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CHAPTER I 

INTRODUCTION 

This thesis is concerned with methods whereby thin films of 

materials which are useful in the fabrication of electronic circuits 

may be deposited by pyrolytic reaction upon selected parts of the 

surface of a passive substrate. In this way the geometry of the 

deposited films may be made to conform to pre-defined patterns 

so that a particular circuit function may be realised. 

Much has been written during the past decade on the application, 

purpose, economic and social implications, as well as on the 

technology of the various manufacturing processes now collectively 

referred to as microelectronics'. This is hardly surprising 

since almost every aspect of the professional electronics business 

has already been considerably altered by the impact of the new 

technologies and the tempo of the change shows as yet no sign of 

slackening. 

The reasons commonly advanced for making use of microelectronic 

assembly processes are those of 

improved reliability 

reduced manufacturing costs 

smaller size and weight. 

While these reasons are certainly valid they are perhaps a 

little superficial and the following definition of the objectives is 

offered. Essentially microelectronics in all its varied forms is 

concerned with the automation of electronic assembly processes. 
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The growing importance of the automated features of the new 

technologies follows indeed from the fact that the three classic 

objectivcts quoted above have already to a large extent been 

achieved. Thus it has become possible to build electronic assemblies 

of a complexity which would until recently have been prohibitive 

in cost or even in physical size. Furthermore, even if built by 

the assembly techniques of ten years ago the complex equipments 

of today would have ebited such a short mean time between 

failures as to be virtually unusable. The fact is that concurrently 

with progress towards objectives (a), (b) and (c) made possible 

by microelectronics the component content of electronic assemblies 

has been steadily increasing. 

This trend is evident in the growing use of digital circuit 

techniques in place of the older linear (analogue) methods. In 

Table 1. 1 for purpose of illustration a comparison is made of 

the component content of two electronic assemblies which perform 

essentially the same function (inertial navigation of an aircraft, 

including the computation of present position and the presentation 

of steering commands to reach a prescribed destination along 

defined track lines). One of these was designed in 1959 as an 

analogue system, the other in 1970 using digital techniques. 

The component count is shown for the two equipments. In the 

case of the digital equipment the count is made in two ways, in the 

first an integrated circuit is treated as a single component, then 

(in column (b) ) the contents of each integrated circuit have been 

"expanded" to show the comparative complexity in terms of 

basic components. The marked increase in the numbers of 

electronic components ( and the corresponding decrease in the 

numbers of electro-mechanical assemblies ) in the more modern 

equipment is evident. 

The improved reliability made available by microelectronic 
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Th1 1 1 

Analogue Digital System 
Component 

 
Ratio 

Component System Digital! 
(a) (h) Analogue 

Motors 12 0 0 

Gearheads 2 0 0 

Clutches 7 0 0 

Synchros 15 0 0 

Relays 72 18 18 

Potentiometers 17 1 1 

Misc. 	(Electro- 10 i i 
mechanical ) 

TOTAL: 135 20 0.148 

Electro-mechanical 
components 

Diodes 439 482 11,169 

Transistors 690 395 33,083 

Resistors 1471 1540 17,373 

Capacitors 486 594 654 

Transformers and Chokes 56 31 31 

Misc. 	(Electronic) 6 4 4 

Integrated Circuits: digital - 380 - 

Integrated Circuits:linear - 109 - 

Thin film hybrid circuits - 65 - 

TOTAL: 3148 62,314 19.8 

( Electronic components.) 

Count of diodes, transistors, resistors and capacitors 
includes only those assembled as discrete devices. 

Count of diodes, transistors, resistors and capacitors 
is total of those in Column (a) plus those components contained 
in silicon integrated circuits and thin film hybrid circuits. 
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processes (both in component manufacture and interconnection 

methods at sub-system level) is thus necessary and has, by and 

large, been achieved. However, as devices become more 

reliable the scale, duration and cost of any reliability-determining 

exercise must increase, so that it becomes more important to 

ensure that the results of such determination remain useful and 

valid for some time to come, in other words to ensure that the 

product being tested is of consistent and reproducible quality. 

The commonest obstacle in the way of meeting this objective is 

dependence on the skill of the individual human operator. 

Automation of the manufacturing process allows the element of 

skill to be transferred from the operator to his machine; this 

may not necessarily provide a higher quality of product, but 

does at least provide one of uniform quality on which meaningful 

reliability studies can be based. 

Microelectronic assemblies may be classified in several 

ways; one obvious grouping differentiates between the silicon 

integrated circuit, a direct derivative of the planar transistor, 

in which the components are formed as integral parts of a 

crystalline piece of silicon and, on the other hand, the"hybrid" 

circuit in which discrete devices (which may in fact he silicon 

integrated circuits) are associated with passive components 

(resistors and capacitors) formed as films on an insulating 

substrate. The methods by which the interconnection of film and 

semiconductor components is accomplished have been the subject 

of considerable study, and several solutions to the problem have been 
( 

been advanced (1), (2), (3)  

For several years the spectacular advances made in silicon 

integrated circuit technology have been a dominant feature of the 

electronic industry; at times the role of the hybrid microcircuit 

was not clear. Possibly some of this uncertainty arose because of 
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the undue emphasis placed on the small size and weight offered 

by the new technologies, and their initial orientation to applications 

where these parameters were of extreme importance. With a 

fuller appreciation of the significance of the microelectronics 

revolution has come a growing certainty that the hybrid 

microcircuit has a vital and continuing place in modern electronic 

assembly methods. 

This place might be identified more clearly. The simpler 

circuit functions (including virtually all digital processing elements) 

have become very much the domain of the silicon integrated circuit, 

save in some isolated instances where particular component 

requirements cannot be met by the technology. The present 

activity in "large-scale integration" suggests that in time more 

complex circuits will follow. However as the number of components 

integrated on a single silicon chip is increased: 

The initial development cost increases 

The yield decreases (since acceptance depends on 

the correct functioning of a larger number of 

components) 

The market volume decreases (due to the lessened 

applicability of a more specialised device). 

The increased cost and reduced volume must be reflected in 

increased unit cost so that in combination the three factors listed 

above would seem to define a limit to the degree of large scale 

integration which is economically sound. Undoubtedly this limit 

will be steadily extended as techniques improve and may be 

modified to some extent by such techniques as discretionary 

wiring, nevertheless the overall conclusion remains valid. 

Beyond this limit the hybrid has its place. The development 

costs are small, so it is frequently suited to smaller numbers of 
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very specialised circuits. It can provide passive components of 

very high stability and precision and is, moreover, capable of 

moderately high dissipation. 

Hybrid circuits in common use today may be sub-classified 

(from the type of fabrication of the passive elements adopted) 

into thin- and thick-film circuits. The methods of preparing such 

films and their subsequent processing by photo-lithography or 

other means to form circuit elements is discussed in the following 

chapter. 

An alternative method of preparing film components for use 

in hybrid microcircuits is the subject of this thesis. Potentially 

at least the film components formed by the proposed method meet 

- 	the requirements which emerge from the foregoing discussion in 

that they may be precise, stable and generated by completely 

automated processes. 

See, however, footnote on page 8. 
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CHAPTER II 

PROPOSED SELECTIVE DEPOSITION PROCESSES 

FOR FILM COMPONENTS 

Z. 1 Manufacturing Processes for Film Components for Hybrid 

Microcircuits at Present in General Use. 

2.1. 1 Thin Films: Deposition. 

An extensive literature exists covering both the theoretical 

aspects of thin films for electronic applications as well as the more 

practical details of their preparation and handling. The theoretical 

considerations of the conduction processes in very thin metal films 
(4) 	 (5) 

are discussed and reviewed by Mayer and Campbell , both of 

whom provide extensive bibliographies. The practical aspects are 

also well documented 6' (7) 

Campbell 
(8) 

 gives the following list of methods by which thin 

films may be prepared: 

Electrolytic deposition 

Electroless deposition 

Anodisation 

Vapour phase deposition 

Evaporation in vacuo 

Sputtering 

At the present time almost all work in hybrid microelectronics 

makes use of processes (c), (c) and (f) in the above listing, 

He defines these as films less than 10 Pm in thickness, 
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vacuum evaporation and sputtering being used for the formation 

of metallic (resistive) films, anodisation for dielectric films. 

Vapour phase deposition is of great importance in the formation 

of crystalline thin films in silicon integrated circuits (the planar 

epitaxial process) also for the production of discrete film 

resistors, but as yet does not have a place in the fabrication of 

hybrid microcircuits. 

It is not the purpose of this present section to attempt a 

complete review of film component manufacturing processes for 

electronic applications in current use but rather to attempt to 

illustrate the difficulties encountered in the operation of such 

processes. For this reason further discussion on thin film 

components will be limited to consideration of the nichrome 

resistor/gold conductor system using films formed by vacuum 

evaporation. 

This choice is partially determined by the fact that it is this 

system which is in use in the writer's industrial laboratory and 

manufacturing unit, also in the Microelectronics Laboratory of 

the Department of Electrical Engineering at this university. It 

is further justified in that the nichrome/gold thin film system is 

today one of the most commonly used and it is reasonable to 

This statement may be true as regards numbers of different 

users. It would, however, present a very misleading picture if 

reference were not made to the immense output of hybrid (thin film) 

microelectronic circuits based on tantalum and its compounds' 

(10), (11) bythe Bell Telephone Laboratories (Western Electric 

Company) for use in the Touch_Tone® telephone dialling system. 

Using continuous flow processes with specially developed open-

ended vacuum chambers an output of iü circuits/year is achieved 

with a single equipment on single-shift operation. Among other 
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assume from this fact that whereas the problems associated with 

other manufacturing processes may be different, they are not 

likely to be significantly more easily soluble. 

The formation of a thin metal film on a passive substrate 

by evaporation in vacuo is a process which has been known and 

well understood for some considerable time (the literature on 

the subject extends from the late nineteenth century). When 

applied to the production of films for electronic applications, 

however, in which the electrical properties are required to be 

consistently reproducible within narrow limits, a formidable 

number of process controls is found to be necessary. The following 

list, which is not necessarily exhaustive, may serve to illustrate 

this point. 

(1) Residual Gas Atmosphere. 

Although the probability of collision in the gas phase 

between an evaporated metal atom and a molecule of 

the ambient gas is small (less than 0. 05 for typical 

deposition chamber dimensions and a pressure of 10 

torr) the rate of bombardment at the receiving substrate 

surface by the ambient gas molecules may under 

typical conditions be several times greater than the 

rate of arrival of the evaporant atoms2).  A large 

quantity of gas is thus absorbed in the growing film, 

and will almost invariably alter its chemical as well as 

its physical composition. 

(Footnote cont'd ) 

things the choice of a hybrid technique by the Bell Laboratories and 

the successful course of its development shows that the 

microelectronics industry is not yet entirely dominated by the 

silicon integrated circuit. 
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Rate of Deposition. 

When the rate of arrival of atoms at the surface is high 

the rate of nucleation is high. Rapidly deposited films 

thus tend to have a smaller grain size than those 

deposited more slowly (13) (%a.  

Substrate Temperature. 

The mobility of the condensed atoms is influenced by 

the substrate temperature. On a cold substrate the 

film is highly disordered but the nucleation rate is 

high so that conducting films are formed when a 

relatively small mass/unit is attained Higher 

temperatures will promote the formation of larger, 

more stable aggregates showing a more ordered 

structure,CLLA.,Lk- 	 4 tLe. 

Angle of Vapour Incidence. 

At high angles of incidence the larger nuclei tend to 

grow preferentially, giving the film a fibrous structure 

inclined towards the source 

History of Evaporant Source (in metal alloy films). 

During the evaporation of alloys, due to the differing 

vapour pressure and heats of evaporation of the 

constituent elements, the composition of the evaporant 

stream will differ from that of the source material and 

will moreover change with time as the composition of 

the source material changed due to this fractionation. 

The source temperature (as well as determining the 

evaporation rate) also affects the composition of the 

evaporant stream(' 5)  t 

These are but some of the deposition parameters which affect 

the chemical and physical nature of the deposited film. It is 
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scarcely surprising that the electrical properties may be 

substantially modified by variation in these parameters which 

must therefore be monitored and carefully controlled if films of 

adequately consistent electrical properties are to be formed, 

2, 1, 2, Thin Films: Component Fabrication. 

The films after deposition must he formed into the required 

geometry to provide the required circuit functions with appropriate 

interconnections and component values. There are once again 

several alternative methods from which to choose; for illustrative 

purposes the process of selective chemical etching will be 

described. 

The films are formed during a single pump-down of the 

- 	deposition chamber, so that the thin (-5 nrn mean thickness) 

layer of nickel-chromium alloy from which the resistors will be 

formed is overlaid by a relatively thick layer of gold which will 

form the basis for the conductor pattern. Delineation of the films 

to the geometry required is accomplished by the use of photoresist 

masks and chemical etching solutions, these latter being 

sufficiently selective in their action to permit removal of the gold 

film with little effect of the nichrome and vice-versa. 

Photoresists are organic materials, usually in the form of 

volatile-solvent based liquids, which undergo chemical change 

under the action of light. This change may be polymerisation 

or breaking of cross-linkages; in either event the solubility of 

the photoresist film to appropriate solvents (photoresist 

"developers") is substantially altered so that it is possible by 

selective exposure followed by "development" of the photoresist 

to achieve a state of affairs in which the required parts of the 

vacuum deposited film are covered and protected by a photoresist 

layer, while other areas are exposed to the action of the chemical 

e tcha nt, 



A typical flow chart of operations for the production of a 

thin film hybrid circuit is shown in Fig. Z. 1, Operations 

which are marked with a star in this diagram require clean air 

conditions (laminar flow benches are commonly used). The 

photoresist masking operations are especially critical, since 

dust particles may be imaged on a component causing for 

instance an open-circuit resistor or (as is even more serious) 

a portion of resistor track which is all but cut through. The 

change in total resistance caused by such a defect is very small 

and thus not easily detectable by electrical tests. The current 

density at the surviving part of the resistor track may, however, 

be greatly increased above the normal value; this is a common 

cause of failure in thin-film components. 

The photographic masks too are required to be of high 

quality as any scratches or other imperfections will in a similar 

manner produce faults leading to immediate or potential failure. 

Due to the combined requirements of definition and the required 

area of field, contact printing is in practice the only satisfactory 

method of imaging the mask pattern on to the photoresist coating. 

Because of the difficulties in maintaining perfectly flat mask and 

substrate surfaces moderately high pressures are required to 

provide reliable contact printing. Abrasion of the mask emulsion 

is thus a relatively common hazard; any resulting defects are of 

course replicated in succeeding circuits made from this mask. 

The photographic masks must therefore be regarded as 

expendable; the production of good quality masks in sufficient 

quantity and their care in use represent a significant fraction of 

the total manufacturing costs in a thin film production unit. 

The selective deposition processes proposed later in this 

chapter offer the possibility of eliminating the photolithographic 

processes entirely including those of photoresist coating, 
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Clean and prepare substrate material: 
* load into deposition chamber 

11 

Clean substrate by glow-discharge 

Deposit nichrome film 

Deposit gold film 

I 
 Coated substrates may be stored at 

this sta e until required 

Apply filtered photoresist: spinoff 
excess to give uniform film 

Drive off solvents under infra-red 
* radiation 

Prepare large scale 
artwork 

for resistor pattern 
for conductor pattern 

a 

Reduce photographically 
to produce quantities of 
actual-size masks 

for resistor pattern 
for conductor pattern 

a 

* Expose photoresist to ultra-violet 
radiation through conductor mask 

Develop photoresist 	 I 

Etch gold (conductor) pattern 

I Strip off photoresist 	 I 

*1 Wash thoroughly: dry 

* Apply filtered photoresist: spin off 
excess to give uniform film 

* Drive off solvents under infra-red 
radiation 

Expose photoresist to ultra-violet 
radiation through resistor-mask 

Etch nichrome (resistor) pattern 	I 

Strip off photoresist 

Wash thoroughly: dry 

Inspect, measure and trim component 
values as required 

Fig. Z. 1 Flow Diagram Showing the Preparation of 
Thin Film Circuits by Selective Chemical Etching 
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contact printing, photoresist development and chemical etching. 

In the pulsed deposition process the mask which defines the 

component geometry does not contact the substrate and is not 

therefore liable to damage. 

2. 1. 3 Additive and Subtractive Processes, Thick Films. 

The thin film process described above is an example of 

what might be termed a "subtractive" process, in that the film 

is first deposited to cover the entire substrate after which 

portions are selectively removed leaving only those parts which 

form the required electronic components. The use of a 

subtractive process places some restriction on the materials 

which may be used since the deposited films must be removable 

without too much difficulty, usually by mechanical or chemical 

processes, though other methods such as machining by spark 

erosion or focussed laser beams have been employed. 

The combination of chemical etching and photoresist 

masking techniques is at present the most convenient and hence 

the most widely used method by which thin components are 

formed. In consequence it is usual to find thin metal films 

(these being chemically reactive) used to form resistors. 

Unfortunately the specific resistivity of metals is generally so 

low that exceptionally thin films must be employed to obtain 

Holographic imaging processes moreover, because of the 

redundancy of the information stored on the plate, do not exhibit 

degradation in image quality in consequence of defects in the 

hologram. Small particles of dust, scratches and the like do 

not produce localised image defects, though of course if the 

damage is severe and extensive noticeable overall deterioration 

will result, 
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high values of sheet resistivity. Metallic alloys (such as 

nickel-chromium) have specific resistivities many times 

higher than those of pure metals, nevertheless sheet resistivities 

of 500 to 1000 ohm /square seem to represent the present 

usable upper limit. In consequence even with the best resolution 

obtainable in the photo-mechanical processes resistors of high 

value tend to occupy an inconveniently large area. 

By contrast, in an "additive" process materials of high 

specific resistivity may be employed for the manufacture of 

film components. At the present time the only process of this 

type in general use is the so-called "thick film" technique in 

which electronic circuit elements are produced by applying 

specially formulated pastes to a substrate (usually of ceramic) 

in a pattern defined by silk screen printing. (In practice the 

screens are usually made of fine stainless steel wire. ) After 

printing the substrate is fired at progressively higher 

temperatures to drive off the solvent content of the pastes, to 

mature the circuit elements and to bind them to the substrate. 

The thick film hybrid process offers a method of producing 

reliable electronic assemblies in large numbers at low costs. 

However, the pattern definition and control of film thickness is 

inferior to that obtainable in, say, the thin film photo-lithographic 

processes so that closely toleranced resistor values are not 

possible unless subsequent trimming operations are included in 

the manufacturing sequence. More seriously the stability and 

temperature coefficient of thick film resistors is relatively poor 

and, although progress towards improved resistor pastes is 

continuous, the electrical properties of thick film resistors are 

as yet inadequate for many applications. 

2.2 	The Use of Pyrolytic ally Deposited Films in Electronics. 

Pyrolytic deposition (otherwise known as "chemical vapour 
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deposition", "vapour plating" etc. ) has several applications 

within the electronics industry, many of which are of considerable 

commercial importance. It is, for example, a widely used 

method of obtaining films, especially single crystal ones, for 

semiconductor device fabrication. 

The other large-volume application has been in the 

manufacture of film resistors. Even prior to the more recent 

association of thin films with microelectronics the advantages, 

especially at high frequencies, offered by the use of resistors 

having a thin film form were recognised, these desirable 

properties being their low reactance and the avoidance of 

frequency-dependent variation of the resistance due to "skin-

effect". As previously mentioned, metals and metal alloys are 

not best suited to the manufacture of film resistors due to their 

low specific resistivity which results in an undesirably low 

resistance per square in films of manageable thickness. The 

materials which have been most usually employed on a commercial 

scale have been carbon and stannic oxide; hundreds of millions 

of resistors of each of these types have been manufactured. 

The less well-known applications of chemical vapour 

deposition in electronic device manufacture are so many and 

The generic term "vapour deposition" is now usually 

considered to include: 

(1) Physical vapour deposition, in which the vapours are 

of the same composition as the condensate, as in vacuum 

evaporation and sputtering, 

(Z) Chemical vapour deposition, in which the condensate is 

formed by chemical reactions on or near the deposition surface. 

Vapour- or gas-plating are accepted alternative descriptions 

of (2). 
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diverse that it would be futile and possibly misleading to attempt 

a representative listing. As illustrative of their variety the 

following three applications with which the writer has been 

personally concerned are mentioned. 

10 Fabrication of the attenuator region in a travelling-wave tube. 

Above a certain gain a travelling-wave tube amplifier would 

become unstable and oscillate if radio-frequency energy, 

reflected at the output termination or at the load, were allowed 

to propagate back to the input termination, which in general is 

also not perfectly matched. It is therefore usual to incorporate 

one or more attenuators (or complete "severs") along the 

length of the tube, at which all the radio-frequency energy 

carried out by the slow-wave structure is absorbed; the coupling 

through the attenuator then takes place due to the radio frequency 

current modulation on the electron beam only, and is hence 

uni-directional. 

In a particular design of travelling-wave tube the slow-wave 

circuit, a contrawound helix, was supported by three 

symmetrically placed alumina rods. The attenuator was formed 

by depositing pyrolytic carbon films at the ends of these support 

rods by passing them through a radiant heater consisting of a 

directly heated tungsten wire coil in an atmosphere of benzene 

vapour. By varying the velocity of the rod through the heater a 

tapered resistance profile of reproducible form was obtained. 

This profile was experimentally determined to give best 

"matching" of the wave carried by the slow-wave structure, i. e. 

minimum reflection of radio-frequency energy. In its final form 

the attenuator coating apparatus provided for continuous uniform 

rotation of the rod about its own axis together with variable 

linear velocity determined by a motor driven cam. 
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2, Vapour depotion joining of refractory metals. 

The problem in this case was to attach a porous tungsten button of 

an impregnated cathode to the molybdenum cylinder used to contain 

the heater. This was achieved successfully by depositing 

tungsten by pyrolytic reaction of tungsten hexafluoride mixed with 

hydrogen, at temperatures between 400°C and 650°c. At the 

latter temperature a film growth rate of about 0. 2 m.second 1  was 

obtained, at a hydrogen/ tungsten hexafluoride volume ratio of 7 1. 

A photograph of the joint obtained is shown in Fig. Z. 2. 

3. Sealing of vacuum leaks in large electronic valves. 

A satisfactory technique for sealing small leaks in large klystrons 

by pyrolytic deposition of nickel from nickel carbonyl (again 

- 	diluted with hydrogen) was developed. Strongly adherent films 

were deposited on the clean copper surfaces forming the valve 

envelope at moderate temperatures ( —'100 °C) by directing a small 

jet of the gas mixture at the located point of the leak. 

As these examples may illustrate the applications of vapour 

deposition processes in electronics are numerous and varied. 

Similarly a wide variety of compounds may be used as the coating 

gases, those of commonest occurrence being the metal halides and 

metal carbonyls. 

During the initial planning of the present investigation the 

selective deposition of metallic films, e, g. nickel from nickel 

carbonyl, was considered, the relatively low temperature at which 

this reaction takes place being an attractive feature. However the 

handling of metal carbonyls poses serious problems due to their 

extreme toxicity; most gaseous metal halides also present 

difficulties due to their extremely corrosive properties. 

For these reasons and since the calculations on the thermal 

aspects of the problem showed that surface temperatures of over 
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1000°C were quite readily attainable with pulsed laser irradiation, 

almost all the experimental work has in the event been concerned 

with deposition of carbon from a hydrocarbon (benzene), although 

some experiments were also carried out on the deposition of 

stannic oxide films by pyrolytic hydrolysis of the halide (stannic 

chloride). 

Before passing on to a description of a possible method by 

which selective pyrolytic deposition of film components may he 

achieved, the present practice and knowledge of the nature of 

pyrolytic carbon films as encountered in the manufacture of carbon 

film resistors is briefly reviewed in the following two sections. 

2. Z. 1 Pyrolytic Carbon Resistors Manufacturing Methods. 

Pyrolytic carbon films are produced on the surface of 

suitable refractory, chemically stable surfaces (usually cylindrical 

rods) by pyrolysis (cracking") of hydrocarbons. The properties 

of the films produced depend on the pyrolysing conditions and on 

the nature of the substrate material and surface. The reaction 

may he carried out either by maintaining a suitable pressure o 

reactant gas in an otherwise evacuated enclosure, or by diluting 

the hydrocarbon with an inert carrier gas to maintain the total 

pressure in the chamber at atmospheric pressure. Because of 

their greater simplicity carrier-gas systems are usually employed; 

there appears to be no difference in the results obtained with the 

two processes under equivalent conditions. 

Both batch and continuous-flow processes have been 

extensively used. In the batch type a rotating or oscillating 

gas-tight enclosure is used as the reaction vessel. Into this is 

loaded a quantity of the rods to be coated, carefully cleaned 

beforehand. A quantity of silica sand is usually added to prevent 

damage to the rods or interior of the reaction vessel as the rods 



are tumbled to ensure uniform exposure of all parts of their 

surfaces to the coating gases. 

The reaction vessel and contents are brought to the required 

temperature, between 97 5 
0 

C and 1300 
0 
 C, while being flushed with 

the inert carrier gas. Only after the required temperature is 

reached is the hydrocarbon vapour admitted to flow for the 

requisite time, after which the coating gas is shut off and the 

vessel and contents allowed to cool while the flow of the inert gas 

is maintained. 

