K,M should be 3, 
whilst at 77°K a value of 2 was sufficient.

To investigate this process the ruby rod was cooled by 
increasing the rate of flow of nitrogen to the laser cavity. 
Photograph, fig. 3.9A shows the free running output of the 
laser at room temperature. Pig. 3.9B shows the reduction in 
the number of pulses and peak power enhancement observed when 
the rod was cooled. The output reverted to normal when the 
rod warmed to ambient temperature. The slight Q - switching 
effect observed was attributed to the laser rod supports shielding 
the chiselled Brewster faces from the pump light. Complete 
saturation of these sections of the rod was not possible with 
the degree of cooling used but the pulse shortening and power 
enhancement was attributed to non-linearities caused by optical
pumping of the ^A^ -> E transition in ruby.

Self Q - switching of a misaligned ruby laser cavity 
has been discussed in several papers^^^’ and no satis
factory mechanism exists at present. Photograph fig. 3.9C 
shows the effect produced as a result of misaligning the 
mirror of fig. 3.1A by 10“  ̂radians. In common with 
examples cited in the references an enhancement of peak power 
and a reduction in pulse width and number was produced. The 
orientation of the misalignment relative to the oscillating 
E vector did not alter the observations.
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The main experimental results concerning cavity mis
alignment are as follows.

The effect of misaligning one cavity mirror is knoim to 
vary depending on the formation of the ruby rod. For Brewster 
angled systems and T.I.R. configurations varying degrees of 
Q - switching have been reported. For plane ended laiby rods 
a periodic undamped oscillation has been observed.

It is also known that the introduction of a lens into a 
misaligned plane mirror cavity does not alter threshold if

a < D/2f
where a is the misalignment angle, D the diameter of the
active medium and f the focal length of the lens. It is argued
that the lens prevents ‘walk off' of a ray which would otherwise

109occur and causes it instead to oscillate about a mean position.
As shown in chapter 2, the intensity of the pump radiation

is concentrated towards the centre of the rod and the resulting
107thermal differential is knovm to act as a positive lens.

In such circumstances a ray may oscillate in a misaligned 
cavity throughout the whole of the active medium and effectively 
increase the length of the active medium with possible non-axial 
mode selection as evidenced by the lack of a filamentary structure 
in the output beam. The latter would satisfy the conditions 
of the Statz Be Mars equations (9? 10) and the production of 
periodic oscillations.

The effective length of the active medium also includes 
any regions shielded from the pump light. Any non-linearities 
in the shielded regions, caused by a non-uniform flux density, 
would bo magnified if ‘walk off* was prevented. It could be that 
a saturation process at room temperature is a possible mechanism 
for the experimental observations with shaped rubies.
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C H A P T E R  4 

MODE LOCKED RUBY LASER

4.1 MODES H Ï A LASER RESgJATOR
Investigation of the spectral distribution of the li^t 

emitted from a solid state laser is usually a great disappointment. 
Harrowing below a few tenths of a wave number is difficult to 
achieve. This results in part from a frequency shift during 
the output caused by changes in length and refractive index 
and the presence of unresolved modes. Such axial modes can 
be resolved by a Fabry Perot étalon and the beat frequencies 
between various modes (chapter 3) confirm these conclusions.

Fig. 4.1A shows the gain profile of ruby and the coverage 
of the profile is in the form of a fine tooth comb of axial modes 
separated by Av = c/2L« These axial modes are the allowed 
resonances of the Fabry Perot feedback interferometer. The width 
of the individual modes varies with temperature and resonator 
geometry between 3 and 20 MHz, Temperature and refractive index 
changes cause a gradual frequency shift and the variation of 
mode pattern from one spike to the next means a particular 
pattern lasts only a short time i.e. independently phased modes. ■

With the advent of Q - switched lasers mode selecting  ̂ f
elements were used to obtain lasers with high spectral 

110brightness by confining the radiation to a single axial 
mode. Transverse modes could be eliminated by a combination 
of increasing the resonator length and using stops. Axial

111mode selection was conveniently achieved by resonant reflectors
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•which provided feedback for a very narrow frequency range 
and, in fact, were able to select a single mode. A laser 
resonator with a resonant reflector acts as a coupled cavity, 
tho shorter cavity (resonant mirror) determining the principal 
resonances of which only one lies within the gain profile.

4.2 MODE SELECTION Aim BEATS
Without such mode selection the result of a large number 

(m) of random phased modes and their superposition is an 
output intensity equal to m times the number of modes. This 
may be compared with 100 violins, all playing approximately 
tho same note, when no beat frequencies are observed.

The beats previously observed within the spikes
(chapter 3) were due to amplitude fluctuations of individual
modes caused by the intensity dependent transmission of the 

112ruby. ' Clearly, if two modes have an amplitude greater than 
the rest, beats will be observable at the difference frequency 
and the beat signal will continue until one of the modes under
goes a change in amplitude or phase.

A similar result was consistently obtained by purposely 
suppressing some of the available modes. Fig. 4.1A shows the 
result of placing a mode selecting element within the cavity.
The mode profile was modulated with a spectral period Av 
= 1/2 l[i where I was the length of the element and [i its 
index. For a quartz plate 1 cm thick A v  = 0.3 cm and the 
spectral channelling modulated the mode profile so that threshold 
was reached for groups of 2 or 3 modes. The almost 100$? beat 
modulation observed was at the fundamental beat frequency Av 
= nc/2L (n = 1) which was 240 MHz in this case. With a
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faster time base and repetitive triggering the beat frequency 
between alternate (n = 2) axial modes was observed.

The low finesse coefficient of tne quartz plate imposed 
a very slight modulation on the mode profile and each resonance 
may have covered several axial modes. If the finesse coefficient 
had been increased by coating the quartz with a reflecting layer 
the modulation may have been sufficiently sharp to encompass 
only a single axial mode. Furthermore, if the spectral period 
of the element Av had been greater than the laser line profile 
only a single axial mode would have oscillated, the beat pattern 
would have diminished and the plate would have acted as a true 
mode selector.

When quartz plates 1 mm thick were placed in the cavity 
(spectral period 3.3 cm~^) the spectral period was at least as 
broad as the linewidth of the ruby. The imposed modulation 
encompassed all the available modes and a beat signal was only 
observed occasionally when the ruby was pumped in excess of 
threshold. The 100$? modulation observed with the thicker plates 
was never observed with the 1 mm plates.

To ensure that the beat signal observed was not caused by 
electronic ringing in the detection system, the cavity length 
L was adjusted and the beat frequency was seen to change accordingly.

4.3 HGDB LOCKING
In previous sections beat frequencies have been examined 

for a laser operating id.th many random phased modes and also for 
the case of a few selected random phased modes of nearly equal 
amplitudes. Here consideration is given to the case of many modes
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with fixed phase relationships and nearly equal amplitudes.

Fourier theorem.
Any repetitive pulse train can hj made from the sum or 

interference of a series of discrete sinusoidal functions 
having integrally related frequencies and fixed phase relation
ships i.e.

^  c o s 2 n < m A v > t  +  sin 2 T T < m A v > t  1 2 .
2

where m Av are the discrete frequencies and a zero phase term 
is assumed. The pulse width At =» l/Af where A f  is the range 
of frequencies involved in the summation of equation 12. The 
pulse repetition rate is T = l/Av =% 21/0 .  Tho beat signals 
discussed in the previous section were for the summation taken 
over two modes (m = l->2). The beat signal between two random 
phased modes lasts for a period equal to the phase memory of the 
laser. To obtain a sensible periodic output from the super
position of more than two modes, fixed phase relationships must 
exist between the modes.

A laser supporting a large number of modes (no mode 
selection) is capable of generating a periodic pulse train. A 
laser possesses a discrete set of integrally related frequencies 
(modes) m A v  = mc/2L across a bandifidth Af. Phase synchronization 
is the additional requirement.

It is interesting to calculate the parameters of a pulse 
train that could be generated by a ruby laser with phase 
synchronization, assuming strict applicability of the inverse 
bandwidth relation At = l/Af. The bandmdth of ruby at room 
temperature is Af = 9 x 10^^ Hz (l.5 A) giving a lower limit 
of # 10 X 10~^^ seconds. The repetition rate T = l/Av
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^ 8 X 10*"̂  seconds for a 120 cm cavity. The peak power of m
phase locked components is m x average power and, assuming fixed
phase over the entire bandwidth, m =, A  f a: 720. Using tho giant

A v

pulse powers observed in chapter 3 i.e. <̂ 10 M  the peak power 
in the mode locked or phase synchronized case would be 7,2 x 10^ tf.

