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INTRODUCTION TO PHOTONICS AND HOLOGRAPHY 
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These new terms cover a group of advanced technologies based on the specific properties 
of the ineraction between light and matter that have been discovered since the development 
of lasers. Electronics uses electricity to process information : photonics performs the same 
functions, but uses light instead of electricity. Photonics can be said to cover all the 
methods, processes or systems which serve of study, measure and transform or transmit by 
means of light. The photon devices which have resulted from fundamental and applied research 
in this field over the last ten years or so cover a comparable range of application areas to 
that of electronics - mechanical engineering, medicine, avionics, telecommunications, biology, 
metrology, quality control, hydraulics, computers, botanical science, textiles, remote sensing, 
pneumatics, aerospace, etc. The list is too long to give in its entirety, but for our present 
purposes there are four types of significant products : lasers and their accessories, optical 
fibres and their accessories, data acquisition, processing and display systems and photovol
taic and solar systems. 

- LASERS, which originally were mainly used for scientific applications, are rapidly coming 
into use in many other fields. The first of them is holography, which has opened up a number 
of flourishing markets. It is a means of producing images in three dimensions and, because 
of its metrological properties, is now highly sought after in advanced mechanical engineering 
(the fuel tanks of the Ariane rocket were tested by holography). The second significant 
application of lasers was in machining : they have advantageously replaced conventional 
processes for cutting out cloth and sheet metal and for welding or machining new materials. 
Some of the many industrial applications of lasers are developing very fast : an example is 
automatic data read-out, which is becoming widespread in the United States. Finally, lasers 
have become components in a wide variety of systems, from laser surgery to telemetry and 
military guidance systems. 

- OPTICAL FIBRES are another line along which photonic has developed, and are all the more 
promising as their characteristics make them indispensable to the economic development of 
the technically advanced countries. They are in fact the only known way of coping with the 
growth in large-scale telematic exchanges (picture, sound, alphanumerical, coded signals, 
etc) and offer other important advantages (insensitivity to electromagnetic disturbance, 
very small line losses and cheap, abundant raw material enabling the use of other rarer 
materials such as copper to be avoided). 

- DATA ACQUISITION AND DISPLAY SYSTEMS are another area in which photonics has made great 
advances. Progress in this field centres mainly on video tubes and liquid crystal thermo
graphic systems, where simple applications afford economic thermic images. In the field of 
photon cameras, so called CCDs (charge coupled devices) make it possible to obtain images 
thanks to their matrix mounting. Prototype black and white and colour television cameras 
exist which have the advantages of being highly miniaturised (five to ten times smaller 
than ordinary cameras) and more economical ; in addition, the image which they produce has 
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the advantage of being easily digitalised and used as a metrological or form recognition 
criterion. There are very many possible developments (surface control, quality control of 
cloth etc) and one of these, the video-disc, is beginning to reach the general public. The 
general trend is to connect computers up to photonic data acquisition systems so as to 
achieve automatic operation whereby a machine can be controlled or a phenomenon understood. 
The use of these processes yields end products of higher quality at minimum cost. 

1. LASERS 
Section 1 : Lasers - basic principles 

1. Definition 

The word "laser" is made up ot the first letters of the terme "Light Amplification by 
Stimulated Emission of Radiation". We shall not go in detail into the theoretical principle 
of lasers, but merely outline some aspects which will make it easier to understand the prin
ciples of their technological applications. 

Radian_emission and_radiance 

The principle of stimulated emission which enters into the definition of the laser is a 
microscopic principle which is not visible directly but can be arrived at by a fairly complex 
theoretical analysis (1). There is an equivalent definition of the word laser, viz : "Light 
Amplification by Super Emission of Radiation", based on a macroscopic process (radian emis
sion) which is easily observed and affords an easier understanding of laser principles. 

Since the end of the 19th century, physicists have agreed that different lamps (or light 
sources producing luminous energy while consuming energy of a different kind) can be compared 
with each other in terms of their "radiance". Radiance can be represented on a graph where 
the x axis is the energy consumed per unit of time by the light source, and the y axis is the 
light energy produced. For example, choosing units and a scale appropriate to the axes, Figu
re 1 represents the radiance curves of an incandescent lamp (broken line) and a fluorescent 
tube (continuous line). 