In continuous-flow processes, similar care is taken to ensure 

that the rods are exposed to the coating gases only while at the 

required temperature. This is achieved by dividing the furnace 

into three zones for pre-heating, coating and cooling respectively, 

the hydrocarbon vapour being present only in the second zone. 

Grisdale, Pfister and van Rooshroeck(1) measured the film 

resistance of pyrolytic carbon films produced from methane as a 

function of the duration of pyrolysis (for fixed temperature and 

hydrocarbon concentration) and concluded that the relationship was 

linear, i. e. the deposition rate constant 

IT, 	except during the first moments of deposition when the 

initial deposits formed serve to catalyze subsequent reaction, 

whose steady state is ordinarily quickly achieved". 

Unfortunately these authors are no more specific than the 

foregoing quotation suggests as to the duration of the catalyzing 

period, but comparison of their results (reproduced in Fig. 2. 3) in 

which the duration of pyrolysis is measured in hours, with the 

temperature/ time profile obtained from the calculations in 

Chapter III, see for example Fig. 3, 11 (p,69  ), would suggest 

that the time scale which will be typical of the pulsed heating 

method (section 2. 3, 1) might well be many orders of magnitude 
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shorter than the "catalyzing period" referred to by Grisdale et al. 

Murphy, Palmer and Kinney, reporting on similar 

experiments, state that a constant deposition rate was found but 

that extrapolation of the data back to zero time showed that a short 

period was required before a conducting film was formed. Brown 

and Watt 8)  also comment on the departure from a constant rate 

during a short initial period but attribute this to unstable 

experimental conditions (involving the heating-up of the base rod 

upon which the film is deposited). None of these authors appears 

to put forward the possible, if not likely, explanation of these 

findings, namely that it requires the deposition of a finite mass 

per unit area before a conducting film is formed and a change in 

conductivity detected. 

In fact the experimental results obtained in the present work 

show that conductive pyrolytic carbon films are formed during 

reactions lasting less than a microsecond. 

Further reference to the published results of these above 

mentioned authors occurs later in this chapter, in connection with 

the discussion on the kinetics of the reaction (p.  28 et seq.). 

2.2. 2 Structure and ProDerties of Pyrolytic Carbon Films. 

A large variety of hydrocarbons may be used as coating gas 

for the production of pyrolytic carbon films. When methane, the 

simplest hydrocarbon, is used such substances as benzene, 

naphthalene, anthracene and other even more complex compounds 

may be detected in an analysis of the exhaust gases showing fairly 

clearly that the reaction is not a simple single-step breakdown 

process. 

X-ray and electron diffraction studies of pyrolytic carbon 

have shown a structure similar to that of graphite. A pyrolytic 
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carbon film consists of minute crystallites composed of parallel 

plane sheets of carbon atoms arranged in hexagonal arrays. The 

diameters of these crystallites are however very small, 

''50 (5nm, and the lattice spacings (both the interatomic distances 

within the planes and the interplanar distances) differ from those 

of macroscopic graphite by an amount dependent of the crystallite 

size 9), 
	

)• The individual crystallites have a tendency to 

deposit parallel to the substrate surface, the degree of ordering 

being very much dependent on the conditions of pyrolysis 

(temperature, pressure and nature of the substrate surface). 

Many thin films are almost completely random, but under carefully 

controlled conditions pyrolytic carbon structures of substantial 

thickness may show pronounced anisotropy in their physical 

properties, showing a high degree of ordering in the orientation 

of individual crystallites. 

Another important structural difference is that whereas in 

graphite the successive layers lie one above the other with the 

atoms in a definite relationship, those in pyrolytic carbon 

although uniformly separated are randomly arranged as shown 

in Fig. 20 4. The term turbostratic  graphite is often used to 

describe the latter form.() 

The hexagonal structure and the results of analysis of the 

exhaust gases suggests strongly that the process by which 

pyrolytic carbon is formed involves, as intermediate compounds, 

an entire series of molecular species, with the aromatic 

hydrocarbons in particular (these having a hexagonal ring structure 

similar to that of the end product) being important if not essential 

members of this series. It might be expected that the use of an 

aromatic compound, for example benzene, as the coating gas would 

lead to an increase in deposition rate; Grisdale et al. state that 
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this increase is observed, but do not present figures to support or 

qualify their statement. 

Z. 3 Proposed Selective Deposition Processes. 

The pyrolytic deposition processes described above provide 

an all-over coating of film. The two dimensional form of hybrid 

microcircuit components on a passive substrate requires that 

these films be "patterned" to provide the correct interconnection 

geometry and electrical component values. Some form of 

subtractive machining process is therefore needed; this would be 

subject to the materials limitations and manufacturing difficulties 

previously discussed (sections 2, 1, 2 and 2. 1.3). 

- 	 It was therefore the objective of the present investigation to 

determine whether film components might be deposited by pyrolytic 

reaction in a selective manner, i. e. in the geometry and pattern 

required by the particular circuit. This can be achieved if the 

substrate, though exposed uniformly to the coating gases, is 

selectively heated so that the reaction is confined to localised 

parts of the substrate, 

2. 3. 1 Selective Deposition by Pulsed, Imaged Radiation. 

The temperature gradients in a conducting solid are proportional 

to the heat flux densities (Fourier's law) and with most materials 

the thermal conductivity is such that it is unusual to encounter 

large gradients under steady-state conditions. Extremely high 

heat flux densities, and hence high values of the gradient, may 

however be obtained under transient conditions, even with modest 

total energies, provided that the energy input takes place in a very 

short period. 
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Pulsed, imaged irradiation of a plane substrate surface could 

therefore provide the selective heating mechanism by which 

particular parts of the substrate would be coated with a pyrolytically 

deposited film. The parameters of interest in considering the 

thermal aspects of the problem are 

the surface temperature attained 

the lateral temperature gradients, i. e. the 

"sharpness" of the temperature pattern 

the manner in which (1) and (2) vary with time 

(during and subsequent to the heating period) i. e, the time available 

for chemical reaction to take place before the surface has cooled 

or the pattern has diffused to an unacceptable extent. 

The solution of the transient heat-flow equation is the subject 

of the following chapter. It is found that using a pulsed laser 

operated in the Q- switched mode to obtain extremely short pulses 

of radiation (20 - 100 nanoseconds duration), high surface 

temperatures and good pattern definition may be obtained. For 

given conditions, however, (diffusivity of the substrate, energy 

density and pulse length) the three parameters above listed viz. 

the temperature, lateral temperature gradient and available reaction 

time are inter-related, and may not be varied independently. 

In particular, the reaction time available appears to be 

extremely short, in the order of 10 second, when compared with 

observed pyrolytic film growth rates. Grisdale and co-workers (16) 

report a rate of carbon deposition of about 3. 10 cm'hour at 30% 

methane concentration, 1000°C. A film 3. 10 cm thick has a 

sheet resistivity of 50 ohm/square, from which a linear extrapolation 

to the available reaction time of 10 	second would indicate the 

production of films of sheet resistivity 1. 8. 1012 ohm/ square. It is 

not, of course, seriously suggested that conducting films of this 



enormously high resistivity would be formed, but the calculation 

does illustrate that feature of the proposed process which at the 

outset of the experimental programme seemed least predictive of 

a positive result. 

2.4 Note on Reaction Kinetics. 

The low rate of film growth reported in the literature pertaining 

to uniform pyrolytic deposition thus requires closer examination. 

The first and most obvious way of obtaining an accelerated 

reaction is to raise the deposition temperature. Grisdale presents 

data for the film thickness deposited from a fixed concentration of 

methane (4. 5 per cent) at three temperatures in the relatively 

narrow range 970 
0 
 C to 990°C, for a constant (but unfortunately 

unstated) duration of pyrolysis. However reference to, and 

extrapolation from some of the other data given in this paper allows 

an estimate to be made as to the deposition rate k as a function of 

temperature over the quoted range. This is shown in Fig, 2. 5, 

curve 'a". It can be seen that the rate is strongly temperature 

dependent. 

* In the commercial production of carbon film resistors deposition 

temperatures near to 1000°C are used, since many physical 

properties of the films, apart from the rate of deposition, are 

dependent on the pyrolysing temperature. The hardness of the 

film goes through a pronounced maximum (practically as high as 

diamond) at about 10000C and well-adherent films are obtained. 

Films formed above and below this temperature are softer (sooty) 

and have inferior electrical properties in terms of temperature 

coefficient and stability. 
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It has been suggested by several workers that the deposition 

rate, for a given hydrocarbon coating gas, follows a simple 

Arrhenius relationship, in which event the plot of Fig. Z. 5 

(curve a') could be extrapolated to predict the temperature 

required to give films of useful thickness in the reaction time'  

available. If such an extrapolation were valid and the process 

varied linearly with time, with no induction period, one would 

expect to form films of 5. 10 6  c thickness (with a sheet resistivity 

fl 	of 250 ohm/square) in lO second at a temperature of about 

2000°C. 

Brown and Watt 8)  measured deposition rates in methane at 

a pressure of 150 torr over a range of temperatures which includes 

this value. Substantially higher rates are recorded, as expected, 

but when the data is added to Fig. 2. 5 (curve I lb 	it can be seen 

that the extrapolation by a simple Arrhenius relationship from 

Grisdale t s  results differs substantially from the rates actually 

observed. 

Brown and Watt report a substantial variation in the density of 

the deposited film over a range of temperatures explored 

(1600°C - 21000C). In preparing curve b the deposition rate 

figures [LT] have been reduced to a standard density of 

2. 07 g. cm 3  the density determined by Grisdale for films 

deposited at about 1000°C) so that the rates ( k  ) plotted may 

be considered to be proportional to a quantity having dimensions 

[ML 
2 
 T 	in both pats of the figure, 



( Curve a' in Fig, 2, 5 shows a rate/ temperature 

relationship derived from the experimental data of curve a by 

linear scaling to take account of the differing coating gas pressures 

in the two sets of measurements. Thus: - 

a shows actual data points (from Grisdale et al,) using 

4.5% concentration of methane (34 torr partial pressure of methane.) 

' shows a predicted rate which would be obtained over 

the same temperature range if the partial pressure of reactant 

gas were increased to 150 torr, 

b shows actual data points (from Brown and Watt) 

using undiluted methane at a pressure of 150 torr.) 

By fitting their results to an Arrhenius plot the author (18) 

- 	derive a value for the activation energy A of 21, 6 kilocalories 

per mole (90.5 kJ.mol' ), which they say is within a factor of 

two of that derivable from the Grisdale results, As Fig. 2, 5 

indicated, this statement appears to be incorrect. The activation 

energies derived from the two sets of data by the present writer 

are as follows:- 

- 
84 kJ. mol 	Brown and Watt, 1600°c - 2100°C 

476 kJ, mol 	Grisdale et al., 970°C - 990 °C 

With the data from the experiments of Brown and Watt added, 

extrapolation of the combined curves in Fig. 2, 5 indicates that it 

is not likely that sufficiently high rates of deposition may be 

attained to produce films of useful conductivity in the available 

reaction time merely by increasing the pyrolising temperature. 

The rate at which a heterogeneous chemical reaction proceeds 

is dependent on several potentially rate-determining processes, 

usually only one of which is dominant and hence determinant of 

the overall rate of the reaction. These are 

(1) Transport of the reactants to the deposition surface 
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Condensation of the reactants on the surface 

Chemical reaction at or on the surface 

Transport of reaction products away from the surface. 

The first and fourth steps are generally inter-dependent, for 

example the concentration and hence the rate of arrival of reactant 

molecules may be significantly altered as a result of dilution by 

gaseous reaction products. Step 2 includes such processes as 

heterogeneous nucleation from the vapour phase, not normally 

rate-controlling when adequate quantities of reactants are available 

but possibly important under conditions of low supersaturation or 

very short reaction times. Step 3 is normally extremely complex 

and may involve surface and/or gaseous reactions, 

adsorption/ desorption processes, frequently in a chain of reactions 

involving several molecular species at each step. 

Consider first the transport of reactants to the substrate 

surface. Assuming that the process is unaffected by Step 4 

(dilution by reaction products) an estimate of the rate of arrival of 

reactant molecules may be made from simple kinetic theory of 

gases. 

The mass of molecules striking the surface in unit time is 

given by (2 1)  

JU = 
PV2_~T 

(kg. 
M-2 

s) 	 (2 1) 

where P is the pressure 

M is the molecular weight of the gas 

R is the gas constant 

T is the absolute temperature,,  
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For Grisdale's process conditions referred to in 2, 3, 1 

(30% concentration of methane at 10000C) 

M = 16 
2 

P = 3, 10 Nm
- 

T = 1273K 

giving 	= 14.7 Kg. m 2 0s 1  

-2-1 
( = 1.47 g. cm ,s 

1, e, a rate of deposition of carbon, if each methane molecule 

striking the surface reacted, of 

,1,47 = 1.10g.cm  
16 	

2,s1 

or (taking the density to be that of graphite) a rate of film growth 

of about 0,49 cm, s 1, 

This exceeds the rate of growth recorded by Grisdale by about 

eight orders of magnitude, it is extremely unlikely therefore that 

the transport processes are rate-determining in this instance. 

Present ideas regarding the kinetics of chemical reactions on 

solid surfaces (heterogeneous reactions) are based on the theory of 

adsorption propounded by Langmuir(22)  in 1916. He pointed out 

that due to the rapid decrease of intermolecular forces with 

distance it is improbable that adsorbed layers of gas should be 

more than one molecule in thickness at normal pressures. 

(Multimolecular layers may be formed due to the action of 

van der Waal's forces between molecules but such behaviour is 

likely only at low temperatures and at pressures approaching 

saturation,) 

In a system consisting of a gas and a solid surface the molecules 

of the former will strike the surface and "condense", i, e. adhere 

for a finite period. Later, due to thermal agitation, they will be 

re-evaporated so that an equilibrium condition is set up under 
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which a fraction 0 of the surface is covered by the gas molecule 

monolayer. 

If a is the fraction of the molecules incident on an uncovered 

surface which adhere then the number of molecules condensing on 

each unit area of available surface in unit time is 

a/i/M 	 (2.2) 

where ji , M are as defined in equation (2. 1). The uncovered 

portion of the surface is ( 1 - 0 ) so that the rate of condensation 

is 

1 - e ) ay 	kg, m 2 , s 

At equilibrium, the mass evaporated is proportional to 8 , say 

-ye, so that 

(I - 0 )a1A70 

e. 	
aji 

	

0 = 	 (2,3) 

Following the assumption already made that the reaction rate 

at the surface is slow relative to the rate at which molecules are 

adsorbed and desorbed from the surface, the fact that some of the 

molecules react will not appreciably affect the equilbrium 

concentration defined by (2. 3). 

Since u is proportional to the pressure ( Eq. 2. 1 ), (2. 3) 

may be written 

0 = 	
+ k2 	

(k1 , k2  constants) 	(2, 4) 
kIP

which is an expression for the well.-known Langmuir "adsorption 

isotherm". 

On the basis of presently accepted theories 
(23)

the reaction 

at a solid surface is a function of 8; in the simplest case of 
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dissociation of a single molecule the rate may be expressed by 

where a1  is a constant determined by the rate of evaporation of 

the products. 

If m adjacent molecules of the same type are involved in 

the reaction, rate expressions of the form 

dx 	m 
a 

are involved. When two reacting gases are involved the expression 

takes the form 

dx 	(4m on 
dt 	

a 
3 1 	2 

- 	where 1 8 are the respective fractional coverages of the two 

molecular types, m and n are the numbers of each involved in 

the reaction. 

The theory becomes complicated when effects such as 

retardation by reaction products have to be considered, and 

quantitative determinations are not readily made in any but the 

simplest of reactions. For present purposes, nevertheless, it 

is sufficient to note that in the case of heterogeneous reactions 

which are not transport limited, 8 is the rate-determining 

parameter, and the reaction will proceed more rapidly as 0 is 
increased. 

In the limiting case of a sparsely covered surface ( k>>k P ) 

equation Z. 4 reduces to the stathient that the amount of adsorbed 

gas is directly proportional to the pressure; at high pressures 

the amount adsorbed approaches a limiting value (E-4 1 ) as 

illustrated in Fig. 2. 6. 
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Fig, 2. 6 Variation of Degree of Filling of Adsorbed 
Monolayer as Function of Gas Pressure. 
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Grisdale gives figures for the film resistivity produced in a 

given time at various concentrations of methane, stating in passing 

that the deposition rate is not proportional to concentration. 

Nevertheless a curve relating film thickness to resistivity, which 

in fact indicates simply a linear relationship which could have 

been expressed 

t . R = 1.26. 10 3ohm. cm/ square 

is given elsewhere in the paper, from which the data shown in 

Fig. 2. 7 may be calculated. As can be seen the relationship 

between deposition rate and methane concentration is quite 

accurately linear, though the best straight line ( a in Fig, 2. 7 ) 

does not pass through the origin. This anomaly is most probably 

due to the breakdown of the inverse proportionality of film 

resistivity and thickness which the authors assume leading to 

miscalculated values of the thickness, especially at small 

thicknesses. The straight line, through the origin ( h in Fig. 2. 7) 

gives a good fit to the data at the upper end of the thickness 

range, suggesting that the fractional coverage of the surface with 

reactant molecules was small for the experimental conditions 

described. 

It is important to keep in mind that the kinetic theories 

referred to above deal with reactions proceeding under steady-state 

conditions. For the very short time-scale reactions with which 

Grisdale et al. were able to make direct measurements 

relating film thickness to resistivity (by weighing and determining 

the density) only in the case of relatively thick films. For high 

resistivity films the weighings are subject to large error, and 

there is no reason to suppose that the density remains constant. 
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Fig. 2. 7 Deposited Film Thickness in Fixed Reaction 

Time as Function of Partial Pressure of Methane. 

( derived from experimental data given by 

Grisdale, Pfister and van Roosbroeck ) 



we will he concerned it should be examined whether steady-state 

considerations are accurately representative of the prevailing 

experimental conditions. 

For example, the mass of a total coverage monolayer may he 

estimated. Taking a molecular diameter for methane of 0, 3 rim, 

l 	 2  a close-packed array would contain 1. 3 . 10 molecules cm. 

The molecular mass is Z. 65 10 23  g so that a full monolayer 

= 1 2  would 	3.4. 10 8 g.cm . 

The rate of arrival of methane molecules under steady-state 

conditions has already been calculated ( p. 32 ) to be 

1.47 g. cm 
2 
 sec 1  , so that for a reaction lasting 10 7 second the 

mass of gas present on the surface at the start of the reaction is 

about one fifth of the total available on the basis of a kinetic theory 

calculation. For 	e < 1 this fraction will, of course, be smaller. 

The mean time between collisions may also be compared with 

the reaction time. The mean velocity of a methane molecule at 

T = 273 K is given by 

C =/8RT/irM 

= 6 . 104  cm . s 1  approximately. 

The mean free path (at a pressure of 1 atmosphere) is about 

1 . 1O 5  cm s6 that the mean time between collisions is 

approximately 1,7 . l0 10second, three orders of magnitude 

smaller than the reaction time considered. 

The departures from steady-state conditions, therefore, are 

becoming significant in this time scale but not of such magnitude 

as to alter the conclusions already reached regarding the steps 

which are rate-determining in the deposition process. 
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One method of obtaining considerably increased gas pressures is to 

Immerse the substrate in a liquid reactant, so that the gas is contained 

by inertial forces, see p.178 et seq. 



To summarise it is considered that: 

The reaction is not rate-limited by transport 

processes but by surface mechanisms, and will consequently be 

dependent on e , the fraction of the surface covered by reactant 

molecules. 

The data presented by Grisdale et al. on the 

pyrolysis of methane indicate that at partial pressures of methane 

up to about 0, 15 atmosphere, ê is proportional to pressure 

(i. e. the surface monolayer is only sparsely filled). 

Three steps towards an accelerated rate of reaction are thus 

indicated: 

(i) The pyrolysing temperature may be raised. Initially 

as Fig. 2. 5 indicates the resulting increase in reaction rate is very 

rapid, at 1000°C the rate doubles for each increment of 20K, and 

has increased by a factor of about 	at 2000°C, 	As the 

temperature is increased further the rate of change of reaction 

velocity is decreasing rapidly, and the temperature also is 

approaching a value at which damage to the surface of the substrate 

will probably begin to occur. The reaction rate shown in Fig. 2. 5 

at 2000°C is therefore about the maximum which is likely to be 

obtainable using this particular coating gas (methane) and pressure 

(150 torr). 

(2) The pressure should be increased to approach the 

condition e = 1. 	See facing page. 

The reactant vapour should be an aromatic 

hydrocarbon rather than methane, as stated on p.  26. 

Films deposited at this temperature may be less dense, softer, 

less adherent to the substrate material and inferior in electrical 

properties (see p. 28 ). 



CHAPTER III 

TEMPERATURE DISTRIBUTION ON THE SURFACE OF A 

SELECTIVELY IRRADIATED CONDUCTING SOLID 

3.1 The Eauation of Heat Flow in Solids 

The distribution of temperature, T, in a conducting 

solid is given by the "heat-flow' or "diffusion" equation 

c  bT 
k 	

3.1 

first derived by Fourier in 1822. The constants are physical 

properties of the material 	 - 

c : the specific heat 

p : the density 

k : the thermal conductivity. 

Equation (Z. 1) is derived on the basis that c, p , k are constants 

i. e. the conducting solid is uniform and isotropic, with physical 

properties independent of the temperature. 	The quantity 
TP 

(having dimensions L2  T']) is usually referred to as the 

"thermal diffusivity" of the material. 

Under steady-state conditions 	0 and equation (3. 1) 

reduces to Laplace's equation. 

In practice most materials exhibit quite large variations in 

their thermal properties with temperature, and many also 

show considerable anisotropy. These effects can be 

accommodated by appropriate methods of solution, as 

mentioned on p. 54. 
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3 2 A Specific Problem and Discussion of Possible Methods 
Q.1f4 

We wish to determine the temperature distribution on 

the plane surface of a substrate, particular parts of which are 

irradiated with an incident power density W (watt. cm -2 ) 

during a pulse of duration z (seconds). The surface 

temperature profile both during and for some time subsequent 

to the end of the pulse is of interest. 

It is commonly found that microelectronic component 

geometries consist of strips of large length/width ratio. 

A typical deposited resistor for example, though it may be 

meandered into the common gridiron form, consists for the 

most part of a pattern of parallel, narrow strips. The 

contribution of the corners to the total resistance is small. 

The area occupied by a single deposited component is, moreover, 

small relative to the total substrate area, and the strip width 

small relative to the substrate thickness. 

An illustrative example of the problem which may he 

first considered therefore is that in which the incident radiation 

is confined to a strip of width w and infinite length on the surface 

of an infinite substrate (Fig. 3. 1). 	The problem in this case 

is two dimensional; the equation to be solved is 

2T 	2 T - Cp T 
----.- 

subject to the 

t 	
y 

boundary conditions 

( T) 
for-- ',< X  (i) O

y=O 	k J 	2 	2 

(J is the mechanical equivalent of heat) 

and 	(±ii 	= 	 forx< - _ 
\y/y=O 	 2 

x> +w 
2 
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Fig. 3. 1 Heated Strip on Surface of Infinite 

Conducting Substrate. 
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(11) 
t> WY)y=0 

=0 	for all values of x. 

Though some loss of generality is inferred by these boundary 

conditions the method of solution which is developed may in fact 

be extended to treat three-dimensional problems, also to consider 

finite substrate dimensions. Other effects, for example, radiation 

from the heated surface, in which case - 	becomes a 
\ y / y=0 

function of (T) y=0 may also be included. 

The equation (1 1) may in certain cases be solved analytically. 

Since the application of analytical methods to the solution of 

partial differential equations requires that the boundary conditions 

be specified by suitable analytic functions, such solutions are 

possible only when the boundary conditions are of a comparatively 

simple form. Otherwise a solution must be obtained by the 

application of either an analogue or a numerical method. 

The use of an analogue enables a particular solution to a 

partial differential equation to be obtained by experimental 

measurement, its advantages over direct measurement on the 

"real" problem being twofold: 

A physical quantity which is difficult to measure may 

be replaced by one which may be more easily and 

accurately measured. For example, the, temperature 

at a point within a solid block may be simulated by an 

electric potential (e. g. in a conducting liquid). 

The scale of the problem may be altered to suit the 

experimental method and degree of accuracy required. 

Not only the spatial but also the temporal dimensions 

may be thus adjusted so that, for instance, fast transient 
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phenomena may he slowed down to a rate which 

is convenient for measurement. 

The most convenient analogue methods are based on the 

measurement of electrical quantities, probably the best known 

and most widely used of these being the electrolytic tank. This 

device provides solutions to Laplace's (or, less usually, Poisson's) 

equation, and is not suitable for the study of transient heat-flow 

problems. "Lumped element" electrical networks have also 

been extensively used; these may include reactive (time dependent) 

elements as part of the networkand could therefore provide 

(particular) solutions to the heat-flow equation. 

(z 5) 
Liebmann has investigated the use of lumped element 

- 	electrical analogues in some detail with special reference to 

their application to problems of transient heat-flow. In addition 

to the networks with reactive elements in which real time, 

continuously variable, is used as one of the independent variables, 

he showed how networks containing only resistors could be used 

to provide step-by-step (iterative) solutions. While this method 

does not provide an automatically proceeding solution, it allows 

just for this reason greater flexibility and the facility for an 

arbitrary interruption of the process for adjustment of the 

parameters governing the problem. 

