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ABSTRACT

This thesis assesses the neodymium in glass laser as a posaible source
for applications in opfical zeasursment. It presents those aspects of a
programme of research in the use of laser sources in optical measurement
techniques { such ad holography ) which relate to this type of laser.

" A comparative assessment of possible leser medis for this application
shows the advantages of Nd:glass and imdicates the diﬁadvantngas which must
be overcone,

The principal shorteoming relates to the coherence of the laser output.
This topic is treated at some length with particulsr referemce to the theory
of laser resonators. A hologrepkic technique, particdlcrly useful for
measuring pulsed lasgr coherence functions, is described, with sevefal
experimental examples, A critical discussiom of methods of controllinmg
laser coherence is given, followed by a description of the applicatiem of
proposed technigques to the Nd:glass laser. Experimental evidence is agein
presented.

Considerable attention hes alsc beern paid to other aspects of laser
design. 7The rotating mirror has beer selected az Q-switeh and some theory
and computation of its operation are given. An integrated laser optimisatiom
procedure is préaented. Inorder to apply this to Nd:glass a computatiom of
the optical pumping of this material wes carried out.

Experimental measurements have been made on the Nd:glass 1£Eer to
determine parameters required in the theory and to describe the performence
of the 1na;r. Oné or two movel sspecté of laser diagnostic technique are
discussed,

For most applications the Nd:glass laszer needs a nonlinear process
for transfering enerky'fron its ocutput wevelength at 1060nm to a visible
wavelength., A theory of second harmonic generatiom is given and some
experiments to improve the second harmomic generstion from the Nd:glass

laser are described.
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1.1 Introduction

- Short duration light sources have long been used to monitor moving or
changing events., Bulk transport problems and the propagation of
disturbances form the majority of these events, and there folloﬁs a short
list of these which is intended just to give an idea of the range of
application.

Bulk transport problems are those in which the interest lies in the
movement of mass or in the state of mass as it moves. This mass might be
a projectile or its exploded parts (Lankford 1970, Swift 1972), or it might
be droplets in a raincloud (Pavitt et al 1970) or charged particles in a
bubble chaamber. (Withrington 1968, Welford 1966)

Propagation of disturbances involves on the other hand, the changes in
the properties of matter produced by certain phenomena; these include shock
waves; deformations of objects due to sfress, shock, vibration, and
tenperature variations. Into this category, for example, comes the study
of high speed motion in wind tunnels (North 1966, Beamish 1969), plasma
diagnostics (Jahoda 4971, Alcock 1971, Smigielski et al 1970), tests on
engineering components {Surget 1970, Aprahemian el al 1971), and combustion
in fuel engines.

While the above problems need a lighi source of short duration, there
are also applications which require the property which goes with short
duration: high intensity. This further category includes ranging and
many types of scatiering experiment in which there are very high attenuations
between source and detector and in which the observed mechanism may be highly

intensity dependent.
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The need for sufficient intensity is one of many conditions on the source
arising out of the particuler meonitoring techniques used. Such techniques include
interferometry, spectroscopy, holography and absorption and scatfering measurements,
and these impose restrictions on thé spectral width, wavelength and optical waveform,
as well as the pulse length and intensity of the light output.

With the development of the pulsed laser has come an alternative source for many
of the above applications., It can be asserted that, in general, the more stringent |
the restrictions on the form of the output, the more favourably the pulsed laser
compares with conventional incoherent sources, Table 1 gives a comparison betwsen the
' output from a typical high intensily incoherent source and a simple Q-switched ruby
laser punped by such a sowrce, The overall laser energy efficiency is taken to be
énly 0.1%, but it can be seen that for most of the figures gueoted it has a substantial
advantage. Take for example the range finding application in which it is important,
in order th achieve high signal to noise in detection, to confine the output to as
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steradian, and the laser typically gives a factor of 5 x 107 improvement over the
flash lamp., If the application is holography, in which a_high ¢oherence is necessary,
then the energy output per steradisn per Angstrom indicates the usefulness of the
source. In this case a factor of 10? can bé gained by using the laser, and indee
the problems of using conventional sources for such applications are so great that it
is not practicable to do so.

Pulsed holographj is just an example of a considerable class of applications
which place such stringent requirements on the source that only lasers can be used.
Requirements for power densities greater than a megawatt/ch, pulses of less than 1 us,
or high coherence outputs come inte this categery, which extends up to the present

‘ A >
limits of laser operztion, that is to say, up to 1012 i/em~ down %o picoseconds and

through to complete coherence,
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used to initiate or create events, both high speed and static., In this more active
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core into the latter category above; that in which a laser must be used. The
initiation of a spark (Pendleton and Guenther 1965) or creation of a high temperature
plasma (DeMichelis 1969, 1970) generally requires power densities greater than 109
W/cm2 since it is only then that the gas can be ionised or the material vaporised.
Furthermore it is often imﬁortant that the event be tim%ﬁ very precisely and it is,

in conseguence, important that the pulse be very short. The field of non-linear
loptical phenomena is an important one, supplying as it does valuable information on
the atomic and molecular structure of matter, and is by its very nature one requiring
high power densities either o reach a threshold or to obtain a detectable signal.

This field includes Rsman ( Eckhardt 1966), Brillouin (Aloksandrov et al 1966) and
Rayleigh scattering (Akhmanov 1968) { or photon-phonon and photon-electron interactions)
optical harmonic generation, parametric oscillation and other multiphoton interactioms
(Terhune and Maker 1966), self-focussing, (Kelley 1965) optical breakdown (Delichelis

" 1969), Of the scattering experiments the minimum power density so far required to get
a substantial effect has been 1 HW/cm2 for stimulated Raman scattering in benzene

( Aleksandrov 1968). Zfficient second hormonic generation reguires ot least 1 M¥/en”™
while.the threshold for self focussing is 50 ¥Md/cm” in benzene (Wang 1966). It
has to be remembered thaf thgse phencmena generally alse require a spectrally narrow
source or one with low divergence.

To round off this brief look at the various uses for pulsed sources, and lasers
in particular, it is worth noting that in many circumstances in which a continuous
light source is used = singly or repetitively pulsed source might even be an improve-
ment by making the measurement more quickly and more efficiently, and by relsxing the

need for stability, Aligument, static holography and interferometry, along with many

others, might well be considered with profit.

1.2 Bource Requirements

£11 applicetions of pulsed sources impose regquirements on the output from the

U gom of* 11
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source, and the sbeve discussion serves te indicate

Before proceeding with any development of lasers it is necessary to specify the
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The relevant properties can be listed as follows:-

a) Pulse le ngth,

b)  Energy and Power,

¢) Coherence: transverse coherence (angular distribution)

temporal coherence ( spectral distribution)
rd) Qutput wavelength
e} IEfficiency: size and weight,
f) Cost

The holography of diffusely reflecting objects places the most stringent requirements

on the source, and may require pulse lengths measured in picoseconds, coherence lengths
of many meters, complete transverse coherence, and many joules of energy (but not of
. course all at the same time).

a) For our purposes we will confine ourselves to the pulse length limitations imposed
by normal laser Q-switching methods, These reduce the pulse length to, at best, the
time for light to make a few transits of the laser cavity and for typical resonator
lengths this is of the order of several nanoseconds. An object moving at 10kn/s maves
less than 100pm in this time and can thus be photographed without appreciable blurring.
An object moving 2t 100n/s, on the other hand, moves less than 1m {about & waveleng
and a reflection hologram is now possible,

b) A low-to-medium energy requirement is chosen. An output measured in frections
of a joule is quite sufficient for the majority of applications. Take, for example,
the case in which a recording is made on slew helographice piates which may have a
sensitivity of perhsps 100mJ/m2 (Agfa-Gaevert 8375). A laser emitting 100mJ is capeble
of exposing a square centimeter when there is an attenuation by a2 factor as high as
10,000, Generally the attenuation is less than this and larger holograms can be
recoraded,

Whereas the energy is the important guantity for holography, the power nust

be considered if it is the intention to use a non-linear process, the efficiency of
Tith the necdymiim glass laser, sescond

i
s © VAl

whigh is power dependen

03]

must be used to convert av least 1% of the fundamental at a wavelength of 1.06um to its
second harmonic at a wavelength of O0.53im in the visible. The minimum power required

to achieve this efficiency is in the regicn of a megawatt and since this is achieved by
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a pulse of 30mJ in 3Cns, the energy requirement is the more difficult to meet.

) The second harmonic efficiency also depends upon quantities such as the spectral
distribution, and the tranéverse distribution of the output of the laser, all of which
come under the term 'coherence! as appiied to the source. This is not surprising in
view of the coherent nature of the process for achieving optimum second harmonic
generation., The dependence is complex and more detailed cdmmént will be found in '
Chapter 6, The quelitative conclusion however is that both the efficiency and the
reproducibility of the process increase with an increase in the coherence of the sourcé.
' This is not to say that high coherence is necessarily essential since a reasonable
conversion efficiency can usually be obtained without it. The overall efficiency of
laser plus second harmonic generator and the reproducibility are however the important

- quantities and they are generally greatest when the laser hés fairly high coherence,

in the laser system chosen this coherence requirement is not as difficult to meet as
that imposed by the holography of diffuselylreflecting objects.

The great majority of useful applications of pulsed holography, and interferometry,
do not need coherence lengths greater than 50cm, nor do they require complete transverse
cdherénce over the entire wavefront., The degree of transverse coherence required for
holography is one giving & visibility of the fringes forming the helogram which leads
to an adequate holographic reconstruction efficiency. That we do not need complete
transverse coherence from the source is significant since the efficiency of the laser
is then higher, This type cf output maj not of course be suitable if say & maximum
focussed power density is wanted.

d) The question of choosing a desirable output wavelength is linked to the type of
detection system used, Visual observation and recording on present day photographic
emulsion have peak sernsitivity in the green. Our chosen laser system, that of
Neodymium-dopqd glass, emits at 1.06pum &nd by virtue of the process of second harmonie
generation this can be converted to a wavelength of 0.53ym in the green.

e) A further requirement is thg efficiency. Up to this point it has merely been
cutrut energy. Ve mi

zht however

achieve this, but have to put up with a very large power supply. A meximum efficiency

58 tharsfore very dcsirsble, sinee the size and cost of the system is then a minimum.
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The importance bf achieving a minimum size and cost is considered to be very

high, particularly for applications in hostile enviromments and in competition with
other light sources, and ths questions of efficiency, size and cost will always be
considered when choosing between possible alternative modifications of the laser. OfF
possible ways of improving the coherence, for example, a bias will be shown towards
-those which by their simplicity tend to take up léss space and are cheaper. Similarly,
any proposal which ean improve the laser or maintain its performance and a2t the same
time relsx some of the specifications on properties like the optical quality of the rod,
the pumping distribution and the temperature control, will receive favourable considera

tion.

1.3 g_;_r_l_S,

Pulsed laser systems in present use and development tend fo be combinations of
high power, relative simplibity, and lack of coherence or low power, high complez—
ity and high coherence. This last combination of high complexity and high coherence do
not nécessarily go tégether és has often been the underlying assumption; moreover the
design of systems of nminimum size and cost for applications such as those considered
here, in which relatively low power 1s required, has not been fully explored; VWie attempt
to make some progresé in these fields as well as investigating the potential of the
Neodymiun: glass laser system, in compariSOn with the other possible laser sources, for
meeting the above requirements.
1.4 SYNOPSIS

We have attempted to show some of the reasons for choosing a pulsed laser as 2
light source, The chosen laser system has been defined with an indication of its
possibiliities. Litile has been said about other possible types of laser as it is
intended to deal more fully with them in Chapter 2. It is the objeét of this thesis

not only to assess the chosen system in the context of certain opftical applications

. . ~ PR
1t is betiter than the alternatives.

but 2lse to discover if, for these applicatiocns

In Chapter 2, a review of the properties of the other major pulsed laser systems
is given, these being the ruby laser, the neocdymium:crystal lasers, pulsed gas lasers

and dye lasers, All these have properties which entitle them to compete for use in
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the appliéations indicated above., Ruby has had the most development and is most

widely used, Neodymium:crystal lasers require very little power to drive them. Pulsed
gas lasers have an intrinsically high coherence and can be controlled readily, while
dye lasers are undoubtedly the most flexible. A section is devoted to the properties
of ruby so that a comparison of the relative merits of them all may be made. This
comparison is largely devoted to the two which appear most suitable, namely neodymium:
glass and ruby, although the tremendous potential of dyes must be remembered for
possible lasers of the future, The conclusions to be drawn as this stage are that

ruby is at present sﬁperior for applications requiring a high coherence, and that the
second harmonic stage makes the'neodymium:glass svstem more complex and somewhat un-
reliable, We attempt to investigate in later chapters whether or not these inadequacies
can be corrected.

Within the fremework of the type of laser that has been chosen, there is still a
considerable measure of choice as to some of the parameters not as yet defined.
Analysis of all systems with all geomefries is notl possible, so it 1s necessary to
make en enlightened decision concerning some of them, (hepter three presents the
arguments which govern the choice of Q-switch, pumping geometry and resonator geometry.
To this aim, the chapter largely consists of three pieces of theory: -

a) A simplified pass-by-pass computer calculations of the output of a laser having

a spinning mirror Q-switch, We show graphically some resulis for our neodymium:

glass system.

b) the calculation of the distribution of the density of excited ions 1in a rod
of neodymium:glasé due to optical pumping.
c) The use of the results of b) to optimise a laser system. A practical example

is taken to show how this optimisation works in practice.

The computation of &) sbove is for a spinning marror Q-switch, A discussion on the
relative merits of this and other types of Q-switch, along with some remarks to justify
the particular one used, is alsc an important part of this chapter.

Having defined the initial oyostem, the next step is o thorough investigation into
its performance. Chapter L sets out in detail the steps taken to do this, and is

o N

divided into two parts: -
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&) The first attempts to answer the question as to whether the system

functions in the expected manner,

b), The second supplies information on properties of the system which

cannot usefull be celculated. These properties include the variation

of punping inversion across the rod, optical distortioné in the spinning

prism, the losses and the coherence, both transverse aﬁd temporal.
The primary shoricoming of the neodymium:glass laser is its lack of coherence,
esﬁecially'that associated with its broad spectral width. Chapter 5 is concerned with
the coherence problem. Possible methods are proposed for improving the coherence and
from these we make a choice which is intended to be that most suited to our requirementr
The following section of the chapter puts forwerd some theoretical analysis for our
éhosen methods, including a short computer programme to calculate fhe reflectivity
curve for a resonant reflector., In the final section the results of the experimental
realisation of these proposals are put forward, showing the measure of success we have
had in producing a high ccherence neodymium:glase laser,

The process of second harmonic generation, which is essential to the neodymium:
glass laser in order that it can be useful optically, it treated in Chapter 6. A
simplifiied form of analysis is given, which relates the efficiency to, for example,
parameters such as the focussing of the infra-red and its coherence. Initial measure-
ments on the second harmonic generation process are presented, the fundamental being
supplied by the Nd-glass laser is its origipal urmodiried form. Finally, we give the
results of measurements on fhe second harmoniec following several refinements to the
system, and comment on the extent to which it now meets our regquirements.

in Chapter 7, the final chapter, we swm up what, in various ways, has been
achieved during the work presented here. In the light of this we can better appraise
the Nd:glass laser in relation to ruby and other laser systems, particularly as to

its usefulness for holography.



TABLE 1 Typical order of magnitude values of variems output parameters of a Xenon
flashtube and a simple ruby laser.
INFUT OUTFUT ]
ELECTRICAL || RADIATED FBAX PRAK FEAK PEAK
ENERGY ENERGY POWER ENERGY POV ENERGY POWER ENERGY POWER
PER PER PER PER FER PER
STBRADIAN STERADIAN WAVENUMBER | WAVENUMBER || STERADIAN | STERADIAN
PER FPER
WAVENUMBER | WAVENUMBER
(JOULES) (JOULES) (waTTS ) (I/ster) (¥/ster) (3/cu ") (W/cn™) (3/stexr/cu™)| (W/ster/cu)
XENON 1000 500 10% 10 2.10% 1.5%10°2 30 3%10° 6
FLASHTUBE '
RUBY 1000 1 Yoo Lx10" sxic* | 1 T 5x10" 5x10"
LASER
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2,1 Introduction

The intention of this chapter is to present a comparative review of
pulsed lasers, The properties and general characteristics will be given
for thoée which are considered at the present ﬁime to have practical impor-
tance in applications requiring a coherent short_pulse light source, The
relevant advantages and disadvantages of the Nd: glass laser and these other
lasers are discussed showing for what each is best suited and indicating
their.limitations; The Nd: glass system emerges from this analysis as a
potential “"best buy" if certain deficiencies in its performance can be
rectified, It is the investigation of this last problem which forms the
substance of this thesis,

The first 1aser'to operate successfully was a pulsed ruby laser (Maiman
1960} and this active medium has remained in the forefront of golid state
laser development and application ever since, As probably the most widely
used of sources for pulsed coherent optical applications, the ruby laser
‘will.be taken ag the basis against which fto compare the Nd: glass and

3+ is the active lon in ruby and, with Nd3+, has an almost

3+

other systems, COr
complete monopoly in optically pumped solid state lasers, Unlike Cr

however the Nd3+

ion is compatible with several host materials, These are
glass, first operated in 1961 (Snitzer), and a large number of crystals,

The latter include calcium tungstate (CaWO4) and yttrium aluminium garnet
(YAG) and since the large majority of neodymium crystal lasers are one or
other of these we will limit our discussion to them, First reported lasers

of Nd:CalWO and Nd:YAG were in 1961 and 1964 (Johnson and Nassau, Geusic

4
et al), No cualitative differences exist between lasers of Nd in various
crystal lattices and the quantitative differences are usually only small,
We have merely picked the two commcnést exanples,

Short pulse technigues have also teen applied successfully to gashlasers

(Hattori and Goto 1968, Simmons 1970, Ericsson 1968) particularly those in

which high gain coefficients can be established, The ease with which single
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mode operation can be achieved is the best recommendation to the use of the
outpul of these lasers for pulsed coherent applications, However, the
available energy per pulse is often inadequate and the overall efficiency is
low,

To complete this short list we must add those lasers under the general
title of "dye" lasers, These consist of an active ion, the dye, dissolved
in a solvent; they were Tirsi operated in 1966 (Sorokin and Lankard),
Many combinatiocns of dye and solvent are possible and much development is
gtill required to single out the most promising, so it will be only the
general characterisiics that will be discussed, giving examples from published
information where necessary, The dye laser combines the uniformity of the
gas laser with the high gain of the solid state laser, while introducing
various problems of its own, It has emerged only recently as a potentially
important type of laser and at the present time does not seriocusly consend
in our chosen field, although it is likely to do so in the near future, In
this context it might be pointed out that some of the work presented here,
in particular thait on the control of the temporal coherence, is also
aprlicable to the dye laser,

Values of some of the parameters discussed below are tabulated for the

above types of laser in Table 2,

2,2 ‘Before prooeediné 1o a more detailed assessment of the above types of
laser, it will be useful to formulate the parameters which control the

operation of the laser in the Q-switched mode and to derive a relationship
between these parameters and the basic laser properties,

2,2,1 The first of these parameters is the efficiency of the laser (ﬂ).

If E.

i

the input energy into the flash tube; and F% = ‘the output
energy

- 2.1
then T = Eo/Ei |
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A relationship for the efficiency (n) is obtainedras follows,

Of the input energy a fraction (say‘c1) reaches the rod, Of this a
fraction (say C2) is absorbed per unit volume in if, 02 being dependent
upon the number and spectral breadth of the pumping bands, their absorption
coefficients and the dimensions of the rod, Let the quantum efficiency
for transfer of absorbed energy density into the upper laser level be Cy,
and let a fraction ¢, of this be capable of radiative decay, We thus have

4

a potentially useful energy density = 0102030413 in the upper laser level,
Some of this however is wasitefully employed in providing a sufficient positive
gain to initiate laser action, This wasted energy density is given by

f(N4 + éﬁg%%égg),h v,where the firsi term is the population density in the
lower laser level, which may depend upon the upper level population density;
the second term is the threshold inversion, which is the inversion giving

a gain sufficient just to offset the losses, (1-5 = total loss per pass in
1the system; o = stimulated emission cross—section; €= rod length),

The 'inversion' is defined as the excess population density of upper over lower

laser level, If the efficiency of coupling stored energy ocut of the cavity

is f, then the output energy becomes,

: 1n [1/8] \]
E = J ficiesezeyE. - hy (ﬁq + —~———————> dv ..o {2.2)
© * N 208

volume !

. Eo :—J in D/S]) av

. » efficiency n = —= f chZCBCHEi - hv (#q + —

. E.
1 1 volume

A typical graph of output ve input is shown in Tig, 2,1 and the two mout
useful parameters are tne input energy at which laser action begins called

the threshold energy g& and the slope of the line above threshold, cailed
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the slope efficiency i

As a comparative indication relating different lagers, these two para-
meters are more relevant than the overall efficiency, Their definitions in
thé‘general case arei-

Threshold energy, IE-»E@ as E%-» 0

OF
. . 0
Slope efflolency,'qs = aIE at EE > Eﬁ

The equation representing Fig, 2,1 is just:-

B
0

It

N (EE - Eb) for B, » B

=0 for B '
or 5 < E@

and by comparison of this equation with Bqu, 2,2 (and taking the case where

none of the parameters vary with IE) it is immediately seen that:i-

. by - 1n 1/8
B, = —— [N + —— ... {2.3.2)
Cj1CoC3Cy 204
and ng = J cjegezey £ AV ' eee (2.3.1)
v

-~

The minimum threshold for any laser material occurs when the only losses

are the intrinsic losses in that material, These are denoted by the material's

loss coefficient B, and then S = exp (-2pf),

. hv B
+ »  Minimum threshold E; = —— | Ny +— eoo (2.h,8)
‘ ciescacy | a

c,c.c.c, B

or, since the upper level population density is N3 = Ty .
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threshold occurs when:i—

upper level population density = lower level population density + %

or N3 = N4 +'% vae (2141b)

S 2,2,2 The second parameter is the double pass gain (@) of the

laser, Using previously defined quantities:-

G =85 exp 26No = S exp 2%g _[c1czc3c4Ei/hv - N4:| | 2,5
vhere N = inversion = (N3—N4)
It is G which in a Q-switched laser primarily determines quantities such
as the pealk power and pulse length,
2,2,3 Finally a parameter or more correctly a ¢lass of properties

which play an extremely impeortant rcle in laser performance; these proper—
D o s 1 P P

.ties, which most come within the scope of the term "losses", generally

1
hinder, modify and complicate the operation of the laser, The parameter
dire?tly dependent upon them is the loss term S, but they can also modify

“almost all the other quantities involved in the above equations, Thue for
example, a temperature gradient in the laser material resulis in a gradient
in the stimulated emission cross-section (o)} and introduces a misalignment
which effectively reduces the coupling coefficient (f),

It can be seen that the three parameters are by no means independent,
Consideralion of the effect of any particular property on them, however,
enables the relative merits of that property to be assessed,

Before proceeding, it 1 convenient o assume that the parameter o4 =1,
There is no evidence to the contrary and we have only included it for com-
pleteness,

2,3,1 Ruby Laser

It is a remarkable fact that ruby will lase at all, let alone be such

a useful medium, The reason for its success lies in the ability of a

surprisingly favourable combination of several properties to overcome the
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major disadvantage of its being a 3-level system,

2,3,1.1 This latter property is illustrated in Figure 2,2,

IjAcm—-l —-—»:»- _

FIGURE 2.2. ' S T e
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A more detalled level diagram is given for example by Roess (1969) but for
our purposes a é.implified version is more suitable,

From equation 2,4 it can be seen that for a lossless material the
minifmum requirement for laser action is 1o achieve a population inversion,
that is to get a higher population density in the vpper laser level than in

the lower, In terms of our diagram this means N3 5N1;

but for ruby N3 =N - N1 2.6

where NO = Humber of Cr3+ ions/cc

i,e, the upper laser level lifetime is so long, in compafison with those of

all other levels, that effectively all excited ions are in that excited state,

Thus the minimum requirement is N_ > NO - N3

3

or N3>$‘2-NO 2.1

At least half the atoms must be excited before there is a chance of laser
action,

The likelihood of doing this is determined by the function 010203,
since N3 = c19293ﬁa/hy, Of thig fonction, only <, and ey depend on the
laser material, but s alone controls the upper level population density

and hence the minimum threshold, since, for ruby, all the excited ions arrive
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by decay processes at the upper laser level and the factor cy merely re—
presents quaniitatively the fact that energy is not conserved although the
total mumber of excited ions must be, Now Cy depends on the absorption
spectrum of ruby (and also on the pump spectrum and the geometry), and
increases for an increase in absgorpiion coefficient, for an increase in the
number of exciting photons of the right wavelength, and for an increase in
the width of the absorption levels, The exact dependence has been calculated
by Cook et al (1964), and we quote their results, whereas for Nd:glass
the calculation is given in full in Chapter 3, The absorption spectrum of
riby is shown in Fig, 2,3, (Cooke et al 1964) along with the emission spec—
~trum of a typical Xénon flash tube operating in the condition of complete
jonization, (Bdwards 1967),

Although conditions may not appear to suggest a high efficiency, the
absorption levels are broad and the absorption cross—sections are high by
comparison with other laser materials, As an example in a ruby rod 75 mm

long and 6 mm diameter and of normal concentration (0,05% Cr3+) an upper

1
level population density of-%-No is achieved for an incident energy of
approximately 50J on the surface of the rod, For other laser materials it
is wsually difficult to pump even 10% of the ground state population,

Ruby is by no means a lossless material as assumed above, Thus the

minimum threshold is also determined (Ehu,'E,&,a) by the factor B/d,

Inclusion of this factor changes Equ, 2,7 to:-

Ny

1N+ 8/
From table 2, we see that, in a typical ruby,
8/s = 0.8 x 1078 = 0,05 N

Thus the loss coefficient has a minor effect on the ihreshold,

2,3,1,2 The favourable absorption specirum, which make it

possible to achieve a positive gain in ruby, also contributes to making it
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efficient once threshold has been passed, This efficiency, the slope
efficiency, which is the incremental increase in output energy per unit

input, is given in equation 2, 3,b:-
N = J Clczcacqf av
v

The value of ¢, hags real importance now as we are interested in the energy

3

transfer rather than the build up of the upper level ion densiiy, and we

shall therefore consider it in more detail,

I _ energy density in upper level
The muantun efficiency oy = Z2 thea energy density

Now absorbed energy exists initially as excited ions distributed among the
levels in the absorption spectrum, ZEach ion then falls to the upper laser

level with the release of an amount of heat corresponding to the difference

between the two energy levels, If Np is the initial population density
in the absorption level p, then the absorbed energy density = EﬁNphgp

hv.,

373

and since the energy density in the upper laser level = N

N.hv

373
©3 =5 T Ty 2.8
5p o p

Now NB = Zﬁﬂp - N1 where N1 = population density left in the absorp-—

tion levels + that going to other levels
hvai N N'hv,
PP -

. o« C3 = - . ’ - 2.9
I N hv I N hv )
bp p° PP P

For ruby N1 <<N,, and we can neglect it

2
£ N hv
. Pp P
FN P _
P
A high value of 03 requires a value of the mean zbsorpiion level energy,

or frequency, as close as possible to that of the upper laser level, It
can be seen from Figure 2,2 that rudby is favourably situated in this respect;
its quantum efficiency is 0,7 (Edwards 1967),

We alsoc note here that the heat energy deunsity released in this process
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= (1-c )W /e,y = N3hu(1/c3-1) } 2,11

Another material parameter, apart from those included later in a dis-
cussion of the "logeses", which can affect the slope efficiency by its influence
on the dutput coupling term (f), is the lifetime (t) of the upper laser
level, This has a value of ~4ms for ruby, To achieve, in Q-switch operation,
a low loss due to the spontaneous decay of the upper laser level, the dura-
tion of the pumping flash must be less than 4ms, Furthermore, this limitation
itself limits the maximum energy it is possible to pase through a flashtube
of given dimensions, For example, in a Xenon tube the breakdown energy is equal to

400 r &Vt (Edgerton et al 1964) (where t is the flash duration and r
‘and £ the radius and length of the tube) and if, for a tube of length 100mm
and radius 3,5mm, we limit the duration to 4ms, then the maximum energy that
can be dissipated in it is 2800 joules,

The long spontanecus lifetime together with the high gquanium efficiency
and favourable absorption spectrum all promote a high slope efficiency in
ruby, Three factors however help o limit the efficiency:-

(i) 02 depends on the lower level population density, due to the
dependence of the absorption coefficient on this density, Figure 2,4 gives
qualitatively the relationship between the upper level energy density and
the energyldensity faliing on the rod, Thie resulte in a slope efficiency
decreasing wi.th increasing input energy frém half its maximum value at the
inversion point to zero for very large inputs,

(ii) The maximum possible energy dersily stored in the upper laser

level = NOhV_ = 4,3 joules per cc for NO =1,bx 1019ions/cc, which is the

usual 0,05% by weight concentration of Cr3+ in by, The conceniration of
3+ carmot be varied very much — it cannot be increased to increase the

Cr
efficiency and stored energy — since increasing or decreasing it would intro-
duce spare ions or sites into the crystal lattice and result in optical

defects in it Thege and other defects contribute %o the "losses" of the
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laser,

(iii) The slope.effioiency, in a Q-switched laser, depends upon
the threshold inversion density (Wagner and Lengyel 1966), since the coupling
factor f 1is then a function of the difference between the inversion and
the threshold inversion, Thne higher the material can be pumped above the
threshold the more efficient it is, In ruby the maximum inversion density
is restricted by the relatively low ioﬁ density and consequenily the slope

efficiency is also limited,

2,3,1,3 The gain (G) of a laser has been defined by equation

2,4 as:-
G=2Sexp?2 @(N3—-N4)d = S exp 2¢No
for ruby A N4‘= N1 = NO - N3
then, | 6= S exp 48N, ~ N/2)0 ... (2.12)

The exponential term can be made fto dominate by minimising the losses, and
the product No{ = 2 [NS—NO/Z] 6) is then the controlling factor, No is

called the gain coefficient, o, It is in fact a function of frequency,

" If the emission line has a Lorentz shape:-

Ty AZ
o =
(v2 = vg2)2 + A2
where A = linewidth, o, = value at peak wavelength and Vv = freguency

Generally when no reference is made tc frequency, ¢ is assumed to have the
peak value Cpe Some insight into o, the stimulated emission cross-section,

is given by the Fuchtbauer-lundenberg relation:-—
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where T = radiative decay lifetime, A = linewidth

A

wavelength and n = refractive index,

Here again it is seen that thé properties of ruby combine favourably, for
although its fluorescent lifetime of'” 4 ms is comparatively long the line-
width is very narrow, particularly at low temperatures, and the wavelength

0

is long, %, for ruby at room temperature = 3 x 10"2 cm2 and it has,

]
therefore, a gain coefficient « of 0,2 cm_1/j0u1e/cc, This high gain of
ruby per unit pumped energy density above inversion has several direct
consequences:—

1. Extra losses in the laser can easily be overcome and result in a

“relatively small loss in energy output, From equation 2,2 we see that

the loss in stored energy density due 1o the lumped loss term S is hw ln(i/s)Eo‘é

- (where 1-S = extra loss per_pass) and is small for large .

Thus in ruby an extra loss of 50% gives, for a rod of length 10 cms, a
loss' of 0,25 joules/cc stéred.
2, When Q-switching is being used, the high gain results in a very fast
build up of the output pulse, leading to a short pulse of high peak power,
Cn the debit side however:-
3, A normal specification on the output Q-switched pulse uéually results
in a high gain before switching, It may then be difficult to prevent
prelasing, due to an incomplete quenching of the Q (there is nearly always
some feedback due o poor quality Q-switching crystals or stray reflections);
and superradiance, which is increased fluorescence by amplification in a
single iransit of the rod may lead o a considerable loss in efficiency,
Superradiance results in a greater rate of loss of inversion than that
expected fron normal sponteneous fluorescence or, in other words, the
effective decay iime is reduced,
4, High gain results in short @-switched pulses of high peak power for a

given energy, This high peak power is useful in many applications such as



the observation of non-linear effects, but it does bring with it a high risk
of damage to all surfaces and media involved, '
2.3,1,4 The "losses" have a strong influence on two important

factors, the loss factor S and the output coupling factor I, and they
can make all the difference to the suitability or not of a laser material,

These losses can be put into the following categories:—

i) _Those contributing to absorption losses,
ii)  Those contribuiing to scattering losses,
iii) Those contributing to losses arising from other optical
distortions,
iv) Thoge contributing to losses arising from other spatial
inhomogeneities,

Ruby being a crystal, hag certain crystal defects, Imperfections iﬁ
the formation of the lattice lead to discontimuities in it and hence a
certgin amount of loss by scattering and diffraction, Impurities both increase
absorption, (which, by being localised, reduces the damage threshold) and
form scattering centres, Crystals are rarely free of strain, ruby being
no exception, and this effectively introduces irregular optical distortions,
Strain is also accompanied by strain birefringence which increases the losses
by coupling energy from the efficient pelarization to the inefficient one,
Farther, all crystal defects weaken the lattice and increase thereby the
possibility of breakdoﬁn, Aithough very good rubies can now be grown, they
81ill have residual defects and they are expensive,

Getting the action ion, Cr3+ in this case, into the lattice presents
some difficuliies, Mirstly, very little latitude is possible for the
concentration of chromium since any significant departure from the optimum
increases the defects, This optimum for ruby is 0,05% by weight, nuch
lower than one would like for maximum efficiency, Secondly, there inevitably

arise concentration gradients, an inhomogeneity leading, via nonuniform
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pumping,rfo normiform gain and temperature gradients, The latter contribute
to optical distortion while the former is in category (iv) above and leads
to inefficient energy extraction from the material and increased diffraction
losges,

A large conitribution %o optical distortion losses is derived from non—
uniform heating effects, We have already' shown that fhe heat release per
unit volume in the pumping process (equation 2,11 ) is (N3hv)(1/03—‘!) and
this is a measure of the average phonon energy released in the relaxation
from the pumping bands to the upper laser level, see Fig, 2,2, For ruby,
(1/03-1)“0,3 (Edwards 1967) which is low for a laser material, |

The heating, to have a detrimental effect must, as stated above, be
normnifora and this arises from a nomuniform distribution of pumping energy
as well as inhomogeneities in the crysial, The effect of the former can,
by suitable design of the pumping configuration, (Roess 1964) and optical
;ompensation, (Stickley 1966) be eliminated while this is not possible in
the latter case,

Similar heating effects can arise fron non—fluorescent decay processes
from the upper laser level; The fluorescent efficiency of this level in
ruby is 1,0 and these heating effects are negligible, |

Finally, optical distortion can also arise from the normuniform absorp-
tion of pump light and light at the lasing wavelength by atoms already in
the upper laser level (Riedel and Baldwin 1967) Two forms of this distortion
are possible—that due t; heat emitted after this absorption process and the
refractive index changes which accompany the resonant absorption at the
laser wavelength,

Before transferring ocur attention to other materials we should mention
that although a lot of development has gone into recording materials at 694nm,
the output wavelength of a ruby laser, this wavelength has disadvantages,

A large range of materials is still not available, the visual response and
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most photodetector responses at 694mm are low, and the intrinsic resolving

ability at this wavelength is less than shorter visual wavelengths,

2,3,2, YNEODYMIUM LASERS

As has been previously stated, the Nd3+ ion in a host material is the

only solid state laser which can at present seriously compete with ruby in
.the coherent optical applications envisaged here, The properties of these

lasers as determined by the Nd-T

ion will be considered initlally and those
determined by the host will be discussed subsequently, The former are of
course those properties common to all neodymium lasers while the latter
are ﬁeculiar to the host material,

2,3,2,1, Figure 2,5 illustrates the properties of the neodymium
ion which are important to it as a possible laser material,

. FIGURE 2.5.
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Detailed energy level diagrams for neodymium in various host materials are
given by Roess (1969) and Patek (1970),

First and foremosi necdymium is a A-level laser matberial; +the lower
laser level is not the ground state but is a level higher in energy than
the ground state by 0,25 eV (equivalent to 2000 cm—1), The significance of
this excited terminal state is demonstrated by considering the primary
criterion for achieving laser action, that of bringing about a population
inversion, In mathematical terms and referring to Figure 2, 5:—

N, >N

3 4
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The three sources of atoms in the lower laser excited stale are
(a) thermal excitation (b} absorption of radiation at 2000 cm-1
. (¢) decay of upper laser level

(a) is negligible since eV >$kT (kT= 0,025 at room temperature)
(b) is 0,0016 x that at the peak wavermmber for a typical black body pumping
source (Xenon at 6500°K), This low level of pumping and the high absorption
coefficient at 2000 cm_1 in the host material results in a negligible con-
tribution to N#,

(c) The rate equation for the lower laser level is, assuming negligible

direct pumping:-—

/T B
a 3T
where Ty = decay time of upper level
74 = decay time of lower level
The éteady state solution of this is:- Nﬁ = N3 :& H
'3

now T, varies beitween 100us and lms depending on the hosi material and

g

neglect this contribution to N,,

4

The minimmm requirement for laser action now becomes N1> 0

~100ns (Magnante 1972) i,e, 1074 < 14/73 < 10_3; thus we can again

i, e

an inversion is achleved as soon as the,pnnpis initiated,

This fact probabiy reﬁresents the biggest advantage the neodymium
lager has over ruby, in which half the chromium ions have to be excited
(Eﬁuation 2,7) to achieve a population inversicn,

The absorption spectrum for 2% concentration of Nd in glass is shown

in Fig, 2,6,
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“As can be seen, there are many narrow absorplion bands throughout the visible
and near infra-red, The important quantity, the ratio of the absorbed energy
per unit volume to the incident energy, or 02 as previously defined, is

L

s
Tacy
.

in very comparable to that of ruby for normal necdymium concentrations
(e,é, 0,026 for a 3" x 1/@“ 2% Nd:glass rod as compared to 0,010 for a
gimilar ruby rod), and will be computed in chapter 3, It should be pointed
out however that for a given incident energy roughly equal number densities
of atoms in the excitedstate required 10 times the concentration of
neodymium as compared to that of chromium in ruby, In other words, if we
excite most of the atoms in ruby then under similar conditions only about
1/10 of the neodymiumlatoms are excited, The decrease in pumping efficiency
ags the ground state of ruby becomes depleted does not then occur in neodymium
since one does not generally reduce the ground state population by more than
a small fraction, Fig, 2,4 compares this property for ruby and neodymiun

“under conditions (not unlikely) in which the upper level population densities
are equal at the gero inversion point for ruby, The 1limit to the inversiosn
.of neodymium depends not upon this properiy but upoa the dbreakdown limid

of the flashtube or brezkdown of the laser material itself,
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The absorption spectrum shown in Fig, 2,6 is for 2% neodymium in glass,
The width and height of each line does depend to some extent upon the host
material; usually they are narrower and taller for crystals, but the effect
upon the factor S5 ig small and the previous remarks are in no way invali-
dated as a qualitative comparison,

Figure 2,5 also enables a similar comparison of the heat released during
relaxation from the absorption levels to the upper laser level, We recall
equation 2,11 which is used with Figure 2,5 to give this heat,

Thus:— heat released/unit volume = N3hv(1/c3—l) = H say

energy density in upper laser level

absorbed energy density

and iz given by

Exuation 2,9 HNd/HRuby 2 1,9 for typical case and assuming equal stored
energy above threshold,

The lzager transgition in neodymium corresponds Lo a wavelength around
1,06Lm, that is, in the infra~red, It is not visible and can only just be
recorded by low resolution photographic material, The neodymium laser is
made useful opiically by converting the 1,06um to 0_53um in a non-linear
material, The problems of this extra process, principally the reliability
and efficiency, are to some extent alleviated by the favourability of 0,53pm
és a wavelength for visible and optical applications,

To sum up, neodjmium.has advantages by virtue of being a 4-level laser
and disadvantages in that i1t requires an extra loss process to produce an
output of suitzble wavelength,

2,3,2,2, The properties of a laser which are influenced by
the host lattice can be separated into two classes: those electronic

properties of the active ion which are affected by the electric field seen

T A Antd ne AP Y 3 : el A TP whs ) 34
by it and those properties of the hoot moterial iiselif which modify the

ntaneous linewidth (A);
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while the latter includes the passive and dynamic optical distortion, the
absorption and scatitering losses, and the dimensional limitations to and cost
of laser rods,

As before, the properties will be considered as to their effect on
certain parameters,

One of the primary parameters, and considered in some detail for ruby,
.is the slope efficiency n S), wher'e'r]S = [ c1020304 av vas 243D

As indicated in fhe previous section the factors Co and cy depend
little on the host and are similar in value to those of ruby, ¢, is

1

independent of the rod material and 04 for neodymium:glass = 0,6
(De Shazer and Komai 1965), and for neodymium:crystal = 0.7 (Brandewie and
Téik 1967} as opposed *o a value of 1,0 for ruby, If also the flash
duration is constrained to be 1eés than the spontaneous 1ifetime then the
factor f is also not dissimilar in value, Thus consideration of the
slop? efficiency does not lead one to favour amyone in particular of ruby,
Nd:glass or Nd:crystal,

The spontanedus lifetime (t)for Nd:glass varies from 200 ps to TOO pe,
for Na:YAG ~ 200 ps and for Nd:Ca.WO4 %175 ps (Thornton et al 1969),

Since for the efficient coupling of stored energy into output energy we

require a flash duration less than T , and since the maximum loading on the

?
flashtube is proportional %o flash duration, the maximum oﬁtput igs limited
by the above values of the lifetimes, By inseriing maximum flash tube
loading into calculations of the absorption of pumping radiation, as for
example in chapter 3, we can determine a figure for the maximum stored energy
per cc, This gives a value of & joules/oc for Nd:glass, and 5 joules/cc
Nd:YAG and Nd:CaWO4, For ruby the maximum stored energy/cc is 4,3 joules/cc
and is really determined by the number of Cr3+ ions present per cc, The

limits given above for Wd:crystal are in practice not achieved since there

is a lower limit due to superradiance which, as will be discussed later,
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becomés severe under high gain conditions,
Both a higher slope efficiency and higher maximﬁm output would, on the
face of it, result from an increase in the concentration of Neodymium in
the host, As with chromium in ruby, YAG and tungstate become lossy and less
durable for such an increase while for glass there is’much greater flexibility
(although an increase in concentration lowers the fluofescent lifetime}, It
’can be shown (chapter 3) that there is often an optimm concentration dependent
upon. the geometry and the design requirements,

Equation 2,4 gives the gain of a laser as G = 8 exp 24(N

3o,

For neodymium lasers NA 20, ), G=295ex 26N3

The significant material parameter is the gain coefficient « = N3 o4

o

Now Mo = }I3I1v(1/hv)c = (sto;ed enerey density) (1/mv)c

S, a = constent {stored energy demsity) (stim, emis, X-section)
Previous remarks concerning the stored energy density also apply then to the
gain coefficient, which it will be remembered, determines the length and peak
power of a Q-switches pulse along with other properties such as the losses
due to sﬁperradiance_

It is valuable, having already considered the relative merits of the
solid state materials in achieving a useful stored energy density, to
consider the gain coefficient per unit stored energy density, This quantity
highlights the differences between the hosts for neodymium.and between these

neodynium lasers and ruby, From above:~

gain coefficient

—————————————— == ; and it will be remembered that the
unit stored energy density

2

A 1
Fuchtbauer-Landenberg relation gives ¢ = & ol A

lIn comparison with ruby which has a value of c/hv of 0,1 cmh1/joules per cc;
Nd:YAG has 2 value 4.6 cm / joules per cc (Kushida et al 1968) and Nd:Cal O

e

-
has a value 2,1 cm ' /joules per cc (Arnold and Hanna 1968),
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Thesé high values for Nd:crystal coupled with the very low threshold make
it ideal for cw operation and high repetition rate pulsing but at the same
time not so good for single shot Q-switched operation, The later shortcoming
ariges from the effective shortening of the already short spontaneous decay
time, by superradiance, Thus there is either a significant fraction of the
pumped energy lost before Q-switching or, if the flash length is reduced
accordingly, the maximmum input energy before breakdown of the flashtube is
reduced, The overall effect is a limitation on the maximum inverted energy
density which is such as to limit the Q-switched output to a rather low
value, (e, g, 0.2 joules/cc in a typical rod of YAG),

ﬁ/hﬁffor 6% Nd:glass = 0,1 cm*1/J/cc (Bdwards 1968) and this low value
is primarily duc (¢aohtbauernLanaenberg relation) to its very large cpontaneous
linewidth, As a result Nd:glass is espécially useful for obtaining high
energy Q-switched pulses, Tor an energy of less than a joule, which is our
requirement, and which can be supplied without difficulty by ruby, Nd:glass
with its lower gain removes some problems (see above for rubvy), This
advantage is however not usually of great significance at this modest energy
requirement, Of greater significance is the effect of the losses in the two
types of laser and, as discussed more fully later, there is a considerable
advantage to be gained by using Nd:glass, 1f dynamic effects can be overcome,

The large spectral linewidth in Nd:glass is due to dsymmetries in
the glass matrix, Not‘being an ordered structure like a crystal, glass
does not have specific sites which can accept doping ions, all of which
experience identical fields from the surrounding atoms, Instead, the
neodymiun ions in the glass are randomly situaied and "see" fields, which
have magnitudes varying randomly over a certain range, The surrounding
field modifies and broadens the energy levels of the doping ion and shifis
the wavelength and transition probability of any radiative transition, In

media like crystals these effects are identical for all atoms with the result
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that for any trausition, the laser transition for example, the mean wave-
length and linewidth is identical for all aioms. The lager line is
homogeneously broadéned. In glass however the varying fields csuse the
neodymium ions to have different laser transition wavelengths — the
effective linewidth for each ion does not in fact vary much - with the
result that therfluorescent linewidth is very much broader than that for
a crystal host. The line is inhomogeneously broadened, The linewidths for.
Nd:glass and Nd:YAG are in the ratio 60, The significance of this
broadening effect in Nd:iglass may not just be to give it a high stored
energy density per unit gain. It may prevent the extraction of a large
part of the stored energy, as follows, If a pulse of wavelength near the
péak‘gain wavelengin passes through a material like ruby oxr Nd;orystal
hayiﬁg a,homogenebusly broadgned liné the pulse experiences‘é éertaiﬁ géin
which decreases as the wavelength difference bhetween it and the pezak gain
wavelength increases and all the excited ions in the'maierial are equally
likely to emit. Ail the stored energy is available to that pulse. In
a medium such as Nd: glass having an inhomogeneously broadened line the
situation is different., The gain experienced by the pulse is given hy the
average effect over all the ions, (as it is also for a material with a
homogeneous line) but only a fraction of the ions have an appreciable
chance of emitting since, for only a fraction, is the pulée wavelength
sufficiently close to %he naiural wavelength for the transition probability
to be appreciable, To put it another way, the pulse effectively only
stimilates iong having transition wavelengths no further awa& than the
characteristic linewidth of each ion {the "homogeneous" linewidth). The
fraction of the excited population that can emit is thus roughly in the
ratio of the "homogeneous'" linewidth to the "inhomogeneous" linewidth
(fluorescent linewidth of whole}, For Ndiglass this ratio can be 1:10

(Smitzer and Young 1968). The gain vs. wavelength curve, after the pulse,
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has the same shape as that prior to it for a material with a homogeneous line
(Figure 2.7) whereas for a material with an inhoﬁogeneous line (Figure 2.8)
there is, after the pulse, a dip in the line of width roughly equal to the
'homogeneous' linewidth. The ferm "spectral hole burning" is used for this
effect. As soon as spectral hole burning begins, a further process called
"cross relaxation” tends to redress the balance, The above curve (Figure
2.8) returns to its initial shape. The hole is filled in. Cross relaxaition
is a 2-stage interaction in which an excited ion with a particular upper
state energy exchange states and an unexcited ion, the latter becoming excited
" at a slightly different upper state energy. The energy released, a phonon,
is then absorbed in a similar interaction in which the upper state energy
difference just equals this phoneon energy. The egquilibrium distribution
of excited ions (in terms of transitionrwavelength) is reestablished ét a rate
characterized by a cerfain itime constant. The cross-relaxation time is a
vital, property in that it determines the efficiency with which stored energy
can be extracted from the laser material, If i% is much shorter than the laser
pulse the transition is effectively homogeneous and all the stored energy can
be coupled out; if it is much longer then the most that can be coupled out
is a fraction df the order of the homogeneous linewidth divided by the
inhomogeneous linewidth. The cross relaxation time depends upon the extent
of the interaction between neighbouring ions of the laser eiement; if
depends upon the spaciné between these ions, or the doping concentration,
and also upon the type of glass, Michon (1966) measured a time longer
than Q-switched pulse lengths for 26 glass, bul mosi o, glasses and all
6% glasses can, Tor normal Q-switch pulse duratilons, be considered as
having homogenecusly broadened iransitions., Inhomogeneity of the line
broadening does, regardless of cross relaxation, have another consequence;
a favourable one thig time, The energy levels of atoms at room temperature

are predominantly Doppler broadened, resulting in a highly temperature dependent
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linewidth and peak transition probability. In materials with homogeneously
broadened lines the linewidth is equal to that of each afom, and thus both
it and the gain are temperature dependent. In materials with Inhomogeneously
broadened lines the linewidth depends only very marginally on that of each
ion and in congequence it and the gain are practically temperature independent.

The "losses" associated with crystals doped with neodymium hawve
the same forms as those of ruby. In general Nd:crystals are inferior to
ruby. This comes about partly from the greater development effort
concentrated on ruby and partly from the greater oomplexit& of the crystals
themselves, Some consequences of this are that:—

(a) The maximum volume of Nd:crystal of optical quality is much less than
fhat of ruby. |

(b) NA:YAG is very expensive at present.due to its slow growth rate,

(¢) Nd:crystals have lower f?acture thresholds.

(a) They are subject to more severe stress birefringence.

Ruby would appear therefore to be a more suitable material for a Q-switched
laser and Wd:crystals more suitable for a ow or quasi-cw laser. This
conclusion was also reached when considering the gain and efficiency
parameters,

Apart from favourable properties arising from its. being a 4-level
material, and its high stored enérgy per unit gain, Nd: glass also suggeéts
itself by virtue of the following:—

(i) GClass can te made completely free from static optical distortion.

(11) It can be fabricated to any size or shape and is cheap.

(1ii) The distribution of neodymium can be made very uniform,

(iv) There is almost no limit on the concentration of neodymium, imposed by
the effect on the losses of changing the concertration. Increasing the
concentration does, however, reduce the fluorescent lifetims due to the

closer proximity bhetween the neodymium ions and it i1s this that sets the

R
ALl U
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(v) The physical properties of the glass are flexible in that they depend
upon the composition of the glass and to a large extent this can be
adjusted to suit the application. Other properties such as the loss
coefficient, the fluorescent lifetime and the stimulated emission X-section
can also be controlled to some extent in this way.
On the debij side the following effects must be taken into

considerationi-

(vi) the dynamic optical diétortion, This is the most serious contribution
to the losses. As shown by Riedel and Baldwin 1967, this type of distortion
increases with an increase in the temperature coefficients of length and
_refractive index and with a decrease in the termal conductivity, Glass is
. much inferior to ruby or Nd: crystals in all these respects, sec Table 2,
and itg distortion is increased further.by the greater‘fraction of absorbed
eneréy which is released as heat in the relaxation from the pumping levels
to ‘the upper laser level, These properties, along with the fact that the
thermal fracture point of Nd:glass occurs at a relatively low mean power

dissipation, make it difficult to achieve cw or quasi-cw operation. In pulsed

operation exira care may have to be taken to ensure symmetrical pumping,
and efficient cooling may be necessary fo operate at faster than say 1 ppm.
While static optical distortion tends to be irregular and impossible to
correct, dynamic 6ptica1 distortion can at least be made'regular so that
compensating optics can be used,
2.4 COHBRENCE
2.4.1 Ruby

We have not as yet introduced the effect on the laser performance
of any requirements on the coherence of its output. MNore detail and theory
will be devoted to this topic in a later chapter. It will be sufficient

here to indicate the parameters which are important vhen considering
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coherence and to say how the performance of the laser is affected when they
are usged in its control,

It is convenient to consider two coherence functions; transverse
and temporal. The former represents the phase correlation across the cutput
wavefront and the latter the temporal phase correlation (or spectral
distribution), The general coherence function is not strictly separable
into these two components but to do so is a very good approximation when
considering lasers where the resonator length >> beam diameter.

Factors affecting the coherence are simply those which contain either
a transverse dependence or a wavelength, or temporal, dependence. These
are usually contained either in the output coupling term f and the loss
-térm 5 or in the loss term S and gain coefficient « respectively.

Before proceeding, it is useful {o introduce .the concebt of cavity
modes vwhen dealing with coherence. As with a microwave cavity, a

.vibﬁaiing drum membrane, or a "particle in a box", the photons or radiation
within an optical cavity can only exist in certain discrete energy states
which correspond to certain energy distributions within the cavity.
(Kogelnik and Li 1966). Each state or distribuiion is termed a mode and is
independent of all other modes unless an interaction is specifically
introducéd. Each mode is specified by a transverse distribution in two
dimensions and an axial distribution and is denoted by TEMﬁnq (as in
microwave cavities),‘where m and n are integers specifying the transverse
mode and ¢ is the integer specifying the axial wode, For completeness it
should be added that, strictly, there are iwo polarization modes for each
of the modes ?Eanq but in practice one polarization can be made to
predominate without detrimental effect to the laser performance. From
the fact that all modes are independent of each other we can infer
(thapter 5) that the greater their number the greater the siate of disorder,

the lower the time averaged correlaticn hetween different points in the
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in the energy distribution within the cavity (or indeed, emitted from it) and
consequently the lower the coherence. The transverse coherence depends then
upon the number of itransverse médes while the temporal coherence depends, .
for the normal situation in which the cavity length is very much greater
than the transverse dimension, upon the number of axial modes.

2.4,1.1 Transverse Coherence

Al]l properties which have spatial dependence affect the traﬁsverse
coherence or the number of transverse modes having appreciable energy.
These include various loss terms as well as the resonator geometry. A
judicious choice of the latter or introduction of the former can always
reduce this number to one to obtain complete coherence. The important
faoior nowever is the loss in output which must be sustained to do this,
Commonly accepted techniques of complete transverse mode control limit the
output from a Q-switched ruby oscillator to a small fraction of a joule
(typigally 20 mjoules) whereas the same laser may emit half a jouleLWithout
these techniques., This large loss is due to the non-uniformities caused by
static. optical distortion, heat dissipation and other losses, which result
in only a small volume of fhe rod being able to operate single mode, and,
_while it is not accepted that this loss {or the necessity of ensuring
single mode operation) is inevitable, the size of 1t and its causes are a
measure of the diffigulties involved, |

2.4.1.2 Temporal Coherence

- The minimum coherence of a ruby laser is determined by the spectral
width of the gain coefficient which is itself limited by the fluorescent
linewidth. For ruby this is 6 cm—1. Techniques such as the use of a resonant
outpuf reflector introduce a wavelergth dependent reflectivity, which can
ensure single axial mode operation of the ruby laser. The resonant
reflector need only consist of two flat and parallel plates to do this, and

while 2 single axial mode is not infinitely narrow due to the limited
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build-up time of the Q-—switched pulse and due to time dependent changes
within the laser, its width of typically ~ 0,002 c:m-1 is quite adequate
for the large majority of_applicaiions. Moreover, such resonant reflector
techniques do not severely reduce the efficiency of the laser, as do
transverse coherence techniques,

2.4.2 Neodymium

2.4.2.1 "Transverse Coherence

The loss terms are a gulde to the difficulty in'achieving high trans-
verse coherence, Thus the Nd:crystals tend to suffer a greater loss than
ruby except in cases where only a small useful volume is required; in
coherent applications we see again that they are more suitable as cw
sources. XNd:glaszs should suffer a lower less than ruby because 6f its
gsuperior static optical guality. This is however offset by its inferior
dynanic optical gquality and no a prieori advantage can be said to.lie with
one or the other,

2.4.2,2 Temporal Coherence

Considering the Nd:crystal lasers first again: their fluorescent
linewidths are generally similar to that of ruby (25 em ' for tungstate;

9 c:m“1 for YAG) and the control of the temporal coherence is consequently
no great problem,

Nd:glass has a fluorescent linewidth of about 200 cmi1 making a
sufficient control of the temporal coherence of this type of laser -
difficult, very much mgre g0 than for ruby. This is a major disadvantage
of Nd:glags in a useful coherent light source and must be overcome before
it can be acceptable. Later sections show how sufficlent coherence might

be achieved, and give results of experimental attempts to achieve it,

2.5 POLARTZATIQN EFFLCTS

The lossy effect of stress birefringence and static birefringence has

already been noted for ruby. The birefringence couples energy from one
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' polarization to the other and this process represents a loss, since one of
the polarizations has a very much lower gain than the other. In materiais
such as glass and cubic crystals like YAG there is no preferential gain for
either polafization and these fwo birefringence effects need not.constitute.
a loss., In CaNO4, which has probably the highest birefringence of the
raterials so far mentioned, weli over half the stored energy can be lost
when used in a configuration which polarizes the output. BSuch a configuration

may for example include an electro-optic @-swiich.