Figure 1 
• 

Light produced 

Electricity consumed 
100 Watts 

(1) The usual definition is based on the principles of quantum mechanics, according to which 
electrons gravitate around atomic nuclei, and have energies with can only take definite 
values : these are the so-called "quantum" energy levels. An electron move up to a higher 
level if it receives a quantity of energy (heat,hight etc). The electron will tend sponta
neously to return to its original level by liberating the extra energy accumulated during the 
upward movement. This energy is liberated in the form of light emission, governed by the equation : 
"Energy = Planck's constant x emission frequency".The characteristic of the laser derives from 
our ability to trigger coherent emissions (of the same frequency). 
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Within a given range, the relationship is a straight line whose slope characterises the 
efficiency (and therefore to some extent the quality of the lamps). If we move outside the 
range considered, on the right, by increasing the power, the lamp tends to fail (the filament 
is burnt out or the lamp explodes, etc). Moving to the left, on the other hand, if we decrease 
the power the lamp emits almost no light. It should also be noted that these lamps (the only 
ones which existed in 1960) emit in the same manner in every direction, and consequently the 
energy they radiate is scattered throughout the entire space surrounding them and dims very 
rapidly as one moves away. The quantity of energy received per unit of surface decreases by 
1/r2 when r (the distance away from the lamp) increases. 

In 1960 it was discovered that if particular lamps can be constructed in such a way that 
they are able to receive a great deal of power without burning out or exploding, the radiance 
curve takes on a different form : above a given threshold, the output is considerably impro
ved (Figure 2). 

Figure 2 
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The zone in which output is markedly improved is called the "super-radiance" zone to 
distinguish it from the zone in which normal behaviour occurs. This super-radiance cannot 
really be used to manufacture lamps which are more economical than traditional lamps, becau
se the particular design needed to prevent the lamp from burning out implies a radiance which 
is 10 or 100 times less than that of an ordinary lamp (even in the super-radiance region, a 
laser consuming 100 Watts normally emits far less than 1 Watt). 

PlSESrCies^of _§yEÈïII§4isïi£_5 0.yïÇ e.5 

Although they are not advantageous from the energy standpoint, super-radiant sources 
are of considerable interest : their luminosity (or "brilliance") is found not to be uniform 
but to increase with increasing length of the lamp in the direction considered. This pheno
menon consequently makes it possible to obtain a directionality of light emission which is 
"intrinsic" to the lamp and not due (as in the case of headlights, electric torches, projec
tors, etc) to the use of lenses and mirrors. In other words, the longer the lamp, the more 
brilliant it will be in the direction of elongation. If we take a tube of length 10 m and 
diameter 1 mm as a super-radiant lamp, its maximum brilliance wille be concentrated in an 
angular cone whose vertex is more or less equal to ̂  = 10~^ radian, or approximately 1/3 of 
a minute of arc. If we illuminate the moon with this source, the spot on the moon might have 
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(Source : EDF, Etude technico-économique des applications industrielles des lasers de puis
sance - June 1977). 

Medium containing the atoms to be excited (Perot Fabry cavity) : 
a. C0 2 + N 2 + He gases ; or 
b. crystal (ruby, YAG, etc). 

Atom excitation source : 
c. electronic flash coupled with (b) or 
d. electric discharge coupled with (a) 
e. fully reflecting mirror 
f. partially reflecting mirror 
g. concentration lens. 

Let us take the case of a material medium excited by any means (pumping). This medium 
is placed in a Perot Fabry interferometer, ie simply between two mirrors one of which is 
semi-transparent. We have then built a simple laser, and the laser emission will occur along 
the axis of the interferometer. 

There are very many ways of achieving a laser emission. The medium can be solid, liquid 
or gaseous. The pumping mode may be optional, electrical or chemical. 

a diameter of 300,000.10 = 30 km ; if we shine it on a wall 1 km away, the spot will have 
a diameter of 10 cm : thus the light energy emitted is situated within a very narrow cone. 