3. 3 Solution by Numerical Methods 

Numerical methods have long been used to obtain particular 

solutions to partial differential equations in cases where analytical 

methods are inapplicable or inconvenient 	. Although the 

solution is an approximation, the accuracy obtainable may be as 

high as is required by the problem, subject only to the 

consideration that the more precise the solution, the greater 

the computation time required. 
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and 
1 Q2f\ 	2 h - 

x 2Jx0 ,y0  x 
f 	 =f 	- 	 Ii 
x0 -h,yo 	X0 ,  YO \x/x 0,y0  x 

The facilities offered by modern electronic digital 

computers have of course greatly enhanced the applicability 

of numerical methods to engineering problems by removing 

the chief disadvantage of the procedure, viz, the frequently 

tedious and time-consuming nature of the computations 

involved. Interest in analogue methods of solution has 

correspondingly waned in recent years. 

Extremely accurate particular solutions are now 

obtainable for the expenditure of often only a few minutes 

computer time; the method is moreover flexible and readily 

adaptable to various boundary conditions. For these reasons 

a computer-generated numerical method of solution has been 

chosen to deal with the heat-flow problem in the present 

instance. 

3. 3. 1 Derivation of Finite-Difference Approximation to the 
Partial Differential Eauation 

For the present problem we require finite-difference 

approximations to the first derivative and the Laplacian operator 

in two dimensions. These are now derived. 

Let f 	be the value of a function f at a particular point 
X 0 , YO  

(x0 , y0 ) in the range of solution. At some neighbouring point 

(X) YO), near to (x0)  y0 ) and at the same distance from the x-axis 

the value of f is given by the Taylor expansion 

ff \ 	 1 (2f\ 	 2 
f 	f 	+ (— I 	(x-x0 ) +--------J 	(x-x0 ) +. 
x, y0 	X0 ,  YO 	\x/x0,y0 	 X0 ,  YO 

If in this expansion x is set equal to x0+h, x0  -h-respectively 

(see Fig. 3. Z) then 

	

ff \ 	 1 f2f'\ 
f 	 f 	+ —J 	h + ---------i 	h + 
xo+h, y0 	x0 , y0  \)xJx0 , Yo X 	Zx2/x0, Yo X 



to__lit  • 	t o 	t o+ht 

:Dig. 3. 3  

Co-ordinates referred to in section 3.3.1.) 
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Adding, we obtain 

	

(~2f 	2± ) 

	

f 	+1 	=Zf 	+ 	 h 	......... 
x o+hx, y0 	x 0 h ) y0 	x0 , y 	x0 , y0 x 

(2

i. 
e. f 	+f 	-Zf 	) 	(3. 3) 

X 

2 x0 , y0 	x0 +h, y0 	x0 -h, y0 	x0 , Yo 

neglecting terms of 4th and higher powers in h x . 
This is the 

finite difference approximation to the function 	2 at the 

point (x0 , y0 

Similarly 

1 
- Zf 	) 	(3.4) 

\y2)x0 ,y0 h x 0 y0±h x0 y0 -h 

If the mesh is square', 1. e. h= h= h then (3. 3) and (3. 4) 

may be combined to give the finite difference approximation to 

the Laplacian (in two dimensions) which is: 

	

(V2) 	=--- (f 	+ 	 + f 	4- f 	- 4f 
X0, Yo 	h 	x0 ±h, y0 	x0 -h, y0 	X0, Yo 4-h 	Xo , Yo h 	x0 , y0 

If f is also a function of t it may be expanded as before to 	
(3. 5) 

give (see Fig. 3. 3) 

I 	=f +h(' 
'2f\ 

+ 
h(3f 

+ 	....... 
to+ht 	to t\t)t0 z\)t0 

h2/2A hf3f\ 

= 
and 	

tO -ht 	o 
- h-- 

t 	to 
+ - i)to T +........ 

Subtracting we obtain 

Zht . + higher terms 
1t0 +ht - to -ht 

ie (
7t)to 

f\ 	1 

to 
(3.6) 

neglecting terms of 3rd and higher powers in ht. 



A less accurate approximation to the first derivative may 

be obtained directly from the expansion for f 	above: 

	

(fto+ht - 	

t0+ ht 	

(3.7) rc)t)to  'Tit 

 

to  

neglecting terms of 2nd and higher powers in ht. 

Although less accurate the approximation (3. 7) has certain 

advantages in the computation of some boundary-value problems, 

in that it allows the solution to proceed from given initial 

conditions at t=O. 

Replacing the derivatives in (3. 2) with the finite difference 

approximations (3. 5) and (3. 7) we obtain 

	

+T 	+T 	+T 	-4T 

	

12 	 i i,j+l,m 	i,j- l,m 	+l,j,m 	i- l,j,m 	i,j,m 

	

cp 	1 
- 	(T -T 

1
. 

	

- k 	ht 	i, j, m+l 	j, 

where the co-ordinates of the point (1, j, m) are 

x = x0  + jh 

y =YO + ih 

t = to  + mht 

i t  j and m being integers. 

Thus 

i 

kh 
T. 

	

	=T. 
m

+—._t(T. 	+T 
m

+T 
iri 

	

11  3, 	+l 	it  j, 	cp h2 	1, j+ 	i 

	

l, m 	, j-1, 	+l, j, m 

+T. 	-4T. 

k h 	 k h 

	

4 	.) T. 	+ 	. 	(T. 	+ T. 
cp 	h2 	1 	rn cp 1i2 	1, J41, ni 	i, j-1, rn 

+T i 
	

+T i 
	) 	 (3.8) 

	

+l,j,m 	-1,j,i•ii 
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Equation (3. 8) enables the temperature at point (i, j) at 

time t = to  + (m + 1) ht  to be computed from the temperature at 

the point (i, j) and the four surrounding mesh points at the previous 

time t = t o  + mht. 

3. 3. 2 Choice of Mesh Dimensions 

The choice of mesh dimensions h and ht  is determined by 

the spatial and temporal dimensions of the particular problem 

and the accuracy of solution required. The use of a large 

number of mesh points will involve the expenditure of 

proportionately longer computation time. An upper limit to the 

number of mesh points is moreover set by the core-storage 

capacity of the computer used (about 6, 400 for the KDF 9, on 

which the results which follow were obtained). Solutions to the 

problem shown in Fig. 3. 1 are obviously symmetric about the 

plane x = 0 this permits an obvious economy in computation by 

confining the calculations to the half-space on one side of this 

plane. A mesh of 14 x 26 points (in x- and y-directions 

respectively) was used, the disposition of the mesh points with 

respect to the physical boundaries being as shown in Fig. 3. 4. 

The mesh size must then be chosen. It must be sufficiently large 

to ensure that the boundaries (planes x = 13h, y = 25h) are 

sufficiently remote from the origin (i. e. the substrate is "infinite"), 

but if too large the computation will involve only a small portion of 

the mesh, giving a result of poor accuracy which is wasteful of 

computer time. An appropriate choice may be made by inspection 

of the analytical solution to a simple boundary condition problem 

(such as that considered in section 3. 4. 1 below) or by scaling a 

previously derived numerical solution. 

If the time interval ht  is too small the solution will advance 

slowly, with consequent increase in computer time. An upper 
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Fig. 3. 4 Disposition of Mesh Points Relative 

to Substrate Boundaries 
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limit is imposed on ht  since the quantity 
h
tmay not be larger h2 Cp  

than 0. 25 otherwise the first term in equation (3. 8) will become 

negative and the computation may become unstable. •A value of 

ht 
 k between 0. 1 and 0. 2 was found to be suitable. 

h 2  cp 

The temperature is computed for each of the 24 x 12 

mesh points lying within the boundaries; the remaining two rows 

i = 0, i = 25 and columns j = 0, j = 13 are used to apply boundary 

conditions appropriate to the problem, as indicated in section 3. 3. 3 

below. Reference to Fig. 3. 4 shows that it was decided to position 

the physical boundaries midway between the mesh point rows and 

columns. This allows the first order approximation to the surface 

gradient to be made exact, i. e. 

T 	- T 
0,j 	1,j 

However, the temperatures at the physical boundaries (in 

particular at the heated surface) are not then available as mesh 

point temperatures and have to be obtained by linear interpolation 

between the two immediately adjacent mesh points. The accuracy 

is thus still first order, but corresponds to a mesh distance equal 

to half that actually used. 

3. 3. 3 Sequence of Computation 

The complete program written in Atlas Autocode for running 

on the KDF 9 computer is shown in Appendix I. The computation 

sequence is as follows: 

1. 	Read in, as data 

substrate thickness, 

power density during the heating pulse, 

duration of heating pulse, 

number of iterations during the pulse, 
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specific heat, conductivity and density of substrate, 

other required constants, e. g. mechanical equivalent 

of heat. 

(the mesh distances h, ht  are calculated from this data) 

Set all mesh point temperatures initially to zero. 

Set up boundary conditions appropriate to heating pulse, viz: 

h  
T =T +— 

k — O, j 	l, j 	J 

T =T 
0, j 	l,j 

T 25  = T24  

j= 0,1,2.....6 

j=7,8,9.....13 

j= 0,1,2.....13 

	

T 
i 	

=T. 
,0 	i,1 

i= 0,1,2.....25 

	

T i 
	

= 	
i

T
,13 	,l2 

Copy matrix [
Ti, 

 ] to matrix [s1 ] 

Compute new values of T. . 
1,3 

for time increment h 
t 
 from 

equation (3. 8). 

	

k ht 	 k- 
i

( s 	+ — 

	

T. . 	= (1- 4_. ITY  ) S 	+ 
i,j,m 	cph2 	,j+l,m 1, 3, rn+1 

S. 	+S. 	+s i 

	

i,j-1,m 	i+1,j,rn 	-1,j,rn 

The use of the duplicate matrix [s] avoids "overwriting" the 

stored values of T 
12 j

. during the computation in consequence 

of the read/write characteristics of the store. 

Print out mesh point temperatures T. 	also surface 

temperatures calculated from the first order finite difference 

approximation. 

Repeat steps 3 - 6 until the chosen number of iterations during 
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the heating pulse has been reached, after which continue with 

new boundary conditions in step 3, viz: 

T =T 

	

0,j 	l,j 

j = 0,1,2,,... 13 

T25  = T24  

T i 
	

= iT
,0 	,l 

i= 0,1,2.....25 

T i 
	

= iT
,13 	,l2 

8. 	The program is terminated after a chosen number of iterations 

has been reached. 

Minor improvements to the basic computation allow 

- 	printing to be suppressed for all but every nth iteration at later 

stages in the solution (when the temperatures are more slowly 

varying) and automatic graph plotting of the surface temperature 

profiles. 

The use of a numerical method of solution based on a 

finite-difference approximation to equation (3. 1) is an extremely 

flexible procedure by which a wide variety of transient heat-flow 

problems can be solved, including some for which the assumptions 

implicit in the classical diffusion equation are not applicable. 

Thus, for example, boundary conditions which are functions not 

only of the spatial co-ordinates and time but also of the temperature 

may be applied. Similarly it involves little extra computational 

time to incorporate "look-up tables" in the data giving values of 

the physical properties k, c and p as functions of temperature to 

any required degree of accuracy. Anisotropic properties can 

also be treated. 

It should be noted too, that although the example 

developed above relates to a two-dimensional problem, the extension 
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to three-dimensions is straightforward, although the number of 

mesh-points and correspondingly the computing time required 

for the same accuracy is considerably increased. 

3.4 Results 

3. 4. 1. Uniform Heating - comparison with analytical solution 

The accuracy of the numerical method of solution may be 

tested by applying it to a problem for which an analytical solution 

is also obtainable. A suitable example is that in which w = 

i. e. the surface y = 0 (using the geometry and co-ordinate 

system of Fig. 3. 1) is uniformly heated. The problem is then 

one dimensional, we require a solution to 

- k 2T
cp 

subject to the boundary conditions 

T0 for all y att0 

1 W 
= - 	

T at y=O and t> 0 

The solution is (see Appendix II) 

W __Y_  
__ 2 ) - y.erfc () 	(3. 9) =-j— 	4 T 	Z 7rc exp( 	y 	 p  

This equationwas evaluated for various values of y and t on 

the KDF 9 computer using a library routine 

real fn spec nor(real x). This calculates the integral 

f x- 1 2 
1 1 	1~2 

P(x)  dt 
oc 

using polynomial expansions to give a result accurate to eight 

significant figures. The complementary error function is 

readily derived from this integral since 
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2 
erfc (x) =fe .dt 

= 2(1- P(x)) 

The complete program, written in Atlas Autocode, used to 

compute solutions from equation (3. 9) is also shown in Appendix II. 

Table 3. 1 shows a comparison of the temperature thus obtained 

with those resulting from the numerical method of solution. 

The physical constants are those of alumina, and the incident 

power density and duration of heating (1 megawatt/cm2  and 

100 nanoseconds respectively) are representative of values t 

be expected during irradiation by a Q - switched solid-state 

laser. It can be seen that the numerical method of solution 

gives values within about 5% of the exact (analytical) result. 

The accuracy of the computation may, of course, be improved 

as circumstances require by the use of a finer mesh, it 

would be inappropriate in this instance however since the 

physical constants of the substrate are not known to any higher 

precision. 

3. 4. Z. Heated Strip - rectangular heating pulse 

This is the problem shown in Fig. 3. 1, with finite strip 

width w. The input power is taken to be constant during the 

interval 0 < t < z, zero otherwise. 

The temperature rise at the surface (y = o) is shown plotted 

in Fig. 3. 5 for t = , 1. lr, 2. Ut and 10. Oz. The physical 

constants, power density and pulse duration z are the same 

as those listed above Table 3. 1. 

It is of interest to obtain a parameter which provides a 

quantitative description of the "sharpness" of the temperature 
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Uniform Heat Input to Upper Surface of Alumina Block 

Comparison between Analytically and Numerically 

Derived Temperatures 

(a) 
Thermal conductivity 0. 049 (calorie. cm  . s-' . K1 ) 

(a) 

Density 	3. 67 (g. cm - 3 ) 

(a) 
Specific heat : 0. 2 (calorie . g 

Power density incident on heated surface 106  (watt. cm -2 ) 

Time after start of heating 	iO 	second 

Mechanical Equivalent of Heat : 4.185 (joule.calorie 	) 

Distance 
from 

Temperature 

Ta (K  ) 
Temperature 

T 	(K ) 
Difference 
T 	- Ta  

T 	- Ta  
Ta 

Heated 
(from analytic (from numer- ( K (%) 

Surface 
solution) ical solution) 

(Mm ) 

0 449.59 471.33 21.74 4.84 

0. 3125 313. 54 318. 94 5.40 1. 72 

0.9375 132.78 136.79 4.01 3.01 

5625 45.87 48. 03 2. 16 4.71 

1875 12. 68 13.50 0.82 6.47 

2.8125 2.77 2.97 0.20 7.22 

3,4375 0.47 0. 50 0. 03 6. 38 

4, 0625 0, 06 0, 06 - - 

(a) Data from Coors Alumina Co. for 
Coors ADS 995 (99,5% A1 2 0 3 ) 

Values are average for temperature range 300 - 800 K. 
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Surface Temperature Rise 

(K.MW 1  .cni 2 ) 
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Fig. 3. 5 Temperature vise at the Surface of a 
Selectively Irradiated Alumina Substrate. 

Rectangular pulse shape, pulse length (r 
) 10-

7 second. 
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pattern; this has been done in 'Table 3. Z. The temperature 

gradient in the plane of the surface at the edge of the heated 

strip and normal to the strip is first obtained from the 

approximation 

	

()T) 	 1 = 	(T 6 - T0 7) 

The quantity T max 
	 w 	 m ax 
/(T\ 	where T 	is the maximum 
/ - J 
/ \x/x 

rise in 	surface temperature (which occurs at x = 0) is then 

derived. The relationship of this quantity to the sharpness of 

the pattern is illustrated in Fig. 3. 6. 

Figs 3. 7, 3. 8, and 3. 9 show respectively the maximum 

surface temperature rise ( T 
max ) , 	the lateral temperature 

gradient at x 	and T 	
/(T\
fl----. 	w plotted as functions 

	

2 	max/ \c3x ) x = - 

of time. 

3.4. 3 Heated Strip - sine-scivared heating pulse 

The discontinuities evident in Figs. 3. 7, 3. 8, and 3, 9 

result from the use of the somewhat unrealistic boundary 

conditions of a 'rectangular" heating pulse, in which the input 

power density changes discontinuously at t = 0 and t = z 

together with the finite - difference approximations used to 

compute the surface temperatures. The output from a 

Q - switched pulsed laser is a smoothly varying function of 

time, the width of the power output curve being about 

50 nanoseconds at the half-power points. 

In order to test the effect of pulse shape on the 

temperature profiles obtained, the program was re-run using 
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Table 3, 2 	[Computer printouti 
[ 	 J Pulse length: 100 . 10 -9  second 	 01113  

Rectangular pulse. 
(Thermal conductivity: 0. 049 (calorie . cm 	s 	) 

(a)Density: 	3067 (g. cm. 	) 	- 
"Specific heat: 	0. 2 (calorie . g 
Power Density incident on heated surface : 10 6  (watt. cm -2) 

Mechanical Equivalent of Heat: 	4. 185 (joule.calorie 1 ) 

Time 
(Units of 

Pulse length) 

T max T 	- T 0, 6 	0, 7 

 (K ) 

Surface 
Temperature 
Gradient at 

X = 
(K .m1 

10 -8 ) 

T 	/ maxf 
/ 

Jf8T 

(Rm )2 

0 152.4 152,4 2.439 0,625 
0. 1 204.5 204.5 3. 272 0. 625 
0. 2 247.7 229.9 678 0, 673 
0. 3 285. 0 246. 8 3.949 0. 722 
0.4 318. 2 259. 2 147 0.767 
005 348.4 269. 1 4. 306 0.809 
0. 6 376. 2 277, 3 4. 437 0. 848 
0. 7 402. 1 284. 2 4. 547 0. 884 
0,8 426.4 290,4 4.646 0.918 
0,9 449,4 295.8 4.733 0.950 
1.0 471.3 300,6 4.810 0.980 
1.1 287,8 100,6 1.610 1.788 
1. 2 264. 6 79. 2 1. 267 Z. 088 
1,3 246.6 66.0 1.056 2.335 
1.4 231,9 57. 1 0.914 2. 537 
1,5 219.7 50.5 0.808 2.719 
1. 6 209. 2 45. 3 0. 725 886 
1.7 200. 1 41,2 0. 659 036 
1.8 192.0 37.8 0.605 3,176 
1.9 184.8 34.9 0.558 3.312 
2. 0 178. 2 3Z.5 0. 520 3. 427 
Z. 1 172. 2 30.4 0.486 3.543 
2,2 166.8 28,6 0.458 3.642 
2.3 161.7 26,9 0,430 3760 
2.4 157, 0 Z5.4 0.406 3. 867 
2. 5 152, 6 24. 2 0. 387 3. 943 
2, 6 148.5 23. 0 0. 368 4. 035 
2.7 144, 6 21.9 0.350 4. 131 
2.8 141. 0 209 0.334 4.222 
2, 9 137, 5 20. 1 0. 322 4. 270 
3. 0 134. 2 19. 3 0. 309 4. 343 
4,0 108.8 13.7 0.219 4.968 
5,0 91.6 10.5 0. 168 5.452 
6.0 79.1 8.3 0. 133 5.947 

0 69.7 6. 8 0. 109 6. 395 
0 62, 3 5. 6 0, 090 6. 922 

9,0 56.3 4.7 0.075 7,507 
10,0 51.4 4,0 0.064 8,031 

(a) v page 57 
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Fig. 3.6 

Parameter used to Define Lateral Definition of Thermal 

Pattern (shown plotted in Figs 3.9, 3.13). 
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I 

500 

400 

300 

200 

100 

Trnax ( K) 

Tjiiie (x10 7  s) 

Temperature 	Rise at Mid-Line of Irradiated Strip on Alumina Substrate 

Rectangular Pulse. 

Absorbed 	Energy Density 0.1 J. cm -2 
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n 
1 
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Fig.  38 

Lateral 	Temperature 	Gradient at edge of Irradiated Strip on Alumina Substrate. 

Rectangular Pulse. 

Absorbed 	Energy Density 0.1 J. cm-2 
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Lateral Definition of Thermal Pattern, Alumina Substrate 

Rectangular Pulse 

Absorbed Energy Density 0.1 J. cm -2  
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input power boundary conditions which form an approximation 

to the function 

W(t) = 2W. sin 2 7r  t 	 (3. 10) 

The average value of this function over the range 

0 < t < t is W, i. e. the total input energy is the same as in 

3. 4. 2 above. 

The program was in fact arranged to compute temperatures 

at time intervals of D/lO (10 iterations during the heating pulse). 

In the modified program the average value of w (t) at each 

particular iteration was applied as the boundary conditions, thus 

for the nth iteration 

W n = in- 

f—O  

itt 
2W. sin2 (r) dt 

sin 	
(itt
-) dt. (3. 11) 

This integral was calculated (in program) for the current 

value of n, and the boundary conditions applied as follows: 

T 	=T 	+- 
0,j 	1,j 	k 	J 

T =T 
0, j 	1,j 

j= 0,1,2,.,.. 6 

j= 7,8,9,.... 13 
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Otherwise the sequence of computation follows the procedure 

set out in section 3. 3. 3. 

Fig. 3. 10 shows the relationship between the 

rectangular pulse, the sine-squared pulse and the approximation 

to the latter defined by equation (2. 16). 

Values of maximum surface temperature rise, the lateral 

temperature gradient at x =and Tmax 	 are 
2 	 (a  T 	

w 
ax)x T  

tabulated in Table 3. 3 and shown plotted as functions of time in 

Figs. 3. 11, 3. 12, and 3. 13. 

Comparison of these curves with those earlier derived 

for the rectangular pulse show that although the detailed form is 

substantially altered (especially during the heating time) the 

more important features such as the maximum temperature 

reached, time during which the temperature is above 0. 8 of the 

maximum value, and so on, are not greatly affected. Thus, 

provided that the total energy and pulse duration are determined, 

it is not necessary to know the precise form of the pulse shape. 

Reference to Fig. 5. 5 (p.  141) shows that the observed output 

from the laser is of a form such that the sine-squared pulse is a 

good approximation to actual experimental conditions. The 

results contained in Figs. 3. 11 - 3. 13 thus represent the 

thermal behaviour most closely. 

3. 5 Note on Scalin 

The finite-difference approximation (equation (3. 8)) 

illustrates how the results of a particular computation may be 

scaled to take account of changes in one or more of the parameters. 

For example, the results contained in the present chapter 

relate to a pulse length of 100 nanoseconds (50 nanoseconds to 
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Time (t.) 

Fig. 3. 10 Approximation Used in Computation of Heating 
by Sine-Squared Pulse Shape. 
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Table 3. 3 

Pulse length: 100 . 10-9  second 

[Computer Printouti 

[ 	
011 12 	

j 

Sine-squared pulse 
(Thermal Conductivity: 0. 049 (calorie . cm 1 . s1 	K1 ) 

(a) Density: 3. 67 (g. cm 	) 
Specific heat: 0. 2 (calorie . g 
Power Density incident on heated surface: 106  (watt. cm -2 ) 
Mechanical Equivalent of Heat: 4. 185 (joule. calorie 1) 

Time 
(Units of 

length) 

T max 
(K) 

T 0, 6 
- T 

K 
Temperature

Pulse 

Surface 

Gradient at 

(K 	.m 1  
x 10) 

TXr 
ax 

) 
- 

(m ) 	2  
0 9.8 9.8 0. 157 0. 625 

0. 1 67. 6 67. 6 1. 082 0. 625 
0. 2 177. 1 176.0 2.816 0. 629 
0.3 313.2 304,4 4.870 0.643 
0.4 438. 2 410. 5 6. 568 0. 667 
0.5 517.2 458.6 7.338 0.705 
0.6 531. 5 434.3 6. 949 0.765 
0. 7 486.4 349. 8 5. 598 0. 869 
0,8 408. 9 240, 3 3. 845 1. 063 
0. 9 338. 1 149. 9 Z. 398 1.410 
1.0 309.7 115. 1 1.842 681 
1. 1 275. 3 83.5 1.336 061 
1.2 256. 1 69.9 1. 118 2.291 
1.3 240,4 60,5 0.968 2.483 
1.4 227, 3 53,4 0,854 2. 662 
1.5 216.2 47.9 0.766 2.822 
1. 6 206. 4 43.4 0. 694 2. 974 
1.7 197.8 39.8 0. 637 3. 105 
1.8 190.2 36.6 0.586 3.246 
1. 9 183. 3 34. 1 0. 546 3. 357 
2.0 177.0 31.8 0.509 3.477 
2. 1 171. 2 29.8 0.477 3. 589 
2. 2 165.8 28. 0 0,448 3.700 
2.3 160.9 26.5 0.424 3.795 
2,4 156.3 24.9 0.398 3.927 
2.5 152.0 23.8 0,381 3.990 
2.6 147.9 22.8 0.365 4.052 
2,7 144. 1 21.8 0.349 4. 129 
2.8 140.5 20.8 0.333 4.219 
2.9 137.1 19.9 0.318 4.311 
3,0 133.8 19. 1 0.306 4.373 
4.0 108,6 13.6 0.218 4• 982 
5.0 9L5 10.5 0.168 5.446 
6.0 79. 1 8.4 0. 134 5. 903 
7.0 69. 6 6.9 0. 110 6. 327 
8.0 62. 2 5. 6 0. 089 6. 989 
9.0 56.3 4.7 0.075 7.507 

10.0 51.4 4.0 0.064 8.031 

(a) v. page 57 
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the half-power points for the sine-squared pulse), whereas the 

output pulses recorded in Fig. 5. 5 indicate a pulse duration more 

nearly ZO nanoseconds (to half-power points) is obtained when 

the passive Q-  switching dye-cell 4  of the laser is filled with a 

solution of cryptocyanine. 