2.6 SUMMARY OF Nd LASERS

Nd:crystals are suitable for cw gnd low energy work, having a high
gain and very low threshold, The quality of the crystals makes the
Véransverse coherence poor and they are expensive,

Nd:glass ig cheap and convenient and has good optical guality. High
energy per unit gain indicaie a good material for Q-switching particularly
in view of the A~1level nature of the neodymium ion. Large bandwidth
gives coherence problems and some difficulties are posed by high dynamic
distortions,

2.7 DY® LASERS

The term 'dye laser' was originally accurate in that it described
lasers consgisting of an organic dye dissolved in a solvent. It has now
come to refer to all organic compounds which, when in soiution, are capable
of laser action. There are now a very large number of dye lasers, not so
muich due to the discﬁvery of a great many suitable compounds but because
very rapid excitation is now possible and many more compounds then become
suitable, A few of these have emerged into general usage and they are
those which offer the nighest efficiency or convenience for a varietfy of
output wavelengths., Table 2 shows some of the principal properties of these
dyes. The general properties of dye lasers have been treated in several

papers (Snavely 1969; Veber and Bass 2969) in some detail, A shorti
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review of their characteristics will he given hereitgrﬁemohstrate certaig_
aspects relevant to this thesis.
2.7.1 Figure 2,9 is the energy level diagram for a rhodamine B molecule,
showing those levels relevant to laser operation, and Fig 2.10 shows the

absorption and fluorescence sgpectra for the same molecule, These figures
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are {ybical of dyes. Two similarities to the Ndjglass system are immediately
apparent:i:-—
(i) Dyes are four-level materials and, since the lower laser level is never

appreciably populated, the inversion criterion, like neodymium, becomes N_>0,

3
Thus dyes have low energy threscholds.

(ii) The fluorescence-spectrum is typically hundreds of angstroms wide and
the problems of, and technigues for; overcoming this, when single frequency
is required, are entirely comparahle with those used with N&:glass.

2.7.2. In other respects however, dyes operate in a ver& different way,

due principally to the following three properties:—

(a) The existence of the triplet complex as shown in Fig 2.9.
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(b) The comparative simplioity.of the absorption épééfrum and, in particuléf,r
the existence of the overlap region of the ftwo specira shown in figure 2.10,
{c) The shortness of thg upper level decay time; <typically a few nanoseconds,

2.7.2.1. ‘The influence of the triplet state is two=fold and arises
from the probabilities of the two transitions S1->'T1 and T1-+ So' The
first of these is very high, comparable to the laser transition spontaneous
fluorescent probability, and results in a significant fraction of the upper
level population heing bled off info the triplet complex., This waste of
excited molecules reduces the laser efficiency although laser action
itself induces a greater fraction of the excited state population to decay
via the laser transition, The S, -» T, transition, then, populates the

1 1

triplet states while the T - SO transition depopulates them back to the

1
‘ground state (So).

This T1 > S0 transition is however usually slow and any atoms which
arrive in the {iriplet state are effectively lost as far as laser action
is concerned since they take a very long time to decay to the ground state
for recirculation, There is, furthermore, a continuous buildup of atoms
in the friplet state by virtue of the fact that a fraction of all pumped afoms
arrive there and the fact that, to significantly populate tﬁe upper laser
level, the rate of excitation of ground stale atoms always exceeds the
rate of decay from the triplet state hack to the ground stéie. Figure 2,11

shows, in a typical case, the temporal variation of the upper laser level

:gor"excited state) and triplet state populations for a constant pumping rate.
Fig 2.1 Upper laser level ’ o
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density
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Temporal variation of singlet and triplet stdte densities
t-under constant pumping rate conditions
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rThe drop in singlet state population when the tfipiet stéte has an apprecééﬁle
population is not only a result of a depleted ground state giving a reduced
absorption coefficient bgt also a2 consequence of the not inconsiderable
abgorption from the lowest iriplet state into higher triplet states.

. v 2.7.2.2 One effect of having a very short decay time for the upper
laser level (or excited singlet siate 5,) see (c) above, is that, since
suitable flash lamps have pulse durations much greater than this decay‘time,
it is only possible to reach thresheld in a time long compared to this decay
time, Coﬁsequently, to overcome the continuous fluoresceni loss, a high
pumping rate must be achieved fto reach threshold. In a typical flash-
lamp pumped dye laser the rate mighf be 1 MW inté the lamp and the lamp
wSuld then fail if the pulse length were in the nanosecond regime. At this
high pumping rate the rate of buildup in the'triplet state is high and
very rapidly the triplet population becomes so high that thresheld is no
longer possible. There is evidently no improvement in having a pump pulse
longer than the time to reach this situation. For examplé, the maximum
pulse 1ength for Rhodamine 6G is several s, and for anthracene about 50 ns.
A further requirement on the pump pulse also follows, The faster its rise
to the threshold level, the lower the loss to the triplet state.

2.7.2.3 In conclusion then, dye lasers require a flash lamp with &
fast-rise high-intensity short-duration pulse. The maximﬁm flashlamp energy
ig limited by breakdovn of the flashlamp and generally does not exceed a
hundred joules or so. .The laser efficiency is limited by losses to the
triplet state, and by spontaneous emission (the sponitaneous decay time being
very mich legs than the pulse length), but can ke high by laser standards
since the absorption spectrum (Fig 2.10) provides a very efficient absorption
of energy from the pumping field, For khodamine 6G, for example, the
overall laser efficiency can be 1,24 (Anliker et al 1972).

The emission from dye lasers, pumped conventionally, is comparable to
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that of non-Q-switched solid state lasers but with an emission time of only
up to a few gz in general., Longer pulses have been obtainedr(and even cw
operation using an argon laser as pump) by so called "quenching" of the
triplet state. This involves an additive which drastically speeds up the
T1 > So transition, so reducing the bottle-neck effect of the triplet
complex and aliowing the pump to maintain thresheld for very much longer.
Ogygen has been partially successful as also has been cyclooctatetraene 08H8
(coT)(Marling 1970).

The general time scale of dye laser action and the high spontaneous decay
logses prevent Q-switching when pumping,with flash lamps. Much higher pumping
rates have been achieved using solid state lasers {second harmonic of an
Nd:laser) and gas lasers (argon laser), but one has to remember the low
efficiencies of these punping sources.

2.7.2.4 The significance of property (b} above has partially been
indicated, that the absorption spectrum makes for efficient pumping, efficient
enougﬁ to overcome the intersystem singlet—triplet and the spontaneous decay
losses, The other and more interesting significance arises from the presence
of the averlap region. Weber and Bass (1969) among others deal with this
effect in detail and calculate in par{icular the conséquences for Rhodamine 6§
and Anthracene, The effect of the overlap is to provide self-absorption of the
fluorescence which is dependent both on wavelength and pumping and in conse-—
quenée the dye has a gain versus wavelength curve which changes both its
ghape and the wavelength of maximum gain as the pumping is changed. The
result is an emission wavelength which varies in time, and which depends upon
the losses in ithe resonator, since these determine the minimum gain for laser
action. This latter properiy offers the possibility of a fairly crude
control on the output wavelength.

2,7:3. Dyes can have very high gain coefficients due %o their efficient

pumping and their high concentration. The concentration is an even more
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flexiblerparameter in dyes than in the Nd;glass lager and gince the medium
is merely a ligquid solution the uniformity is as good. The static optical
quality is excellent, but the dynamic distortions coﬁstitute a serious
. @isadvantage, more so evén than in Nd: glass, and they can in practice
curtail laser action even more severely than the triplef state effects.
Dynamic distortions are also detrimental to the transverse coherence,
Permanent damage and the need for cooling under high repetition raie
coﬁditions cause little difficulty on the other hand since the dye is
usually circulated at such a rate that consecutive shots do no use the
same sample,
At the present time then dye lasers are of medium power and high
-gain giving, for flash lamp pumping, spiking emission up to several ps
in duration, Cw dye lasers pumped by argon'lasérs are also being
Vincreasingly used., The coherence of pulsed dye lasers is intrinsically lowerxr
than even Nd:glass but the laser ig tuneable over several hundred angstroms,
Sev;ral different dyes separately or in the same solution supply an cutput
wavelength tuneable over very nearly the entire visible spectrum (Shank
et al 19?0). A recent review paper by Bradley (1971) gives the present

gtate of dye laser technology.
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CHAPTER 3

3.1 Abstract

A Q-switched laser consists of 4 parts:-

Rod: @-switch: Resonator: Pumping chamber, Thus far only the rod
material has been specified, that being Nd:glass.

Our concern now is to establish in more concrete form the laser system
upon which the investigations are to be carried out.

A rough guide to the size of the rod is that its volume must be such
as to enable sufficient energy to be stofed to give an output of one joule.
As it is reasonable to expect around one joule output per c.c., a rod volume
of 1 c.c. is indicated. ‘ The rod used, American Optical 75 * 10 mm c¢lad rod,
has an active volume of 2.6 c.c. but the effective active volume is
considerably less.

As stated, this is bul a rough guide. Optimization of the rod
parameters cannot in a proper analysis be considered in isolation since
their effect on the laser is medified by the other three parts of the system.
Before, however, considering the complete system it i1s necessary to put on 2
mathematical basis the achievement of a population inversion in the red by
means of an optical pump, since the dependence of this inversion on the rod
geometry and pumping arrangement is an essential initial step towards an
optimization of the complete laser,

Further information is still necessary to the optimization, We need
to know the output coupling factor ('f' of the previous chapter), This
facfor cannot be calculated without a xnowledge of the Q-switch and the
dependence of the pulse evolution on it. The factors which determine the
choice of Q-switch are discussed and compared for the c¢ommon types of switch,
namely the rotating mirror, the Pockels cell, the passive @-switch and the

acousto-optic cell. In general no one type is an automatic choice and sc
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one must depend to some extent on personal preference, The reasons for
our choice of a rotating mirror are given, followed by simplified analysis
of its Q-switch action. This analysis is a novel approach but one which
is considered essential for a better understanding of this type of
Q-switch,

The final section attempts to integrate the earlier results into an

optimization of the laser, giving examples of how this works out in practice.
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3.2 The Choice of Q-switch

0f the three major categories of Q-switch, the rotating optical element,
the electro-optic crystal and the passive Q-switch, we have chosen a member
of the first of these, namely the spinning mirror. To anyone approaching
the subject of Q-switching there are many factors which must be considered
and the following is an attempt to categorize them and discuss for each one
the differences between the above types of switch. The most suitable tyﬁe
depends on both the individual requirements and the individusl, and the
various reasons for using the spinning prism will be given, Firstly
however a brief description of what is meant by a @-switch and how each type

functions.

3.2.1 A Q-switch is a device which suddenly increases the @ of a laser
reéonator and it generally achieves the increase in @ by a rapid decrease

in the loss per pass of light travelling up and down the resconator, The
initial low Q enables attainment, by high pumping, of a high inversion within
‘the rod without reaching laser threshold. When the Q incfeases, the
thresheld finds itself exceeded by a large amount and the coxnsequent high
gain per pass results in a rapid (light pulse) build-up and depletion of the

inversion, The 'giant pulse' is generally between 10nS and 100nS in length.

3.2.17.17 The electro-optic sﬁitch is represented by the Pockels cell, firét
proposed and used by McClung (1962). This depends upon the transverse

linear electro-optic effect by which a potential applied across the crystal
induces a retardation of one polarization of light passing through it

relative to the other peolarization, It is generally used as in Fig, 3.1.

The *»/4 voltage is applied so that, given the correct orientation, polarized
light passing through the polarizer is rotated by 900 in a double transit cof

the crystal and cannot then pass back through the polarizer. This is the
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low @ mode. The laser rod is pumped, Removal of the A/4 voltage at
the appropriate time restores the Q at the instant of max. inversion and

a giant pulse results.

Figure 3.1
FIGURE 3.1
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3,2.7.2 The éassive Q-switch is represented by a saturable absorber and
was first used by Bret and Gives (1964), This is a material having an
absorption transition at the laser wavelength which bleaches for power
densities of the order of that reached by a non Q-switched laser. If for
this power density effectively all the atoms in the lower level of the
transition are removed by excitation the absorption section falls rapidly
to zerc. This sudden drop in absorption inside the resonator or sudden

increase in @ initiates a giant pulse., (FIG, 3.2).
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Figure 3,2

FIGURE 3.2
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3.2.1.3 The most common type of rotating optical element {Collins et al

(1962) is the spinning mirror. One of the end reflectors of the laser
resonator is spun about an axis parallel to its own plane. While it is
not parallel to the other end reflector, initially axial rays are reflected
out of the system after very few passes and a pulse has no chance to build
up. When the reflector comes into line a large number of passes is

suddenly available (the @ is now high) and a giant pulse builds up. (Fig. 3.3).

Figure 3.3
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%.2.2 When assessing the performance of @-switches it is useful to consider

-in turn the following'factors:—

1. Q-switch action, which includes the time function for the

@ change and the pulse build-up function,

2. 'Coherence effects' which are interactions such as mede-locking

and transverse node coupling,

3. Ability to synchronise with an event, Timing Jjitter and pulse

repeatability are included_here.

4, Optical quality.

5. Cost, complexity and convenience.

6. Damage resistance,

7. Répetitive pulsing capability;

To save repetition, the Q-switches will be referred to by their initial
letters,
3.2.2,1 Fig., 3.54 compares typical curves of § variation and pulse build-up

for the three types of switch,

Figure 3.4
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PC can be switched on in ~ lns which is usually less than the time for
light to mzke a double pass of the resonator. It is consequently an
instantaneous switch resulting in a maximum pulse build-up rate and
maximum depletion of the excited energy. Pulsing under these conditions
is treated by Wagner and Lengyel (1966) and Wenzel (1967).

SA, unlike the other two types, is self-actuating. Laser action
begins and can only begin when threshold for the low @ situation is
exceeded, The dye concentration ié usually adjusted to a maximum subject
to laser action still occurring, since this gives the highest € change.
The initial build-up of the laser pulse then occurs under low gain and is
slow, When the intensity in the 84 reaches a certain level, il bleaches,
the gain becomes high and the rest of the pulse proceeds rapidly. The
'switch' automaticslly closes when the intensity drops below the level which
saturates the absorption of the dye. | Since the rise time of the Q may
be only a few nanoseconds, the pulse, following the slow build-up, hasg the
same form as for PC (see Wagner and Lengyel 1966). RM has a relatively
slow opening rate and a limited open period and the pulse has very different
characteristics to that generated by PC and SA, For a RM it is more
realistic to consider the number (N) of available resonator transits fer
a paraxial ray, rather than the rescnator Q. Instead of considering a
limited gain over an unlimited number of transits we consider a constant high
gain over a limited number of transites. Two thresholds can be defined for
RM Q-switched lasers., The first is the conventional one {of overall

gain > 1). The second is5 arbitrarily defined as being reached when the



- 3.8 -

gaiﬁ ié sufficient for significant depletion to occur in the maximum number
of passes available for that RM. Fig. 3.4 shows an optimized RM, where
the RM speed is adjusted so that, for the gain available, the laser pulse
peak occurs at the in-line position. A sufficiently slower speed gives a
double pulse while a much faster speed reduces the maximum number of transits
(open period) such that significant depletion cannot occur (threshold is not
reached). The process is dealt with in greater detail later in this

chapter,

3.,2.2.2 With multimode operation the PC does not impose any coupling
between the oscillating resonator modes and furthermore, since the pulse
build-up ig shortest, other constraints and interactions introduced into the
laser have the least effect.

~ The SA has two distinct coherence effects. The first is a result of
the long build-up period of the pulse, the longest of the three Q-switches.
In the presence of differential mode constraints in the resonator the SA
gives maximum discrimination between modes, If for example the mirror

»
reflectivity for two modes A and B is R, and R, respectively, the

A B
resulting intensity ratio at the pulse peak is (RA/PB)N, where N = number
of transits during build-up = pulse build-up time/fesonatqr transit time.
Hence maximum discrimination occurs at maximum build-up time. The second
coherence effect in a SA is a result of the intensily dependence of the
absorption in it. This only approximates tc a step function, as suggested
in the simplest picture, and in reality FIG. 3.5 might be a more accurate
representation, The SA then has a lower icss (higher Q) for field
distributions giving higher intensity within it and there is consequently a

discrimination ageinst field distributions giving low intensities. This
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"preference for certain fields constitﬁtes a coupling between resonater
modes, both transverse and axial, The latter coupling can for example lead
to 'mode locking' in which the resulting field distribution is a very short
very high intensity pulse travelling up and down the resonator; the output
is then a series of these pulses with length equal to the reciprocal band-
width of the output and with separation equal to the double transit time of
the resonator. .For a mathematical explanation of the coherence effects in
SA, the reader is referred to Sooy 1965 and Hercher 1967.

Multimode structure in a laser output is very‘often dependent wupon
local variations in the active medium. If either the material Livshitz and
Tursunow 1967 or the beam within it is swept relative to the other, then
local effects no longer exert so much influence and furthermore this mixing
provides for coupling between modes, The RM, particularly when operated
at high speed, sweeps the laser beam across the rod and thus appreciably

affeéts the mode structure.

3.2.2.3 Since (FIG; 3.%4) the G-change for a PC is very short, perhaps
1nS, and since the PC is controlled by a voltage pulse, the system has
meximum flexibility and repeatability. By this is meant that, given the
right electronics, the PC can trigger or be triggered by an external
.

event both precisely and with a very low timing jitter, The timing jitter
relative to the pumping flash envelope is similarly very low and this helps
give a consistent output pulse. (The optical quality also affects the
repeatability as indicated below).

The SA is independent of any external event and cannct be synchroniéed

or be used to synchronize, The timing jitter relative to the pump pulse

initiation is large (e.g. several Ws) for it operates at a time when the

o]

inversion o ilation reaches a particular value and this varies with



- 3«10 -

variations of pumping and variations in the SA from shot to shot. The
latter variations also help to give large output pulse variations i.e. low
repeatability.

The EM has high inertia and thus cannot easily be made to synchronize
with another event. The use of optical, magretic or electronic pick-ups
enable the synchroniéation of both flash lamp pulse and external event to
the BRM. The jitter tends to decrease as the speed of rotation is increased
and can be reduced to a value as good as that for the PC, Consequently
the repeatability is good as far as this is affect;d by the jitter,.

Vibration can severely affect pulse consistency but can be eliminated by

the use of air bearings,

%.2.2.% The optical quality of the Q-switch may be of prime importance,
particularly when large diameter single mode operation is required., An
optical distortion amounting to a fringe per cm can have a serious effect
under these conditions,

Complex crystals are difficult enough to grow to an adequate optical
quality. When electric fiéls are imposed on these crystals the quality is
very much worse. Consequently the PC almost invariably puts significant
optical distortion and loss into the resénator.

Tne SA also introduces optical distortions.  Absorption is linked to
refractive index and when the absorption saturates, as it does at the
initiation of Q—switching,.the refg;ctive index is also changed. Assuming
that the beam does not have uniform intensity across it, then the refractive
index is also non-uniform, leading to optical distortion.

The ERM is statically an optically uniform material being in general

made from glass or fused silica. Furthermore the distortions intrcduced

by rotational forces are, in almost aill cases, negligible,
[ L} &1
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3.2.2.5 The PC is usually worst in the question of cost, complexity and
convenience, Growing and polishing good onptical guality crystals of
suffiéient size is expensive and as well as requiring two crystals (electro-
optic and polarizer) also needed are the driving electroanics which, for
fast operation, are sophisticated and again expensive.  Adjustment can
often be rather c¢ritical in practice.

The SA is the opposite extreme - very cheap, simple and easy to use.

The ERM is intermediate. Its cost varies greatly being very cheap
for the slow electrically driven type and perhaps several hundred pounds
for a very high speed air-turbine. The timing is run very simply and
cheaply from an optical or magnetic pick-up and the system is easy to use
particularly when the design of resonator is such that the positional or

angular adjustmentg are non-critical,

3.2.2.6 Q—sﬁitches create high power density pulses and must be capable of
withstanding these power densities, The PC not only tends to create the
highest power density with a given laser system, but it also has the lowest
damage threshold; a result of the presence of crystals with complex
structures and defects, A good PC Q-switch may damage at 1OOMWVEH$.
This is provided by only 1CCmJ in a 10nS pulse of diameter ~3mm.

The SA suffers damage (chemical breakdown) easily but, when a liguid,
can of course be quiekly replaced. The necessity for constant replacement
reduces the convenience of this Q-switch and may preclude its use in some ’
cases i.e. high repetition rate lasers., SAs for the Ndiglass laser are also
unstable even when not in use and can become inefficient only a short period
after manufacture.

Damage to RM elements is not usually a result of poor materials since
high quality silica and glass is commonly used. It is generally a result

of imperfect workmanship e.g. poor roof-edges on retro-reflecting prisms,
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poor quality high reflection and anti-reflection coatings etc. When

operating without ccatings the damage threshold can be above 1000MW/crt .

3.2.2.7 Being controlled electronically, the PC is the most flexible for
repetitive Q-switching., Complex electronics may be required but’essentially
one can control precisely and at the turn of a knob the repetition rate and
the @-change for each pulse. The latter is particularly advantageous since
it not only enables one to achieve equal intensity pulses {or pulses with
particular energieé) but it also enables the attainment of very high
repetition rates where there may be negligible repumping of the rod between
consecutive pulses. MHz repetition rates have been achieved (Rowlands
1969) and, although one must remember -that the energy per pulse must be
rather small in this case, the total output goes up with repetition rate so
long as the losses do not also go uﬁ.

The SA gives multiple pulses if the rod is repumped to threshéld after
the first pulse. Since the operation of the SA dependé upon a certain
gain being reached in the rod, and since a given gain always occurs at the
same stored energy, then’the multiple pulses will ideally be of equal energy.
The time tzken to reach this gain depends upon the pumping rate which varies
throughout the flash. Thus we have equal energy pulses with a variable
frequency. In pracﬁice however the pulse energy also tenas to vary due to
the tendency of the SA not to operate reversibly at each pulse (chemical
change), The repetition rate (and pulse energy) is varied by changing the
dye concentration amd can, for low concentrations, be very high.

Repetitive pulsing with BEM (Gates, Hall and Ross 1968) has a precisely
defined and contrclled repetition rate, more controllable than SA and
éimpler to control than PC. Unlike the other twp, its optical quality is
not upset by the repetitive pulsing. On the debit side however the time

available for each pulse to build-up decreases with increasing rotational
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speed of the BRM, thus requiring an increasing gain for a pulse to appear

at all., Furthermore, if this 'threshold' gain is exceeded, more repumping
than the other two Q-switches is reguired between pulses in order to reach
threshold again. Hence there is a limitaticn on repetition rate. However,
there are ways of reducing the efféct of this limitation and the following

are two examples:-

(a) Indreasing the number of faces on a RM increases the
repetition rate without increasing the rotational speed

i.e, without increasing the 'threshold'.

(b) If a multiple faceted RM is used each face might select a
different part of the rod, thus eliminating the need for

rapid repumping between consecutive pulses,

Our choice of rotating mirror as the Q-switch is partly due to a need for
a better understanding of its operation and partly due to the following

points, which are taken from the above analysis:-

(a) It is of high optical quality and hence it is suitable for

low transverse mode operation.
(b) It's damage resistance is high.

(¢) It is more economic and simpler than the PC and more

controllable than the SA.

%.2.3 Mention should be made of the acoustic-optic @Q-switch, which is
becoming increasingly common particularly in cw-pumped high repetition rate
laser systems (Chesler et al 19Y0).

An ultrasonic field is induced in a block of transparent material
{often glass or silica) using transducers cemented tc its side face. The
uwltrasonic field results in a three-dimensional refractive index field in

the medium which acts as a three dimensional diffraction grating. Inside
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a laser cavity this grating constitutes a loss since it diffracts light
away from the axial direction. Removal of the ultrasonic field removes

the loss, thus acting as a Q-switch,

The advantages of the system are:-

(a) Low cost and compactness. Power requirements are around 1 watt,
and the low veoltage requirement as compared to PC lends the

device to small scale transistorization.

(b) High flexibility of selection of repetition rate and triggering.
In this respect it is even better than PC because of the lower

voltage requirement.

(c) Low insertion loss (can be negligible for anti-reflection coated
low zbsorption glass or silica), low optical distortion and very

high damage resistance,
Disadvantages are:-

(a) Relatively slow change of Q. The rise time is limited by the
aperture divided by the velocity of sound in the medium, and this

means a practical limit of ~100nS (1mm aperture using glass).

(b) Limited loss. 75% loss has been claimed but in general the
device is restricted to low gain (e.g. cw) sysiems or ones
operating near threshold. Polarization effects are present

but are not well explored as yet. -

3.3 Analvsis of the Rotsting Mirror Q-switch

ormulation of the problen

]

This work stems from the lack of an adequate
Tor the case of high rotation rates, that is to say, speeds for which the
mirror movement iu the time for light to travel up and down ithe resonator
is not negligible.' Previous analyses e.g. Midwinter 1965, Arecchi et al

1§64, Barjot 1971 state or imply quasi-stationary operation and may give
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erroneocus results with high-speed operation. To give examples of the two

extremes:—

(1) A slow mirror rotating at 50 Hz (3,000 rpm) moves 10 & rad in
3%3,3nS and light moves up and down a 50 cm resonator 112 times
in this time, The quasi-stationary solution might then be

expected to work in this case.

(ii) A fast mirror rotating at 2000 Hz (120,000 rpm) moves 10 ° rad
in 8.%nS and light only makes 3 double passes of the resonator

in this time,

A more realistic analysis consiéts of a pass by pass calculation of the
complete pulse build-up starting from noise, A complete analysis must
include (i) diffraction (ii) transverse and axial distributions of field
(1ii) variation of gain with wavelength and other effects of having a
distribution of frequency (iv) Doppler effects.

The simple calculation presented here neglects diffraction, axial
distributions of inversion and field, the effects of finite initial spectral
width, and Doppler effects. The first assumption implies high Fresnel
number which is normally the case with a spinning mirror, siﬁce an aperture
or angular limiting device not only reduces the Fresnel ﬁumber\but also
reduces the number of available transits for build-up of the pulse thereby
increasing the threshold. The second assumption mekes a significant
difference to the efficiency with which energy is coupled out of the rod
but the pulss shape is not greatly affected. Me difference made by this
assumption in the case of fast rise Q-switching {(e.g. Pockels cell) is seen
by the difference between the analyses of Wagner and Lengyel (1966) and
Wenzel (1967), the latter being the more rigorous, and we make the reasonable

assumption that similsr differences apply in the fast mirror situation.
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The assumption that the speciral width can be neglected is valid if
the gain is constant over the effective output spectral width (after pulse
build-up) and if all the excited ions can be stimulated to emit at the output
wavelength, The first condition is met when as in our laser the spectral
width is narrowed to give appreciable temporal coherence. The second
condition reguires a homogeneously broadened laser transition line or an
inhomogeneously broadened one with a fast rate of cross-relaxation (see
section 2.3.2.2 chapter 2). Dobpler effects in rotating Q-switches have
been considered by Kafri et al (1971). The effect is a frequency shift of
the laser beam resulting from the axial component of velocity of the rotating
mirror. Since the mirror is rotating, different parts of the incident beam
see different mirror velocities, and are subject to different frequency
shifts, The result is a broadening of the output spectrum which inc¢reases
with the mirror rotation speed and the beam diameter. An overall frequency
shift of the spectrum also occurs if the mirror is not rotating in its own
plane, The only possible effect on the Q-switch pulse dynamics occurs in an
ideal single mode laser when the pulse length is given by the reciprocal of

the spectral width, This oceurs very rarely.

%.3.1 Threshold Considerations

Before proceeding with a calculation of the pulse build-up it is useful
to consider what information can be obtained in a simple way about the

spinning mirror situation,

3.3,1.7 First the threshold condition is calculated. - Let us define the
threshold condition as the situation in which the ocutput power reaches a
given value (say PT). If the double pass gain of the laser resonator is

G then:-

P = PG | ee. (3.1)
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where Po = output-due to fluorescence, T = ﬁalue at'threshold,
and NM = Maximum available nuﬁber of cavity passes
Now G = RS exp 2f(aP)
whnere & = gain coeff, B = loss coeff.
R = output mirror reflectivity
1 -8 = total of other losses per pass
£ - rod length

P

[RS exp EK(GT-Bi]NM = ﬁ;

Taking natural logarithms of both sides:-

: 1
InR +1In S + 2z(aT—£3) = — 1n (PT/P0 ee. (3.2)

dM

\ '
o CL - g =0 - ara : = in + ooy = T2
New O Ny f(ET), where E; = input energy at threshold;

Ni = inversion density at threshold
1 _ 1 1
Hence © f(ET) = in (PT/P })-—InR-—1nS +P ees (3.3)
o .
2£NM 2¢ 2L

thus enabling f(ET) to be calculated for a giveg/pﬁﬁping system, if
Ny, B, 5, B are known,

This equation is useful in two ways:
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(i) With spinning mirror stationary (N = «} and parallel to the
cutput mirreor, a graph of ET vs.-1n R can be obtained experimentally.
The extrapolated value of -1n R at ET = 0 gives a value of the losses
(2¢B-1n S) while the shape of the curve gives information on £(E) ({to be
compared to that calculated). . .

(ii) An experimental graph of ET vs, 0, the angular speed of the
rotating prism, can be compared to a calculated graph resulting from a
calculation of NM as a functidn of ©,

A calculation of N follows, along with a novel geometric optimization

procedure to obtain NM which provides more than just the threshold

information.

%,%.,1.2 Celculation of N

Consider a plane mirror rotating at @ from an initial angle of e

The angle ©) which a ray makes to the axis is given by:-

Neq = Oy * 2@ aWT) where T = time for light to make a
double transit of the resonator
N
e P °+Z 2( 0+Nu'r) ot 2(N.’1)CLO + N(N+1 et
0
= & w
ot 230 + (2&0 + WT)N 4+ WTN veo (3.4)

The lateral distance (x) of the ray from the axis is given by:-

-1
Xger = Xyt 2L ®N+1 where L' =L - ——{¢, and L = resonator length
o
¢ = rod length

¥ = rod index
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h

Lt X061 Xy + 2L (®o+310+[2&0+wr]N + 0TN?)

[thEﬁ o.;_L;L'G.O + 2L¢ (ZCLOW )N+2L'WTN2]

11

o

+
o~ =

i ' 3\
X, + 2L (@0+a:1,0)(N+1)+L (&O@r IN(N+1)

1

+ 2Lt IN(N+L) (N+1)

_ 2, 3 ' 22 25!2.
Xypq = 3LmN +2L (ao-uur) + (3“’”3%*90)N

*w e (3-5)
+2L' © 0+2ao)+xo

The number of available passes is the minimum value of N satisfying the
above equation when Xy = R, where R = radiuvs of aperture, This N
could then be maximised with respect to the varisbles a4 @0 and x, for

any values of L', w and R, by standard but rather ponderous methods.

3.3.1.3 A geometric method suggests itself from the physical nature of the
problems, i.e. two mirrors facing each other.

Consider what is seen through an end mirror by a iransparent observer
positioned inside the resonator. IT the mirrors are parallel and stationary
he sees a set of concentric apertures going away into the distance.

(Fig. 3.64)
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Figure 3.6A
FIGURE 3.6A.
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If one mirror is rotated through an angle (say ¢), the observer sees,

not concentric apertures, but apertures ever more rapidly disappearing out

of the field of view as they go into the distance. (Fig. 3.6B)
Figure 3.6B

FIGURE 3.6B
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If ¢ << 1 then all apertures can be considered parallel to the first
and the perpendicular separation between consecutivelapertures is Z2L.

The same sequence of gzpertures but with a different iocus of aperture
centres occurs if one @irror is spinning. The lecus in this case is given
by the negative of Equation 3.5 with x = 6 =0. Also o =0 {mirrors
initially parslliel) i.e.

o W %—-L'wﬂ\? + 2Lt N 4 -%'- LtutlV

- %L‘m[N3+3N2+2N] cee (3.6)
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Locking in one direction represents the positive time direction
(w + ve) and looking in the opposite direction corresponds to the negative
time extension of the resonator (w =ve in Equation 3.5).

Figure 3.7 plots the loci of the aperture edges in one direction (for
a typical value of R/(L'2w)). Since this represents the 'view' of the

.
aperture as seen by an observer inside the resonator all light rays travel

in straight lines on this representation. The number of pégééé available

to a ray with any initial parameters can quickly be obtained by drawing a
straight line from the.appropriate initial point (given by @ and xo) in
the appropriate initial direction (given by 60) and observing where it
first crosses one of the aperture edge loci. In particular the maximum
number of passes is seen by inspection to be achieved by a ray passing
through the origin and just grazing the convex locus line. Changing the
aperture, mirror rotation speed or cavity length so that the preoduct
R/(L'®w) changes jusi corresponds to moving the aperture edge loci out or
in, A plot of the maximum number of available passes as a funciion of

R/(L*?w) is shown Fig. 3.8.

3.3.1.4 Further information can be obtained from {the unfolded resonator
representation.

(1) Por punping above threshold, where the number of passes to reach a
significant depletion of the material is less than NM, the initiation of
laser acticon can be determined. Inspection quickly indicates the first
ray with a sufficient number of passes. Furthermore, during build—ﬁp of

the puise (before depletion is significant) the exact form of the output in

angle and position can be determined.
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EXAMPLE Take the situation as shown by Figure 3.9, where ﬁM = 18. ﬁet
the pumping be increased so that the number of passes required to reach
saturation is only 8, The first ray for which this is possible is shown
and is seen to have originated at N = =12 or time = - 42 nS,-before mirror
parallelism, The output sfarts therefore to become appreciable at

N=-4 (t = 14 nS). The distribution at say N = 0 is calculated as
follows; the output at any position and angle at that time is given by

N' . - ' . . -
¢0G where ¢0 = fluorescence and G = double pass gain and where N' =

number of passes of the ray of that position and angle drawn backwards to

the first point of intersection of an aperture locus. For ray drawn in

Fig. 3.9, N' = 9.5.

(i1) The above ray approach must necessarily be only an approximation, since
we assume no diffraction loss or, in other words, the presence of a large
number of modes with no loss, It is possible with the geometric representa-
tior to consider the diffraction losses of individual modes. Bvery ray
considered previously can be considered as the direction of 2 mode with fhe
same number of passes. All modes and all mode diameters are possible.

The losses of the modes can be calculated, and quite easily for the

important ones, which have significant diffraction losses at only one or two
points in their path. The optimum mode diameter can be calculated for each
mode and the optimum loss calculated at a function of mode. Thus at any
time during the pulse (position on our graph) we can ascertain the mode (and
its diameter) with minimum loss and we also know the other most likely modes

together with an idea of the discrimination againsti them.
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EXAMPLE
)
The ray in the last example, which has an output = ¢OGN has in
t

reality an output = ¢OGN Hp(Dﬁ); where Dﬁ =1 - (loss of mode M at pth
aperture along the ray). Thus for example the mode shown in Fig. 3.10 has

. . iy R | 2
appreciable loss at two positions (HPDﬁ = DM X PM).

A mode starting as a gaussian does not in general come out as one since
&

it is obscured unsymmetrically by the aperture edges.

3.3.2 The Calculation

Figure 3.11
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3.3.2.1 Let the spatiél and angular flux distribution at MA after N
double transits be o(x, G)N photons per sec. in dx and d6. The
problem is essentially one dimensional since we only consider effects
dependent upon the rotation of the mirror and this confines the sweep to

a single dimensiomn.

The distribufion after N+1 double transits is given by
c,b(X,, el)N-}-'l = RSGIq'¢(X:e)N + ¢(X',6')O o (5-7)

where GN is a spatially dependent operator specifying the gain of the rod
at the Nth double transit,
(x', 6') are new coordinates defined by the operation on

(x, 8) of the operatbr 0N which specifies the resonator optics

at that moment (including the effect of the spinning mirror)

¢(x', 6')0 = distribution due tc spontaneous emission,
R = reflectivity of the oubtput mirror,
. and 1-8 = +total fractional lumped losses.

Equation 3.7 enables a pass by pass calculation of the temporal, spatial and

angular characteristics of the Q-switch puise to be made.

3,3.,2.2 Calculation of the Gain

The round trip gain of the rod is given by:-
G(X,S)N = eXp Z&ETN'{K)Nnﬁ] ees (3.8)
where £ = rod length

B = loss coefficient of rod

N‘(X)N = Number density of excited ions at coord x.
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As shown by Equ. 3.8 the time and spatial dependence of the gain is
determined by the variation of the excited population density with time and
position.

This variation can be calculated from pass to pass using the following

iterative relation:-~
7 - N¥ -
N (x)N+1 = N (x)N D.qS(X)N S eee {3.9)
(Valid for plane parallel rescnator and for 6 small, )

where ¢(X)N = zg?¢(x,6)m
}
5]

)

and Do¢(x)N = depletion occurring on the Nth pass,

3.3:.2.3 Calculation of D:-

Figure 3.12

"~ FIGURE 3.12
ﬁ SA Sp /
B(x)y = P = 4
: j X (dx)dY;b) ;
/ t— ’
/ — 7= 2

- | £

(1-SA) and (1—55) are the fractional losses on the two sides of the rod

agd SASB =S

The depletion of the element shown is the sum of two contributions, travelling

in cppesite directions.
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Consider the output as lumped into discrete amounts at times separated by
the round trip time of the resonator. Then the number of photons at pass N in
the element dx is T x ¢(x)N‘and the depletion of the element at (dx, dy) is
given By |

| ) - J
RSyvp(x)y [(exp(oN(x) )y JoW(x) dy

+ 8, (exp (M) ) (28-3) Joti(x) 5]
« . total depletion of element at dx is given (integrating over length £) by

RSAr¢(x)NcN(x)N

)

[exp 6(6&(X)N~B)~1—SB exp 6(GN(X)N

(GN(X)NFS)
+8, exp 2&(0‘N(N(x)N-ﬁ):| ere (3.10)

Let SB =1 S, =8~

RSt (x),
.". depletion of element dx = [exp 26(6N(x)Nrﬁ)~1]

(1-B/o(x) )

but volume of element = dx.£.b where b = depth of rod taking part in laser

action,
RSt [exp 2¢(a-B8)-1] - .
D¢(x)N = P - QS(X)N LI (5.11)
dXo-&b. k1 "'ﬁ/a)
where @ = gain coefficient = o N'(X)N
f = loss coefficient.

3030204 Opel“ator (ON)

This is the operator characteristic of the spimnning mirror and any
resonator optics which enables calculation of the change of coordinates of a

ray in pass N -+ N#l.
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The eqﬁation relating the coordinates before and after the (N+1)th
pass is
x! x
gt = Oyl © ves (3.12)
L B Tw
isa 3 x3 matrix operator,

__where ON

The usual 2 x 2 matrix reﬁ?ééantatibn is not ;dequate fﬁf oftical
systems containing elements, such as a tilted mirrof, which deviate an
axially directed ray.

For our simple resonator with a plane mirror rotating with angular
veiocity @ Prom an initial (N = 0) angie of ao towards the normal
pqsition, the use of the matrix methed offerslno advantage since the

coordinate transformation equations are just:--

8! = 6+2(a0+m[t--1§q:])
= 0+2(a st [N3]) el (3.43)
x' = x+(L -Eﬁia‘)(ew') e (3.44)

3.3.2,5 Initial flux ¢(x,6)0 due %o fluorescence

Figure 3,13

FIGURE 3.13
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Assuming the rotating mirror is effectively normal to the axis there are
two contributions to qb(x,e)o from elements at y

N(x)o 4eQ
. dxdyb . Pk [exp (a-B)y + exp (@-8)(2¢~y)]

thus flqb(x,e)o =

where T = fluorescent decay time;
Q0 = divergence angle of radiation in plane perpendicular to plane of O,
Ve again &ssume SA = 8 and SB = 1o tegrating over y, gives
bQN(x)O (exp26(a-f)-
B(x,0), = ——= . axde
4RT (a-p
. bQdxd® exp2e [(oN! (x)0~15')—1]
or ¢(X,s)o = e e (3-15)

LT [o-g/u" (X)0]

3:3.2,6 To sum up;-

4

At t=0 (N=0), the flux distribution at the output mirror is that due

to fluorescence, namely,
' b0 [exp2e (a-p)-1]
$(x,8) = . dxad®
° s[4 B /a]

and the inversion density distribution N'(X)O and other relevant parameters
are chosen to apply to the particular spimming mirror iaser system.

Thereafter the following set of equations {from 3.7 and 3.8, and 3.9

and 3.11) enzble a vass by pass calculation of the pulse build-up to be

carried out:-

Equ. 3.7 and 3.8 give:-

¢(x',0 ,')N-M = ‘}"(x':a’)o + RS exp 26[6N(X)N‘ﬁ]¢(x:e)N eeo (3.16)

while Fqu. 3.9 and 3.11 give:-

RSv [exp2e (ol [x] N—ﬁ)"'ﬂ
w(x), , - Nx), - ——————— $(x)y, e (317)
N dx.eb. (1-£/0N|x] ) B




where o)y = Zsb(x,e)N

and (Bqu. 3.13) e

ff

6+2(a s [(-51)

(Bqu. 3.14) x'

p-1
x2(L - —£) (0 + [o_s+wn(n-4)])
"

343.2,7 Appendix 1 lists the computer program, together with an explanatory
flow diagram,

We merely present hére some exampleé of the computer output against
ﬁhiéh it will be useful to cémpare the expefimentally obtained data on our
lager,

The laser parameters used in the calculation were as follows:-—

Size of rod = 10 x 0.5 x 0.5 cms; its refractive index (u) = 1.5;

Stimulated emission cross-section (o) = 3 x 407%° cw®; Loss
coefficient (B) = 0,007 cm™';

Fluorescent lifetime (T) = 500 us;

Cavity length (L) = 50 cms; Reflectivity (R) = SQ%;-

Other losses = 10% =1 - S.

Figure 3.1L4 shows the output pulse form for different pumping levels at a
mirror speed of 6000 rad/s, Other information available is exemplified by
Figs. 3.45, 3.16 and 2.17, showing the far-field and near-field over ore
entire pulse, the effect on divergence at pulse peak of changing the pumping
level, and the efficiency curve. Fig. 2,18 is e curve showing the
dependence of integrated output on reflectivity, and Fig.'3.19 shows the

dependence of threshold on mirror rotation speed.
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Some interesting points emerge from the results of the calculation

(1) The variation of threshold inversion with mirror rotation speed
(Fig. 3.19) can be comparéd with the results of the threshold considerations,
as given by Fig. 3.8, which plots the maximum number of available passes as
q:fUnction of mirror roctation speed. Since the total gain in N passes
must be constant at threshold {to raise output from fluorescence to a glven
threshold output level) and since this gain is proportional to
exp (280N x [inversion-inversion at N = aﬂ) then ‘it follows that
(threshold inversion~threshold inversion at N = ) x maximum number of
available passes is invariantu_ This product was calculated from Figs. 3.8

and 3.19 for a range of values of ® and was found to be constant to within H%7.

.(ii). The temporal evolution of the pulse in the near and far field, as
shown by Fig. 3.15, demonstrates clearly that there is considerable sweeping
both in position and angle during the pulse and consequently that the quasi-
stationary view of the spimnning mirror is certainly not valid in this case.
The sweeping is moreover not small since, ir the example, the divergence of
the emitted light does not exceed ~ 0.7 m rad although it is swept through
~ 2 mrad. The question arises as to which of these two figures for the
divergence is the realistic one in practice when consideration may be given
to obtaining the smallest possible focussed spot or to specifying the laser
coherence. In both these cases the smaller value is likely to be the more
valid since a beam swept simultaneously both in positicn and angle can to a
first approximation be transformed into a beam swept only in position or one
swept only in angle whichever is required, and the value of the fixed
paraceter in these two situations is just the insfantaneous value for either

the near or the far field as shown in Fig. 3.15.
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(iii) TFig. 3.14 of the output pulse shape as a function of pumping
level shows that the spinning mirror Q-switch at a given speed is optimum
for one pumping level only (in this case; k = 3). For excessive pumping,
the Q-switch is too slow, resuiting in increasing pulse width‘and low peak
power, and for insufficient pumping, it is too fast, resulting in reduced
peak power and inefficient operation. The efficiency curve of Fig. 3.17
also demonstrates this low efficiency 2t low pumping levels. Another
significant fact shown by Fig. 3.14 is that the pulse peak under optimum
operation occurs sometime after the spinning mirror is normal to the laser
axis. This is contrary to the widely accepted view that the peak, under
optimum operation, should occur simultaneously with the mirror arriving at
the normal position.

(iv) Pig. 3.18, the optimization curve for reflectivity, is typical
of such curves, giving an optimum reflectivity for the situation taken of
457. This is close to the peak reflectivity (4L0%) of a two plate silica

resonant reflector as described and designed in Chapter 5.

3.4 Pumping Efficiency and Distribution of Inversicn

We now turn our atiention to another important part of the laser
process, the pumping of the laser rod. The calculation of the efficiency
with which radiaticn incident on a Nd:glass rod is converted into a density
of ions in the excited laser level (inversion population density) and into
heat, and of how these depend upon the position in the rod has not been
adequately treated in the literature although Borrelli and Charters (1965)
provide some information and Cooke et al (4964} do the calculation for ruby.
In fi11ling this gap, we have investigated how the distribution of inversion
density depends upon factors, such as the pumping wavelength, the rod radius,

ca o ;
g In the glass

the refractive index of the Nd:iglass, the doping level of

L4

and the surface finish on the rod.
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3.be1 The Calculation

The calculation of the inversion and heat density as a function of
radial position is performed as en integration both in three dimensions and
over the pumping spectrum, and is carried out using a XDF9 digital computer.

All possible situations could not be encompassed in a limited time,
necessitating a choice in respect of some of the variables.

The first choice concerns the incident radiation on the rod, and this
we take to be uniformly distributed and to have a black-body spectrum
corresponding to a temperature of 6500°K. This sfectrum corresponds
roughly to that of a Xenon flash tube {Edwards 1967), while the temperature
is approximately optimum for pumping neodymium. Information on the effect
of wavelength i1s obtained by dividing this spectrum up into 4 parts, which
roughly fit the regions of high and low absorption for Nd in glass, and
doing the calculation on these parts separately befere adding them together
to give the pumping due to the entire spectrum.

Two forms of surface finish on the rod are considered; completely
diffuse and highly polished (specular). Any other surface can be regarded
as a combination of these two.

For the above specified cases the upper level population density and
the heat density are calculated at ten points along the rgdius as a function

of the radius, the concentration of Nd and the refractive index of the glass.

3.hatl Fig. 3.20 represents a section of the rod.
Let energy incident on an element dA of the rod surface at an angle

@ to the normal and in the solid angle d0 be aw(da,dn,a)

Then aw(aa,an,a) = I &k cosa dQ ce. (3.18)
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FIGURE 3.20
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where Io = the incident intensity and is in general a function of wave-

length (M), position on the rod surface and angle to the surface normael (a).

Our assumption makes Io independent of the last two, so we can write

I (\) & for I, and we must then replace aw(aa,an,a) by aw(aa,aq,o,n)dn.

By integrating over all angles we obtain the energy per unit area on surface

w(n Yan |

where W(l)dk‘ = .[ W = =I_(A)ar eeo (3.99)
: I ! ’

3otel1.2 Specular Surface

In the case of a rod with a specular surface the element of energy
given by Equ. 3.18 passes through the surface with transmission T(B8) into

a solid angle dw at an angle f to the surface normal;

Thus T(B)aw(aa,an,a,\) = dw(ds,dw,B8,))

where sina = n sin f eoo (3.20)

E.Ild cosa d.Q - na cos3 ﬁ dﬂ) “ee (5¢21)
o aw(da,de,B,A) = T(ﬁ)IO(K) dAn? " cosBdwdn eee (3.22)

where Egq. 3.22 results from a combination of Equ. 3.18, 3.20 and 3.21,
and if the energy et P crossing the area dS normal to the beam and

coming from dA is dW(P,dA,dS,\)}

T(ﬁ)IO(K)dAnzcosﬁdSe_gpdh

then aw(P,dA,ds,n) = dW(aA,dw,B,n)e 80 =

z

P

e (3.23)
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where p = distance from P to the surface element dA

and g absorption coefficient of the material (Nd + glass)

1

and where we haverused the identity dw = dS/pz

g is a function of wavelength (A), and concentration (¢) of Nd, but

to keep the equations simpler, this dependence is not explicitly stated.
Since the useful absorbed energy density is the energy per unit area
multipiied by the absorpiion coefficient of Nd, the element of energy
absorbed by Nd in dA per unit volume at P and coming from dA is just

aw(P,dA,ds,M)h(M) and substituting for dawW(P,da,ds) from Equ. 3.23

T(ﬁ)wo(l).n?cosﬂe*gp.dkd"

aW(P,da,as,Ah() = 2‘ hA) ... (3.24)

Tp

where h(\) is the absorption coefficient of the N& ions at wavelength »
and where, using Equ. 3.19 Ic(h), has been replaced by Wo(l)/%,
Now if the total energy absorbed by the Nd ions per unit volume at P

and in an is W(P,A):-

nawo(h)h(l)dk 7(8)e” &P

cosfSdA

w(p,n) = ./ aw(P,d4,as,M)n(n) =
A ~

JA -p

ees (3.25)

This absorption must be multiplied by R/KO ic give the absorbed energy
into the upper laser level in dr at N, where A = 1.06u.

.. W(P), the total energy density in the upper laser level due to

absorption is given by
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eeo (3.26)

[0 &)

r o [T(ﬁ),sinﬁe—grR.dﬁdea}\
Ww(P) = [k—W(P,?\)d)\zﬁ— [M'{O(?&)h(?x)[

o P JI‘Z sin® f-x" sin® 6

where dA has been expressed in terms of the angular variables f and ©

t
- X
and using x =%  where x!

4

radius coordinate of 48,

R rod radius

p 1 - xcosB
and r = — = —————
R cos B

The contribution to the energy absorption at P made by radiation
reflected one or more times within the rod can be shown to be equal to W(P)

multiplied by a factor

=[R2 (B)exo(-gr )"
Z} (1 +MI'0/I‘)2

(length of the line from d4 through P to the rod surface)/k

where r_ =
o
= PO/R
and R'(B) = reflection coeff. of the surface at an angle §.

A rough estimate of the contribution of internal reflections shows it to be

less than 1% and we consequently neglect it,

(n+1)cosa(cosa+cosg)

T(f) for a specular surface =
(ncosa+cosB)(cose+ncosf)
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3.4.1.3 Diffuse Surface

We assume that the surface of the réd'is perfectly diffuse and has a
transmission of .

Using previous notation dW(dA,dw,B8,\) the energy in d\ leaving the

area dA at the angle f in the solid angle dw is given by

W (A)dAcosBdwar
aw(ds,dw,p,N) = —° .o (3.27)
, 2%

We now proceed just as in the specular case,
dw(P,dA,dS,\), the energy in A\ crossing an area dS normal to the beam

at P and coming from dA 1s now given by

aw(P,dA,ds,n) = _ eeo (3.28)

and W(P), the upper level energy density per unit volume at P 1is given by

1 sinﬁe"gerﬁdadl

wPp) = — /‘mo(x)h(x) L'f eee {(3.29)
B

2ﬂlo oy

/ r® sin®B-x"sin®6
N

To include internal reflections we must modify Wo(l) tce take into
account light reaching the surface from the inside and heing reflected
diffusely inwards again, From Equation 3.28, by putting p = Po and

4S5 = dA' cos B8, the total energy in d» incident on 4A' from the inside is
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..gP

gatwi(A)an . e ocoszﬁdA
_o = W(A)AAI(M)aar
2n {g p2 °
o
-&p
1 e Ocoszﬁ
where we have introduced I(A) = — j- ———— dA and where

27 W pz

W;(h) is now the totel energy density incident on surface from both sides

7o WIA) =W (A) from outside + w:}(x)I(x) from inside

w (A

or Wc')(?x) = ) wee (3.31)

Since I{A) is not negligible in comparison with 1, we cannot ignore

it and W(P), the absorbed energy per unit volume into the upper laser level

at P 1is correctly given by

d AW (M)B() e &R inpagasan
w(pP) = [ ff oo (3.32)
21T‘?‘o 1-I0) % B Lﬁsinzﬁ—x?sinze
N
-grR

where I(A) = —
Py d

1 /. e ?sinﬁcosﬁdﬁde
0

B risinaﬁ - s5in®6

Note that this integral for I{A) (apart from the addition of an extra cosf)

is equal to that of Eauetion 3.32 with x =1 and r = r = 422289

o cosf

3,4.2 Evaluation of equations 3.26 and 3.32 is carried out on a KDF9

computer for various positions slong the radius {varicus values of X between

0 and 1), various radii (R) and concentrations (c) and two values of refractive



index (n). Further, by substituting for lbéll a factor g(A)- }béll
o) o

the heat distribution within the rod was alsc caiculated. The absorpiion

coefficients g(\) and n{A) were measured for LN6 Nd:glass material

usging an SP?00 spectrophotometer.

Typical calculated distributions are shown (Fig. 3.21) for two
concentratioﬁs of Na**, splitting each up into contributions from four
spectral regions. Also shown is the curve (Fig. 3.22)indicating how the

inversion at the centre depends upon the concentration for a

7' diameter
rod.
Integration of the inversion density versus radius curve gives the

total inversion of the rod.

The following three points are useful when considering the results.

(i) since h(n) = cho(x) and g(A) = cho(')\) + 300
where ¢ = the percentage concentration of HNd
h, (M)

j&) = the glass absorption coefficient

the Nd absorption coefficients for 1% concentration

the inversion distribution is not a function of c¢R only. However for
most of the spectrum j(A) ~ 0 and then inversion distribution at radial
position (p) = ex function of cR.
(ii) The calculation gives the inversion density in joules/em® for
an inci&ent energy of 1 joule/cm® on the rod surface.
(iii) ©No account is taken of depletion processes such as spontaneous
emission. The figures give the change in energy density in

the upper laser level due solely to pumping.

3.5 Application to Svstem Design

When trying tc optimise a laser one is faced with achieving a best

compromise hetween {actors such as the following: -
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(1) In a pulsed laser system the maximum permissible energy into
the flash tube as determined by failufe of the tute increases with the pulse
length, suggesting that a long pulse is advantageous.