A tube 1 mm in diameter and 10 m long is virtually impossible to handle. The idea there
fore arose using a property of mirrors to make it easier to operate : if the super-radiant 
source is placed between two parallel mirrors perpendicular to its axis, the light from point 
A of the source is reflected by the mirrors and passes back and forth across the super-ra
diant medium many times. It is found that, when this light emerges at the end of N crossings, 
it behaves like the light emitted by an analogus super-radiant source N times as large. 

For the light to be usable, it must emerge outside the space enclosed by the mirrors. 
This can be achieved by swiftly withdrawing one of the mirrors, to produce a "pulse laser". 
An alternative method is to silver a mirror only partially (eg 99 I) ; this produce a "con
tinuous laser" which releases a constant beam 100 times less powerful than the "internal" 
beam, but 100 times more directional than if there were no mirrors. 

Figure 3 
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Qijalities_o£_laser_emission 

The wave is highly monochromatic, and will be concentrated by means of a lens at a quite 
specific focal length, unlike other sources (heated filament or flash) where the radiation 
is polychromatic. 

2. IMAGES AND ICONICS 

1. Image of an object : visual information transmission chain 

Figure 1 represents a man looking at a fir tree on which the sun is shining. Let us try, 
by means of this example, to analyse and understand what happens when a "spectator" or 
"observer" "sees", "looks at" or "observes" a "scene" or "illuminated object" by means of 
one or more "lamps" or "light sources". 

Figure 1 
Man looking at a fir tree 
illumintated by the sun 

The illuminated object - in this case the fir tree - reflects light from the light sour
ce - in this case the sun - towards the ovserver - in this cas the man walking along. Thus 
the latter "sees" the object through the intermediary of the light emitted by the source, 
modified by the object before it reaches his eyes. The observer's visual system (eyes) then 
transforms the light into nerve signals which are conveyed to the brain. 

The whole complex of processes which take place when we look at something can therefore 
be represented as a chain transmitting something which, for the time being, we shall call 
"information" and which can be represented schematically as in Figure 2. 

Figure 2 
Chain : source - light - object - light - eye - nerve impulse - brain 

If the observer were to look through an "apparatus", such as spectacles, binoculars or 
a television system, the information transmission chain would be somewhat more complicated. 

Figure 3 
Chain : source - light - object - light - instrument - light - eye - nerve 
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Thus the process whereby the image of an object which we look at is formed, is a process 
of transmitting information along a chain. 

2. "Reproduction" of an image 

The process of formation of a visual image which we have just examined has a number of 
consequences. 

First of all, the information about the object has to move along the chain from one 
link to another. Each link can transmit to the following link all or only part of what it 
has received from the proceding one. Information about the object can be lost, but cannot 
be acquired in the course of the transmission process. On the other hand, information about 
other objects can be added by one link and passed on to the next. This is what we call 
"noise", because it is irrelevant to the picture of the object in question. For example, a 
car driver may be troubled at night by the image of the dashboard instruments reflected in 
the car's windscreen. The "windscreen" link adds the noise "image of dashboard instruments" 
to the information about the road seen through the windscreen, this information being trans
mitted by the link "light passing through the windscreen". 

We can also try to cut a link out of the chain. If we can then find a way of getting 
to the link below the missing link the same information at that transmitted by that link 
before it was removed, none of the following part of the chain will notice its absence. If 
this is only approximately done, the löwer part of the chain will notice that a link is 
missing but will not be greatly troubled by its absence. 

In practice, one heavily used link is the link "light reaching the eye". If we can 
make light which, when it reaches the eye, produces on the retina an identical "image" to 
that produced by the object, the observer will believe he is looking at the object. 

We employ this process so often that we call the systems which perform this operation 
"images" and do not distinguish, in language terms, between the "image" of the first type 
described and that of the second. One corresponds to the direct acquisition of information 
about the object, and the other to indirect acquisition. 

3. Quantitative description of light 

In order to know whether the explanation of a phenomenon is correct or false, it is 
necessary to quantify it in order to test the results of the deductions permitted by the 
hypothesis. Quantification of the description of light has exercised many generations of 
physicists, because the phenomena are not only microscopic but very rapid and very complex. 
Fortunately, they can be reduced to a few very simple basic phenomena. 