To avoid re-running the calculation on the computer the 

available results may be scaled as follows. The time scale is 

required to be altered in the ratio of the pulse lengths, say by a 

factor r . The use of modified mesh dimensions 

ht = r. ht  

h = 

will allow the computation of (3. 8) to proceed exactly as before. 

The boundary conditions have also to be considered since the 

approximations used, e. g. 

T 	T 	
h  

O,j - 	l,j 

compute T0 . at each iteration using the oldl  mesh distance h. 

The correct value of T0  for the scaled problem is f. T0  
, J 

imposition of such boundary values for To, j  would have the effect, 

at each stage of the calculation, of multiplying every mesh point 

temperature by 

The solution to the scaled problem in this instance is 

obtained therefore by multiplying 

time by r 

linear dimensions by kFr- 

temperatures by Cr  

- 	L rL4JJL 
 

See p.134 et seq. 
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Similar scaling procedures may be usefully employed to 

take account of different values of k, c and p. 
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CHAPTER IV 

THE FORMATION OF OPTICAL IMAGES 

OF VERY HIGH INTENSITY 

4. 1 Consideration of the Problems of Imaaina with Lenses. 

The formation of a real image using the light output from a 

Q-switched solid state laser presents special problems in 

consequence of the very high instantaneous power involved (in the 

order of 100 megawatts) and the desirability of making the most 

efficient use of the available laser output. This second 

consideration is of importance because of the very low conversion 

efficiency of the laser. For example, the Laser Associates 211A 

laser, operated in the Q-switched mode, has an output energy of 

2 joules at 5000 joules input, a conversion efficiency of .0, 04%. 

In addition the power density over the cross-section of the output 

beam (the near-field pattern) may be non-uniform to an extent 

which depends on the design of the laser especially as regards the 

disposition of the flash tubes and reflectors relative to the rod, 

and the optical quality of the components. 

Fig. 4. 1 shows an arrangement of lenses suitable for 

projecting an image which makes the best possible use of the 

available laser energy. The beam is first diverged by a negative 

lens L1  then passed through a condenser lens L2. The final 

(imaging) lens L3  is placed at a point which is conjugate to 

the virtual focus of L1, with respect to the condenser lens. 

The mask' (a photographic transparency carrying the pattern to 
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he imaged) is placed between L2  and L3  . The area of the 

mask, also the aperture of the condenser lens must be sufficiently 

large to reduce the energy density at the plane of the mask below 

the level at which damage to the mask occurs. In this arrangement 

all of the laser output energy (neglecting the relatively small 

fraction reflected at the glass/air interfaces) reaches the mask 

and all of the energy passing through the mask reaches the lens 

L3  and is available in the final image. Thus if the overall 

transparency of the mask is p , the total energy falling on the 

image surface is p. EL where EL  is the total energy output 

of the laser. 

Typical values of p for microcircuit patterns are in the 

range 0. 01 to 0. 1, so that the optical arrangement of Figs 4. 1 

would utilise between 1% and 1076 of the laser energy. However if 

the near-field pattern of the laser should show any appreciable 

non-uniformity, as is almost invariably the case, this optical 

arrangement would not be acceptable since there is a one to one 

correspondence between each element of area in the beam 

cross-section and a corresponding area in the final image plane 

so that the non-uniformity of the laser output beam will produce 

a non-uniform intensity of image. To overcome this it is 

necessary to introduce a diffuser. 

Conventionally the diffuser would consist of a ground glass 

screen on to which the light beam is focussed. At the high power 

levels considered however such a screen would certainly be 

damaged. Fig. 4. 2 shows a possible arrangement in which a 

block of magnesium carbonate is used as a diffuse scattering 

surface; this material has moderately good resistance to damage 

by intense radiation. Nevertheless the limits placed on the 

energy and power density at the Purface of the diffuse scatterer 

require that the diameter of the spot formed by lens L1  (Fig. 4. 2) 
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should be greater than a certain minimum value. The size of 

the entrance pupil of lens L3  dictates a maximum spot size at 

the diffuser (the conjugate plane with respect to L 
2 
 ) which if 

exceeded will adversely affect the light transmitted through the 

system. 

Assuming that the spot size at the diffuser is below this 

maximum value and neglecting as previously losses due to 

reflections at the glass surfaces the transmission efficiency of 

the system may be calculated. 

If the total energy at the surface of the diffuser is EL and 

the diffuser behaves as a perfect Lambertian surface and has no 

absorption, the energy re-radiated into a cone of semi-angle 0 

is proportional to the integral 

f Zw. sinG . cosO . do 

= 	7r/sinze.de 

'Jo 

Hence if 0 
max  is the angle made by the marginal rays with the 

axis the energy intercepted by the condenser lens Lis 

emax 

ir j sin 20. dO 
Jo  

L 
2  

f sin 
o  

Om ax 

= ELI sin 20. dO 



and the total energy arriving at the image plane is 

remax 

p0ELj sin 20. de 	 (4.1) 

For a condenser system e 	is typically 7r/6 giving a value for 
max 

the expression (4. 1) of 

0. 2 5  p.E 

Taking the same typical range of values for p as previously 

we see that, at best, 0, 25 % to 2. 5% of the laser output is 

available at the image plane. 

Because of this low utilisation of the energy, and because of 

- 	the fact that the laser output is highly monochromatic and also 

coherent, it was decided to investigate the suitability of a 

holographic technique for the formation of real images of high 

intensity from a pulsed laser source. 

4. 2 Holographic Methods of Imaging. 

Holography has its origins in 1948 when Gabor( 28 (29), (30)in an 

attempt to circumvent obstacles limiting the resolving power of 

electron microscopes (diffraction and/or spherical aberration in 

the objective lens) introduced a two-step imaging process in which 

an intermediate record, the "hologram'"
:
" containing the information 

necessary to form an image, is made. 

The two-step process consists firstly of photographing the 

interference pattern which results when the light diffracted by the 

object is allowed to interfere with a coherent "background" or 

"reference' wave. The diffraction field of the object may be 

* From the Greek holos "whole" 
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either the Fresnel (near field) or Fraunhofer (far field) diffraction 

pattern, similarly the interfering reference wave may have either 

a spherical or a plane wave front. This first step is called 

"formation" or "recording"; the recorded pattern on the 

photographic plate bears little or no resemblance to the object, 

and on close examination is found to consist of a fine complex 

pattern of fringes and diffraction patterns. The second step in 

the process, referred to as "reconstruction is carried out by 

illuminating the hologram by coherent illumination; the type of 

image produced and its magnification will depend upon the 

characteristics of the reconstructing illumination, its wavelength, 

direction of propagation and radius of curvature of the wavefront. 

The use of the reference beam in the recording process is the 

essential feature of the holographic process. A photographic 

plate records only the intensity of the light incident on the emulsion, 

it behaves, in other words, as a square-law detector. The 

addition of the coherent background wave permits the necessary 

phase information to be retained, the process being very similar 

to the phase-contrast microscopy technique of Zernike(31)in 

optics, and to the homodyne detection process at radio -frequencics. 

The arrangement used by Gabor is shown schematically in 

Fig. 4. 3. An approximation to a coherent point source at S was 

obtained by passing the filtered light from a high pressure 

mercury discharge tube through a small aperture, which was then 

imaged by a microscope objective to give a point source of about 

5j4m diameter, Some of the light from this source fell on, and was 

scattered by, the object placed at 0, the remainder passed around 

the object on all sides thus providing the reference beam. The 

photographic plate placed at H recorded the fringes produced by 

interference of this reference beam with scattered light from 0, 



Recording 

Reconstruction 

L:jLg.__j. 3 Gabor Holography, 
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The developed plate constitutes the hologram. 

In reconstruction (Fig. 4. 3. b) the same divergent beam from 

S is used. A drawback of the Gabor arrangement can be seen, 

since two images are formed, a virtual image ( V ) in the position 

of the original object 0, and a real image ( R ) 	Since these are 

formed in the same straight line (which also passes through the 

source) they appear superimposed, so that although they focus in 

different planes the quality of either image is degraded in that it 

must be viewed against the other as an out-of-focus background. 

If R indicates the amplitude of the reference wave at a 

point on the holographic plate, 0 that of the object wave, the 

respective intensities are I = R. R"and I = 0. 0"'where 

the asterisk is used to denote the complex conjugate. The light 

exposing the plate is 

I = (R+o)(R+o') 

= R. R + 00 0 + R. 0 + R. 0 

+ I + R. 0 + R. 0 

For illustration suppose that the plate is processed in such a 

way (by contact printing or reversal development) that its 

amplitude transmission is proportional to I. If then the processed 

plate is illuminated with the reference beam R the transmitted 

wave has amplitude 

T=kI.R 

= k(ROIR + R,10  + ROROO + ROR.0) 	(4,2) 

where k is a complex constant. 

In equation (4. 2) the terms R. I and R. I are unmodulated 

illumination intensities, R. R. 0 is the intensity of the reference 

wave multiplied (modulated) by the amplitude of the object wave 



i. e0 an optical reconstruction of the object. R. R. 0 is the 

conjugate (real) image. 

In practice it is not necessary to arrange matters so that the 

hologram transmits light in proportion to the intensity I as 

required by the argument above. With normal (negative) processing 

of course the transmission varies inversely with I. However, 

replacing the bright fringes with dark fringes is merely the effect 

which would be produced by introducing a phase difference of 7r 

between the two beams, so that a positive image is obtained with 

either a positive or negative hologram. 

For many years the hologram remained a comparatively 

little-known optical device, although a few workers attempted, 

without much success, to apply the techniques to the improvement 

of resolution of the electron microscope (as was Gahorts original 

objective) and to X-ray micro scopy )' 	Then the advent of 

the gas laser, providing a light source of high intensity, 

extraordinary monochromaticity and excellent coherence, quickly 

led to an enormous increase in activity in the field of holography. 

Very important advances were made by Leith and 

Upatnieks (35 ' (36) who introduced "twin-beam' holography, 

shown schematically in Fig. 4, 4. The object is illuminated with a 

collimated beam of light, derived from a laser. Adjacent to the 

object is a prism intercepting a portion of the incident beam which 

is therefore deviated through an angle a and impinges on the 

recording plate. 

In the absence of the prism a conventional Gabor hologram 

would be produced. The addition of the off-axis second beam 

results in the production of a hologram which is in effect a 

complex diffraction grating. In the reconstruction process 
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images formed on the axis (the zero order of the "grating") are 

subject to the degradation of quality inherent in the Gabor process 

(due to superimposition of the two images) while high quality 

reconstructed images are formed on either side of the axis of 

the reconstructing beam at the two first order diffraction maxima. 

These latter two images (one real, the other virtual) by reason 

of their angular separation do not suffer the loss in quality due 

to the superposition of the others 

4.2. 1 Classification of Holograms. 

Following the introduction of twin-beam holography a large 

number of methods of recording and reconstructing holograms 

has emerged. It has become usual to classify these according to 

the type of object diffraction being recorded. 

In classical physical optics different approximations are 

made in the analysis of near- and far-field diffraction patterns. 

These same approximations are applied to the analysis of the 

holograms and the terminology of diffraction theory is borrowed 

to identify the various types of hologram. Near-field (Fresnel) 

diffraction is observed when either the source, or the screen on 

which the pattern is observed, or both,are at a finite distance 

from the aperture or object causing the diffraction. Far-field 

(Fraunhofer) diffraction results when both the source and the 

screen are effectively at infinite distances from the object or 

aperture, (This condition is most easily obtained experimentally 

by the use of lenses). In Fig. 4, 5 the rays from the extremities 

of an object of height d reaching a point H' on plane HH' are 

These approximations in fact define the terms "near-" and 

"far-field". 

-.1;— 
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shown. The path difference between the two extreme rays is 

given by 

The far-field approximations are valid if Ap<<X , where X 

is the wavelength of the light, i, e if 

d2  
R >> - 

The Gabor holograms resulted from interference between 

the near-field (Fresnel) diffraction pattern of the object and a 

coherent background illumination and are therefore designated 

Fresnel holograms. The path difference at the hologram plane 

HH' between the spherical wave (from an object point 0 ) the 

plane (reference) wave is shown in Fig. 4, 6; it is given by 

Ap = L -( L2  + x2 ) 

Fringe maxima occur when Ap = nX ( n is an integer) 

i.e. when 

L -( L2  + x2 ) 	nX 

r 	x 2  1 
i.e. L L1_1_i 	nX 

L 	 (4.3) 

If 	is small (4. 3) may be written 

= ZnLX 	 (4.4) 
n 

Equations (4. 3) and (4. 4) illustrate an important feature 

of the Fresnel hologram, namely that the phase of the interference 

pattern is a quadratic function of the hologram spatial coordinates. 

Fringe spacing decreases as the distance from the on-axis point H 

increases, If the object 0 in Fig. 4, 6 is a point source the 
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resulting hologram will be a system of concentric fringes which 

become more closely spaced as the radius increases. The 

pattern in fact closely resembles that of a Fresnel zone plate and 

has similar imaging properties. For this reason the quadratic 

phase variation shown in equations (4. 3) and (4. 4) is often referred 

to as the "zone lens" term. 

In the Fraunhofer hologram both the object wavefront and 

reference wavefront are plane, so that the phase variation of the 

interference pattern is a linear function of the hologram spatial 

coordinates. If a two dimensional object is used, placed at one 

focal length from a lens which is in turn placed one focal distance 

from the photographic plate as shown in Fig 4 7 then the 

amplitude distribution at the plate is the Fourier transform of the 

object amplitude distribution. If a plane reference wave is also 

provided an important type of hologram - the Fourier-transform 

hologram - is obtained, 

In the Fourier hologram of a two-dimensional object the phase 

variation function contains no quadratic term. The importance 

of this feature is made evident in the next section. 

The quadratic phase factor also disappears if the object and 

reference wavefronts are spherical but of the same radius. Thus, 

although the literature shows lack of universal usage as regards 

the classification of hologram types, the writer considers the 

following to be the most meaningful: 

If the object and reference beam are of substantially 

different radii a Fresnel hologram is produced. 

If the object and reference are of the same radius 

a Fourier hologram results, 



Tv 

Holographic 

Plate 

Fig. 4. 7 Fourier-Transform Holography. 
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4. Z. Z Resolution Obtainable with Holographic Imaging Process, 

The existence of the zone lens term in the Fresnel hologram 

imposes a limit to the size of the hologram of this type since the 

photographic plate has a finite recording capability. There is in 

fact no precise lower limit to the fringe spacing which is recorded, 

rather a gradual reduction in the modulation transfer function as 

the spatial frequency is increased. (The characteristic for the 

Ilford plates used in the present experiments is shown in Fig. 4. 11). 

For illustration, however, let us assume the minimum recordable 

fringe spacing is .S . Referring again to Fig. 4. 6 

2 
x= Z(n+l) LX 
n+l 

and 	 x 2  = 2nLX 
n 

i. e, .x 2 	
-X 

 2 = ZLX 
11+1n 

e. 	(x 
n+l 	n n+l 

+ x )(x 	
- X11 

) = ZLX 

(from Eq. (4. 4)) 

If e'= arctan 
n 
 is the maximum angle at which fringes are 

L 

recorded then 
Zx 

n 
 6 = ZL) 	 (4.5) 

from which 	 tan 0' = 	 (4.6) 

The diffraction limit of any optical system is shown in physical 

optics to be given by 

d- 
 O.61X 

- jisin0 

wherd P is the refractive index, X the wavelength of light in vacuo, 

and 0 the semi-angle of the marginal ray to the axis. Hence for 

the Fresnel hologram e = 9' and the diffraction limited 
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resolution is 

d = 0,61 ( X2 	
2 )2 	 (4.7) 

By contrast the diffraction limit of the Fourier hologram may be 

decreased virtually without limit by increasing the area (i. e, the 

aperture) of the hologram which is involved in the reconstruction 

process. 

Reference to Fig, 4.11 shows that (with the holographic plates 

used) the resolution limit set by equation (4. 7) is not in fact 

likely to cause noticeable deterioration in image quality in the 

present application. The modulation transfer function remains 

high at spatial frequencies in excess of 1000 lines/mm ( 6< Um) 

indicating diffraction limited resolution ( d  ) better than about 

0, 7 pm. However, as will be shown in the following paragraphs, 

the finite divergence of the laser output beam imposes another 

limit to the resolution obtainable, whatever optical imaging system 

is used. The restrictions placed on the angular aperture of the 

Fresnel hologram are important when this limit is considered, 

In Fig. 4, 8 a laser beam of diameter d1  and basic beam 

divergence 	radians is shown entering a beam-expanding 

telescope composed of eyepiece lens L1  and objective L2. 

Simple geometrical optics shows that the size of the image formed 

by L1  (essentially at the focus of L1  since the entering beam is 

very nearly parallel) is of diameter f1  . When the beam is 

re-collimated by L2, of focal length f2  the angular divergence of 

the exit beam is 

= 

i.e. 	' = 	
• :n 	 (4,8) 

where m is the magnification of the telescope, 

i.e. c6 = q5 	
(4.9) 
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Thus the angular divergence of the laser output may be reduced by 

beam expansion in the ratio of the beam diameter before and after 

expansion. 

If the expanded beam is used to form an image by means of a 

hologram placed after L2  similar reasoning shows that each 

image "point' is formed as a disc of diameter 0 'F, where F is the 

hologram-image plane distance. This diameter may be taken as 

the resolution limit imposed by the beam divergence, which may 

be expressed 

P = 

or 	P 	 F 
	

(4. 10) 

The parameters 0 , d1  are fixed by the laser in use, d2  is the 

hologram aperture and F the distance from the hologram at 

which the image is formed. 

If a Fresnel hologram is used for the imaging process 

ZTV 
= tan(), where 0' is the maximum angle at which fringes are 

recorded. Hence 

d1  4 
ZtanQ' 

i.e. (from equation 4. 6) p = 4, 
d1 0 6 	

(4.11) 

Measurements of 0 , d , are given in a later section (5, 4 ). 

From these it is evident that the resolution limit defined by (4. 11) 

is, as far as the Laser Associates ZllA ruby laser is concerned, 

considerably larger than the diffraction limit d previously 

obtained from equation (4. 7) and is therefore the parameter which 

determines the resolution of a Fresnel hologram imaging system. 

If a Fourier hologram is used the beam divergence limit may 

be reduced by a useful factor since L2 , being no longer restricted 
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by the resolution of the photographic material, may be substantially 

increased. Fourier-transform holography was adopted for the 

experimental programme for this reason. 

(It will be noted that even when a Fourier hologram is used 

the resolving capability of the reconstruction is still quite severely 

limited by beam divergence. This is in consequence of the purely 

practical limitations placed on sizes of photographic plates, and 

the diameters of lenses used for shaping the wavefront of the 

reconstructing beam.) 

4. 2. 3 Aberrations in Holographic Imaging. 

In common with other optical systems the holographic imaging 

- 	process can give rise to aberrations. An extensive mathematical 

treabent of these has been carried out by Meier 	using the 

paraxial approximations usually applied to the analysis of 

aberrations in lens imaging systems. Meier obtained expressions 

for the aberration coefficients for the third-order aberrations 

(spherical aberration, coma, astigmatism, field curvature and 

distortion) as functions of the following parameters: object-hologram 

distance, radii of reference and reconstructing wavefronts, 

wavelength ratio of recording and reference illumination, and 

scale-change factor of the hologram. He further showed that any 

of the aberration coefficients may be made zero by suitable choice 

of these parameters. In particular, all the aberrations may be 

made to disappear simultaneously if the hologram is scaled in the 

ratio of the recording and reconstruction wavelengths, and the 

radius of the reconstructing wavef rant is adjusted to give a 

magnification in this same ratio, 

If the same wavelength is used for each process this clearly 

requires a magnification of unity. If the reconstruction is made 
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with light of a different wavelength (as in section 4. 3. 3 below when 

a hologram made with a helium-neon laser is reconstructed with 

light from a ruby laser) the required enlargement of the hologram 

is highly undesirable as it requires a conventional imaging process 

of considerable difficulty. In the particular case when the 

reference beam point source is at the same distance from the 

hologram as the object however (a condition which is satisfied 

with our Fourier holograms) aberration-free reconstructions of 

both real and virtual images are again possible at unity 

magnification without the requirement for scale-change of the 

hologram. At other magnifications spherical aberration is always 

zero but it is not possible to remove the other aberrations 

simultaneously. 

4. Z. 4 Efficiency of Holographic Imaging Bleached Holograms. 

During the discussion on conventional imaging processes using 

lenses (section 4. 1) expressions were obtained for their efficiency, 

i0 e. the fraction of the light energy entering the system which 

appears at the final image. It was noted that the efficiency was 

low, largely in consequence of the fact that p, the transparency 

of the object mask, was usually small. Light intercepted by the 

opaque portions of the mask is either absorbed or as is more 

likely in a high-intensity imaging system, retro-reflected. In 

either event it does not contribute to the formation of the final 

image. 

In a holographic system the image is formed by diffraction 

of part of the incident light. This fraction is independent of the 

size of the object. If the object is a back-illuminated partially 

transparent mask, then the total intensity of the final image is 

independent of p, the transparency of the mask. 
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The magnitude of the diffraction efficiency has been calculated 

theoretically by Kogelnik(38).  An important factor in determining 

the efficiency is the emulsion thickness, if this is sufficiently 

large the silver deposits in the developed emulsion have a three-

dimensional "layered characteristic which increases the 

diffraction efficiency. Kogelnik defines a parameter 

- ZirXt 

where t is the emulsion thickness, po  its refractive index and 

d  the grating period (fringe spacing). If Q is greater than 10 

the grating is considered thick and a diffraction efficiency of 

3. 716 is calculated. 

There are several techniques for increasing the diffraction 

efficiency. One is to convert the silver image into a relief 

image by further processing the emulsion so that its thickness 

varies according to the density of the developed silver image. 

Another is to convert the developed silver grains into a transparent 

compound having a refractive index different from that of the 

gelatin, so as to form a three-dimensional dielectric grating. 

On Kogelnik's analysis the predicted efficiency of the relief 

hologram is as high as 390 9%, that of the dielectric hologram 

under optimum conditions could theoretically be 100%, 

The imaging properties of the conventionally processed 

hologram follow from the amplitude modulation which the developed 

silver image imposes on the incident reconstructing \vavefront. 

In the relief-image or dielectric -image type of hologram the 

amplitude modulation is replaced by a spatial phase-modulation. 

It was pointed out above (section 4. 2. 1) that the Fresnel hologram 

For the holograms described in section 4,3 Q 	100 
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of a point object closely resembled a Fresnel zone-plate; the 

phase-modulation hologram has the same relationship to the 

phase-retardation plate 	in which the opaque rings of the 

zone-plate are replaced by transparent rings of gelatin film on 

glass, the thickness of the film being such as to introduce a 

half-wavelength phase-retardation to the light passing through 

these zones. The phase reversal plate produces a fourfold 

increase in intensity at the image point as compared with the 

zone-plate.  

Altman 
(40)

has pointed out that due to the difference in volume 

between gelatin containing many developed silver grains and the 

lesser exposed parts of the emulsion in which the majority of the 

silver halide has been washed out during the fixing operation a 

relief image is invariably present in any completely processed 

photographic material. He described how a pure-relief image 

could be obtained by bleaching the emulsion to remove the 

precipitated silver. He also discovered that the height of the 

relief image can be increased by the use of so-called tanning 

bleaches and provided quantitative data for a particular emulsion 

(Kodak 694-F spectroscopic plates). 

(41) Following Altman 's recommendations, Latta 	, also 

Upatnieks and Leonard (42)
carried out experimental studies in 

which the diffraction efficiencies of bleached holograms were 

measured. The effect of various photographic hh intensifiersi! was 

also studied. Upatnieks and Leonard were able to convert the 

silver into the following compounds (refractive index indicated in 

brackets) 

AgCl 

AgBr 

AgI 

Cu02  /CuO/Cu2 0 

Ag4  Fe(CN)4  

( p 	2,07) 

(p 	2, 25) 

(U = 2. 21) 

( p = 2, 5 to 2.7) 

(p not known, apparently high) 
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In all cases the diffraction efficiency of the final phase 

hologram is dependent on the transmittance of the developed silver 

image before bleaching. A fairly dense image (transmittance 

10 	) is required before the maximum efficiency after bleaching 

is realised. The best figures quoted for diffraction efficiency, 

defined as the ratio of the diffraction light flux into the first order 

images to the incident light intensity, were 

37% (Latta) 

44% (Upatnieks and Leonard) 

The latter pointed out that the overall efficiency quoted included 

significant losses due to surface reflections, the light distribution 

being as follows: 

Diffracted light 44% 

Transmitted light 8% 

Surface reflections 14% 

Scattered light 9% 

Absorbed light 25% 

The figures suggest that the efficiency could be increased to 

over 50% by the use of appropriate anti-reflection coatings on the 

surfaces of the plate. 