(ii) Too long a pumping pulse however is inefficient since the upper
iaser level is continuously being depleted at a rate inversely proportional
to the lifetime,

(iii) High concentration improves the inversion (computed result);

(iv) buf high concentration is linked with a low upper level
lifetime and thus is contrary to the requirement aé indicated by (i) and
(ii) sbove.

A rational treatment of all the factors, some of which, as shown above,
are interdependent, is obviously required and this entalls a mathematical
formulation of the complete pumping and lasing system such as to include

them all, Optimisation is then carried out.

3.5.1 The formulation is Jjust that of forming the product of the efficiencies
of each element of the lager process a2t which losses occur.

The se parts ére:—

(i) The pumping source. Let the lamp efficiency, defined as the
energy radiated divided by the electrical energy dissipated, be H,

(ii) The pumping reflector system. Let G be the fraction of the
energy leaving the source which reaches the rod.

(iii) ‘'The rod abserption. The pumping efficiency, which we have
calculated for the case of the Nd: glass reod subjected to uniformly
distributed pumping radiadtion, we denote by F. This is the increase of
energy density in the upper laser level in joules/cc as a result of a pumping
energy of one joule per square centimeler on the rod surface.

(iv) Unless the pump pulse is very short irn ccmparison with the decay

rate of the upper laser level, less than 100% of the atoms pumped into this
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level contribute 4o lasing action. Let the useful ffaétion be J. Tﬁus
if a cw- pump gives a rate of increase of energy density of hvdN/dt in
the upper laser level, where N = number of icns/cc in this level, then a
power density thé/r is lost due to spontaneous emission, where Né =
threshold inversion and < = lifetime of +the upper laser level. In the
case of Q-switch action where the pump pulse is often very closgely approxi-
mated by a half-sine wave (Edwards 1968) of length to’ and Q-switching

takes place at maximum inversion,

maximum inversion ™ T Tty
J = = — +— sin — eee (3.33)
maximum inversion for T>>to 2 to to

where t; is the time of maximum inversion and is given by the solution

-ty /T
of:- [4 +(n1/t Jlsimta /b = 7/t e +simuty /‘to—m/tochSTtt1 /%,

cee (3.34)

(v) ILaser action does not couple all the useful stored'energy out
of the cavity. A certain fraction, say X, is released intc the cavity
-and a fraction equal to {to a close approximation) 1ogR/logRS (Edwards 1968)
of this is coupled out of the cavity, where R = output mirror reflectivity
and 8 =1 - fraction lost to all ofher losses. The fraction X abave
depends upon the mode of operation of the laser: "and with non-g-switched
operation for example, can be approximated by the fraction of useful pumped
energy which is not employed in raising the laser to threshold and maintain-
“ing it at threshold.

We now combine‘all these elements for the case of a pulsed laser. If
{he ernergy input to the flash tube = E joules, then from (1) above, the

radiated energy from the flashtube = HE joules.
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From (ii), the energy reaching the rod = GHE joules .". Energy density on

. GHE
rod = joules/cn® where r = rod radius; & = rod length and
28 £ ° ©
oo
FGHE
from (iii), Pumped energy density in upper laser level =
2xr £
00
JEGHE
from (iv), Useful pumped energy density = ————— joules/c.c.
- 2rr &
)
én R KJFGHE
from (v), Output from laser = joules/cm®
én RS Zmr
)
: en R JGHE o
or, totel energy emittea = j' K¥2rpdp ees (3.35)
£n RS 2ﬂr0 A

where the inlegral contains only those functions dependent upon p, the
radial position in the rod.

The functions in this equation depend on several variables as follows:-

H = H(r,e) : G =6(r, 2, T &0}
J = J(r/to) see equations 3.33 and 3.3k
¥ = cF'(p,cro) see section 3.4.2
Ni - Nf
K=z2—ma—"nr where N., ¥, are the inversions before and after
Ni the laser pulse
JFGHE
and where Nf is a funetion of N. =
1 2rr £ hv
o o
-&n RS
and the threszhsld inveraion v =
¥ 2ct
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JFGHE - £n RS

2

2Rr £ hy 20%
s ] (o]

The variables referred to are flashtube radius (r), flashtube length (&),
rod radius (ro), rod length (30), spontaneous lifetime (7), flash duration
(to), concentration (c), radial position in rod (p), and stimulated emission

cross-section (o).

3.5.2 The laser output will be optimized by inserting simple functions which
closely approximate the actual functions into Equation 3.35. Certain
assumptions have to be made for a soclution to be possible and feasible

analytically and these will be voinfed out as they arise,

r

(i) Tet &= Go-;? » where G = efficiency of imaging of the

flash lamp by the cavity. This is valid for a reascnably good image-
producing pumping cavity in which T € r and for rod length (&0) ; flash
lamp length (£). ir r, >r, then G = Go’ but this case is rejected on

the grounds that our pumping calculation becomes invalid and that the
efficiency must drop as r, increases above T since‘less energy will reach
the volume having radius r and the rest of the volume has iower inversion
and is not likely to contribute to the output.

(i) Let H = constant = H say. On published data (Gonez 1966,
Edwards 1967, Roess 1969, Jones and Wall 1971, Noble et al 1971, Edgerton
1970) the form of H is not certain, but this appears to be a reasonable
approxication.

(iii) Let the pumping pulse shape be a half-sine wave. The solution
for o of Equations 3;35 and 3.34 is given, %o within ﬂ%,by
1

T S —
g =

1+0.5t0/%
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(iv) The optimization of EOUT in its integral form is complex and
would require a great deal of computer time. We assume that F'(cro,p) is
separable [F'(cro,p) = F',(cro)F'a(p)] and that F{(cro) = F'(cro,O) and

Fi(p)

[t

15 p € kr

0; p > kro. where X 1is a constant between 0 and 1.
Furthermore we replace F‘(cro,O) by the function 0.28 o/(1+1.05cr0)
which approximates'(to within 5%) to the computed functions (see Fig. 3.22)
over at least the range 0.85 < er < 5. This analytic function doces not
preserve dimensions, since the constants replace variables which have

dimension.

(v) Por the casc of a fast Q-switch (Wagner and Lengyel, Wenzel)
_ . 148
K(Ni,Nc) = K(Ni/kc) and rep}acement of K(Ni’Nc) by j-1.08/(Ni/N6)

(Wenzel) is a very good approximation to the computed function.

{vi) The fluorescent lifetime depends on the concentration of
neodymium in glass.  Stroud (1968) has shown that < = 1.86_C/L'ms is &
reasonable approximation for a glass type such as LN6 and we have used
this to eliminate <t from the equation. For other glass types the constant
(1.8) is different. With all these functions substituted the output

equation becomes:-

\ /4 ' Goro H0 E - 0.28c
E = {-4¢n R (§k2r2>. . . .
ouT ( ) ° r o ox (1+0.28toec/h)(«6nRS) (1+1.05cr )

[ 7thy r r (1+o°28t0e°/4)(_enRs) (1+1.o5cr0)""5]
x 1-1.08 ( )

o G r H E 0.28¢ 4

1 s
- = - M'kerZ&nR [ F - —-J ees (3.37)
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hv 1045
where M' = 0.14; N' = 36.0 ( —_—
) o
GH E cr V /|
and F = —2 2

rr (1+0.28t0e°/4) ' (144.05¢cr ) (- £nRS)

and - £énS = 2ﬁ60—5nD¢

345.3 EOUT then is a function of the independent variables r (flash tube
radius), ro (rod radius), R (reflectivity), to (flash length), ¢ (doping
concentration), 60 (rod length) and the optimum can be found by solving the

simultaneous equationsg:-

OB . oE oFE JoB oE ... oE
QUT - 0; QUT -0 QUT - 0; ouT = 0; OUT - 0; QuT -0
ar or oR Jt oc ob
o 0 o

The number of equationg can be reduced to four by inspection of Equation 3.37
as to 1ts dependence on » and Ty

The dependence on r reduces to:-

A
. —L D45
Eur = 7 - B.(r)

(Ar and B being independent of r) and this, by inspection, is a maximum

for minimum 1 also the dependence on Eo reduces toie

A
- B, (~enkD+28¢ )° 45

o I
L ~¢nRD+268 o
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which by inspection is a maximum for minimum £ e These two requirements
on the flash tube dimensions are incompatible with the requirement for a
finite energy input and flash length since the tube would break down if its
radius and length were to be reduced tco far. The breakdown energy of

Xenon flash tuﬁes is given by:~
Fc = 800 r 84%0 joules (Edgerton et al 196.) ee. (3.38)

where, again, this is a good analytic approximation, which does not
preserve dimensions.

From the above considerations it is evident that, for maximum efficiency,
it is desirable to work as close as possible to this limit,.

We therefore introduce the further constraint:-
E =90 809 r&V%O
where b = safety factor. Take b = 0.5 (Life of tube ~ 5000 shots)
.. revt = E/MAOO0 or v = E/(10067% ) N oo (3.39)

We now consider the optimization with respect to T,

The dependence of EOUT on I, reduces to:-

A - y

9 - B (1.050r0)°'45 2

E
TT I
OvT (1+1.05cr0) 0 jo
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but Maximum r,=r (see paragraph 3.5,2)

.*. from Equ. 3.39, r = E/(:00) P»fto) where we have replaced & by & _

since we are assuming & = £

These two substitutions into equation 3.37 gives:-

. (-enR) N
E = Mk F - E?
OUT &2_{_‘ FD 045
oo
hy 145
where M=3.50 x 10™%; N = 0.48 x 10~2 (?)
G H ct Vi GHLVE
and F = 0o 0o o . 200 ©
o/l 2.63 x 10~>Be ) PQ(~£nRS)
(1 +0.28% e )Cl + (-2nRS)
eve /
o o
where P = 1 +0.,28 toec/h’
0 L 2.63 % 1077 He
» = 0t ¢Vt
o o
The simultaneous equations to be solved are now:-
3 .EOUT 9 EOUT 2 EOUT 0 EOUT
- = 0; = 0; = 0; = 0
) R ato de aeo

2

s}

ees (3.40

After Jifferentiation and =ome rearrangement these four equations become:-



F‘I s 45 -4n R
— = 1 +1.45 eos (3.44)
N - £&n S
F1 45 ZQ-P
- = 1 4145 [ —— oes (3.42)
N 2P0-20Q+P
> e (3.43)
- oe s 3']-]‘3
c(P-1) '
¥ (2Q-1 ) (-enRrs)-28£9
— = 1 4145 | eoo (3o2)
N (—enRS)+28eqQ
Equating the square brackeéts in Equ. 3.41 and 3.42 givés:-
-&nk 2Q-P
£ns 2PQ-2Q+P
s (3-45)
—~&nRS 2rQ
or =
-£nS 2PQ~2Q+P

Equating the square brackets in Equ. 3.42 and 3.44 and substituting for

(~n RS) from Equ.3.45 gives, after scme rearrangement:-
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ﬂ&OP
Bty - én D = . ")" coe (3.46)

again substituting for (~¢n RS) from Equ. 3.45, Equ. 3.42 becomes

2,9 PQ 1 [ G H ot /t_(2PQ-2Q+P)
N

145
} 4 0,45 eee (3.047)

9PQ-2Q+P 2P (<tn 8)

where F has been inserted from Equ., 3.40,

We have now eliminated R from Equ. 3.41, 3.42 and 3oh4. giving two
equations (3.46 and 3.47) which, together with 3.43, form a set of three
simultaneous equations in the variables to,c and 60.

Equation 3.43 can be sclved for &O, by substituting for ¢ from Equ. 3.40:-

2,63 x 107°Ec? (P~1)

e_o = TR (3«14-8)
Vto (4P~cP+c)

3.5.4 The pair of simultaneous equations formed by substituting Equ. 3.48
in Equ. 3.46 and 3.47 were solved (for c and to) using a'simple BASIC
programme (APPENDIX II) through an on-line computer terminal. The programme

also calculates the values of £, R and K at the optimum,

outT

As an example, the following values were used:~

Flash tube efficiency constant (Ho) = 0.3
Cavity efficiency (GO] = 0,8
BV _ 8.0 This value is that of ED-2 Nd:glass

o3
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B = 0.007 This value is that of ED-2 Nd:glass
-nD = 0,1 i.e. Other losses in the laser amount tc -~ 4q%
k = useful fraction of rod radius = 0.7. This roughly cdrresponds

to the central high inversion area due to focussing of the pumping
energy by refraction at the rod surface.

The optimum was calculated for various inputs (E) and plotted in
Fig. 3.23.

For 100mJ output the optimum is seen to be as follows:-

E = 17.5 Joules

optimum ¢

I

19.5; optimum to = 2,25 us;

optimum 80 = 10,1 cm; optimum R = 48%.

'The only value not given is the rod radius (ro) which can be easily

" calculated since ro= E/(400 Eoﬁfo). For the case above r, = 0.091 cms.

It is also of great interest fo ¥now how critically the output depends
upon the various parameters in the region of the cptimum,

The programme has been adapted to enable this to be done, and as an
example the best that can be done with 6% Nd:glass (the usual max.
concentration) was Ffound.

For optimum EOUT = 100 mJ; E = 25J
The two major uncertainties in the above analysis should be restressed.

(i) The flash tube efficiency and how it depends upon the flash tube
parameters. .
(1) The approximation of the integral is not adequate in some cases.
If k were aliowed to vary with E, r, ¢, and R & more
accurate assessment would be obiained.
The optiwization programme developed above has been modified to include

two new pleces of information. These are:-
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(a) a new and improved neodymium laser glass with different constani

parameters. For ocur program to it this glass three constants were changed.

%¥ was reduced from 8.0. to 6.4 joules/o.c/bmf‘; the loss coefficient §

was also reduced, from 0,007 to 0,006; and the fiucrescent lifetime was
reduced by a factor 2.37. As a direct comparison with the prévious glass
taken, the laser system was optimized for the new glass with G% concentration
and 20 joules input. The result was a 7 increase in output. Optimization

for the new glass was also perforzed with the other new piece of information;

(b) the dependence of the pumping efficiency on the effective colour
temperature of the flashtube. This has been calculated using the computa-
tion outlined in Section 3.4 of this chapter, In the example there a
colour temperature of 6500°K was assumed in calculating the spectral content
of the pumping radiation, 4 different colour temperature leads to a
different intensity spectrum which will be a betier or worse match to the
absorption spectrum of neodymium in glass. A good match to the calculated
dependence of pumping efficiency on colour temperature was found %g be given
(for colour temperatures > 6500°K) by the analytic expression ed‘C-, where
T = colour temperature and C = constant. The formula is not wvalid below
6500°K because the efficiency does in fact begin to fall again below this
temperature, contrary to the predicted continuing increase. The above
analytic expression was included in the overall laser efficiency and the
optimization computation repeated. The effect of {his modification was
considerable, blassing. the optimum strongly in favour of long pulse durations
and hence rods of lower concentration and larger volume. The laser output
was 'greatly reduced.

For examrle, at 40 joules input the optimum oulput is 73mJd {250mJ) at
a concentration of 8,5 (17%), a pulse length of 60 ps (4 us)), a rod length
of 17 cr {12.4 cm) 2nd a recd dicmeter of 2.35 mm {2,044 =m), where the figures

in brackets refer to the optimun valves as previously calculated.
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4.1 Introduction

This chapter describes the experimentsl investigation carried out on
the chosen laser System in its initial unmodified form, this being an
American Optical 'Aolux' 3" x 4" Nd:glass rod pumped by a linear Xenon
flashtube in an elliptic cavity and in a resonator consisting of an output
mirror and a fully reflecting mirror. A rotating optical element,
‘comprising a hollow spindle air-turbine and silica prism rotating elemmt,
is placed inside the‘resonator and is the Q-switch. FIGS. 4.1 amd 4.2
show fhe system diagrammatically.

. PARTIALLY

' TRANSMITTING ELLIPTIC PUMPING CAVITY _
' MIRROR o S— 7\ \b
i { I ‘ |

l , SPINNING
| FLASHTUBE 1

PRI S
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, \J s X
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‘ \

FIGURE 4.1 Bosit l.aser Resonator

FIGURE 4.2

Q-switch prism inside
gir-turbine drive unit
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The following quantities are measured:- static and dynamic losses in
the system, pumping efficiency, inversion distribution in the rod, rod
distortions due to pumping; threshold investigations, input/output
characteristic,-spatial and temporal output characteristics, and coherence
properties, Essentially, three types of measurement are involved, the
measurement of quantities needed for calculations such as those in
chapter 3: observations that show how thé system matches up to those
calculations: measurements of properties, sunch as distortlons, which do
not enfer the calculatior and may cause the system to operate differently
from fhe expected performance.

In the course of making measurements on lasers one is often aware of
a need for an improved or altermative technique. This chapter is also
concerned with the diagnéstic methods used with lasers and an important
part of it will be concerred with discuasing some of those we have used.

In particular, those upon which new work has been carried out are; the time
~ resolution of.the ‘gpatial~intensity distributiony the-measurement of dynamic

- distortions; the measurement of coherence.

4,2 Threshold Investigations

Measurement of the variation of threshold with output'mirrér
refiectivity and Q—éwitcﬁ rotationrspeed permils measurement of:-
{i) Static losses in the laser (Findlay and Fray 1966) and the
form of the dependence of the inversion on the input energy.
(ii) The variation of the number (N) of available passes with the
speed of rotation of the prism.
This follows immediately from the threshold equation (3.3) of

Chapter 3:-
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4 PT 1 1
UN ar o’f(E ) = 1]’1_"-——"‘_"JHR'—_1D.S+6 Y (1}01)

2¢N P 2 2¢
o

(i) 1If the O-switch is stationary, then N = = and the equation

becomes: -

1

df(ET) = -— (InR+1n8)+p
i
- (4.2)
|
= —-—InR+ B say

28 0
If ET is measured as a function of R Then:-
extrapolating back to Ej =0 gives éo = Eiiln R and the

shape of the curve gives the form of the variation of inversion
with input energy.
(ii) Measurement of the variation of threshold with turbine speed
enables, using the results of (i) abouve in eguation 4.1, a
.calculation of the dependence of N upon the furbine speed,
Before making any measurements, it is important to define how
the threshold is to be ﬁeagufed. This is most easily done by observing the
input at which the output has sufficient energy density to burn polaroid
print material. This energy density is quite clearly defined at
~ 100 mJ/cw’ {as compared to an output of = 10 J/e¢m® at 1.5 x threshold)
or, in other words, very little depletion of the rod has occurred at this
point. An alternative but lengthier method is to determine, using a photo-

detector, the output/input curve near threshold and extrapolate back to
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zero output. FIG, 4.3 shows an example of this.

'FIGURE 4.3 f
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DETERMINATION OF LASER THRESHOLD

Comparison hetween the two methods shows that the error of the first method
is small, smaller indeed than the errors due to instabilities of the laser
systen and the errors in measuring the input.

4.2.1 (i) The threshold was measured, by the second method above, as a
function of output mirror reflectivity. The range of reflectivity was
covered by various multilayer dielectric mirrors and various combinations of
Bilica, glass and sapphire flats as resonamt reflectors. The mawimum
reflectivity used was 93%, made up of one 71% coated reflector and a
resonani reflector. consisling of iwo silica fialu, while mininum rellectivity
of 13% was obtained using a single silica flat. Fig. 4.4 I. is a graph of
threshold input energy against -ln (reflectivity) = -1n E.

The value of -1ln R al zero threshold input gives a value of the total
effective loss coefficient (ﬁo) of 0.023 cm™2, This is made up of the
loss coefficient of the rod (=~ 0.005 cm™*) and scatiering and reflection
losses at the varicus faces through which the beam has to pass. Subtracting
0.005 em™* from B, &lves 0.018 em™, Setting this equal to -ln S/2¢
gives a value of S of 0.76. Thus the total of these scatiering and
reflection losses are 1 - 8 = 24% per double transit.

This figure is made up ofi-

f
[}
LY

-

=2 reflectie Touge Trom I7Tel A of the rnd odyineg o gounle
o rejlecilon Loss 1LY om ezcn ena ol Luae rog, giving a aoudle

transit loss of ~ 16% (4 surfaces at L% surface)
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(b) a small loss at the 14 Brewster angle surfaces; a small loss from
scattering in bulk media; and, since there 15 some induced bire-
fringence in the rod, a small loss from reflection of the

unfavoured polarization. i
.

(¢} a loss at the roof-edge retro-reflector, due to slight

imperfection of the edge itself.

The fact that the curve of Fig. 4.4 I is not smooth must be due to the
refilectivities not being as expected. The values taken for the multiple
plate resonant reflectors may have been over-estimated since no effort was
made to ensure that all the appropriate distances were in phase for the
wavelength of peak gain, The error bars show the range over which these

reflectivities could vary. Further discussion of resonant reflectors is

left to chapter 5 where their use in coherence control is considered.

4,2.1.1 The shape of the curve gives information concerning the way input
energy is converted into an inversion population. It is in fact the
inverse of the function £ in Equation 4.1 and we can caléulate as follows
what shape the curve should be.
Let the pumping pulse shape be a half-sine wave,
Then the rate of change of inversion population ( EE > is equal to
Nodt

the increase due to pumping less the decrease cdue to fluorescence, or

dN o
— = Nk sin nt/t - — eoe (B.3)
- o o
at T
where N = population of ionic ground state ~ constant.
0. :
t = purping pulse length
o Bulp..bz X &
T = fiucrescent lifetime

k = rate of pumping
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Integrating-and putting N =0 at t =0 gives

Nokr r nT - AT _t/
N = ————— |5in ﬂt/to - = cos nt/%o +—e "t ees (Boh)
T+(me/t ) t g '

Fig. 4.5 shows the pumping pulse and an example of the temporal

evolution of N for T/fo = 0.5 {which is the vglue'in our own case).

Threshold occurs when the peak value of N{=N ) is just sufficient

MAX
for the losses to be overcome.
At this point dN/dt =0
.°. from Equ, 4,3:- Nyyy = Nkt sin nt/%o. .o (B.5)

Equating the right hand side of Equ. 4.4 and Equ. 4.5:-

N kt ' T LY, ’
N kt sin nt/t = -——=——u Igin nt/t - — cos R/t + —e /"
° © 1+{mr/t )= ° 1 ° ¢
’ 0 o 0
nt nT —t/T
or {(i+[nt/t 17%)sin nt/t = sin nt/t_ - — cos nt/i_ + — e
0 o R CHE
0 o

Since this equation does not contain k, the time at which maximum inversion
occurs is independent of the pumping level. Let this time be t'; then

._ - ol !
from Equ, 4.5: NMAK N_ kv sin nt /%o

t
o}

Now the input encrgy E constant x j k sin nt/to dt

o

IN

constant x 2kt /7
%)
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so that we can substitute for NMAX from above into this equaiion to get:-

2

- EIN = constant x : — X NMAX
nN051nnt /bo

= constant x NMAX .

i,e. there is a linear relation between the peak inversion density and the
input energy.
The variation of threshold input energy with -ln (reflectivity) should

then (from Equ. 4.2) also be linear.

4.,2.1.2 A glance at Fig. 4.4 I shows that this is not so. Moreover the

experimental shape indicates a decrease in pumping efficiency at higher

inputs. One possible contribution to this has been investigated and shown

to have a considerable effect. This is the ohmic loss in the discharge

circuit, Markiewicz and Emmett (1966) showed that the loss in efficiency

due to ohmic losses depends on the input energy, and the fractional lgss was
koca

calculated as a function of a, a circuit parameter given by o = ——7
(2EL)*

where ko is the resistance parameter of the flashtube, C = capacitance,
L = inductance and ¥ = initial stored energy in the condenser bank,
Inserting the particular falues of ko, C and L for our discharge circuit
into the equation for o enabled this parameter to be calculated for various
values of stored energy. Using then the caleulated curve of Markiewikz and
¥rmett and knowing the circuit resistance we obtain a curve of the fractional
loss as a function of stored energy.

The circﬁit resistance was measured to be 0,40 2 using a dec
resistance bridge, Inserting this value into the above enabled

of the energy into the tube vs capacitor stored energy to be drawn,
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4,2.1.3 To try to vérify this the flashtube ligﬁt output was measured as a
function of the stored energy in the capaciter, Using an SGD 100 phﬁto—
diode in the circuit of Fig, 4.7, polaroid prints of the scope traces
corresponding to different input energies were obtained, :
Since an absolute intensity reading was not required, calibration of the
detection system was not carried out. Linearity of the system was, however,
necessary and tests were made which confirmed this for the range employed.
The test siﬁply involved repeating the above experiment with a density filter
between flashtube and detector and observing that the resulting curve shape
was the same. The area of the scope traces were a measure of the electrical
energy dissipated in the flashtube and, as it is known that this energy tends
to the capacitor stored energy as the input tenas to zero, Fig. 4.8 could be
drawn showing the variation of the energy into the flashtube with the stored
energy in the capacitor bank. This curve compares well with Fig., 4.6, the
curve obtained from ohmic loss considerations, Two implicit assumptions
have been made; that the change in spectral distribution if any on increas-
ing the input does not result in a change of detector response {the iatter
is not independent of wavelength); and that the flashtube efficiency is
independent of input level, The same experimental curve was drawn with a
narrow band spectral filter in front of the detector and.the fact that the
shape of the curve was unaltered indicated that our first assumption is
reasonable. The justification for the second assumption is the agreement

between Fig. 4.6 and Fig., 4.8,

4,2,1,4 A further step in the laser process was also tested, by measuring

peak fluorescent intensity emitted by the rod at the laser wavelength vs

capacitor input energy.
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FIGURE 4.7 Circuit diagram for observation of pulses of light.
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Fig., 4.9 shows the arrangement used.
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i

PHOTODIO[; T . o -~
| NARROW BAND SPECTRAL

FILTER AT +O6um

FIGURE 4.9 Arrangement tor measuring the fluorescent output at
-O6um from the flashlamp-pumped Nd:glass laser rod.

Since the fluorescent intensity @ is given by:

lexp 2¢{a~-p)-1] .
; see Equation 3.15, where o = ¢ x

() = constant x

° (-Pray

inversion density (N), it is possible (as shown in paragraph 4.3)to directly
plot the inversion vs input energy. This is done in Fig. 4.10, where we
have allowed for the inefficiency of the discharge circuit. This confirms
the linearity of dependence of the inversion population on the flashtube
output, indicating agzin that the spectral distribution is independent of
input. .
The above invesiigation enables a cofreétion fo be appliéd to the
measurement of all qua.r‘ltities._; as a function of input energy. In a1
future measurements, for input read effective input where effective input
is the energy dissipated in the flashtube as calculated from Fig. 4.8
and the inversion is then directly proportional to the effective input.
A further point should be added for completeness. Since the flash
envelope has a shape that alters with input energy and the laser action
occurs before the flash is completed then the effective input should be the

effective input in the time period from zero up to the point of laser
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action. In our case (see position of N in Fig. 4.5) this period is

MAX
approximately the first 1.4 ms of the flash (sincé to =‘1.75 ms), and, using
the scope traces recorded above and measuring the area in the first 1.4 ms,
equivalent curves for this area were drawn, thus enabling the correct
effective input to be used. Fig. 4.11 shows the two effective input vs
input curves and it can be seen that the difference, apart from a scaling
factor, is small.

Curve II of Fig. 4.11 was used to derive curve IT of Fig. 4.4, the
variation of thresheold with reflectivity. A straight line, as expected,

was obtained and. it was from this that the losses & were measured.

(para. 4.2.1)

4,2,2 (ii) The dependenbe of the thresﬂold (as measured in (i)) on turbine
rotation speed was determined. An air pressure valve controlled the mifror
rotation speed, which was measured by painting a semicircle of black paint
on the top of the rotor and measuring the frequency of oscillation of
reflected light using & tachometer, Fig. 4.12 is the experimental curve of
threshold versus rotation fregquency. Equation 4,1 shows that if the origin
is shifted so as to intersect the curve at zero rotation speed Fig. %.12
immediately becomes, apart from a scaling factor, a curve of (1/Number of
available double transits) vs (rotation speed). This can be immediately
checked against Fig. 3.8 of Chapter 3, this being the theoretical curve.
Considerable discrepancies (due to extra losses) are found to be present at
the higher freguencies., and these require an explanation. The following
possibilities exisi:-
{(a)} Air turbulence around the turbine rotor could introduce optical
distortions intq the resonator,

(b) Dynamic distortion of the rotating prism at high speeds introduces
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two types of optical distortion, and attenuation due to induced

birefringence which couples light out of the favoured polarization,
(c) TIncorrect choice of farameters used in the theofetical calculation,
(d) Dynamic optical distortion and induced birefringehce in the laser

rod due to the nonuniformity of the inversion distribution and heat

distribution in it when optically pumped,

(a) Air turbulence. This is likely to be very small for a rotating prism
such as ours which is sealed into a cylinder which rotates about its axis,
Any loss that does result from turbulence is likely to depend on the sguare

of the rotation speed (uw). If we czll this loss LT’ then LT = KTw2 and

.
i

this loss cornstitutes an oxtra term in Equ. 4.

1 PT 1 1 1
f(ET) = ln ~~- —1In R~ —1n S+ - ~— 1n (1~ mez) ees (4.6}
2N P 2 2L 2t =
M o}
1n{1 —K,I,u)2 )
and the effect is to add a term - ———— +to the theoretically calculated
1nPp/P
o
1/N K., can be chosen to make the two curves coincide at the origin and

M T
one other point but not to coincide over the entire curve.
(b) Appendix III describes the holographic method used to evaluate the
dynamic distortions in the spinning prism as a function of rotation speed.

Fig. 4.13 shows the single pass interference fringes of the optical distortion

for two prism rotation speeds.



FIGURE 4,13 Holograephic interferograms showing dynamic
distortion in a spinning Q-switch prism.
(2) 90,000 r.p.m. (b) 120,000 r.p.m.
This distortion is uniformly distributed through the prism and is shown to

be entirely a result of the centrifugal forces present. Furthermore, over
the area used by the laser and for the optical path actually used, both the

wavefront distortions and birefringence losses are shown to be very small.

(¢) The threshold value of 1/N depends only upon the product L2w/a,
where L = cavity length, a = effective aperture. This is implied by

Equ. 3.6. An error in the choice of (L) or (a) results, therefore, in
a scaling error in w. A scaling factor can be found such that Figs. 4.12
and 3.8 coincide'at two points but the curves still do not coincide over

their entire lengths,

(d) It is not proposea to gb into the theory of dynamic optical distortion
induced in laser rods during the pumping cycle, This has been done by, for
example, Riedel and Baldwin (1967), but in our case some important data, such
as the non-uniform distribution of pumping radiation on the rod, is not known,
and this would result in large uncertainties in the calculated distortion.
The alternative is an experimental measurement of the distortions, and

this has been done as follows
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Figs, 4.14 and 4.15 show diagrammatically the methods of measuring the

optical distortion and induced birefringence respectively.

He -« Ne BEAM BREAM

LASER ~ EXPANDER SPLITTER | - MIRROR
| = [-;
. \ Nd:GLASS
B ' - ROD
'POLAROID
o FILM

FIGURE 4.14 Medsurement of Dynamic Distortionin Nd: glass Rod

s e e a
- L S
- He-Ne LASER  geay Nd:GLAss ROD | |
EXPANDER £ LENS

POLAROID
FILM PLANE_

FIGURE 4.15 Measurement ot Induced Bireiringznce in Nd: glass Rod

The formcr investigation consists in passing fhe expanded TEMDo mode
output from a He-Ne lase{ through the rod and recording the intensity
distribution in the transmitted beam at a large distance from the rod. The
distorted spoi was recorded on polaroid 55P/N  for several different input

levels and Fig. 4.16 shows some examples.
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FIGURE L.16 Distribution across light bezm distorted by

transmission through a pumped Hd:glass rcd.



The‘dizzorhed intensity pattern returned to being a gaussian distribution
with a time constant of a few seconds, so that the pictures of Fig. 4.16
had to be recorded with a short exposure immediately after completion of the
pumping cycle,

The birefringence measurement was made by inserting a piece of polaroid
which had its polarization axis of maximum transmission crossed with the
polarization of the'gas laser beam. The unpumped undistorted rod gave a

dark field on the recording material. Birefringence patterns for various

pumping levels were recorded and Fig. 4.17 shows some examples of these.

Unpumped 763 . 3007 6603 12003 18007

Birefringence of a pumped Nd:glass rod
between crossed polarizers.

FIGURE 4.1

The first and most obvious feature of the above measurements is that
the distortions are quite considerable and are not lens-like in form. Tk
is likely that if their effect on the threshold were calculated we could
satisfactorily explain the observed threshold variations. The problem of
relating the observed patterns to the threshold is considerable owing to the
complexity of the distortions. The only satisfactory method is to modify
the computer program of Chapter 3. The equations which relate the ray
positions and directions on consecutive transits would need to be adjusted
to include the effect on the path of each ray due to the rod. Furthermore

the effect on the number of available transits of the distortions in the
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plane normal to that of the rotating mirror sweep must be included althcugh

this is likely to be small in most situwations. These modifications to the

programme are important to a full understanding of the laser process but are
not included in this thesis as they are not considered to be crucial to the

main theme,

One further comment on the distortion distributicns should be made
since it will be relevani at a later stage to the probiem of transverse
coherence, which is strongly dependent upon the shape of the wavefront
transmitted by the rod. It has been stated that the distortions are not
lens-like. The closest descriptioh relating to conventional optical
components is that the rod roughly becomes a positive cylindrical lens of
powver depending upon input energy. This is calculated from the experi-
mental measurements and is shown in Fig. 4.18.

Since the rod focuses in the plane of the rod and flashtube it follows
that, with or without compensation for the distortions, the optimum orienta-
tion of the pumping cavity is such that the planc containing the red and
fiashtube is normal to that of the rotating mirror sweep. In this orienta-
tion there is minimum distortion along the line swept out by the laser pulse.
Less of the rod is used normal to this line with less need for good guality.

Dynamic optical distértions are a result of heating effects in the rod
and as shown in the pumping czlculation in Chapter 3 the heat distribution
in the rod is closely linked with the distribution of inversion. Thus we
come to the next measurement on the laser, which is required for the laser
puise calculation of Chapter 3 as well as providing another link to the
distortion measurement above. This is the measurement of the inversion

distribution in the rod.
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4.% Inversion Distribution in the Rod

Fig. 4.19 shows diagrammatically the method used for this measurement.

PINHOLE A PINHOLE
NI 1/
> A T A0 T T
. : . NARROW BAND Nd: GLASS ROD
PHOTODIODE FILTER AT +O6um
FIGURE 4.19 inversion distributicn acrese Nd:glass red by measurement

of filtered fluorescence ai 1-Oéum

The photocell énd pinhole assembly measured the light leaving-a small area
of diameter 0.4 mm of the rod within a small angle of % mrad to the axis of
the rod. A spectral filfer restricted the wavelength being measured to
1.06n * 0,051, The resulting descrimination against flashlight was at
worst =~ 5:1, To measure the fluorescent intensity from different points on
the rod diameter the photocell and pinhole assembly was racked across the
face of the rod as a unit and in so doing ensured, that the origin of the
measured light moved by the same amount along the rod diameter, that the
measured rays were always along the rod axis and that the same area of the
detector was used in all the measurements. A lemp input of 680 Joules was
chosen and measurements wére made along two perpendicular diameters of the
rod, that along the plane of the rod and flashtube and that perpendicular to
it. Fig. 4,20 shows the resulting graphs of fluorescent intensity versus
diametric position in the rod for both these diameters. The vertical scale
is proportionél to the integrated fluorescent intensity at the photodiode,
The output of the phctcdiode was integrated in a capacitor and the voltage
across it was displayed on an oscilloscope and recordesd on polaroid film,

The integrated fluorescent intensity can be related in the following way to

.
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the total number of atoms reaching the upper laser level (total inversion
population) due to pumping:-

Equ. 3.15 of Chapter 3 is the claculated fluorescent intensity when
there is a reflector behind the rod., When there is not the equation
becomes: -

exp L(a-B)-1

fluorescent intensity (@) = const. x vee (4.7)

_1—ﬁ/d

where a = ¢ X inversion density = oN.

The constant is determined by firstly reading the threshold value of
-1n B at E8C Jowles input from Fig, 4.4 IT and inserting this value
(1,42) together with the calculated valué of 0.023 for B into Equ. L,2
to calculate the value of a corresponding to an input of 680 Joules.

Equ. 4.2 gives:i- oN = a = %? (—lnR)+Bo = 0,117

This value of a corresponds to the peak value of the fluorescent intensity
(9} at 680 Joules input, as measured above. Inserting this value of w‘
and the value of a above into Equ. 4.7 enables the constant to be
evéluated.

Since we also know B and ¢ Equ. 4.7 enables a graph_of ¢ vs N to be
drawn (where N = o/0}, from which the value of N for any measured value
of ¢ can be read.

Application of the above correction results in Fig. 4.21 whick shows
the variation of the normalized inversion across the rod along the two
chosen diameiers. These numbers can now be directly used in the Q-switching
computation of Chapter 3.

Further, the results and conclusions of the distortion investigation

above appear reasonable in the light of Fig. 4.Z1 since, in Chapter 3,
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calculation showed that there is a close similarity between the heat distri-
bution and the inversion distributibn. It would be instructive at a future
date to estimate a heat distribution on the basis of the above inversion
distribution and from that heat distribution, using the theory of thermal
optical distortion, calculate the distorted distribution in a gaussian light
beam which has passed through the rod, This is of course exactly what has

also been measured above,

L4 Qutput/Input Measurements

Fig. 3.17 of Chapter 3 is the calculated efficiency curve for our laser
according to a geometrical optics model. In view of the previous paragraphs
concerning the effects of optical distortions etc (in effectively reducing
the number of available transits for a pulse to build up) the laser would not
be expected to follow this curve in detail. However it might be expected
to follow this curve (i) at well above threshold when the number of double
transits'to reach saturation is less than the number available, (even when
this available number is reduced by distortions), since the energy is then
extracted before the beam is swept out of the aperture (ii) if the aperture
used for the theoreticel curve is assumed smaller than that used experiment-
ally, since the optical distortions in effect cause a higher vignetting of
the beam per pass. Fig. 3.17 of Chapter 3 shows the effect of reducing the
aperture by S50%. |

The output energy of the laser was measured using a beam-sampling

photodiode tnit, the diagram of which is shown in Fig. L.22.
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FIGURE 4.22  Accurate beam sampling photodiode unit; electronic
circuit not shown.

This unit was constructed along the lines of a design proposed and used by
J. G. Edwards (NPL). The design and performance of power and energy
measuring devices for Q-switched lasers have been treated at some length
by Edwards (e.g. 1969), and the one used has a time resolution of a few nano-
seconds, with attenuation suitable for the power developed by our laser and
with integraling capacitors suitable for conversion to the measurement of
energy. The unit is accurate to around 5%. The energy calibration was
performed by measuriﬁg the output of an fixed-§ Nd:glass laser sgainst a
cone calorimeter which.has an absolute accuracy of 2%, .The power calibra-
tion, which we shall require later, was performed by measuring, using an
oscilloscope, the peak-powér‘in a Q-switched Nd:glass laser against a
similar unit containing an ITT F4O00 biplanar photodiode. The power
calibration of the latter can be calculated from its energy calibration
while that of our unii cannot, since for short pulses (< 1 us) the response
consists of two parts, an accurate shape record of the pulse plus an
exponential tail which has a time constant of several microseconds and

contains up to half the total charge released.
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Fig. 4.2% shows the experimental curve of output energy vs effective
input energy {energy dissipated in flashtube before the moment of Q-switching).
Also plotted is the theorétical éurve as calculated for an aperture size of
5 mm.,

The experimentally determined slope efficiency (0.46%) is higher than
expected from the theory particularly at higher input levels, This is
thought to be a result of the dynamic optical distortion in the rod which,
as we have already seen (para. 4.2.2), increases the threshold considerably
but which does not reduce to the same extent the output at well above
threshold.

The measurement aiso indicates that the slope efficiency (= 0.5%) does
not appear to be significantly reduced by slow spectral cross-relaxation.
Cross-relaxation is, as explained in Chapter 2, a process involving absorption
and emission of phonens by which excited ions with one excitation energy
transfer their excitation to other ions which thereby become excited at a
slightly different energy. 1T cross-relaxation does not occur in materials
such as Nd:glass, in which the spectral line is inhomogeneously broadened,
then there is no mechanism by which excited ions with excitation energies at
the extremes of the line can contribute to the Q-swiitch pulse, which has a
narrow spectral band-width centred around the middle of the spectral line.
Not all the excited ions can take part in laser action. If the ratio of
homogeneous to inhomogenecous line width is Ah/Ainh and if the spectral
width of the pulse is less than Ah and no ¢ress-relaxation occurs, then
.the expected slope efficiency is roughly reduced by the factor Ah/Ainh.

For Nd:glass Ah/Ainh = 0.15, In our case the slope efficiency is not
significantly reduced indicating that the time constiant associated with

L. . ; . i - . .
croso-relaxation is very much less than our Q-switched pulse lenglh.
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4,5 Time-integrated Qutput Distributions

4.5.1 Near-field distribution

Three methods of measuring the near-field distribution have been used,
the choice depending upon how much informatién is required. In all cases,
the material was placed close to or in an image plane of the laser output
reflector,

The first is to burn the distribution into unexposed but developed
polaroid print material., The edges of the recorded mark are the contours
of equal enefgy density, the value of this energy density being ~100 md/cm2.
Successive pictures with different density filters in the beam or different
beam expansion can he used to build up a contour map of the distribution.
This method is simple and has good repeafability and an adequate resolution
in spite of the necessarily émall size of image.

The second methed used an image recording panel. It reguires
operation in the dark, is fairly rapid and has some dynamic range, TFurther-
more it is more sensitive, having a lower threshold of ~ 1 mJ/cm®, and thus
allowing a larger image with better resclution. The panel has a dbped
Semifconductor surface which is maintained at just below its.fluorescing
threshold by a d.c. voltage of 72 volts across the panel, When a sufficient
intensity of radiation is incident on any part of the surface the threshold
is exceeded and fluorescence is emitted from that area. The emitted
fluorescence is a replica of the inéident illumination distribution. Since
it is visible it can either be directly inspected or be recorded photograph-
ically on fast polaroid material. The image is not seriously degraded if
recorded within a minute or two of its formation. Fig. k.24 shows an
example of the near-field recofding, recorded on polaroid 3000 material by

imaging of the image retaining panel.
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FIGURE L.2L

Near—field distribution of
Q=-switched Nd:glass laser,
showing effect of roof edge.

The third method is a direct photographic recording and gives most
information. Hﬁwever, at 1.06 pm, IZ plates, presensitised in ammonia
solution, must be used. The time including processing required per
exposure is more than 30 minutes and in many cases did not warrant the use
of this method.

Image converters have also been used but those available were not
considered superior to the image recording panel.

The following comments can be made concerning the near-field
distribution as shown in Fig. 4,2L4:-

(i) It has two'lobes separated vertically. This is a result of
losses occurring at the roof-edge retroreflectéor which acts as
the 100% resgnator_mirror. These losses are caused by imperfect
construction of the roof-edge (it has finite width); by using a
gas laser beam of similar size to that emitted by the Nd:glass
laser and measuring the incident, {ransmitted and reflected
intensities, it was determined that ~ 10% of the beam was lost at

the edge.
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(ii)} The transverse dimensions of the pattern are ~ 2-3 mm
indicating that the optical distortions in the rod reduce the

effective aperture to about this value.

k, 5,2 Far-field distribution

The techniques of measurement are the saue as those used for the
near-ficld distribution. The recording rlane is new, however, in the
focal plarne of a lens, the power of which is chosen to result in the best
size of image,

A further technigue has been used for far-field recording., It could
equally be used for the near-field but isfa 1ittle less accurate then due to
the generally greater intensity fluctuations in the near-field. A narrow
51it or small aperture is moved across the required plane and for each
position the integrated light transmission through ﬁhe 51it or aperture
measured using a calibrated photediode unit. In spite of some shot to shot
intensity variations this method gives the most quantitative intensity
distribution figures. Fig. 4.25 shows a-curve plotted from measurements
through a slit in the far-field of the Nd:glass laser. Since the far-field
represents the angular intensity distribution it is plotted as such by
simply dividing the position readings by the focal length of the lens used
(100 cms). Measurement using a photodiode alsc enables altime—resolved

picture of the distribution to be built up.

4,5.% Coherence
Coherence will be discussed in ocome depth in the following chapter.
At this stage, without explaining the methods used, two examples indicating

the coherence of our laser are shown in Fig. 4.26.



FIGURE 4.25

Energy through slit (arbitrary units) —e

(93]

N

W

(%]

Horizontal slit

it

ical s

I
L

Position in {ar field (mrod)—e-

FAR - FIELLD DISTRIBUTION OF Nd: GLASS LASER



Transverse Coherence of lNd:glass Temporal Coherence of Nd:glass
leser reccrded in reversing laser recorded in prism
interferometer. spectrograph.

The first Fig. 4.26(a) is a recording of transverse coherence using a
reversing interferometer which shows a Considerable.fringc visibility at
points well away from the line of inversion and indicating a transverse
coherence of ~ 0.65. The second Fig. 4.26(b) is a prism spectroérapn
recording of the spectral output distribution of the laser with a coated
output reflector. A spectral width of ~ 50 & is shown indicating a poor

temporal coherence (coherence length ~ 0.02 cm).

4,6 Time Resolved Output Distributions

Time resolution is of great importance since it yields information on
(i) Q-switching process, perhaps leading to an improved mathematical model
(ii) Internal interactions and loss mechanisms in the laser resonator, as
functions of time. These exert considerable influence on properties such
as the coherence. (iii) the capability'of the laser for second harmonic
generation, or other non-linear process, which depends non-linearly on the
fundamental intensity.

With pulse durations of 20 ns or more, any time sequence must be

capable of much better resolution than this. A figure for the resolving
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power of ~ 1 ns enables much useful information to be obtained although it
is possible that significant information is still un-resolved. -

Tdeally one would like to obiain time records of the near and far-field
distributions and coherence distributions. The tool for this is the high
speed image converter streak and framing camera, which in the streak mode
with one dimensional spatial resoluticn can have a resolution limit of 2 ps
(Bradley 1972) and in the framing mode with two dimensional spatial resolution
cén give frame separations of < 1 ns. However this instrument is a costly
and éomplex device aﬁd much useful information can still be achieved using
simpler methods.  Moreover one was not available for continuous use. We
have concentrated on other methods of obtaining time-resclved records and a
‘discussion of these, with some results obtained using them, will take up the
remainder of this chapter.

The melheds divide into two: Tfast photodetector techniques and streak

techniques using rotating reflectors.

4,6.1 Photodetectors

Biplanar vacuum photocells using 1 to 2 KV cen have rise times as short
as 0.3 ns (ITT FEQOO for example) and in combination with a fast oscilloscope
(Tektronix 519 for example) can give a rise time for the system of around
0.5 ns (Bdwards 1969).

Rise times of other detectors such as photomultipliers (> 1 ns) and
photodiodes (> 2 né) are greater, but they have better sensitivity and in the
case of photodiodes they run off lower voltages, are cheaper and can be
packed into compact units.

Both vacuum photocells and photodicdes have been incorporated into units as
shown in Fig.4t.22, and have been used extensively in power and energy measurements

on the laser output, and also as output monitors while carrying out other



- 4.26 -

experiments with the laser. The vacuum photocell has normally been used,
in conjunction with a 519 oscilloscope, when detailed time records have been
required. Calibration has been carried out from time to time against the
cone calorimeter as indicated in para 4.4,

The basic measurement of photodetectors, that of the variation of
incident intensity with time, may be extended beyond the measurement of the
time dependence of the total intensity from the laser, By measuring the
intensity transmitted by_movable apertures in either the near or far-field
planes, the time-dependence of these two distributions may be built ﬁp from
successive recordings with the aperture in different positions.,  Although
convenienl and providing a recosding wiich is simple to interpret, it is
time consuming, and, more important, the assumption must be made that the
distribution being measured remains constant from shot to shot. Further,
the overall intensity in the output must be measured simultaneously to be
able to correct for shot to shot variations in laser output energy.

In an attempt to obtain more temporal information about a laser pulse
during each pulse, it was considered worthwhile to look at the bossibility

of using simple means of providing a streak record.

4,6.2 BStreak Recording

1f an output distribution can be represented as o (x,y,t}, the photo-
detector method records during one pulse the variation of ¢ {x,y,t} with

t. The streak method records, during a pulse, j@(x,y,t)dx or j;(qu,t)iy

J
as a function of y and t or x and t respectively, the alternative

being determined by the direction of streaking.
Up to the present, optical streaking, as opposed to electronic streaking,

for the tims scale of a {-switched laser pulses.
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This has been mainly due to the necessity of a combination of a very high
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rotational speed for the optical element and a long optical arm to give a
reasonable streazking speed. However the very high rotational speeds t
~achieved by our rotating prism air turbine Q-switch suggest that we may
already have a s;itable candidate for the job. The resolution limit of a
rotating optical reflector is cglculated as follows:~

Let aperture diameter of reflector = a

Then angular resolution limit = 1.22 Ma

If the angular velocity of the reflected beam is w©» then the time

resolution limit dt = d8/w = J‘%EA .
Our @-switch prism has an aperture = 10 mm, has a maximum rotaticn

speed of HO0O 1 rad/sec ond is best used in deukle poss at Brewster angle
to the incident and reflected beams as shown in Fig. 4,27, The angular

speed of the reflected beam is then 4000 % x &4 sin p = 1600 n sin 57° rad/s

1,22 x 1.06 x 107°
10 x 16,00 = sin 57°

3

.>. at 1.05 um, the resolution limit

3.07 ns.

Although not as low as is ideal this figure offers a considerable
amount of information content in the streak record. There is the possibility
of reducing this figure by passing the beam-back through the prism to further
increase the rate of deflection. Improvement camnot however be achieved by
increasing either the prism rotation speed of the prism aperture since, as
indicated in Appendix ITI, this would bring the silica of-the prism too clcse
to its mechanical yield point for comfort. A stronger glass or a metal
prism using the external reflection offer possihilities for increasing the
resolution. teel and beryllium nrisms havc bsen run at high enough
rotational speeds for this.

Another major deterrent to the use of optical streaking lies in the neéd
for very good synchronization of the pulse to be streaked with the streaking
element: synchronization of the element to the pulse is not possible since

the inertia of the element prevents its position being adjusted quickly from
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outside. The allowable jitter for the image to rémain on the photographic
material might typically be a microsecond. Again we find that this is no‘
problem in our case since the Q-switching prism can only be in one position
at the time the Q-switch pulse is emitted: it is then parallel to the laser
output mirror. Setting up the streaking arrangement is greatly facilitated
by this fact, since‘ the Q-switch prism can be set up in the exact position
simply by one of the normal alignment methods used on fixed § or cw lasers.

Fig. 4.27 show a diagrammatic plan and elevation of the arrangement used.

FIGURE 4.27(a) yd -~k :“__._@_.z,,—*l \ Mirror

8 1
: Siljica Beczm // :
prism expander errQP
Silica Qutput
. slab reflec%or
He-Ne Laser % e — }_ﬁ_.__._g
L= 3 Nd:Glass rod
Q-switch
turbine

PLAN OF ARRANGEMENT FOR
STREAK RECORDING OF LASER
OQUTPUT USING HIGH SPEED
Q-SWITCHING FRISM.

FIGURE 4.27(b) Beam
_ expander

He-Ne L.GSE? “““““ 1 Ei + NPT }_ 2\ Q-.,wltCh
N Nd: Glass rod ~LY -

Qutput
reflector

, Rear (17 Mirror
Elevation of arrangement of FIGURE 4.27(a) reflector ¥
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A gas laser beam, set along the laser axis and normzl to the output reflector,
was used to align the optics and although some dispersion does occur the
method was adeguate enough to be able to make final adjustments using the
laser output.

Twe additional optical elements were designed for use in this streak
camera, Fig. 4.28 shows a thick glass plate (élso seen in Fig. 4.27) with

reflecting coatings on each side such that consecutive reflections have an

intensity ratioc of 0.5.

A A A A A A A S AR R A A L A A L L AT T

MIRROR SURFACE -
THICK GLASS SLAR-T \ '

PARTIALLY REFLECTING ~ ST T ,
MULTILAYER DIELECTRIC

FIGURE 4.28 Exposure plate:recording
a set ot images with PHOTOGRAPHIC

decreasing expesures, PLATE

Introduction of this plate into any photographic recording set-up results in
several images of different intensities being recorded, One of these images
will have the correct exposure.

If a photographic plate is placed normal to the beams reflected from
the 'exposure' plate, énd the angle of incidence on the exposure plate is
49°, all of each image is in focus, all images are in focus and there is a
maximum separation between the images. The mathematical proofs are given
in Appendix IV,

Fig. %4.29 shows a prism which was designed and constructed for the

purpcse of rotating the 1ight distribution through 90° so that the beam can

te swept in the perpendicular direction.



The prism is simple in that it consists of one large roof prism and lour
smaller roof prisms fixed together with an index matching cement. This
was carried out by the glass workshop and resulted in a prism with little
distortion and a high transmissicn.

Fig. 4.3%0 shows a streak record of the near-field of the Q-switched
output from the Nd:glass laser, the direction of sweep being in the plane of

the Q-switch sweep.

FIGURE 4,320

Streak photograph of the
near-field of a lid:glass
laser.,

Stresk rete = 5.3ns/mm,
Second distributicn is a

leter Q=-switch pulse.
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_ The prism speed was 100,000 rpm giving a theoretical resolution limit of
3.7 ns and the rate of sweep at the photographic plate was 5.3 ns/mm, Two
consecutive pulses have been recorded and are separated spatially by a prism
which nmoves the image on a circle, the tangent to the circle corrésponding
to a horizontal line in the laser. Fig.4.30 shows (i) that the pulse
duration is approx. 30 ns, (ii) that the output beam diameter of the laser
expands from 1.5 mm initiélly‘to a maximum of 4,5 mm after approx., 17 ns.
(iii) that the effect of the roof edge loss is sufficient té prevent laser
action on a line parallel to this edge and passing through the rod axis.

L_.6.% Finally fhere is a short description of a time resolution
experiment on the laser using aperiures and fast photocdetectors,

-Fig. 4.3%1 shows the system used.
BEAM-SAMPLING PHOTODIODE UNITS

]
- LASER
U 1 | 1 !
LENS STRAIGHT
RECORDING EDGE

PLANE

FIGURE 4.3t Experiment supplying information on the correlation between

the time evolution of the laser pulse and its transverse
and angular distributions.

4+

The laser-lnput was maintained at a constant level and the total output wés
monitored using photediode unit No. 2.  The sharp metal edge was moved
successively across the near-field in the direction of sweep of the
Q-switching prism. At each laser pulsc (i) both oscillcscope beams were
triggered from the monitor recording total output; (ii) the intensity profile
of the sample and of the total output were recorded by the two 6écilloscope ‘
beams, (iii) The sample was focussed onto polaroid print material to record

by means of the resulting burn pattern the approximate size and distribution

in the far-field.
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Measurement of the far-field and scope traces yielded directly
information on the power, pulse width, timing and divergence of the sample
with respect to the whole output. Fié. 4,22 shows graphically some of
these results. In particular it can be seen that the beginning of the
pulse occurs successively later for progressive positions across the near-
field and that the divergence increases with increasing sample of the near-
field. It is concluded that the pulse is swept approximately linearly
across. the output mirror at a rate of ; 0.50 mn/ns and that at the same

time it is swept in angle at a rate of ~ 0.25 mrad/ns. The apparent centre

of sweep is thus.a distance from the steel edge back through the laser of

0.50
.25 x 1077

of known focal length (405 mm) in front of the laser and finding the position

mn = 200G mm. This was checked by nlacing a cylindrical lens

of best focus. This was 4?0 mm from the lens, and the calculated object
distance for this image distance is 2800 mm, in reasonable agreement with
the value above,

‘This cylindrical lens experiment also gave a figure of 0.9 mréd_for the
minimum possible divergence when compensation for angular sweep is introduced,

As expected, no sweeping was found to occur in the vertical direction,
which is perpendicular to the sweep direction of the Q-switching prism,

This result has also been compared with a computer-calculated curve
corresponding to Fig. 4.32. " This is shown in Fig. 4.33. The sweep rate

of 0.62 mm/ns corresponds to our measured value of 0.50 mm/ns.
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CHAPTER 5

5.1 Abstract

This chapter deals with all the aspects of coherence which are relevant
te this thesis.