Light waves can be characterised by the values, at various points in space and at 
different times, of the electric field of light. This field is expressed in volts/metres. 
For a long time it was difficult to measure it, for it does not have a more or less fixed 

-21 3 
value except in very small volumes (10 m - one ten-thousandth of a millimetre across) 
and for very short periods (10 ^ seconds, or one thousand million millionth of a second), 
but the problem has now been more or less solved. It has been found that the usual light 
waves are always very complex, but are made up of large numbers of very simples waves 
which are called plane waves, and which we small described in greater detail in the 
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following paragraph. Whether simple or complex, each light wave can be represented by the 
table of values of its electrical field at every point and every moment of its existence. 

->-

This table of values of field E at various points in space (co-ordinates x, y, z) and at 
-»• 

various instants t will be called E (x, y, z, t). Thus, instead of locating points in space 
by their cartesian co-ordinates x, y, z we can also locate them by the position of the •*• 
vector r = OM linking each of these points M with co-ordinates x, y, z to an origin 0. In 

-> 

this case, the table is written E (r,t) ; it is easier to construct than the precedings one, 
since it takes the shape of Figure 4, but it contains neither more nor less information 
than the preceding table. 

I/cm r1 r2 r n 

h 
h 
h 
t 
n 

Figure 4 
Table E (r, t) 

3. PLANE WAVES, M3IRÉ AND INTERFERENCE 

1. Plane waves and the principles of superimposition 

It would be impossible either to complete or to read the preceding quantitative table 
within the space of a human lifetime. In practice it has been observed that a simpler des
cription can be obtained by assuming that the real distributions used in optics can be 
regarded as fairly approximately equal to superimpositions of a few "plane waves" whose 
electric fields can be represented by the equation : 

E (rt) = E. exp - 1 (K.r - wt). 

The numerical values EQ,K and W determine the position of the plane wave throughout 
the whole space (rt), theoretically to infinity. This is therefore much more concise than 
the table E(r,t) envisaged above. A typical non-plane wave can be obtained on the basis 
of a fairly small number of plane waves. A few tens, or at most a few hundreds of numerical 
values are sufficient to describe any real field. Consequently, its properties and the laws 
governing propagation and interaction with matter can be studied within a reasonable time 
scale relative to a human lifetime, ie over not too long a period (since the physicist 
cannot be paid by society), but not too short a period either (since otherwise all the 
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problems would be solved in less than a day, and the physicist would be out of work). 

2. Moiré effect and reference 

When plane waves of the same amplitudes and frequencies and similar wave vectors are 
superimposed, interference occurs (as we learnt in our younger days, and as is readily 
observable in soap bubbles). There is no need to go back over the theories of Fresnel or 
Yourng at this point, but it may be as well to note that these phenomena can nowadays be 
very usefully approached from a slightly different standpoint than the conventional one 
- that of the moiré effect. 

Classical "interference fringes" are in fact traces on observation planes of four-
dimensional moiré fringes constituted by waves in R^. This has educational, and also heu
ristic, value. Its application to holography by way of "holodiagrams" makes it considerably 
easier to record holograms. 

4. HOLOGRAPHY 

1. Phenomenology of holograms 

From the standpoint of the non-specialist user, a transmission hologram is a window 
which records the light falling on it. A scene visible at one moment through this window 
can be reproduced at a later moment. Under optimum conditions, the real scene would be 
indistinguishable from the reconstituted virtual scene. Instead of operating the appliance 
in the transmission mode, it can also be made to operate in the reflection mode. The 
reflection hologram then behaves like a recording mirror. In both the transmission and 
the reflecting modes, it is possible to make the reconstituted scene appear on the observer's 
side of the hologram. The three-dimensional image is then real, though it remains intangible 
because it consists only of light. 

It does, however, make a striking impression on the observer and is a very convenient 
way of carrying out dimensional measurements. For example, the distance between the two 
ears can be measured by placing a centimetre rule in the relief image of the head. 