Achieving synchronization.
If a signal with frequency v is amplitude modulated at 

a frequency f side bands are generated at frequencies v + f 
and V - f. Since the energy in the side bands is intimately 
related to the parent frequency, the side bands are in phase 
with the parent signal. If then a laser cavity is modulated at
a frequency Av = c/2L any mode with a frequency m Av generates
two side bands at (m + l) Av and (m - l) Av . These side 
bands are situated spectrally on adjacent modes and thus energy 
in these modes is locked in phase to the parent mode. The same
process is impressed on all modes by the modulator with tho
result that the whole mode spectrum is rapidly phase locked at 
the onset of oscillations.

4.4 AUTOMATIC MODE LOCKING
37Mocker and Collins showed that the bleachable dye used 

to Q - switch a laser could also automatically provide the 
amplitude modulation required for phase locking. The intensity 
dependent transmission characteristic of such a dye is shown 
schematically in fig, 4.2A. Assuming oscillations start at 
the mode nearest the peak of the gain profile of fig, 4.1A the 
action of the dye is to attenuate low level signals preferentially 
to high level ones, thereby sharpening any amplitude variation 
within the cavity. Once started, this process provides automatic
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modulation at the cavity transit time 2L/o. The harmonics 
generated by the opening and closing correspond exactly to 
the axial mode frequency separation Av= c/2L. The dye 
automatically provides modulation at the correct frequency 
without having to compensate for perturbations in the resonator, 
fig. 4.2B.

The initial spatial variation required to start the 
process described may be due to the finite extent of the active 
medium or it may be started by random noise. The latter 
explanation is supported by the observation of short pulse 
components in free running lasersï^^*^^^

This behaviour of the dye is on a much shorter time scale
than the simple bleaching process assumed in Q - switching.
Tho only extra requirement is that the dye should recover in
a time less than tho cavity transit time 2L/c. This is easily

«•12satisfied by cryptocyanine with a relaxation time of 10 sec.

Experiments in mode locking a ruby laser.
From previous discussions it would appear that mode locking 

may easily be achieved. In practice, however, many conditions 
needed to be satisfied before a reproducible mode locked output 
was achieved.

Synchronising tho modes in a ruby laser is inherently more 
difficult than with Nd:glass where a broad ( ̂  IOOA) oscillating 
bandwidth increases the chance of the simultaneous excitation 
of a large number of phase locked modes.

The most important factor was found to be mode discrimination 
by various resonator elements. Any parallel sided surface 
caused channelling of the spectrum and a reduction of m for
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continuous summation of equation 12. The Brewster angled 
ruby rod prevented any selection by reflection at the rod faces 
and the dye cell was tilted at its Brewster angle. The effect 
of a parallel sided surface is shown in fig. 4.3. Fig. 4.3A 
shows tho pulse train monitored on the T 454* Inserting a 
3 mm quartz flat inside the cavity (spectral period 1 cm"*̂ ) 
caused sufficient channelling for the generation of a smooth 
single mode output. Occasionally low amplitude sinusoidal 
beats were observed.

Increasing the cavity length L increased the mode density
and sufficient modes were involved even if the whole spectrum
was not simultaneously excited. A fur-bhor virtue of the long
cavity was that it selected a single transverse mode and
prevented output in numerous transverse modes, which are difficult
(but not impossible^^^) to lock. The long cavity also produced
a 'long low' giant pulse F.W.H.M. ^0 ns. The giant pulse rise
time depends on tho speed with which tho inversion crosses

115threshold. This has been examined by Svelto who has shown 
that if the inversion threshold is crossed too rapidly the 
modes will not have had time to establish well defined phase 
relations. The uso of a long cavity increased the giant pulse 
rise time relative to the phase locking time. Fig. 4.3B shows 
the sinusoidal beat signal observed when L was 36 cm and the 
repetitive pulse train when L was increased to 120 cm.

The speed of crossing threshold is the single factor which 
affects the reproducibility of the system. This speed alters 
dramatically if the dye transmission changes by a few per cent.
To this end circulating dye systems have been used to avoid 
degradation of the dye.

The achievement of mode locking was found to be strongly 
dependent on the pump level. Pumping the laser 50^ above
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threshold caused a breakaway from a periodic pulse train fig. 4.3C. 
Besides influencing the speed at which threshold was crossed, 
pumping in excess of threshold caused many modes to be simul
taneously and independently excited. Such behaviour was contrary 
to the requirement discussed previously of oscillations starting 
in a single mode and adjacent modes having energy fed into them 
by the side band generation process.

The position of the dye cell within the cavity was found 
to be important. If the dye cell was placed at any position 
other than adjacent to the maximum reflectivity mirror, two 
pulse trains wore generated which competed for the same spectral 
width.

The choice of saturable absorber for Q -svritching ruby 
lasers is usually cryptocyanine dissolved in such solvents as 
methanol, ethanol or nitrobenzene. A considerable improvement 
in consistency of operation was gained by using acetone as the■5 Q
solvent. Spectrophotometer traces of various solutions of
cryptocyanine are shoim in fig. 4.2C. When acetone was used
the absorption peak was coincident with the ruby laser line,
whilst in other solvents the absorption peak was displaced
by up to 30 A. It is postulated that this displacement pulls
the laser central frequency to one side during the output by
providing greater gain for modes closer to the absorption peak.
This would cause the frequency spectrum to be swept during
emission, reducing the simultaneously available bandwidth. This

3+interpretation is substantiated by results obtained with Hd 
lasers utilizing Kodak 9740 switch solution where the saturable

117absorber mechanism works on an absorption edge. Treacy 
found a definite pulling of the laser line during emission 
resulting in a chirped output signal. The signal could be 
dechirped (or the pulses compressed) by passing the signal
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through a disporsive network to provide a differential delay*
The main portion of tho output from the laser was usually 

'dumped* on to a piece of black Polaroid film during these 
experiments. This left a characteristic burn mark and it was 
possible to tell, from tho presence of this mark, that the system 
had lased. Rotating by 90° the beam splitter, that usually 
diverted a small portion of the beam to the photodiode, any 
reflection from the Polaroid was observed. This reflection 
amounted to 3% of the incident beam and disrupted the mode 
locked output if the Polaroid surface was roughly aligned -vrith 
tho cavity. To avoid feedback the Polaroid dump was angled 
at grazing incidence 'to the laser beam.

4.5 iriPJlOR DAMAGE
Although the generation of shorter pulses circumvents 

damage to the active medium, it has been a general obseryation^^*^^ 
that partially transmitting minors are more susceptible to 
damage when a laser is operated in the mode locked regime. Any 
slight deterioration in the dielectric mirrors causes a fall off 
in reproducibility. The change in reflectivity may be considered 
equivalent to a change in dye concentration since the total 
cavity loss is changed. It has been shoim that the latter 
affects the locking conditions by changing the speed at which 
threshold is crossed.

Damage at the maximum reflectivity mirror was alleviated 
by the use of a roof top prism, but the various schemes 
devised for the low reflectance end of the cavity e.g. frustrated 
total internal reflection and electron gun evaporated coatings 
wore not available. The use of étalon type reflectors, ifith 
their comparative freedom from damage,‘unfortunately precludes
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modo locking; since these reflectors exhibit mode selective 
properties.

It was found, however, that a cavity incorporating a 
'random stack mirror', fabricated from microscope cover slips 
could provide the wide band feedback and remain undamaged.
Tho surface of microscope cover slips may be termed random or 
rough in comparison with optically flat surfaces. The performance 
of random stack mirrors with conventional Q - switched lasers is 
the subject of chapter 5* Here the point of importance is that 
each element in the stack was 0.03 cm thick and the corresponding 
spectral period was 11 cm“*̂ . Any interference caused by local 
parallelism therefore did not channel the spectrum and the full 
band width was available for simultaneous excitation.

A random stack mirror (lO element R = 0.4) was used as 
tho output mirror for the pulse trains monitored with the 
E.M.Io diode and T 519 and shown in fig. 4*3D. In fig. 4«3E 
tho detection system was the I.T.L. diode and the T 519 oscillo
scope. In both cases the pulse shape observed was instrument 
limited. Photographs like fig. 4*3D,E were typical of many 
taken with the laser operated with a random stack mirror. The 
consistency of operation was attributed to the damage free 
properties of the mirror. In this way a random stack mirror 
provided an easy to use and reliable component for use with a 
mode locked ruby laser.

The velocity of light.
The pulse repetition rate c/2L of the mode locked laser 

enabled a velocity of light determination to be made. Increasing 
the cavity length by a knoim amount P increased the ringing time
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of tho cavity hy 2P/c i.e. T = 2 (IC + P)/o where K was
tho basic cavity length. Fig. 4#4B shows T as a function of
P and from the slope of the graph

c =  3.0 + 0.2 X 10^^ cm/sec 
The basic cavity length K was 60 + 0.1 cm.