4, 3 Experimental Procedure and Results, 

4. 3. 1 Hologram Recording. 

The holograms were recorded using light from a D. C. excited 

C. W. helium-neon laser (Ferranti type G. P.) giving an output of 

about 1.5 milliwatts in single n-iode (TEM00 ) at a wavelength of 

632, 8nm, The recording geometry is shown schematically in 

Fig. 4. 9. To obtain equal radii of the object and reference 

wavefronts at thephotographic plate the distances c, £ in Fig. 4. 9 

- 98 - 



f 

Path lengths 

a+b+c = d+e±f 	(for coherence) 

C = f 	(for equal sphericity of wavefronts at plate) 

Fig. 4.9 Fourier Hologram Recording - Schematic 
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should he equal. This equality is of course obtainable only along 

one line on the plate (at right angles to the diagram), thus if the 

curvatures are matched at the centre line some quadratic phase 

factor will appear increasingly towards the sides of the plate. 

Furthermore the difference in total path length from the beam-

splitter to the plate i. e. ( a + b + c ) - ( d + e + f ) must be small 

compared to the "coherence -length" of the laser. The coherence 

length is a measure of the monochromaticity of the laser, and is 

the maximum path length difference which can be used in an 

interferometric experiment before the fringes become indiscernible 

as a result of the finite spectral line-width of the source. If the 

wavelength is X and the line-width to half-power points AN 

then the fringe pattern produced by light of wavelengths ,\+ -X 

and X - -- i\ will overlap when the path-difference is L such that 

L = n( X+iX) 

= ( n +  

from which n = - a 
LX 

and L = 	 (4.12) 

which defines the coherence length. 

Thetwo requirements c=f, (a+b+c)=(d+e+f)are 

conveniently satisfied by the 'square" geometry shown in the more 

detailed diagram of the recording arrangement, Fig. 4. 10. 

A characteristic of the Fourier hologram is that it possesses no 

"directionality" i. e. the position of the image is determined 

entirely by the geometry and direction of the reconstructing beam. 

It is therefore easy to determine the existence of a zone-lens term 

in the finished hologram by tilting the plate and observing the 

movement, if any, of the image. 
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If two plane waves travelling in directions 24' to one another 

form interference fringes on a screen placed normal to the angle 

bisector of the two directions of propagation the spacing between 

the fringes is 

= 2.sin"If 
	

(4, 13) 

If 4' = 45°  then d = .45 pm. The geometry shown in Fig. 4. 10 

will therefore produce fringe spacing of this order at the centre of 

the plate, about 2230 fringes/mm. Because of this very close 

spacing of the fringes a high resolution photographic plate is 

required, and the apparatus used to record the hologram must 

have a high degree of mechanical stability. The wavelength of the 

light from the helium -neon laser is in a region of the spectrum 

where photographic materials are becoming relatively insensitive; 

this together with the low power output results in exposure times 

of several seconds being required, which places further demands 

on the mechanical stability of the equipment. 

One consequence of the upsurge in interest in holography has 

been the recent development by the photographic manufacturers of 

material specifically intended for use with helium-neon lasers. 

Ilford plates Type He - Nell were chosen; these combine high 

resolving power (see Fig. 4. 11) with satisfactory sensitivity at 

632, 81,rn, A sensitometric curve is shown in Fig. 4. 12; about 

5 erg/cm2  is an optimum exposure for an amplitude modulated 

hologram. 

As shown in the photographs (Figs. 4. 13, 4. 14) the laser, 

mirrors, photographic plate and other components were arranged 

on a large, heavy, cast-iron surface table which was supported 

by rubber pads to provide some isolation from building vibrations. 

Part of the table surface could be covered by a wooden box, hinged 
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Fig. 4. 13 Iron Table Used for Holography 

showing Hinged Light-tight Wooden Cover 
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Fig. 4. 14 Layout of Components for Fourier 

Transform Holograrr; Construction 
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along one edge to the table, which in the lowered position enclosed 

all of the components except the laser. The purpose of this box 

is twofold: it screens the photographic plate from extraneous 

light from the laser and it protects the apparatus from air currents 

which could produce random changes in optical path length of 

sufficient magnitude to wash out the fringe pattern entirely. The 

iron table-top has the additional merit of helping to maintain a 

uniform temperature in the components and surrounding air, thus 

improving the stability of the set-up and minimising path-length 

distortion due to changes in refractive index. 

The inner surface of the box is painted matte black to absorb 

stray reflections such as may be generated at lens surfaces. 

With the box in the lowered position the laser beam enters through 

a small hole drilled in the side of the box and a hatch is provided 

in the upper surface to allow a final check to be made on the 

correct positioning of the optical components. 

The entire apparatus must of course be housed in a darkroom 

to protect the plate from exposure during loading and unloading. 

Processing of the plate is conveniently carried out in the same 

darkroom 

The components which were used in the recording process are 

shown in Figure 4. 15. 	 The beam splitter is a glass 

plate coated with multiple half-wave dielectric films to be partially 

reflective at the laser wavelength. The coatings are applied in 

six-sectors providing reflection coefficients of 0. 1, 0. Z, 0, 3, 

0, 4, 0 5 and 0. 6 respectively from the front surface. A thick 

glass plate is used so that secondary reflections involving the rear 

surface are conveniently displaced from the main beam and may be 

intercepted by a card carrying an aperture of sufficient size to pass 

only the main beam. (Some holograms were made of two-dimensional 

masks of very low total transparency, in which it was convenient to 
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use the aperture card to select one of the secondary reflections 

from the beam splitter in order to provide an appropriate ratio 

of reference-beam to object-beam intensities 

Following the beam splitter the transmitted beam is diverged 

by a short focal length lens and turned through a right angle by 

reflection at a front coated mirror to fall on a finely ground glass 

diffusing screen placed immediately behind the object mask. The 

object mask itself has been made on a high-resolution plate by 

conventional photo- reduction from a ZOx scale "cut-and-peel" 

master pattern. The carriers for the diffusing screen and object 

mask (shown in Fig. 4. 16) were specially built for the purpose. 

They are of heavy construction and fitted to magnetic clamp bases 

to provide a stable, vibration-free mounting on the iron table 

surface. Since the cross-sectional energy distribution of the laser 

output (in the TEM mode) has a Gaussian form the beam was 
00 

expanded to a diameter at the diffusing screen at least 5 times the 

mask diagonal in order to obtain sensibly uniform illumination 

over the total area of the mask. 

The reflected beam from the splitter is also turned through a 

right angle by a suitably positioned front coated mirror and is 

diverged to form a spherical reference wave by means of a xZO 

microscope objective lens. If this expanded beam is allowed to 

fall on a screen it will usually be found to show considerable 

uneveness in intensity due to the several diffraction patterns set 

up by minor imperfections such as dust particles on the mirrors 

and lens surfaces. The beam is therefore "cleaned-up" and the 

quality of the resulting hologram improved by introducing a fine 

aperture at the focus of the objective lens. 

This combination of lens and pinhole aperture acts as a 

spatial filter, the operation of which may be best explained as 



Jr 

Fig. 4. 16 Support Stands for Object Mask 

and Diffusing Screen 
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follows. The energy distribution at the plane of the pinhole 

(i, e. the focal plane of the lens) is the Fourier transform of the 

energy distribution at the object plane. The object in this case is 

the disc of the laser beam and contains a low spatial frequency 

component (the normal Gaussian cross-sectional intensity 

distribution) together with the unwanted diffraction patterns, 

which have higher spatial frequencies. At the Fourier transform 

plane the low spatial frequency components in the object plane 

contribute to the energy flux close to the axis and thus pass 

through the pinhole, the higher spatial frequency components 

produce components removed from the axis at the transform 

plane which may be intercepted by a pinhole aperture of sufficiently 

small diameter. 

The pinhole is provided with micrometer adjustments by 

which its transverse position may be accurately adjusted, and the 

microscope objective lens is similarly mounted so that the axial 

separation. between it and the pinhole may be altered to bring the 

pinhole to the focus. 

Due to its very small diameter some difficulty can be 

experienced in locating the pinhole correctly and the following 

procedure was found to be best. 

With the spatial filter removed completely, arrange 

the geometry of the unexpanded beam as required. Mark the 

position of the beam on a convenient card or screen. 

Interpose the lens so that the expanded beam 

illuminates the screen symmetrically about the previously marked 

point. (The beam is then passing centrally through the lens.) 

Insert the pinhole aperture and adjust the lens so 

that the lens/pinhole distance is several times the focal length. 
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The pinhole plate is thus illuminated with an intense disc of light; 

if the pinhole is moved into this illuminated disc a set of circular 

fringes (the Fresnel diffraction pattern at a circular aperture) will 

be observed on the screen. The micrometers controlling the 

transverse position of the pinhole are then adjusted to centre the 

fringe pattern on the marked point; if previous adjustments have 

been carried out correctly this adjustment will also yield the 

brightest fringes. 

4. The lens/pinhole distance is finally progressively 

reduced, further fine adjustments to the lateral position of the 

pinhole being made as necessary. During this process the fringes 

become brighter and more widely spaced until finally the central 

maximum expands to fill the field completely. Using a pinhole of 

1.0 ,am diameter in conjunction with a x20 objective ( f. 7. 8mm) 

a very uniform reference wave was obtainable with no observable 

reduction in intensity due to loss at the filter. 

The intensities of the object and reference waves were 

measured by a sensitive photographic light meter, fitted with an 

incident light attachment, and the reference beam adjusted to be 

about five times the total intensity of the light from the object, 

both measurements being made of course at the centre of the 

plate-holder. 

After the components have been set up and aligned and before 

the plate is loaded it is necessary to sight through the plate holder 

to check that only light from the object and the reference source 

will fall on the plate. Any other sources of light (reflections from 

support stands, the table surface and the like) should be blocked 

off with simple baffles such as pieces of card, preferably painted 

with non-reflecting black. Such extraneous light sources would 

act as additional"reference'' sources and give ghost images on 



reconstruction. 

The plate is finally set up in the holder (in complete darkness) 

and the wooden cover lowered into position. It is advisable to wait 

two or three minutes before making exposure to allow parts which 

have been warmed by handling to reach thermal and mechanical 

equilibrium. A mechanical shutter was not used, due to the danger 

of vibrations from the mechanism disturbing the system; exposure 

was determined by interposing a card in the path of the laser beam, 

external to the box. 

For amplitude modulated holograms an exposure of about 3 

seconds (producing a thinly exposed plate of about 0. 5 transmission) 

was found to be adequate. In the case of bleached holograms best 

results were obtained from considerably denser plates made with 

exposures of 1 minute or more. 

Processing of the plate is conventional and will not be described 

in detail. Two points of particular importance in holographic work 

are worthy of mention, however. The temperatures of each of the 

solutions used, including the washing bath, should be equal to 

avoid possible distortion of the emulsion, and care should be 

exercised in drying the plate as uniformly as possible to avoid 

drying marks, which can seriously degrade the quality of the 

reconstructed image. 

4. 3. Z Hologram Reconstruction with C. W. Illumination. 

4.3.2.1 Virtual Imace. 

Reconstruction of the hologram to form the virtual image using 

C. W. illumination of the same wavelength as that used during 

recording is straightforward. If the hologram is illuminated by a 

wavefront of the same geometry as that used as the reference 



wavefront during the recording process the virtual image will he 

formed in the position occupied by the original object when the 

hologram was recorded (see Fig. 4. 17). 

Other reconstructing geometries are possible. By altering 

the radius of the reconstructing wavefront the position and size of 

the image may be changed, although in general the image in this 

case will be subject to aberration (see 4. Z. 3 above). The 

magnitude of the aberrations depends, inter alia, on the limiting 

aperture of the complete optical system, including the lens by which 

the final image is formed. If the reconstruction is simply viewed 

by the unaided eye the limiting aperture cannot be greater than that 

of the eye itself, so that the existence of aberrations in the image 

may pass unnoticed. When the aperture is increased, as for 

example when a telescope is used to examine the image, the 

presence of aberrations becomes much more obvious. 

Fig. 4. 18 	shows a photograph of the virtual image of a test 

pattern reconstructed at unity magnification. The image is 62cm 

behind the hologram, about 110cm from the camera, and was 

photographed at a camera aperture of f/2. 8. Figs. 4. 19(a) and(b) 

show the astigmatism introduced by tilting the hologram 100. 

The image reproduced in Fig. 4 . 18 	gives some indication 

of the resolution obtainable in large-aperture holographic imaging 

systems. The letters are 1 millimetre high, and at the outer rim 

of the two rosettes the line spacing is 0. 5 line-pair/millimetre. 

A resolution better than 50 line-pairs/mm is therefore indicated. 

In fact some loss of definition has occurred in the photography (due 

to the small image size and the difficulty of determining optimum 

focus of the camera lens. 
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Fig, 4, 18 Hologram Reconstruction (virtual image) 

with C. W. ( He/Ne  ) Laser. (Lower 

photograph at unity magnification) 
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Camera focussed at 105 cm 

Camera focussed at 115 cm 

Fig. 4. 19 Hologram Reconstruction (virtual image) 

with C. W. ( He/Ne  ) Laser. Astigmatism 

introduced by 10°  tilt in hologram. 
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4. 3. Z. 2 Real Irnag. 

A real image may he reconstructed from the hologram either 

by reversing the direction of propagation or by changing the sign of 

the curvature of the reconstructing wavefront. The first alternative 

is undesirable in that the reconstructing illumination must then pass 

through the glass of the plate, which is not normally of good optical 

quality. The distortions introduced into the form of the 

reconstructing wave due to thickness variations and non-flatness of 

the glass will degrade the quality of the image formed. 

The second method was therefore chosen. A convergent wave 

of the same spherical radius as the original reference beam is 

generated by the lens arrangement shown in Fig. 4.20. The 

lenses L and L2  are asphcrically polished to minimise 

spherical aberrations, their geometry having been determined by a 

ray-tracing computer program. By this means it is possible to 

produce an accurately spherical wavefront using single element 

lenses. The two lenses were mounted in telescoping brass tubes 

to permit adjustment of the sphericity of the emergent wave. A 

photograph of the complete unit is shown in Fig. 4. 21. 

Fig. 4. 22a is a print made from a lens-less' holographic 

rendering of the real image using C. W. (helium-neon laser) 

illumination. The image was formed directly on the surface of the 

photo-sensitive material, (a holographic plate was in fact used). 

The uneven intensity of the reconstructed image is not caused by 

any defect in the holographic recording of reconstruction processes, 

but is the result of a corresponding unevenness in illumination of 

the diffusing screen used behind the mask transparency when the 

- 117 - 



Plane 

are aspherically ground to minimise spherical 

aberration 

Distance r should be same as radius of reference 
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Fig. 4. 20 Hologram Real Image Reconstruction. 
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C. W. Reconstruction with He/Ne Laser 

Pulsed Reconstruction with Ruby Laser 

Fig. 4.22 Hologram Real Image Reconstruction 
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ki 

hologram was recorded. 

4. 3, 3 Hologram Reconstruction with Pulsed Illumination. 

Only the real image reconstruction was studied; due to the 

obvious dangers of eye damage no attempt was made to view 

directly the reconstructed virtual image formed using a high energy 

pulsed source. Such experiments could be made if necessary using 

an image converter or camera to examine the image; for the present 

application, of course, the real image reconstruction is the only 

one of interest. 

The reconstruction process using a pulsed laser is similar to 

that already described, and used the same components (Fig. 4. 20) 

to provide a convergent spherical reconstructing wave. However, 

because of the difference in the wavelengths of the recording and 

the reconstructing light the image would (with the same geometry) 

be formed at a different angle to the hologram plate, and would be 

of different size. 

Additional experimental difficulties arise. The image is 

See comments regarding the necessity for adequate beam 

expansion in order to provide sufficiently uniform back illumination. 

of the mask on p. 108. The reconstructed image shown in 

Fig. 4. 22(a) is formed using one of the earlier holograms, made 

when the requirements were not fully appreciated (the evenness of 

illumination is not easy to assess when viewed directly by eye) but 

the illustration is included since the same hologram was used in 

the only satisfactory pulsed reconstructions obtained (shown in 

Fig. 4. 22(b) ) in order to allow a direct comparison of the image 

qualities to be made. 
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present only for a very short time, making direct visual observation 

difficult (though, interestingly enough, not impossible even when 

very brief, Q-switched pulses of less than iü 	second duration 

are used, due to the persistence of vision). The information rate 

is low, limited by the repetition frequency of the laser, so that it 

is not easy to assess the effects of slight adjustments to the optical 

components. Finally the physiological dangers are very real and 

the use of protective goggles makes direct examination of the image 

impossible. 

The only completely satisfactory method of examining the 

quality of reconstruction, therefore, is to record the image 

photographically. For this purpose a standard oscilloscope camera 

was modified by fitting a ground glass screen at the object plane. 

The image was formed on this screen and could be conveniently 

photographed and examined with little delay on Polaroid film. 

Considerable time can be saved if the location of the image is 

first calculated, if only approximately. The effect of the differing 

wavelength can he predicted from the grating equation 

d( sin i + sin9) = nX 

where 1, 9 are the angles made by the incident and diffracted 

waves to the plane of the grating, n is the order of the diffracted 

image, d the grating space. 

For the hologram d is not a known constant, nevertheless for 

the same hologram 

sin i1  + sin91 ) = A1 
(in ii  + sin G 2 ) 

where time subscripts 1 , 2 respectively identify the reconstructing 

and recording illumination. 

See p. 134 



If the hologram is positioned in a plane which bisects the angle 

between the central rays of the incident and diffracted waves then 

= 

	

and 	sin 0I  - X1 
sin 02 - X2 	 (4.14) 

For a hologram recorded using a helium-neon laser and the 

tl squarefl geometry of Fig. 4. 9 

X2 = 63Z.8 nm 

450 ( 7854 rad) 

so that when reconstructed using light from the ruby laser 

( 'X1  = 694. 3 nm ) equation (4. 14) gives 

sin 01  = . 7941 

	

i. e. 	 = 5O°54 ( .8884 rad ) 

The hologram-image distance and magnification are also 

altered by the wavelength change, but may be corrected by 

adjustment of the hologram position (or the separation between 

lenses L an. L in Fig. 4. ZO) to change the radius of curvature 

of the reconstructing wavefront at theho1ogram -bya factor A] . 

It has already been pointed out (section 4. 2. 2, p. 93) that the 

resolution obtainable with a holographic imaging system is 

dependent upon the beam divergence angle (for a given beam 

diameter) produced by the laser used in the reconstruction process. 

Experimental measurements of these parameters are given later 

(section 5. 4) for the two pulsed lasers available for use in the 

investigation, from which it is shown that these lasers would give 

very poor image dinition, 
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Although this potential limitation was recognised at the time 

the order for a pulsed laser system was placed it was decided that 

the performance in terms of total available energy output was for 

these deposition experiments more important than those other 

parameters which would be relevant to the quality of the image 

formed by a hologram, e, g. the beam divergence, spatial and 

temporal coherence. 

In order to obtain some experimental demonstration of the 

capability of the hologram as an imaging element at very high 

powers it was arranged to make use of a high quality ruby laser 

system for a short period. This laser provided the pulsed 

reconstruction which is reproduced (from a photograph on Polaroid 

film) in Fig. 4 22(b). 

Further discussion on the resolution limits imposed by the 

laser, and the experimental determination of the relevant 

parameters is deferred to section 5. 4. 
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CHAPTER V 

LASER OPERATION AND INSTRUMENTATION 

5. 1. Pulsed Lasers 

5. 1. 1. Bradley Ruby Laser 

At the beginning of the programme a small ruby laser 

manufactured by G. and E. Bradley was available in the 

Department. The power unit had a maximum storage capacity 

- 	of 890 joules at 2. 6 kilovolts giving a nominal output (normal 

mode) of about 0. 5 joules. 

This laser was reported to give a disappointing 

performance, particularly as regards lack of consistent output 

from pulse to pulse. Frequent re-alignment was also required, 

sometimes after only a few pulses. 

Upon examination of the mechanical structure of this laser 

the reasons for the reported performance seemed very evident; 

the ruby rod was supported on two threaded ferrules which in 

turn were carried by flimsy sheet aluminium alloy flanges (these 

actually formed part of the cover for the whole assembly). 

Thermal expansion and warping of these parts due to flash tube 

radiation would result in considerable displacement of the ends 

of the rod. Since the rod, flash tube and mirrors appeared to be 

in good condition it was decided to re-build the laser. 

The rod support ferrules were discarded, and replaced by 

the arrangement shown in Figs. 5. 1 and 5. Z. The ruby rod is 

now carried by the two tubular supports (a) which are mounted in 

long "Oilite" bronze bushes (b) in machined aluminium alloy 
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Fig. 5. 1 Modified Ruby Rod Supports 

in Re-built Bradley Laser 
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Fig. 5. 2 Rebuilt Bradley Laser 
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blocks. These were reamed to be a good fit on the tubular 

supports. While one of the two supports is fixed the other is 

spring loaded to allow axial thermal expansion of the ruby without 

transverse movement or tilt. 

Other modifications included the re-design of the mirror 

mounts to provide more stable support and easier alignment 

(using two screws to give angular adjustment about two mutually 

perpendicular axes) and arrangements by which the rear (high 

reflectivity) mirror assembly could be readily removed and 

remounted during the alignment procedure. 

To complete the assembly a long aluminium alloy baseplate 

was built to provide accurate co-axial location of the ruby rod of 

the pulsed laser with the beam from the Ferranti C. W. helium/ 

neon laser as shown in Fig. 5. 3. The latter was mounted on 

three machined dimples in the baseplate and could be levelled by 

adjusting screws. The re-built Bradley laser was carried on two 

alloy saddle-blocks, levelling and lateral adjustments being made 

by two sets of pointed screws passing through the saddle-blocks 

to clamp the main U-section base of the pulse laser. 

The purpose of this co-axial configuration is two-fold. 

In the first place it provides a means of alignment of the pulsed 

laser components. For this purpose a circular disc of opaque 

white plastic with a small central pinhole is placed in position 

between the two lasers (shown in Fig. 5. 3) and the rear mirror of 

the pulsed laser is removed. A piece of dark card is placed 

before the front mirror to block off reflections from this surface. 

The circular disc is positioned so that the pinhole aperture is 

centrally placed with respect to the C. W. laser beam, after 

which the pulsed laser locating screws arc adjusted so as to 

centre the reflected beam (which originates from the plane ends 

of the ruby rod) on the pinhole. It is worthwhile to check at this 
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stage that the C. W. beam is incident centrally on the end of the 

rod, though this adjustment is not too critical. 

The card obscuring the front mirror is then removed, 

and the much brighter reflection from this surface is brought 

into position on the pinhole by adjustment of the front mirror 

alignment screws. Finally, the rear mirror is remounted, 

and its reflection aligned with the others by adjustment of the 

screws. When the alignment is correct a pronounced 

scintillation or "twinkling" is observable due to the fact that 

the various surfaces form a Fabry-Prot resonator. When the 

surfaces become nearly parallel the fringe spacing becomes very 

large; the twinkling effect observed is due to movement of this 

fringe pattern as a result of atmospheric and temperature 

fluctuations. 

The other purpose of the co-axial laser arrangement is 

that the low power C. W. beam provides a convenient means of 

aligning optical components through which the pulsed output is 

required to pass. Since the mirrors are of the multiple quarter-

wave dielectric film type, their reflectivity is markedly 

wavelength dependent. Thus, for example, the rear window 

which has a quoted reflectivity of better than 99. 9% at 6943 A 

transmits a substantial fraction of the incident light at the 

helium-neon wavelength of 6328 A. 

The difference in the two wavelengths is not however so 

great as to affect the performance of lenses appreciably due to 

dispersion, the behaviour of reflecting surfaces is, of course, 

entirely unaffected. The C. W. output thus provides an "aiming 

beam" defining the path along which the pulsed radiation will 

travel. 	This is of considerable assistance in setting up optical 

components, by allowing continuous observation to be made on 

the effect of adjustments. It is moreover of considerable safety 
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value in that stray reflections such as those from the rear 

surfaces of lenses can be detected and blocked off at safe energy 

levels. The specular reflection of even a few percent of the 

pulsed laser output into the eye could cause serious permanent 

physiological damage. In a complicated experimental assembly 

of components, stray beams are not only numerous but their 

directions are difficult to predict. The C. W. beam gives a 

clear indication of their presence, and warning of potentially 

dangerous situations. 