2. The principle of recording and restitution of a hologram 

a. Recording Object 

Photographic plate 

Light from the 
object 

^ — i ^. 
A — . ' v -

b. Restitution Virtual object 
veloped plate 

Reconstituted light identical to that from 
the object 
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3. Qualitative explanation of the process 

During recording, the light (reference beam R) coming direct from the laser, and the 
light reflected or diffracted by the object (object beam 0) interfere on the photographic 
plate. In other words, their superimposition creates four-dimensional interference fringes 
which, when projected on to the surface of the plate during recording, appear as light and 
dark areas. If the object beam is screened, the reference beam illuminates the plate 
uniformly and vice versa. 

During restitution, the reference beam illuminates the plate uniformly ; however, if 
the plate has been suitably developed (ie the image reversed), there appear in its plane 
silver grains which cut off the beam at those points where there were interference fringes 
during the recording. Immediately below the plate plane (transmitted light) or on that plane 
(reflected light), the light is consequently the same during recording and restitution. 

The laws governing the propagation of light (Maxwell equations) enable us to state that 
if it is the same in the same plane at two different moments for the same beam (reference 
beam R), it will be the same beyond that plane. 

Therefore, the light beyond the developed, reversed plate illuminated only by the refe
rence beam (or indeed only by the object beam) will be the same as during the recording. 
Thus, during restitution, the same light beams are found beyond the plate as during recor
ding, although only one beam is used for illumination. 

All this can be summed up as follows : 

"If the developed plate is illuminated with the reference beam, the object 
light beam is reconstituted ; conversely, if the plate is illuminated with 
the object beam, the reference beam is reconstituted". 

4. Quantitative explanation 
We shall consider the simplest case, where both the object and reference beams are plane 

waves. 

Wb^t_ha.2£ens_iii_gractice 
In practice the waves will be more complex ; that is, they can be considered as super

imposed plane waves and will normally have to be written : 

and the calculation described below will simply have to be repeated by the addition of as 
many plane waves as are necessary to describe the real wave. 

The illuminations produced by the reference wave and the object wave respectively on 
the plate plane are : 

$ = Ê R exp - i (k"Rr 

R" = Ê*0 exp - i (k"or 

w Rt) 
w t) and/or w p = w = w 

m 
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The illumination of the hologram produced by their superimposition is : 
iH = ( 5 + ft) (Ô + ft)x 

Multiplication gives : 
i h = i 0 + i r + Ó\xft + Ö".ftx 

If the plate is properly exposed, the darkening will be proportional to the illumination. If 
we then develop it and reverse the image, the transparency of the developed plate will be : 

T = i h = i Q + i r + U.xft + Oft* 

If we illuminate the plate treated and positioned in this way as for the recording by the 
reference beam, the transmission will be the product of the illuminating light and the 
transmittance of the plate. 

R T = î i H = a S + p 5 + T Î t 

or 

5. Immediate analysis 

It is immediately apparent that we have three transmitted beams (and also three reflec
ted ones). If we are to be able to see them distinctly, they must be quite separate geometri
cally, otherwise the eye will see them superimposed and be unable to distinguish one from 
the other satisfactorily. In order to maximise the reconstitution of 0 (proportional to i ), 
relative to R, which is proportional to (iQ + ip, i r must be maximised relative to i during 
recording. It is fairly easy to discuss 0* as the "real image" and this can be treated as an 
exercise. 

In practice, the different plane waves must be summed and account must be taken of the 
non-linearities of the emulsions, as a result of which T = f (iu) instead of T = i... 

H H 

In practice, however, there is no point in reversing the plate. As the interference 
fringes recorded are very small and microscopic, the transmitted (or reflected) light is 
"diffracted" and is the same for a reversed plate as for its original image. (The demonstra
tion of this statement was made a century ago and is called the Babinet theorum). 