Pulse width measurement.
Although the stack mirror did not affect the instrument

limited pulse widths, the two photon fluorescence technique
was used to estimate real pulse widths. Diphenyl anthracene
in benzene hasbeen used for two photon fluorescence, but
rhodamine 60 in ethanol was found to be more convenient.

Such a solution is non-absorbing at the fundamental
laser frequency v but absorption may take place via a virtual
level at E = 2hv. Prom this excited level the atomic system
decays to an intermediate level by non-radiative processes
and finally ra.diates a broad fluorescent line. Because of the
quadratic intensity dependence of the fluorescence, if means
are provided to reflect the pulse train back on itself a
profile of the pulse appears as a bright region above the
background, fig. 4.5♦

The arrangement used is shovm in fig. 4*4A. The feedback
into the cavity by the mirror in effect created a coupled
cavity. To avoid amplification of the reflected beam, and
possible destruction of the mode locking conditions, was
misaligned by 3 mR and the fluorescent cell moved 6 feet from
the laser output mirror. In the region of the cell the incident
and reflected beams were almost colinear.

The fluorescent track photographed, fig. 4.5, did not
give any information about the pulse shape and the width

12calculated as 20 x 10" sec assumed a = 1 for a Lorentzian
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pulse. This value agrees #ell with the inverse bandwidth
relation A t = l/Af.

The interpretation of such two photon fluorescent patterns
is still the subject of violent debato^^^ Theory shows that
the contrast ratio of the fluorescence should be 3:1 above
background for a completely mode locked signal and that a ratio
of 1.521 should be observed for the case of random phased modes.
Most results, including the track shorn in fig. 4*5, yield a
ratio of 2.0:1.

The difficulty was thought to have been overcome by the
recording of a very narrow spike in the centre of the fluorescent 

119region. Being 50 micron wide with a peak contrast ratio of
2.6, the observation was substantiated by photoelectric

120measurements of the intensity profile. On the other hand, 
similar spikes were observed with fluorescence measurements 
on relaxation oscillations when no mode locking element was

^104present.
The main general impression is that if a periodic pulse 

train is displayed on an oscilloscope then measurement of the 
pulse width obtained from two photon fluorescence tracks can 
be regarded as the true pulse width to a high degree of certainty, 
without resort to contrast measurements.
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C H A P T E R  5 

RANDOM STACK MIRRORS

5.1 PERIODIC OPTICAL RESONATORS
Recently the periodic optical resonant reflector has been 

analysed*^^ Working on the same physical principles as the 
dielectric thin film a series of parallel sided glass plates 
can provide a high reflectivity with freedom from damage. The 
peaked periodic reflectance of such a reflector makes it strongly 
mode selective, which is desirable for lasers with high spectral 
brightness, although the opposite is required for mode locked 
lasers.

Fig. 5*1 shows the computed maximum reflectivity of a
111periodic resonant reflector for different n and m. To obtain 

a high reflectivity both n and m must be large (n index, m 
number of elements). To obtain 8$^ reflectivity at 6943 A 
using Schott L.A.K. 10 glass (n = 1.71383) three such plates 
are required with a thickness of 0.42087 of the air interval^^^ 
The six figure accuracy is needed for the operation of this 
type of mirror. Only a tunable resonator is capable of satis
fying such conditions. The plates and spacers need to be flat 
to X/lO and the thickness of the plates and spacers can be 
varied by heating. The optical thickness of the air interval 
may be adjusted by varying the atmospheric pressure between 
the

In 1963 Burch^^^ reported the use of a stack of dielectric 
plates as a cavity mirror for a ruby laser. Such a stack
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conaistod of a randomly arranged pile of thin dielectric plates 
such as microscope cover slips. In contrast to the periodic 
resonant reflector the optical path varied by several wave
lengths across the aperture. Also, the spread of orientations 
was several minutes of arc. Such a stack provided a white 
light reflection. Recent interest in high power P.f.M, and 
mode locked laser systems has required broad band reflectors 
which aro resistant to damage. The random stack mirror fills 
this need.

5.2 THEORETICAL REFLECTIVITY OF RARDOM STACK MIRRORS
124Stokes calculated the white light reflectivity for a

pile of plates, ignoring phase effects and interference.
The single plate.

Let 0 be the function of incident light reflected by 
a single surface.
From the Fresnel relation

0 =
[1+ 1

The fraction of incident light reflected by a single plat%
(two surfaces) r

r = 0 + (1 - 0)% 9^ + (l - ,0)^0^g^ + ....
where g is the fraction of light lost through absorption in 
a single pass.
Summing to infinity

r= 9 +(1- 8)^09^
1-

for g = 1 r= 3 0/1 + 0
A stack of plates.

Consider a stack of m plus n plates in groups of m and n 
plates. Define the functions (j)m, ij;m as the reflection and
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Fig. 5*1 shows the curves relating the mean reflectivity 
R and the number of plates m for various relative refractive 
indices, assuming no absorption. A higher number of plates is 
required with the non-resonant system to achieve a given 
reflectivity, compared with the resonant reflectors. The 
equation 20 shows, however, that any substance which is finely 
divided, so as to present numerous reflecting surfaces, and 
which is transparent in mass, is brilliant white in reflected 
light. The intensity of light reflected from snow is due to 
this effect.

5.3 CmSTRUCTim OF MIRRORS
The mirrors used consisted of 0,3 mm thick microscope 

cover slips separated by paper spacers which created an air 
gap between the cover slips of 0,09 mm. The glass was Chance 
C.M.D. soda - lime - silica with a refractive index of 1.52 
and the surfaces were parallel to 5 minutes of arc and flat
to 2 X . The density of the stack mirrors was measured on a
spectrophotometer. Assuming negligible absorption the measured 
density was equivalent to a simple reflection. The experimental 
reflectivities as a function of number of plates are shown in 
fig. 5-l‘ Clearly, losses became more important with large 
numbers of cover slips, but the correlation between theoretical 
and experimental curves showed that absorption was negligible 
in stacks of up to 15 elements.

The random stack had a mean reflectance given by equation
20, but enhanced reflectivity was observed in those regions
where the local parallelism was better than the mean. This 
was demonstrated by photographing the reflection pattern when 
coherent light from a gas laser was incident on the mirror.
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Fig. 5.2B shows the observed pattern with reflection from a 
X/4 flat for comparison. The local enhancement and the 
increased beam divergence can clearly be seen. Fig. 5.2C 
shows the striated reflection from a stack mirror made visible 
by chalk dust in the atmosphere. The beam was photographed 
at an angle and the total path length was 4 metres.

5.4 LASER OUTPUT WITH STACK MIRRORS
Relaxation oscillations.

Fig. 5.3A shows the output energy as a function of the
number of elements m in the stack mirror. A 99^ dielectric
mirror was used at the closed end of the resonator.

Threshold values were higher than those obtained with
dielectric mirrors (chapter 3) due to the increased divergence
of the beam. However, a relative lowering of threshold was
observed with stacks of increasing m. The measured beam divergence
was 5 mR with all the mirrors. The far field showed a speckle
pattern caused by local enhancement, fig. 5.4B.

The spike power and separation were no different'from
those obtained previously with good quality dielectric mirrors.
However, with a 15 element stack, beat modulation between
adjacent axial modes was pronounced.

125Magyar and Selden have attributed this to a spectral
channelling effect. Though such effects must be present, as
the far field pattern shows, the spectral period of the elements

—1forming the stack was 11 cm*" , an order of magnitude greater 
than the line width of ruby at room temperature.

An alternative mechanism could be a saturable absorption 
line in the glass caused by impurities. It is known that most 
microscope cover slips contain iron (in the form of Fe^O^), though 
this is not listed in the typical analysis of the C.M.D. cover
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slips used. An iron impurity in glass is saturable and has
126a relaxation time of 3 ns.

All stack cavity.
Threshold for oscillation was further increased by 

using stack mirrors at both ends of tho laser cavity. The 
triangular points in fig. 5.3A denote the output from the laser 
when operated with two stack mirrors of m = 15 and m = 30 
elements. That threshold could even be achieved for such a 
cavity was probably due to the large range of modes which could 
be supported. A laser consisting of the active medium and two 
random stack mirrors is a novel arrangement when consideration 
is given to the normal specifications for laser mirrors.