The work of re-building the Bradley laser was undertaken 

with a view to modifying the instrument still further to operate in 

the Q - switched mode. (The reasons for requiring Q - switched 

operation are discussed later, in section 5. 2). During later 

discussions with some of the engineers who had been concerned 

with the design and manufacture of this laser it was ascertained 

that the mirror surfaces were not suitable for use at high power 

levels, such as would be encountered using a passive (bleachable-

dye) Q - switch, and mirror deterioration was likely to take place 

rapidly. In addition, the dyes used in passive Q - switching are 

extremely wavelength sensitive. Since the output wavelength 

of the laser varies slightly with the temperature of the rod, 

As part of the customary safety precautions when pulsed 

lasers are being operated, safety goggles incorporating a 

dyed plastic or glass visor which is strongly absorptive at the 

particular wavelength in use are worn. Nevertheless there 

are occasions, as for instance when examining the image in a 

hologram reconstruction, when it is necessary to dispense 

with this protection, the selective absorption being so large 

as to render the image invisible against even a low background 

of ambient white light such as that emitted by the flash tube, 
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the attainment of a stable level of output without some means of 

maintaining the rod temperature at a reasonably constant value 

seemed to present difficulties. 

For these reasons plans to use the Bradley laser in 

deposition experiments were not carried further and an order 

was placed for a Laser Associates 211A laser system. * 

5. 1. 2 Laser Associates Ruby Laser 

It was decided to retain ruby as the laser material. 

A large number of materials have been developed since the first 

solid state laser was demonstrated (using ruby), many of which 

provide considerably higher energy conversion efficiencies. The 

highest peak power generation, nevertheless, is still obtainable 

using ruby. Operated under Q - switched conditions, peak powers 

of between 10 9  and 10 10 watts are obtainable from 2 cm. diameter 

rods. (The power limit is in fact set by the level at which the 

material is damaged by intense phonon generation.) 

The combination of this small pulsed laser and the co-axial 

C. W. beam was, however, used with some success in experiments 

involving removal of nichromc film material for resistor trimming 

purposes, The C. W. 'aiming beam" considerably simplifies the 

mechanics of a resistor trimming machine by indicating precisely 

the area and location of the circular area which will be removed 

when the pulsed laser is triggered. One consequence of this 

mechanical simplicity, which is being explored, is the ability to 

trim resistors in an operating hybrid circuit (i. e. with supply 

voltages applied and output monitored), thus to permit adjustment 

to meet a desired circuit function, rather than a particular 

component value. 
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In addition to being suitable for use with a bleachable-

dye Q - switch the new laser had a considerably larger energy 

storage capacity (5000 joules at 2. 5 Ky), used a larger ruby rod 

and consequently claimed a considerably higher total energy output 

(40 joules in normal mode, 1 - 2 joules in Q - switched mode.) 

Both rod and flash tube are cooled by re-circulated de-ionised 

water, final cooling being via a heat exchanger to tap water. It 

was hoped that this water cooling would permit operation at a 

higher repetition frequency, give higher efficiency (by reducing 

the rod temperature significantly below room ambient temperature), 

and improve the pulse-to-pulse stability of the output. 

The laser utilises a 5/81  dia. x 611  long ruby rod 

(crystalline Al 2  0 3  doped with approximately . 05% chromium ( Cr3 ) 

ions) pumped by a linear xenon filled flash tube. The flash 

tube and rod are enclosed in a cavity with high reflectivity inner 

walls of roughly elliptical section, tube and rod being located along 

the two foci. 	The rear reflector is a totally internal reflecting 

roof prism of fused silica, the front (output) reflector consists 

simply of a sapphire plate. The natural Fresnel reflection from 

this plate in conjunction with the front end of the ruby rod, totalling 

about 6. 5%,  it is claimed gives about optimum coupling for the 

laser when pumped well above threshold. Additional reflecting 

surfaces are present in the optical resonator in the form of the 

windows used at each end of the ruby rod to seal the water cooling 

system. 

Since the rear reflector is now completely opaque, the 

co-axial configuration of pulsed and C. W. lasers described above 

could not be employed in this instance. Instead, an autocollimator 

had to be used to align the various surfaces of the laser to parallelism. 

The sequence adopted is similar to that already described. 

A dark card is initially interposed to block off reflections from the 
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rear roof prism. Reflections are then obtained 

from the front sapphire window 

from the front water jacket window 

from the front and rear faces of the rod 

from the rear water jacket 

(1) and (2) are white, (3) is pink, and (4) is a darker (ruby) red. 

Additional images are usually present due to multiple reflections, 

and on first attempts the picture seems rather confusing. Individual 

reflections may be identified by moving each of the adjustable 

surfaces in turn; after the operation has been carried out several 

times the various images do in fact become recognisable quite 

readily. 

The surfaces are adjusted to bring all images into coincidence, 

the reflection from the ruby rod ends being the fixed datum to which 

the others are moved. Finally the card is removed from the rear 

reflector and the (very bright) image from the roof prism brought 

into coincidence with the others. 

The alignment of the roof prism presents difficulties since in 

addition to the requirement for parallelism the lateral position of 

the prism must be adjusted to reflect the axial incident ray along 

and not merely parallel to the axis. This adjustment can only be 

carried out by operating the laser and examining the output 

patterns. 

5. 2 Q-switchin 

The laser is an amplifier with feedback applied. Gain is 

These faces should, according to the manufacturer's specifications 

be flat to 	and parallel to 2 seconds of arc. The two 10 

reflections are not therefore separately distinguishable. 
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provided by the transition processes occurring in the chromium 

atoms invested in the alumina rod, the feedback and output coupling 

are determined by the reflectivities of the two mirrors which form 

the boundaries of the optical resonator. 

From the moment the flash tube is initiated, the population 

inversion in the ruby increases, until it reaches a level at which 

the loop gain of the feedback amplifier reaches unity. Shortly 

thereafter the device will oscillate, providing useful output. 	The 

population of the upper energy level is, at the same time, depleted 

until it falls below the unity gain condition and laser action ceases 

The time-scale of this cycle is short relative to the flash tube 

burning time, so that it will generally be repeated many times 

during the time the flash tube is emitting light. 

The output of the laser operated in this "normal mode" consists 

therefore of an irregular train of short pulses, spread over the 

flash tube output pulse duration of about 2 milliseconds. These 

vary both in pulse height (peak power) and in pulse-to-pulse 

separation, though there is a tendency for the energy per pulse to 

be greater, and the separation less, in those parts of the total pulse 

envelope corresponding to highest instantaneous light output from 

the flash tube. The maximum light output usually occurs about 

one third of the pulse length after initiation of the flash tube firing. 

This behaviour is shown in Fig. 5. 4, the instantaneous output 

power as a function of time in the upper photograph (a) and the 

integrated total energy in (b). (The photographs were obtained 

using the energy monitor described below in section 5. 3. 2). 

The output can he seen to consist of about 100 separate pulses 

varying considerably in peak power. The effect of increasing the 

input energy (by increasing the stored charge on the flash tube 

capacitor bank) is to increase the number rather than the peak 

power of the individual pulses. Observations made using an 
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Power output 

Horizontal scale 0. 5 ms . cm 1  

Energy output 

Horizontal scale 0.5 ms . crn 1  

Vertical scale 3. 5 J . cm 

Fig. 5. 4 Laser Output : Normal Mode 
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expanded time-base on the number of pulses in unit time, the 

range of pulse heights and comparison of these findings with the 

slope of the integrated energy output curve (in Fig. 5. 4(b) the 

maximum slope is about 14, 000 joule. s 1 ) 	indicate that the 

individual pulses have an average energy of about . 01 joule with 

a maximum energy in a single pulse of about 0. 1 joule. 

A surface irradiated by normal mode laser output would thus 

be subject to many temperature excursions, but as the calculations 

contained in Chapter III have indicated the rate of cooling after 

each pulse is rapid. The pulse-to-pulse separation in the normal 

2 iO 
mode pulse train is in the order of 

100 	
20 microseconds, 

which is long relative to the cooling period indicated by the thermal 

calculations. In other words the surface temperature profile 

would be approaching a uniform (and low) value before the 

succeeding pulse was received; overall the maximum temperature 

attained would he little different from that produced by the largest 

of the individual pulses alone. 

The output energy may be confined to a single 'giant" pulse by 

the process known as Q-  switching. By incorporating a shutter or 

absorptive element in the optical resonator between the ruby rod 

and rear reflector which may be rapidly switched from the closed 

(absorptive) to the open condition the rod may be pumped to a 

high level of inversion (the limit being reached when the input 

pumping power is in equilibrium with fluorescent losses). When 

the shutter is opened this large stored energy is emitted in a 

single, large pulse. The shutter may be mechanical, such as a 

motor-driven spinning prism used as the rear reflector (very 

high rotational speeds combined with optical levers are necessary 

if short, high-power pulses are to be generated by this means) or 

electro-optical, dependent on the Pockels effect or the Kerr effect. 

These latter are probably the most satisfactory types of Q- switch 
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since they allow complete control of the timing and duration of the 

shutter "open"  time. Very short and hence high peak power 

pulses may be generated using Pockels cell switches, and the 

pulse length can be varied by altering the length of the optical 

resonator. A disadvantage of the electro-optical devices is their 

relatively high cost, for this reason it was decided to make use of 

the passive (hleachablc-dye) filter. This device is extremely 

simple and cheap, and provides very fast shutter opening times, 

hence short, high peak-power pulses. 

The bleachable-dye cell used consists of a machined rectangular 

aluminium-alloy container, fitted with fused silica windows at either 

end. The base of the cell carries three hemispherical dimples, 

which locate in a T-shaped system of V-grooves to provide 

kinematic re-positioning of the component after removal for 

purposes of re-filling or adjustment of the dye concentration. The 

exact location of the cell is not in itself critical, but unless the 

window surfaces are exactly flat and parallel to each other and to 

the boundary planes of the optical resonator the alignment of the 

laser will be affected by refraction in the liquid filled cell. 	In 

practice it was found best not to align the dye-cell windows, as 

reflections from these surfaces were sufficiently intense to raise 

the "prelasing threshold by a significant amount. If Q-switched 

operation is intended, therefore, it is is necessary to re-align the 

main laser reflecting surfaces with the dye-cell in position (and 

filled). 	The necessity for easy and accurate re-positioning of the 

component is thus obvious. 

When a passive Q-switch is used the output energy of the laser 

is determined by the concentration of dye present in the cell rather 

'This is the level of input energy at which normal mode operation 

will begin to take place with the Q-switching shutter element closed. 

- 138 - 



than, as in normal mode operation, by the input energy to the 

flash tube (i. e. the charging voltage on the capacitor banks). As 

the input energy is increased from a low value the laser 

should give no output until at a definite threshold a single, large 

energy output pulse is obtained. Further increase in input 

power will not increase the energy of this pulse, eventually 

however a level of input is reached which permits the generation 

of a second 'giant' pulse before the flash tube has extinguished. 

Increasing the dye concentration has the effect of raising the 

threshold at which the first (single) pulse is generated, and 

correspondingly increasing the energy of this pulse. 

The recovery time of the dye is extremely fast, thus at low 

dye concentrations many separate pulses may be generated during 

the time the flash tube is providing pumping power. One may thus 

visualise the passive Q-switching technique as providing a 

continuous range of operating conditions between the two limiting 

cases: 

zero dye concentration: "normal mode" operation, 

i. e. a large number of pulses individually of low 

energy 

maximum usable dye concentration: a single "giant 

pulse" occurring at an input - energy threshold just 

below the maximum input rating of the machine. 

The dye used in most of the experiments was cryptocyanine. 

*Other  dyes used were di-ethyl di-carbocyanine iodide ("ID. D. I. ") 

and vanadium phthalocyanine. These have better keeping qualities 

than cryptocyanine, a solution of which deteriorates in storage 

over a period of a few months, but are slower acting and thus tend 

to produce longer pulses of lower peak po\ver. 

The shelf life of cryptocyanine may be extended by storage in 

refrigerated conditions ( -'l °C) and in darkness. 
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A standard (10-'- molar) solution in methanol was made up, this 

was further diluted with methanol when the cell was filled. The 

normal filling contained about ten drops of standard solution. The 

volume of the cell is about 6 ml 	so that the final dye concentration 
-6 

was approximately 4 . 10 molar. 

The required concentration can be determined only by 

experiment. Many factors are involved, the temperature of the 

ruby, the age of the solution, the temperature of the dye solution 

and the alignment and cleanliness of the optical resonator surfaces, 

to list but some. Altogether the use of a dye-cell presents 

considerable experimental difficulty if quantitative measurements 

are to be made, and it is extremely difficult to preset the operating 

conditions of the laser to give an output pulse energy predictable 

to better than about 30%. 

Fig. 5. 5 (a) shows the Q-  switched output power pulse from the 

21 IA system using a cryptocyanine solution in the bleachable dye 

cell. The width to half-power points is '20 nanoseconds. 

Fig. 5. 5 (b) shows the output in integrated form, giving a more 

easily observable oscilloscope trace which permits direct 

measurement of the energy. 

Under best conditions single pulses of about 1. 3 joules were 

generated with the available equipment. This corresponds to a 

peak power output of '65 megawatts. At this power level air 

breakdown occurs at the focus of a lens of focal length 9 cm. 

A "self -illuminated" photograph of this is shown in Fig. 5. 6. Using 

a lens of longer focal length no breakdown of air is observed, since 

the power density is reduced due to beam divergence (see section 5. 4 

below). 

The following points of experimental procedure are worthy of 

note: 
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Power output 

Horizontal scale 20 ns cm 1  

Energy output 

Horizontal scale 0, 5 ms cm 

Vertical scale 0. 9 J cm 1  

Fig. 5. 5 Laser Output Q- switched 
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Fig. 5. 6 Air Breakdown with Q-  switched Laser Pulse 
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The dye solution and diluent methanol should be 

passed through a membrane filter when filling 

the dye cell since the presence of dust particles 

in the solution was found to affect the performance 

appreciably due to scattering. A "Swinny adaptor 

fitted to a hypodermic syringe is convenient for this 

purpose. (The dye cell itself was first dismantled, 

washed in filtered solvents and re-assembled in a 

laminar-flow bench.) 

To obtain most nearly predictable pulse energy, the 

interval between firing the laser should be kept 

constant (2 minutes was usual) and the first two 

or three shots discarded. Under these conditions 

the temperature of the various sensitive components 

become more nearly stable. 

To obtain maximum energy output from the system 

the charging voltage is set about 57o below the 

maximum design rating (1. e. input energy 107o below 

maximum) and the dye concentration increased 

gradually between regularly-spaced shots until laser 

action suddenly ceases. Raising the input energy to 

its maximum should then produce a single output pulse 

near to the maximum energy of which the system is 

capable. 

Care is necessary at very high power levels to avoid damage to 

the rod. Because laser action in ruby tends to be concentrated 

along filaments the power density in localised portions of the rod 

cross-section is difficult to predict. Damage is likely when the 

total output peak power approaches 10 watts, 
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5. 3 Measurement of Laser Energy and Power 

The proposed deposition processes require, inter alia, that the 

output energy of the laser he known. Devices for the measurement 

of laser energy may be 

calorimetric, in which the temperature rise in a 

solid or liquid absorber is measured 

mechanical (ballistic), measuring total photon 

momentum 

or 

photo-electric, using a fast photo-diode as a detector. 

A good review of laser power and energy measuring techniques 

is given by Bateman 
(44) 
 

Methods (a) and (b) above have the merit that the calibration 

may be determined from the separate measurement of the various 

physical properties involved (mass, specific heat, spectral 

emissivity, etc. ), whereas photo-diode detectors require to be 

calibrated directly by experimental methods. 

It was decided therefore to build a calorimeter as the primary 

standard of energy measurement. Since calorimetric devices are 

relatively insensitive detectors, an acceptable accuracy is obtained 

only when all of the output is absorbed by the detector. The energy 

of the measured pulse is not therefore available for the purposes of 

the experiment in hand. If the laser output were sufficiently stable 

from pulse to pulse, this would not be too serious a drawback, as 

the energy output could, after calibration, be determined from the 

measured input parameters of the laser. However, the pulse to 

pulse stability is not good, so that measurement of the energy of 

each individual pulse was considered to be necessary. 

The high sensitivity of the photo-diode as a detector makes it 

very suitable for use in a sampling energy monitor, in which a 
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known small fraction of the laser output energy is absorbed and 

measured, most being tr: :riitted and thus available as usable 

output. A photo-diode s 	ing monitor was therefore purchased 

and calibrated against tb. 	rimetric standard. 

5. 3. 1 Construction and--- ,iihration of a Fine Wire Calorimeter 

The calorimeter constructed was of a type in which the energy 

absorber consists of a bundle of fine, enamelled copper wire- 

contained 

ire

contained in a reflective enclosure. 	This bundle of wire forms 

one arm of a Wheatstone bridge (conventionally a similar bundle of 

wire is used as the complementary arm to reduce drift due to 

changing ambient temperature) so that the heating due to the 

absorbed energy may be determined from a measurement of the 

- 	change in resistance of the wire. Provided that the wire is uniform 

and that its resistance is a linear function of the temperature 

(which for the small temperature changes involved is a valid 

approximation) the total change in resistance is independent of the 

distribution of input energy along the length of the wire. 

If p, c, a, L, r, R I  are, respectively, the density, 

specific heat, temperature coefficient of resistance, length, radius 

and specific resistivity of the wire at temperature T, then 

Mass of wire (excluding enamel), M = pL7rr2  

L 

	

Resistance at temperature T, R  = R 	
7r r 2 

The mean temperature rise following absorption of energy 

E joules is 

AT 	1 
- jPLirr2  c 

(5. 1) 



Hence 
L E 1 

R(TAT) 	RT ;--( 1 -fa—•---•---2 

i, e. 	AR = R a---- 	 (5.2) 

and 
AR = a E 

RT 	jLiir2c 

For maximum detection sensitivity 	should be as large as 
RT 

possible, i.e. Lir r2  (proportional to mass) small. 

If the bridge voltage is V, the dissipation due to bridge current 

is 

V2 - Vr 

4R 4R T - 	L (5.3) 

This dissipated power will cause drift for some time after the 

bridge voltage is switched on to an extent which depends on the 

accuracy of matching of the two coils. Even with careful matching 

the drift can be a nuisance, so that it is desirable to keep the 

bridge dissipation small. 

Two design desiderata which emerge are therefore 

1. 	Minimum Lr2  (total mass), A certain length of 

wire is required to fill the enclosure sufficiently to form an 

effective absorber. A greater length should not be used. 

Z. 	Minum ratio 	(i.e. fine wire). 

In his original paper 	describing this type of calorimeter 

the author recommends the use of about 1, 000 feet of No, 40 B and 

S gauge enamelled copper wire. Such a wire bundle would have a 

British equivalent 44 s, w. g. (.0032 inch. diameter) 
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total resistance of about 1, 000 ohm , and even when tightly 

bundled is much more than an adequate volume to absorb a laser 

beam of 1 inch diameter. The wire mass was therefore 

reduced substantially. Warm-up drift was minimised by matching 

the resistance of the two wire bundles carefully (after assembly 

the active and dummy arms of the bridge measured 301. 0 and 

300, 7 ohm respectively at 21°C). The wire was bundled into two 

150 ml conical flasks, previously provided with a reflective 

coating by vacuum evaporation of aluminium on to their inner 

surfaces. This length of wire provides reasonably dense packing 

in the flask. A roughly conical aperture to receive the beam was 

formed by pushing a tapered wooden rod into the wire bundle. 

The flasks and contents were baked for 30 minutes in dry 

nitrogen at 120°C, after which windows were cemented in place 

with Araldite' to seal the flasks. Final filling is dry nitrogen at 

atmospheric pressure. 

The two sealed flasks forming the active and dummy bolometer 

units were cemented back to back to a disc of resin-bonded fibre 

as shown in Fig. 50 7 so as to maintain each at the same temperature 

and two cylindrical screens added to minimise the effect of air 

currents. The complete instrument is shown in Fig. 5. 8. 

The bridge circuit used with the calorimeter unit is shown in 

Fig. 5. 9. The bridge is initially balanced but, since it is 

convenient to measure the out-of--balance bridge current following 

the absorption of a laser pulse, a stabilised D. C. supply is used 

to maintain constant bridge sensitivity. The reference arms were 

made up from two well-matched, low temperature-coefficient 

fixed resistors of about 10, 000 ohm each, with a 10 ohm, ten-turn 

"Helipot" between for balancing purposes. The maximum mismatch 

in the calorimeter arms is thus less than 1 part in 103  , but the 
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Fig.5. 7 Fine-wire Calorimeter : Bolometer Units 
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Fig. 5. 8 Fine-wire Calorimeter : Completed Instrument 
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ioc 

Fig. 5. 9 Calorimeter Bridge Circuit 

Relay contacts a (normally open) 
b (normally closed) 

are for purposes of calibration. The 

relay is operated by a timing circuit. 
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degree of temperature matching was such that this range was 

found to be adequate. A Cambridge projected spot galvanometer 

having a sensitivity of 100 jiA for full-scale deflection was used 

as the indicator. 

The expression (5. 2) for the resistance change is not an 

adequate calibration of the calorimeter since the thermal mass of 

the wire bundle is increased significantly by the insulating enamel. 

A convenient method of determining the total thermal mass, 

it was thought, would be provided by the arrangement shown in 

Fig. 5. 9. The relay is used to short-circuit the dummy bolometer 

unit for an accurately determined time, using a circuit which 

counts down from mains frequency to give a relay-closed time of 

1, 2 or 3 seconds. (Opening and closing times of the relay were 

checked and found to be equal within 2 ms.) The power input to 

this arm of the bridge network is therefore reduced to zero and 

that of the active arm increased fourfold during the time the relay is 

closed. The relay contacts in series with the galvanometer 

prevent overloading of the detector while the bridge is thus 

unbalanced. 

The steady-state dissipation in each bundle is (as above) 

4R° When the relay is operated the dissipation in the dummy arm 

is reduced to zero, that of the active increased to 	The total 
T 

energy difference is, therefore, f r  t joules where t (seconds) 

is the time during which the relay contacts are closed; this known 

energy and the observed galvanometer deflection should provide the 

necessary calibration, 
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Strictly the expression given above for the energy difference 

may be related to the resistance change only if the steady state 

temperature of the wire bundles is large compared with the 

temperature change, which is usually the case. 

Otherwise it is necessary to take account of the fact that the 

heat losses vary with temperature. If a linear relationship is 

assumed 

W 	=kT 
loss 

then 	T = T e 
kt/  Q + 	( 1 - ectIQ ) 

o 	 k 

Where T is the temperature relative to ambient 

T is the temperature at time t= 0 

W is the power input 

Q is the total heat capacity ( J. K 1 ) of the bundle. 

In the steady state 	W 
4R T 

and T=- 

4RTk 

When the relay is operated, the temperature in the 

short-circuited bundle after time t = t is 
r 

____ -kt 

4  T1 = RTk e r/Q 

and in the other bundle 

T 	
4RTk 	 R 

-kt 	\12 

k  
e 	r/Q + 	

T ( 
	

- etr/Q ) 
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The temperature difference when the relay opens at t = t  is thus 

T2 -T1  

	

v2 	 ••ktr/Q 
(l - e 

RTk 

	

2 	 kt 	kt 	 kt 

= R T k (' 	1+-.( 
Q r 

)2 + +• (Q 	2.1 ) - 	
0) 

	

v2 t 	 Ict. 	kt 

RTQ (l 2Q + 31 ( Q )0000)  

The first term is the result obtained by taking an energy input 

v2 t 

of R r, as above. The relative size of the higher terms may be 
T 

determined by plotting the galvanometer readings as a function of 

time and determining the time constant. For the calorimeter 

described the galvanometer deflection (hence the resistance and 

hence the temperature) was found to decrease exponentially 

following a laser pulse input with an initial time constant 

of 26 seconds. Hence 

k 	1 = - 	second 
Q 26 

and if t  = 1 second the second term of the expansion is about 

2% of the first. 

The temperature changes in the two wire bundles during 

calibration and use are illustrated in Fig. 5 lO 

The thermal mass determined by the above method was 

compared with a calculated value derived from the known length 

of wire. Since the thickness of the enamel coverinp,  and its 

thermal properties were not known precisely this was intended 
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Fig. 5. 10 Temperature in "Active" and "Dummy" Bolometer 

Wire Coils during Calibration 
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only as an approximate check. It was discovered, however, that 

the measured thermal mass was greater than the calculated 

value by some 50%,  a discrepancy so large as to indicate an error 

in procedure. 

Samples of wire were therefore measured to determine the 

mass of copper and mass of enamel in unit length. The temperature 

coefficient of resistance was also determined by measurements 

made in an oil bath over the range 22_ 69°C (and was found to 

differ significantly from the published figure). On the calculations 

based on these revised figures (as shown in Appendix III) the calculated 

thermal mass still differed by almost 20% from that measured. 

An examination of the cooling curves obtained by plotting 

galvanometer deflection against time after irradiation by a laser 

pulse (Fig. 5. 11) and after calibration by the method described 

above (Fig, 5, 12) disclosed two differences. The initial time 

constant is shorter in the latter case and the curve departs more 

quickly from a strictly exponential form. Thus at t = 50 secs. 

the ratio of actual deflection to that expected by extrapolation of 

the initial exponential is 1. 23 (after laser pulse) and Z. 27 (after 

calibration), This indicates a difference in the cooling conditions, 

which may be explained as follows:- 

The laser energy is absorbed in the centre of the wire mass, 

in parts of the wire remote from the walls of the container. Cooling 

is by muitipath conduction along other wires in the bundle to the 

walls. By contrast the heating produced by the calibration method 

results from a uniform distribution of power throughout the wire 

bundle, a significant portion of the length being in contact with the 

container walls. The effective thermal mass is consequently 

increased, and the initial cooling more rapid. It follows that the 
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Fig. 5. 12 Cooling Curve, of Fine-Wire Calorimeter 

after Dummy Bolometer Eort-circuitcd for 3 seconds. 