Further, it is implicit in what we have aiready said that, in order to record the in
terference fringes between the object beam and the reference beam we must ensure that their 
trace on the photosensitive plate does not move during the recording. This means that the 
beams, and thus the object, the laser and the plate must be fixed relative to each other 
to within one tenth of a wavelength ; whereas in photography, therefore, the object, lens 
and plate must be fixed relative to each other to within one tenth of a millimetre during 
exposure, in holography the object, laser and plate must be fixed to within one tenth of a 
micron. So while a "snapshot" in photography means an exposure of, for example, one milimetre, 
in holography it means one microsecond or less. 
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6. Precision and resolution criteria 

There are two stages in evaluating the precision and resolution of the holographic image. 

Stage_1 : this stage takes account of factors which limit resolution and are independent 
of recording conditions. Resolution is limited by the finite limits on lens aperture and the 
hologram itself. 

Stage_2 : this stage takes into account factors bound up with the recording conditions : 
non-linearity of photosensitive materials, vibration and movement, and fluctuations in cohe
rence during recording. 

The analysis can be described in terms of resolution or of modulation transfer functions. 
The analysis of modulation transfer is normally very suitable. Without going into detail 
(some practical examples may be given by way of an exercise), let me point out that resolu
tions of a few microns are nowadays fairly easily obtainable, but that the greater the 
analysed volume is, the bigger the hologram surface must be because of the transfer of 
information from the three-dimensional distribution inside the object to the two-dimensional 
distribution to the place. However, if one is interested only in certain particular points 
on the object space examined, it is possible by means of existing technologies to determine 
their positions, and changes in their positions, with great accuracy (as high as one 
thousandth of a micron). 

7. The problem of restitution with a reference beam different from the recording reference 
beam 

If the restitution beam is different from the recording beam, everything we have so far 
discussed is theoretically invalidated. However, if the differences are very small, the above 
conclusions preserve approximate validity. In other words, the restituted three-dimensional 
images of the objects are distorted. These distorsions are known as aberrations. 

The most common aberrations are due to wavelength differences between the recording and 
restitution beams. Numerical values are easily derived from basic formulae. Summing up, it 
can be said that resolution decreases sharply when the recording is non-linear and the 
restitution conditions differ from the recording conditions. There are, however, a few 
fortunate exceptions to this general rule which can be used to advantage. 

5. BUBLLE CHAMBER HOLOGRAMS 

1. Introduction 

The recording and restitution sources, and the recording materials, must of course be 
selected in accordance with the objects to be holographed. A few aspects of the use of bubble 
chambers are discussed below. 

2. Dimensional aspect 

If plates measuring 9 x 12 cm are being explored, it is a condition of good resolution 
that the volume studied should be less than 1 cubic decimetre. That volume may, however, not 
be cubic : it can be of more or less any shape, eg a flattened or elongated cylinder. Surface 
recording materials up to 1 metre square can be used for larger volumes, but the cost then 
rises considerably. 
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3. Quality of the recording laser beam 

The recording laser must be able to expose the plate during a short triggering period. 
This is not a problem. Note that continuous lasers can be used to record holograms during 
periods of the order of one picosecond, taking advantage of the fact that if the time and 
coherence length are short, fringes will reform only in keeping with those times and lengths. 
This affords an economic means of performing ultra-rapid cineholography. Resolution is 
currently poor, but could be improved fairly easily. 

4. Quality of the restitution beam 

It is relatively easy to obtain a restitution beam with the same geometrical properties 
as the recording beam. 

On the other hand, when the recording beam is pulsed, it is difficult to obtain a 
continuous restitution beam with the same wavelength. Using a coloured laser beam is expensive, 
as is a high-resolution monochromator spectograph and correcting aberrations by image proces
sing. A detailed analysis is needed to optimalise the elements which are genuinely indispen
sable for the actual problem one is attempting to solve. 

6. CONCLUSION 

This brief survey of the conditions needed for the recording and restitution of hologra
phic information on images of particle paths in bubble chambers makes no claim to be exhaus
tive. It may, however, clarify some ideas and facilitate the colloquy discussions. Certainly, 
it is very easy to make a hologram, much easier than most people think ; recording and 
restituting photonically - the most interesting part of a very rapid phenomenon - is more 
difficult and requires a sound knowledge both of photonics and of the phenomenon studied 
itself. 