In fig. 5*3B the total lasing time and the delay before 
oscillations began are plotted as a function of input energy,
Ej, Fig. 5#4A demonstrates the type of spike output observed.
At threshold a single pulse F.W.H.M. 300 ns was generated, 
followed by three or four after pulses. This may have been 
caused by an increase of any saturable absorption loss within 
the cavity. With a total of 45 elements saturation may have 
been sufficient for weak Q - switching. Above threshold a 
normal chaotic spike ensemble was observed.

Giant pulse output.
A combined mirror and Q - switch cell was made by filling 

the air gaps in a 45 element stack with a true saturable 
absorber (cr,yptocyanine in ethanol). The almost equal refractive 
indices (I.52 glass, 1.36 ethanol) reduced the reflectivity of 
the mirror compared with the air glass mirror. This was the 
reason for an 11 MIT peak power output pulse with the combined 
system and a 5 T'RT peak pulse when a separate Q, - switch cell
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was used with an air glass mirror, fig. 5-4̂ ,3).
Tho combination of mirror and dye cell reduced the number 

of components in the laser. Taking this to the limit a unitary 
design for a laser would consist of a spatially separated 
active medium. Internal reflections within such a system 
could be sufficient to offset tho losses and the output beam 
would be equally divided between the two ends.

* *
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C H A P  T E R 6

LASER DEDUCED THERMAL ETCHDTr; IN THDI FILMS

6.1 METALLIC Q - SNITCH FILMS
As a convenient method of analysing laser induced damage 

in thin films, the Q - switching elements used in the work 
described in chapter 3 were examined under a microscope. 
Photograph fig. 6.1 shows the type of feature observed with 
the carbon films. Photograph fig. 6,1A shows the flaking of 
the layer whilst the three other figures demonstrate the 
formation of cracks in the glass substrate. Such cracks are 
similar to those obseryed on heat sleeked glass. A largo 
circular chip, approximately 300 micron in diameter, part of 
which is shovm in fig. 6.1C, was the result of thermal shock. 
Concentric interference bands can be seen due to interference 
between the substrate and the chip.

The 200 A gold films used to Q - switch the laser showed 
the same basic features as the carbon films with the addition 
of a regular system of parallel straight lines. It was realized 
that these lines were due to absorption and subsequent 
evaporation at the antinodes of tho standing electromagnetic 
wave within the laser cavity. Alternatively, the gold film 
had recorded a two beam hologram of the wavefl'ont. The spacing 
or spatial period of the modulation is related to the angle of 
incidence 9 between the surface normal and tho incident 
radiation by equation 8

________ _X_________
2 cos 02~ 01 sin 02 +  01 

2
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where 9 = 8i = 9% 
Therefore d = 2̂sin9

Fig, 6,2 shows equation 21 plotted for X equal to tho ruby 
fundamental and second harmonic radiation,

A series of specimens was prepared and the spatial period 
of each measured by calibration against a microscope fiducary 
grid. The experimental points fit the curve well and remove 
any possibility that the modulations were due to any other

128effect. Five different ordinate scales are gi.ven in fig.
6.2. These enabled the spatial period to be converted from 
nanometres to line pairs per inch without heartache.

The variation of reflectivity with angle of incidence
(chapter 3) for the experimental points in fig, 6,2 caused
a corresponding loss variation within the ca-f/ity. This put a
practical limit on the value of 9 that could be utilized,
Tho single pulse peak power decreased to 10 MVf as 9 was
increased to 60° , When 9 was greater than 60° the Q of the
cavity was so low that oscillations could not be started.
This was consistent with 9 in the region of 60° being the
pseudo-Brewster angle for gold. Above 9 = 60° the reflectivity

129rapidly increases. Rotating the gold film so that the 
oscillating electric vector was at right angles to the plane 
of incidence did not alter the spatial period. However, the 
reflectivity curve corresponding to this polarization 
monatomically increased with 0 and Q - switched operation 
could not be obtained for 9 > 30°•

The standing wave ratio employed in the experiments was
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almost unity becauso the gold films were placed between the 
maximum reflectivity mirror and the ruby. However, placing 
the film between tho ruby and the output coupling mirror (4 )̂ 
still gave a good modulation profile on the surface* The inter- 
, pretation was that the absorption of the travelling wave 
component of the partial standing wave was sufficient to raise 
the temperature of the gold surface to near its boiling point. 
Spatially modulated vaporization was then accomplished by the 
relatively small standing wave component. This is analogous 
to the pre-fogging technique used with photo,graphic plates 
to reduce the exposure time^^ To check that at least a partial
standing wave was required the laser was Q - sT-ritched with a
gold film and the output directed on to a second 200 Â gold film. 
As expected, the film inside the cavity was found to be spatially 
modulated, whilst the second film exhibited a uniform damage 
area.

To study the effect on films other than gold a series 
of thin films was prepared, using C.M.D, glass substrates.
The thickness of the films was such that the reflection at
normal incidence was similar to that obtained with 200 A thick 
gold films i.e. = 0,6. This meant that the peak power 
generated by the laser was in the region of 10 - 20 MIT,
Variations for a given incidence angle were due to absoiption 
changes from film to. film.

Microscopic examination of each film showed spatial 
modulations with a period agreeing with equation 21, The 
definition varied considerably and fig, 6,3A-D are the 
photomicrographs of the modulations on aluminium, silver, 
nickel and platinum* The figures at the bottom left of each
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photograph represent the magnification of the reproduced print 
whilst NX refers to the magnification of the microscope camera 
system.

Platinum, fig. 6,3D, represented a poorly defined modulation. 
It was conjectured that this was due to the combination of 
high boiling point (4500°C) and a thermal skin depth d =(qt)^ 
of the order of the film thickness. Furthermore, the thermal 
conductivity of pure carbon is 0,0005 and the thermal skin 
depth is less than the film thickness. No spatial modulation 
was observed when carbon films were used, whilst silver (K =» 0,86) 
has a skin depth of 82 micron and exhibits a clearly defined 
modulation, fig. 6.3#. Modulations were also observed with 
titanium, copper and bismuth films used to Q - switch the laser,

6,2 SUBSTRATE DMIAGE
The damaged areas of all the films exhibited diffraction 

properties by glistening different colours when illuminated 
with white light.

Using the 6328 A radiation from the gas laser the diffracted 
beams were observed, fig, 6',4A, Measuring the separation of 
the orders and using the diffraction relation

d ( c o s a -  cosp)  = n X 

where a and p were the incident and diffracted angles measured 
from the surface, an additional measurement of the spatial 
period d could be made. The path of the incident and diffracted 
beams were made visible by blearing chalk dust into the air,

Tho exact nature of the diffraction of a freshly formed 
film was difficult to ascertain. Most of the gold from the
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centro of the irradiated region had vaporized. A simple 
'amplitude* diffraction process was not applicable. The 
strength of the diffracted orders suggested that modulation of 
the glass aibstrate must have occurred. All traces of gold were 
removed by soaking the films in aqua regia and after rinsing 
in distilled water the surfaces were re-examined. The modulations 
were still present, fig. 6.4B, indicating that the substrate 
backing had also reached its boiling point. Assuming that the 
optical absorption of the glass was negligible and that the 
gold glass interface reached the temperature of boiling gold 
(2950 C), then thermal diffusion into the substrate duplicated 
the spatial modulation of the gold.

The modulations observed by optical microscopes did not
give any information regarding the modulation profiles, A

2standing wave results in a cos intensity profile and if it 
was assumed that the amount of material evaporated from the 
surface was proportional to the light intensity, the modulation 
profile should have been similarly defined,

A carbon platinum replica of a cleaned substrate was 
taken and examined on an electron microscope. The result is 
reproduced in fig. 6.4C. The smooth undulating nature of the 
surface is evident. Shadow casting the surface of the replica 
would have enabled the surface profile to be determined, but 
this facility was not available.

Subsequent C.Pt. replicas taken from the same area were 
uniformly successful in recording the profile. This demonstrated 
that the modulations in the glass substrates were permanent and 
not composed of loosely adhered glass fragments. The surface
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of a cloaned specimen would behave as a phase grating similar 
to the diffraction from acoustic waves in liquids. By correlating 
the intensities of the various diffracted orders an assessment 
of the modulation depth was made (section 6,6).

Resolution as a grating.
To test the resolution of the etched lines when used as 

a diffraction grating in transmission a 0,4 micron specimen 
was used, A resolution limit of the order of 1 A was observed. 
Specifically the sodium doublet -vrith a separation of 6 A was 
easily resolvable, fig. 6.4D. The angular separation of the D 
lines in first order was 5 minutes. The diffracted intensity 
was not sufficient for highspeed recording. An exposure of 
15 minutes was required and reciprocity failure of the film was 
responsible for the equal intensities recorded by the and 
Bg lines. (The statistical weights of the upper state in the
Principal Series of Alkalis are 4 and 2. CHring to approximately 
equal excitation energy the population density of state
is twice the state and an intensity ratio of 2:1 results.)