Bridge voltage 9. 00 volts 
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method of calibration is not valid, nor is any method in which 

energy is uniformly supplied to the wire bundle, Note that the 

calibration method proposed by Baker 	in which a charged 

capacitator is discharged into the wire is subject to the same error. 

The calibration was finally obtained, therefore, by making up 

two additional coils, identical in length and in resistance to those 

filling the bolometer units, which were suspended (by the ends of 

the wire) in foam polystyrene boxes, out of contact with the walls. 

The circuit of Fig. 5, 9 was used, and the results shown in Fig. 5 13 

obtained. Note that the cooling curve maintains an accurately 

exponential form for at least 60 seconds, and that the initial reading 

(obtained by extrapolation of this exponential) is larger than that 

obtained in Fig. 5, 12, 

From Fig. 5, 13 the galvanometer deflection (extrapolated back 

to the time at which the relay contacts re-opened) is 56 divisions, 

The differential energy input was calculated to be .785 J giving a 

calibration figure of 71. 3 divisions /joule at a bridge voltage of 

9, 00 volt. 

This agrees well with the calculated sensitivity (based on 

measured values of wire mass, enamel mass, temperature 

coefficient of resistance etc, ) derived in Appendix III. 

Further correction to the calibration has to be made to take 

account of 

reflection at the input window 

back scattering by the wire bundle. 

Taking a value of l 5 for the refractive index of the window 

glass, the reflection coefficient at each glass/air interface may be 
(46' 

calculated from classical theory' 	to be 0, 04. 

In order to estimate the back scatter from the wire bundle two 
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Fig. 5, 13 Cooling Curve of Equivalent Wire Coils 

Suspended in Polystyrene Foam Box. 

Bridge voltage 9. 00 volts 
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series, each of 100 (normal mode) laser firings, were made with 

an aluminium disc having a central aperture 3 mm in diameter 

placed in front of the input window. In the first series the disc 

was painted matte white, in the second anodised black. In each 

case the calorimeter deflection and the energy monitor reading 

(see section 5. 3. 2)were noted for each firing, and the ratios 

averaged. The reflection coefficients were measured to be 

0,81 and 0, 35 (at X = 680 nm ) from which the back-scattering 

ratio was estimated to be 0, 12. Baker 
(45)

quotes a figure of 

18 per cent for back scattered intensity, but gives no details of 

his experimental procedure. 

The final calibration figure adopted, including the above 

corrections, is 

71. 3 	( 1 - 0,04 
)2 	

( 1 - 0, 12 ) divisions /joule 

= 57. 8 divisions /joule 

( at 9, 00 volt bridge voltage ), 

5. 3. 2 Calibration of Photo-Diode Energy Monitor. 

This instrument (Laser Associates' Model 61) is shown 

diagrammatically in Fig. 5. 14, A portion of the incident beam is 

reflected from an uncoated quartz beam-splitter plate on to a block 

of magnesium carbonate which acts as a diffuse scattering surface. 

A fixed fraction of the scattered light falls on the photo-diode and 

the instrument incorporates four neutral-density filters which may 

be interposed as required between the diffuser and photo-diode in 

order to maintain the operation of the latter in the linear part of the 

characteristic. 

The photo-diode current may be monitored to provide a 

measurement (after calibration) of the instantaneous peak power of 
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Fig. 5. 14 Beam Power and Energy Monitor 
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the laser beam, alternatively the integrated diode current may be 

displayed as a measure of the total energy. 

Using the fine-wire calorimeter as the standard a relationship 

was obtained between the output voltage, proportional to the 

integrated photo-diode current and the total beam energy (at the 

exit end of the sampling monitor). The results showed a linear 

characteristic over a range of output voltage up to 1 volt, as 

claimed by the manufacturers. Each of the neutral density filters 

was calibrated individually, a minimum of 30 firings being 

observed in each case and the average taken. 

Calorimetric methods of measurements are reputed to be 

- 	prone to error at very high peak powers due to a portion of the 

incident energy being dissipated in the volatilisation of part of the 

absorbing material. An error in the reverse direction may be 

encountered using devices such as the fine-wire calorimeter, in 

that the high temperatures may result in an exothermic reaction 

(e. g. of the enamel covering the wire) giving a falsely increased 

measurement of the input energy. 

These effects were looked for, but not detected. The 

procedure adopted was to alter the power density incident on the 

wire bundle by means of a convergent lens placed close to the 

input aperture of the calorimeter. Apart from a factor which 

accorded well with the assumed 0. 08 reflection from the two 

additional glass surfaces, no change in the calibration factor was 

detected. 
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5. 4 Experimental Determination of Near- and Far--field Patterns 

of the Laser Output. 

The variation in the output energy density over the cross-section 

of the laser beam (the near-field radiation pattern) and the angular 

divergence of the beam (L e the radiance of the source) were 

measured. 

It was pointed out in Chapter IV (p.  76) that conventional 

imaging processes using lenses require that the power density at 

the object plane be uniform to provide uniform incident power 

density at corresponding parts of the image. 

The particular properties of the hologram remove this 

requirement, since all parts of the hologram contribute to the 

total energy flux at each and every point making up the reconstructed 

image. A variation in intensity of the reconstructing light across 

the plane of the hologram (as a result of a non-uniform power 

density in the laser output beam) will not in itself result in 

non-uniform illumination at the image plane, though the contribution 

to the total intensity at a given point on the image plane may vary 

considerably from one part of the hologram to another. 

The angular divergence of the laser beam, on the other hand, 

is of critical importance in the proposed holographic imaging 

system since as was pointed out in Chapter IV (pages 93, 94) this 

parameter defines a limit to the image definition obtainable. 

All meaningful measurements of beam divergence must be 

made in the far field, i. e. at a distance at which the source 

diameter subtends an angle which is less than the diffraction 

limited resolution angle. If d is the source diameter, the far 
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field distance may he defined 

R 
	d1 2  

Taking d = 	inch = 15. 9 mm (ruby rod diameter for 

Z11A system) 

= 0.694gm 

R = 300 metres 

In practice the laser oscillates in many transverse modes so 

that the effective source diameter is not that of the ruby rod, but 

rather that of a smaller length determined by the particular 

transverse mode in which the device is oscillating. The far field 

distance is correspondingly reduced, but may still be inconveniently 

large for direct measurement to be made in the laboratory. 

The most convenient experimental method is therefore to 

carry out the measurements at a plane one focal distance away 

from a convergent lens placed close to the output aperture of the 

laser. A simple + 1 dioptre meniscus spectacle lens (focal length 

1 metre) was utilised. 

Several methods for measuring the distribution of energy or 

power in the focal plane may be used. If fitted with an aperture 

plate (to limit the area over which the incident energy is averaged) 

the calorimeter may be placed at different positions successively 

in the plane to provide a complete contour distribution of the energy 

density. (Due to pulse to pulse variation in output the results 

would have to be normalised to a standard value of total energy 

measured by the sampling monitor. The far field pattern, moreover, 

may not be the same from pulse to pulse due to thermally induced 

changes in the rod.) 
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Winer 	proposes a method to overcome these difficulties 

using a special camera, equipped with a 3 x 3 array of lenses. 

Behind each lens is a filter of known transmission, the transmission 

factors forming a convenient series to cover the range of intensities 

of interest. The camera is used to photograph the laser pulse 

incident on a diffuse surface, thus obtaining nine simultaneous 

images of the same pulse on the same plate After processing, 

photo -densitometer traces of the developed images provide the 

required intensity distributions 

Such refinements in experimental technique were not adopted 

in the present programme, since it was clear from the outset that 

the angular divergence of the output beam from the Laser 

Associates' 211A system falls far short of that required to produce 

acceptable image definition. Instead a simple but informative 

technique was used of observing the damagp produced by the 

incidence of the energy on blackened photographic bromide paper.' 

Fig. 5. 15 shows the type of pattern obtained, though much has 

been lost in the photographic reproduction process. 

This material was made by exposing sheets of paper to white light, 

then developing, fixing and drying in the usual way. An attempt was 

made to extend the range of the measurements by producing material 

in controlled tones of grey. It was found, however, that even with 

substances which appeared considerably lighter to the eye, the 

damage threshold was only slightly altered. 

- 165 - 



Bradley Laser 

(a) (h) 

L—i 
10 mrad 

Near field 
	

Far field 

 

 

(c) 

 

1 	1 
10 mrad 

Far field (normal mode) 

  

 

Near field (normal mode) 
 

I 
10 mrad 

Far field (Q-switched) 

Laser Associates 211A Laser 

Fig, 5. 15 Near- and Far-field Laser Output Recorded on 

Photographic Emulsion 

(Top of pattern is in direction of flash tube in each case) 
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The output from the 21 1A has a characteristic "bat-wing" 

shape, attributed to the as symmetric optical pumping arrangements 

and the use of a roof prism as rear reflector. In the Q-switchcd 

mode most of the energy is contained in an angle of 14 mrad in the 

horizontal plane, 10 mrad in the vertical plane (see Fig. 5, 15(e)), 

though a significant energy density is recorded outside these limits. 

5.4. 1 Limiting Resolution with 21 1A Laser System. 

The radius of the reference beam and the object-hologram 

distance used in the recording process in the holographic experiments 

was 55 cm, At unity magnification the real image would be formed at 

- 	at this distance from the hologram. 

The hologram aperture available is 6 cm, 

From these figures each image point would be formed as a 

roughly elliptical spot (the shape being as shown in Fig. 5. 15(e) ) 

having dimensions (from equation 4. 10) 

550 . 14 . 1O 3  . 15. = 2. 04 mm (major dimension) 
60 

500 . 10 . 10 3   -'= 1,46 mm (minor dimension) 
60 

I' 

This was limited by the diameter of the objective lens of the beam 

expansion telescope in this instance, but could not be greater than 

9 cm with the size of plate used ( 12 x 9 cm ). 
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5. 4. 2 Limiting Resolution with Singe-Mode Solid-State Laser. 

The image spot size calculated above indicates that very poor 

definition would be obtainable using the Laser Associates 211A 

ruby laser in a holographic reconstruction process. It is, however, 

important to differentiate between limits imposed merely by 

engineering expediency (including such factors as cost of manufacture) 

and the more fundamental performance defined by physical processes 

and materials technology. 

In the 21 1A system the quality of the output beam is degraded 

by several mechanisms. For example: 

The design of the optical resonator is such that the 

laser may oscillate in several modes, both transverse and 

longitudinal. 

Multi-mode behaviour is further enhanced by the use 

of a single linear flash-tube giving assyrnmetric optical pumping, 

and a total-internal-reflection prism as the rear reflector. 

The ruby rod is not of particularly good optical 

quality (specially selected 'S. I. Q. rods are available at a 

substantially higher price) and is further degraded by the 

assymmetric thermal stresses resulting from the use of a single 

flash tube. 

Single-mode performance in solid-state ruby lasers has been 

achieved. Fig. 5. 16 shows the arrangement of components in a 

passive Q-switched ruby laser built at Queens University, Belfast 

which delivers an output of up to 10 mJ in a 50 ns pulse. The 

'I am grateful to Dr M. Petty for details of this laser, and for a 

helpful discussion on the generation of highly-monochromatic 

single-mode giant pulses with ruby lasers. 
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output beam is about 1 mm in diameter, and the beam divergence 

0, 5 mrad, which is close to the diffraction limit. 

Features to note are 

The use of a helical flash tube to provide symmetric, 

though less efficient, pumping. 

The multiple quarter-wave dielectric coated rear 

reflector (a). 

The limiting aperture in plate (b), which limits laser 

action to a favourable 'filament" of the crystal. 

The pinhole (c) in the confocal lens system acting as 

a spatial filter to limit oscillation to a single transverse mode 

(TEM 00 ). 

The output Fabry-Frot resonator M. The reflection 

coefficient of this component varies with wavelength to give a series 

of narrow maxima. By suitable spacing of the plates the separation 

between adjacent maxima may be made greater than the total width 

of the (longitudinal) mode spectrum determined by the dimensions 

of the optical resonator, so that a single longitudinal mode is 

selected. 

Although the output energy is low it may be increased by the 

use of a following pulsed amplifier. A typical amplifier performance 

using a ruby rod 9 inches long x 	inch diameter is as follows 

Gain x 7 

or x 40 (using a mirror at one end to give 

a double pass through the crystal) 

Exit beam divergence is 1 mrad (the deterioration is mainly 

due to scattering in the amplifier rod). 

Using the same hologram aperture and image distance 
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considered above the image spot would he circular, with a diameter 

of 9. 2 jim. This is not a limit, as larger apertures and shorter 

hologram-image distances are readily possible. 
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CHAPTER VI 

EXPERIMENTAL RESULTS ON FILM DEPOSITION 

6, 1 Deposition from the Vapour Phase. 

For these experiments the vacuum chamber shown in 

Figs. 6. 1 and 6. 2 was used. This consisted of a glass cylinder, 

approximately 7 inch in diameter, to which aluminium alloy 

end-plates were fitted. To protect the end-plates from possible 

chemical reaction with the vapour in the chamber these and other 

metal parts in the apparatus were coated with P. T. F. E. 

The upper end-plate carried an optically flat anti-reflection 

coated window to admit the laser radiation, also a replaceable 

screwed plug ( "afl in Fig. 6. 1 ) drilled and fitted with a neoprene 

insert. The union to the vacuum line was mounted on the lower 

end-plate. A rotary pump was used, there being no requirement 

for high vacua in the proposed experiments. 

The upper end-plate and glass cylinder are readily demountable 

to allow insertion of the alumina tiles used as substrates in the 

deposition trials. These were fitted to a simple holder resting on 

the lower end-plate. 

HEmralon lT 810 resin-bonded P. T. F. E. paint, manufactured by 

Acheson Colloids Ltd. The material is sprayed on the surfaces 

then fired at 250 
0 
 C in air to give a strongly adherent, chemically 

inert coating. 
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Fig. 6.I Reaction Chamber. 
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After being pumped down the chamber was isolated from the 

vacuum pump by closing a valve; a quantity of reactant was then 

introduced by passing a hypodermic needle through the neoprene 

insert in plug 1 a". The neoprene reseals the chamber when the 

needle is withdrawn Two series of experiments were carried 

out with chamber filled respectively with the vapour of 

benzene 

stannic chloride and water. 

The reactants were introduced in liquid form. In the latter 

case a mixture consisting of 

1 part SnC14  (anhydrous) 

1 part HC1 (concentrated) 

2 parts water 

was used. The hydrochloric acid is not required as a constituent 

in the reaction which it was hoped to promote: 

SnCl4  + 2H 2 0 = Sn0 2  + 4HC1 

but is present to prevent hydrolysis of the halide and precipitation 

of the oxide in the aqueous solution. 

A sufficient quantity of liquid was introduced to ensure that 

the saturated vapour pressure in the reaction chamber (at room 

temperature) was attained. The reactant gases and pressures 

were thus, in each case, approximately 

benzene at 75 torr 

stannic chloride at 22 torr 

-I- water vapour at 18 torr, 

Because of the image resolution limit derived above, the 

hologram was not used to define the boundaries of the irradiated 

portions of the ceramic substrate. Instead a part of the output 
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beam which appeared to be of uniform energy density (-from the 

near field pattern) was selected by an aperture plate (diameter 

318 cm) and imaged at unity magnification on to the substrate. 

A right angled prism was incorporated in the optical system to 

turn the beam into the reaction chamber so as to be incident on 

the horizontally positioned ceramic tile. The energy in the 

selected portion of the beam was measured directly using the 

calorimeter, and related to the beam sampling monitor output. 

The energy density was calculated assuming uniform density across 

the diameter of the aperture. 

Six series of firings were made in the final experiments with 

this apparatus, three with benzene in the reaction chamber, three 

with the stannic chloride/water vapour mixture. Each series 

consisted of 100 pulses, spaced at regular intervals of 1 minute. 

The average energy densities incident of the substrate in each 

series, the estimated energy density absorbed (based on the 

measurements quoted in section 6. 3) and the corresponding 

maximum temperature rise (scaled from the results shown in 

Fig. 3. 11) are given in Table 6. 1. 

In no case was any deposited film observed. Conductivity 

measurements with probes and with the technique described in 

section 6. 4 showed no conducting film. Examination with optical 

microscopes and with the scanning electron microscope showed 

no change to the surface save (at the maximum energy densities) 

a slight roughening of the surface, most evident using an optical 

microscope at low magnification and oblique illumination. 
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Table 6. 1 

Reactant 	Vapour Average Energy 
Incident 	Absorbed 

J. cm 2  

Tmax Number 
of 

Pulses 

Benzene 0.94 0.19 1 600 

1.30 0.26 2180 100 

1.92 0.38 3180 

Stannic chloride 0. 96 0. 19 1 600 

water 
1.42 0.28 2350 100 

1.75 0.35 2940 
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6, 2 Deposition from the Liquid Phase. 

The negative results quoted above are not entirely unexpected 

when the time scale of the reaction is considered, as in Chapter II. 

The re-appraisal of the kinetics of the reaction, which was made 

at this stage suggested that the only parameter which might be 

altered to give a sufficiently accelerated rate of reaction and thus 

produce films of measurable conductivity is the pressure. 

The construction of a reaction chamber in which similar 

experiments to those above might be made at substantially 

increased pressure (especially if condensable gases are to be 

used) presents some considerable mechanical engineering 

difficulties and was not undertaken. Instead the much simpler 

expedient of attempting to obtain deposition on a surface immersed 

in reactant liquid was adopted. 

Although this process is referred to in the heading to this 

section as deposition from the liquid phase, it is considered that 

the reaction involves the solid surface and a gaseous reactant at 

very high pressure. The high temperatures generated at the 

substrate surface will volatilise part of the liquid in immediate 

contact with surface to produce a thin intervening layer of gas. 

The pressure in this gas layer will he very high, due to its inertial 

containment by the surrounding liquid. 

The following approximate calculation may illustrate this 

point. 

The density of the reactant, in liquid form, is of the order 

of 1 g . cm  

In the vapour phase, at 0°C, the density is 	
M 
400 g . cm 

-3 

where M is the mass of 1 mole, in grammes. 
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For benzene, M = 78 g and the gaseous density approximately 

3. 5 . io 	g . cm -3 (at 0°C) or about 7, 5 . 1O 4  g . cm 3  at 1000°C. 

Reference to Fig. 3. 11 shows that the temperature rise is very 

rapid. If the benzene vapour behaved as a perfect gas an 

instantaneous change of state, from liquid at 0°C to gas at 1000°C, 

would generate a pressure • 5 
	

= 1350 atmospheres 

= 1, 3 . 108 N 

In actual fact, due to the action of van der Waal 's forces and 

the finite expansion of the gas during the finite heating period the 

pressure will be considerably less than this figure. The result 

- 	may therefore be taken as a maximum estimate of the pressure 

generated in the gas layer as a result of very rapid volatilisation 

at the substrate surface. 

Suppose now the substrate to he covered with liquid to a depth 

of 1 cm, i.e. a mass density of 10 kg . m 2 
	

The acceleration 

of the gas/liquid interface away from the surface will then be 

1. 3 . 10 m . s 2  so that in 1O 7  second, which is typical of the 

reaction time, the thickness of the gas layer will have increased 

to 	0. 07 m. This result is based on the maximum estimate of 

the gas pressure made above, in practice the thickness of the gas 

layer will be considerably less. 

The pressure' of a condensable vapour under these 

circumstances is not a very meaningful term since the departure 

from ideal gas behaviour will be very marked. The gas layer is 

better described in terms of its density; the above calculations 

indicate that for the very brief time scale of the reaction the 

density of the gas due to inertial containment will be comparable 
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to that of the liquid 

A similar experimental procedure was adopted for this series 

of experiments. The reactant liquid was contained in a Pyrex 

glass vessel, the ceramic tile was clipped into position on a 

stainless steel holder which also supported the optically flat 

wmd.cw partially immersed in the liquid as shown in Fig. 6. 3. 

(The window was later discarded, since small bubbles of gas, 

generated during the pyrolysis, accumulated on its lower surface. ) 

The free liquid surface, provided the apparatus is not subject to 

vibration and the part through which the radiation passes is 

sufficiently far from the meniscus at the walls of the container, is 

itself of excellent optical quality. 

Experiments were again carried out using benzene and the 

stannic chloride solution. In both cases visible deposits were 

obtained; with the latter, however, although substantial quantities 

of what was presumed to be stannic oxide were observable on the 

ceramic surface no conducting film was observed. Later 

experiments involved the use of benzene exclusively. 

Films of measurable though very high sheet resistivity were 

formed from benzene by irradiation with a single pulse. The 

density of the deposit (as observable by eye and confirmed by 

Note, however, that for the reaction temperatures considered 

the change of state will occur. For benzene, to continue with this 

example, the critical temperature (the highest temperature at 

which the compcund can exist in the liquid phase, whatever the 

pressure) is 288. 50C, the corresponding critical pressure being 

47. 9 atmospheres (Young, 1900 (48) ) 

- 180 - 



Optical Hat 

izene 

Fig. 6. 3 Experimental Arrangement for Reaction 
under Liquid. 

- 181 - 



conductivity measurements) increased if more than one pulse was 

applied, suggesting that the film might be built up sequentially to 

give a steadily increasing conductivity as the number of pulses was 

increased. The experimental facts are complicated, however, since 

the fraction of the incident energy absorbed, and hence the 

surface temperature attained, is substantially increased by the 

deposition of carbon on the (white) alumina substrate. 

This effect is illustrated in the photograph, Fig. 6. 4, which 

shows, on the same tile, the results of successive irradiation with 

four (lower pattern) and ten (upper pattern) pulses, each of about 

1 joule total energy. The substrate in this instance was placed at 

the focal plane of a 1 metre lens and no aperture plate was used. 

Because of the non-uniformity of the beam, and the beam 

divergence, there is considerable variation in energy density over 

the different parts of the surface in this experiment. However the 

general features of this energy distribution are known. 

Deposition is first evident to the unaided eye at the most 

intensely illuminated part of the surface, viz, at a small spot, less 

than 2 mm diameter, at the centre of the pattern (unfortunately an 

example of this is not shown on Fig. 6. 4). In the lower of the two 

patterns illustrated, this central deposit has begun to regress and 

a surrounding ring is building up. In the upper pattern this ring 

is considerably increased in density, the central spot has been 

destroyed completely (substrate surface damage is observed where 

this has taken place) and the less intensely irradiated outer portions 

of the pattern show substantial deposits. 

In an attempt to eliminate the effect of the changing absorption 

a supply of black ceramic tiles was obtained. The absorption of 

these (see section 6. 3)was considerably higher than that of the 
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high-alumina material, and consequently less affected by the 

existence on the surface of a previously deposited film. 

Deposition experiments with single and multiple pulses were 

carried out on the black tiles using an aperture plate to select a 

portion of the laser output of reasonably uniform energy density. 

Quantitative determinations were greatly impeded by the difficulty, 

previously remarked upon, of obtaining a consistent energy output 

from the laser from pulse to pulse. Even when a series of 

equally spaced firings was used (preceded by five or six unused 

pulses at the same interval intended to set up equilibrium 

temperatures in the laser) an occasional pulse some 50% higher in 

energy would be encountered. 

Nevertheless the results indicated that the conductivity of the 

film formed increases only slowly when multiple pulses are 

applied and does not, certainly, vary in proportion to the number 

of pulses. The film resistivity (on the black ceramic substrates 

at least) appeared to be related to the maximum energy in any 

single pulse in the series rather than to the total energy of the 

pulse train. 

6. 3 Determination of Absorption Characteristics of the Substrate 

142fr'v1 S- 

The diffuse reflection coefficient of the two ceramic materials 

relative to that of the surface of a magnesium carbonate block was 

measured using a commercial instrument designed for this purpose. 

Various coloured filters are provided to allow the reflection 

coefficient to be determined at different wavelengths in the visible 

spectrum; the measurements below were made using the filter 
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marked 6850 A (685 nm). No information was available as to the 

transmission characteristics of the filter. The magnesium 

carbonate reference block was lightly scraped immediately prior 

to the measurements to provide a fresh surface. 

J. L. Michaelson 	gives a reflection coefficient of 0. 88 for 

freshly-prepared magnesium carbonate at 700 nm, The emissivity 

of the materials may be determined from these data: 

Diffuse Reflection Coefficient lEmissivityl  

Relative to MgCO3  Absolute, 

at X= 985 nm 	M9CO3 :0.88 

White ceramic (Coors 

Alumina Co. ADS 995 : 	.916 	 .805 	 .20 

99. 5% A12 03  

Black ceramic (Kyoto 

Ceramics Co. 	 I 	.535 	1 .470 	1 .53 

Composition not known) 

The emissivity of diffuse surfaces varies greatly from one 

sample to another, being very dependent on surface roughness. 

(Higher emissivit.ics are obtained from the rougher surfaces. 

The figures given above must therefore be regarded as approximate. 