Firstly, the topic is discussed theoretically. The classical coherence
theory of Born and Wolf (1959) is the basis, and is related to the laser out-
put which has been shown (Fox and Li 1961, Kogelnik 1966 etc.) to consist of
a limited number of discrete resonator modes. The effect of limited pulse
duration is also discussed. The nature of laser coherence functions is
shown to be more complex in general than classical light sources, and it
becomes necessary to think mére carefully about the criteria for coherence
requirements as well as to devise new ways of a;éessing ccherence, The *
former is discussed with particular reference to holegraphy and o new
coherence measurement which is holographic in nature is included among other
more conventional meaus.

Having related degree of coherence to numbers of resonator modes, ways
of controiling coherence are found by looking into the process of laser action
to find parameters which depend upon the resonator mode and which can them-
selves be controlled. Following a comparison of the available nmethods,
proposals are made for controlling both transverse and temporal coherence.
These are developed theoretically and investigated experimentally for our
laser system, and from tﬁe résults it 1s shown that high temporal coherence
can be achieved without loss in output and that Lhe transverse coherence can

be quite adequate, again without a severe drop in output.
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5.2 Theoretical Considerations of Coherence

The concept of coherence is not an easy one and although the term is in
constant use in the discussion of lasers and laser optics, the meaning of
coherence as applied to lasers is often rather vaguely understood and its
effeqt, when various applications are being considered, is often not

sufficiently well thought out.

5.2.1 Definition
(i) Consider the light source in Fig. 5.1 and the eleclro-magnetic

waves originating from the source which pass through the points R, P and Pa.

FIGURE 5.1

Light - |
\source P! |

LA

The two extremes of coherence can be defined fhus:-

a completely coherent source is one resulting in identical phase disturbances
at R and Ih, while an incoherent source is one giving.-rise to uncorrelated
disturbances at these two points. All sources lie betweeﬁ these two extremes
and are partially cohefent t§ a greater or lesser dégree. The degree of
coherence is defined by its physically observable effect, that of forming an
interference pattern when the two disturbances are mixed, as shown in Fig., 5.2

for example.
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FIGURE 5.2

Lﬁght ’ \vw—-Beqn\ splitter

source
Plane of
Interference
fringes

This interference patfern is specified by the depth of modulation, or
visibility, of the fringes forming it, and it is this visibility—which is
used as a measure of the coherence, Two types of coherence may be
distinguished. The coherence between the disturbances at fwo points such
as B and DPs, which receive light from the same point of the source, is

termed 'temvoral coherence’, The two points are such that the disturbance

at the point nearer the source (R in this case) travels away from the
source through the second point (F) and thus the only difference beiween
the two disturbances is that due to a time delay. Hence the nomenclature
used. |

The coherence between two points such as T and Ps, which are
equidistant from the socurce and not therefore subject to a relative time

delay, is known as 'transverse coherence!, The word used is transverse

since the two points lie in a surface transverse to the direction of
propagation, ‘
Although the coherence between R and B is not necessarily
separable into two components, a iemporal component between B and Pa
- and a transverse component between Th and Pa, it is often so to a good

epproximation and the preblems of measurement, amnalysis and control of

coherence are very much simplified by always endeavoring to keep them separate.
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(ii) A mathematical definition is desirable so that calculations of
coherence functions and the effects, for example,‘of constraints can be
evaluated. Born and Wolf form the basis of the following. Starting with
the observable quantity, the fringe ﬁisibility (V), this is defined as:-

E - E
V- MAX MIN where EMAX and EMIN are the energy (5.1)

EMAX * EMIN densities in the bright and dark fringes

The use of 'energy densities' in the definition is preferred to the
more usual 'intensities', since all methods of measuring the fringes do in
fact rely upon an energy density. The energy density is the intensity
integrated over a characteristic time which-may be the response time for
a photocell or Jjust the exposure time of a photographic emulsion. A .
further recommendation to the use of energy density is that the mathematical
Ianalysis is more straightforward.

Let the visibility of fringes formed by mixing the disturbances at
R and B of Fig. 5.7 be W3,

For coherent disturbances at B and B of amplitude a and &

_ ‘ 2 _ _ 2
EMAX = j(e:. + @)y dt and EMIN = [(aa. = ) dt

and assuming that the ratio between a and & remains constant with time,

X E1VYEa where E: and Ez are the energy

a w VJ.S = - e (5-2)
E1 + Ez densities of each beam on 1ts own.

If Wz is less than this then the beams are not completely cohereut

and we put



Vig = ——— iYiQI vee (5.3)

so defining |Y1zl, the degree of coherence between ¥ and B,

There is another characteristic of the fringes which depends upon the
coherence, this being their absolute position (or phase). The intensity

distribution in the fringes is given by:-

E = (E1 + Ea) (1 + Wa cos [y-2no.xl) eee (5.4)

where © is the fringe spatial frequency and ¢ gives their absolute
position (or phase}.
It can be seen then that both aspects of coherence can be included

together if the 'coherence function' Yia is complex, where the modulus

'Yiel is defined as above and the argument is defined by:-

arg Yiz = ¥ i.e. Tz = IY12| ei“O

5.2.2 The next step is to relate vi2 to fundamental paramsters of the
disturbances at B and . Appendix V sets out this proof, based on that
of Born and Wolf,
The result is that if the complex disturbances at R and Is are
A1(t} and Aa(t) then:-
j'm(tmg*ct)dt
Yiz = eee (5.5)

J fmtmbct)dt J j‘AQ(tma*(t)dt.

and further, if the coherence is considered separable into a temporal
coherence Yiz between B and B  and into a transverse coherence

Yas between B and Pz then:-



j G(\’ )e—Zﬁivrdu

Yia = ... (5.6)

'[G(v Jav

where G(V) = spectral density
T = time for light to travel from B to BPs.
-/Aa(t)ﬁe *(t)dt
an-d YR > (5-7)

.
\Uu(t)zm*(t)dt Jjﬁe(t)ée*(t)dt

These equations can be used, as shown later, to calculate coherence

-

functions from a knowledge of the output spectral distribution and a

knowledge of the amplitude and phase distributiocn across the output wavefront.

5.3 Resonator Theory

5.3.1 Any discussion on the coherence.of lasers must involve some form of
theory which attempts to predict the coherence of a laser and tries to
relate the coherence to the independent parameters of thé laser (such as the
geometry and the opticg). This theory, known as resonator theory, was
first developed by Fox and Li (1961), and applied to plane parallel
resonators with strip mirrors, Cther forms of resonator have been studied
by these and many other authors; for example Collins 1664, Boyd and
Kogelnik 1962, Fox end 1i 1963, Siegman and Arrathoon 1967, Toraldo di

Francia 1966,

1 16 similar to that of a microwave caviiy or the

3

In essence the proble

'particle din a bex' of wave mechanics., A solution of the appropriate wave
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equation shows the existence of discrete energy states or eigen-values
along with a complete set of wave functions or eigenmodes, For the laser
resonator, as with the microwave cavity, the eigenmodes are termed 'modes'’
and are designated TEanq, the ;ubscripts specifying the precise mode.

The properties of the eigenmodes or 'modes' are such that:-

(i) A single mode is a stationary state and thus has a phase and
amplitude distribution which remains constant with time apart from a scaling
factor. A laser operating single mode is completely deterministic and must
in consequence be peffectly coherent, apart from the perturbing influence of
coupling light out of the laser,

(ii) Modes are independent states with no inter-correlation. They
are mathematically orthogonal. A 1éser operating multimode has, then, a
certain randomness of phase and amplitude and this lack of correlation of:
phase from time to time is evidenced by a lack of coherence. The laser is
partially coherent.

{1ii) The modes form a complete set; i.e. any light distribution can
be represented as the sum of this set of modes., The output from a white
light source of large size, when represented in this form, coniains signifi-
cant contributions from all modes resulting in a minimum correlation between
disturbance at two points in the field, The source is an incoherent one,
as is well known.

The above serves to illustrate that an increasing number of modes is
synonymeus with a decreasing degree of coherence, a fact which might be
proved mathematically by inserting a mixture of mode distributions into the

coherence equation 5.5.

- 5.3.2 A condensation of the resonator theory which calculates the mode
functions and their energy stzles is given below:-

The equation to be solved can be written down from the property of a

caling factor for every round trip

o0

mode, that its form is unchanged, bar a



of the resonator.
If the amplitude and phase distribution at one mirror is @1 (xy) and
the amplitude and phase distribution at the other mirror is 92 (x 'y') then

in the stationary state these two distributions are related by the Kirchhoff

equation as follows:i-
[ .
As 91 (xy) = jK(xyx'y')%(x'y')dx'dy'
2

and oo (5.8)

B2 $z (x'y1) :‘fK(x'y'Xy) $1 {xy)dxdy
1
ik e"ikR
where the kgrnel K = o T . (1 + cos 8)

and F = (X'-X)2 + (y' - yfz + I?; cos U = L/R; L = length of resonator
and is therefore a function depending upon the geometlry of the resonator;
and where Ai and Az are complex constants.

Substitution of one equation into the other results in an eigenvalue
equation, the solutions of which are the eigenmodes or 'modes', wmnq(xy),
and the corresponding eigenvalues Ymnq are = Aifla = qmnqeiﬁmnq 5ay.
The significance of the eigenvalues is that the square of the modulus
(=If) is just 1 - diffraction loss per double pass, and the argument (€)
is just the overall phase change per double pass which must be a whole
number of halfl wavelengths in order that there is a node at the end mirror.
Thus:-

Diffraction loss/double pass = 1 - If ... (5.9)

Phase change/double pass = €& = q& .o (5.10)

Since € is a function of wavelength, EQU 5.10 determines the

allowed resonator wavelengths (A ).
mng
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Simplification of the resonator eguation is achieved by suitable choice
of mirror shape and coordinate geometry. Thus with infinite strip and
rectangular mirrors or apertures and using rectangular coordinates the
equation separates into two independent one-dimensional equations, while
with circular mirrors or apertures cylindrical coordinates also yield a -
separation into one-dimensional eguations,

5.3.2 The solution of these equations has taken several forms in the
literature., An exact solution is only possible for the confocal rescnator,
as shown by Boyd and Gordon (1961), others (Fox and Li 19671 for example)
have used iterative methods and others have used perturbation techniques,
Fox and Li used an iterative method with some physical significance., An
arbitrary initial amplitude and phase distribution was postulated and the
progress of this wave up and dowrn the cavity was calculated by repetitive.
use of the Kirchhoff integral._ The distribution of amplitude and phase
eventually settles into that of a mode. This calculation has the added
advantage that it shows how long it takes, under givern conditicns, for a
mode to establish itself; an important aspect in @-swiiched lasers where
pulse build-up times correspond to perhaps only 20 double transits of the
resonator.

Fig. 5.3 shows, for infinite strip mirrors, how many passes are required,
with a Fresnel number of 6,25, for the distribution to settle into a mode.

Solution, one way.or another, of the resonator eqguation guickly shows
that every possible rescnator does not lead to a different set of modes with
different lesses per pass and different characteristic frequencies.

A considerable degeneracy exists and can be stated as follows:-
A1l resonators, having equal shaped apertures and spherical mirrors,

T

. L L N .
iy g = (1 - 7/Re3( - 7/R2), called the

57

~
[ 8]

L

3 - 1Ay
and 2'so having o given valu

‘confocal parameter' and ii)} F = waiwz/AL called the 'Fresnel number',
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(where L = resonato£ length; R1 and Rz are the mirror radii of
curvature; w1 and wsz are mode radii at the mirrors) are equivalent and
have the same modes, the same losses and the same resonant frequencies.
The only differences lie in differences of mode profile in the axial direction.
Examples of resonators are 'confocal' (g = 0), 'plane parallel' and 'concentric!
(g =+ 1).

Examples of the dependence of mode losses on Fresnel number (¥) and
confocal parameter (g) (as calculated in the literature) are shown in
Figs. 5.4. This enables a comparison of losses and mode discriminations
characteristic of different resonator configurations. It is noted
particularly that losses for large F rise sharply above |g[ = + 1, The
cause of this is simply that the propagation of a mode up and down the cavity

becomes a diverging process as indicated in Fig. 5.5.

FIGURE 5.5
-5 o L :'—-—lﬂ e— Fovm
1 Y Y 4- N —="1
r - &= E :-——-ﬂ/’%
4 y

(a) (b)

TWO EXAMPLES OF 'UNSTABLE RESONATORS

The mode is no longer confined laterally and losses occur whatever the
aperture. Resonators such as these are termed 'lossy’ or 'unstable'.
Fig. 5.6 is the stability diagram, having axes 1 - L/Ri and 1 - %/Rz

respectively, and any resonator 1s a peint on this diagram,



100

60 4 AR o)
40f o~ DLl 12
! Nk Nigl 11O
A AT,
20 %M &dj /\\ /-'l'v&'lgl .05
jop—[la:ORN &=, W T
‘c':' 6: \\\1;}\
S4[OS N \igi=LO!
& i VRN
z NN
% 1O \ N,
e ek WAL Y
c O.6F N,
¥ 0.4] RIAREECEAN
& - | U\ Nlgl=10
0.2 N
O-I 1 s 1 \ \ 1 1 1al \ ]
0102 04061 2 4 6-10 20 40
F=uwfLX
FIG.5.4 EFFECT OF FRESNEL No (N) AND

CONFOCAL PARAMETER (Igl) ON
THE POWER LOSS PER TRANSIT
OF THE TEM,, MODE IN A
RESONATOR WITH STRiP MIRRORS



- 5,141 -

'FIGURE 5.6 (1~L/R ) JV

Plane~paralilel
resonator

Confocal
resonator

L - (1~L/R)

i 2

Concentric

resonator RESONATOR STABILITY

DIAGRAM

A
By calculating the ray transfer matrix of a resonator, stable configura-
tions, in which any arbitrary ray remains confined, are shown to be those
with a value of confocal parameter g between 0O and 1. These require-
ments are met by all resorators lying within the shaded area of the
stability diagram. A1l resonators outside are 'unsiable' or 'lossy'.

Fig. 5.7 is an example of the calculated phase shifts (€) as a
function of F?esnel number and confocal parameter, for the TEW%D mode.,
Other modes have similarly shaped curves with different vertical scale.

For sufficiently large Fresnel number (linear region of Fig. 5.7)

: i, ! .
€ :——(m+n+’|)cos'1Jg
A
but € = g% (resonance condition)
c 1 .
.'+ Resonance frequency = — = [q +—{m+n+ 1) COéﬂ'ﬂj:% .
A T 2L
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The difference in resonance frequency between the TEW%O and TEN%i
modes is plotted in Fig. 5.8 as a function of confocal parameter. For high
Fresnel number this difference extends from 0 for the plane parallel
resonator to half the axial mode frequency separation for the confocal
resonator,

As examples of solutions te the eigenvalue equation, take the confocal
and the plane parallel resonator, Thére is an analytic solution to the
former, for which the mirrors coincide with the phase front; and the modes

are approximated, for square aperture, by Hermite-Gauss functions (the

approximation becomes exact for large Fresnel number). These are:-

X \ —x?/hz Yy _yg/wa -i¢
¢ = Hm< }2;/e Hn< fa;>e e eee (5.12)

-

where w = beam radius
L (m+n+1) ®
¢ = phase shift/transit = - x —
A 2
where L = mirror separaticn

and where Hm is a Hermite polynomial of order m and
Ho(x) = 1; Halx) = x; Hao(x) = 4x%-2; Hslx) = 8x° - 12xs ...

From the phase shift, the resonant frequencies can be calculated to be:-

1

v o= [(q+1)+%(m+n+’l)JC/L vee (5.93)

2
Fig. 5.9 plots Hm(x/w)e_X?/h for m=0 to 2 showing the form of the

14

or

Hermite-Gaussian and showing that an aperture must give a greater loss

the higher order modes which spread further from the axis, The exact
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gsolution for small Fresnel numbers calculates this loss and this is shown in
Fig. 5.10 as a function of I'resnel number for two modes.

Solutions for non-confeocal resonaters are, as previously stated, found
by iterative computational methods. Fig. 5.11 shows typical calculated
mode distributions for a plane parallel rescnator. The modes are of
similar gensral forﬁ but the mirrors no longer coincide with phase fronts
and the profile no longer has such a simple form.

5.3.%4 The mode distribution in a long thin resonator is separable into two
parts: the first parf (calied the 'transvgrse' mode) characterises a
stationary distribution of amplitude and phase in a plane normal to the
resonator axis and the second part (the 'axial' mode) specifies a distribu-
tion along the resonator axis, Axial modes can be thought of in terms of
standing waves along the axis, different axial modes having different
numbers of half wavelengths between the end mirrors. The wave number
separation between different axial modes (having the same transverse
distribution) is ccnsequently é%-cnfi, where L 1is the resonator length.
Since axial modes are specified by purely axial distrioutions they do not
come into the-determination of transverse coherence. Transverse modes can
be thought of similarly, the transverse pattern having (as shown in Fig. 5.9)
different numbers of zeros across it. Increasing transverse made nunber
(increasing numbers of zefos) is associatéd with increasing transverse
complexity and increasing angle to the axis (decreasing collimation).
Transverse modes are separated in wavenumber by ﬁ%-cos_i‘fg em ™t (as also
shown sbove,) and as this is often very much iess than the axial mode separa-
tion, they play little part in the determination of the spectral width or

. temporal coherence of the laser,

It can be stated then that:-
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(i) the axial'made distribution or spectral distribution generally
determines the temporal coherence
(ii) the transverse mode distribution determines the transverse
coherence
(iii) the far-field, or angular, distribution is a measure of the
transverse mode distribution and is consequently also a

measure of the transverse coherence.

5.4k Practical Examples

5.4.1 The question now arises as to what determines the distribution of

modes in a laser?

Nol all modes are evident in the output of a laser because there is
discrimination between them and this discrimination leads to the dominance
of just a few., The process ol discrimination can be stated simply:

Let the double pass gain of a mode be Gmnq’ where my, n and q specify
mode TEM . If the initial intensity for mode (m, n, q) is 1 _, then
mn o mng
the mode intensity I = T G N where N = number of double passes to
mng o mng mng
reach this intensity.
The mode, say (m', n', q'), with maximum gain, evidently has the maximum

intensity after a given number of passes (N), and the relative intensity in

any other mode {m, n, q) is given by:-

I I G N
e - 2T e eee (5.74)
LIRS | L]
Lninrg! Olm.n.q, Gm'n'q
i.e, relative intemsity = relative fluorescent intensity x (relative gain)N.

A1l modes with flucr.. int. » (rel. gain)N << 1 make a negligible contribution
to the output. There is one exception however. If the gain for different

modes is derived from different sets of excited ions, the energy store for
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the lower gain mode is not prematurely depleted by the higher gain mode.

The minor mode s%ill has a low intensity at the time the high gain mode has

reached its peak but its intensity can still go on rising and reach the same

peak intensity after a greater number of passes,  Situations in which this

can occur ares-

(i) Transverse modes operating in different regions of the rod.

(ii) Axial modes operating with a large frequency separation when

the following conditions apply. The laser ions have partially

inhomogeneously broadened spectral lines and this frequency

separation is greater than the homogeneous linewidth.

The

spectral cross-relaxation rate is slower than the intensity

rise-time, All these conditions might occur simultaneocusly in

a Nd: glass laser as has been suggested in Chapter L4,
Returning te¢ the normzl case in which modes can be regarded as
eliminated if rel. fl. int. x (rel. gain)N << 1; since in general
the effect of any difference in fluorescent intensity is negligible

inequality becomes:-

a N
(relative gain)N << 1 or [ _~Eﬂﬂ___} << 1,
Gn1m|q| ‘

Now, G = RS exp 2¢ (a-f)

where R = output reflectivity; 1-5 = total of other resonator
£ = rod length; @ = o N = gain coefficient
B = 1loss coeff. of rod material

* the condition for mode elimination becomes:-

R N, § o « N
=2 ; ; = . exp &l (mﬂnq - O"m'n'e:') N (ﬁﬁﬁq B pm'n'q
N l .
B D NS :
q n'q

b

N,

and the

eee (5.15)

losses

ee. (5.16)
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5.4.1.1  Let Fig. 5.12 represent a simple example., & -

FIGURE 5.12 I

— - - % - J ﬁ'
Fuilly reflecting Laser rod Aperture Partially
mirror : transmitting mirror

LASER OPERATING WITH TRANSVERSE MODE SELECTING

APERTURE AND WITH NO AXIAL MODE SELECTION
Consider the axial mode distribution. 0f all the parameters in EQU 5.16

only the gain coeff, is dependent upon the axial mode. The equation
becomes:- exp 2¢ N (quw aqﬂ) < 1. Let us find how many modes have

intensities more than 1% of maximum, In a typical @-switching case N

may bes 30 @ '~ 0,15 em® and ¢ = 10 cm .
. exp 600 x 0,15 (ct.q/&q' - 1) = 0.01
a 1 :
or 1--2 = —1log 100 = 0,051 .. a /a ' = 0,95
a ! 90 € q aq
q

If, also, the curve of gain vs wavenumber is a Gaussian of form
exp—(ﬁafﬁz) it has a value of 0,95 at V = 0.2264 . The Nd: glass laser
with A= 100 cm—l, has output spectral width of 0.452 x 100 = 45 cm™ ! under

these conditions, and the number of axial modes present is 45 ¢+ axial mode

/ 1

separation or 45/ :

\2 X cavity length ) . For a cavity of length 50 cm,

there are 4500 axial modes, For a ruby laser there may be 200 while for
a gas laser there may be only 2 or 2.

5.4,1.2 For the transverse mode distribution, EQU 5.16 reduces to:-

[snm/s

diffraction loss (D) at the aperture and this is included in 8. In fact

a . :
, 4 << 1 since the only transverse mode dependent parameter is the
wint ‘



- 5.']? -

S = 8' (1-D}, and if we again look for modes with more than 1% of the peak
intensity, we get:- [1~Dmn/1—Dm,n,JN = 0.01.
Putting N = 20:- 1-D_/1-D ., = (0.01*7%° = 0.86

mn m'n
The resonator theory gives the loss for each mode (Dmn) under any configura-
tion of resonator, and examples of the dependence of this loss on confocal
parameter (g) and Fresnel number (F) were shown in Fig., 5.4. The same
calculations can also be used to plot (1—Dmn)/(1~Dm,nJ. Fig, 5.13 shows
the variation of (1-Ibs )/(1-Iko ) with confocal parameter and Fresnel number.
A1l points on these curves, below the line drawn at 0,86, are caviiy
configurations for which the output is at least 99% single mode,

Analysis of the loss curves (Fig. 5,4) shows that it is the Fresnel
number which primarily controls the transverse mode discrimination. The
confocal parameter merely modifies this calculation. Further, single mode
operation occurs in general close to a value of Fresnel number of unity.
This is not at all surprising when one remembers that if the central lobe of
the diffraction pattern of an incoherently illuminated aperture of radius ai
exactly fills a second aferture of radius a2 at a distance L from the
first aperture, then the system defines a Fresnel number of 0.61, 1t is
quite reasonable then te find that significant diffraction losses occur in
a resonator when the Fresnel number is reduced below about Laity.

5.4.2 To give an idea of the type of coherence function {ypical of a
laser, two examples are chosen and the coherence function calculated.
S.h.2.1 A laser operating in the iwo lowesi order iransverse modes of the
same axial mode. These modes are the TEMyo (Gaussian) and TEMs: modes
and their amplitude distributions across the output reflector are
approximated by -

e-(x2+y2)/w2 REQTTE x  ~(xZy2)/u® _ilanvg, t4d)

0 and %1We
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where x and y are the transverse coordinates measured from the axis and
& is the phase difference at -t = O,

These are exact when the resonator is confocal and the aperture large.
By the law of superposition the combined amplitude at the output mirror is:-

. 6\»’ - 2 2 * f

A = [aoo + 20y §_61(2ﬁ t+6{16 (xZ+y? )/ RESLP eee (5.17)
where we have put Vo; = Vg + 0V,

As an example let us calculate the coherence between two points at the
output reflector having coordinates (x, 0) and (x, 0), and amplitudes

A; and A, respectively. Equation 5.7 can now be used to calculate the

transverse coherence between these two points and we get:-

. Xq X -5 .y 6 s s
o204 a2, + 80020 1 f KE’el Jadvt | xe i85 iZnbvt\ dt
W W W T
T

Y12_=

2 2
J[ao§+ao ?ﬁé +2890 80 1%’f605(2ﬂ5vt+5 )%t] [ao§+ao %2 +2890 89 1§2fcos(2ﬁt6vt+5 )%—t}

.. (5.48)

*where T = time interval of interesf_
The coherence is'evideﬁtly a function of the integration time or pulse
length, We take the two extremes:-
a) T >»4/8y {or T = integral multiple of 4/6v)

Then 211 the integrals are zero since the averagas value of sine and

cosine 1is zero-over an integral number of cycles, or as T >
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800° + 801 KeXe/W

P Y12 = . LA (5'19)
\/éo02+3«012x12/“'2> 60024-8012}(22/1&’2)

Pigure 5.14 plots vz as a function of x/w for the case with

i

- 1.0, and with equal energy per mode (apo = aps/V2)

=

b) T << 1/bv

Then the integrands do not change appreciably over the period of
integration (T).
X4

flo b +80 5 X1 X2 /W +80 0801 (X4 /Wxz /W) cosd+iag, a0 1 (E --Ej sind )

ote Y12 =

R
X X
[a.o 5 +ag f%‘é +28p 0 80 1-11—?1 cos@] {aoﬁﬁm f%é +28g 080 ,%;—" cosd +5]

eeo (5.20)
i

and this reduces to yi12 = e

where ¢ = phasé angle given byi-

X X N
dop g4 (El‘— ;2 >5m 6

aﬁ-ra.ﬁ;qn/wz +200 8q 1 (X1 /WX /W) cosd

tan ¢ =

This very different situation is guite possible in practice since Ov,
the frequency separation of the modes, can be very small especially for a
plane parallel resonator. Fig. 5.8 plotted &v as a function of the

confocal parameter. In the case of a Q-switched pulse of 20 ns a high
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MODES TEMgo AND TEM,, EQUAL ENERGY PER MODE
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coherence still exists between the two lowest modes for a confocel parameter

range of 0.98 = g< 1 (Fresnel number > 3).

5.4.2.2 A laser operating in several (say 5) axizl modes of the same
transverse mode. Let the frequencies of the 5 modes be v+20v, vibv, v, v -5y
v-26v, where, as shown in EQU 5.13, &v = ¢bv = ¢/2L. and let their spectral
densities be Gy, Gy ... Gs.

TQ calculate the temporal coherence of the output we make use of

Equation 5.6. Inserting the above and rearranging we gét:—

—2.'(6 _“‘. . N , D
E31e ni(2 v)T+Gae 2?1(5v)¢+G3+Gue+2ﬂ1(5v)T+Guef2ﬂ1(6v)r}e 2nive

y(z) =
Gt + G + G + G4 + Gs

« +« The coherence reduces to:-

~2nive

v(t) = é [2 + 3 cos 2ndvt 4+ cos Lmyvie ee. (5.22)

 Fig. 5.15 plots |y(v)] vs <.

5,4.3 The coherence functions just calculated are seen to be very different
from the more familiar curves of other sources, examples of which are
calculated in Born and Wolf and measured by Michelson and others. The
differences are a result of the discrete mode nature of lasers, and, in
particular, of the fact that the modes form a finite ordered progression.
(The axial modes for example form an arithmedic progression with respect to

frequency and their number 1s often quite small)?
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The following states the important differences between the coherence
functions of lasers and other sources:-

Laser coherence functions are usually more complex in that they are
not single-valued and monotonic. A low measured value does not indicate
the coherence limit, since the coherence may rise significantly’under
apparently more adverse situaticns. These coherence functions may also
vary rapidly with a change of coordinate, it is evidently important to either
record continuously over the range or record the coherence at a large number
of coordinate points. The need for a more extensive measurement to obtain
adequate coherence information has prompted the investigation of possible
methods of measurement which might prove more effective than conventional
means. This is discussed 1éter. It is sometimes particularly important
to remember that a single figure specifying the coherence length or
effective incoherent source size is not sufficient for laser ccherence.

The only exceptions are a laser operating single mode (transverse and axial)
or one operating in a very large number of transverse and axiel modes. An
eguivalent incoherent source may be a valuable concept but it has a non-
uniform intensity distribution which must be specified as well as the size.

A further property of the laser temporal coherence function stresses
again its difference from other sources, ‘The constant axial mode separation
(:-%i em™')} results in a periodic coherence function, as exampled in the
calculation above, the path difference between consecutive coherence maxima
being just 2L cm. This property can be and is often used, in making
holograms for example, when it is more convenient to operate at a path
difference between reference and sigral of an integer multiple of 2L.
Coherence of lasers can as shown in paragraph 5.4.2.1 be a function of the
pulse duration.

What becomes apparent from the above is that:-
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(i) New methods of measuring coherence are desirable.
(ii) A single figure cannot completely specify coherence, Some
alternative needs to be found.
(iii) The coherence requirements for any particular application
reguire careful consideration. The shape of the coherence

function is important as well as the magnitude of it,

5.4.4  These points will now be illustrated in the context of holography,
and it is necessary to explain briefly this recording technique and derive
a relationship which tells us how it depends upbn the coherence of the
light used. Two beams, a 'reference' wave of simple form (usually plane
or sphericel) and an 'cbject' wave, are superposed on a recording medium.

Fig. 5.16 is a typical arrangement.

FIGURE 5.16 E
: Reference

mirror

Source
Object

Photographic
plate

Simple arrangement for recording a hologram

' The interference pattern so recorded is called the hologram and contains all
the information of the amplitude and phase of the wave coming from the
object, (the 'object! wave). This information can be recovered without
loss and in its original form, simply by replacing the 'reference! wave on
the developed hologram plate, The plate acts as a complex diffraction
grating, the first order diffracted image being e replica of the ‘object'

wave, More description of the process need not be given here since it
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is only necessary to establish the relationship of the coherence between
the {wo recording beams to intensity in the image reconstructed by the

hologram.

Heliedie The analysis which follows is for thin amplitude holograms and is
similar to that used by Biedermann (1970)

Let two plane waves of amplitude A1ei¢1 and Aeei¢2, and with an
angular separation ©, form a simple grating hologram. The intensity

distribution (I} on the hologram is given by:—

I=(I4+I2) x [4 + Vecos (¢ = ¢2)] = I[1 + V cos (¢1 = ¢2)] eer (5.23)
where Iy = A%; L = A?; V= fringe visibility; I = mean intensity.

o o Exposure E = jr Iat = E [1 + Vcos (¢y - ¢g)] eee (5.24)

For linear recording; the amplitude transmittance {t) of the developed
hologram should be a linear function of exvosure E at the mean exposure

level 1,e.

v = 1(E) + B(E).AE ... (5.25)

where AE is the exposure excursion from E, and is E-E, and B(E) = &I/HE
at the mean exposure level.

Taking into account the modulation transfer function (MTF) which
reduces the visibility.to an effective visibility = M{v)V and substituting

for AE from Equ. 5.24, the amplitude transmittance becomes:-
T = 2(E) + B(E).E.V.M(Y).cos {d1—2) ve. (5.26)

where v = frirge spatial frequency.
If, now, the reconstructing beam is equal to Agael@1, the transmitted

amplitude is just Agel¢1x'r, and the reconstruction of the object field is
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the term of this funetion having the correct phase term (el¢2).

calculation yields this term %o be:-
= Aﬁoﬁ(ﬁ)oﬁlV.M(”)oel¢z

. 2
and the reconstructed intensity, I = 13[%wﬁ(E)oEuV;M(v)J

- 2
or the efficiency of reconstruction m = % {?(E)OE.V.M(v)]

oW :
- - av _ dat
B(E}.E = —E = log e. ———
dE d(logE)
dt _ .
let ——— (= slope of T - log E curve at E) = a (E)
d logk
. - 2
Seom o= 0,047 [a(E).V:M(v)]

Simple

vee (5.27)

eee (5.28)

The efficiency of reconstruction is proportional to (visibility)® up to

the point at which density variations are such that the assumption of

linear recording no longer holds, FPor present emulsicns this point occurs

at an effective visibility (V.M{v)) of about 0.). Above this value, the

hologram begins to diffract appreciable energy into two other terms and the

first order term (that of the correct reconstruction) rises vrogressively

more slowly with increase in visibility until it passes through & maximum

and begins to fall. The two other terms mentioned are:-

202 _i3¢e

(1) Higher order terms with phase e’ , & etc. resulting from

non-linearity of the <~E curve. These reconstructions lie at

cffset angles 2dz, 3¢2 etc. and may or may not obstruct the

first order reconstruction depending on the value of ¢, and
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the sigze of the object. The efficlency into these higher order

images also depends upon the effective visibility, V x M(v),

(ii) Intermodulation noise. This results from having too high an
intensity in the sigoal beam (that arriving from the object) such
that the referecnce beam to signal beam ratio (11/1a) approaches
unity. In this case cross terms in the reconstructed field,
which have an intensity proportional to I x-%%, contaln
appreciable energy in relation to the first order term, which
has an intensity proportional to I.. These cross terms appear
as haloes around the various reconstructed orders, including the
first order. Hence, the use of the term 'noise’'.

The analysis presented is for a "thin' emulsion having only amplitude
variations. The efficiency 1s increased if the emulsion is thicker and 4if
there are phase variations, but the main conclusion still holds that the
reconstruction efficiency increases with increasing visibility (and

consequently coherence), the variation being a square law for V.M(v) < 0.4,

S5ehalrs?2  Let Maximum efficiency occur at an effective visibility of 0.6.

and let M{v) = 0.7 (Biederman 1969)
2’ E{(1)E(2)
Now ¥ = ——————— [y(1,2)] vee (5.3)

E(1)+E(2)

2| E

BRI

e Vo2 —— |y(1,2)} = — = 0.86
E(1)+E(2) : 0.7

The minimum coherence ({y) for which this is true is for the case of

equal intensity beams, and the value of the minimum coherence is then = 0.86.
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Thus for maximum efficiency of holographic recording it is not essential
to have a source of coherence > 0.86. Purthermore if, as is often the
case, there are good reascns for wanting a reconstructien in which the
intensiﬁy distribution is proportional {to that of the original object, it

is essential to record iinearly.

0.4
. Maximm V = = 0,57, for M(v) = 0.7, and by the same

M(v)

argument as bef'ore, the hologram is as efficlent as possible even for a

coherence as tow as 0.57.

Solktoks3  Against this low coherence reguirement there is a higher encrgy
requirement, The relationship between coherence and total energy is
derived as follows:-

For constant holographic efficiency the fringe visibility (V) must

remain constant. From Equ. 5.3,

2| E(1)E(2)

Vo= [y (1,2}
E(1)+E(2)

2 / E(4)E(2)

o ¥y = oconstant = C say
E(1)4E(2)

eer (5.29)

where E{1) = reference beam energy density at plate.
E(2) = object beam energy density at plate.
¥ = coherence between these two = {T(1,2)§

Let E(1) = kE(Z); Energy output from laser = §E;
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and et E = p{1)E(1) + p(2)E(2), p{1) and p(2) being attenuvation

factors in the reference and object beams respectively.

~te E o= Do(1) + p(2)]E(2) cee (5.30)

Inserting XE(2) for E(1) in equation 5.29 above'gives:-

=3

Y = C o (5“31)
1+k
As well as requiring constant visibility for constant holographic
efficieucy, it is also necessary to maintain constaut energy density on the

photographic plate.

4

o E(1) + E(2) = (x#1)E(2) = constant = D say ... (5.32)
Eliminating E(2) from Egu. 5.32 and 5.30:-

[kp(1) + p(2)]D
E = ere (5.33)
(k1)

Eliminate k from Egqu. 5.33 and 5.31:-

2y J (p(2)D-E)(Ep(1)D) = [o(2)-p(1)] D coo (5.34)

Take a practical example in diffuse rellection holography, in which
the atternuaticn in the object beam is very much greater than that in the
reference beam i.e. p(2) >> p(1).

et pl2) = 2 nd/mI/m?
also let D = 50 mJ/m® and C = 0.k

Fig. 5.17 plots the dependence of E wupon Iyi2 Tor this example,
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One could also plot, for a given laser and a given method of improv-
ing its coherence, a curve relating E and vy This curve arises from
the usually adverse affect on the output of an attempt to improve the
coherence, The two curves could then be used to decide, for example, how
best to operate the laser to result in maximum holographic efficiency.

This might well be under neither the maximum nor the minimum coherence
configurations, If recording ratiocs near 1 to 1 are envisaged account

nmist be taken of the adverse effects of intermodulation noise.

Sofiokoly  There are possible pitfalls to recording holographically with a
multinode or pa;tiallyncoherent laser. These pitfalls lie in holographic
applications involving double exposure interference technigues. Holo-
graphy can be used to perform and extend the function of an interferometer
by recording a double hologram of the object in the two conditions one .
wishes to compare. Each exposure reconstructs an image wave. The two
reconstructed image waves interfere to give fringes characteristic of the
difference between the two conditions of the object. It is important to
the assessment of these fringes that there is no possibility of a signifi-
cant.loss of contrast of the fringes or of any other sets of fringes
appearing. This possibility exists in a multimode output, if the mode
distribution does change from one pulse to the next, ana is more likely to
oceur the greater the number of contributing modes. (i.e. the lower the
coherence). ' B

" Two criteria of holography have been considered in their determination
of & coherence requirement. This requirement is affecteﬁ.more or less by
the dependence these crileria have on the exact form of the holographic
method, but it can be concluded that a maximum coherence is desirable (but

. . -
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efficiency. DBy referring back to Fig. 5.17, it follows that methods of
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improving the coherence must be found which do not lead, as is often the

case, to a very large decrease in cutput from the laser,

h.5 Coherence Measuremént

All coherence measurements are aimed at measuring independently the
transverse and temporal coherence. This simplifies the measurements and
greatly assists the checking of them against other measurements and against

theoretical calculation.

5:5.4 Conventional Methods

H5obet.1 Interferometric technigques

Interference fringes are obtained using particular designs of inter-
terometer. The visibility of these fringes 1s measured either by direct
photoelectric detection or by recording on a photographic plate and using a

densitometer on the developed image. From Equ. 5.3

2 1 E(1)E(2)

that V ly(1,2)l, and knowing the energy densities in the

E(1)+E(2)

two interfering beams, the coherence (y) can be calculated.

Fig. 5.18 shcws three examples of this technique.

FIGURE S5.18 {
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slits Recording
' plate
(a) Measurement of Transverse Coherence

by Youngs slits method,
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Mirror
£ e
Source . . g
Collimator Recording i ] . Root
plate prism

{b) Measurement of Transverse Coherence
using modified Twyman- Green interferometer

L L L L L L L L L L

] i ~—
i | Mirrors
- { L —}
i L
1 4
Source - i ! A
Collimator Recording il § =TT =
plate " ° !
(c) Mezasurement of Temporal Coherence

using Twyman=Green interferometer

The first is a Young's slit experiment wﬁich, if the fringes are recorded
in the region of zero path difference, measures the transverse coherence
between pairs of points in the wave field which lie opposite eaeh other on
the two slits.

The second also measures transverse coherence. One flat mirror of a
Twyman-Green interferometer is replaced by an opticallj high gquality roof-
prism, which serves to reverse one of the wavelronts with respect to the

prism roof-edge. Tilt fringes are obtained by adjustment with the two
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interferometer arms-equalised and these then result from interference between
all peints in the wave front and all points which lie an equal distance from
the line of reversal and on the opposite side of this line,

The third is the classical experiment ofVMichelson to measure the
temporal coherence of a source, Tilt fringes are obtained by adjustment
of é Twyman~Green interferometer,  The visibility of the fringes so formed
is measured as a function of the difference in path between the two arms of
the interferometer. Each set of fringes provides & single point on the
temporal coherence curve, If however one flat mirror is replaced by a

stepped mirror, several points on this curve can be obtained simultaneously.

5.5.1.2 Spectrescopic Technigues

As shown by Born and Wolf and repréduced earlier in this chapter, ses
Equ. 5.6, the temporal cocherence curve can be calculated from a curve of‘
spectral profile.

Initial testing can be carried out using a spectrograph but its
resolving power is not adequate when trying to measure the coherences
achievable with lasers. The Fabry Perot etalon 1is éenerally used for the
high resolution measurement of laser spectral output curves. The principles
of its operation are well established. The technigue we have used with
lasers is as follows:-

Figes He192 shows a typical arrangement.

T EIGURE 5.19

| l q-——l t—
A=

Fabry-perot V '
@t:,fn Lens Photographic

plate

Lens ~ Diffuser

SPECTRAL ANALYSIS USING
A FABRY-PEROT INTERFEROMETER
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The laser beam is expanded to the size of the aperture of the etalon and
diffused, and the ring patiern at the focus of a long focus lens recorded
photographically. The etalon spacing (t) is adjusted such that the
instrument has the required resolving power. The limit of resolution {dV)

of a Fabry-Perot etalon is given by:i~

dv = (order separation/finesse) cm™* eeo (5.35)
_ 1
where order separation (Av) = — om™! vee (5.36)
2t - '
/R
finesse (F) = — ose (5.37)
1-R

R being the single surface reflectivity.

Thug, in order tg calculate the correct spacing, it is necessary to know1
the finesse. This has been measured by observing visuazlly the interference
rings obtained from a He-Ne laser operating in several axial modes, and
increasing the etalon spacing (%) until the modes are just resolved.

Since the mode separation is 'gi where L = He-Ne cavity optical length,

the finesse is calculated from:~-
Finesse = —— - = % - vei (5.38)

Having adjusted the etalon spacing it is necessary to measure it and this
can be done again'usiﬁg a He-Ne gas laser. A stationary ring pattern is
recorded photographically, and the pattern mezsured so as to plet a graph
of the sguare of the ring diameter (D) vs. the order number (p) of the ring,
counting from the centre. The angular radii {8) of the bright rings are
given by 2t cos © = nh, where n = integer, and this is very well

approximated, for the small angles used, by 2t(1-6°/2) = nh; now the ring
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diameter D = 2 f tan 6(x 2 £ 0 for small angles) where f = focal length

of the lens at wavelength A,
. s
Coo2t(n -7 BF) = na oes (5.39)

Let the true order number n of a ring be ng-p where n, = order number
of the ring from which measurements begin.
If this ring has diameter Dy, then 2t(1 = D?/8f%) = ny Ne

Subtracting these two equations gives:-

2 LE
D2 - Do = Po s 00 (5.521-0)
t
and the slope of the curve of D® vs p = LF*A/t

Having measured the focal length (f) and knowing that A\ = 632,8 nm for the
He-Ne laser, enables calculation of the etalon spacing t.
Remembering to refocus the lens for the different wavelength of the

pulsed laser, its ring pattern is recorded. Fig. 5.20 shows a typical example.

:gncﬁfﬁfwam% e R Q!

FIGURE 5.20

Typical Fabry-Perot interferogram
of & multimode laser.

The parameters of interest are (i) the number of each component (ii) the

spectral width of each component (iii) the component separations (iv) the

sbsolute wavelength of one of the components. The separation in wavenumbers

6V of two closely-spaced components is given by the standard equation:-
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_ Dib- Dia 1 .
6U = T, — . oeo (50‘14-1)

i, - IBs 2%
where Dyp and Dy, are the diameters of the two components in one ring
order, and Dz, and Dig are the diameters of one of the components in
the same and next ring order. This equation follows from Equ. 5.39. If,
as can easily occur in practice, the nearest rings of the two components do

not belong to the same ring order, then Egqu. 5.41 becomes:-

_ bD - ali 1 1 .
6y = ———— — + q. — oee (5.42)
aDi ~ al 2t 24

where q = integer.
and it may be necessary to carry out the experiment for another etalon
spacing in corder to remove the ambiguity.

The same eguation is used to calculate the widths of each component
and any absolute wavelength change from shot to shot of the laser. One
merely replaces Dy and Dyg by the appropriate dizmeters, Absolute
wavelength change measurements cannot be relied upon unless the etalon is
continuously monitored for drifts in the spacing (t).

Very high resolution work is difficult. From Equ. 5.35 and Equ. 5.36
it requires high fipesse.and high etaion'spacing° High finesse is limited
by (i) the limited quality and reflectivity of the reflecting surfaces,
(3i) their departure from flatness and paralielity and by (iii) the use of
the instrument at angular radii greater than zero. This 1limit might
typically be 50 for a high quality unit. Large etalon spacing adversely
affects the finesse by increasing the degrading effects of (ii) and (iii)

above, and it also results in a very small diameter for the interference

rings.
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A Fabry-Perot with all round better performance was originally
proposed by Connes (1956) and recently analysed for pulsed laser work by
Bradley et al (1968) and by Hercher (1968). This is the spherical

Fabry-Perot (Fig. 5.21),
FIGURE 5.21

} ‘1»*"“"“““73

R

SPHERICAL FABRY—PERCT ETALON

If the spherical mirrors were spaced apart by their radius of curvatufe‘(R)

as shown, the emitted rays corresponding to an initial distance (r) from -the
' 4

axis would have path differences equal to ABCDA. Now, ABCDA = LR -E
_ K

r4

higher order terms (negligible), and bright rings occur when AR - -— =1 A,

i3

This fourth power dependence (due to spherical aberration) between ring
radius and ring number 1s inconvenient and makes quantitative measurement
difficult. By increasing the mirror spacing by a small amdunt, say A, a
region‘of linear dispersion can be obtained. ABCDA now becomes

L(R#) + k'r’—kr® and the bright rings occur at

I‘4

. L{R+A) + E'rz - = n A, where k' = - WA/F eeo (5e43)
R -
Fig. 5.22 plots ABCDA as a function of radius in a typical case with A

small and negative, showing the region of approximate linear dispersion.



= 5,56 —

FIGURE 5.22
<
8 ~~~.Region of
o linzar dispersicn
<
4R
o Radius (r}=—s

Since this region is defined by dn/dr = constant, differentiating Equ. 5.53
enables calculation of the dorrect_&efocusing quantity A, Other advantages
of the defocussed spherical Fabry-Perot (abbreviated to DSFP) are:- )

a) All rings are produced by rays parallel to the axis, thus eliminat-
ing the normal reduction in finesse due to walk-off occurring at
finite angles.

b) Similar errors in the quality and slignment of the mirrors result
in very much smaller losses of finesse.

¢) It is equivalent to a normal Fabry-Perot of twice the length, since
the path difference between successive reflections is 4 x mirror
separation as opposed to 2 x this separation for the Fabry-Perot.
Highe£ resolution can consequently be achieved.

d) The balancing of the defocus term and the spherical aberration term
along with the choice of the radius of the region of linear
-dispersion enable a higher dispersion to be achieved for the same
mirror separation.

Fal

With the DSFP finesscs of ~ 4 x that of a normal Fabry-Perot of similar

design have been achieved (Bradley 1968), Hercher 1968).
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5.5.1.3 Let us consider the information content of the coherence measure--
zent techniques so far discussed, and compare that with the total information
necessary.fo completely describe a particular radiation field. This latter
is the coherence between one point in the three dimensional field and any
other point in the {ield. If there are N independent positions along
each'coordinate axls in-the field, then each point can be paired with N
other points and this number of pairs exist for every point. Thus the
total number of pairs or necessary bits of coherence information is
(W x W)/2 = ¥ /2, the factor 2 arising because each pair has been
counted twice. . As explained earlier however, the coherence function can
generally Ee regarded as separable into the product of the transverse and
temporal coherence. The transverse coherence is that across the area of
the wave front and consequently requires (¥ x N)/2 = N'/2 bits of °
coherence information for its complete specification, The temporal
coherence is confined to that in the third dimension, the direction of
_propagation, and thus requires only (N x N)/2 = N°/2 bits of coherence
information. TFurthermore there is still a redundancy of information since
the temporal coherence depends only upon the difference between the
coordinates of the two points. (This is ¢ x %, where ¢ = velocity of
light, and T = time difference between the two points). This reduces the
number of bits of infermation required for the temporal coherence to N.

The Young's slit technique yields N bits of'information per recording,
Whiie that using the reversing interferometer gives N bits. A great
many recordings are thus necessary for a complete measurement of the
transverse coherence function,

The Michelson method for temporal coherence allows the coherence

Pl

ifference to be measured.

£

correspending to only a single value of path

N such measurements are required. The alternative method of speciroscopy



-~ 5,38 =

for temporal coherence measurement does give all the information in one or
two recordings, but it becomes difficult, because of the extreme resolution
required, to obtain detailed information of coherence corresponding to path
differences of 100 cm or more. -

For conventional incoherent light sources the coherence functions,
being simple in form, can be determined with very much less information
than the maximum requirements above. One recording, using a method
already noted, can be sufficient, but even if it is not the source is
sufficiently stable to be able to rely on measurements made at different
times.

The pulsed laser not only has a more complex coherence function but the
output may not be the same from shot to shot, The need arises then for a
method of measuring coherence which can record as much as possible if not
all of the necessary information from a single pulse. This need is

satisfied by the use of holography.

5.5.2 Holographic Methods

The idea of using holography for measuring coherence arises naturally
from the fact that recording holograms is one of the major applications of
lasers for which coherence is required. What better, to test a laser for
its ability to record a hologram, than to make a hologram and observe how
effective the laser is at doing so? Other disadvantages of the conventional
interferometric methods are (a) that the meaéurement itself is inconvenient,
since an accurate measurement of visibility requires several readings on the
recorded fringes, and (b) that for this measurement to be possible the fringes
must have a reasonable spacing and this measurement is then an average over
a considerable area - the information content is again limited.  These

problems do not exist with the holographic method. In the first place the
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observation is the inten;ity of reconstruction from the hologram and this
intensity is a direct measure of the ccherence; and in the second place
the fringes which form the hologram can have spacings as low as K/Q and
if even 100 fringes are regquired toc give an intensity which is an accurate
measure of the coherence, the area required for this fringe spacing is still
onlj 0.03 mm across. Further, a hologram is recorded whenever two beams,
with some coherence between them, are incident upon a suiteble recording
.medium. The lack of criticality on the angle between the beams - the only
requirement being that the resolution limit of the recording medium should
not be exceeded - and on the general arrangement is in sharp contrast to the
problems of setting up an interferometer to obtain a suitable recording.
Several authors (Lurie 1968, Stetscn and Powell 1966, Staselko et al
1969, McClung et al 1970, Siebert 1974) have performed experiments showing
some of the possibilities of using holography as a ccherence tester and
have shown that the method works well in cases where the coherence function
is a relatively simple one. No-one appears to have used the method to
obtain gquantitative measurements of the coherence function or mode structure
of a laser, and the experimental arrangements used have not {ully exploited

the advantages of holographic recording.

5.5.2.1 The Holographic Method

We have already,‘in atfempting to arrive at some criteria for coherence
requirements, discussed how the intensity of reconstruction from a hologram
depends upon the coherence of the recording beam. It will be useful to state
the main points once again.

The hologram is a two-beam interference recording in which the two beams
are, in general, derived from different points, say P; and P., in a wave

field. Being the recording of an interference pattern, the hologram is
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dependent upon the coherence, designated +y(1,2), between P; and P,,
Mathematically, +v{1, 2) is defined as the time averaged correlation

" between the disturbances at Py and P:, Wh;re the averaging time is
either a time long compared to 1/%A§, where AV = spectral width in
wavenumbers, or the pulse duration, whichever is the shorter, It is
important to remember that, with Q-switched lasers, the pulse duration can
be comparable to 1/065, and in these cases the coherence is dependeént upon
the pulse duration as well as the number of oscillafing modes. BEven in
cases where the pulse duration is very much greater than 1/0&5, it may
5t111 be related to the coherence, since all modes present during the pulse
may not be present for its entire duration - a part of the pulse may have

fewer modes, and be more coherent, than the pulse complete.

The visibility of the interference pattern forming a hologram is given

2 fE1E2

Vo= ——— Iy(1, 2)] oee (5.3)
E1 + E
where By and E. are the energy densities of the two beams at the plate
and |y(1,2)| is the modulus of the coherence function.
The intensity of reconstruction Ir. from & hologram is a function of
the fringe visibilify V; the mean energy density E and the spatial

frequency w, of the interference patitern, i.e.

il

I = fn (V

b
V)
r /3

the function being dependent upon the emulsion and on the processing

procedure. For visibilities less than 0,25, the dependence of the

- — = *
t Faad wnt 3 T T 27 + - A - -
reconstructed intensity on V becomes (Eguation 5.27), to a goed approxi-

mation, a direcit sguare law.
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Thus Ir = V¢ xf (E, w) oee (Bokdy)

We have chosen to work in this sq%are law regime since, although the
efficiency is limited, it is not then necessary to calibrate over the entire
range of visibility and the noise in the reconstruction is minimized. One
of the main difficulties in obtaining quantitative results is due to
variations in intensity across the output beam of the source under test,
and these variations are intentionally left undisturbed in order not to
affect the coherence properties. Automasking technigues could be used to
even up the intensity variations without upsetting the cohefence properties
and might result in a better measurement accuracy than the two ways we have
used to correct for any intensity fluctuations. These twé methods are as
follows:—

(i) To measure them directly or by densitomeitry on the hologram.
When doing this, it may be necessary to pre-expose the hologram so that the
mean enérgy density (I) is nearly uniform (and easily controlled) and the
‘intensity variations cause only changes in the visibility of the hologram

interference fringes. This visibility is now given by:-

2 EEs
v o= be(1,2)] vee (5.45)
Eq +E: +Ep
whete E, = pre-exposure level of energy density

and since the reconstructed intensity is now proportional to V° only,
E being uniform, the correction can be carried out without recourse to the
propertles of the emulsion,

(i1) To ottein from the same or a similar hologram another

reconstruction for which the source is effectively completely coherent.
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The intensity in this other reconstruction then can be used 2s a normalis-

ing factor. It will be seen below how this can be done in practice.

5.5.2.2 Experimental Methods

Ls stated previously, it is desirsble to design experiments for
measuring coherence which measure the transverse and temporal coherence
separately. This is a major simplification, and we have tried to choose

arrangements which further simplify the measurement process.

a) Transverse Coherence.

Fig. 5.23 shows the chosen method of measuring transverse ccherence,

FIGURE 5.23
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HOLOGRAPHIC MEASUREMENT OF
TRANSVERSE COHERENCE

" This method combines the ability to record 211 the transverse coherence as
well as meintaining the maximum of simplicity. A scabtter plate acts as
beam-gplitter by amplitude division, a fraction of the incident light
paseing through undisturbed and the rest.scattered uniformly over a suitable
angle. The hologram is recorded in a plane where each point of the plate
receives, as reference, one ray of the undisturbed beam and, as signal,
scattered light from the entire wave-front. Reconstructing through a
small area at that polnt gives a reconstructed picture of the wavefront
with an intensity distribution dependent upon the coherence between all
points ‘on the wavefront and the point of origin of the reference ray arriving

at that reconstructing point. The prism ensures an off-axis reference
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beam so that the tw§ first order reconstructions do not overlap. As can
be seen in Fig. 5.23 path differences do occur between reference and signal
beam so that there is need for some temporal coherence. The maximum path
difference between reference and signal beams is approximately dz/L, while
the maximum variation of signal beam path for any hologram point is
appfoximately dz/2L. By suitable adjustment of 4 and L, the maximum
path difference can be reduced to a value very much less than 1/b§ cm
(Where AV = spectral width of source in wavenu@bers), and then the
temporal ccherence is effectively unity for all possible measurements.
In our own case, d = 2cms and L = 50 cms.
.+ Maximum path difference requirement = dz/2L = 0.04 cm and the
system caen be used on all sources with spectral widths << 25 cm™’,

If intensity variations exist across the beam, and a pre exposure has
been given, the second of the methods previously suggested can be emploved.