6.3 ETCHING WITH FHEQUEIICY BOUBLEB LIGHT
To show that the modulations could also be produced by 

standing wave systems of different frequencies, gratings were 
etched with frequency doubled ruby light.

It was necessary to establish first that the absorbing 
film could be placed outside the laser cavity in the *extra 
cavity’ arrangement. The standing wave interference system 
Was produced by a third mirror reflecting the laser output 
normally. To prevent coupled cavity oscillations the external 
mirror was tilted at an angle larger than the beam divergence.
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The laser was Q - switched hy a cryptocyanine dye cell and 
modulations wore observed when the absorbing film was close 
to the third mirror.

The frequency doubled beam Xuj/2 = Xsw was generated by
passing the laser beam through a 1" x x crystal of
To generate a reasonable amount of frequency doubled light,

45phase matching conditions had to be satisfied.^ This was easily 
accomplished as the cuboid had been specifically cut with its
axis at to the optic axis. At normal incidence to the
plane parallel polished faces the laser fundamental and second 
harmonic travelled as the ordinary and extra-ordinary rays 
respectively in the biréfringent crystal (i.e.n° = ),
Nevertheless, critical ’tuning’ of the crystal was required 
and any deviation gave a sharp decline in frequency doubled 
power. The ’tunable’ range was in the region of

Pig, 6.5 shows the optical arrangement used. The ruby 
laser in this case was a commercial unit (Bradley 351) and the 
x*uby rod was plane parallel ended and water cooled. This 
greatly aided ’tuning* of the ADP crystal when high pulse 
repetition rates were required. The diode was calibrated 
in the manner described in chapter 3 and an approximate 
calibration for achieved, utilizing the ratio of absolute 
sensitivity at Xw and Xscj for the S 10 photocathode. The 
oscilloscope traces, fig. 6.5, gave an approximate second 
harmonic conversion efficiency of 3/̂ for a 63 W  peak power
input pulse. A no. l8A filter efficiently discriminated

0against the ruby fundamental and allowed only 3471 A radiation 
to reach the absorbing plate inclined at an angle 0 to the 
beam. The mirror was a massive ( 100|im) silver layer on
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a glass backing. Such a mirror provided good heat transfer 
and was less susceptible to damage.

At 0 = 10° the expected spatial periods for Aw and 
À2W are two and one micron respectively. Spatial periods of 
one micron wore observed with the arrangement shown and, by 
removing the ADP crystal and filter, modulations at two micron 
were observed.

It was possible, by counting fringes, to determine the
exact ratio of the wavelen,gths Aw/Xsw , It was reckoned
that a displacement of one tenth of a fringe could be detected
from the microdensitometer traces of the negatives. Taking this
as the maximum possible error in a count of 100 frequency
doubled fringes the ratio was

^  = 2.000 + 0.001 
Â 2 WThe point is not a trivial one, as even the slightest departure 

from a ratio of 2 cannot be explained by currently accepted 
theories. The only work published on this subject^^^ established 
the ratio as 2 to one part in 10^ by wavelength comparisons 
on a twenty one foot grating spectrometer.

The finest line spacing that could be obtained with 
frequency doubled radiation was closely approximated to at an 
angle 0 = 60° d = 0,20 micron, Tho separation was close to 
the resolution limit for optical microscopes and the lines could 
not be resolved. However, diffraction of an argon ion laser 
source at 4^80 A indicated that modulations had been recorded 
for a film etched with 0 = 45° (d = 0,24 micron). From data 
obtained a 200 A gold film was capable of a resolution in excess 
of 4,000 line pairs per mm.
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The spatial period of the small gratings that can bo 
produced by thermal etching closely approaches tho limit set 
by conventional techniques and surpasses photographic techniques 
by an order of magnitude. The resolving power of a diffraction 
grating also depends on the total number of lines and a photo
graphic emulsion can record a grating over an area of one 
square yard with a relatively coarse spatial period,

6.4 OPTICAL MESHES ADD FITTERS
Metallic gratings with d < X  could form the basis of 

metallic meshes, filters and grid polarizers at optical wave
lengths, similar to those used in the infra-red}

Fig. 6,6a shows a laser etched mesh produced by rotating 
a 200 A gold film through 90° between successive laser firings.
In the array the gold areas show as white squares. The diffraction 
of 6328 A radiation by the mesh is shoim in fig, 6.6B.

Complete analysis of the optical properî ies of a mesh 
is complex. When X > d diffraction does not occur at normal 
incidence and the transmission is high. As X decreases to 
X a d the transmission reaches a minimum. Such a mesh is a 
short circuit to high frequency signals and may be called a 
’ capacitative ’ mesh. The mesh fig, 6.6A should have shô -m a 
cut off at X = 2.5 micron but no sources or detectors were 
available. A mesh was fabricated to cut off in the region of 
5896 A but no effect was observed using the sodium resonance

131lino and a photomultiplier. As shovm by Auton, by cascading 
several meshes the transmission is the product of the individual 
elements and a dramatic improvement can be attained with meshes 
separated by less than the coherence length of the source used.
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Infra-red interference meshes are commercially availahle}^^
Howovor, the failure of a single mesh to show any effect was
due to the gold thiclcness being less than the electrical skin
depth at optical frequencies. Increasing the film thickness t

2to a value such that t = Ô = 
permeability, w  angular freq 
of the film as a Q - switch.

y
 ̂, ( g conductivity, [iGjg(i

permeability, w  angular frequency) would have precluded the use

The fine grids shorn in fig. 6.6C,D did not possess the 
symmetry of the mesh shovrn in 6.6A and such grids had different 
transmission and reflection behaviour for orthogonal polarizations. 
The experimental results on the first diffracted order for 
orthogonal polarizations are shown in fig. 6.7A. The ratio 
Iii/li is plotted as a function of wavelength for a series of 
laser etched gratings with spatial periods less than one micron.
In this case In defines the intensity recorded when the incident 
light was polarised parallel to the grooves and conversely for Ir 
Each of the grids was set at a pseudo-Litti'ow position for the 
wavelengbh used; the angle between incident and diffracted 
radiation was defined by the spectrometer table as 23°• All 
the grids had been cleaned in aqua regia and recoated vrith a 
one micron gold layer.

The behaviour shoim in fig. 6.7A cannot be accounted for 
by the commonly used Huygens formalism. Such an approach 
incorrectly assumes that the plane diffracted waves are built 
up by an envelope of ^little wavelets*. It is also a fallacy 
to assume that when a plane wave is incident on a plane diffraction 
grating the diffracted waves are also plane and exist only in 
a discreto set.
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Consider a two dimensional surface described by the 
surface function periodic in x

^x+pa "= ^x  ̂= f(%y) P integer
Although two dimensional problems are essentially scalar, in 
tho case of an electromagnetic field the fiold may be defined
in terms of a single variable or
E must satisfy the wave equation

= k%Ez 23.
0x2 Ô/2 ^ 0z2

uhoro IC = 3rr/A and is implied. An elementary solution
of 23 is , ^Ez = cxp| jk(xsin 9 ■!* y cos

A complete solution of 23 is formed by an angular spectrum 
of plane waves represented by the Eourier Integral

r  , I\ E|0| exp|]k(xsin9 + ycos9) |d0
Let Ez bo the component of the incident field

Ê  " exp |-j k(x sin i + ycosi) | 
and Ez the diffracted field such that

Ez = Ez +Ez
Since E and E i satisfy the wave equation so must E^ . The 

z  z  z
Fourier Integral of tho diffracted waves is

Ez = ^ E ^ < i '> e x p | jk (x s in i '  + ycos i ' ) |d i '  2 4 .

where Ê ( i' ) represents the amplitudes of the diffracted waves 
at I'

Now equation 23 suggests an infinity of diffracted waves 
but tho periodic nature of the boundary and the fact that the 
boundary conditions must be satisfied by the total field E^ 
restrict the continuous distribution to a discrete set of waves
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It is the boundary conditions and the periodicity of the 
grating which are at the origin of diffraction. It is remarkable 
that the exact nature of the boundary condition.is not required 
to derive the grating equation and demonstrate the existence 
of plane diffracted waves. However, the amplitudes E^( i'̂) 
of the diffracted waves do depend on the precise nature of the 
boundary, in particular its material as well as the groove 
shape. In the case of a grating where d < X the boundary 
condition for E,| must bo continuous from zero in the metal 
to non-zero in the gi'oove. On the other hand the boundary 
condition for Ej. is not continuous across the groove. Assuming 
that all points within the groove are capable of radiating,
Ejl will be greater than En,

This was demonstrated by fig, 6.7A when Ii/ln reached 
35 for the cadmium red line (0.6439}im) radiation incident 
on a 0,4 pm grating.