6. 4 Examination of Proj2crties of Deposited Films. 

The sheet resistivity of the carbon films formed by pyrolysis 

of benzene was measured by the four point probe method, also by 
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painting on electrodes using a colloidal suspension of silver in 

MIBK'. An attempt was made to relate the measured sheet 

resistivities to the mass density by weighing the tiles before and 

after deposition on a microbalance. The mass of the deposited film 

was however too small to be detectable (extrapolation from the 

results of Grisdale, Pfister and van Roosbroeck 6  on the basis 

of observed resistivity would indicate a mass density of about 

0. 	. cm 2 ). 

The films were examined on the scanning electron microscope. 

The common difficulty of charge accumulation on the uncoated, 

high-resistivity parts of the substrate was encountered so that it 

was necessary to apply a very thin overall conducting layer to the 

samples (by spraying with a very dilute solution). No differentiation 

between those parts of the substrate carrying the carbon film and 

the uncoated parts could be detected. The only surface structure 

visible was that of the microcrystalline alumina. 

With some very low density films, which showed zero 

conductivity when measured macroscopically with probes or added 

silver electrodes, it was possible to detect, using the scanning 

electron microscope, the existence of small, isolated conductive 

areas on the surface. A pencil line pattern was drawn on the 

surface crossing the area of the film, and connected to the sample 

support stud (using the silver suspension paint). The current in 

the support stud as the sample was scanned by the beam was 

amplified and displayed. Fig. 6. 5 shows in the upper photograph 

the picture obtained with a pencil line cross drawn through a very 

diffuse carbon film, with for comparison, in the lower photograph, 

that obtained from a similar pattern drawn on a clean substrate, 

methyl iso-butyl ketone 
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Fig. 6.5 Photographs obtained in Scanning 

Electron Microscope. Sample Support 

Stud Current Displayed. 

I\iagnification x 24 
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These photographs were made at a beam voltage of ZOKV and the 

amplifier setting was such as to give peak white in the display at a 

current of i0 8  A. The resistance between the point of incidence 

of the electron beam and the stud could thus be as high as 1.0
12 
 ohm 

before the brightness of the corresponding part of the image would 

begin to be affected. 

The temperature coefficient of resistance of the deposited 

films was measured. Grisdale et al. 	made measurements on 

several of the physical properties of the pyrolytic carbon films 

deposited in their experiments, viz. 

density 
hardness 
thermal coefficient of expansion 
specific resistance 
temperature coefficient of resistance 
thermal conductivity 
coefficient of thermal conductivity 
Wiedemann-Franz ratio 
rate of oxidation. 

From this list the only property which seemed to be experimentally 

determinable for very thin films was the temperature coefficient of 

resistance. The value of this parameter differs considerably 

between pyrolytic carbon and other graphitic forms of carbon, and 

varies in a characteristic manner with the sheet resistivity. 

Since the sheet resistivity of the carbon films produced (by 

pulsed heating) in the present experiments is much higher than the 

range of values studied by Grisdale and co-authors it is difficult to 

extrapolate directly from the curve of temperature coefficient 

vs. film resistance given in their paper. 

By a process of curve fitting it was found that their results 

could be expressed by the relation 

RO  = . 0955 ( - a - 173 )2.02 	 (6. 1) 

where RO is the sheet resistivity (ohm/square), a the temperature 



coefficient of resistance ( K1  ). 

This equation is shown plotted in Fig. 6. 6. Included on the 

same figure are 

points taken from Grisdale's curve 

experimental measurements on commercial pyrolytic 

carbon film resistors 

experimental measurements on carbon films deposited 

by pulsed pyrolysis. 

It can he seen that for the lower sheet resistivity films formed 

by the pulse heating technique the temperature coefficients are in 

very good agreement with the values obtained by extrapolation from 

similar measurements made on films produced by conventional 

methods of pyrolytic carbon deposition. At higher sheet resistivities 

the relationship departs progressively from that defined by equation 

(6. 1), and it would appear that for very thin, low conductivity films 

the temperature coefficient of resistance is approaching a constant 

value (which is probably related to the properties of the substrate 

material, rather than those of the film). 

Attempts to determine the physical form of the deposited film 

and to determine the size of the graphitic crystallites were made 

by X-ray examination. 

Fig. 6, 7 shows the Debye-Scherrer photograph obtained from 

an alumina substrate with a deposited carbon film of about 

20, 000 ohm/square resistivity. The strongly evident pattern of 

rings is that of -alurnina; the radius of the ring to be expected 

1 am grateful to Dr I.Ferguson, of the United Kingdom Atomic 

Energy Authority, Reactor Fuel Element Laboratories, who carried 

out these tests on my behalf. 
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Fig. 6. 7 Debye-Scherrer 

Photograph of Carbon 

Film on Alumina 

Substrate 

9900 
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by diffraction from planes . 335 nm apart (a typical interplanar 

distance for pyrolytic carbon) is marked. There is no evidence of 

diffraction at this angle. 

A diffractometer trace was also made (using Cu Ka radiation, 

L 54 A), this again failed to show the presence of carbon. 

From these tests it is apparent that the crystallite size is very 

small (<20 A ) 
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CHAPTER VJT 

CONCLUSIONS AND PROPOSALS FOR FURTHER WORK 

The present experimental programme terminated at a stage at 

which it had been demonstrated that films of useful thickness can be 

deposited by pyrolytic reactions lasting less than 	second. The 

choice of carbon as material to be deposited was made to avoid some 

of the experimental difficulties which would arise if toxic or corrosive 

chemical reactant gases were used, also because of the extensive 

literature on the production and properties of pyrolytic carbon films 

already in existence. There is every reason to expect that similar 

reactions could he promoted using a wide range of compounds. 

Direct measurement of the physical properties of the material 

deposited is not easy due to the extremely small quantities 

available; where it was possible to relate the properties to those of 

films produced by conventional pyrolytic processes the measurements 

indicated that the physical form of the film was the same in each 

case. 

The positive result implies that there is no induction period for 

the deposition process or that it is at least extremely short ( < 10 s). 

It is probable that the finite induction or "catalysing" period 

referred to by several authors is wrongly inferred as a result of 

relating the deposited mass to measurements of film conductivity. 

The presence of a film of finite mass density but zero conductivity 

(on macroscopic measurement) due to the disconnected, insular 

form of the deposited film has been experimentally noted. 
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The results at sub-atmospheric and high pressures also 

support the view that the kinetic rate-limiting mechanisms proposed 

in Chapter II are valid. It is possible that the pulse heating 

technique might provide a method of studying heterogeneous 

reactions in which the initial adsorbed quantities of reactants 

are comparable to the total available (by steady state transport 

processes) during the time of the reaction. 

Much remains to be done before a useful process for the 

fabrication of microcircuit elements might be achieved. The 

extension of the experimental investigation to include other 

materials, especially those which would produce metal and dielectric 

films is an obvious initial step. The manner in which the properties 

of the deposited films vary with the absorbed power density and 

energy density also requires exploration. The complication that 

the spectral emissivity may be substantially altered by the presence 

of the deposited film has been commented upon. 

A substantial part of the experimental programme involved the 

study of image formation at very high instantaneous power levels 

using the hologram as an imaging element, a technique which was 

not in the end used in the deposition process. 

The reasons for this have already, it is hoped, been made 

clear. The limiting resolution imposed by the performance of the 

particular solid-state laser used has been fully discussed, and it 

should now be possible to write a realisable specification for a 

pulsed laser (probably a laser oscillator and amplifier combination) 

which would provide high intensity images of excellent definition. 

The proposals for high power imaging in themselves are now 

See footnote overleaf 
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worthy of further study, and might be expected to be of importance 

in several engineering applications. There is growing interest in 

laser machining of microelectronic components, and single pulse 

machining of microcircuit masks has also been investigated. 

These experiments have used conventional image -projection 

techniques, the high efficiency capabilities of the holographic 

imaging process remain to be exploited. 

A successful programme would necessarily involve close 

association with all aspects of the design and engineering of 

pulsed lasers. Not only is the performance of the laser of critical 

importance in determining the image resolution, but there are 

interesting and exciting possibilities which result when the 

incorporation of the hologram within the optical cavity is considered. 

Footnote to page 194 

Even in retrospect the choice of laser used in the present 

programme is probably justifiable. The selection had to be made 

at a time when considerable doubt existed as to whether a positive 

result would be obtained in the deposition process, the primary 

object of the investigation. The additional cost of a high quality 

laser could not therefore be justified merely on the basis that it 

would allow a novel imaging technique to be used in conjunction 

with an as yet untried deposition process. It was also recognised 

that the state of the art in laser engineering was then advancing 

very rapidly (the time span of the investigation which forms the 

subject matter of this thesis extends over almost half the time 

solid-state lasers have been in.  existence) so that these seemed to 

be good reasons for postponing the commissioning of a holographic 

quality pulsed laser until all the requirements could be fully 

specified. 
- 195 - 



In this way a hologram of low efficiency could function not only 

as the imaging but also as the output coupling element (both mirrors 

bounding the optical resonator being total reflectors) so that in 

principle 100% of the coherent radiation generated by the laser is 

diffracted into useful output, having the required spatial distribution 

to form directly an image of high definition and high uniform 

intensity. 
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APPENDIX I 

Basic program ( in Atlas Autocode ) for the calculation of 

mesh point temperatures under transient heat-flow conditions 

by a process of forward iterative computation. 
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JOB 

ELE 01 l/OOOi012O/J.F.Lfj, 
OUTPUT 
o LINE PHINTER 2000 LINES 
EXECUTION 5 MINUTES 
COMPILER ABC 

HEAT FLOW NUMERICAL CALCULATION. 

% BE B .1 N 

%REALARRAY TEMP0:25,0:13),S(0.250.13) 
%REAL A)D)PUWER,JE@,,'F,H2,R,DELTA PRO C 
%INTEGER I,J,N,p,M 

N=0 
%CYCLE 10,1,25 
%CYCLE J=0,1,13 
TEMP( 1J)=0 
%REPEAT 
7 REPEAT 

READ (A, PU½ER, JED, K, I, RHO, C P) 
D=A/24. U 
H2</ ( Ri]*C) 
R=H2*T/(D12*p) 
DELTA= D*POEEj/( JEJ*<) 

NENLINES (3) 
%CAPTILJN --THICKNESS--(A) 
SPACES (13) 
PRINT (A,3,6) 
%CAPTIDN - -CM0 
NEtLINE 
%CAPTION -PJPE -DENSITY-.-(PUtER 
SPACES (5) 
PRINT FL(FORER, 4) 
ZCAPTIUN 	ATTS/SQCM. 
NE R LINE 
7CAPTIDN -MECHO-E@UIV.-OF-HEAT--(JE@) 
PRINT (JEU,3,6) 
CAPTION --JOULES/CALORIE 

NE ti L I NE 
%CAPTILJN --CONDUCTIVITY--(K) 
SPACES (1 0) 
PRINT (K,3,6) 
CAPTION CAL./CM./SEC./oEG.-C 

NE L  NE 
CAPTION PULSE-LENGTH--(T) 

SPACES (1 0) 
PRINT FL(T,) 

COMMENT 10120 
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7CAPTION --SECONDS 
NEWLINE 
CAPTION --DENSITY--(RHO) 
SPACES (13) 
PRINT (RHL1,3,6) 
%CAPTIL]N --GMS./CC. 
NEWLINE 
7OCAPTION --SPECIFIC-HEAT--(C 
SPACES (9) 
PiINT (C,3,6) 
%CAPTION --CAL./GM. 
NEW L I NE 
%CAPTION --DI FFUSI VJ,TY-- (H2) 
SPACES (10) 
PRiNT (1-12,3,6) 
%CAPT1UN -'-SD.CM.fSEC. 
NEWLINE 
7OCAPTI[JN --ITERATIONS—DURING-PuLSE.--(P) 
PRINT (P,3.,0) 
NEWLINES (3) 
%CAPTIL1N --MESH—DISTANCE--D) 
SPACES (12) 
P N 1 NT FL C 0, i) 
ND-  L I NE 
ZCAPTION --R 
SPACES ( 2 6 ) 
PRINT FL(R,L) 
NE LINE 
%CAPTION -'-DELTA 
SPACES (22) 
PRINT FL(DELTA,) 
NEWLINES (3) 

10:CYCLE J=01,6 
TEl"P( 25, J ) =TEP( 2, J) +DELTA 
TEiP(0,J)=TEiiP( 1,J) 
%REPEAT 

2'CYCLE J71,13 
TEMP( 25,J)=TE1F( 2J) 
TE1-;P( 0,J)='1E ili P( 1,J) 
% REPEAT 

7C'CLE 1=0,1,25 
TEMF(1,0)=TEc1P(I, 1) 
TEMP( I, 13)TEM11( 1, 12) 
Z REPEAT 

NE C I NE S ( 2) 

CU'EEi'T 10120 	PAGE 2 
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15:%CAPTIUN -- ITERATICJN 
PRINT (N30) 
NE V.,  L I NE 

%CYCLE J=1,1,6 
PRINT ((TEViP(2J)+DELTA/2.0),33 
SPACES (2) 
%HEPEAT 
%CYCLE J7,1,12 
PRINT ( TEP(2,J)3,3 
SPACES (2) 
% RE PEAT 
NE L. I NE 
%CYCLE I=24-1,1 
7-CYCLE J=l1312 
PRINT (TEMP(I,J),3,3) 
SPACES (2) 
%REPEAT 
NE LINE 

16:%CYCLE 1=0,1,25 
%CYCLE J=0113 
S(I,J)=IEMP(1,J) 
RE FEAT 

70 RE PE AT 

%CYCLE I=2.4-1,1 
%CYCLE J=1I12 
TEMP( I,J)=S(1,J)*( 	 1-11,J)+ 	%C 

S (I-i J) +S(I , J+ 1) +5(1, J- 1)) 
%REPEAT 
7 REPEAT 

N = N + 1 
->10 7UNLESS N>P 
%1F N>(10*P) %THEN %STLIP 

%CYCLE J=0,],13 
TEMP( 25,J)=1 EP (2I4, J) 
TEMP( 0,J)=TEvP( 1,J) 
%REPEAT 

%CYCL.E I=0,125 
TEF( .1, 0)TEMP( 1,1) 
TEiP( I, 13)=TE'IP(1,12) 
%REPEAT 

DELTA= U 

%CIJMMENT 10120 	PAGE 3 



M=INT  F'I'(N/10) 
7IF N#10*M %THEN ->16 
NELINES (2) 
->15 
%END3FPRDGRAfl  

0.0015 
10 • 0+6 
4-185 
0.049  
10 • 0@-7 
3.67 

0.2 
10 
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APPENDIX II 

Solution to the transient heat-flow equation in one dimension 

with constant temperature gradient boundary conditions, and 

program to compute values of the solution. 

The equation to be solved is 

- k 

at - Cp ay 	 (1) 

subject to the boundary conditions 

T = 0 for all y at t 0 

3T - 	= constant = -1 at y = 0 , t > 0 
ay 

Let T denote the Laplace transform of T 

T 	= 	
fo C'O 

Te
pT 

 dt 

then ( at 

aT 	
pT 

and equation (1) transforms into 

k d2  
pT 	

T 

for which the solution is 

T 	= 	Aexp (/C 
10  

p. y) + Bexp(-  Jp CP  . y) 



Since T remains finite as y—  o 

AO 

T = B exp ( - vp 2,p7. y 

= - 	p -- B at y = U 

dT - 	
e cit 

dy dy  J 

- 	 e 
 00 

t dt  t
Ja

o 
 y 

= - at y = 0 
p 

Hence B = If 
p3 

Co 

y) 

T 	
=li 	

exp ( - 	 y) 
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From the table of transforms 

	

T = 	y2  ) 	
fy 

e 2. du 

N Cp 

	

= 	ZI 	exp 	y 2  ) - y e r f c ( 

CP 

Computer program follows, pages 205 to 207. 
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JLJ 
LLE 011/000I0292/J.T,L 	HEAT FLOW Pt~LjG l-~AM CHECK 
CUt-IIIEi ABC 

%bEGI N 
EAL DZ,DT,K,Pt-{L1,C,PUV1F.<,JEQ,Z, 1',TE'1P ',H2, Gi\DT,I-<L1UTPI, 70C 

%INTEGEr I,I1,J 
EALFN SPEC NtJR(,l-cEAL ) 

tEAD 
k12=K/ (z<HLJ*C) 
GL)f=kJEJ/ ( K*JEii) 
UUTFI=@T3. 1LI592653) 

NEWLINES (.) 
%CAfIJN 
Pt1N1 FL(D,6 
NE vi L I NE 
%CA1ILJN --INTEAL-(TIE)-----.--.-D1' 
PhINT FL(DT,6) 
NE L. LINE 
%CAl'TfLjlN --CUNDLJC IVflY--.-----.----.----.- 
P1UNT L(K,6) 
NE v LINE 
?C1AFTILiN --DENSITY-------------------- 
PkUNT L(RHiJ,6) 
NE'.LINE 
°hCAIT ILIN --SPEC IF I C-HEAT -----.-- ------ 
P1<INTFL(C, 6) 
NELL\E 
iCAPT1LJN---- DJFFU,IvITY -------------- 
Pi1NTFLCN2, 6) 
NE L 1 NE 
ZCAPTIJN -- PU.E - DENS I1Y-.-------.- 
Pi-cINT 
NELINE 
%CAP"f iU'\J 
PI<JN FL(JEJ,6) 
NE;LINE 

CMPIUN 	LJrFCEGNADJENT ------ jDT 
PRINT FL(G'A[Y1',6) 
NEvL1NE5 () 

SPACES( 15) 
CAPTIUN 1 

SPACES (14) 
%CAPTION 2 
SPACE( 14) 

%CUNiENi I LI2u2 	PAGE 1 
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70CAFTIUN 3 
SPACES( 14) 
%CAPiIJN 
SPACES ( 1Z) 
%CAFTILJN 5 
FACE (3) 

7CAFiJL]N T1E(UNITS(jFT1EINTVAL.DT) 
NE LI NE 
SPACES (3) 
%C/-PT1UN Z-(CMS.) 
NE kLINE 

7OCAFTIL]N U 
SPACEs (12) 
YOCYCLE J11,5 
TEiF'=2*MjT*J T(2*J*DT)/ILJUT-I 
Fl-<INT FL(JENiF') 
SPACES () 
% i-<E FE AT 

NELINE 

%

11=0 
CYCLE I=1fl,50 

t\tE WL I NE 
I 1=1 1+1 
%IF I15 7TJ-EN ->1 
NE w  I NE 
11=0 

PRINT F'L(X,3) 
SPACES (/) 
C'I'CLE J11,5 

U=X*X/ ( H2*JDT) 
TEP'=(260 	 %C 

PRINT FLTEiip',) 
SPACES (4) 
% RE PEAT 
%kEllEA"f 
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/-REAL 70FN NU1 (EAL X) 
%EAL 	1.Y 

JF X=U /.THEN %iEIJLF =.5 
YL]D( .5c) 
->1 hIF 'r'>=l 
Y=Yt 2 

0.0001 2481 8987 Y %C 
-0.0010 752)] llO/17)Y + 0.0(J51 9,977 5019)Y %C 
-0.0191 9329 2002iY + 0.0590 5I403 56112n' %C 
-0.1519 6875 1364)Y + 0.3191 5293 2694)Y %C 
-0.5319 2300 7300)Y + 0.7976 8456 0593)*.5,<+.5 

2IF X<0 %THEN 	i=-.5 
/IF Y>=3 %THEN ZNE3L1LT 	+.5 
Y= Y-2 
%kESULT =(((( (((C (((( (( - 0.0000 11525 5659 Y ZC 
+ 0.0001 5252 9290)'( -0.0000 1953 8132)Y 	C 
-0.0006 7690 4936) Y + 0.0013 9060 /423-0Y C 
-0.0007 91162 0 8 20)Y -0.0020  31425 437Y ZG 
+0.0065 4979 121/-1)Y - 0.0103 5762 5006)Y %C 
+0.0116 304/4 7319)'( -8.0092 7945 33/41)" 	C 
+0.0053 5.357 910s)'( -0.0021 4126 1 741)Y >C 
+0.0005 3531 08119)Y +0.9999 3665 7524)W + .5 
% END 
% END U P rU (3 RAM N 

3. 1253-5 
I • 03-7 
0.049 
3.67 
0.2 
1 • 09+6 
4.185 

%CLJii1ENT 10202 	PAGE 3 
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APPENDIX III 

CALCULATION OF THERMAL CAPACITY AND DETECTION 

SENSITIVITY OF FINE-WIRE CALORIMETER 

Length of wire required to give 300 ohms resistance (at 200C) 

was found to he 91. 20 metres. (Actual measured resistances of 

two test bundles were 

303. 4 ohm 

and 	303. 5 ohm 	at 23. 2°C). 

Measured weights of wire (three samples, each 10. 00 metres 

in length) 

Wire with enamel Sample 1 : 0. 51.32 g 

Sample 2 : 0. 5126 g 

Sample 3 : 0.5128 g 

Average 	 : 0. 5129 g 

Wire less enamel Sample 1 : 0. 4706 g 

Sample 2 : 0. 4705 g 

Sample 3 : 0. 4705 g 

Average 	 : 0. 4705 g 

Hence mass in 91. 20 metre bundle is: 

copper :4.291 g 

enamel: 0. 387 g. 

Enamel removed by heating in 'J. 100"  solvent (mixture of 

polyhydric phenols and their sodium salts) at 1000C for 30 minutes, 

followed by soxhiet extraction in acetone. 
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Specific heats 

copper : .3841 J * g 1  

enamel: 1.67 J . 9 1  

From which the heat capacity is 

copper : 1.648 J . K 1  

enamel: 0.646 J . K 1  

i. e. 	total = 2. 294 J . K 
1 

The resistance of a coil wound from a sample of the wire (on a 

paper former to avoid resistance changes due to mechanical stress) 

was measured and the following results obtained: 

(a) in air at 22. 0°C : 15. 6 ohm (allowing for resistance 

of connecting leads) 

(h) in oil bath at 690C : AR = 2. 7 ohm 

giving a value for the temperature coefficient of resistance of 

3.68 . 10 . (Kaye and Laby give 4.28 . l0). 

The galvanometer sensitivity was measured directly using an 

accurately measured resistor of about 10M2 together with an 

accurate digital reading voltometer to be 

106. 5 divisions / /1A 

The coil resistance is stated by the makers to be 450 ohm. 

The calorimeter calibration figure is obtainable from these 

data. On absorption of 1 joule of energy the temperature change 

is 
1 

= 0.436 K 
2. 294 

Griffiths, 1914(48).  Value interpolated to 20°C. 

Baker, v. ref. 45. 
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the resistance change is 

0.436 	300, 0 . 3.68 . 1O 3 	(at 20°C) 

i.e. A R = 481 ohm 

The out-of-balance bridge current is given in elementary 

textbooks as 

- 	 QR - PS 	 E(P+Q±R+S) 
1 	

G(P+Q+R+S) + (Q+s) (P+R) 	x(P+Q+R--S) + (P+Q) (R+S 

where P, Q, R, and S are the resistances of the bridge arms, 

G is the resistance of the galvanometer, X, E the resistance 

and E. M. F. of the supply. 

For the measurement considered 

P = P 	300 ohni 

Q=r+R 

R = S =. R 0  ( = 10, 000 ohm ) 

G = 450 ohm 

x=0 

E = 9 volt 

______ 
so that J* 	

AR E
- . - 

2G+F +R0 	ZP0  

- 	.481 	 9 
900 + 10, 300 • 600 

= 6.44 . 10 7 A 

equivalent to 68. 6 divisions / joule. 

Probable Error. 

Heat capacity. The quoted value for the specific heat of the 

enamel covering is of doubtful accuracy. Baker 	gives no 

II 
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experimental data to support the figure he quotes, and the wire 

manufacturers were unable to provide the required information. 

The enamel is stated to be a polyvinyl acetal modified with 

phenol-formaldehyde resin. The Modern Plastics Encyclopaedia 

(vol. 45, 1968) gives values of specific heat 

acetals 0, 35 calorie . g 1  ( 1.46 J . g 1  ) 

phenol- formaidehydes 0. 38 - 0. 42 calorie . g 

1.59 - 1.76 J . g 	) 

A probable error of 	15% has therefore been allowed to 

this value; relative to this the other measurements or physical 

constants involved in the determination of the heat capacity are 

negligible. The probable error in total heat capacity on this basis 

is thus 	4. 2%. 

Temperature coefficient of resistance. The reading error in 

the bridge measurements was estimated to be better than 0. 02 ohm, 

the total error (including calibration errors) less than 0. 05 ohm. 

The lower temperature (measured by a mercury in glass 

thermometer) was accurate to within 0. 05°C, the oil-bath 

temperature (using a lower grade mercury in glass thermometer) 

within 1°C. The probable errors are therefore 

0, 02 ohm ( 0. 074% 

R 	0. 05 ohm ( 0. 32% 

AT 	ldegC (2.13%) 

The probable error in the determination of the temperature 

coefficient is therefore 	Z. 3%. 

Galvanometer _calibration. The error in this was estimated to 

be less than 1%. 
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The overall determination is thus subject to a probable error 

of about 4. 87o giving calculated values for the sensitivity of 

68 6 	3. 3 divisions / joule. 
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