This is shown by Fig. 5.24.
TTTFIGURE 5.24 - '

Aperture

Scatter plate Prism Photographic plate

.RECORDING OF TRANSVERSE COHERENCE HOLOGRAM
SHOWING THAT ALL SIGNAL RAYS WHICH REQUIRE NO
COHERENCE PASS THROUGH A SMALL APERTURE

All rays ivon the scatter plate which interlere, on the holegram plate, with
reference rays originating from the same point on the scatter plate are
shown. It can be seen that they intersect at the same point, this point
.being in the piane of the reference beam focus. 4 small aperture placed

at this point (as shovm in Fig. 5.24) during reconstruction picks out only

those reconstructed rays for which we know the coherence to be unity. The
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intensity distribution across the reconstruction is now independent of
coherence and varieé only due to intensity variations in the original
recording wavefront. i

To measure the coherence between poinits Py, and P, of the wave field
incident on the scatter plate, a reconstruction efficiency m 1s measured
as described. Now 7 « V°, where V is the fringe visibility in the hologram,
and {from Equ. 5.45:- |

2VE Bz

v o= ——— [(1,2)]
E1+E2+E0

Also weasured are the efficiencies 714 and mz at Py and P. 1in the

apertured reconstruction, corresponding to fringe visibilities Vi and V2

Y

in the hologram

2VE B, 2E, 2E;
Now Vi = = and V, = ———
E1 +E1 +E0 2E1 +Eo 2E2 +E

and if we neglect terms such as E12 in comparison with Eg, Equ. 5.45
becomes

¥ o= WV (1,2)}?

Since reconstructed efficiency is proportional to the square of the
visibility, and the constant of proportionality is the same for V, Vy; and

Vz, this equation can be written:-

n = } 1 Mz fy(1,2)]?

and the. coherence can be calculated.

If no pre exposure is given, the first of the correction methods is

used, where the intensity variations across the beam are measured. The
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correction is possible, despite the variation of the mean exposure level
(E) over the hologram, since each set of coherence measurements across

the reconstruction use one point &f the hologram only.

) v B E;

In this case: vV =

ly(1,2)]

where BE; 1is constant and E; varies and both are lmown at ail peints in
the reconstructicn,

Now reconstruction efficiency mn @ V°

E B
o . M = const.————-z— IY(’!,Z)la
(E1+E2)

Making use of the fact that one point in the reconstruction has a
coherence of unity (Py = P.) we can eliminate the constant and the

coherence 1s determined.

b) Temporal Coherence

For the measurement of temporal coherence, the method which suggests
itself at once is that of recording by holography an object which has
depth (McClung et al ?970; Stetson and Powell 1966). Fig. 5.25 shows

an adaptation of this method.



"FIGURE 5.25
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RECORDING OF TEMPORAL COHERENCE HOLOGRAM
USING MODIFIED TWYMAN —GREEN INTERFEROMETER

A Twyman-Green interferometer is the basis, but one of the mirrors is
replaced by a plane retroreflecting surface placed at an angle to the
incident wavefront ('object-with depth'). Also, the other mirror is

slightly rotated to give 2 small but non-zero angle (8) between the twe

interfering beams at the hologram plate, and the geometry is arranged such

that, for a perfect retroreflector, these two interfering beams are exactly

superposed. The consequence of these adjustments are:-

(i) The fringe spatial frequency comprising the hologram is sufficiently
large that a meaningfui reading of reconstructed intensity can be
made from a small area of the hologram. The larger the spatial
frequency the greater the number density of points on the

' measured ccherence curve.
(ii) The fringe spatial frequency is sufficlently small to enable
emulsions such as Polaroid 55 P/N to be used. |

(iii) No transverse coherence is required.

Two retro-reflectors have been used. A blazed grating, which is a

very efficient retroreflector, and a plane surface coated with a retro-

reflecting material such as Scotchlite. The latter is generally very much
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less efficient since only a small fraction of the ‘retro-reflection!
usually lies within a small encugh angle to be spatially coherent with the
reference beam. The grafing method is not entirely satisfactory in that
for the measurement of temporal coherence over large path differences the
necessarily large gratings with high angles of blaze are expensiye.

An alternative and simpler method has been investigated and shown to
be very sultable. It is similar bo methods for the optical producticn of
gratings (Burch and Pélmer 1961) which, for a grating with N elements,
requires a high temporal coherence of the source over a range of path
difference of N A. For the purpose of measuring temporal coherencs up to
a path difference of say p, a grating of N = p/A elements is made and its
diffraction efficiency is measured as a function of position on the grating.
A grating 1s, of course, just a simple hologram with only onerspatial
frequency, and 'the diffraction efficiency of the grating' is equivalent to
'the reconstruction efficiency of the hologram'. Since the number of
grating elements (N) is equal to p/K, coherence measurements over large
rath differences (p) require gratings of large size and small element.

Fig. 5.26 shows the simplest possible method.

FIGURE 5.26
5’
- Source E
L’
—— ;
Photographic f
piate Mirror

SIMPLE METHOD FOR RECORDING
A TEMPORAL COHERENCE HOLOGRAM

Beams in opposite directions interfere in the emulsion to form a 180°
Lipmann hologram {or grating). The frings spacing 3i& »/2 necessitating

=
o

the use of very high resolution emulsions such as Eastman Kodak 649F,
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Agfa-Gaevert 10E or photo-resists. Unless the plate is orientated at the
Brewster angle to the incident polarization, surface inter-reflections are
present and these were ét first thought to be an unwanted complication.

It was realized however that they might be usefui. Their effect, as

illustrated in Fig. 5.27, is to form other holograms.

FIGURE 5.27 Mirror
a
4
4
i T
Photographic ﬁ
plate

INTERREFLECTIONS IN PHOTOGRAPHIC PLATE DURING
RECORDING OF A TEMPORAL COHERENCE HOLOGRAM

Beams 1 and III form a holegram which reconstructs more efficiently and
in a more convenient direction than that of I and II and this hologram
also contains the same temporal cocherence information. Beams I and IV
.form a hologram which reconstructs with an efficiency independent of the
temporal ccoherence, since the path difference between them is constant.
This reconstruction is just that required for eliminating the effects of

intensity variations.

BebHels3 Bxperimental Measurements

a) Transverse coherence.

A quantitative tést on the method was made using a gas laser operating
simultaneously in the TEM,e and TEMy, modes (Stetson and Powsll 1966).
Earlier in this chapter the coherence function of such a laser was calcula-
ted and Equation 5.19 gives the result for the coherence between a fixed

point (x = %, y = 0) and 2 variable point (x) along the line y = 0:-
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whefe app and ag: are the amplitudes of the two modes and w +their
radius. This curve is plotted in Fig. 5.14 for typical parameters; A
transverse coherence hologram was recorded by the method of Fig. 5.23. A
probe reconstructing beam of diam. = 1.0 mm was introduced onto the hologram
at the point x =%, y = 0. A small aperture (1.0 mm) was tracked zlong
the x axis in the plane of the reconstruction and the intensity transmitted
by this aperture was recorded using a suitable photodetector (Vickers
M030500), Fig. 5.28 plots these measurements, which are still affected by
the intensity distribution across the recording wavefront. As indicated
before, 1t is possible to eliminate this effect by using all the hologram
to reconstruct and by placing a small aperture in the plane of the
reference focus to eliminate all components carrying coherence information.
This was done and the reconstructed intensity distribution along the x-axis
measured. The noise level was subtracted from this curve and from
Fig. 5.28 and the ratio between the two resulting distributions is shown in
Fig., 5.29. Fig. 5.29 shows a good agreement between experiment and theory,
. particularly when the reconstructed intensity is ‘well above the noise level.
! Using the same method, the transverse coherence of several pulsed lasers
in addition to the one under investigation have been measured and examples
of two of these are given here. The first is a laser similar in every way

to our Nd:glass system except that the Nd:glass rod was replaced by one of

Oy

ruby. Holographic recording using the 1.06 y output of Neodymium lasers

has not been achiesved with present recording media. The ruby system
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however emits at 0.694 pm, which can be recorded holographically, so that
we can obtain some information about the rest of the laser systemAby
measuring the coherence in the fundamental of this laser. Fig. 5L30(a)
shows the reconstructed intensity distribution using a small probs beam at
the centre of hologram, this distribution containing information about the
transverse coherence along a diameter of the wavefront with respect to its
centre. Because the recording beam was not uniform, the reconstruction
free of coherence effects was recorded. This is shown in Fig. 5.30(Db).
A vigual comparison indicates that the laser has considerable coherence
over the entire wavefront. In the same menner aé for the two mode Hele
laser, the above iwo graphs were processed and a curve of [YI2 along the
chosen dismeter drawn, Fig. 5.30(c).

The other example given here 1g of the second harmonic component at.
0.53 . of the Nd:glass laser after the output has passed through a
crystal with high non-linear coefficient; ammonium dihydrogen phosphate
(ADP) in this case. Proceeding with the measurement in an identical way
results in Figs., 5.31(a), (b) and (c) which correspond to Fig. 5.30(a), (b)
and (c) respectively. With this and the previous example no ¢cherence
controls have been introduced into the resonator, and, with very little
control already present, the quite considerable transverse coherence is at
first sight rather surprising, particularly in view of the non-uniformity
of the intensity distribution. Two factors must contribute to this
interesting result; fhe mode coupling introduced by the rotating Q-switch,
which acts as 2 spatial mixing device, and the short pulse duration, within
which different transverse modes can be mutually cohersnt. It should be
stressed here that, in the presence of phase distortions, a single node
laser can nave a very complex intensity distributien, The presence of

severe non-uniformities is not a certain indication of multimode operation.
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b) Temporal Coherence

The temporal coherences of the two test lasers were measured by the +wo
methods already described.

Fig. 5.25 shows the holographic arrangement using the grating
Twyman-Green method. The grating used was a Bausch and Lomb 73 lines/mm
grating, blazed at 63° and 8" long., Thus the maximum range of coherence
measurement, which is'the path difference between beams at the two ends of
the-grating, ig 2 x 20,3 sin 63 = 36.1 cms. In practice the maximum range
was limited to ~ 24 cms by the limited size of the beamsplitter. The
holographic plate was oriented to give a best match between the two
incoming wavefronts, although distortions in the optics and particularly in
the grating prévented a perfect match. The beams were incident on the
plate at an angular separation of about 5° giving a fringe spatial
frequency on the hologram of sin 5°/A = 126 lines/mm. Polaroid 55P/N with
a resolution of ~ 250 lines/mm has‘been_used successfully, but we have
generally used Agfa-Gevaert 10E/5 because of iis higher efficiency.

Fig. 5.26 shows the holographic arrangement used in the other method.
Eastman—Kodak 649F plates recorded the Lippmann holograms, and although the
9 em x 12 cm plates gave a coherence range of only 2 x 12 x sin 70 = 22.5 cm,
it is quite possible to use film which allows an unlimited path difference.
Film has a further advanfage in being thiﬁner than the plates. The distortion
introduced into the transmitted beam is then very much less allowing both a
better matching between the interfering wavefronts and a better focus in the
reconstructed beam,

Fig. 5.32 and 5.33 also show the reconstructing arrangements for'the
iwo methods, a probe gas laser beam 1s tracked over the hologram, using a
sensitive and linear pnotodetector, the reconstructed intensity i

as a function of path difference.
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MEASUREMENT OF TEMPORAL' COHERENCE
FROM A HOLOGRAM RECORDED BY SIMPLE' TECHNIQUE

Fig. 5.34 shows examples of experimental graphs of |Y12 versus path
difference, which compare the two methods above for a ruby laser with no
spectral control. The same laser has also been subjected to a Fabry—Pefot

-analysis, showing the specirum to consist of 7 axial modes of differing
intensities with separation = 0.15 em”'. This spectral distribution
enables a calculation of |y|2 similar to one made earlier in this chapter.

The resulting |Yl2 curve 1s also shown in Fig. 5.34 and is seen to be in

agreement with the other more direct measurements.

5.6 The Control of Coherence

The principle of ccherence control is simply that ofrreduoing the
number of independently oscillating modes by contriving fhat:—
(i) The round—%rip gain of the laser resonator is mode dependent,
and
(ii) The modes reaching their peak first extract all the available
stored eﬁergy leaving none for other modes to reach their pezk
later,

To recall from paragraph 5.4.1, if the mode having maximum gain is
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denoted by A, and another mode is denoted by B, then the condition for

effective elimination of B is

[G—B/GA]<<1 :

where N = DNumber of round trips to pulse peak

G

round trip gain

From this, Equ. 5.16 was obtained:-

(-;‘i )N (% )N exp 28N [(aBHaA) - (ﬁB~ﬁA)] <<t

A A

where R = output mirror reflectivity
1 = S = cavity losses (diffraction, scattering, reflection etc.)
£ = rod length
@ = gain coefficient = o x inversion density
B = loss coefficient in laser rod.

It is apparent from this equation that the parameters which can control
the coherencé by being made mode dependent are the reflectivity of the out-
put mirror, the cavity losses, the gain coefficient of the laser material
and its loss coefficlent. Furthermore the effectiveness of any differential
that is introduced or is-alrea&y present'is dependent upon the other
parameters in the equation and in particular the number of round trips to
reach saturation.

We shall proceed by listing in some detail the possible methods of
controlling the transverse and temporal coherence and follow this by making
proposals as to the most profitable of these to use. Particular accent is
placed, when making a choice, on those likely to be simple and reliable and

which result in minimum loss in laser efficiency.
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Many authors, for example Burch (1964), Hanna (1970), Magyar (1969),
McMahon (1969), Roess {1966) have considered various possibilities for the

improvement of coherence.

5.6.1 Ways of Controlling Transverse Coherence
5.6,1.4 Diffraction loss

Differént.transverse modes are not spatially coincident in a transverse
,'Plane.,  An aperture placed in the resonator congequently results in.a
diffraction loss at its edge which varies according to the mode. From the
Fox and Ii resonator theory, the differential mode losses depend upon two

parameters; the Fresnel Number, given by as 22/AL, and the Confocal

L L
Parameter, given by (1 -— ) (1 - -—-) .
Ry R

Reduction of the Fresnél nunber always improvés discrimination between
modes and there is always a value, dependent upon the confocal parameter
and the number N of round-trips, for which only one mode, the Gausian
TEMy o mode, survives. Manipulation of the confocal parameter can enhance
the mode discrimination at a particular Fresnel number, but it also affects
other parameters of interest, such as the mode shape and the frequency
separation of the transverse modes. We have already seen that all modes
within a certain bandwidth can be considered coherent for the particular
pulse duration characteristic of this bandwidth. Consequently it might be
preferable to choﬁse a confocal parameter for which a greater number of
modes oscillate but cver a total bandwidth which is smailer.

An example of the dependence on Fresnel number of the mode discrimina-
tion has been given and is shown in Fig. 5.13 for two values of confocal
parameter. Fig. 5.35 showg how the discrimiration varies with the confocal

parameter for a given Fresnel number.
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Possible configurations which restrict the Fresnel‘number are: -

a.)_ Introduction of _small apertures. This is & direct limitation
on the product asaz, to which the Fresnel number is directly proportional.
As an example, if a Fresnel number of one is required for single modé
operation {and this is often about right), and the cavity length (L) is

im, then, for a ruby laser with A = 694 nm,

a4 aa aqap

' = 1 % a8z = 0,694 x 107¢,
AL 694 x 107% x 1
Thus aperture radii of 0.83 and 0.83 mm, or 1.66 and 0.415 mm,
ete, are required. ‘
"b)' Increage in resonator lengﬁh (L).
¢c) Use of i_ntra-cavity optics.r Let a galiléan telescope with angular
magnification {m) be inserted inside a resonator with Fresnel mumber

ajaz/AL  as shown in Fig. 5.36.
FIGURE 5.36
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The effective Fresnel number is changed by the presence of the telescope
and is now given by

a48z :
Fresnel Number, F = (Kogelnik 1965)
7\.(111‘01 +ba +b3/m)
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The-shape of the lowest order Gaussian mode is also changed, a fact which
may itself be of considerable use, as discussed later.

Configurations, which have a confocai parameter which allows a high
Fresnel number and yet retains good mode discrimination, are:-

a) Arraﬁgements With confocal parameter =4 - A, where & is small.
- For example, a plane parallel resonator (& = 0) ‘of Yresnel number 4 has a
discrimination equal to that_of a confocal resonator with Fresnel number 1,

but has poor mode stability since a small perturbation can lead to lérge
changes in mode diameter. A graphical design frocedure to give large and
stable mode operation has been considered by Hercher following the graphical
methods of Kogeinik 1966 and Collins 1964 and is as follows:-

Consider the resonator shown in Fig. 5.37 compri;ing two mirrors with
radii of curvature Ry and. Ry and sepa?ated by a distance d. The
lowest order transverse mode of ﬁhis resonator, ther TEMy;y sgaussian mode,
has a unique configuration and, using graphical wethods, it is possible to
very simply establish the principal rarameters of this mode, these parameters
being the radius and position of the waist and the radii at the two mirrors.
To do this, two c¢ircles of diameter Ry and Ra are drawn tangentially to
.the two mirrors. A perpendicular frem the point of interséction of these
circles onto the resonator axis marks the pgsition of’ tﬂerwaist and the
length of this perpendicular is just % e , where wp 1s the beam radius

A
at the waist and A 1s the wavelength. Finally two more circles are drawn

tangentially this time to the resonator axis at the two mirrors, and passing

through the point of intersection of the circles already drawn. The
Ty 2 2
1 TRz
and
A A
‘wz are the beam radii at the two mirrors. The proofs of these constructions

diameters of these circles are then equal to where ®; and

are given in the literature cited above and Fig. 5.37 shows an example of a

resonator with the four construction circles and perpendicular.
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It is worth adding two comments. Firstly, the Fresnel number-of the
Gaussian mode is 9&%& . Secondly, the mode stability can be considered
as the sensitivity of the mode parameters to perturbations of the resonator
curvatures. The graphical method can give information on this quesinn
either by making a small change in Ry or R, and finding the change in
Wo, wqg and wz by construction or simply by noting the angle between the
circles of diameter Ry and R at their intersection., If this angle
‘.is small then the mode is unstable; if it is near 90° the mode is sfable.

To design a resonator with say a mode radius of 2.5 mm in the rod
(i.e. at one mirror), the circle of diameter Eﬁgiili is drawn and the two
circles of diameter Ry and BERe are drawmn to intersect on this circle and
to intersect gt a large angle (high mode stability) fqr a resonator of
reasonable length. Fig. 5.38 shows an example of a reasonable design
where the resonator length is chosen at 2m, The solution is not unique
but is one giving good stability as can be seen by the large angle of
intersection of the circles and the nbt too large radii of curvature of
the mirrors (4.8 m and 5 m respectively.) The Fresnel number F of the
Gaussian mode in this resonator is given by

Wywz 2.5 x 1.6

F = = = 2.9
Ad 0,694x10™° x2xt 0°

e) Resonators with confocal parameter < O and > 1.  Resonator
configurations of.this type are classed as 'unstable' or ‘'lossy', since
the propagation of a given mode up and demm the cavity is a diverging
process. Any mode must expand to fill the available volume, or alternat-
ively, any ray within the resonator is not confined and must eventually be
thrown out. The lossy resonator situation was proposed by Burch in 1963

and has since undergone considerable analysis by Siegman {1965), Kahn (1966),
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Siegman and Arrathoon (1967) and others. The conclusions of such analyses
are that, although the 'lossy' resonator modes are more lossy than the modes
of stable resonators, the discrimination is better and the mode diameter is

larger. : N

5.6.1.2 Gain Coefficient

A spatial variation of the gain coefficient in.fhe transverse plane
will lead to mode discrimination since certain modes will be better matched
to this distribution and this will result in these modes having a higher
value of integrated gain coefficient. A typical distribution of gain
within a pumped cylinder of laser material, as calculated in Chapter 3, is
shown in Fig. 5.39. This is evidently a much better match to a Gaussian
TEMy;o mode than a TEMy4 which has a central zero.

506:1 a3 ReflECtiViW

In a similar way to that in the previous secticn, a transversely
variable distribution of output mirror reflectivity will give a transversely
integrated round-grip gain which is mode deperndent (Kalinin et al 1969).

A reflector with suitably optimised distribution of reflectivity is by no
means impoasible and, although not available as yet, may prove of signifi-

cant value in the future.

5.6.1.4 Enhancement of Discrimination

Let us consider the effects of optical phase distortions in the laser
resonator. They introduce a perturbation on the mode-forming behaviour
of the res;nator, this perturbation in general increasing the losses and
reducing the discrimination between modes. This being the case, the
discrimination of any method of transverse mode control can be enhanced by
reducing (or changing) the phase distortions. Before discussing possible

ways of bringing this about it is necessary to consider an important factor,
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the sensitivity of the ﬁode structure in a resonator %o these distortions,
or, as we also call it, the stability of the mode structure. A computer
calculation of Jjust this factor has been performed by Burch and we quote a
few examples of his results. The case taken was a confocal resonator of
Fresnel number 4, and various forms and magnitudes of phase distortion at
the mirrors were introduced. Fig. 5.40 shows a typical example.

Figs 5.40(a) plots the variation of the mode discrimination with the
magnitude of the phase distortion. The situation with zero distortion has
no discrimination as one would expect, but losses become very considerable
even for distortions of a wavelength and in general all types of distortion
give consideréble losses for phase disturbances greater than this. The
other main result as exemplified in Fig. 5.40(b) is that the distribution
in any mode is also a highly dependent parameter. Furthermore the mode
discrimination and amplitude distribution are sensitive to changes in the

form of the phase distortion. We can conclude from these calculations that:-

(i) elimination of phase disturbance is required to tight limits

(at least A/4) to eliminate their effect on the mode structure

(ii) a ﬁeasured near-field intensity distribution which is highly
non-uniform does not necessarily indicate poor-traﬂsverse
coherence. This distribution is possible even with single mode
operation, in fhe presence of phase distortiomn. Some of our
megsurements of transverse coherence-have also indicated this
result.

(iii) Both the mode discrimination and the amplitude distribution cen
be improved if there is sufficient control to be able to produce
the right_form of distortion, and ifAthere is sufficient gain to

overcome the increased loss,



FIGURE 5.40 (a)

f

Discrimination

(=)

1= D

-0

®
T

oA
1

Distortion o cos XIA

0O

Distortion —e

LY

A

2\

DISCRIMINATION BETWEEN TWO DOMINANT MODES FOR
VARIOUS MAGNITUDES OF RESONATOR DISTORTION.

IGURE 5.401(b)

istortion

t g
LI
X

Dominant

mode

N\
/(

=

—
=

J

=50

s

|-loss

0:999

0-997
0-972

0-498

0-288

AMPLITUDE DISTRIBUTION
OF THE DOMINANT MODE
FOR VARIOUS AMPLITUDES
OF DISTORTION.

DISTORTION = cos X/A.



- 5.60 - |

The effects in resonators of other forms are different, of course,
but the general conclusions are the same (see for example Schaak 1967).
A further point should be made for resonators having very high Fresnel
numbers and/or large distortionms. In this case the laser may break up
into small elements of small Presnel number across which the phase
distortion is small and beitween which there is no interaction and hence no
correlation., This is known as filamentary laser action, and it occurs
'_because the system is less lossy when operating in this way.

Methods of reducing the detrimental effects of optical phase

disto;tions are:-

(i(i) Compensating optics. Spherical and cylindrical distortions can
be eliminated using appropriate lenses. It is possible to
completely compensate in this way, if the rod is very good
gquality and if the pumping is arranged so that the dynamic
optical distortions have circular symmetry (Stickley 1966)

(ii) in situ holographic recording of the distortions. The holcgram
can be used in a properly designed resonator to eliminate the
distortions whatever they may be. The drawbacks are that the
resonator design is more complex, that the holograms damage
more easily than the other components and that the correction
only applies to one input level.

(iii) Arrangements which allow modes to average over the distorted
phase disgribution. To do this a mode must pass through
different areas of the rod (where most distortion occurs) at
different times. There is then an interaction between
different areas and différent modes. The spinning mirror, if
running sufficiently rapidly, sweeps any lasing mode across the

laser rod and might therefore be expected to result in an
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improvedrtrénsverse coherence., Measurements by Magyar (1970)
and during the work presented here show this to be so. Also
an arrangement as shown in Fig. 5.41 using a roof reflector
with its roof angle slightly 1éss than 90° does, as shown couple

together two quite different regions of the rod.

7 FIGURE 5.41
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An improvement in transverse coherence should result, although
the phase averaging occurs only over two positions, and it has

been shown that this is the case. (Soncini and Svelto 1967).

5.6.2 Ways of Controlling Temporal Ccherence

Possible laser parameters for doing this must vary with axial mode.

They must, therefore, be frequency-dependent.

5.6.2.1 Gain Coefficient

This 1s naturally dependent upon frequency. The gain linewidth and
shape vary from material to material depending as they do upon the electronic
structure of the ions and their interaction with the surrcunding matrix,
Nd:glass, for example, has a Gaussian line of width about 200 cm™'. Given
a particular laser the power spectrum can be calculated from Equ. 5.16.

s

The width of this spectrum was calculated, see para 5.4.1.1., to be 45 cm”

for a typical Q-switched Nd:glass laser at well above threshold.
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5.6.2.2 Reflectivity
A reflector can be made to have a frequency-dependent reflectivity by
ensuring that it has two or more parallel surfaces which contribute to the
reflectivity and whose contributioné have different optical delays. The
‘regsonant reflector’ as it is called was proposed by Burch in 1964 and has
since been subject to several analyses (Watts 1968, McClung and Weiner 1965,
) Hercher 1965). It is, in its simplest form, a plane parallel plate with
.or without reflecting coatings, and is just a Fabry-Perot etalon, the
theory of which is well known. We give here a somewhat different approach
to the theory, the basis of which is the calculation, as follows, of the
reflectivity of the combination of iwo reflecting surfaces separated by a
disfance % in a medium of-index He

Fig. 5.42 is a diagram of the resonant reflector.

- FIGURE 5.42
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The letters represent amplitude components of the incident, reflected and
transmitted waves at the two surfaces. We can immediately write down the

continuity equations for the two surfaces:-

B = ATy + FR4 ; E = CR}
and avs (5.11"6)
G = AR, + FT} : D = CT}
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where R and T are the amplitude reflection and transmission
coefficients from the outside and R' and T' are those from the inside.

For normal reflection from an uncoated dielectric surface in air (Fresnel

1

= 911 and T = uT = p—= where

reflection), for example, R' = ~ R’ o

i = index inside the surface.
We can also relate B and C, and E and F, by the phase factor

corresponding to the optical separation of the surfaces (pT). Thus: -

21 2n

C = Bexpi—uyut and F = E exp i— ,ut aee (5u07)
A A

Eliminating € and F from equations 5.46 gives:-—

2R _ 2n
B = AT{ + ER} expi-— . put; E = BR, exp i — . ut
‘ A A
aIld. v LR (5.48)
2n ' 2n
G = ARy + ET} expl— . pt; D = BT expi— pt
A A
G
Solving these simultaneous equations for — , the amplitude reflectivity
D A
of the combination of surfaces, and — 3iis amplitude transmittance, gives:-
4

¢ Ty 'Re' exp i S 2t .
- = R1 -+ 0. (5:’4—9)
A

1-R 'R exp i 2E 2t

T, T, exp i E.ut
Py
- evs (5.50)

1<Rs 'Ro’ exp i %%;ZPt

|l o
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The intensity reflectivity (or just reflectivity) (p) and the intensity

transmissivity (or just trensmissivity) (v) are then given by:-

' G. ,C.* D' D . *
p = (—)(-) and T = (—)(-—) ees (5.51)
A A A A
noting that all Rs and Ts may be complex.

It can be seen that the reflectivity (p) varies with wavelength A\,

the variation being pericdic with a period (an = Ao - M) given by:-

27 o dn _ 1
— 2pt == 2ut = 28 or — = dV = — ees (5.52)
A Az A2 2ut

and having a maximum for values of AN satisfying:-

2n
-— 2pt = 21175 + ¢70 s (5-53)

A
where ¢y = phase term = =% =~ phase change at first reflection.
A1 combinations of surfaces can be calculated by iterative use of the
above eguations, and this will be done for a complex resonant reflector in
paragraph 5.7.1.1. Returning to the simplest case, that of an uncoated

flat, the following relations can be used to simplify the reflectivity

equation:-
i in
Rt = R R' = R; R' = R; R = ke
TPy = BT’ = 1 -F; T4 = Tp; T,' = T

Equaticn 5.51 then becomes:-



~R(1-8)] [ -R(4-0) (1-8%)*
P = - - 1 bl o e (5'54)
1-R*8 1-R?S 14R*-2R* cos ¢
p-1 Lapt i
where R = —— and ¢ = —— and & =
p+1 A

This is just the equation of the Fabry-Perot, with low reflectivity.
.Fig. .43 plots a typical curve which can be seen to be very close to

sinusoidal.

5.6.2.3 TInternal Loss

Several ways are possible of introducing a frequency dependent loss
into the laser resonator:-

-a)  Resonant Rejector or rejector plate.

This is Jjust a resonant reflector which is placed inside the resonator
with its plane not quite normal to the laser axis (Hercher 1969). The
reflection from this component is thrown out of the resonator and is
therefore a loss. Since the reflection is frequency dependenf we have a
frequency dependent resonator loss. The parameter which determines the
laser performance is S = 1 - loss, and in this case is the transmissivity
of the rejector plate as calculated by Equation 5.51. 0f particular note
is that the plate introduces no loss for those wavelengths characteristic
of maximum transmissivity of the plate, and that since the effective thick-
ness of the plate is 2 p t cos 8, where 0 = angle of refraction of the
ray inside the plate, the wavelength with maximum transmissivity can be
varied continuously by rotating the plate.

b) Birefringent Plate {Cirkovic et al 1968)

This method is effective in a polarization-selective resonator; 1i.e.

one which exhibits a very much higher gain for one polarization. This
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type of resonator i1s very common and includes all ruby lasers and all
lasers with a Pockets cell Q-switch, The birefringent plate is introduced
into the resonator with its axis at 45° torthe preferred direction of
polarization. TLight of this polarizaéion then separates into two egual
components in the crystal, these components being orthogonally polariéed
and travelling with a different velocity. If the initial amplitude and
phase of the components is Aei¢ their amplitudes and phases on emerging
from the crystal are Aei(¢+'%? H1t) and Aei(¢+lgﬁ'p2ti, where py and
Mz are the two indices of the crystal. Thus the amplitude of the

component after transmission through the crystal having the preferred

polarization is given by:-

. 2% . 2%
B = Ael(¢+-3r Hrt) cos 45° 4+ Ael(¢+'jt pat) cos 45°

(5, 2E
0.707Ae"(¢+ x B8 L e

. 2
1< (pz-m)tJ

and the intensity in the preferred polarization is given by:-

BB* = 0,5 A° [2 + 2 cos ‘%‘:E ({iz - Ll-n).'t] A2 [1 + cos 2_;:' (Ha—M){l

eee (5.55)

%*
287 the fraction of the intensity not lost =1 ~ loss = 5.

287 T

-Fig. 5.44 plots S as a function of wavenumber U'(= 1/%) » The wave-

number dependence is periodic with period dv = 1/ (p2-pe)t.  Wavelengths

for which the loss is zero are gilven by:i-
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n
_h" (P‘Z"P’1)t = 2nt or n\A = (,P'E-P"l)t e (5056)

The effect of the birefringent plate is very similar fo that of a
rejection plate of thickness t' and index p' given by
(Ma-ps )t

2!J.|'b| = (pz-}“)‘t or t! = T"‘"‘ LN ] (5057)
2

Since pa-p1/2p << 1, the equivalent rejection plate thickness is small and
it may be preferable to use the birefringent plate when a slow dependence
of loss on wavelength is required.
¢) Mbsorption line |

A material with absorption lines in the region of the laser wavelength
would, if placed inside the cavity constitute wavelength-dependent loss
which might be used profitably in eliminating unwanted axial modes.
d) Highly absorbent film

Bach axial mode exhibits a standing wave distribution down the
resonator, this distribution being a series of nodes and antinodes with
spacings of /2. _The nodes of different axial modes will rarely coincide
80 that, if a highly absorbing film of thickness very much smaller than
A/2 is placed in the resonator normal to the axis, the loss introduced
will only be small for those modes with nodes within the thickness of the
£ilm. This method has been tried with a metal film and shown to be

feasible by Smith et al 1969.

5.6.2,4  Enhancement of Disecrimination

Equ. 5.16 indicates that the selective effect of any mode-dependent

parameter is controlled by the number N of passes during build-up of the
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pulse. If two mode intensities are in a ratio p due to a selective

reflector: -

G RE

If N were doubled, then this ratio would become

b

P':(;’B >2N o

o

For example, let p = 0.1 .°.. p' = 0.0

The contribution of the second mode is reduced from 10% to 1%, a
considerzble improvement.

An effective way of increasing N is to operate the laser closer to
threshold, either by reducing the level of pumping or by increasing the
losses. The round trip gain G 1is reduced, and the pulse takes longer to
build-up {more round trips are required), Take as an example the effect on
the spectral width of approaching threshold, assuming that the gain
coefficient (a) is the only term which is wavelengEh:dépendent. Let its

. - (e
dependence on wavenumber be a gaussian of form e A s

where Vo = wavenumber of peak gain coefficient (ap}; 20 = width at 1/e

points.

(T

Jooe(v) = o e eeo (5.58)

Now, at threshold, let a; = at say
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But at threshold, gain = 1 .°. RS exp 2¢ (at -B) = 1 oee {5.59)

At k x threshold, e, = k at

If we now assume that the total gain of the pulse build-up from
fluorescence to saturation = Gy, we can immediately write down the

eqﬁation for N:i-

N
[RS exp 22 (0-8)]" = G oo (5.60
Putting oo = k at and rearranging using the threshold identity:-
£&n G’a
28‘ Nat = - XNl (5961)
Kt

This value of N can now be introduced into Eque. 5.16 which calculates
the mode intensity ratio (say p(v) in this case). Since we assume no

selective reflector or internal loss, Equ. 5.16 becomes:-

exp 20N g (—1 + ) > = p(v) ‘, | eee (5.62)

Qg

where ¢, is replaced by @ and o, is replaced by a(v)

Eliminating N from Equ. 5.62 using Equ. 5.61 and Equ. 5.58 results in:-—

p(¥) = exp [-&n Go . ( ;?: > <~1 + exp = [ i;;o }2) } oo (5.63)

- - - 1
We now define the output spectral width = 2(Vg-V ); where p(v ) = /;-

.". BEquation 5.63 becomes, after rearranging:-
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5, =T = A \/azn[ -('&:Gn )(k: \J' (5-..61;

For example, in a typical Q-switched Nd:glass laser,

A = 400 em™' and G, = 40'°

-

Fig, 5;45 plots the calculated spectral width ( = 2[Gwmﬁo])‘ against the
pumping level (k). | .

It will be recalled from chapter-B paragraph 3.2.1.2 that the operation
of the passive Q-switch is that of pulse build-up at very near threshold,
followed by a sudden increase in @ due to a saturation of the dye
absorption line, and resulting in a glant pulse. There is thus good mode
selection in this type of Q-switch. EQually good mode selection from any
other Q-switch can only be échieved at close to threshold and this represents
a severe restriction on output energy. This restrigtion does not apply to

the passive Q-switch.

5.6.3 Choice of Transverse Coherence Control

5.6.3.4 The criteria which determine this choice are:-

i) lMaximum transverse coherence is required for minimum loss of efficiency.
Considerations such as given in paragraph 5.4.4 enable a determination for
any given method (with its resulting variation of coherence with efficiency) )
of the optimum requirement on the coherence control.

ii) There must be as 1little likelihood as possible of optical breakdown.
Methods resulting in high power densities are to be avoided, particularly

if these power densities occur within or near optical components.

iii) High mode stability is required thus rendering the laser reproducible

from shot tc shot.
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iv) Methods of greatest simplicity are favoured.

With these éonsiderations in mind a choice can be made between the

various methods of control, Before discussing this choice, however, two
points must be remembered. Firstlj, the actual variation of the laser
efficiency with the degree of control imposed is dependent upon the details
of the laser being used and in pgrticular upon the phase distortions
, present in the laser., Measurements to determine this variation should,
. '8trictly, be made 5ut it is still possible, without these measurements, to
place the methods of control in an order of merit, in spite of the perform-
ance of each not being precisely known. Secondly, quantitative assessment
of the mode stability is not possible for these same reasons but, again,

an order of merit can be forﬁulated and a cholice made,

5.6.3.2 The most commonly used restraint on the transverse coherence, or
number of transverse modes, is an aperture placed at a suitable position
within a resonator. A Fresnel number of about 1 is usually required for
regtriction to a single mode. Although this is simple it results in a
small mode diameter. The volume of active material available to the mode
is small and hence the efficiency is low, and a high power density makes
for a considerable risk of damage to the aperture, rod, mirrors or Q-switch.
There is some trade-off available in that a larger mode diameter is
possible in the rod if it is made smaller at some other point (since it is
the product of the two diameters which is important)ol However the smaller
diameter region is then under a much greater breakdown stress, since not
only is the arca reduced but fthere may also be a higher power. In its
favour is the generally high stability of the mcde induced by the aperture
method. This is evident when we consider what makes a mode stable. In
the first place, if its diaﬁeter is insensitive to optical perturbations of

the resonator the mode is stable, and in the second place it is also stable
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if the optical distoftions across the mode are small., A small diameter
mode is likely to be stable with respect to both these considerations.

The problem then is to find methods which increase the mode volume in
the laser material and which also reduce the chances of optical damage,

reduce the losses and maintain a high mode stability,

5.6.3.3 Increasing the cavity length is discarded as a possibility since
the resonator becomes inconveniently long and the losses and criticality of

adjustment are increased.

5.6.3.4 The use of an intra cavity galilean telescope (Fig. 5.36) is
proposed as an effective method. It is eqﬁivalent, when placed at one

end of the resonzicr with the rod, to increasing the cavity length without
the drawbacks of that method. The modé diameter on the output end is now
reduced, but not so much as it would be if the aperture method were used-to
give thé same mode diameter in the rod. In a typical case, with m = 9,

b; = bz = 250 mm, b, very small, a mode diameter of 410 mm in the rod
requires, for a Fresnel number of one, a diameter at the other end of 4.1 mm

with the telescope and 0.2 mm with Jjust apertures.

5.6.3.5 The method, given in paragraph 5.6.1.1, of arranging that the
confocal parameter is such as to give single mcde for high Fresnel number,
is a good one in that.thE'dee diameter is large everywhere in the resonator
and the laser is thus efficient. An example was given of the design of
such a resonator. It does rely however upon having a small optical
distortion across the mode diameter, so that the mode is not stable {single
mode is more difficult to achieve than expectedj other than for very high
quality rods with compensation for optical distortions. This high

sensitivity to optical imperfections makes this method less promising.
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5.6;3.6 Operating the laser in the 'lossy' or 'unstable' configuration
shows considerably more promise. lAs shown by the various analyses,
operation in the unstable mode (confocal parameter < O and > 1) provides
good mode discrimination if it is acceptable to have a considerable extra
loss. The detrimental effect of this extra loss can be\small in lasers
where it can be used as the laser output and where there is ample gain to
overcome it. The primary advantage over the method of the previous
paragraph is‘the increased mode stability. Greater phase variations across
the aperture are possible while maintaining single mode operation since the

ever~expanding nature of the oscillating mode results in an averaging of

these phase distortions.

5.6.5.? Methods of enhancing the mode discrimination created by the zsbove
suggested arrangements are likely to result in considerable improvement. -

Compensating optics, which correct for optical distortion of the laser
rod, can be used if the improvement is not overshadowed by the insertion
loss, and the difficulties in adjustment. The improvement may not be
significant when the distortions prove not to have the right symmetry, but
whether or not this is so can only be established by experimgnt.

The helographic method of compensating for optical distortions would
require considerable development. It should not be forgotten however,
since 1t provides complete compensation for large distortions.

As with compensating optics the beneficial effects of using a roof
reflector having a roof angle less than 90° can only be assessed by
experimentation since 1% depends upon the éctual form of the optical
distortions present. It has a further advantage, common to the use of a
fast spinning mirror, and this is that, since the oscillating mode passes
through different parts of the rod the energy available to that mode is

increased in proportion to the increase in rod area seen by the mode.

The laser is more efficient than it would otherwise be.
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5.6 Choice of Temporal Coherence Control

50644001 The resonant reflector is a natural choice as a method of temporal

coherence control. It not only provides sufficient axial mode discrimina-
tion, if designed correctly, but alsc does this without significant loss in
laser efficiency, and, when made up of uncoated materials, can withstand
very much higher power densities than a coated mirror of gqual reflectivity.
The design requirements of a resonant reflector will be considered in general
térms now and will later be applied to formulating a suitable design for the
Nd:glass laser.

Let us assume that it is necessary to reduce the output spectral width

from A co™' to O em™!

and that the reflectivity must be reduced to X%
of its maximum for a mode to be eliminated. The resonant reflector is
required then to have a maximur reflectivity at a wavenumber near the centre
of the laser gain line; %o have at least A/Z em~' between this maximum
and the next maximum (the reflector, being a periodic structure, has a
spectral reflectivity curve which repeats after a characteristic wavenumber
interval) at which the laser gain has reduced to < X% of its maximum; to
have between these maxima no value of reflectivity greater than X% of the
maximum; and to have a falling off on either side of the reflectivity peak
such that the reflectivity has dropped to less than X% of the peak value
for a wavenumber shift of -% em™', As a simple example take the single
uncoated flat for which Fig. 5.43 is the reflectivity curve. The wave-
nugber separation of consecutive maxima is 1/2pt (Equ. 5.52). The
position of the peak reflectivity depends upon the optical thickness (ut)

of the plate and can be best thought of as shifting by one order (1/épt em™*)

for a change in optical thickness of 2.
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" The other requirement concerns the rate at which the reflectivity

drops on either side of a reflectivity maximum, This can be calculated

__(-R%)
14R*-2R%cosp °

example, if X = 95% and the material is silica (p = 1.448 at 1.069), then

quite straightforwardly from Equ. 5.54; p = 1 As an

a2 wavenumber interval around the peak over which the reflectivity is

~

greater than 95% of the maximum is &V, where 0V = 0.4158xorder spacing

t

0.158x1/2p.t.

Léoking back at the requirements, if & > 0.158 %-, a single flat is
sufficient; but if & < 0.158 é—, it is not. In the latter case a
greater number of coherent surfaces must be introduced into the reflector
with different éhéracteristic optical thicknesses so that more constraints
can be placed upon the reflectivity vs. wavenumber curve. The design and
operation becomes more complex as more surfaces are introduced mainly
because of the problem of 'tuning' the various optical thicknesses. This
tuning results from the fact that optimum operation only occurs when the
reflectivity of the working wavelength is an absolute maximum for the

system and this absolute maximum is achieved only when each and every pair
of surfaces has a maximum reflectivity at that wavelength. This means that
each optical thickness is required to have one of a set of falﬁes given by
2ut = nmh, (where A is the working wavelength and n is an integer) and
can be required to ma;ntain_its value to a very small fraction of a wave-
length. The criticality of the tuning of the components in a resonant
reflector is of considerable importance in its design and the aim should
always be to minimise if, since this may make the difference between whether
the reflector is of practical use or not., A furtﬁer requirement we have
tried to follow, which is suggested by the fact that the greater the number
ol resonant surfaces. the more complex the problam of analysis, and the more

difficult, in general, the tuning problems, is to minimise the number of
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surfaces in the resonant reflector. As shown abové,‘the reduction in
total spectral width for a single etalon, if S56 is the fraction of the
maximun reflectivity for mode elimination, is 12.7 to 1 (8 = 0.079 A).
This suggests that, in theory, two spacings have a spectral reduction of
12.7 x 12.7 = 162 to 1, and so on, Thus two spacings should reduce the
output spectral width of ruby from ~ 4 cm™' down to 0.0062 cm™! and three
spacings should reduce that of Nd:glass from ~ 50 cm™' down to 0.024 cm™'.
In practice it 1s necessary, due to the need for insensitivity to small
tuning errors, to design for a discrimination per spacing wnich 1s wellr
within the capability of that spacing. The design of a reflector for
Nd:glass will shoﬁ this. There is one other requiremernt on a2 resonant
reflector; that its working reflectivity be such that the operation of the
laser is optimal. This may be in conflict with the previous requirement
and has led researchers to have more surfaces in the resonant reflector than
is strictly essential from mode control considefations. Although these
reflectors will work quite well, it might well have proved simpler énd
cheaper either to consider boosting the reflectivity of a less complexlunit
by choosing Higher index material, or by coating one or more surfaces, or
by operating the laser at a lower output reflectivity - the performance of
the laser 1s usually very tolerant of changes In this paramefer.

To return to the problem of design, éome general guide-lines can be
suggested.

It is usually a good idea to keep to a design which can be largely
worked out by hend, as opposed to using a brute-force computational technigue.
This requires an enlightened choice of certain parameters and might not
necessarily be the very best that one could achieve, but it results in a
reflector which works and in which the effect of small or large changes in

the various parameters can be foreseen. That this is possible is suggested
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by the large discrimination achieved by a single silica plate, namely

12.7 to 1 assuming 95% of the peak reflectivity represents mode elimination.
Let the output spectral width be 2A cm™', The optimum reducticn with a
single plate is achieved with one of" thickness t1l= 1/?pA, when the width
is reduced to 2A/12.7, and the next reflectivity maxima do not appear,

being A cw™' away. A second thickness (or spacing) t; can be introduced
to reduce the width by a2 further factor 12.7. Its thickness must be
.ij/(Zp;Tgt?) = 1ty x 12.7, and the resulting spectral width is now 2%{12,7 X 12.7).
For a further reduction by a factor 12.7 the third spacing has thickness

t: = t2 x12.7 =, x 12,7 x12.7, and so on. A design of this type gives
the required control with the minimum number of surfaces and by alsc relaxing
the requirement on fﬁe discrimination per spacing, gives noncritical tuning.
This design is indicated by Fig. 5.46, which shows the refiectivity curve

of & resonant reflector with two spacings in the ratio 6.4 to 1 {i.e. half
that to give maximum descrimination), along with the curves of each spacing.
The tuning is the superposition of the peak of one and the peak of the other
and gives maximum reflectivity in only one of the smaller width peaks. The
wavenumber 'window! (the tuning tolerance) is indicated in Fig., 5.47 and if

a small width peak lies within this interval (say V) the neighbouring peak
gives a reflectivity < 95% of the maximum. If no peak lies in this interval,
modes lying at the second highest peak have reflectivities > 95% of the
maximum and are not eliminated. Thus, if no attempt is made at tuning the
two spacings, there is a probability of correct operation of &V/AV, where
AV = interval between neighbouring peaks. Taking as an example again the
requirement of a drop of 95% of the maximum for mode elimination, Fig. 5.48
plots the dependence of the chance of random tuning success (8V/AV)vs the
ratio between the two spacings. In particular, a reduction of the ratio

to 6.4 to 1 gives OV/AV = 0.76. The problem of tuning is not great under
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these conditions and if one operates within the required tolerance, the

peak reflectivity cannot drop below 96.5% of that available with perfect
tuning. Furthermore if a rejector plate (paragraph 5.6.2.3) is used to
eliminate the second highest peak no tuning of the resonant reflector is
required at all, although, if several spacings are required in the reflector,

several rejector plates would then be required.

5.6.4.2 The rejector plate eliminates the need to tune the resonant
reflector but must itself be tuned into that reflector. Other methods of
tuning the resonant reflector are pocssible: an alr spacing can bertuned
sensitively by control of either pressure or temperature, or by changing
the forces on the spacer. The sensitiﬁity of temperature tuning is
calculated as follows:-

The wavelength of meximum reflectivity is given by:-
I]l = Ept © s e (5965)

Differentiating with respect to temperature {(T) gives:-

ax 4 du 4 dt

1
A 4T TR t ar

1 du
= — — +
p o ar
where & = linear coefficient of expansion
an 1 dp
ooo - = K(a + - -"'_> o0 (5-66)
dT p 4T ’
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For an air gap, fhe value of -ﬁ-%% for air is inserted together with fhe
value of & for the spacer. For a reflector plate, either the plate can
be made correctly by monitoring during manufacture, or temperature control
can be used for tuning and the above equation can again be used to determine
how tight this control must be. An Important point in connection with
temperature tuning is that temperature affects all the resonant reflector
spacings and if one is concerned with the tuning in of one spacing with
" another, it is the relative d\/dT which is the important parameter. It
" can be seen from Equ. 5.66 above that dA/dT is independent of the
spacing (t). Consequently tuning can only occur between spacings consist-
ing of different materials (e.g. air and glass). Conversely, and probably
éf greater significance, it is possible to minimise detuning dug to
temperature fluctuations by using the same materizl for all of the reflector
plates. ‘
As an example of temperature tuning take a silica flat working at a
wavelength of 1.06p.

an
- S

ar

(1.06 x 10°*) (0.4 x 107¢ + 5.9 x 107¢)

[=]
0.067 A/°C

but for air at constant pressure with a silica spacer

(1,06 x 107%) (0 x 107 ~ 41,0 x 107%)

1.

]

Q
- 0.0064 A/°C
.'. tuning sensitivity,

an o an .
5 o4& _ 0,073 A/°C.
ar a7 c
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The importance of the rejector plate has already been indicated. Its

operation and design are similar to those of the rescnant reflector and

need not be discussed again. It is used as an alternative to adding

another plate to the resonant reflector and it has significant differences.

(1)

(1)

(iii)

where ©

The reflectivity is not increased with the increased mode
selectivity.

The analysis is_very much simpler than that of an extra
reflector plate, since only one spacing is introduced‘rather
than two.

A further tuning method is avallable with the rejector plate,

that of controlling its offset angle. This can be very

- sensitive for small angles, since differentiating the equation

of the rejector plate gives:-

1 & .
I = ta.n. e ] (5n67)
A ao

off-set angle

and d\/d® - 0 as 6 - Q.

(iv)

The discrimination achievable with a rejector plate depends on
its peak reflectivity; +that is to say, on the maximum loss it
introduces. lrFig. 5.49 shows the transmission curve for an
uncoated silica plate (peak loss = 13%) and for a coated silica
plate with peak loss = 50%. The bandwidths that can still lase
are shown by draﬁing a line at a transmission of 95% (which is
assumed to be the lasing limit). The difference in discrimina-

tion is immediately apparent.

It is not proposed to use any of the other suggested methods of
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controlling temporal coherence. The birefringent plate does the same job
as a very much thinner resonant reflector spacing,rbut is likely to be
optically inferior and hence introduce losses into the resonator. Both
the ‘'absorption line' and 'highly absorbent filﬁ' methods present practical

difficulties and are likely also to be lossy at the central lasing wavelength.

5.6.4.3 Stability of the selected wavelength

One of the advantages of the rescnant reflector is that, in controlling
the output spectrum (i.e. temporal coherence or axial mode distribution),
wavelength variations due to variations in the active medium etc. are only
allowed within the width and at the wavelength permitted by the reflector
and being a passive item stabilization is simpler than with, say, the rod,
which experiences dynamic changes. In trying to ensure invariance of the
lasing wavelength, the primary concern is with the effects of temperature.
Assuming that the refiector is kept tuned properly, so that the allowed
bandwidth remains adequately narrow, Equ. 5.66 determines the change in
selected wavelength with temperature. Thus, taking the example given,
that of silica, %% = 0.067 2/°C at 1.06p.  Since laboratory temperatures
may vary by 5 to 10 °C, and aséuming that wavelength shifts of 0,34 to

° .
0.67 A are not allowable, i1t will be necessary to do something to prevent

the change. Tharee possibilities are open:-

(1) Use a témperature contrelled oven to ensure constant
temperature of the resonant reflector.
(ii) Introduce an adjustment on the reflector which is calibrated in
terms §f the measured temperature.

© (4ii) Make the reflector unit temperature self-compensating.

_ We suggest two possible ways of doing this., Firstly, mount the

rejector plate on a bimetallic strip which operates on the plate angle.
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Differentiating the rejector plate eguation and putting -%% = 0;
do 1 dp :
tan 6 — = -+ (0! -+ = )_, e s (5068)
dT patf

and the bimetallic strip must give this angular change with temperature.
This method is quite feasible if it is ensured that the temperature of the
bimetallic strip is equal to that of the rejector plate.

Secondly, a correct choice of materials can render a resonant
reflector spacing or pléte temperature-independent, Equating-%% to zero
in equation 5. 66 gives:-

a = —lEE ees (5.69)
p dat '

No plate material is known unfortunately which has this property bué
an alr spacing at constant pressure requires of the spacer an expansion
coefficient @ = 1.0 x 10™® and this is quite feasible with a low expansion
glass or with an 'invar' type alloy. Also a sealed air spacing (constant
number of molecules) has a negligible value of 1'Eﬁ and might be used in
conjunction with a zero expansion glags spacer, guig as titanium silicate

(e = 4 x 1078 /°C),

5.7 "Coherence Control of the Nd:Glass Laser

Dedol Temporal Coherence

HeTe1e1 Theoretical Design

Having indicated which methods of coherence control are preferred and
having also suggested a design approach for the chosen methods, (the resonant
reflector and resonant rejector) it is necessary to apply this to the

Nd:glass laser and work out a suitable design for this laser.
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Certain informétion is required, however, before this can be done.
From paragraph 5.6.4.1, it can be seen that the examples given are based
upon the assumption that a 95% drop in reflectivity (or round-trip gain)
will eliminate a mode. In a real case, the required discrimination must
be measured and this can be done by observing (i) the natural gain line-
%idth (i.eo the frequency width over which the gain coefficient of the
material is greater than say 1/e of its maximum value) and (ii) the output
Jinewidth under the operating conditions, but with reflectors with no

spectral variation of reflectivity. The spectral gain profile is given by:-~

- ( 3;30 )2

a = & e A . boo'(5070)

where 28 = natural gain linewidth
;o = wavenumber of peak gain coefficient.
At 2(5—50) = observed output linewidth, say 28, +the gain coefficient

- 2
has dropped to ¢ = aoe (6/3) =

q@a, say, but the output is effectively
eliminated at this point .°. the fraction of max. gain (q) - giving mode

elimination is Jjust

-(8/8)?

qQ = ces (5«'71)

A has been measured for the Nd:glass used and is 140 cm™'.

Using a prism spectrograph the output spectral width of the laser under
investigation was measured. The resonator reflectors were a roof prism
and a partially transmitting multilayer dielectric and consequently the
only controcl on the output spectral width was that due to the gain profile.

This width (at points at which the intensity is 0.5 of the maximum was

measured to be 32 cm~1,
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Inserting the value of A and & into Equations 5.71 gives a value
of q of 95%. 'This is the figure used in the calculations of
Paragraph 5.6.4.1. Hence the results shown there can be immediately used.
The first result was that the maximum reduction in spectral width with a
single silica plate is 12.731. The difficulty of correctly tuning a plate
with this discrimination is very high. A compromise between tuning
sensitivity and spectral reduction was chosen to be at a spectral reduction
of 6.35:1 when the chance of tuning success with no application of tuning
control is 0.76. It was shown also that with 'n' thicknesses increasing
in geometrical progression by factors of 6.35, the totael reduction in width
is (6.35)n:1. Thus with n = 3, the Nd:glass laser output reduces %o
50/256 - 0.195 cm™!, while with n = 4 the resultant spectral width is
50/%625 = 0.031 cm™'. A four-—thickness resonant reflector Should, there-
fore, provide sufficient control to achieve the requirement on coherence
length of 25 cm, A Tour-thickness reflector is difficult since, unless
one surface reflection is eliminated, there are always an odd number of
thicknesses (n plate thickness + [n-1] air spacings). Tuning a four-
thickness reflector has only a (0.76)* = 0.33 chance of random success and
some control should really be applied. In view of these two points a two~
plate reflector (2 plate thickness + 1 air thickness) together with a
tilted etalon rejector plate has been chosen. The reflector requires only
a crude method of tﬁning for correct operation and the fine tuning is
accomplished by a tilt control of the rejector plate,  Within this format
then, the various thicknesses must be chosen to give the required select-
ivity with the maximum ease of tuning.