Bragg reflection.
The efficiency of a particular grid defined as

diffracted power was found to be dependent on the angle of 
incident power
incidence of the illuminating beam. Pig. 6.7B shows the observed 
variation of I for the first diffracted order in transmission.
The grid had a spatial period d - 0.84 pmand the incident li^t

X = 5896 1 .
The observed sensitivity with respect to angle is

charactoristic of grids made with photographic emulsion when71the spatial period is less than the emulsion thickness,
(For Kodak 649 F film the emulsion is about 10 pm thick after 
development.) In this case the grid really consists of planes 
extending through the emulsion and Bragg reflection occurs from
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these planes when the angles of incidence and diffraction 
are equal and the Bragg condition

sin 4> = JLA_ 2  6 .2d
is satisfied.

Using the known values of X and d Bragg reflection for 
the laser etched grating would occur at an incidence angle 
defined by 26 ({) = 20° 20' (n = l).

As fig. 6.7B shows, the diffracted intensity was not 
symmetrical about  ̂ = 0°a.nd a maximum was observed at $= 20° 10* 
There should have been another peak at cj) = 44° but this was 
not observed.

A Bragg reflection situation should show a sharp angular
dependpndonce. The small peak observed was approximately 8°
wide and was comparable to the angular width of Bragg peaks

69observed with thin photographic emulsions.
Tho Tiidth of the peak can be explained by considering 

the groove profile. A square wave shape would produce a sharp 
peak; when the profile is continuously variable the groove 
edge may bo described by an average slope, excursions about 
the mean causing a blurring of the Bragg reflection condition.

6.5 SEQUENTIAL THERiYAL ETCHUTG
The depth of the metallic film is of prime importance 

for increasing the efficiency of the gratings for applications 
such as mesh filters. Diffraction efficiency is also a function 
of modulation depth and a method of increasing the latter was 
devised.

The laser system could be operated for a second *shot* 
after the initial firing ;rith a gold film Q - switch. The
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output of these subsequent firings was the same as from a
free running laser and consisted of a series of microsecond
spikes. Subsequent shots, up to twenty, were uniformly successful
and no degradation of tho modulation profile was observed. If
then the substrate was recoated after each firing with a further 

0200 A gold layer, tho modulation profile could be built up.

The film must not move between subsequent shots. Fig. 6.8 
shows the system built to provide an in situ coating facility 
for the films. The laser head used was a Bradley 302 and 
between the rod and the maximum reflectivity rear mirror 
a Q.V.F. 'cross* section was mounted with flat glass plates 
on two of the arms. The bottom arm was connected via a butterfly 
valve and an oil diffusion pump to a rotary pump. It was not 
necessary to have a roughing line between tho rotary pump and 
the 'cross' section as the volume of the latter was quite small.
An air inlet valve was provided on the metal plate closing the 
fourth arm. The stirrup arrangement for holding the glass 
substrates was also fixed to the top plate. A small tungsten 
boat connected to a filament transformer was mounted in the 
region between the valve and the bottom arm. The évaporant, 
produced by electrically heating the boat containing a metal, 
condensed on the glass substrate above. No vacuum gauge was 
fitted and the chamber was assumed to be in the region of 
lOT^ torr when the rotary pump made a hard knocking noise.
Such an audible gauge was found to be satisfactory as evidenced 
by the high quality films deposited.

A He Ne gas laser was used to align the optical system 
and the leakage radiation through was used as a thickness 
monitor. Evaporation was stopped when a signal from a P.I.N.
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diodo placed behind reached a level previously defined by 
a 200 A reference layer produced in the Edwards 18" vacuum 
system. The evaporation time and current were also noted.

Successful etching of the gold layers evapoarated in the of/ Iintegral system was achieved and subsequent evaporations
produced giant pulses, albeit of smaller magnitude. The
reduction in power was caused by the intensity profile of the
laser beam. As shoTm in chapter 3 the intensity profile across
the ruby has a pronounced hump. Subsequent gi.ant pulses
generated by the recoated films accentuated the profile and
after three shots the lasing area was reduced to fractions
of a millimetre until finally threshold could not be reached.
This effect was more pronounced in the Bradley 302 laser head
which had a focused elliptical pump geometry.

Nevertheless two important facts were established. After 
three successive evaporations the small central area showed a 
distinct series of lines clearly thicker than the 200 A single 
shot lines. This increase manifested itself in stronger diffracted 
orders for 6328 A gas laser radiation. The area also appeared 
gold coloured as opposed to the greenish blue appearance of a 
200 A gold layer. It had been thought that the impulse 
caused by the absorption of the light and to a lesser extent 
the momentum imparted by the vaporizing material may have caused 
the substrate to movc^^^ That surface modulations were observed 
after throe successive shots meant that any such movement was 
certainly less than X/2. Such stability would be required 
in holographic applications if the high density, multiple 
storage facility of the thin metallic film were to be exploited.
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6.6 MEASUREMENT OF MODULATION DEPTH

6.61 MICROSCOPE FOCUS
An approximate method, using a microscope, was devised 

to estimate the modulation depth. In fig, 6.9A the surface 
is assumed to have a curved feature, radius r, of unknown origin, 
For incident parallel light entering through the glass two 
foci are formed depending on the curvature being positive or 
negative. For parallel light in the dense medium n* (glass) 
the two foci are equally distant from the surface median OX 
i.e. f = f'. The focal length and curvature are related by

n = n* - n ovT  r--
When reviewing the modulations under a microscope two distinct 
focal positions existed at positions F^ and F^, fig. 6.10A,B 
and

2(f + z) = Pg 28.

Finally the geometrical relation
z(2r - z) = x^ 29.

is applicable to the chord formed by the intersect of the 
median OX with the circle radius r.'
The spatial period d = 4% 30.
Solving 27 to 30

^  = 0 31.
16

Two values were derived from equation 31. Nhen d = 7*2 fim 
z = 2.9pm or 0.5 pm. The higher value was discounted as such 
a depth would have been resolvable by viewing the substrate 
'edge on'. Measurement on the other grids gave values for z 
in the region of 0.5 pm whilst the higher 'discounted* value 
fluctuated. Over the surface of a single specimen z varied by

n + 2 - (F^ F^)z + n
n* - n n* - n
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up to 50/̂ especially in the region near the edge of the pattern.
It is usual to speak of the peak to peak height of the modulations 
2D and by this rnothod 2D was in the region of one micron.

6.6II LIGHT PROFILE MICROSCOPE
The elegant light profile microscope developed by Tolansky^^^*^^^ 

was used to measure the modulation depth.

The microscope is shown schematically in fig. 6.9B. A 
microscopic shadow of a straight line is cast at a knotm angle 
on the surface. This shadow is displaced, relative to an average 
position, by any changes in height, similar to the segmented 
shadow cast by a hand rail on an open staircase. The shadow 
was Cast by a small scratch on a piece of glass placed close to 
the plane of the field iris, fig. 6.9B, Since the iris was 
focused on the surface of the object, the scratch was also in 
focus on the object. The object was viewed in reflected light 
sent in as an oblique pencil by the metal mirror. Adjusting 
the relative positions of the scratch and the microscope focus 
resulted in a fine shadow line contouring the microtopography 
of the surface. Selection of a previously calibrated lens 
meant that the magnification in the *up and doim’ direction 
was exactly the same as laterally. Photograph fig. 6.IOC 
shows the microtopography of a 3.6pm grid. The spatial 
period and displacement of the shadow line were measured with 
a micrometer eyepiece. In this case the peak to peak height 
2D was 0.53 ̂ im whilst measurement by the displaced focus method 
gave 2D between 0.5 pm and 1.0pm.

The patchiness of the modulated area, fig. 6.IOC was 
associated with variations of intensity within the laser beam

129



MEASUREMENT OF M O D U LATION DEPTH

F O C A L  S E P A R A T I O N  M E T H O D S p a t i a l  Per iod 7 ' 3 7 ( i m  

14 pm

.lOpiTV.A & B X 1 0 0 0 . N X 8 0 0

S U R F A C E  P R O F I L E  M I C R O S C O P E

C X970 NX 194 F ig  6 . 1 0

1 3 0

Spa ft g I Period 3 6##





combined with undulations on the surface of the substrate.
The use of optical flats in all the experiments would have 
been prohibitively expensive, but when they wore used the 
region over which uniform etching was observed was 100pm,
Such an area corresponded to the filaments obser^/ed in the output 
from the laser (chapter 3).