The rejector plate, if made of silica, can at best ensure that only
one of seven equally-spaced spectral components has appreciable energy

{the loss introduced by the plate is > 5% for all the other six). We choose
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for two reasons to use it in this way rather than arrange for it to reduce
the spectral width by a further factor. TFirstly, the tuning of the
resonant reflector is easier, as illustrated below, and secondiy, if it
were to control the minimum width then its thickness Wouid be large ana its
diserimination reduced since the resonant action of a tilted resonant plate
is reduced as the thickness increases {due to incomplete spatial matching
of intérreflected beams). The thickness of the tilted plate ig determined
=_by the separation of the several components which would be present in its
absence.

Let us consider the resonant reflector. It must regult in not greater
than seven spectral components each having a width egual to the minimum
width requirement. Since the temporal coherence required is 25 cms the
spectral width must be ~ 0,04 ecm™'.,  Thus from paragrabh 5.6.4..1 the

maximum thickness tmax in the resonant reflector given by:-

1
O-Oli- X 6.35 =
Zptmax
et = 1,36 cm, since p = 1.449 (silica).

max

Another thickngss, the minimum thickness tmin must reduce the known
output width of ~ 50 cm™! by our factor of 6.35. Paragraph 5.6.4.1
enables the thiclkness for a reduction of 12.7 to be calculated. The

thickness giving a 6.35 reduction is just half this value and is thus

given by:-
1 50
= 2x— = 50 cm !
QPtmin 2
R = 0.1 cm
min

where the minimum thickness is chosen to be the air gap in the two-plate

reflector,
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~ This thickness should reduce the width to 50/6.35 = 7.9 em”~'.  The
third thickness (say t) reduces by another factor of 6.35. The calculation

is just as for tmin but with 50 em™' replaced by 7.9 cm™' and gives:-

t = 0.044 cm

and this thickness is the second silica plate and it reduces the width to

7.9

—— = 1.2 cm™', PFinally the number of components of width 0.04 cm™'

6.35 .
lying within this width can be calculated, These components are separated
1 1.24
by —r—— = 0.25 cm~', Hence there are 1 + = 6 components, and
2ut
max 0.25

the tilted silica plate should eliminate all but ome.
The thickness (tR) of this rejector plate can now be calculated.
Fig. 5.50 shows how its reflectivity curve must match up to the six components

in order that maximum discrimination against five should be achieved. It
1
is seen that the period of its reflectivity curve (: -——~—-> must be equal
' 2ptR :
to about 3.5 x spacing of the components

..o i 3.5 x 0.25

c.- t = 0»39 cm

Since the reduction factor has been somewhat arbitrarily chosen at 6.35 and
since the discrimination possible with the tilted rejector plate has not
been fully used, the design can have some flexibility as to the precise
thicknesses used. The resonant reflector which has been constructed has
the following parameters:-

Plate thicknesses. = 0.70 em and 0.75 cm

Separation = 0.01 cm.
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It will be noticed that the plates have nearly equal thickness instead of
one large and one small as suggested above. The thickness chosen however
are entirely equivalent to ones of 0.75 cm and 0.75-0.70 = 0.05 cm
respectively, and these are similar to the design values above. The tilted
rlate has a thickness = 0.20 cm.

The performance of this reflector system has been measured experimentally
and calculated theoretically (as a single unit) using the equations of
_‘paragraph 5.6.2,2, and writing a BASIC computer program which has been run
from an on-line GPO terminal,

The formula for the reflectivity curve for the resonant reflector is
calculated by inserting the reflectivity and transmissivity curves for two

single plates of different thicknesses (Equation 5.54) into Equation 5.49.

A+iB
C+iD

The resultent amplitude reflectivity curve has the form and the

intensity reflectivity is then given by:-
A% 4B?

C?4D?

The full calculation is given in Appendix VI along ﬁith the BASIC program,
which not only caleculates this reflectivity but also multiplies it by the
transmissivity of the rejector plate, given by Equ. 5.50 and 5.51.

Fig. 5.51 shows the reflectivity vs the wavenumber for (a) the resonant
reflector (b} the reflector + rejector plate (c) the reflector + coated
rejector plate wiﬁh L5% reflectivity per surface. In all cases the
thicknesses were assumed to be in tune 2t the origin of the wavenumber axis
(AV = 0). TFig. 5.51(b) shows that no subsidiary peak is more than 95% of
the maximum reflectivity and the width of the highest peak at the 95% poiﬁts
is 0,060 cm™'. The coated rejector plate is seen to provide far more

discrimination than is necessary, but as a result of this, its tuning is
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very much less critical and correct operation of the reflector + rejector

is easily achieved. The coated reflector we have tried has been very
effective but there has been a tendency for the coatings to damage at high
power densities (> 100 MW/cm®). The wavenumber discrimination of the
tilted etalon increases with the refractive index of the material (higher
reflectivity per surface) so that a high index glass or crystal mighf,be an
alternative to the silica plate with coated surfaces. The use of different
:‘materials in the reflector + rejector system however was shown in

paragraph 5.6.4.2, to lead to detuning with a change in-temperature, and

consequently a rejector plate of this form was not used.

5e7.1.2 Experimental Measurements

Spectral measurements on the output at 1.06u of the Nd:glass laser were
made using an adjustable spacing Fabry-Perot etalon in.the manner previously
described (para. 5.5.1.2). TFig. 5.19 showed the experimental arrangement.
The etalon was adjusted using a He-Ne laser, as described in
Paragraph 5.5.1.2. A correction for the change in focal length of the
fringe-focussing lens with the change from 0.632u to 1.06u was calculated
and introduced. 1Z plates, hypersensitized in 4% ammonia solution, were
used to record the Fabry-Perot rings at 1.06y. ‘Fig. 5.52 is the interfero-
gram recorded with the two plate resonant reflector (specified above) as

resonator output reflector, and working at 20% above threshold.

FIGURE 5.02

Fabry-Perot interferogram of a Nd:glass
laser with a two-plate resonant
reflector.

Plate thicknesses === 7.0mm:7.5mm
Plate separation --- 0,10mm

-4
Free spectrzl range --- L.Sem
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Sevén components are observed as compared to the expected number of six.
Employing the method described in paragraph 5.5.1.2. the absolute wavelength
of one component and the wavenumber separation of the components were found,
by measurement of the interferogram, to be 1.06p and 0.48 cm™', which
agree with the expected values. The uncoated silica rejector plate was
introduced at a known small angle (¢) and an interferogram recorded

(Figs 5.53).

FIGURE 5002

Fabry-Perot interferogram of a
Nd:glass laser with a two-plate
regsonant reflector and a rejector
plate at arbitrary angle.

Rejector plate thickness = 2,0mm

Free spectral range = 4.5cm™

From this and the interferogram of Fig. 5.52 the tuning error of the
arbitrarily chosen angular setting of the rejector plate was calculated.
lFig. 5.54 shows the power spectral distribution calculated from Figs 5.52
and 5,53. By correlation between these spectra, the position of the |
rejector plate minimum loss wavenumber was estimated to require a wavenumbgr
shift of 0.48 cm"'. The angular change required can now be calculated,

since angle and wavenumber are related by:-

2tcos® = (n+5)N for zero reflectivity.

where t = plate thickness
n = integer
N = wavelength = 1/V

® = angular off-set of the refracted ray in the plate.
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FIG. 554 SPECTRAL ANALYSIS OF FABRY-PEROT
RINGS SHOWN IN FIG.5.52 AND FIG.5.53
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for © small:-

2t<‘| -i> = (n#z)h s §5.72)

Changing the angle slightly from © to 0486 results in a change of

wavelength from A to A+4OA:i=

[456]%
____> = (nad) (n1) suw (BaT)

where 2t (1 -

Subtracting 5.72 from 5.73 and dividing by t.

8y On 26866.4(86)% (86)?
= - — = 086 4+
A g.p® 8

for small 6. eoe (5.74)

v

This equation enables the necessary angular tilt (8¢) of the rejector
plate to be calculated from the required wavenumber change (8V), since,
for small anglés, ® is related to © by ¢ = pb. Having made this tuning

adjustment a Fabry-Perot interferogram was recorded and is shown in Fig. 5.55.

FIGURE 5.55

Fabry-Perot interferogram of a
Nd:glass laser with a two-plate
resonant reflector and a
rejector plate at optimum
angle.

Free spectral range = L.5cm”'
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The output spectral purity was shown, by recording interferograms at
different times and different laboratory temperatures, to be independent of
temperature. This was predicted@ in paragraph 5.6.4.2.

The discrimination of both the resonant reflector and the rejector
plate approaches but does not quite reach the theoretical limit., The two
likely causes are:- (i) thickness variations of the flats across the
working area. These might be about A/20 (a flat worked to a tenth wave/cm
;_and a Wbrking diameter of 5 mm) resulting in a shift of 1/20 of the order
spacing of the reflectivity vs wavenumber curve of one part of the incident
bean relative to another. If the thickness of one part of the flat is in
tune with the other spacings, then énother part is slightly out of tune and
the latter selects a different spectral range to the former. In the above
case with the extreme curves relatively displaced by 1/20 x order spacing,‘
the sum of the spectral widths of all points in the beam is just increased
by 1/?0 of the order spacing. But the output spectral width of a perfect
plate is 1/6.35 of the order spacing. Thus the imperfection results in a
32% increase in the output spectral width or a 32% decrease in the discrimina-
tion and:~ (ii) A finite range of angles present in the laser beam. This
range was always < 2 mrad. Its effect is entirely equivalent to a thickpess

chenge (8t} given by:-
2tcosd® = 2(t-8t)cosd = 2(t-dt).

where 00 = max. angle to the axis inside the flat

1/ x max. angle of incident rays

1/u x & x angular range of incident beam

putting cosd® = 1-(86)%/2 and rearranging:-

+ .
25t = 1(%0)* = — (angular range)
hu .

a
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Let angular range = 2mrad and t = 10*A
. 8t = A420

The effect of the angular range is negligible under these conditions.

To eliminate the small components present in the output spectrum, the
uncoated silica rejector plate was replaced by one coated with a hard high
index material. (Zirconium oxide-p = 2.19). The same tuning procedure
was performed with a result shown in Fig. 5.56, in which only one component

is visible,

FIGURE 5.56

Fabry-Perot interferogram of a Nd:glass
laser with a two-plate resonant reflecto
and a coated rejector plate at optimum
angle.

Free spectral range = 0.205cm™

The tolerance on tuning was found to be considerably higher, again as
expected.

The spectral width of the single component of Fig., 5.56 was measured
as indicated in paragraph 5.5.1.2. It was found to be 0.630 em™! and,
since this was about equal to the resolving limit of the Fabry-Perot, the

actual width is likely to be considerably less than this.

5.7.2 Transverse Coherence

Hele2:% Fig. 5.31 (c) shows the transverse coherence, measured by the
holographié technique, of one point with respect to the horizontal diameter
across the output beam of the Nd:glass laser with second harmonic generation.

There is a useful coherence over approximately 0.3 of the diameter. A
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similar curve measured from the same hologram showed that along a vertical
diameter the beam has appreciable coherence over abouf 0.5 of this diameter.
Thus it follows that 0.3 x 0.5 of the output energy at 0,53 um can be |
regarded as coherent (a coherent beam of this energy can be obtained by
filtering). This is a high proportion for a laser with a plane parallel
resonator of Fresnel number 10 particulariy in view of the degradation of
the transverse coherence in the second harmonic crystal (see chapter 6).
__As discussed previously this is probably due to the spatial averaging effects
of the spinning prism Q-switch and to the shortness of duration of the laser
pulsg (for a plane parallel resonator the modes remain coherent with each
other over an appreciable time - see Fig. 5.8). This coherence measurement
is our datum point ageinst which all methods of improving the transverse
coherence can be comparéd. For each method we can méasure the drop in out-
put energy and the increase in coherence and calculate the energy.that can
be reéarded as coherent. This must be more than the referenqe value for
that method to be effective.
Four methods of improving the transverse coherence have'beeq c&nsidered
experimentally:
(i) Usual aperture method
(ii) Introduction of a Galilean telescope arrangement inside the
resonator
(111) Introduction of lenses inside the resonator to compensate for
epticél distortions in the laser-rod
(iv) Operation of the laser in an 'unstable' resonator configuration-
Apart from the third method which juSt improves the mode discrimination
processes already present, the methods chosen are those which give high
stability of mode. This is important in the laser under investigation

because the optical distortions are large {see chapter 4) and would prevent
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single mode operation in less stable situations. The price one has to pay
for this mode stability is the increase in loss which the optical distortions
give in these methods, and the decrease in ouiput energy which results from

this increased loss will dictate whether the method is worth employing.

5.7.2.2 Aperture Method

An agperture introduced into the resonator reduces the Fresnel number
and so increases the discrimination against higher—orderrmodes. As the
aperture radius is reduced fewer modes‘have appreciable energy and the
transverse coherence increases. However a smaller volume of the rod is
available to the modes that do oscillate and there is a fall in the output
energy. The other major effect of the reduction in aperture radius is that
the mode stability increases due %o the decrease in optical distortion across
the aperture, the more so because it is possible to choose the part of the
rod with least distortion). It is interesting to note that, even Wifh high
gquality rods and uniform pumping geometry single mode beams of diameter more
than 3 mm are very difficult to achieve.

The effect on the output energy and cohereﬁce of an intracavi%y aperture
was investigated using the experimental arrangement shown diagrammatically

in Fig. 5.57.
FIGURE 5-57
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The output energy is measured using a calibrated photodiode the outputi of

which is integrated in e suiteble capacitor and the voltage across the
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capacitor is displayed on an oscilloscope. The transverse coherence is
measured using the holographic method of paragraph 5.52. The measurement
is made on the second harmonic, generated by pasSing the infra-red output
beam through a nonlinear phase-matched crystal. (LilNbOs in this case).

The measurements were made with no aperture in the resonator and with
the laser at 35% above threshold with a Q-switch prism speed of 60,000 r.p.m.
In this case the output energy at 1.06p was 400 mJ and a measure of the
transverse coherence is given by Fig. 5.31(c). The coherent ffaction of
the output is 0.15 x 400 = 60 md.

An aperture of 2,5 mm diameter was introduced in the reéona%or close
to the output reflector. The output energy at the same input was now
84 nJ and Fig. 5.58 is the curve of transverse coherence which corresponds
to Fig. 5.31(c). It can be seen that there is no increase in coherence.to
compensate for the large feduction in‘output ENETZY . The coherent fraction
of the output is now omly 0.15 x 84 = 13 mJ., The large drop in output is
due not only to the reduction in usuable rod volume but also to the increase
in threshold that accompanies a smaller aperture in a laser with a spinning
mirror Q—swifch (Chapter 3). The failure of the aperture to improve the
coherence probably arises because the beam passing up and down the
unaéertured resonator is already only 2.5 mm in diameter. The rod is
already effectively apertured by optical'distortions withiﬁ it, these
distortions causing rays passing near the edge of the rod to be lost in one
round trip of the resonator. The output beam, integrated in time, appears
however larger than 2.5 mm btecause 1t iz swept across the output mirror by |
the Q-switch. This sweeping helps the beam to collect more energy from
the rod (by passing through different volumes) and also may improve the

coherence by averaging to some extent over the optical distortions in fthe rod.
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One final point on this method which further decreases its acceptability:
damage was experienced to the surface of one of the silica resonant reflector
plates.when an aperture was present. This underlines the necessity of a
transverse coherence control which does not significantly increase the power

density near the resonator compenents.

5.7.2.3 . Galilean Telescope

This method of transverse coherence control as discussed in paragraph
5.6.3.4, reduces the Fresnel number without decreasing the mode diameter in
the laser rod and without increasing the resonator length. It should,
therefore, be efficient., It should also give high mode stability but with
increased loss, the amount of this loss depending upon the optical distortions
in the laser rod.

The principle feature of an experiment investigating this method is to
f£ind out if the advantage of large mode volume in the rod outweighs the '
disadvantage of increased losses, and to ao this a comparison is made against
another method, such as the aperture method, where the mode volume and losses

are smaller., Figure 5.59 shows the experimental arrangement used.

FIGURE 5-59
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The gas laser and beaméplitter are used for-aligning all the resonator
components and, to remove the possibility of damage to them, are masked off
when the laser is operated. The phbtodetector unit contains an integrating

capacitor so that, when the output is displayed on an oscilloscope, a direct
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reading of the output energy of the laser is obtained. The experiment is
essentially that of translating the Galilean telescope down the resonator,
naintaining the Fresnel numbe; at 1.0 by introduction of an aperture of the
correct size, and measuriﬁg the input-output curve of the laser., As the
telescope is moved towards the rod (increasing b) the aperture size (at the
rod end) for a Fresnel number of 1 increases giving a larger mode volume in
the rod. By choosing a Fresnel number of 4 in a pléne parallel resconator,
;ingle transverse mode operation is assuredpand the comparison between the
—different positions of the Galilean telescope is a valid one. Also, to

ensure a valid comparison, the two lenses were adjusted for maximum output

;

T

at about twice threshold. Figure 5.60 plots out the input-output
characteristic for two values of mode diameter in the rod (2.8 ma and 5.0 mm).
There is a significant increase in-threshold as expected when the mode digmeter
in the rod is increased. For the considerable degree of rod distortion due

to pumping with the elliptic cylinder coﬁfiguration however this increased

rod volume is not sufficient to result in increased output. This method is
not a profitable one with the present rod and pumping geometry. It would

prove otherwise for more uniform pumping of the laser rod.

B.7.2.4 Compensating Optics

The precéding paragraphs have shown that transverse mode selection
techniques become inefficient when the optical distortions éf the r;d become
large, as is the case with the Nd:glass rod pumped in an elliptic cylinder.
Having measured thé rod optical distortion (Chapter 4 paragraph 4.2.2.1),
-and having shown in particular that it is heavily agymmetric, it was not
surprising that little success was achieved with the two techniques already
described. It might be expected however that a first order compensation of

the optical distortion would give a significant improvement, and we have

attempted to do this both with and without the intracavity Galilean telescope.
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The measurements in Chapter 4 show that to a first order the rod
becomes a cylindrical lens with optical power given by Fig. 4.18. This
showed thatrat 675 joules (roughly twice threshold for the Galilean tele-
scope measurements of the preceding paragraph) the rod becomes roughly a
cylindrical lens of power + 1.3 Dioptres. A lens of this power was
introduced into the resonator (Galilean telescope included) in the‘correct
orientation and adjusted to give maximum output at 675 joules., This out-
put was however small compared to that without the cylindrical lens and it
is concluded that the rod distqrtion is not unifoorm enough to be adequately
approximated as a leindridal error. Although the overall shape of a
transmitted wavefront was improved the detailed shape over the small aréa

used by the laser heam was probably degraded.

5e7.2.5 "Unstable! Resonator

Referring to paragraph 5.6.1.1.; it is seen that the unstable resconater
provides better transverse mode discrimination and a larger mode diameter
(increased efficiency) but the laser threshold will be higher due to
increased losses.

The imp;rtant questions to be answered when considering this type of

resonator with a particular laser system are:-

(1) what is the optimum confocal parameter? _
(i1) At this aptimum, does the increage in efficiency justify the
increase in threshold?
We attempted to investigate these points with our Na: glass'laser by varying-

the confocal parameter in the unstable regime.  The experimenfal arrangement

is shown in Fig. 5.61.
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FIGURE 5-61
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A negative lens is introduced inside the resonator to make it 'lossy'! or

'unstable', and by increasing the power of the lens the confocal'parameter

is increased further into the unstable regime. Fig., 5.62 plots the

threshold and slope efficiency as a function of lens power, these values

being obtained directly from laser input/output curves measured for each \

intracavity diverging lens. It can be seen that at the optimum the slope
efficiency has increased by about 100% while the threshold has risen by

. about 45%. A better way of expressing this is that this unstable rescnator

configuration has an higher 'overall! efficiency only at an input greater

than 9q% above the minimum threshold (occurring without any lenses). Since

it is undesirable to operate the laser at such a high input level, this

type of resonator must be regafded as unprofitable with this particular

laser operating under the particular conditions prevaliling.

57.2,6 Athoughthe various methods of improving the transvefse coherence

(or the fraction of the output energy that can be regarded as coherent)

have been largely unsuccessful, due principally to the severe nature of the

optical distortions in the rod {which occur with the pumping geometry

employed), only modest improvements in the uniformity of pumping would

enable these technigues to ve effective.
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CHAPTER 6

6.1 Abstract

The Nd:glass laser emits radiation at 1,06 um. Since the eye and all
photographic emulsions (and particularly those suitable for holography) are
insensitive to this wavelength, it is essential, for this laser to have value
in the field of cptical measurement, to transfer as much as possible of the
energy at 1.06 pm into energy at another more suitable wavelength, The only
process capable of a high enough conversion efficiency is that of second
harmonic generation in certain nonlinear crystals, This process converts
some of the radiation at 1,06 pm into light at the very useful wavelength of
0.53 um.

The first observation of any nonlinear optical effect was the second
harmonic.cogversion of a free running ruby laser reported by Franken et al
(1961). In the following years the phenomenon attracted a great deal of
interest; particularly when significant conversilon efficlencles were achieved
following the discovery of Q-switching techniques in 1962. Since then a
great deal of experimental evidence has become availgble for the second

:harmonic generation (SHG) of the ouiputs of all the common types of laser
and some workers, notably Volosov (1969) with 65% in KDP and Hagen (1969)
with 51% in KDP have aghieved very high conversion efficiencies. The
various technigues that have been used to achieve efficient conversion
efficiencies are (i) to use phase-matchable crystals such as XDP {Maker et
al 1362} (ii) to use more efficient crystals such as LiNb0Os (Miller et al
1965), BaxNaNsOts (Geusic et al 1968) and LiIC; (Nath et al 1969) (iii) to

* focus the fundamental into the crystal (Bjorkhclm 1966), (iv) to place the

crystal inside the resonator (Wright 1963, S8mith 1970) (v} tc improve the

mode properties of the fundamental (Hagen 1969) (vi) to mode lock the
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fund;.mental (Bass and Andringa 1967, Osterink and Foster 1968). Many
workers have, right from the first reported observation in 4961, attempted
to place the phenomenon on a sound theoretical basis. Some notable papers
giving a general theory are by Armstrong et el (1962) Bloembergen (1965)
Kleinman {1962), and Pershan (1966) while other authors, including those
mentioned above, have concentrated on particular aspects of the process.
Further information concerning the irreproduciviiity and low conversion
efficiency when using a multimode fundamental has been obtained by for
example Ducuing and Bloembergen (1964) and Griitter et al (1969) using
statistical analyses. The problem with forming a satisfactory theoretical
analysis of secoﬁd harmeonic generation, and other nonlinear optical effects,
is that one is concerned with an interaction (with tensor character) of a
erystal with an incident (often complex) radiation field. This complex
situation must be simplified for the problem to be tractable, The tendency
has been to simplify as little as possible and this has in general called for
fairly sophigticated and somewhat unpalatable mathematics and it ie sometimes
difficult to see how the real situation is related to the theory. We have
almed in this chapter at the simpiest possible approach and have been able to
demonstrate most of the principal properties of second harmoﬁic generation.
In one or two instances in fact, much more quantitative information than
expected is obtained, showing that for these properties the simpler approach
is as accurate as and more effective than more detailed analyses.

An outline of the theory of second harmonic generation will be given
incinding the derivation of the condition for phase matching and a discussion
of the effscts of focussing the fundamental (1.05 pm) into the orystal and
the effects of the fundamental being multimode.

Measurements of the second harmonic conversion efficlency made on the

Nd:glass laser in its original form will be described, the conversion taking
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placé in a crystal of ammonium dihydrogen phosphate (ADP) placed directly
in front of the laser.

Following a discussion of these preliminary measurements, the various
possibilities for improving the efficiency will be listed and a critical
assessment of their various advantages and disadvantages given.

Several methods of improving_the efficiency of second harmonic generation
(SHG) will be invesligated experimentally in an attempt to maximise the amount
of green light available. Factors of importance, apart from the efficiency
and how it depends upon the fundamental intensity, are the reproducibility of

the green output, its spatial and angular distribution and ite coherence.

6.2 The Theory of Second Harmonic Generation

It will be valuable to separate thié section into two parts: one deals
with the procesg of SHG (secoﬁd harmonic generation) using.a simplified treat-
ment while the other comments on more rigorous treatments. The first part
is intended tc promote a better understanding of the physics of SHG and at
the same time predict as much as possible of the operation of the process
using very simple mathematics. It will be seen that it is possible to
explain (i) the ¥ariation of the S.H. efficiency with the input intensity (ii)
the phase matching condition {iii) the variation of the S.H. efficiency with
the length of crystal and with its absorption (iv) the S.H. spectrum (v} some
transverse mode effects and (vi) a qualitative measure of the effect of
focussing the fundamental into the S.H. crystal. An exact mathematical theory
must be formulated to give (i) the magnitude of the S.H. efficiency (ii) the
effects cn the S.H. efficiency of temperature and misalignment of the cnyétai
(iii) the S.H. intensity distribution and coherence, and (iv) the quantitative
effect of focussing on the S.H. process.

6421 ¥row Maxwell's equations one derives the wave equation for a non-

magnetic and homogeneous medium:-



eos (6.1)

i

where E electric field vector

D electric displacement vector

Solution of this equation requires a knowledge of the material equation
which relates the electric displacement to the electric field. This material
equation is:~

_]2 = 50_13_ +E . o= s (6o2)

where P = ‘'polarization' = induce& dipole moment per vnit volume. The
vector notation is dropped from here on, since we assume that Ei and hence
also D is parallel to E, and it then becomes redundant. This bulk dipole
mement P arises by virtue of the electric field exerting forces on the
elementary charged particles, causing displacements of those charges and hence
elementary dipole momenfs (charge X displacement). The bulk moment P is
proportionsl to the elementary moment which is related to E by the force-
displacement law of the charged particles. If linearity is agsumed, that
the displacement 1s proportional to the force, then P 1is proportional to

E or:-

P = eoxB : eee (6.3)

where gox = constant and x is called the 'susceptibility'. This is

the assumption of classical electromagnetic theory and it leads to the well
known propagation laws.  The above assumption of linearity is a very valid
one in all situations except those with extremely high electric fields. Only
lasers can produce, without great difficulty, electric fields sufficient to

n this case the feorce-displacemsnt
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law becomes 'non-linear',

In general this law can be expressed as a polynomlal in increasing

powers of E, the electric field. Thus: -~
P = o xBixeEaxaE+...]

where xz = 2nd order susceptibility

1

X3 3rd order susceptibility etec.

6.2.1.1 We will consider only the second order term

eeo (6.0)

which gives under the

right conditions a very much larger effect that any higher order terms.

Thus we put

P = &g [XE—E-XZEE_] .
. o from Equ. 6.2 and 6.5:-
D = e0B+P = o {14x)Eteox2E

and the wave equation (Equ. 6.1) becomes:-

4 2
EoElo 0°E LoEaX2 O
V2E - = (¥*)
S-E ¢?  at?
where & = permittivity = (1 + x)

As a first approximation, let the right hand side

eee (6.5)

eee (6.6)

oee (6.7)

= 0. The equation

now becomes just the linear wave equation. Take a typical plane wave

solution of this linear equation:-

E = Ey cos (l_(_1 .3—0.)113)

... (6.8)
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and introduce it into the right hand side of the wave equation to obtain a

next approximation. Equ. 6.7 becomes:-

€0 ELo 3°E EoXz2lo 92

VPE -

Q[E1GOSQ{_1QI"-'(1)11;):IZ
-t &t . - .

2

Ep P.ox;a‘E? d - '
["t -1-0082&1 o« T04 t)_] .

1l

2¢2 3t
le?XZE? c? w?
= - — 003(251 .,__1;-—2001’6) using = —
2e4 | &oEPo KT

eon (6.9)

" The solution of this equation must now contain a term at the second harmonic

frequency (2(;;1 S wa). Let the solution be:-
E = E1cos(}51 .£-<o1t)+Egconga._;'_—wzt) e.. (6.10)
Substituting for E and writing Equation 6.9 in the exponential form gives:-

V2 [By expi(ky o r-005 t) +E2 expi (ke or-w02t)]

€gElp 3%
- — [Erexpi(ky crwst) 4Bz expi(ke or~wa b))
2 2 -
c ot

Wkix2 By ' ,
= - ——— expi(Zky . x-2wyb) vee (6.41)
281 .
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This equation now separates into two, one for each frequency:=-

EoE1lo 62
V? [By expi (k4 0wy )]~ —0 [Eeexpi(kyor—wst)] = 0 ... (6.12)
. oo c ot ‘ .
EoEallo 3° §xSx B
V2 [Ez expi(ke o r—twa b)) — (B2 expi. (o e rew2 ] = ———— expi(2k; .r=20;t)
4] ot ) 281

e (6.13)

We are particularly Interested in the second hgrmonio component, which
is given by Equation 6.13. Remembering that we are considering a plane wave
solution and assuming it to be travelling in the direction of r, and allow-
ing the electric field amplitudes to vary alongr the rdirection of pronagation,

the equation for the second harmonic component becomes, after differentiation:-

3E; 3E2 hkS x2 B ‘
+ 2ik. - ————— expi{2ky=ks ).r eee (6.14)
ar? dr 2e4

Assuming that the conversion is small and consequentl_‘} that By 1is

approximately constant with respect to r and that the second derivative
is very small, equation 6.14 becomes:-
0B, ) ki x2E;

_— = i—"- expi(2_1§_1—-_1£2).£ ’ Y (6.15)
ar k2€1

Integrating with respect to r, putting in the boundary condition, that

E2=0 at r=0, gives an expression for the second harmonic electric field:-
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kixeEf  [t-expi(fk.r)]

k281 Ak

Ea =

ven (6.16)

where Al = 2k-ke
Since we are more interested in the intensities of fundamental and

second harmonic, and since these are given by:-

I1 = '\/-81 E1E1* a.nd I = '\/-E:g EaEg*

Equation 6.16 can be quickly converted to give the relationship between

intensities:-
Ver , keX \z sinf(Aker) 2
12=—_—( )1(-----)
€4 - 2}.82 ‘ %Ak
i x5
where we have also used the identity — = .
€4 Les
Finally since the refractive index n = Ve:-
< sintAkr|?®
Ia = = - Xz . I% . _1— . ] (6-17)
16nin3 zbk 1

where the intensity I is Poynting's Vector and is 'power per unit area'.

It has been shown that if the electric field is of-suffiéient magnitude to
induce an appreciable nonlinear polarization then, as that electric field
propagates through the medium, an appreciable fraction of it is converted into
the second harmonic, and, at any point in the medium, the SH intensity is

approximztely given by Equation 6.17.
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6.2.1.2 The salienﬁ features of this equation are:-

i) fThe S.H. intensity is profortional to the square of the
fundamental intensity.

ii) The S.H. intensity is an dscillatory funetion of distance along
the diréction of propagation, The characteristic distance (rc),

which is that separating neighbouring peaks, is given by:-
rc = lﬂ'ﬁ/Ak = lgﬂ\'./(?k1 -‘kz) oro (6-18)

iii) As Ak gets smaller, two effects occur. The peak S.H. intensity

rises and the characteristic distance a&lso rises.

If Ak = 0, Equation 6.17 becomes: ~

k2 X ”
L = ;-g“;'"; e x° . I, . r eer (6.19)
Il 1z

and I, increases quadratically (and indefinitely) with r. Thus long
crystals should give efficlent SHG, if Ak = 0 can be satisfied. This
condition for efficient conversion is called ‘phase-matching' and to

discover what i1s required, replace Ak by 2ky - ke to give

2%k = ke <o (6.20)

where %, = wavelength ¢f the fundamental in vacuo.

« + the phase matching condition becomes:-
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Ny = ma | e (6.21)

and the fundamental and S.H. wave vectors must be in the same direction.
Because of dispersion the condition ny = nz can only occur in a birefringent
wedium in which there are two refractive indices (an ordinary index n, and
an extraordinary index né) for each of the frequencies. For example, in

a positive uniaxial crystal (ne>n0) it is possible for ny;, to be equal
to n:, or in a negative uniaxial crystal for n,, to be equal to Nz o
Pig. 6.1(a) demonstrates index matching in the negative uniaxial crystal ADP,
It shows the loci of the two refractive index curves (ordinary and extra-
ordinary) with respect to direction in the crystal for both the fundamental
(1.06p) and second harmonic-frequencies (0.53u) of the Nd:glass laser. A
cone oi directions at an angle of 41°32' to the optic axis satisfies the.
requirement that ni, = na,. The réqpirement that the two relevant wave
vectors must have the same direction is satisfied by cutting the entrance
surface of the crystal normal to one of these directions i.e. at 90°-41°32!
or 48°28; to the optic axis. TFig. 6.41(b) demonstrates the term 'Phase
matching'. it shows the two fundamental and the two second harmonrnic wave-
fronts generated from a point on the surface. The extraordinary S.H. wave-
front and the ordinary fundamental wavefront are seen to have a common
tangent in the direction of propagation.. This means that a plane wave at
the fundamental, incident normsl to the surface, generates a second harmonic
plane wave which remains in step or in phase with it. The second harmonic
wave is being continuously generated and it is expected that a maxioum
gonversion is achieved when an already generated component is alwazys in phase

with a newly generated one. This is so in the situalion shown in Pig. 6.1(b).
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A more general phaée ratching condition can be derived by extending
the theory to cover the case of birefringent media, This extension
differentiates between the two mutually perpendicular directions of polariza-
tion which characterise the ordinary and extraordinary waves.

Since, for phase-matched operation, an electromagnetic field polarized
in one direction must génerate a S.H. component in the other polarization and
since that S.H. component can only be generated by a bulk dipole moment (P)
having the same direction, there must be a nonlinear susceptibility which
ensbles an electric field E{w) of one polarization to create a bulk dipole
moment (P[?w] of the pérpendicular polarization. ~ Mathematically, if the

two directions of polarization are indicated by subscripts x and y:-

Py = BéxyxE; where Xy Z 0 ee. (6.22)
This equation is just the nonlinear part of Equ. 6.7 and leads to the sawe
solution, this solution being that for the S.H. electric field polarized in
the y-direction.

Equ. 6.22 can be extended to the general case, that there are suscepti-
bilities, giving S.H. components, in all polarization directions arising

from all possible pair products of electric fields in these directions.

i.e. Py = eoLnyxE;+xyny;+xyZZEZ+nyyEx?y |
oo (6.23)
¢ B E 4 i B
¥ kyxz“x z_xyyzLy z:|

and similarly for Px and Pz'
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In our case Ez = 0, leaving three terms contributing to Py (and similarly
three more contributing to Px)' Disregarding the term in E; for which
phase-matching cannot occur, let us turn our attention to the term

ex EBEE. Use of this term as the nonlinear term in our wave equation
CyXy Xy : !

-

for Lzy results in an alternative equation very similar to Equation 6.16;

namely:-

fox&xyE1xE1y Ji:expik.rﬂ

EZy = : LI ] (6.21—[.)
ke €4 Ak
¥y X
where Ak = ki o+ lc-‘y - &y
.”+ the alternative phase matching condition becomes:
.12'.10 +.l.£‘.1e = Eze or ___1_{‘10 +Eie = 520 s (6.25)

For ADP, Equ. 6.25 can alsc be satisfied, but the direction of phase matching
is now at 61°12' to the optic-axis and the entrance face must now be cut

normal to this direction.

6.2.1.3 The analysis leading to Equ. 6.16 is not valid-if significant
conversion takes place and it is just this situation thatris the most useful.
The derivation of the éenerafion of S.H., which takes account of the drop in
fundamental intensity, is however not difficult under phase matched conditions.
The differential equation to be solved is, by putting Ak = 0 in Eguation 6.15,

given by:-

- aew 6.26
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we can also relate E. and Ey by the 'conservation of energy': thus:-

I = Iy + Ip in a lossless medium

o
where I0 = incident fundamental intensity.
o Ve EoB ¥ = Ve EsBr* + v £,E:E,*¥ where Es are complex.

Now E, and E; are real and E 1s imaginary since Egqu. 6,26 gays that
under phase matching all increments of the S.H., have a 90° phase shift from

the fundamental.

Ve B = YesE - Ve cee (6.27)

Eliminating E4 from Equ. 6.26 using Equ. 6.27 gives:-

GE, !32 ,31 Kiyz g
= i P A [Ez = + E2| where A = see (0'28)
dr ! e 2 . k:ey

Integrating this equation gives:=-

4

r 1 i : 1
£9q 4 ¢z €2 “ €1 “ s E2 “
_f — tani — = if — —_—
E» _( ) E0 hbanl ( ) x AEOr 1( ) Eota.nh ( ) x AEOr
E2 €4 E2 £ _ -

* S.H. i_ntensity I. = '\/-62 E;E* = IO t&.’flhz (_ ) _AEOI‘



L ] : ,
.. I, = IO 1 “TFT R - e (6.31)
e 4o +2 J
€2 \T
where ’ - R = 2 ( ——-) X AEOr.
€1

Fig. 6.2 plots the variation of the S.H. intensity with length of crystal.

Also plotted is the fundamental intensity which is given by:-

LI (
I, = I~ = ——F . ees (632
© (eR+5342)
€2 \Z ‘
In particular at 2R = ( E-) b4 AEOr =1, Iz = 0.5810. Thus for high
1 : _
S.H.G. efficiency, the crystal length must be of the order of r.s where -
kagq /7 € \%
r = — k'—— | and can be termed the characteristic conversion length.
c ° E2
kix=Eo /
For example, x= for ADP = 5.7 x 1073 ¥/volt
and r = 6.3 cm for an incident intensity of 100 MW/cm®.

6e2:144  Absorption

The assumption made in the above analysis that the material is lossless
is not valid for ADP which demonstrates a considerable loss at the
fundamental. Such‘a loss at the fundamental can quite easily be included
in the analysis since, if the loss coefficlent = f, then the conservation of

energy law has to be written:-

o e —— - P, ees (6.33)
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Substituting for I, from Equ. 6.26 gives:-

dI1 d.Iz [:h/'s-; dEa
- = = RS T see (6.34)
dr dr iA dr
~and by integration:
Bve,
L = I -I - E. o ... (6.35)
iA
using this equation instead of:- I, = I = I. leads to an integrable

equation the solution of which is:-

7 o 2 .
L = Io —— ... (6.36)
V4+D% + DZ .

3

B, g2%A T

where b = ————-——: and Z = tanh —¢— Ig+DEJé,,r
a -3
2&/Tge2" €1

It can be seen that if the absorption parameter D = 0, this equation
reduces to Bqu. 6.31, which was derived assuming no loss.
In a particular case it would be interesting to compare the S.H.
efficiencies (I:/I,) with and without loss,
The maximum efficiencies occur for very long crystals when Z-1
1 i

and efficiency = — = vee (6.37)
Lo 4 +2D% 42DV1 4 D°

for no loss, D=0 and maximum efficiency = 1 (100%)

with appreciable loss, tzke ithe case of ADP where the absorption depth
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(=4/B) = a few centimeters, it requires a particularly high fundamental
intensity for high conversiocn in this depth. . Let the intensity be such
that the lossless characteristic conversion length rc = 1/B. For ADP,

this intensity = 100 M#/cr®

1

. o maximum efficiency = — = 0038§3§%)
1+40.54/1.25

N.B. for lower fundamental intensities the maximum efficiency is even less.

6.2.1.5 Another important factor in the second harmonic process is indicated
by Fig. 6.4(b). The direction of energy transfer in the S.H. generated beam
is shown and is seen not to coincide with that of the fundamental generéting
beam, The two become laterally displaced and maximum conversion and
independence of imperfeciicns carnct occur since the S.H. field originating

at some considerable distance into the crystal camnot then give a maximum
ampiitude addiiicn with that orlginating at an earlier distance. The

efficiency of SHG is reduced if £¢ = d where

£ = length of crystal
¢ = angular displacement of S.H. bean
d = beam width.

6.2.1.6 It was sho%n by Equation 6.19 that for small S.H. component the
efficiency of SHG varies as the square of the length of crystal thus suggest;
ing that 2 maxiImum length of crystal should be used. In practice there is
an optimum length of crystal. Increasing the length does not increase the
SHG efficiency. Three ef'fects reduce the efficiency of long crystals. The
first is described in para. 6.2.1.5. The second arises from the inevitable

optical imperfections of crystals, which place different phase errors in the



fundamental and S.H. beams such that, for long crystal, it is not possible
to phase match over the entire- length. These faults may also limit the
useful cross-sectional area of the crystal. The third effect is the finite
absorption of the crystal at the S5.H, Losseé at the fundamental reduce
the efficiency of SHG but the maximum efficiency still occurs for very long

crystals.

6.2.,1.7 From Equation 6.17, Iz « Iﬁ, where 2 anar 1 refer to S.H. and
fundamental respectively, anrd I 1is the power per unit area or 'surface
power density'. Generally it is the total power (P) or total energy (W)

conversion which is important, and for these quantities Eguation 6.17 becomes:-

P, = [Izd_A = C x[ﬁdA oee (6.38)
o A A
and W = [Pgdt = Cx[ fI%dA.,dt ... (6.39)
t t A
ees (6.39)
f I
A%
where C 1is independent of A and 1.
Let us lock at an example:-
t-t 2
[ A °)
(50
Let I, = I0 exp . The input pulse has a gaussian temporal

distribution and all parts of the ihput beam have the sdame time varlation.

Substituting inte Eguation 6.39 gives:-
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_2<t_t0>2 .
_ : A, : K
Wz:C/IzodAfexp dt = G x Ay —xflsz
2
A

A t

using Equation 6.38 in the above now yields

.

Wo = Ay [— xPay where P:o = peak power in the S.H.
2

-a. W = szd't = Aa '\f'Jt)(PzO
t
/
From these two equations it is immediately seen thet Az = A2 i.e.
the S.H. pulse width is 1/42 of the fundamental pulse width.,  Further, it
follows that the energy conversion efficiency is 1,/¥2 of the efficiency of

conversion of the peak power.

6.2.1.8 Mode conversion. If the fundamental is a given mode or mixture

of modes, 1t is possible to calculate the mode distribution of the S.H.
As a simple example let the fundamental be the TEMy, mode in ecylindrical
coordinates. The amplitude distribution (or E;) is given by:

2
-T
E1 = E re
9]

.. . R
where r = normalized coordinate = —
w

where w _is the beam width.
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From Equation 6.16:
E. = constant x B

L 2r?
= constant x Ezr e

~or?
e

= constant x [(2r2—1)

2
s e T ]

= constant [EEMZD node + %TEMOO modé]

The fundamental TEM;j, mode is seen to result in the S.H. being a combina-
tion of the TEMze and TEMyy, modes. This mode conversion is correct
under a more exact analysis in which the modes are not assumed to be plane
waves, although the proportion of each mede is then not necessarily 2 to 1.
Let us also calculate the S.H. power and power conversion efficiency from

Equation 6.38:-

2
P, = C xf I13dA = G xf (Eore‘r ) rdr
A r
o 2 15C: 15GC4
.. P = Gz f r“e"l“r rdyr = ——— = —— K
- 512 "e
2 3E3
Now P1 = [I1dA = ng 372 dr = —
16
P 15 16 240
.". The power conversion efficiency — = —— , — C4B; = —— C,E5
‘ Py 512 3 1536

A similar calculation for an assumed TEMpy mode fundamental gives:-
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S.H. efficiency of TEMy, mode 1 1536

S.H. efficiency of TEMy;, mode 2 240

It can be concluded that it is-limporta.nt for the achievement of
maximum S.H, efficieﬁcy to ensure that a laser oscillates in the gaussian

TEMo ¢ mode.

6.2.1.9 S.,H. spectrum

Let the fundamental contain two frequencies, vy and v{. The
induced dipole moment term in the wave equation (the R.H.S. of Equation

6.7) becomes:-

EolloXz 9% ' 2
- [Ei cos(ky rws £) 4B cos (ki r—w]t)]

¢ 9tf

which reduces tuie

Eg I—la}-l-w-?_}éaEf Eollohwd 2 Bf?
- ———————— cos(2ky t-20¢ t )~ cos(2k{r-2wit)
2c? 2¢?
Eoko (0140 )*xoEsBe Eoto (o Bk
- " cos{ [ks +k{1r- i 4011 4) - . cos( [ky-k i) r- [w-wi] V)
C C

and there must be S.H. components at frequencies 2wy, 2w{, o¢+of{ and
wy~-0f and the intensities of these components are proportional to
(20184 )*  (20{E)*

3 3 (w14{°1=)?E1E;:(w1—w‘r)2E1E‘:
2 2

i.e. there are components in the S.H. at all sum and difference frequencies.
If (wy-w}) = Aw, where Aw << w, the difference component is vanishingly
small and the f‘requencies present in the S.H. are 2w;, 2wi-2hw, 2w-dw, A

two component spectrum becomes one having three components and double the
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frequency spread. The effect on the coherence is derived simply:-
Coherence length ~ 1/AV where AV = Av/c = wavenumber spread
.. Doubling the frequency spread, doubles the spread in wavenumber and

halves the coherence length.

6.2.,1.10 Transverse Ccherence

The effect of the S.H, conversion on the transverse coherence follows
immediately from the considerations of mode conversion. If for example the
fundamental.consists of the sum of the fwo lowest order modes, TEMyo+TEMg4,
the transverse coherence of the fundamental can be calculated, see para.
5.4.2.1, Chapter 5. The second harmonic distribution is calculated as in
para 6.2.1.8 and the coherence of the second harmonic is calculated in the
same way as the fundamental, Fig., 6.3 plots the calculated coherence
curves of fundamental and S.H, for this case, showing that the transverse

coherence is 2lso degraded by the S.H. process.

6.2.1.11 Intracavity Conversion

Since the power density inside the léser resonator is always higher
than that outside and since radiation inside is travelling in both directicns,
then it is to be expected that a higher conversion can be achieved by placing
the S.,H. crystal inside., If for example fhe output mirror reflectivity is
50%, the internal fundamental power density travelling towards the output
mirror is twice as high as that outside giving twice the efficiency of S.H.G.
The internsl fundamental intensity travelling away from the mirror is equal
to that outside giving an egual efficiency of S.H.G. The total efficlency
is thus improved by a factor 3. The crystal must of course be free of loss
otherwise the fundamental will be reduced by its presence. If considerable
conversicn does take plazce intracavity, it constitutes a significant power

dependent loss at the fundamental. This reduced overall gain at high
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powers lengthens the Q-switch pulse, reduces the peak-power and hence

reduces somewhat the efficiency of S.H.G,

6.2.1.12 Focussing

To show the gualitative effects on S.H.G. of focuséing the fundamental
into the nonlinear crystal, let as make the following assumptions:-

The fundamental is a gaussian beem.

The majority of the S.H. is produced by a region near the fundamental
beam focus ﬁithin which the beam diameter (2w) remains essentially constant.
A convenient length for this region (say 2b) is that for which the beam
- area lies within a factor of 2 of the area at the focus.

If 2b > £, (where £ = length of crvstal) the effective length of the

cerystal = £, If, on the other hand, 2b < &, the effective length of

1l
N
o
.

crystal

From Equ. 549 and Equ. 6.38, the S.I. power P. is given by:-

P = c_onstf 17 22aa
where I, = fundamental power density = dP,/dA = P,/A
£; = effective length of crystal.

Let ]'IfdA = const IfA, where A, = mnin area of beam

| Py &% &5
. P, = const——. & = const-—

5 w5
where wy; = min radius of beam
22

2 > £1- P = const o — W', Max P: recuires min. w

Vo ' -
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b
2b < £:e~ P, = const . — .
Wi
2
MW,
For a gaussian b = — = (distance from focus at which w = V2 Wo ).
K .
Yo 4
. P, = const— = const . w5 .°, Max P, requires max. wo
Wo

These two statements indicate that an optimum focussing is achieved for
2b =& e¢og. £ = 10mm requires b = 5mm or wo = 4Oum (beam convergence

= 10 mrad).

6.2.2 Some of the propertlies of S.H.G. have been discussed using simple
_formulae derived from first princilples. These are based on assumptions
which render the results quéntitatively inexact but'they provide valuable
infonhation and some 1nsight into the physical processes involved. ALl
the properties we have considered have been placed on & more exact mathemati-
cal basis by several authors.

A considerable number cf papers on the general theory of S5.H.G. have
appeared in the literature. Armstrong, Bloembergen, Ducuing and Pershan
(1962) first solved the wave equation (Equation 6.15) for the case of high
conversion and under phase-matched conditions and the results of their
calculation are just those of our rather simpler one, given in para. 6.2.13
and demonstrated by Fig. 6.2.

Weber et.al (1966) tabulated all possible phase matching situations for

KDP, ADP and LiNbOs; at various wavelengths.

Bhawalkar et al (1970) and Kingston and McWhoriter (1965) have treated
in some detail the thecry of mode conversion giving, in particular, the
relative amplitudes in the different modes in the S.H. and in the

fundamental mode.
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Smith (1970) solves the problem of intracavity S.H.G. in a ooﬁtinuous
wave laser showing how to optimize the efficiency and calculating the
expected value of this maximum efficiency. Murray and Harris (1970) give
solutions for +the case of the Q-switched laser and make the particular
point that the pulse length can be controlled by varying the coupling of
fundamen tal into S.H.

The possibility of improved S.H.G. efficiency by focussing was first
investigated theoretically by Bjorkholm (41966) and extended by Boyd and
Kleinman (1968). Their computations are valid for a gaussian beam under
the assumption of low conversion efficiency. Exampies of their results
are shown in Fig. 6.4 where it 1s seen that an optimum length of crystal
exists for any degree of focussing of the gaussian beam. Bjorkholm's
neasured values using a cw He-Ne laser were in very good agreement with his

theory.

6.3 Experimental Invesligations

The experimentai work concerned with the 3.H. process has been concerned
primarily with the achievement of an adequate efficiency. It has not been
found necessary to explore the process in depth in order to optimise every
aspect of it. The approach has been to take the laser in its early form,
together with a crystal of ADP, measure the S.H. efficienéy and other
properties of the prgcess and then having made varicus modifications which
might reasonably ﬁe expected to significantly improve the performance,
remeasure the efficlency and the other preperties. Comments will be made
from time %o time on the experimental measurements particularly where they
diverge from the simplified theory. Possible explanations of the observed
effects will be given but will not be discussed at length or investigated

further. , -
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Initially, as a.basis for comparison, measurements were made on the
laser with a crystal of ADP placed directly in the path of the infrared
output and with no intervening optics. Fig. 6.5 shows the arrangement

including the measuring detectors.

FIGURE 6.5
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BASIC ARRANGEMENT FOR MEASUREMENTS ON
SECOND HARMONIC GENERATION,

v

The parameters that havé béeﬁ measured are:-~

The time resolved intensity and total energy in the infra-red fundamental;
The time resolived intensity and total energy in the green S.H.; The
transverse intensity distribution of the fundamental (just before the
crystal) and S.H. {just after the crystal); and the neaf and far-field and

spectral distribution of the fundemental.

6.3.1 It was necessary initially to establish thé phase matching situation
and observe how critical is the phase-matlching angle. Measurements on the
variation of efficiency with the setting of the angular control indicated
that the angular half width was apparoximately 0.9 mrad in the critical plane
and > 19 mrad in the nen-critical plane. The literature (Hagen and Magnante

AOK'«_),

P T
[ QAR [

} indicats a vazlue of ~ 0.6 mrad should be obtained for the former

and since the fundamental had a divergence of approximately 0.7 mrad, one
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would then expect the angular half-width to be approximately ¢Q0.7)2+(O,6)2 =

0.92. The measured value was consequentiy capatible with the expected

value.

6.3.2 The next measurements were those of S.H. efficiency and its variation
with the magnitude of the fundamental. Calibrated photodjodes were available
for the measurement of energy at 1.06um and energy at 0.53um, and the first
set of measurements were of the S.H. energy as a functién of the fundamental
ENETEY. 'Fig. 6.6 plots the second harmonic energy as a function of energy
in the fundamental. The main feature of this graph is that it does not
follow a .linear relationship. This is not very surprising in view of the
likelihood of considerable changes in spatial and temporal distribution as
the fundamental energy changes, or even from shot to shot at the same
fundamental energy. The possible contribution teo this non-linearity, of
changes in temporal distribution (and, in particular, an inerease in pulse
width with increasing pumping), can be estimated theoretically from the
spinning mirror Q-switch calculation of Chapter 3. In a typical case from
those results, we have plotted Fig. 6.7 showing the variation of the
integral over time of the square of the photon flux with the square of the

integral over time of the photon flux.

5.6 [ $*(t)at vs U o(t)at ]2.

Comparison of these graphs indicate that the change in temporal distribution
can explain the overall flattening of the efficiency curve at hign inputs.
The large shot to shot jitter cannot however ve explained and must dbe due to

mode instabilities.

3 |

6.3.3 1t was considered worthwhile to measure the temporal dlstribution in

the fundamental and S.H. Iwo purposes were served; axial mode instabilities
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and mode interaction effects could be observed and the effiéiepcy curve as
méasured from a single pulse could be plotted, The latter is not of course
affected by snhot to shot variations.  Biplanar vacuum photocells coupled

to a 515 Tektronix oscilloscope gave a temporal‘resolution better than 1ns.
An electronic delay line enabled both pulses to be displayed on the same

gcope trace. Fig. 6.8 shows typical examples of the fundamental pulse

foliowed by the S.H. pulse.

FIGURE €8

Oscillograms showing three
examples of the time-evolution
of the fundamental end second-
harmonic pulses from a Nd:iglass
lzser. :

Second harnenic pulse delayed
by 55ns.
Sweep speed = 20ns/s quare

Fig. 6.9 plots the S.H. power vs (fundamental power)® for the topmost
pulses in Fig. 6.8, and is typical for these pulses. The majority of the
graph is approximately linear, unlike the energy curve shown in Fig. 6.6.
The curve is not linear however at low input powers and curious effects can
be seen near the pulse peak. The explanation of the effects is probably
related to mode ccmpetition effects occurring during the pulse and to sub-
nancsecond structure in the fundamental and second harmenic which is not
resolved by the photocell. A feature of the curves of Fig. 6.8 is the
modulation of the envelope. This must be due to the presence of more than
one axial mode. Kow the beat freguency between consecutive axial modes =
tor, and since L = £6 ca,

C/éL = 230 MHz and the period of the modulation 5 ZL/c = L. ns. This is
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just the major modulation period on Fig. 6.8. The existence of higher
modulation frequencies in the trace, and the changes in modulation during
the pulse indicate the presence of more than two axial modes which are nct

mutually locked in phase.