6 . 6 m  INTEITSITY CORHEIATION

For a phase grating assume a unit amplitude transmittance
and that the incident wave on passing through the corrugated
surface receives a periodic phase shift <t> x

i.e. t (x ) = exp - j 0 (x)
Assuming the modulations are sinusoidal

4> X cpQ - ct)| cos kx
k = 2w/d 0| = 2 n ( p - 1 )D

X
Therefore t (x ) =  exp-jcPo exp4),coskx 32.
2D being the peak to peak height.
The first term is an arbitrary constant whilst the second term 
is spatially varying and represents the corrugations imposed 
on the wavefront by the grating.
A Fourier expansion of the transmittance function t ( x )  corresponds 
to the Fourier analysis the grating performs

T|xi = exp j <$>, coskx = expj kx 33.

The coefficients of the terms f(n)( 0, ) correspond to the
amplitudes of the Fourier components.

137Now the generating function for Bessel functions is

expp<t-d-> 34.
8

Putting t = expja , p = 0] a=jr-kx2
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Since

From 33

exp jOi coskx = Jp,<cp|> exp jn(rr- k x)

e x p j  n j i  = ] n 
2

e x p j 0 |  cos kX = X^j ^ J ^O i> exp jnkx

t (x ) = X^]^ J p , < 0 i > e x p jn k x

The Fourier amplitude coefficients are seen to be Bessel 
functions of order n.
The intensities of the diffracted orders are therefore related 
by the squares of the amplitude terms i.e.

I n

I n + i

In <0i>
Jn+l((t>i>

where cj), = 2Tr(p -i)D//x is half the maximum possible phase 
change between rays incident normal to the surface.
In the case of reflection 01 = 4ttd/a
First and second order Bessel functions are sho;m in fig. 6 . 9 C .  

The maximum possible efficiency in first order is
Jn + i<0>

J n« î»

% 100 34#

(Jq<0> normalized to unity) and is reached for <P = I.85. 
Using a spectrometer bench and photomultiplier the intensities 
of first and second order in transmission were measured for 
X =i 5896 A. The ratio I^/lg was found to vary between 4»4 
and 5.0 and this ratio range is marked on the graph fig. 6.9C. 
It corresponded to # = 1.6 + 0,1 and assuming p = 1.5.2D was 
0,60 + 0,04 micron. This value is an average for the surface 
and compares favourably with the other methods.

The recorded peak to peak depth of the grooves compared
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with their spacing suggests that the heat flow from the surface 
was one dimensional. If two dimensional heat flow had been 
the case the spatial period would have had to have been at 
least twice the penetration depth for any contrast to remain.
Yet 0.3 pm depths were observed on grids with 0.4 pm spatial 
periods.

6.7 SURFACE PATTEMS
The system of parallel lines etched on metallic films 

and their substrates was the most prominent feature. Other 
surface features wore caused by misalignment or dust.

The extra cavity method described in section 6.3 required 
the tilting of the external mirror This resulted in a
highly complex system of interfering wavefronts. Fig. 6.11A 
shows the Moiré type modulation of a grid etched with frequency 
doubled light. The pattern was obser^/ed whenever the mirror 
was tilted. Although it could not be due to a true Moiré fringe 
system (the antinodes were moving too fast) the gold film 
detected a stationary interference pattern.

Fragments of dust and other absorbing centres on the 
substrates diffracted the laser beam and the Fresnel diffraction 
pattern was recorded by the gold layer. When the film was at 
a large 9 the shadows cast by various objects were recorded 
as comet like formations. Fig, 6.11B shows a typical formation 
and in all observations the direction of propagation of the 
laser beam was along the longitudinal axis of the comet. At 
lower values of 0 the effective extent of the obstacles 
perpendicular to the plane of the metallic films was less.
In these cases the diffraction was caused by a very small

133



SURFACE PATTERNS

Moiré Fringe Modulation O f Grid  
Etched With Frequency Doubled Light

X1920.NX384 - 4

I^Fresnel D iffraction By Dust Fragment 
[8 = 60°
X417. NX83

Parallei Wave Front Generated By Dust Fragments a  And p 

X 1 2 8 0 . N X 2 5 6  - h

 ______ Fiqê'il 134



|i*«̂ |iiSlhi£rtA> Ï ■ ' " '
;, . _ , - '( • ■tii-,- p^' .\j,T

# '

îim.
îVt ^



object ( X ) and a spherical wavefront resulted. When two 
such wavefronts were close together the resultant wavefront 
was a plane wave. In fig. 6.11C the diffracting centres were 
on the uncoated side of the substrate at the positions marked 
a and p .

The spherical wavefront from an isolated absorbing centre 
casued a series of rings to be etched in the film. The rings 
corresponded to a Fresnel Zone plate, the radius of the zones 
being related to the thickness of the substrate r^ (index \i )

by Sn = n X To 3 5 . (n integer)
Fig. 6.12A shows part of a ring system and by focusing the 
microscope dovTn to the uncoated side of the substrate the 
position of the obstacle was located. In all cases this showed 
as a small chip $0 micron square marking the position of 
the explosion caused by the vaporization of the obstacle.

Measurements taken of the ring radii were proportional 
to (n)2 and using equation 35 the origin of diffraction was 
located at a distance rg, equal to the substrate thickness, 
below the metal film. A two beam hologram of a straight edge, 
purposely placed on the substrate, was also recorded. In fig. 
6.12B the object was a human hair.

Evaporation of dust fragments on the metal surfaces 
left smaller craters than those on the glass side of the 
substrate. This was bedause the metal film dissipated the 
absorbed energy more efficiently. Fig. 6.13A shows one of the 
larger craters on the surface previously coated. The same 
crater is shown in the top left of fig. 6.13C which was taken
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after a period of days relative to 6.13A. The cracks marked 
a and p are common to both photographs, whilst those marked 
Y and Ô came as a result of 'creep* on the surface. Such 
behaviour indicated that the origin of the cracks was a 
tensile stress caused by contraction after viscous flow during 
heating. The tension was released in the form of cracks with 
a time constant of days. The absence of cracks at the absorption 
centres on the uncoated side further suggested that the mechanism 
causing crazing was tensile stress on cooling and not compression 
cracking. The craters acted as a nucleus for this process, 
causing mâ iy cracks to terminate in a crater, as sho^m in fig, 
6.13c. This photograph also shows a superb example of a Fresnel 
Zone at c and the interference of two such systems at t] . The 
feature marked Ç was a property of the glass substrate and 
was also observed on unused samples.

Cracking of the substrate could be avoided by the use of
fused silica substrates. Grids etched on these substrates
were free from cracking and if carefully cleaned crater
formation at absorbing centres substantially reduced. The
coefficient of thermal expansion is the main factor that

127influences the cracking process and consideration of the 
values of a for fused quartz (l? % 10""̂  per °C) and C.M.b. 
glass (73 X 10~^ per °C) verified this.

In the experiments to be described in section 6.9 a second 
plate of glass was placed almost in contact with the metal 
layer. Photograph fig. 6,13D shows the effect of restricting 
the plume of vaporized gold leaving the Q - switch. Calculations 
assuming that the gold left the substrate with a thermal velocity 
of its boiling point gave a value for the total momentum
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contained in the plume in the region of 10^ gm cm/sec. This 
value was commensurate vrith the damage caused to the second 
plate. In particular the hole arrowed in 6.13B'surrounded by 
Wallner lines indicated the shock wave nature of the damage. 
Placing the metal films in a water trough enabled the recondensed 
gold plume to be observed immediately after Q - switching. The 
range of the particles in water was in the region of 2 cm and 
in all cases cracking of the substrate was so dense that the 
surface was crazed into flakes.

Velocity of crack front.
Photograph fig. 6,14A,B shows two aspects of a branching 

region of cracks on the substrate surface. Lightly blowing on 
the microscope stage revealed loosely attached glass fragments 
at distances along the cracks. Fig. 6.14C,D shows the same 
effect 0.5 cm from the centre of the target in a region where 
the cracking stopped. The fragments were more closely spaced 
towards the end of the crack (bottom of fig. 6.14C,D) and this 
suggested that the fragments were associated with the velocity 
of crack propagation. The random siting of the fragments due 
to intersection with the kind of surface feature arrowed could 
be discounted by correlating such features on fig. 6.I4C and D. 
The following phenomenological argument is used to calculate 
the velocity of the crack tip. The rapid expansion of the 
glass surface directed a compressive wave into the substrate. 
Subsequent reflection at the air glass boundary resulted in the 
compression front reaching the surface again after a time 
t = 2ro/v, Tq being the substrate thickness = 0.1 cm and v 
the velocity of compressive waves in glass.
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V = E |i - CJI______ /2
p |i + a||i - 2 a|

S Young's modulus, p density and a Poisson's ratio.
In this case v = 5*9 x 10^ cm/sec and t = 3.3 x 10 sec.