6.3.4 In the theoretical section of this chapter several possible ways of
improving the efficiency and stability of second harmonic generation were
suggested., We have taken a brief experimental look at the effectiveness

with our Nd:glass laser of:=

(i) focussing the fundamental into the second harmonic. ecrystal
(ii) dimproving the mode structure in the fundamental
(iii) wusing a different second harmonic crystal

(iv) vlacing the crystal inside the resonator

6.3.4.4  From the analysis of Bjorkholm (1966), focussing condition for the
maximom efficiency of second harmonic¢ generation in a gaussian beam is

given by:-

£ where b = confocal parameter

s and & Jength of crystal
b is just the axial distance from the beam waist at which the beam radius

has increased by V2, and is given by:-

ﬂﬁbz LN where wy = walst radius

by 70? and © divergence at infinity

For the system being used:-

& = LOmm; A = 4.06 x10"7 mm
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= = 2,12 x 10~4

8 8 x1.06 x 10°°
2 40

o e 6 = 1.5 mrad

Thus for optimum focussing a lens mus£ be chosen giving a convergence
angle of 14.5 mrad. Since the beam diameter at the lens position » 2 mm
and the incident beam is ccllimated, the focal length of the lens must be
‘2/14.,5 x 10°% = 138 mm,

A test was not carried out with thils lens because fhe resulting power
density in the S.H. crystal would certainly have been above the damage
threcghold, e S.H. efficlency with lenses of lower power was however
measured as a function of 1¢ns focal length. This showed that instead of
increasing with decreasing focal length the efficiency dropped steadily énd
at a focal length of 440 mm was down by. approximately 40%. Even at this
focal length the estimated peak power density in the crystal was = 1 GW/cn®
and damage.was found to have occurred at the surface of the crystal. The
failure to produce an improvement in efficiency is no doubt due primarily
to the difference in profile between the beam actually present and a
Gaussian distribution. Any departure from a gaussian reduces the fraction
of the power in the focussed spot which is directed close enough to the axial
direction to be within the angﬁlar tolerance for phase matching.  The
angular distribution is not so concentrated and the efficlency of conversion
is reduced.

A more effective method of focussing is fto use a ¢ylindrical lens
correctly orientated to the crystal axis such thal the direction in which
the angular sprezd is increased coincides with the direction in which phase‘

matching is not critical with respect to angle. In this situation the
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power density at the crysfal is increased and all of the incident power can

still satisfy the phase matching condition.

6.3.4.2 Paragraph 6.2.1.8 showed that the conversion efficiency of the
TEMpo mede is higher than for the TEMy4 mode with the same intensity. It
can also be shown similarly that other modes are alsc unfavourable for

. second harmonic generation, There is the possibility then that improving
the transverse mode structure of the laser output, although it may result

in reduced total energy, may still lead to increased energy in the second
harmonic., Furthermore the variability of S.H.G., which is largely due to
shot to shot variations in output intensity distribution (itself a result

of changing mode structure), is 1likely to be reduced by reduecing the number
of transverse modes and consequently stabilizing the mode structure.

A simple test experiment was carried out. The fundamental and second
harmenic cnergiss were measured beth with and withoult an aperture of
diameter 2.5 mm inside the resonator. Conditions were kept constant
{throughout andlthe transverse pesition of the aperture was adjusted for
optimum operation. It was found that introduction of the aperture led to
a high risk of damage to the other optical components in the rescnator, and
the peak fower and hence the energy had to be restricted. The conseguent
restriction in second harmonic output was to a value less than could easily
be achieved with no éperture. Furthermore, equal energies at the second
harmonic necessitated a higher input when the aperture was present, hecause
the increase in threshold and reducticn in rod area were not cifset by a
sufficient rise in second harmconic efficiency. The smzll increase in this
efficiency can be explained from measurements made on the near-field
distribution at the rfundamental, which show that the instantaneous
distribution has dimensions of epproximately 2.5 ﬁm, no larger than the

aperture used above.
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6,3.&.3 The high non linear coefficient of LiNbOs; in comparison with
ADP (they are in the ratio 12:1 respectively) suggests that it will give
more efficient second harmonic generation. Furthermore it can be phase
matched at 90° to the c-axis by varjing the temperature of the crystal.

The implications of this are:-

(1) losses due to the walk-off effect (paragraph 6.2.1.5) do not
ocCUr,
(ii) the angular tolerances are much higher
i

(iii) the spectral tolerance is much tighter - a few cu”' as

compared to 100-200 cm™' for AIP.
Soveral detrimental zffects occcur however:-

(a) The crysfal damages easily - the damage threshold is of the

1/

order of 10 of that of ADP

(b) It is difficult to produce good LiNbOy crystals and variations
of birefringence across the crystal tend to limit the wolume of
crystal that can be phase-matched at one temperature.

(¢) Temperature gradients create birefringence effects with the same

effect as in (b). However the possibiiity exists of using

temperature gradients to eliminate the effects of (b).

An 8 mm cube of* LiKbOs was obtainea, together with a suitable oven,
and substituted for the ADP crystal in the unexpanaed.output beam of the
Nd:glass laser. The temperature was adjusted for maximum efficiency and
this efiiciency measured as with ADDP. The efficiency at 100 md energy in
the fundamental, obtained by interpolation from efficiency measurements at
energies near this value, was 3.9%. The value for AP, obtained in the
game way (see Fig. £.9) was 4.2% and consequently is to be preferred. The

power density in both crystals at this level of input was estimated to be
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% 100 M/em®,  This is well inside the damage threshold for ADP but it was
a little surprising that damage did not occur at this level in the LiNbOs.
It was however found tc have damaged at approximately 200 MW/cm®,

That LiNb0z did not give a higher 8.H, efficiency than ADP is due
primarily to the presence of optical distortions in the crystal. These
distortions are in part due to residual imperfections in the crystal and in
part to thermal gradients.  Another more severe cause 1s however likely to
be present; so called 'optical' damege. High intensity illumination can
cause optical distortion in crystals having an open atructure and LiNbOs
is particularly subject to this effect. Photographs of the intensity
distribution in the fundamental and in the second harmonic supported the
above explanation, since local intensity variations were present in the
second harmonic that were not present in the fundamental and the form of.
these variations agree with that éxpected as a result of optigal distortions

in the crystal.

6.3.4.4. The final experimental test was to place the LiNb0s; inside the
resonator. Paragraph 6.2.1.11 showed that this should lead to increased
efficiency with a crystal having no absorption at the fundamentzl wavelength.
LiNb0Os is such a crystal and we made comparative S.H.G. efficlency measure-
mentsrwith the crystal inside and outside_the resonator. Fig. 6.10 shows
the two sets of readings-and we have plotted the energy efficiency against
the fundamental energy. Again we see quite a spread to the points but it
is clear that more efficient S.H.G. is obtained with the crystal inside the
resonator as expected., An estimate of the increase in efficiency is
obtained by drawing the best straight lines fitting the two sets of points
and finding the ratio of their slopes. This ratio was 3.0, and this again

is as expected from paragraph 6.2.7.11.
r
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There were howeﬁer‘two problems to the use of LiNbO; intracavity:~
(1) It introduced losses either due to absorption at 1.06pu or due
to optical distortion in the crystal. In zpite of the increase
in efficiency it was still necessary, at the output levels
required, to use a higher input energy to the laser to obtain

the same energy at 0.53u.

(ii) Damage occurred in the crystal at a lower second harmonic ener gy

than for extra-cavity operation.
6.4 Conclusions

We have shoﬁn that for our laser system the most efficient and
reliable of the various techniques of S.H.G. we have tried is that of
placing an ADP crystal in the unexpanded infra-red output beam of the
laser. The best orientation of the crystal is that (Weber et al 1966) in
which the phase-match angle is 641°12' to the optic axis and the incident
plane of polarization is at 45° té the plane containing direction of
propagation and the optic axis; The S.H.G. efficiency with respect to
energy was more than 5% for fundemental energies greater than about 150 mJ
and in particular 25 md of green second harmonic was obtained for an energy

of 465 nd in the infra-red.
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Conclusions

R

This thesis sets out a study of the Nd:glass laser with second harmonic
generation and presents theoretical and experimental work designed to improve

this laser. It has been possible:-—

(i) to achieve a better understanding of pulsed solid state lasers
and in particular those with a rotating mirror Q-switch and
those employing Nd:glass as the active medium.

(ii) to improve on laser design procedures.

(iii) +o improve the design of the Nd:glass laser with second harmonic
generation to make it more useful as a coherent source of light.

(iv) to suggest further improvements which can make it even more

competitive with the ruby laser.

7.2  Theoretical aspects have divided themselves principally into fi#e itens
which deserve comment here as having been new or presenting existing theory
in a different way. |

Te2.1 Anaiysis of spinning mirror Q-switch. A sinple computer programme
has been developed to describe this type of Q-switching which dces not make
the assumption, as has been the case previously, that the movement of the
mirror is negligible over the entire duration of the laser pulse. The
programme can be adapted without great difficulty to include diffraction

effects and more complex optical designs of the resonator.

7.2,2 Calculation of the distribution of absorbed energy density in a rod
of Nd:glass. Quantitative knowledge of this distribution, and how it varies
with several parameters, is necessary to any calculation of optimum laser
design, and has not previously been computed in a three dimensional form and
taking into account the exuct abtsorption specirum of the Ndizlass. This

has been done and the resulting computer program can be used to show gquickly
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the effects of changing the concentration of neodymium, the rod geometry,

the type of glass and the operating conditions in the flashlamp.

7.2.3 Optimization of the laser. A method of optimiéation for use in the
design of lasers is proposed, and demonstrated with aﬁ example for a
Q-switched Nd:glass laser. An analytical approach is assumed using analytic
~ functions to approximate, for example, the pumping efficiency &s computed in
the previous section and the efficiency of Q-switching. The only computa-
tional step is to solve a pair of simultaneous equations, and in the example
the maximum output energy for various input energies is calculated along with
the optimum vélues of neodymium concentration, rod and flashtube length and
radius, pumping pulse duration and output mirror reflectivity. - The major
assunptions in this analysislare that the pumping distribution in the rod is
& 'top hat' function as alsc is the output beam intensity profile.  The-use
of a very much greater computational capacity can perform the calculaticn mere
exactly and has since been done by J.G. Edwards and R. ‘Jefferies of this
Leboratory for a geussian beam profile and a2 better approximetion to the

- pumping distribution. Their results show that the simple method is a

valuable one and that it is guantitatively close to being an exact one.

7-2.4  Coherence Theory. It was felt, after looking at the way this topic
has been treated in the literature, that there was a need to present an

exact theory using the minimum of mathematiecs. It should also be in a form
whereby it is possible to easily calculate the coherence of actual sources
and the observable properties which depend on it. An attempt has been made
to do this and particular accent has been placed on laser coherence functioné
and the effect of coherence on holography. From thig it has been possible

" %o show how *“he coherence of lasers can be improved and also to specify how

much improvement is required.
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7.2.5 The theory of second harmonic generation. This subject is also one
that can be very involved mathematically and an attempt is made, similarly,
to find a different presentation which 1s a balance between exactness and
ease of application to practicai situations. It is shown that sevéfal
properties can be derived quite simply, and in particular efficient S;H.G.
under phase matched conditions including the effect of absorption., As with
\coherence, there fellows a discussion of the factors which affect the

- efficiency and this discussion gives the information which will enable a

lager system to Le suitably designed for a required performance.

?93 On the experimental side it has been necessary to use meny techniques
in assessing and improving the performance of the Nd:glass laser. It has
also been important to be critical of and to modify certain diagnostic
methods which have shown deficiencies when applied fto lasers. In two
particular situations a novel approach has'been adopted and shown to have
advantages. |

The first of these is the use of high speed rotating prisms for the
streak recording of light distributions with a time resolution of a few
nanocseconds. This method is of particular use to workers studying rotating
mirror Q-switched lasers who do not have access to approPria£e image
converter cameras, since a sulteble rotating prism is alfeady in use in the
laser and sipce this prism always has the same orientation at the moment of
the Q-switched pulse.

The other technigue which has been developed 1s the use of holography
v

in the weasurement of cohsrence. For light sources, such as pulsed lasers,

having complex coherence functions which may change from shot to shot it is

often desirable to record all the coherence information in one exposure.

j0j

o
-~

Only the holographic method can do this adequaiely. Experimental techniqu

for the measurement of both transverse and temporal coherence are proposed.
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and tested and they are shown to be promising as suppliers of guantitative
coherence information.

Toly  Much experimental data on the laser has been collected, and from it
has come (a) a better understanding of the system and how it works (b) a
check on some of the theoretical results, and (c) an assessment of various
proposed modifications. These modifications have resulted from the need
' for a narrower spectral output width, a greater amount of coherent energy
output, a reduction in the effects of dynamic optical distortion and an

increase in the efficiency of S.H.G.

Telred The design specification of a spectral width < 0.04 cn™' has been -
achieved using a resonant reflector as output mirror coupled with a tilted
intracavity etalon, It has been considered important to find a design which
is non-critical in respect of initial adjustment and subsequent temferature

variations.

7.4.2 The second task has proved more difficult. High efficiency has not
been achieved in TEM,o mode operation due to poor rod optical quality when
pumped in the available pumping cavity. However, coherence measurements
have shown that & surprisingly large fraction of the ocutput can be regarded
as coherent even under conditions of multimode operation_when the laser is
much more efficient. This is thought to be a result of mode coupling
effects and of the shoriness of duration of the pulse. Attempts to increase
the amount of 'coherent' energy have been unsucceséful also due to the
dynamic optical disteortion of the rod. Reduction of this distortion by
suitable design of pumping cavity to give a more uniformly pumped rod is
expected +to result in considerable improvements. A pumping cavity of the
exfocal ellipsoid or close-coupled helical or double elliptic ¢ylinder would

211 be suitable dealizgns.
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7e4.3  Second harmonic generation is also adversely affected by poor rod-
optical gquality and this has resulted in little increase in the efficiency
of second harmonic generation when various modifications to the system have
been introduced., Again, il is expected that more uniform pumping of the
rod would lead to considerable improvements. The energy efficlency 1is,

. however, about_ﬂ% and the amount of green light available 1s still adequate

for many forms of holography.

7.5 The Nd:glass laser with second harmonic generation has given approxi-
mately 30 md in 25 ns at 530 nm with a coherence length greater than 25 cm
and a transverse coherence adequate for the holography of diffusely reflect-
ing objects. A similar laser system with ruby instead of Nd:glass has

given approximately 300 mJ in 25 ns at 694 and with a similar coherence.

In all measurement techniques, except the holography of wide angular fields
where a great effort has been put into producing fest red sensitive emulsions,
the increase in sensitivity of the technique at 530 nm compensates for the
aifference in the energy output of the two lasers.

Applications requiring smaller lasers would favour ruby while those
requiring larger lasers would favour Nd:glass as the active mediunm, Future
improvements are likely to be greater for the Nd:glass laser particularly
with respect to the rod optical distortioq and this laser would then be more
favourable for medium enefgy applications such as those upon which thé work

.reported here 1s based.



APPENDIX I

. Computer Program to Calculate Action of Spinning Mirror Q-switch

I.7 Flow Diagram

Set initial values for:
photon flux ¢ (x,0), inversion density No(x)

and all Parame%er constants

I

Y

Print parameter constants

\

Set number of pass, N, = O
N \
ol Add one to N
\
N Calculate new coordinates (xi@') of ray (x,e)
following a further pass of resonator
For 211 . X o
« and 6 Is =x outsx?e aperture?
e YES —— Nf
Calculate new flux distribution ¢(x16")
following this pass of rescnator
!
Transform ¢(x!8') into new values ¢(x,0) on original
matrix by linear interpolation
3
Add fluorescence contribution ¢n(x,8) to all ¢{x.6)
‘ -
Calculate near-field distribution ¢(x) = g ¢(x,8),
far-field distribution ¢(8) = §c¢(x,e),
total flux cutput ¢ = % é ¢ (x,0).
\l
Calculate new inversion density N(x) following this pass
N
NO ] Is any N(x) < 99% N.(x)?
[
)
Print near-gieldl. ¥E
far-fieldpe—YES —] Is total flux ¢ > 1% of current maximum value of ¢?
total flux I
NG
- - \l.
Read in new €<~YES — Are any changes in initial values to be read in
values [

NO

¥

END
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ORLASERIZTOII/ROTAUSWHDGLI/TWROBO30/5% 03705772 .. 1Ce14407
‘ ®XEG*
, - #CARDLIST* Fg |
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| |
CR ORGANISER ENTERED 1014412 03/05/72 St B i N R |
CHATIIL* : : TRUD.
IDENTIFTCRIAT G : ' 1ROCOOIC
:r OFTR Al # - .- e SRE S} b35S - SRR 08 Ky B VS . L L e S e ) 2o o oy b st H ) NP LA K T AR R s A ety gt o s e D
IGTRAN COMPIIER MARK #0e 30204 DATE ~  03/05/72 TIME 10

DO LCOOF TO CALL CALCULATING, INFUT AND QUTPUT ROUTINES FOR EACH CAVITYIROO
PASS UNTIL LASER PULSE 1§ OVER ; _ TROO

TC

400

DIMENSTON PHl(IU:IOO):PHIO(1UnIUG):PHIT(ID;IUO):PHIPSA(100):PHIPSY
2C10), ARCI0) 2 ANGLELO)

READ 1M THE INPUT DATA Y IROD
READ 2102 F 2 SsCLASTIBrAQsW2SLAAMeCaCYXeCVYr AN
READ 2202 CANCCRX) 2 HX=1210) :
PRIMNT 4002 (RsS»CLaSLsaST1202AWM»AQ2CVY2CVXeH) : IROOOOGE

FORMAT (1#H120X12H1I ASER OGUTPUT//ZO0HPARAMETER VAILUES ARE/S5XI15HRFFLECIROK0070
2TIVITY = 2E9e3/5XI7HOTHER LOSSES = 1-2E%4¢3/75X16HCAVITY LENGTH = »LIR0%0060
29e3/5X13BRGD LENGTH = »sEGa3/5X27HSTIMe EMISSION AX-SECTION = ,F9+3/1R050090
25X196LGSS COEFFICTENT = »E9e¢3/5X19HREFRACTIVE THDEX = »E943/5%29H]11R050100
ZNITIAL MIRROR ORIFNTATICON = »E10e3/5X12HUNTT OF Y = »E9e3/5X12HUNITT
2T OF X = 2E9e3/5X24HMIRROR ROTATION SPEED = ,E93)

SET PHI = PHIO AND ANl = ANO

18

160

600

140

20

TG
31
300

E?O

FIU

220

150

TAU=Z«0*¥(CL+(AN=10)%S5L)/C IrROQO1Z0C
K=0

DO 150 HMX=1lsl0

PH(1ao (EXP{ 208 SLR{STH*ANNFANGINX)=B))I=1e0) )/ (CVXR=2xCVYRS])
DO 160 LY=1.,80 )
PHIO(MNX2NY)=PH

CONTINUE

CONTINUE "

PRINT 600, PHIO(5+,10)

FORMAT (////6X.lthhIO(5:IO)-:FIO.B)

CALL AEGUR (PHI.PHITD)

00 140X=1,10

ANCHUX Y= ANN#ANOHX)

CONTIHUE

PHISﬂ:UoU IROGOLOD
NZ U )
N=ii+] LROOOD130

CALLL PHIC (PHITPHIO,PHISPHIPSXsPHIPSY,PHIS,ANIR2S)CL2SI»B2MsKsAC1RORCLA0
2Hr TAUISLAMa AMGaCaCVX 2 CVY s AliN)

IF TKaLTeld 50 TO.20:° IROC0O170

IF (PHIS«GTePHISH) PHISH=ZPHIS 1R000156G

IF (el Te=ACQ/(TAURw)) GO TO 31

IF (PHISelLTauedl*PHIS) GO TO 1320 IROBOLAD
WRITE GLT T#€ HEAR AND FAR FIELDAAHD3TOTAL POWER EACH PASS IRG1

PRINT S00sNo(PHIPSAXINY Y » Y1801 (PHRIPSY(IUIX)sliX=1210G)2PHIS

FORINAT (//7//710X25H0UTPUT AFTER PASS NUMNDBER »13///72X24HTHE ANGULAR TROS0C030
20ISTRIGUTIUNSZ10(F9e3s3%)/10(FZ2e323X)/10(F9e323X)/10(E9e3,3%X)/710(E
29e3s3XY/1G(EZe3s3X)/10(EPa3s3X)/10(E9e323X)/2X24HTHE LATERPAL DISTR
2I3UTIC s Z/10CERe323XY//2Y19HTHE TOTAL QUTPUT = +sE943,20H PHOTO.LS PE

2K SECOUDe)

GO Ta 29

READ 2190, ANN

FORMAT { E9u3 .9 1RO50010
FORMAT (10F4¢3)

GO TO 18

CALL EXIE

END - 1PooQ21c
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"GTRAN COMPILER HARK NCa 30204 DATE 03/05/72 g8 ) 10«
i

|
SURROUTIHE PHIC (PHITsPHICIPHI»PHIPSXsPHIPSY,PHIS, AN2R»S,CL2STHB,HNIR00I01S

N o TR VIR o | A own A R e VRS ~N g 2 ket Y
PP AURP BF A RARUT L AL RLIALE LS LVA’ LVI2» AV

TO CALCULATE TuE 0UTPUT AFTER A FURTHER PASS IROO
DTMENSTON PHIC10,100)PHIOCI0,100)»PHITCI0,100)2PHIPSXC100)sPHIPSY
2LTI0Y»AHNCLIO)Y » AMOC L)
CALL AEGUD (PHIT»PHIO) IROD1040
ALL ELEMEHTS HAVE A FIUORESCENCE COMTRIBUTION & : 1ROD
D030 HR1=1,10 IR0O01050
DO 40 WY1=zs60
TO CALCULATYE Y COORDINATF AFTER A FURTHER PASSeFIND NEAREST INTEGER 1R0D
050y

Bh=Hn _ {
T=RH*TAU \
Y ['zuly ) : : '
Y22« 0% (AU+WH+(T=TAU/2e0))#CVY+Y ]

WYA=Y

HYB=Y+1a.0

YA=zIIYA

YBsHYR

SAUE AS PREVIGUS SUBRNUTINE FOR X COORDINATE

60
S0
TO

120G
116
T0

70
280
g

80

X1=nX1 :
XZXV1+(CL~SL*CAN=1a0)/AM)#(Y+V1~B020)%CVX/CVY
NXASX

HNABSX+1els 3 P,
XA=1XA Lt

*XBNXE -

IF{{iXA«LTel)sORe(NXReGTu10)) GG TO 40

IF ((HYAeLTol)eORa(NYDeGTeBGY) GO TO 40 TR
GER*S*¥PHICNX LY ) *EXP (24 0*SE*(STHAN(NX1)=R)) e 1R001105
PHTITCHXAS YA ZPHITOHXA HYA)+(GH (XB=X ) (YB=Y) )/ ((XE~XA)I%({(YR=YA))
PHIT(HAASNYD I PHITOUXASHNYB) + (G (XB=X)#(Y=YA) )/ ((XL=XA)®(YE~-YA))
PHITOHAD 2 LYAIZPHITINXE, GYA)+ (G (X=XA)* (YB=Y) )/ ((XDL=XA)#(YD=YA))
PHITOHAG s BYE)2PHITOUXB s NYR)+(GH (X=XA)#(Y=YA) ) /((AE=XA)#(YR=YA))
CCONTINUE

CONTIHUF

CALL AENUE (PHIL2PHIT)
SUM PHT OVER X

00 50 WY=1,80

PHIPSX(Y)=0e0

DC 60GNX=1+10

PHIPSXUUY)SPHIRPSXIHNY)I+PHIT(NXsNY)

CONTINUE

COnLTINLUE
SUIt PrI OVER Y

DO 110nNX=1:10

PHIPSY(!1X)=0e0

DO 120 !Y=1:80

FHIPSY(HX)SPHIPST (X Y+PHITCHX21Y)

CONTINUE

CONTINUE :
CALCULATE 1#VERSIOH DFLSITY AFTER ANOTHER PASS

PRINMT 230sA%CE)

00 7CHAT1210

ALCHXY AL LX) = (B84 TAU#PHIPSY (X I # (EXP (2 0% SL¥(STI#AN(HX) =) )=1e0)
2CVX a2 /(5L #1008 (] eU=BA0ST#ANLHXY)))

IF (CARI#ANTEHIX)=ARCHX) )/ CALN®ALOCHX))aGTe0e0l) K=l

CONLTINUE :

FORDAT (//76X26HAN(S)=22F10e3)
SU FHT GVER LOTH VARTABLES

PH1SsGD

DO 80 KY=1,80

PHIS=PHIS+PHIPSX (1Y)

CONTINUL g ; et

RETURHN

il
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SUBFOUTINE AEGUB (AsR) ; |

I SETS TwWO ARRAYS EQUAL : B 4 e o

i DIMENSICN AC10,100)2R(10,100)

E-. D090 NX=1s10

| DO 100 Y=1280

: ACHX s LY )SBCNXsHY)

1100 COMTINUE

90 CONTIHUE

; RETURHN g

EdO : AP

-6




APPENDIX II

Prograr to Find Optimum Parameters of Nd:glass Laser

The simultaneous equations to be solved are:-

pe p
pe-in D = —%— ees (3.46)
2¢(P-1)
2.9 PQ 1 [GH o8 Vo _(2Pg-20:2)] 104
—_— = - J + 0.45 ore (3.47)
2PG-204P N 2P Q% (-1n S)

14 _onzatoc’/ZF

where P =
@ = 1 + 2,63 x 1077 Ec/204£0
2 hy \1011-5
N = 0.48 x 10” ( = )

and where the rod length (30) is given by:-

2.63 x 10°*Ec?(P-1)
e = eve (3.18)
Vfo (4P-cPic)

The parameters to be optimized are:-
rod length 60; peodymium concentration ¢; flash duration to
{the optima of {hese being given by the above three equations)
rod radius T3 mirror reflectivity R; output énergy EOUT

the optima ol these being given by:-



11, 2

2Q-P :

-1n R = |——— | [- in g] oes (3.45)

2PQ-2Q+P
ME? (- 1n R)E? N

and E = F oo ceo (3.40)

OUT 0%t g0-45

[o B o)
where : GH cf vt
F o= 222 ©. a4nd M = 3,50 x 10~4
PQ(~1n RS) _

The above is to be calculated at different input energiss (E), with the

following parameters fixed:-

loss coefficient of rod (B); total of other losses per pass (1-D);
effective radius of output‘as fraction of rod radius (k)

hy
stored energy per unit gain for the rod material ( 7;-)

Cavity transfer efficiency (%9; flash tube efficiency (}%l

The program calculates the differences X and Y Dbetween
the left and right hand sides of Equ. 3.46 and Equ. 3.47 respectiﬁely,
for many pairs of possible wvalues for ¢ and ton These differences wilil
both be zero for the correct pair of values. A1l the othe£ parameters are
-also calculated for all palrs of ¢ and to’ and the oﬁtimum set of values
are those correspends to zero for both X and Y.

Changes of homenclature in the program are:-

k becomes V; S becomes B; - In D becomes Cl; ¢ becomss
to becomes T; 50 becomes L; "=~ ln R becomes BR1j

A
EOU'I' becomas E1

and the program itself 1s as follows:-
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RF5111 13:51 G265 A D4r86/773

g5
120
113
120
130
149
159
169
178
175
177
180
193
204
219
229
238
2408
259
260
265
279
280
290
390
319
324
L3306
340
351
360
376
380
398
409
419
423
430
440
450
460
4770
480
4984
508
510
515
520
530
540
550
560
51
589
594
595
600

KUN

READ J

READ

KEAD EsGsH
READ V

READ B

READ C1

READ $1,52 -
READ T1:X1
READ v2

LET D=«71%J%.5
LET M=(1.31E=33/J
FOR 01=1 T0 10
PRINT

PRINT

LET C=01%51+52
PRINT “C = "3C
PRINT

FOR 1=t TO 10

LET T=T1%(K1)7111

LET P=1+N*#T*EXP(Cr4)

LET wW=EXPD/(Tt.25))

LET L=MxC*(C*Ex(P~1)/(SARCTI*(4%P-C*FP+C))

IF L<p THEN 508

LET O=1+(M=E*CH/ (_*530RC(TI)

LET %=L #H*%P/(2%Q0%(FP-1~-(U*P)/ (4%Tt.25)))-L*b-C1

LET K1=(2%LxB+01)*(2%0U-P+.5%P*L*xL UG WYY/ (2%P%G+P-2%0~ 4 S5:P*0xL.0GC(RI )
LET F=aGaHsL#403%2% )% #T1, 5/ (P*Q*xux(K1+2%L*xB+C1)) :
IF F<U THEN S@0

LET Y=+0337%F11445+.9=-5. 8xPhy/ (2%Px0U+P-2%0-« S¥P*0xLOGC(W))

IF Ri<@® THEN 52a

LET El=vxV*EXFF*R1*% (s 22E-6)/CIJxdIV|F = 11 TE=-3)/CIxI%F 1,450/ (LxL%T)
LET TS5=INT(Tx1014+.5)/71014

LET ES=INT(EI*13t4+.5)/1014

PRINT

PRINT TS5:TAR(RIIES

LET X2=ABS(X)

LET Y2=AHS(Y)

IF X2>v2 THEN 500 '

IF YZ2>ve THEN 500

LET X5=INTI(X%101t4+.5)/101 4

LET YS5=INTC(Y*1dT4+.5)/131a

LET YS=INT(L%*19314+.53/71814

LET KS5=INT(R1*1074+.5)/1014

PRINT T5;TABC(SYSES; TABCI6Y3 XS TAB(24)3Y53TABC32):LS3TABC4AR) RS
NEXT 11

NEXT U1

DATA .2

DATA 66

DATA 45 .8:.3

DATA .7

DATA 006

DATA .1

EaTa J1,7.9

DATA «35&85 1.84

pAaTe 5 : .
DATA 18

END )



APPENDIX TITT

A Holographic Photoelastic Study of a Spinning Prism

Introduction

Spinning optical elements have uses which include optical scanning,

time resolution of a varying light pattern and Q-switching of lasers.

These applications often require as high a rotation speed as possible and

by rotating the elements on magnetic or air bearings speeds of 300,000 ;.p.m.
and above have been achieved. An impo}tant consideration at these high
speeds is the possibility of failure of the stressed material of the optical
element as well as the probability of distortion in the material sufficient
to alter sigpificantly the optical wavefronit transmitted or reflected.

In our preogramme of research on pulsed lasers for optical applications,
we have developed a pentagonal internally reflecting prism integrally mounted
within a hollow aif—driven turbine running in air bearings for use as a
laser Q-switch, The light enters and leaves the end faces at Brewster's
angle and is reflected from one of the side faces (Fig. III.1). In this
application ontical wavefront distortions can seriously affect the mode of

operation of the laser, Contributions to the deformation could come from:

(i) distortibn of the shape of thé prism surfaces
{ii) refractive index gradients
(iii) stress 5irefringence, both throughout the prism and, more
particularly, in ihe regions near the points of exiernal

constraint where there may be local stress concentrations,

Particular importance is attached to the last of these; namely, the

effecl zl the meunting areas (b) of the prism where differential expansicn
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between prism and hoﬁsing and imperfectiogs in constrqction may well give
high local stress.

It is desirable before putting new prism units into service to subject
them to an optical test to discover the extent of these non-uniform regions,
if any, and their positions in three dimension;. It is possible to do both
of these by (a) using an axially directed monitoring beam which 'sees' all
the prism including the regions of high stress conceniration which are clear
of the path of the beam under conditions of Q-switch operation, (b} using a
holographic technique with sufficient discrimination in depth. As it is
essentially optical path difference information that we require the double
exposure technique of interference holography is used (Burch, Ennos and

Wilton 1966), An advantage of this method is that spatial variations of

optical path which occur in both exposures are eliminated.

Procedure

A diagram of the system used is shown in Figure II1.2, The light
source employed was a ruby laser Q-switched with a spinning prism gimilar to
the one under test. For recording the hologram less than 10 md was reguired
and the pulse length of 50 ns was sufficiently short to 'freeze' the motion
of the prism. The holographic system (Gates 1968) employed a controlled
scatter plate as beam splitter; it produced a hologram in a plane conjugate
with the plane of the scatter plate and bearing a Fourier transform
relationship with a plane very close to the object. In this system the
normal requirements on spatial and temporal coherence are relaxed hence
imposing fewer restrictions on the laser source. Both signal and reference
beam passed through the prism under test, The prism was placed just beyond
the focus of the reference beam, at which point this beam was not sufficiently
concentrated to breaik down the material of the spinning prism but was of

sufficiently small area for the phase variations across the reference wave
]



FIGURE III.2
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due to the prism fo ﬁe negligible, These phase variations can Be considered
~negligible when the resulting decrease in visibility of the interference
pattern reconstructed from the hologram is small.

The hologram plate was given two exposures: one exposure was made with
the prism stationary and the other with the prism at the required speed.
There was no control over the relative positions of the prism in the two
exposures. This was not necessary because the tolerances on the construc-
tion of the prism ensured that the wavefront transmitted by the prism when
stationary was aberration-free to a small fraction of a wavelength.
Consequently, a rotation of the prism did not disturb the transmitied wave-
front. Even in less well corrected prisms having regular distortions such
as t1lt or lens it is still unnecessary to provide rotaticnal synchronization
since these distortions merely result in no modification of the transmitted
wavefront or one which can be alleowed for. Trregular static optical
distortion however could only be eliminated by correctly phasing the prism
znd ruby laser source.

The doubly-exposed and processed hologram, when re-illuminated with the
reference wave, creates two coherent recconstructed waves which interfere
showing fringes across the prism aperture, These represent the change in
optical path across the aperture. By taking holograms at different speeds
from zero to the maximum of 420,000 r.p.m. the optical path length changes
in the prism were determined as a function of posifion in the prism and

speed. Examples cf reconstructions at two speeds are shown (Fig. III.3).

Three-dimensional information

The 3-dimensional information in the hologram is revealed by either
observing the parallax effects of translating the hologram across a small
viewing aperture or by reconstructing from the entire hologram and focussing

on different planes in the reconstruction. For the purposes of testing the



Figure 11 3

90,000 r.p.m ' 120,000 r.p.m

Holographic interferograms showing distortion in a spinning

silica 5-sided prism at two different rotational speeds.



IIT 4

prise only a visual gqualitative examination by either cf these methods was
necessary to check for freedom from local changes of refractive index.

The quantitative determination of the variation of refractive index in
three dimensions is more difficult but a simplified approach can be made
using the parallax method mentioned above.

This method, of using separate small areas of the hologram for
reconstruction, is equivalent in our optical systemrto viewing the prism
from different directions. Variation of the refractive index in
5-dimensions results in general in a variation of integrated optical path
with the ray direction through any given point of the prism. Correspond-
ing variations of the observed interference fringe pattern are seen for a
movenent across the hologram, and an example is shown in Figﬁre I1T.4,

In deriving a relationship between the 3~dimensional refractive index
variation and the variation of the observed fringe pattern with & movement
across the hologram plate, we will assume the refractive index to be a
scalar gquantity. Birefringence, which leads to a polarization dependant
refractive Index, will be ignored here although secme qualitative discussion
is given later on one aspect of 1ts effect. The folilowing is valid then
if no birefringence is present and is otherwise a valuable approximation
in so far as the birefringence i; generally small in comparison with other
refractive index changes.

The derivation will be given for the two-dimensional case, see
Fig. III.5. In our coptical system the wavefront which focusses at a point
P on the hologram passcs through the object at an angle © +{o the axis.
The interferogracz reconstructed from a small area at P gives the optical
path difference LP(x) (path difference between a particular ray,
coordinate x, of the signal beam, and the reference heam) as a function of

the coordinate x in the mid-plane of the prism. Wow since the value of

>



Figure III 4

Reconstruction using a small area at the top

of the hologram.

Reconstruction using a small area at the

>

bottom of the hologram.
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€ is uniquely determined by P, LP(X) = La(x). Thus by using small areas
at different points of the hologram we are able to plot cut Le(x) for
different values of 0. The information obtained can thus be denoted by
L(x,e)_. L(x,ei is related to the refractive index distribution u(x,z)
by:- |

dz 7 (R4

' £
L{x,8) = .[ u(x + z tand,z) -
cosb cosb

oo III.1

o)

where o is the mean refractive index in the reference bean.
This expression 1s, of éourse, only valid for small variations in the
index pu such as would not change the ray directions appreciably. We can

re~-write this in the form:~

M(x,t) = 'f p(x + tz,z) dz + C . e IIT.2
‘o
where M(x,t) is written for .L(x,e) cosd and + = tand
and the constant pOZ is writien as C.

This is a non-linear integral equation for the distribution of the
refractive index as a function of position in the prism. We note first
that an arbitrary function of =z only can be added to the integrand with-
out changing the result, since it would merely change the value of the
constant C. Thus a solution to the integral equation is not unique but
can have superimposed upon it a refractive index variation which is a
function of 2z only. The solution obtained deess however contain informa-
tion about the distribution of refractive index and can for example pinpoint
localised distortions. To cobtain a unique soluildon, it is necessary for

the z-distribution of refractive index to be known at one point in the field

and it is in fact generally true that informetion of this nature is available,
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A practical method of soclving the equation is to transform it into a
set of simultanecus equations and solve these by matrix methods én a computer.
This is in principle no less accurate a method than solving the equation
analytically because fhe variables -x and t are governed by an uncertainty
relation and cannot be measured at an infinite number of points. If, for
example, the area of the part of thé hologram from which measurements are
taken is reduced, the precision of © 1is increased but, because that part
now contains less information, the precision of x 1is decreased,

Details of the transformation need not be given here: it is sufficient
to state that M(x,t) is measured at a rectangular grid of poin%s in (x,t)

space and the values of u in (x,z) space are treated as unknowns.

Theory of Spinning Cylinder

Let us now consider the symmetrically distributed deformation due to
rotation of the prism, To determine what is ft¢ be expected for the contri-
butions to this deformation, we make the simplifying assumption that the
prism approximates to a solld cylinder rotating about its axis.

By considering an element of the spinning prism (Figure II1.6a) and
assuming that stresses along the axial direcllion are negligible, the radial

' egquation of motion can be shown to be:-

a
2 2 :
p, ~— (rp) = priv oo IIL.3
¢ ar r
where: pqb = hoop stress: p = density
P, = vadial stress: ® = anpgular velocity

If the element moves out a distance u under the stresses (Figure ITI.6b)

then we have,

du u
radial strain, e, = T3 hoop strain, e¢ = -
dr r
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1 1
but e = - P - O ; € = - - see LIT,
r v | Pol 0 % y Py = OPp L
where Y = Young's modulus and o = Poissen's ratio.

Consequently, we can solve the above five equations for P and p¢

using the boundary conditions that P, = 0 at r = a (perimeter) and
that there is no discontinuity at r = 0. We obtain:-
1
p, = = (3 +0)pu®(a® - r?) ees II1.5a
8
1 . 1 + 30
P, = = (3 + o)pw?(a? - —— r*) coo IIT.5Db
8 . 34+0

(1) There is a lens effect due to a variation of length (&) across
the prism aperture. We define the fringe number (n) as the optical path

‘length change from the static path length divided by the wavelength ().

For the lens effect:~ n = pAg/A

Ag _ o
where — = axizlly directed strain, e = -— (p +p
5 z ¥ r
P :

=

3
/

This experiment measures the difference between the'fringe number at
the perimeter and the fringg number at the centre.

Using the above equations and inserting values appropriate to our prism,
this fringe number difference is calculated to be + 1.9 at 120,000 r.p.m.

i1) There are refractive index (yu) gradients due to stress gradients

in the material. The difference in refractive index between the centre and
perimeter of the cylinder gives rise to a fringe number difference similar
to that in (i). Tor this effect:- n' = SAp/\.

It can be shown (Morey 41954} that n' is proporticnal to n.
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The calculated fringe number difference was + 2.5 at 120,000 r.p.m.

(iii) The stress birefringence leads to an asymuetric change in the
optical path length through the prism. The principal stresses in a uniform
cylinder rotating about its axis are directed radially and tangentially and
the difference between the two gives rise to a diffefent optical path length
. for an incoming ray polarized along the radius and one polarized along the
tangent, perpendicular to¢ the radius. As the beam inci&eﬁt on the prism is
uniformly polarized in one direction there is one radius fo£ which the
polarization is perpendicular to it and another radius for which the
polarization is parallel to it. Thus there are observed to be different
numbers of fringes along these two radii, i.e. the fringes are not eircular.
The fringe number difference :'Ls:--'.nqS -n = Bp/N where dp is the
birefringence and the subécripts refef to the direction of polarization.

In a similar way to (ii) above, it can be shown that

-1 i ti 1t - R
n . 1s proportiona o} p¢ pr

¢

In our case, calculation gives n¢ -n, = 0.6 at 128,000 r.p.m,

The stress birefringence has a further effect. Consider a redius of
the prism orientated at 45° to the input polarization and consider a point
on the radius at which the-birefringence is eguivalent to half a.wavelength.
Then the prism acts as a %¥wave plate at tﬁis point and the polarization of
the emerging beam is 90° to that of the ingoing one. As it 1s also at 90°
to that of the referencé bear the interference betwesen these two beams givés
no intensity wvariation on the hologram plate. Thus no hologram is formed
and this point of the prism cannot be reconstructed. Sipce our fringes are

obtained by interference between two reconstructions they do not appear at

0ns 1

i
1=

points in the reconstruction at which one of the reconstruc

present. This is the case we nave positulated., Moving away from these

Py
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points increases the intensity of the corresponding reconstruction and the
fringe visibility increases.

It is important to know where and how big the regions of low fringe
viéibility are. For our prism there are calculated %o be four regions at
a radius of 8 mm (prism radius = 8.5 mm) and on radii all making 45° to the
direction of the input polarization.  Their extent for a fringe viéibility
0.1 is calculated to be ~ 0.4 mm and islconsidered small enough not to be
troubiesome in the evaluation of the hologram. The estimate given is
pessimistic since the presence of a range of angles in the object tends to

£i11 in these regions of low visibility.

Conclusiong

The object of the experiment was principally to detect possible non-—
uniform distorticns in the prism, as these would be most detrimental 4o its
operation as a Q-swilch. It can be seen from Figure 1I11.,3 that such effects
are not detectable; the fringes are symmetrical and the transverse opfical
path gradient is small, This gradient is abeut half that indicated from
the calculation but varies with turbine speed as expected. In.view of the
assumption of cylindrical shaée and the limited accuracy of values for Y,
and in particular the stress—optical coefficients, the results may be
regarded as satisfactiory.

When the fringe patiern was reconstructed through the entire hologram
- (angular range = 4°), there was no perceptible change in the fringe
- structure con focuséing through the reccnstruction. When the recenstructicn
was viewed successively through different parts of the hologram a fringe
shift of perhaps a quarter-fringe was the most that could be detected.
These results suggest that there is very little variation in the axial
directiocn. The sensitivity of the system as a whole however would need to

be increased, by widening the range of ©, +to be able to put a figure on



IIT 10

this. No effect was found which could have been measured withlenqugﬁ
accuracy to use in solving Equation ITI.Z2.

The fact that the observed fringes are roughly in accord with the
theory verify that the material is stressed well below its yieldrpoint since
the maximum stress as given by Eguation III.5 is 10° Newtons/m2 and the

brezking stress in tension is 3 to 4 x 107 Newtonaﬂma.

Summary

An experiment has been described which gives information on the optical
distortions present in a spinning prism. The reconstructed interference

fringes were those expected for the prism in a freely spinning state, thus

adversely affect its optical performance.



APPENDIX IV

Exposure Flate

Rays I and II originating from the same point of the object come to a
focus at Py and P in the first and second images respectively.

Assuming the object (or intensity distribution to be recorded) is
normal to the optical axis, and if 4 i is small, then the plane of
P,E(j PsA) is the plane in which the image is in focus.

O dis therefore the angle betwesen thé plane in which a point of the
object is in fecus in all the images, and the plane of each image. It is
necessary, if the imaging plate is to operate sucecessfully, for these two
planes to coineide; i.e. 6 = G,

Calculation of ©

Now tan ©0 = x/s

(P;4 - DA) - P,B = PyA - P:B - 2t tan # sin 1

o]
13
o
]
It

e
=1
Qs
45}
It
N
pa
o+
5
"
(9]
o
ta
(B3



. .‘ tan O

To calculate

but

(PyA-P,B)

v 2

2ttanfcosi

PiA — P:3B,

o

we proceed as follows:-

B =

Bt
o
0
t
B

~

cosi

x ray separation at B in air

— X ray separation at B in glass

2t dr

—~ % |ray separation at A in glass - =

dicosr

~N ~
cosl cos r
-~ ~ X
dicosr cos

>

.

ray separation at A in

2
cos I

air

~

~

2%cosi

-~

dr

di

~

2tcosi

A

di

~

_ 2tcosi dr
PiA - —— —=
cos’r di

>

sin i

)

=
w
[N
[a
H
[ ]

PyA -« PoB = ———

di

.

2
cos r

cosY

X ray separation at A in air

A

dr

r

di



Lv

e

- -
dr cos i
s 0 —X = =
di pcosr
~
A 2tcos®i’
e PiA - BB = ~
pcosjr'
L
2% cos®i -
."2 By substitution: tan 0 = = = . - tan 1
B cos’r.2t tan r cosi
-~
cot i o
Or tan & = —x - tan i .
cos® r
. o The condition for 6 = 0 is just tan©® = 0
-
cot i - - -
or R = tan 1 i.e., cos® r = cot?i
cos r

The solution of this equation, for a glass of refractive index 1.5, is:-

-

1

Maximisation of image separation

= 49°

L2
1

d
Maximum S occurs when —x= (8)
dr

Differentiating the equation for

leads toi-

cos?

Being the identical equation, we

~ ~

2t tan r cos i

S, and rearrenging the resulting equation

~

.
r = cot i .

again have the sclution, 1= 49°
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The Coherence between Two Points in a Radiation Field

The two points are designated Py and P, (Fig. 5.1). Let the
disturbances at Py and P be Vi(t) and Ve(t) respectively where
the scalar notation of field is sufficlent in this case.

An intérference experiment is performed as shown in Fig. 5.2
The disturbanceV(t) at Q is the sum of disturbances from P, and Pz

and is thus given by:-
V(t) = kVa{b-t1) + koVe (t-t2) cos V1)

where %y and ke are appropriate attenuation factors, and are purely
imaginary, since there is a =/2 phase shift at initiation of the secondary
waves from Py and Pe, and where x = ¢ty and x = ¢tz are the
distances of Py 2and P from Q.

The disturbance at Q 1is measured by the energy density E at that point,

‘the energy density being related to the disturbance V(%) by the relation:-

=
it

f cv(4)ve(%)at vea (V.2)
t . -

1l

where C constant,

Substituting ror V(%) from Equ. V.1:-



v,2

=
H

c f [y 7y (t=b1 ) o Vo (b=t2 )] Do Vi (bety )adea Vi (5t )] *at

1

c[lnk, BV, (Bt )V * (114 )dt+cszk2*vz (t-t2)Va*(t-t2)dt  ovo (V.3)

+Cf kqleo ¥V (bt Vo (t—tz)dt-fcj ko ky ¥Vo (£t ) Vy % (65—t )at

i

This equation can be simplified by noting that the energy density at Q

from P, alone would be

Eq

cfk.,v, ()k, *7, 5 (£)dt I. .. (Viia)

 and the energy density at @ from P, alone would be:-

b=
N
]

cfkava(t)ka*vz*(t)dt veo (V4D)
J

and since both these integrals are invariant to a change in the origin of
time and V,(t) and Ve{t) cen consequently be replaced by V;(t-ty) and
Ve (t-t2) respectively, Equ. V.3 becomes by substibubion:-

E = B :E +C'/k1 Vi (t-t1 Jko *va*(t—tg)ducszvg (t=to )ky *V, * £ty )dt

J
see (V.5)
Further simplification can be introduced as follows:-
The third and fourth terms in Bgu.V.5 arc complex conjugates of each

other and their sum is just twice i{he real pari of each.  Thus Equ. V.4 can

he rewritten:-

E = Ei+E + 2Ck¢ka* RelLfm (t-tq )‘Jg*(t—tg)dtl ces (Va6)
J



Now Equations 5.3 and 5.4 of Chapter 5 can be combined to eliminate

Vi and we get:-

=
it

_ — e—2ﬂivr T
E1 +E2 + 2 E1 \#Z Re [’Y—‘. 2 } avn (V. 7)

where T = t - 4

Comparison of V.6 and V.7 yields:-

e27\::l.\ﬂifv1 (t=ty )Ve*(t-tz )dt. ki ke ®
Y1 ] . J LI (V'B)

FE

Substituting for Es and ¥ from Egu.V.4, remembering that k¢ and ke

are purely imaginary and hence k,* = -k; and ke* = - ko respectively :-

VT fm (b=t0 )V * (4-tz )dt
Y‘12 = . . 'K (.Vo9)

’fm (t)vi={%)at . Jr*ufz(t)*Jz*(t)dt
\J

The next step is to eliminate 4y and +: from this equation, since
we know that the coherence is independent of the methed of measurement,
Let the disturbances be represented in terms of their spectral

compositiong i.e. as a Fourier integral:

Thus V() = f v(v) e VT 4 oo (V.108)

and, by the Fourier inversion formula:-



Vi

v(v) = f V(1) o2V g4 veo (V.10b)

o]

Let V2*(t-tz) of Equation%.9 be replaced by its Fourier integral:-

2mi f V1(t_t1)[fv‘?*(v)e?ﬂiv(t—-‘tz)dv]dt

& © Y42 = ,
J{W(t)“*(t)dt -Jvz(t)vz*(t)dt
where V = mean frequency
r . _ s
eQKiG?[ L f V1(t~t1)e2n1v(t t’dt]vz*(v)e 2ﬂ1vrdv
J
°°° Y12 =

J./rm(t)m*(t)dt o \/./'va (5)Va*(t)dt

and from the Fourier inversion formula with respect to Vy(t-t;):-

Y1z =

J[m (£)v,*(t)at . Jf 2 (L)% (1)at

[G1a(v)e~2ﬂ1(v—v)1 s

= J vee (Vo11)

\!f vy (8) v (t)at . \/fvz(t)vz*(t)at

where Gyz{v) = ‘Mutual Spectral Density'



V.5
e

At this point we assume that the spectral bandwidth is small:-

ivee (v-v)T < < 1

. e—Zﬂi(v—G)T = 1

t.- Eq_uc Vo11 . becomes: -

f Gz (v)av

Y"IE = 'R (v¢12)

va,(t)\h*(t)dt\/Vz(t)va*(t)dt

The numerator can now be converted back in terms of Vy(t) and

V2(t) by an identical proof to that given above, and we get:-

f‘.ﬁ (L) *(t)dt

iz = coe (Va15)

J[r@meas . | e @as

Transverse coherence function

This is the coherence between P, and Py of Hig, S.1 and can

immediately be wriitien down from Equ. V.13 :-

fvg (4)Var (1)at
Y;a L] (Vn1l{-)

\Hvz, (6)Vs*(t)at J f‘vﬂ(t)v *(t)at




—
=
N

Temporal coherence function

This is the coherence between Py and FP; of Fig. ., where the two
disturbances are related by:- V(%) = Vﬁ(t—to)
where to = temporal separation of P, and P; = xo/c.

Equ. V.13 is now:-

fv, (t)v, ('t-—to)dt

= va, (t)v,*(t)dtva1(t_to)m#(t_to)dt

Y'l:’ s s e (V.1 5)

By the same procf again, it is shown

1]

[V1(t)vi(t—to)dt [G(u)e—2xivto dy

v 7

where G{v) = ‘'Spectral density' or 'Power Spectrum', and is just the

measured intensity at frequency v

also [V(t-to)'\r*(t—to)dt _ [V(t)v*(t)dt _ [G(v)dv and Equ. .

finally becomes:-

/‘G(v)ezatiuto v
Y15 = ces (V.16)

[G(v)&v

L4




APPENDIX VI

Refléctivity of Resonant Reflector

ety mmmm ot — m—
e T ——

The amplitude reflectiviiy of the two reflector plates are, from
Equ. 5.45:~
(&4-1)R

By = —— vee (VIL1)
(1-5.%%) :

where ©¢ = exp iy

Lty -1
exp i.( -"*——-> s R = —
A M+

R eee (VL.2)

where 02

exp ¢z = exp i K



o
i
™o

1
(1-F*)6,%

(1-6:F°)

T =

1
(1-R")8%

(1-5:8%)

e (VIL3)

eos (VILL)

Eque 5.49 is now used to calculate the amplitude reflectivity (RT)

of the resonant reflector pair by substituting the above equations into

it and by making use of the symmetry equalities,

Ry = B' T = T' R o= R'; T = %'. Equ. 5.49 then becoues:-

Ry + (Ty®-Ri%)Rebs

1-RsR203

(8:-1)  (84-F) (62-1)
CA o ﬂ-63
(15, F (1-8:48) (1-8.F)

(84-1) (B2-1)
1 - Rc R.Oj

(1-8,F) (:|~61R”)

which, after some rearrangement becomes:-

(84-1)(1-82% JR-(5,-F ) (62-1)05R

(18,8 )(1-02R)-{8,-1)(52-1)%%8;

eee (VIB)



We now transpose this into the form:-

A+ iB

RT =

C + 1D
whence the intensity reflectivity (p) is given by:-

P

¢¢ +D?

RT is complex due to the terms o4, d; and b; being complex.

Let 5y = X +1 Yy oo X4 = cos ¢y 3 Yy = sin ¢,
8, = Xz +1 Y o°s X2 = cos ¢z 3 Yo = sin ¢
6s = X3 +1 Ya o e X = cos s 3 Y3 = sin ¢s

L] (VI°6)

eee (VL7)

veo (VIL8)

by substituting Equ. VI.8 in Equ. VI.5 and collecting up real and imaginary

parts:-

A

It

w
I

(VY B (4% ) (1-ReXe YR [( R Xy ) (1-%e ) =Yy Yo I B o [(1-X2 ) ¥y 4 (B2-X4 ) Yo ] Y

[(1-R % )70+ (420 ) Yo R¥ I Re [(B -y ) (3K )Y Yo ] RYs = [(R® =Xy Vo (1-X2 ) T3 ] R

€= (1-R¥K ) (1-FP%e )Y Yo R - [(1-% ) (12 ) -L4 Yo J P Xs - [(1-X, ) Yo+ (1% ) Y4 ] B2 Y5

)
1l

(1-FP X )Y R (4B X )Y B = [(1-X ) (1=K ) - ¥ Yo R Y+ [(1 X ) Yo (Y2 )Y B X5

Substituting these equations into Equ. VI.7 and noting that X and Y

depend on the wavelength enables the reflectivity (p) of a two plate resonant



vy o)

Vet

reilector to be calcﬁlated as a Tunction of wavelength (cr wavenumber).
To calculate the further effect of the rejector plate, ¢ rnust be
‘multiplied by_the sqﬁare of the transmissivity (v) of the rejector plate
(the square, because the beam reflected from the resonant reflector rasses
{through the rejector plate twice, once before and cnce after reflection).
The amplitude transmissivity (Ts) of the rejector plate is given by

an equation analogous o BEgu, VI, 3:-

' 1
(1-Re7)8,2
Ty =
(1-8427°)
I-L'KU{'A Y
where 04 = exp i ¢a = exp i (
S
Ry = aaplitude reflectivity of the surface of the plate
(1-R*)°
°°° T = TAT4* = e (VI:-?)
14Re" 2R, * X '

P

where X2 = 008 ¢g .

The reflectivity of the combined resonant refieclcr and rejector plste is:

A2 5R? (1 "Riz )4
. a Bl oee (VI10)
CP+D%  (1+Re" ~2Ra"Xe )" |




VI.h

A small computef program written In BASIC .language for use with an
on-line telephone linked computer enabled the reflectivity of any design
-of two plate reflector and rejector plate to be calculated as a function
of wavenumber,

The program itself iz listed below.