The localized interference between the compressive 
wavefront and the crack tip is knoivn to produce a modulation 
of the crack tip in the same way as the formation of Wallner-1 n plines. Such modulation appearing as fragments can be 
regarded as time markers denoting the position of the crack 
front every 0.3 |isec in this case. At the top of fig. 6.14b 
the average crack velocity was 14 x 10^ cm/sec, slowing dom 
to 5 X 10^ cm/sec, over a distance of 0,018 cm, at the bottom 
of the photograph. Such timing marks were not always present, 
indicating that some cracking took place after the compression 
wave had been dissipated.

6.8 CPYSTALLIITE SUBSTRATES
When crystalline substrates were used regular crack

patterns were observed on the surface and these could be
related to the cleavage habits of the crystals used. Fig. 6.15A
demonstrates this feature on mica with the formation of
platelets whilst fig. 6.15B shows the cubic nature of a rock
salt surface with an X - ray photograph for comparison.

139Murphy and Ritter demonstrated the possibility of thermally 
etching metal and semi conductor surfaces by laser irradiation. 
Such a technique made possible the thermal etching of surfaces 
under high vacuum and low ambient temperatures. Dielectrics 
are normally transparent to ruby laser radiation. The results 
shoim in fig. 6,15A,B show that the technique may be extended
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to dielectrics by coating the surface with a thin metallic 
layer.

6.9 SPATIALLY PERIODIC IITHIBITIOh OF COI-IDSMSATIOn
The energy required to heat the metal surfaces to boiling

point and supply the necessary latent heat for vaporization
2was in the region of 80 mj/cm and the high power of a gi.ant 

pulse was required to accomplish vaporization before thermal 
diffusion took place.

To use a metal film to record a hologram without destroying
the object would require expansion of the beam on the object
and subsequent contraction to increase the intensity on the 
recording material. An alternative approach would be to reduce 
the power requirement by using a hot metal. In particular, 
instead of vaporizing a metal at the antinodes of the electric 
field, it was found possible to use the converse effect i.e. 
to inhibit the condensation of gold vapour on a substrate in 
the presence of an intense electromagnetic field.

The gold vapour was produced by a Q - switching gold 
film and the resultant vapour collected on a microscope cover 
slip placed nearby. The arrangement is shovrn in fig. 6.16A 
which also shows the under attenuated oscilloscope trace of 
the laser pulse. The trailing edge is seen to decay with a 
relatively long time constant.

With the separation D between the film and the collector 
plate equal to 0.01 cm a spatially periodic gold film was 
observed on the collector plate. Fig. 6.17 shows a series of 
micrographs of the collector plate at various magnifications.
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The filamentary nature of the gold layer on the substrate is 
shown in fig. 6.I7A corresponding to the filaments within the 
laser beam (chapter 3). In the centre of fig. 6.I7B the \ 
modulations of the gold are just visible in the region between 
two such filaments. The photograph fig. 6.I7D compares the 
modulations on the collector plate with those on the Q. - switching 
film.

For values of D less than 0.01 cm the collector plate 
was usually damaged by the rapid expansion of the contained 
gases. For values of D greater than 0,05 cm no spatial 
periodicity in the condensed gold could be observed,

89It has been shown that although the initial velocity 
of a vapour produced by laser evaporation agrees with the 
evaporation temperature, the absorption of laser radiation 
accelerates the vapour front, increasing the velocity by a 
factor of twenty over a distance of 0.3 cm for graphite in 
vacuum. Over the distance D utilised it is reasonable to 
assume that the velocity was constant and equal to

2 T k c
m , ! ,

j .  V I j) L 4 .where T^ is the boiling point of goldiî
The vapour front would reach the collector plate in a time

T , measured from the start of the lasing pulse, equal to
200 ns (D = 0.01 cm). From fig. 6.I6A the power level inside
the cavity at that time had fallen to 15O Klf,

This experiment cannot be described by any mechanism 
other than inhibition of condensation. The recording threshold 
was substantially reduced. The patchiness of the collected gold
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was due to the high pressure gradients in the region between 
the two plates and the fact that the experiment was performed 
at atmospheric pressure.

The recording threshold utilizing the inhibition process 
must be a dynamic one. Using a lower density vapour the threshold 
should drop dramatically. In particular the condensation of 
vapours produced by conventional thermal methods in vacuum 
(section 6.5) could bo inhibited by the relatively low power 
of an argon ion laser.

6.10 SEIF PROBBIG OF LASER ETCHED GRIDS
Considerable interest has been shown in the timing of 

events when a surface is heated by a laser! It
could be argued that,in the systems described previously,the 
metallic layer must have evaporated to initiate the Q - switched 
pulse. However, by observing the self.diffracted light it 
was experimentally verified that grid formation and evaporation 
were initiated at the start of the giant pulse.

Calculations on the positions of self diffracted orders 
site all four (transmitted and reflected -1 and 4-I) first orders 
in either autocollimation or in the same directions as the 
reflected beams from the film. Observations had therefore to 
be made on the second diffracted orders. It was convenient to 
arrange for a second diffracted order to travel at right angles 
to the probe radiation within the cavity.

If Q is the incidence angle of the probe and p the 
diffracted angle measured relative to the surface then

d(cos Q 4- cos p ) = n X
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is tho diffraction relation and the spatial period is
d = X

2 cos v\
Therefore cos p = ( 2n - 1 ) cos a
and for the second order to he orthogonal

P = 270°+ a
Therefore tan a = 2n - 1
The smallest allowed a is given by tan a = 3 , a = 71° 34* n = 2 
Tho resulting spatial period was I.O98 |im. The corresponding 
0 (incidence relative to surface normal) was 0 = 18° 26',

Fig, 6,18 shows the experimental arrangement used and the 
film orientation is drawn approximately to scale. The second 
diffracted order was split into two equal intensity beams by 
a beam splitter. The reflected beam was photographed through 

whilst the undeviated beam, after passing through F^, was 
incident on a previously calibrated 56 A.V.P. photomultiplier 
connected to a T 454 via a 125 ns delay line. The diode 
monitored the laser output and also triggered the sweep for 
the T 454* Detection of the diffracted probe beam had to be 
accomplished against a high background of scatter from the laseroand the xenon flashtube. Interference filters with a 10 A 
wide pass band at 6943 A were incorporated in and F^,

The central photograph taken with - 0 = I8 26' shows the 
solf diffracted beam observed and detuning the film by one 
degree caused the image to disappear. This verified that the 
radiation being recorded was the diffracted laser beam. The 
collimation is self evident and the measured beam divergence 
of 1.5 X 10”"̂  radians was consistent with that observed in the 
main beam. The spot observed may be regarded as an instant 
'read out* hologram and as such contained spatial information
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about the surface structure. In all cases the spot was crossed 
by a parallel system of fringes.

Tho intensity time characteristic of the diffracted light 
monitored by the photomultiplier started at tho same time as 
the cavity radiation when allowance was made for the 125 ns 
delay cable. This coincidence of probe and scattered beam 
verified that grid formation and cavity radiation wore 
simultaneous.

Generation of sound waves.
The peak power of the second diffracted order was I50 Klf 

compared with 6 IIW in the probe beam, representing an efficiency 
of 2.5a". a similar value was found when a continuous wave gas 
laser was used on the etched grid. Recently Cachier^^^ has 
demonstrated that high amplitude surface waves may be generated 
on the surface of a metal by the periodic heating caused by 
the interference of two laser beams. Auth^^^ describes the 
coupling mechanism as the relaxation of the periodic pressure 
distribution, caused by local heating at the antinodes of the 
interfering electromagnetic fields. The decay of the distribution 
is in the form of two oppositely directed acoustic waves, of 
wavelength equal to the spacing of the optical fringes. Such 
a technique provides a tunable source of surface waves by 
simply varying the angle between the interfering beams. The 
diffraction of light by similar surface motions has been 
demonstrated by Sofferî^^

In the self probing experiment described there was no 
possibility of the self diffracted beam having been caused by 
diffraction at a surface wave. In the first place, the generation
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of surface waves requires the metallic film thickness to be 
greater than the thermal skin depth. In the second place, 
the efficiency of the grid, measured by photographic and 
photoelectronic methods, was constant and equal to that expected 
from a 'formed' surface.
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