100 READ 7Z1:Z2+Z23,74

110 READ L1.L2,L3,L4

120 READ M,V

130READ K1,K2,5

140 LET RB=(M-1)/7(M+1)

150 LET P=12+5664

160 PRINT "REFLECTIVITY FROM QPTIMUM TO OPTIMUM +"5H3""CM-1"
170 PRINT " IN STEPS (OF Y559 Cv-19

180 FOR F=K1 TO K2 STEP S

190 LET X1=COS(ZI+P#M*xL1*F)

200 LET Y1=SIN(ZI+P+xMMkL1%F)

210 LET X2=COS(ZZ2+P*ui*xL2%F)

280 LET Y2=SIN(ZE2+P®M*LP*F)

230LET X3=COS(Z3+P*L3%xF)

240 LET Y3=SIN(Z3+P*#L3%F)

250 LET Z4=COS(Z4+P+M*xLa4xCOS(uI%F)

260 LET Al=(YI*Y2*xET12-(1-X1)=x(l-H12:X2))I*E

265 LET A2=((Rt2-X1)*(1-X2)~-Y1*Y2)*%R%X3

2790 LET A=A1+A2+( (1 ~¥2)%xY]1+(R12-K1I)*Y2IRRKY]
PE0 LET Bl=((]1~512%R2)%Y]1+(1~-¥1)%Y2xR1o)%E

285 LET Des((R12-H103 01 -X2)-Yi*Y2Ik[%kY3

290 LET B=EBl+E2-((12-X1)*Y2+ (1 -X22X%Y1Ikfi%%3
JOOLET C2=(1~R123¥1 )& (1 -R12%¥2)-Y1#Y2%Rt4

305 LET C1=C2-R12%¥3*% ({1 -K13*%(1~-X2)=-Y1%Y2)

310 LET C=C1-FkbxY2%((]1=-X10%Y24+ (1 ~-X2)%Y 1)

320 LET DP=-(1-RE124X1 )Yt 2- (1 -KI8kXE)&YI&R12
325 LET D1=02-224Y3%{ {1 -H1I)*x{}=-F2)=-Y1%72)

330 LET D=D1+F#R*W3x((1-X1)%Y2+(1=-X2)*Y1)

340 LET RI={(A*A+B+B3I&%(1-F*RY 14}/ ((CkC+D*DI4+ (1 +R1A-SxRxBRKLI12)
350 PEINT FoR! :
360 NEXT F

3TODATA 3414163614165 30141640

B0 DATE He31R=P,A.RIF-2,HeP5F~-22 13152
Z3YODATA 1:480,0.01

A00DATA Datsl

HI0END
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REPETITIVE Q-SWITCHED LASER LIGHT SOURCES FOR
INTERFEROMETRY AND HOLOGRAPHY

J.W.C. Gates, R.G.N. Hall and I.N. Ross
Division of Optical Metrology, National Physical Laboratory

INTRODUCTION

This paper reports on the development of a laser source system which
may be of use in a wide range of experimental laboratories or in industrial
applications where specialized equipment for high speed photography is not
available. A consideration of alternative possible systems indicates that
electro—optical components and precise electronic timing may not always be
necessary if a repetitive 1light pulse output can be obtained, and such a
system may be very economic, especially in first cost,

Some examples of photographic recording by simple means are given:
an account of a more specialized application to holographic recording will
be included in another paper to be presented to this Congress (ref. 1).

PULSED LASER SYSTIMS

We have considered and developed lasers based mainly on two materials,
ruby and neodymium glass. In the latter case, our interest is based on
the conversion of the infra red emission into green light by the process
of second harmonic generation in a non-linear crystal, so producing a
wavelength with much greater effects on photographic materials, even after
allowing for conversion losses.

Both materials are usually employed in rods of the same size, about
100 mm long by 10 mm diameter, and are optically pumped in a comparsble
way, with up to about 1000J of energy applied to a xenon flash tube in
1 or 2 ms in an elliptical cylinder, In both cases up to about 1J of
output is obtainable, depending on the temporal and spatial constraints
imposed on the resonator, Resonant reflectors control the temporal
coherence (refs.2, 3) and help limit the divergence, giving adequate means
for operating ruby in a single mode {ref.,). Neodymiun presents a much
greater problem because of the greater frequency bandwidth and the
liability of the glass to be affected more by temperature variatioms. The
spectral distribution of'ten consists of outputs at a few well separated
wavelengths, each of which may be very homogeneous, corresponding to
coherence lengths of the order of perhaps a metre, but whose total spread
may correspond to a coherence length of 1 cm. In examining the spectral
and spatial coherence of such lasers, there ar: many complicating effects,
which are not*dealt with in this paper. If time and space permit, some
examples may be given of far-field distributions, Fabry-Perot interfero-
grams, wavefront division interference experiments and the measurement of
coherence by holography. The last two techniques give information on the
spatial and temporal coherence. In the first of these, interflerence
occurs between two parts of an incident wave one of which is reversed
with respect to the other (ref. 5). To achieve this, an adaptation of a
Michelson interferometer is used in which one mirror is replaced by a roof
reflector and gives a pattern of interference bands with a spatial variation
of visibility which is related to the spatial coherence (fig. 1). The
second method is to make a hologram in which successive areas of the
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reconstruction are associated with increasing path difference between the
signal and reference wave of the recording stage. The intensity of the
reconstruction and the manner of itis variation are related to the temnoral
coherence of the source employed in recording (fig. 2).

Further control of spatial coherence is essentially a matter of
adjusting the ratio of losses which are mode dependent, for example by the
use of a pinhole aperture within the optical resonator (ref. 5). Such
a method unnecessarily restricts the active velume of the laser material
participating optically, and alternatives such as lengthening the cavity
and introducing focal power offer better compromises for specific
purposes, Some startling improvements may be obtained in this way
(refs. 2, 6),

The usefulness of the light may also be affected by frequency drift
during the laser pulse (ref. 7) and by a change of frequency or mode between
successive pulses in a repetitive system. Time resolved studies have
been made (using the technique described later in this paper) to investigate
the sources of these instabilities (fig. 3). Our attention has been
concentrated on the effects of mechanical vibration and on thermsl in-
stabilities resulting from the energy dissipated in the pumping flash.

These effects are still troublescme in short-duration Q-switched laser
pulses, and may even result from the Q-switching elements themselves.

Q-SYITCHING

Alternative methods are available by which Q switched pulses with
durstions of 1 to 100 ns m=zy be produced (refs. 2, 8), making possible the
photographic recording without a shutter of images moving in relation to
the photographic plate at speeds of many km s~1, Perhaps the simplest
Q-switch is a bleachable absorbing filter or cell of absorbing dye inserted
in the laser cavity, which may also have useful mode selecting properties
(ref. 9), although it has the disadvantages that inhomogeneities are
introduced into the laser and the timing of the pulse is uncertain to
within about 100 us. Further, mode-locking may occur and this may be
either a helpful feature, or may result in the development of dangerously
high peak powers (ref. 9)., For the recording of some continucus events,
such as the interference pattern produced by index variations in a fast-
moving gas flow from a flame shown in fig. 4, the timing uncertainty may be
acceptable. Recording a fast-moving body, on the other hand, demands
some synchronization, and the electro-optical Q-switches (Kerr cells,
Pockels cells) provide obvious advantages, although at greater cost and
with an increase of electronic complexity. There may be other dis-
advantages, and, in lasers in which mode control is critieal, unwelcome
inhemogeneities in the electro-opticel materials may result from local
heating or from the operating electrical fields themsclves.

For these reasons, we have examined more carefully the possibility of
using a mechanically roteated reflector as a Q-switch in spite of the rise
of threshold which may result from the necessarily limited number of
light passes which is possible while the reflector is within a tolerable
angle of the optimum position. Subject to this limit, a high speed of
rotation is desirsble, but mechanical vibration and disturbance of the
opfical path by air turbulence are increased. The effect of these is
avoidad in the system we have developed (fig. 5). The reflector is the
totally internally reflscting face of a silica prism nounted symmetrically
within a rotating cylindrical housing. The light enters the transverse
faces of the silica prism obliquely and is refracted at the Brewster angle,
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50 that there is nc loss for plane polarised light, and, after reflection,
leaves similarly at the exit face. The prism rotates so that the entry
and exit faces move in their own planes, minimizing air disturbance.
Protecting (loss-less) windows are set close to the rotating end faces of
the prism to isolate the rotating part of the system completely. The
prism cylinder is supported in air bearings and is driven by an integral
air turbine, and is slmost completely free from vibration., The systenm
shown has a design speed of 5000 revolutions per second. Earlier stages
of the development of this system, shown sectioned in fig. 6, are larger,
having a working aperture of 10 am, and run at speeds up to 2000 revolutions
per second. Alternative multi-sided prismmay be employed, and up to

5 faces may be used without loss of working aperture compared with a single
surface prism., The odd number of faces also is helpful in avoiding light
circulation within the prism., With pentagonal prisms the designed maximum
repetition rate for the smaller system is 25 kHz corresponding to an inter-
pulse interval of 40 us, A typical laser pulse duration is 30 ns so that
reasonably well detailed images of a moving body may be obtained without a
shutter,

Fig. 7 shows two records of this kind, of a dart moving at sbout
60 m sec~! (unfortunately *the fastest projectile we could findl). 4
similar system may be employed as a shedowgraph technigue for following
shock waves (fig. 8).

SPATTAL SEPARATION CF MULTIPLE EXPOSURES

When the event to be recorded is not moving transversely, tinme-
separated recordings may be obtained by an adaptation of the streak
camera, in which the complete image is streaked across the plate. The
small pulse/interval retio of the laser output gives sharp well separated
records even with a very simple nutating mirror to provide the streaking
action {fig. 9). The rotational speed of the mirror is arranged to
provide one cirecle of exposures within the active cycle of the laser,
giving the possibility of recording up to 10 or more images if the laser
ean be effectively Q-switched every time. The access time is not
restricted, sand any photographic material may be used.

INTERFIROMVTRY AND HOLOGRAPHY

Because of the pressure on time and space, remarks on applications
of this laser system in this field will be dealt with in another paper
to be presented to this Congress (ref.1).

SUMMARY

A relatively simple and compact Q-switched laser which provides 30 ns
light pulses at repetition rates up te 25 kHz has been described, with some
exanples of the way in which this source may be used to record travelling
events, or with a2 simple streak arrangement to give separated images.
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HOLOGRAPHIC RECORDING OF RAPID TRAMSIZNT EVENTS AND THE PROBLEMS OF
EVALUATION OF THE RECCNSTRUCTIONS

J.7.C. Gates, R.G.,N, Hall and I.N, Ross
National Physical Laboratory, Teddington, Middlesex, England

INTRODUCTTON

Holography is considerably extending the range of recording techniques
now available, but in addition brings several new concepts which may prove
to be even more valuable. The modificaticn of Gabor's original proposal
{ref.1) made by Leith and Upatnieks (ref.2) demonstrated practical methods
for true three-dimensional recording of static objects, and also demonstrated
the possibility of powerful optical correlation processes for character
recognition and optical coding.

The essential characteristic of a holographic recording is that the
phase distribution in the light wave is recorded: this phase distribution
may be reosverable on "reconstructing" the hologram and has been directly
put to work in the interfercmetric methods of Collier et al. {ref.,3),
Brooks et al. (ref.4), and Burch et al. (ref.5). This last investigation
has been contirued in this Laboratory and includes the holographic study of
objects and phase distributions which are moving, or changing form, at
high speed (ref.6) This paper reports on some recent work in this field.
Examples are presented, but these are only of laboratory-contrived models
which may serve to demonstrate the possibility of applying the techniques in
industrial or other labcratories.

LIGHT SCURCES

The pioncering work in holography (refs.1 and 2) was carried cut with
thermal light sources, but the development of the gas laser, more than any
other factor, has been respensible for the great extension of the field of
study in the last four or five years, 1In the recording of solid objects
by reflected light, there are necessarily large phase variations in the
reflected waves, and holography demands a source of adsquate temporal
coherence sc that the modulation-depth of the interference effects which
are recorded to form the hologram will be adequate. Coherence lengths of
1 metre or more are available from gas lasers, allowing mismatches of up
to 106 wavelengths or more, but for recording a hologrem it is necesseary
that the pattern on the sensitive material remains stationsry to a small
fraction of the spacing of the finest structure in the pattern. This may
mean that th$ object must remain unchanged in form and position to within
1 part in 10! of its linear dimensions for the duration of the holo-
graphic exposure, Fven in the quietest of surrounds the vibration and
thermal dArift occurring in structures may exceed this limit unless the
exposure time is very brief, and the holographic recording of a "static"
object may then require some of the techniques of high speed photography.
Qur claim to take up some time at this conference goes beyond this point,
however. If the event to be recorded involves less path variation, or if
the optical system can be made to be tolerant of path variations in the
cbject, then the coherence required in the source will be lessened, or the
object may be permitted to move at a faster rate for a given exposure time.
OQur experimental work has demonstrated both possibilities; an optical
system has been described with which it has been shown that holograms may be
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made even with white light (ref.7), and the examples to be given in this
baper suggest the possibilities for high speed photography, using Q-switched
solid state lasers with light pulse durations of the order of 30 ns.

OPTICAL SYSTEM

Objects which nmay be transilluminated are the easiest to record
holagraphically, and the optical system may be designed so that only small
path mismatches are intrcduced between reference and signal waves, One
very versatile system we have used extensively employs a scatter plate
(fig.1). A collimated light beam from a pulsed laser or other source
falls on the scatter plate and is partly transmitted without phase changes,
to form a concentration of energy in the central plane of the object region.
Light which is randomly deviated at the scatter plate illuminates the object
uniformly; phase and amplitude disturbances which are impressed on the
constituent waves by the object propagate with them until they are re-
combined with the reference wave at the back focus »f the second lens,
where the sensitive material is placed to record the heologram,  After
processing the photographic plate, a coherent light wave falling upen the
resultant hologram can re-create all the attributes of the light waves as
affected by the object, making it possible, for example, to photaograph
separated planes in depth in the reconstructed cbject (fig.2). If the
successive phase distributicns from an ebject which changes in the interval
between exposures are reconstructed simultancously, they interfere and
show up the phase variation between successive situations as an inter-
ference pattern. The pattern shows changes according te the direction of
viewing and the plane upon which the camera is focused, just as a three-
dimensional amplitude-modulating cbject does (fig. 3).

TIME RESOLUTION OF MOVING OBJECTS

In photoagraphic recording, an object which moves transversely across
the field of a camera may be recorded on separate areas of the sensitive
material by employing a light source emitting a brief flash at intervals,
S3imilarly, in holography, if a moving object is recorded, separated
images may be obtained on reconstruction, but the separation may be in three
dimensions, not in two (fig. 4). Further, the successive hsalographic
sxposures need not be separszted on the vhotographic material. Since the
phase disturbances associated with each recording are superimposed,
interference effects which show the phase changes may be revealed at the
same time. In fig. 5 interference between the reconstructions for two
successive recordings of the progress of a shock wave show up the
refractive index difflerence across the shock front,

TIME RESOLUTION CF CHANGES IN STATICNARY FIELDS

When the object is not moving across the field between successive
brief exposures, but changes its form, interference effects may be blurred
out unless the motion is pericdic {ref.8). Generally, it is desirable
to be able to separate out the sucsessive records of the object, as in a
high speed framing camera. This may be achieved by recording successive
holegrams on a fresh area of the sensitive material, and if the exposure
time is short enough compared with the interval between exposures, a simple
streak camera may be employed with a pulsed laser, as described in another
pzper presented to this Congress (ref. 9). The exposure time must be much
shorter in relation to the interval in holography, ecompared with direct
photography, since any blurring of the structure of the hologram, in which
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spacings as small as 1 um may be important, will result in deterioration

in the reconstruction, and possibly in the complete disappearance of parts
of the field. Typical proportions indicate that the ratio of interval

to exposure duration, which is the same as the ratio of the diameter of the
hologram to its fine detail (fig. 6), must be about 3 x 10% for the sort

of holograms which produced the example given. Thus, repeated laser pulses
of 30 ns duration could record holograms in this way at a repetition rate
up to 1 kHz. In order to record at a greater repetition rate with this
form of streak photegraphy, it is necessary either te use smaller holograms,
with reduced information capacity, or to allsw them to everlap. The latter
possibility has led us to construct a scanning system with which much higher
repetition rates can be achieved. The speration of this system depends on
the principle that 2 hclogram not only reconstructs the amplitude and

phase variations in the original wave as far as these delineate the optical
properties of the object which was recorded, but also re-creates the
essential chearacteristics of the complete optical system through which the
recording was made. In addition to recording amplitude and phase in a
plane corresponding to the object, or in a conjugate, image, plene, the
helogram can reproduce the distributicn which corresponds to the exit

pupil of an optical system through which the imsge was being projected.

Thus a spatisl scanning of the plane of the reconstructed pupil could have
the same function as scanning across, for example, the lens array of a
mirror drum camers, similarly coding the time sequence by pupil position.

A simple demonstration of the principle is indicated in fig, 7. The
object consisted of a series of ten numerals replascing each other in the
same location at intervals, and the plane of the hologram was arranged to
be conjugate with this object plane. The pupil of the optical system by
which the object was projected was arranged to gyrate virtually about the
reference bean by the use of a rotating reversing prism.

The reconstructed ten pupils {(duplicated by the "twin image" effect)
are shown, with typical reconstructions in the holagram plane from selected
pupils.

The reversing prism has been mounted in an air-bearing air-turbine and
is capable of rotation at 500 revcluticns per second, giving a repetition
of the cycle of exposures at 1 kHz (fig. 8). If ten resolved pupils can
be produced from the superposed holegrams, the "frame" repetition frequency
will be 10 kHz, and a similar pulse repetition rate is already available
from our repetitively Q-swiiched laser (ref. 9).

Development of this design is proceeding to a repetition frequency of
up to 25 kHz and perhaps beyond. Alternatively, the same systenm may be
useful in exploring time-resolution by spatially separated holegrans,
sinply by changing the inclination of the recording bean (fig. 9).

FROBLEMS OF EVALUATION

Time and space unfortunately de not permit a consideration of the
interesting eptical possibilities which arise, or of the prcblems of
neasurement to which hologrephy may be applied, but these aspects are,
perhans, more appropriate to an optical or cngineering forum, and will be
presented in these ficlds in Jdue course.
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SUMMARY

Examples have been given of a sequence of development in applying
holography to high speed recording of amplitude and phase disturbances,
using pulsed lasers. The advantages in three dimensional recording,
in revealing progressive phase changes, and in recording short sequences
of separable records without a specialized high speed camera are described.



A "snapping" rubber band, moving
upwards and away at about

100 ms='. 3 reconstructions
from a single plate, refocussing
on the loop of the band recorded
in successive positions.

in central plane
of object
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Fig. 1 - Hologzrapny of trans-
illuminated objects
using scatter plate.

Fig, 4 - Reconstructicn from a
single area of a plate
bearing a series of
superimposed holograms,
showing a snatially
resolved movement,
(Huby laser, pulse
duration 30 ns, pulse
repetition rate 6 kHz).

Fig. 2 - Heconstructions from one
hologram to show the
three dimensional image.
(Pulsed neodymium glass
laser with second har-
monic generation of green
light, wavelength 530 nm,
Pulse duration 30 ns).

Fig. 5 - Reconstructions from two
holograms of shock waves
in air from sparks.

Each hologram was doubly
exposed so that the
initial exposure occurs
before the spark is

Fig, 3 = Reconstructions from a
hologram exposed twice,
once with a three-
dimensional phase dis-
turbance (a turbulent

jet of gas) and once with-
out, Parallax and
changes of pattern are
shown by views photo-
graphed through different
vortions of the hologram.
(Kuby laser, pulse
duration 30 ns).

triggered, thus providing
a reference background
wave and giving inter-
ference on reconstruc-
tion. (Ruby laser,

pulse duration 30 ns,
pulse repetition rate

6 kHz.)
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Fig., 7 = Recording successive E]
superimposed holograms.
Photograph of the re-
construction pupil plane
and examples of the re-
construction obtained
through selected pupils.

Fig. 9 - Recording time-separated
holograms with the
turbo-driven image-
reversing prism,
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LECTURE DEMONSTRATIONS

At the time of presentation of this paper, reconstructions of a number of holograms were demonstrated from the
platform by television, and other holograms were demonstrated in another Toom at other times.

Although it is felt that a proper appreciation of the three dimensional reconstructions can only be obtained from a
"live' presentation, the following photographs of reconstructions from holograms recorded consecutively at a high
rate, which were demonstrated at the Congress, are offered as a record of the proceedings.

The object recorded in each case was a small washer mounted in a dental drill (figure 10) by means of which it
was rotated at 1200 revolutions/second,

Figure 11 shows a superposed sequence of holograms recorded by the method of Figure 8, using the ruby laser at
a pulse rate of 7 kHz, and Figure 12 shows three spatially separated reconstructions from these holograms.

Figure 13 shows four successive holograms pro-
duced with the same repetitive ruby laser, using the
streaking technique of Figure 9. Figure 14 shows four
reconstructions, one from each hologram.

e z -

Fig. 13 - Four successive holograms, recorded by
streaking as in Figure 9.

Fig, 10 - Washer mounted in dental drill,

ke
Fig. 11 - Superposed successive holograms, recorded
by the method of Figure 8.

Fig.12 - Gpatially separated reconstructions of the Fig.14 - Reconstructions from each of the holograms
successive holograms in Figure 11. of Figure 13.
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1 Iatroduction

Lasers with emission at wavelengths shorter than the (red)
632-8 nm emission of the helium-neon laser most often wsed
offer several advantages for holographic recording. A greater
choicc of light sensitive materials is open, and the shorter
wavelength makes possible 4 more favourable resolving limit
for fine detail with an optical system of given aperture. A
similar advantage occurs in techniques of hologram interfero-
metry, where changes of optical path are interpreted as the
number of bands (or as the fraction of a band) of displacement
in an interference pattern. Even the small difference in red
and green wavelengths can result in significant improvements,
and is partly the reason for the increasing use in holography
of argon gas lasers at a wavelength of 514-5 nm. Greuter
power also, up to a few watts, is available from argon lasers,
but may, even so, not be sufficient for applications in which
very brief exposures must be used to avoid the effects of rapid
motion. In such cases, an effective source is provided by the
use of the radiation, at a wavelength of 530 nm, derived from
the emission at 1060 nm from a pulsed neodymium laser, by
conversion in a suitable nonfinear material to the second
harmonic. Solid state lasers of this type can producc single
pulses of only a few nanoseconds duration. Others, which are
repetitively pulsed, or opcrated continuous-wave. could
possibly rival argon lasers in applications involving only
static situations, and may be used in reconstructing a visible
image from the hologram for cvaluation.

There are advantages in using green light in visual assess-
ment and measurement. The eye is at ils most perceptive
near the wavelength of 530 nm and is thus best able to analyse
and interpret critically.

Recording the hologram und reconstructing from it at the
same wavelength avoids changes of scale: other distortions
{(such as those which may arise from chromatic effects in
uncorrected lenses when the same system 1s used in recording
and reconstruction) are not so likely. Subsequent photography
of the reconstructions is facilitated because there is a wider
choice of photosensitive materials sensitive to green than to
red light.

In cases where shorter wavelengths are required, frequency-
doubled radiation from a ruby laser could be employed, as
reported by Wuerker, Heflinger and Briones (1968). Higher
harmenics might also be employed.

Abstract This paper sets out some arguments for the use
of the green second harmonic {frequency doubled) radiation
from a pulsed neodymium laser as the light source in
recording transilluminated objects by holography, and gives
in some detail a description of one experimentally realized
embodiment of the idea. Examples of photographs of
reconstructions of complicated three-dimensional shock
waves 1n air are included.

2 Laser

In our experiments we have used a laser which is commercially
obtainable (Laser Associates Ltd, Rugby). The basis of the
system is a neodymium doped crystal of calcium tungstate
pumped by a xenon flash tube and producing either a single
output pulse or a continuous repetition of pulses up to a
rate of 10 per second. The Q-switch is a Pockels electro-optic
cell producing a higher power pulse of about 15 ns duration,
The output of the basic laser at 1060 nm would be about
1t6) mJ per pulse if suitable transmitting mirrors were fitted,
but both mirrors forming the resonant cavity are made highly
reflecting for the infrared radiation, inducing within the cavity
a high level of power density. This infrared radiation is
converted into green radiation of twice the frequency in a
temperature-controlled intracavity lithium niobate crystal,
One of the resonator mirrors is made transmitting for the
frequency-doubled radiation, giving a maximum pulse output
energy of about 10 ml at 530 nm with a pulse half-width of
15 ns. This output may be regarded as a 109, conversion of
energy from infrared to green light. Much more efficient
systems have been reported, and there is every prospect that
with development, conversion may approach even 100%;
(Geusic et al. 1968). Repetitively pulsed and continuous wave
systems have beew reported with average output powers of
from 350 mW to severgl watts in the green. Some of these
systems are much more efficient than gas lasers in converting
clectrical encrgy into .green light, and have more potential for
development to even greater power output.

3 Holographic system

Pulsed lasers of the types which may be purchased have
rather poor lateral and longitudinal temporal coherence at
the present stuge of development and are not well suited for
some techniques of holography. However, a system of holo-
graphy whereby satisfactory holograms of transilluminated
objects can be obtained using sources of minimal coherence
has been previously employed (Gates 1968, Gates, Hall and
Ross 1968). The arrangement of the system now used is
similar and is shown in figure 1(a). The optical arrangement
comprises two lenses of similar focal length, a scatter plate,
and a means of recording the hologram, on either photo-
graphic plates or film. The scatter plate is a specially made
diffusing layer on a glass plate which allows part of an incident
beam of light to be transmitted and scatters some of the

&9



J W C Gates, R G N Hall and I N Ross

(@)
. i
. i el T9em x 12em
Laser Spatial : 2 ! plate h

i filter

(T

. F24 film carmera

(©
28
1
2s ? -
T o e
1 ¢ Lo | @ | r

L bl T -re 1

Figure 1 (a) Holographic scatter plate apparatus.
(b} Working volume and reference beam volume.

remainder randomly over the entire aperture of the first lens,
which is positioned with the scatter plate in its first focal
plane. The photosensitive material upon which the hologram
is to be recorded is set in the second focal plane of the second
lens, and the space between the two lenses contains the
volume in which the event to be recorded is arranged. The
part of the beam of light incident on the scatter plate which is
transmitted without scattering converges to form a distribu-
tion of minimum cross section midway between the lenses and
to one side of the volume, and then diverges through the
second lens to fill an area of the photosensitive material
which is an image of the scatier plate. This beam of light
constitutes the ‘reference’ beam and interferes with other parts
of the original incident beam, after these have been scattered
through all parts of the working volume, to produce the
complicated interference patterns on the surface of the photo-
sensitive material which are recorded to form the hologram.

The size of the scatter plate and the arrangement of the
optical system determines the angle of convergence and diver-
gence of the reference beam and thus determines the shape of
the remaining volume in the cylindrical space between the
lenses which is available as the working volume. In the
apparatus shown, the working volume in which maximum
optical performance is available has the form of a truncated
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Diagrammatic representation of ray-cones of scatter plate
apparatus. (c¢) Geometry of scatter plate system.

double cone with a commeon g¢ircular base in the plane of the
reference ‘spot’ (figure 1(5)).

This arrangement is capable of wide variation to adapt it
for specific purposes. Choosing the most suitable involves
considering the values of several parameters (figure 1(c)).
Using, where' possible, the quantities in the form previously
described (Gates 1968), these are s, the scatter plate semi-
aperture; a, the lens semi-aperture; f, the lens focal length;
but now the lens spacing, previously fixed at 2, is regarded
as variable and equal to a quantity 24. The limitations of the
photosensitive recording material must also be considered as
far as these may set limits to the functions otherwise defined
by the parameters given above (for example, by the effect on
the choice of lens aperture which is adequate to resolve fine
detail if the spatial frequency at the hologram may exceed
the limit at which the material can record).

The «uantities which characterize the properties of the
optical system are functions of the parameters given above.
Hlluminated cone angle 20=2s/f This is the maximum angle
subtended at an object point by the useful cone of illumination.
The smallness of the spacing of separate points which may be
resolved depends on this angle 8, for both transversely and
axially separated points.

Object field size 2b=2Aa—sdif)=2(a—0d} This is the
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latera! extent of the object ficld which is illuminated by a
full cone of angle 26, where this is a maximum, ie in the
cerifral plane between the lenses, Obviously 26 must be greater
than the maximum width of the object field to be studied.
Volume of the object field V=(2n/3) (3atd—9afd+ 7624%)
Object points which lie outside the double truncated cone of
this volume (see figure 1(4)} are not fully illuminated and
reduction in resolution may occur. The expression for ¥ is
therefore in this sense a minimum volume. In some situations

an adequate quality of reconstruction may be obtained in a

volume of larger cross section.
Aperture ratio of the lenses 2alf The effective value of this
function is limited by the angular extent of the scattering
function of the scatter plate. Since the maximum spatial
frequency presented in the plane of the hologram is dependent
- on this ratio, its value is also interrelated with the resolving
power of the photosensitive material. An additional limitation
on the choice of optimum aperture ratio is the increased lens
aberration at high values. ’
Energy required for exposure E=Ins?, where Iis the energy
per unit area of the photosensitive material required to record
the hologram at the optimum level. The source must be able
to supply sufficient energy, or s must be limited to suit.

These quantities provide various criteria for optimizing the
basic parameters, some of which may conflict. In any particular
case, the more important quantities must be selected, and the
relative effect on the requirements of variations must be
studied.

The following example illustrates the optimization of the
system to obtain the maximum working volume V for
observing detail of a given minimum size. The resolving
power required necessitates a minimum cone angle 8. (The
numerical factor relating these quantities is discussed later,
from the experimental results) We assume also that the
maximum lens aperture g is given.

The condition for maximizing V, given @ and q, is found
to be :

a

This result is independent of the focal length f, as long as the
scatter plate semi-aperture s is sufficiently large for the
prescribed value of 8=s/f. Choice of f will be dictated in
some cases by availability of suitable lenses, and by a compro-
mise between the need to limit the lens aperture ratio 2aff
in order to keep aberration small, and the availability of
suitable photosensitive material in sizes large enough to
provide the required value of s.

In cases where there is no limitation on the size of photo-
sensitive material available, the choice of f will depend on
the relationship of resolving power and sensitivity of the
plate, within limits set by the energy available to produce an
adequate exposure. ‘

The energy required to expose an area of radius s is
E=Ins®, where [ is the optimum exposure per unit area.

Since

s=f10

E=Im82f2,

Now the maximum spatial frequency in the hologram is of
the order

=3

From these two rclations it may be seen that an increase in f -

results in a proportional decrease in the demand for resolving
power N, but in an increase in the demand for total energy £

in proportion to the square of f. When the total energy
available is limited, increasing f must be offset by finding a
more sensitive material, ie one with a smaller value of I, It
follows that, provided the spectral sensitivity, contrast and
other properties are the same, the best choice for the photo-
sensitive material is that for which N%/J is a maximum,
4 Choice of experimental apparatus
The procedure outlined above was followed in choosing the
proportions of the apparatus. & was chosen to be 0-05 in the
hope that the resolving limit would not be much worse than
10 pm or so that would be expected from a conventional
optical system at a corresponding numerical aperture, and the
remaining proportions followed from the selection of an
existing pair of lenses of 150 mm diameter {(a=75 mm) and
focal Jength f=860 mm, as being near the best compromise
between the factors menttoned,

As already described, the maximum working volume is
then obtained for a lens separation

2d=0452a{8= 678 mm.
The maximum field diameter is then
2b=1-548a=116 mm
{b=58 mm)
and the scatter plate diameter required is
25=2f0=86 mm

for which 9 cmx 12 em photographic plates and film were
conveniently available, The apparatus was actually set up, as
is indicated in figure 1, with a considerable margin for the
possible use of larger scatter plates and holographic material
as these might become available. Provision was made for
roll film, size 54 inx 5} in (2s=125 mm), in an F 24 camera,
to be used as one alternative.

5 Production of scatter plates

The previcus paper pointed out the advantages of using
scatter plates made holographically in the apparatus in which
they were to be used. Details of the procedure for making
these plates is repeated here, with developments in technique
resulting from experience since the first publication.

A primary scatier plate is made by smoking a thin glass
plate with ammonium chioride to a uniform ‘density’ of
about 2 (measured with a photographic ‘contact opal’ densito-
meter). The light scattered by such a ‘primary’ scatter plate
gives a flux integrated over a cone of 10° half-angle of about
three times that of the unscattered illumination. This primary
scatter plate is placed in the apparatus described in the first
focal plane of the first lens and is illuminated with a suitable
laser, either continuous wave or pulsed, but preferably of the
wavelength with which the main recording is to be made,
and preferably with a uniformly illuominated field. The solid
angle subtended by the £/5-75 lenses is about a quarter of the
10° cone, so that the relative intensity of scattered and
unscattered (reference) beams at the photosensitive material,
placed in the second focal plane of the second lens, will be
about 3: 4. Experiments have indicated that the high degree
of modulation in the interference pattern produced by near
equality of the interfering waves is the optimum choice,
producing a result which is relatively insensitive to variations
of illumination across the plate and to the ratio of the intensi-
ties of the two beams. The interference patiern in the second
focal plane of the second lens, which is conjugate with the
scatter plate in the first focal plane of the first lens, is recorded
on fine-grain holographic photosensitive material, A suitable
material is Agfa 10E70, exposed and developed to produce an
averaged transmission density of about 0-7, as measured by
the integrated transmission in contact with a diffuser. The
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silver image is then bleached and removed, leaving a struc-
tured gelatin impression which is a ‘phase’ hologram of high
efficiency and durability. Details of development and bleaching
are to be found in the appendix. ;

Scatter plates made in this way (figure 2(a)) absorb very
little of the incident light and the scattered light nearly all
- falls within the cone defined by the lens aperture. Twin
reconstructions are produced and in the mid-plane of the
working volume appear as areas which are centrosymmetric
about the reference point (figure 2(b)). About 20% of the
incident light appears in each of these areas, and the remaining
609, in the ‘reference’ or ‘straight-through’ beam. The
holographic scatter plate is thus much more efficient than the

(b)

Figure 2 (a) Photograph of a bleached holographic scatter
plate (transilluminated). (5) Photograph of twin
reconstructions in the mid plane section, produced by a
holographic scatter plate. The black line is an obstruction
introduced in the photography to eliminate that part of the
light left unscattered by the scatter plate

primary plate. For example, typical measurements of the
light transmitted and scattered by an ammonium chloride
primary plate at the centre of the hologram image plane
show 2:1Y% in the reference beam and 2-0% in the scattered
beam, expressed as percentages of the total incident illumina-
tion. The corresponding percentages for a typical bleached
holographic copy are 539, and 23 % respectively. The holo-
graphic scatter plate shown was obtained with the 10E70
Agfa-Gevaert emulsion using laser light of wavelength
632-8 nm from an 8 mW single transverse mode helium-neon
gas laser.

6 Performance of the holographic system

The method and the apparatus described were developed
primarily for the observation of phase distributions, and for
this purpose resolution is not an overriding criterion. Further,
the double exposure technique which is used to make phase
disturbances visible by interference cancels out most of the
aberrations and distortions caused by the lenses and other
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optical components, However, for work in which only a
single exposure is made, such as the recording of the three-
dimensional positions of particles carried in a gas stream,
optical distortions and lens aberrations may set the limit to
the smallest size of particle which may be resolved, and the
number of resolvable volume elements may be reduced.

Some tests were made of the system used in this way. Test
objects in the form of glass slides bearing a series of opaque
circular areas in a range of sizes from 800 pm down to 25 pm
in diameter on each slide were set at a number of positions
within the working volume. The slides were obtained from
Graticules Ltd and are known as ‘new Porton type test
graticules’. They happened to be available, but are obviously
not intended for use as resolving power test objects, and have
a number of undesirable features when used for this purpose.
For example, the separation of successive circular areas is
rather small, and the surrounding clear area carries a number
of fine graticule lines and other markings which spoil a
judgement of the resolution limit. Although the tests made are
consequently somewhat crude, it is possible to make an
attempt to derive a quantitative limit and to examine the
relationship between the transverse and longitudinal resolu-
tion. Holograms were made on 10E56 plates using the (multi-
mode) frequency-doubled radiation at 530 nm and on 10E70
plates using uniphase 632-8 nm radiation.

The difficulties encountered in assessing the limit of resolu-
tion of the reconstructed images need considerable further
work to clarify. Some of the difficulty occurs in devising an
adequate criterion when the reconstruction is- affected by
speckle patterns and by the reduction of contrast from stray
light. It is to be expected that the limit must be worse than
that which would be found in a well-corrected optical imaging
system of the same numerical aperture, illuminated inco-
herently, but the extent of the deterioration is difficult to
predict. The speckle effect will have a characteristic size
comparable with the diffraction limit, and the effect of optical
imperfections in the photographic glass plates and in the
lenses is largely ‘unknown. For what it is worth, however,

L

280
400

560
800 um diameter
Figare 3 (a) Microdensitometer trace of a resolution test
graticule. (b) Enlarged positive copy of the graticule.
(c) Photograph of a reconstruction from a hologram.
(d) Microdensitometer trace of the negative of 3(c)




- Holographic recording using frequency-doubled radiation at 530 nm

some photographic and microdensitometer evidence is shown
in figure 3, and in the circumstances the transverse limit of
resolution might be set at 150 pm for a typical hologram.
The effect of the limitations was shown by the fact that no
improvement in resolution was seen by increasing the area of
hologram in use above a circle 20 mm in diameter. (The
diffraction limit for a perfect optical system of corresponding
aperture is 67 um.) The resolution limit did not appear to
vary axially, though a small but significant decrease was
observed for regions transversely distant from the reference
beam.

With the geometry chosen and taking the experimentally
measured resolution limits for small particles, it may be
calculated that more than 5x 105 resolvable areas may be
distinguished in the central cross section. The longitudinal
spacing of two small particles which may be distinguished
under all circumstances follows from combining the resolving
limit with the angular aperture 20 (=0-1radian) of the
system. This minimum longitudinal separation should be less
than 3 mm and the number of consecutive transverse sections
in which pairs of such particles could be distinguished is
consequently over 200. Thus the total number of volume
elements which may be distinguished should approach 108,
and it may be expected that a large number of particles,
possibly up to 108, could be recorded and subsequently
reconstructed to give their three-dimensional positions. This
procedure needs further experiment, but can only be possible
as long as the number and size of the particles are not so
large that there is a significant probability of one particle
obscuring another. When the population is of mixed sizes,
the upper limit is more difficult to calculate, -since larger
opaque particles will obscure small particles lying within a
conical volume of a length equal to about ten times the
diameter of the larger particle, both in front and behind.

Finally, it should be pointed out that when the position of

- a particle in a direction parallel to the axis is required, it may

be obtained to a closer limit than the 3 mm which is necessary
to distinguish two particles axially. Measurement showed that
the position could be obtained to within 1 mm.

7 Recording of three-dimensional phase distribution

The system has also been used to examine shock wave
phenomena produced by electric sparks, using a technique of
interference holography. In figure 4, for example, a double
-exposure hologram, made by two successive pulses (duration
15 ns) of the frequency-doubled radiation, provided the three
reconstructions. Each pulse illuminates the working volume
just after the spark is fired. A second shock,wave is produced

just before the second pulse at a point 300 mm from the first
spark. In this example each light pulse provides the back-
ground reference wave in reconstruction for the interference
with the wave disturbed by the shock in the other exposure.
The three photographs are all reconstructions from the same
hologram. In the first, the camera lens was set at a small
aperture so that only a limited area of the hologram was
employed, giving maximum depth of field, and showing up
both shock waves. In the second and third pictures, the camera
is used at full aperture and focused in turn on each shock
wave.

A similar example, figure 5, has a series of fringes across
the field introduced by displacing the photographic plate in
its own plane by a small distance between the two holographic
exposures. In the example given the sideways displacement
was 50 um. The difference in density between the undisturbed
air and the air within the shock bubble is indicated by the
departure of the fringes from a straight line. Although the
variation of refractive index across each shock wave is similar,
displacements of the interference bands are in opposite
directions. This follows from the situation that each exposure
provides the background reference wave for the other in
reconstruction.

In figure 6 an extended shock wave is shown, interrupted
and reflected by a steel plate, which was about 300 mm long
and 25 mm wide and set end on to the viewing direction. The
reflected portion of the shock wave is seen below the plate.
In this example, the first pulse illuminates before the spark
and serves to provide the background reference wave in
reconstruction for interference with the wavefront disturbed
by the shock and recorded by the second light pulse.

8 Further developments

The present paper is intended to serve as a first example of the
application of frequency-doubled lasers with scatter plate
holography. Apart from the development in progress on the
lasers, which may be expected to yield much more economic
and useful sources for recording and for subsequent reconstruc-
tion and analysis, a number of other features of the system
have been briefly discussed, and it may be useful to indicate
here some possible developments in several of- these.

Firstly, it is our intention to increase the size of scatter
plate and hologram to 125 mm square. This will have the
effect of improving depth discrimination, although it seems
unlikely from the present experiments that transverse resolving
power will be simultaneously improved. This somewhat
disappointing failure to resolve particles as small as classical
optical theory might lead one to expect (as shown up in the

Figure 4

Shock waves in air produced by electric sparks.
Frequency doubled radiation at 530 nm, 2 mJ pulses, 15 ns
duration. Agfa 10E56 holographic film. Reconstructions
from a single hologram: (a) using an area of the hologram
15 mm in diameter, the two shock waves were separated by

300 mm; (b) using an area of the hologram 70 mm
diameter, the camera was focused in the plane of the
reconstruction of the far shock wave; (¢) using an area of
the hologram 70 mm diameter, the camera was focused in
the plane of the reconstruction of the nearer shock wave

4.
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Figure 5 Shock waves in air produced by electric sparks.
Frequency doubled radiation at 530 nm, 2 mJ pulses, 15 ns
duration. Afga 10E56 holographic film. Reconstructions
from a single hologram: (a@) using an area of the hologram
10 mm diameter, the two shock waves were separated by
300 mm, the hologram plate was displaced between

exposures by 50 pm; (b) using an area of the hologram

70 mm diameter, the camera was focused on the plane of
reconstruction of the far shock wave; (c) using an area of
the hologram 70 mm diameter, the camera was focused on
the plane of reconstruction of the nearer shock wave

Figure 6 Shock wave in air produced by an electric spark
and partly reflected by a steel plate 300 mm long and 25 mm
wide set roughly end-on to the direction of viewing.
Reconstructions from a single hologram: (a) using an area of
the hologram 10 mm diameter; (b) using an area of the
hologram 70 mm diameter, the camera was focused on a

present photographic results) needs a careful study. A realiza-
tion of the full resolving power would, of course, constitute
a large improvement in the usefulness of the system. The
difficulties seem to lie with the effect of speckle, and with the
degrading effect of stray light.

The second development in view is to increase the size of
field. If the hologram size is not changed, no more energy is
required to cover a larger field, and a large aperture mirror
system, for example, could be just as easily employed.

Thirdly a great deal remains to be done on the photosensi-
tive materials to optimize the choice of material in relation
to the best choice of exposure, contrast and interference
modulation depth, both for the production of scatter plates
and in the recording of holograms.

Appendix Preparation of scatter plates

A ‘primary’ scatter plate is made by subliming ammonium
chloride on to a suitable glass plate until the transmission
density is 2 for red light. The ratio of the scattered flux to the
reference flux is then 3 to 1.

This primary scatter plate is placed in the apparatus
described and, using a helium-neon laser as the source and
leaving the object space empty, a hologram is recorded on
Agfa-Gevaert 10E70 plates backed by coating with sprayed
black pvc (DCMC Industrial Aerosols Ltd). The exposure
required is one giving a density, after processing, of approxi-
mately 0-7.

The processing and bleaching is carried out as follows. The
plate is developed for 4 minutes in D19b. It is washed for
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plane of the reconstruction of the main part of the shock
wave; (c) using an area of the hologram 70 mm diameter,

the camera was focused on the plane of the reconstruction of
the part of the shock wave reflected downwards by the steel
plate :

30 seconds and fixed in ‘Hypam’ (8 parts to 32 parts of water
plus 1 of hardener) for 5 minutes. After a 10 minute wash the
plate is bleached for 3 minutes in the dichromate-hydrochloric
acid mixture given below, followed by a 3 minute wash and
a 5 minute fix in the ‘Hypam’ hardener mixture as described
above. It is then washed for 10 minutes, rinsed in distilled
water and finally dried in clean air at room temperature. All
processes are carried out at 20°C. The resulting bleached
hologram is used as the scatter plate in the experiments
described.

Bleach Solution

Solution A Potassium dichromate 40 g 1-1.

Solution-B 10Y%; solution of hydrochloric acid SG1180.

For use, mix as follows: 1 part A plus 4 parts water plus 4
parts B.
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HIGH SPEED HOLOGRAPHIC RECORDING OF TRANSILLUMINATED EVENIS

J.W.C. Gates, R,G.N. Hall and I,N, Ross
Division of Optical Metrologpy,
National Physical Laboratory,
Teddington, Middlesex.

Introduction

This paper reports recent experimental work
in recording transient events by the use of the
holographic technique described in the 8th
Conference:. Our own laser system has been
further developed to provide repetitive Q~switched
pulses at frequencies up to 20 kHz (50 us
interval) and has been applied to further exten~
sions of the method of recording time sequences of
holograms, Related work has also been carried out
using commercially-available lasers, and a
description of the use of our system in studying
fuel distribution in an internal combustion engine
is included., Our aim has been to provide a
reliable low-cost laser holography system which
operates without any additional high-speed camera
equipment, but is capable of securing single
three-dimensional records of transilluminated
events, or a train of consecutive records at a
high repetition rate.

Holography with scatter plates

The optical system is very simple, and is
shown in figure 1. The principles on which it is
based have previously been described in detaills 3
Light from the pulsed laser, cleaned up by spatial
fileration, is expanded to fall on the scatter
plate, This is a specially made diffuser which
allows a large fraction of the incident beam to

Laser

Spatial filter

Scatter plate

Lenses

pass without causing much disturbance to it, but
scatters the remainder in a completely random
fashion within a well-defined cone which just
allows the full aperture of the working field to be
evenly illuminated, The volume of the working
space (600mm x 150mm diameter) is defined by the
two lenses, which are arranged so that all the
light scattered from one point of the scatter plate
falls on a corresponding point in the plane in
which the photosengitive material is placed. The
beam which was transmitted without scattering at
the scatter plate (the "reference beam") is
converged by the first lens to a focus-point (the
"reference point") midway between the two lenses,
in the mid-plane of the working volume, but to one
side of it, and then diverges again to fill an area
of the photosensitive material which exactly
corresponds with the area illuminated by the
scattered beam. Interference between these two
beams of light produces a complex interference
pattern which is recorded by the photosensitive
material te form the hologram.

When the hologram is illuminated, after
processing, with a replica of the reference beam,
a reconstructed replica of the scattered beam is
produced, by means of which all the detail in any
object within the working volume which would have
been visible at the time of recording is also
reconstructed, ¥For example, a stream of opaque
particles may be examined as a static three

plate holder

3 point plate
ragister

F.24 film camera
[(BYxBYS)

Figure 1
Overgll length about 2.5 metres.

dpparatus for recording holograms.
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Figure 2
a. Microdensitometer trace of the test object 'b'.
b. Test object.
e. Reconstruetion from hologram of 'b'.
d. Miecrodensitometer trace of 'e’.

(Linear magnification X12 approx)

dimensional distribution. The minimum size of
detail which may be resolved depends on the pro-
portions of the apparatus and the scatter plate,
but figure 2 gives an indication of what may be
recorded. The laser used in recording this holo
gram was made by Laser Associates Ltd (Model
252B), and employs neodymium—doped calcium tung-—
state to produce infra-red radiation which is
converted within the resonant cavity into the
second harmonic (green) emission at a wavelength
of 530 nm, with a pulse duration of about 15 ns.

Recording phase variations

In some cases, the event to be studied may
not be directly visible. For example the passage
of shock waves through a gas produces variations
in the density, pressure, and temperature, but no
light is absorbed. Disturbances of this kind
which cause changes in refractivity of the gas may
be made visible by interference techniques. When
holography is employed, an analogous procedure may
be followed by making two records on the same
photosensitive plate, one with the disturbance,
and one without. On reconstruction, the inter-—
action of the two phase distributions results in
interference effects which make the disturbance
visible in its three dimensional form. Figures
3a,b,c show the patterns resulting from the inter-
action of four spatially-separated spherical shock
waves from four electric sparks, also recorded
with second-harmonic pulses from the neodymium-
doped calcium tungstate laser.

Photographs give only a very restricted
impression of the three-dimensional reconstruction
from the hologram. Full discrimination in depth
is only obtained by viewing the reconstruction
itself.

Figure 3a
Reconstruction from a hologram of the shock
waves from 4 sparks, separated in depth and
fired in sequence. Laser Associates laser
Model 252B. Wavelength 530 nm, pulse
duration 15 ns. Small ecamera aperture.

Figure 3b
Reconstruction from the same hologram as 3a.
Large camera aperture.

Figure 3c
Same hologram and camera aperture as 3b.
Focussed on a different plane in the
reconstruction.



Figure 4a
Wonkel engine arranged for holographic
recording., Spectal windows are fitted to
the lower part of the engine, and part of
the rotor is vistble. The reference beam
passes through the two compensating
plates and below the working volume of
the engine. (Photograph by courtesy of
RMCS and MVEE),

Application to the study of engines

In experimental work with internal
combustion engines, the mixing of the fuel and
air, the combustion process, and the distribution
of liquid films are all processes which give
phase distributioens of the kind which can be
recorded by double exposure holography, using a
sufficiently brief light pulse, The methods we
have developed have been most ingeniously
employed by B.E. Milsom of the Military Vehicles
Engineering Establishment, working at the Royal
Military College of Science at Shrivenham, to
study the fuel/air distribution in a Wankel
engine (figures 4a,b,c). The laser employed was
a Laser Associates Q-switched ruby laser Model
211A giving about 1,8J of energy in a 25 ns pulse.
The hologram from which the reconstruction was
produced was made on an Agfa 8E70 plate.

The deformation in the interference fringes
near the lower edge of the window shows a
circumferential streaking of a liquid film on one
window. it

Figure 4b
Front cover of the Wankel engine and the
special windows. (Photograph by courtesy
of RMCS and MVEE).

Figure 4c
Reconstruction of a double-exposed hologram,
Looking through the working volume of the
engine while rumning. The dark shadow on
the left is the drive-chain, out of foeus.
Laser Associates laser Model 2114, Wave-
length 694 nm, pulse duration 25 ns, plate
Agfa 8E70. (Photograph by courtesy of
BMCS and MVEE).

Repetitive recording

In recording transient events, it is
obviously necessary to secure an exposure of the
hologram at the useful moment, and there are two
ways of achieving this which are comparable to the
two possibilities in high-speed photography.




Figure &

Apparatus for recording a sequence of holograms. The nutating mivror, at the extreme left,
produces the ecirveular time-distribution of illuminated patches on the scatter-plate, and
the corresponding array of holograms, at the extreme right, and as shown in figure 6a.

Either a sufficiently precise method of synchro-
nizing must be used, or sufficient consecutive

records must be obtained spaced at a time interval
which is short enough to ensure an adequate record
of all stages of the progress of the event.

There may be serious difficulties

graphic recording which set limits to the pulse
duration, the size of the hologram, and the time

separation of the successive holograms

difficulties arise when the interference pattern
from which the hologram is recorded moves across
the plate. By the use of the optical system shown
in figure 5, the image of the scatter plate

remains relatively stationary upon the
only the patch of illumination changes
to pulse®. The nutating mirror causes
illuminated patch to gyrate around the
sensitive plate (figure 6a), so that a

in holo-

. These

plate, and
from pulse
the

photo-
sequence of Figure 6b

records may be obtained from any starting pesition Reconstruetions of a sequence of 15 holograms.

on any suitable material. The
records shown in figures 6b,c were
obtained with a Siemens ruby laser
SLR 1Pl operating at a pulse rate
of 50 per second, and were recorded
on an Agfa 10E75 plate.

Figure 6a
Sequence of 15 holograms. Siemens
laser SLR 1P1, wavelength 694 nm,
pulse duration 0.8 ms, repetition
frequency 50 per second (intervs’
20 me).

Figure 6¢
Two reconstructions from another sequence, made with double expo-
sure of the holograms to record changes in the density distribu-
tion of the gas in a lamp as it cools after switching off.
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Recording at a high repetition rates

The laser system previously described1 used
as a Q-switch a specially-developed air turbine
with an integral reflecting prism, by means of
which a ruby laser could be made to emit a train
of 7 or more pulses of light each about 30 ns
duration, at a repetition frequency of 10 kHz.
This system has now been further developed, giving
up to 15 successive pulses; and can operate at
repetition frequencies up to 20 kHz. Figure 7
shows a typical oscillograph record of the
successive light pulses, and figure 8a shows a
hologram plate with reconstructions (figures 8b,
c,d) from two of the sequence of successive
holograms., Two reconstructions from one of the
holograms are shown to indicate the possibility
that still remains with the holographic recording
of choosing the plane of focus to bring out
detail over the full depth of the object.

Figure 8b
Reconstruction from the first of a similar
sequence of holograms to figuve 8a. An air—
gun pellet has just struck the glass plate
and shattered it.

Figure 7
Oseillogram showing 13 consecutive Q-switched
pulses from the NPL turbo-prism laser.
Horizontal scale of time, 0.2 ms per square.
Vertical scale of integrated energy, 0.75 J
per square. (Total energy about 1.5 J).

Figure 8e
Reconstruction from the 17th hologram in the
same sequence, 1,47 ms after figure 8b. The
pteces of the shattered glass plate have not
yet moved appreciably, but debris has been
earried through by the pellet.

Figure 8d
Figure 8a Another reconstruetion from the same hologram
Sequence of holograms recorded at 11,000 per as in figure 8c, foecussing on the pellet,

second. (Some pulses have less energy). which was 0.177" (4.5 mm) diameter.
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SummaEz

Further developments in scatter-plate
holography are described which illustrate its
extension to cover a larger working volume, and
to provide more effective three dimensional
records of fast-moving objects and phase
disturbances, Examples are shown of a simple
technique for recording a short sequence of 10-20
holograms at rates up to 20,000 per second,
making use, alternatively, of commercially-
available lasers and a specially-developed air-
turbine Q~switched laser,
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Abstract A simple adaptation of a scatter-plate holographic
system provides for the recording of a sequence of 10-20
holograms. Examples are given of records made at a rate of
50 per second of a moving object, and of a changing gas
density distribution made visible by interferometry.

1 Introduction

When a rapid transient event is to be studied by optical
methods, a ciné camera is often used to record a sequence of
images, so that each frame provides infermation about the
object at a single instant of time which can later be analysed
in detail. It is frequently the case that only a limited number
of frames need be selected for analysis, and often the optimum
number is between 10 and 20, Problems of focusing occur
when the object is three dimensional or moving unpredictably,
and multiple records may then be needed to record sufficient
depth of field. The alternative of recording holographically
provides a convenient way of recording all the information in
a three-dimensional scene, as well as offering a choice of
reconstructing techniques; successful experimental demon-
strations have been described by Jacobson er al. (1969).
Apparatus is not yet available commercially, however, and
this note describes a simple adaptation of the scatter-plate
holographic system (Gates 1968, Gates, Hall and Ross 1970)
to record a short sequence of holograms on a single plate or
sheet of film.

2 Scatter-plate holography

The basic arrangement (figure 1), as previously described by
us, makes use of a ‘scatter-plate’, which is a specially made
diffusing layer on a glass plate, which allows part of an
incident beam of light to be transmitted and scatters some of

Figure 1 Holographic scatter plate apparatus

the remainder randomly over the working field. A suitable
optical system, which could consist of a pair of lenses as
shown in the figure, produces real images of the scatter plate
by both the scattered and unscattered light which exactly
coincide, in the absence of any gradients of phase disturbance.
The photosensitive material is placed in this plane and records
the hologram as an interference pattern related to the unscat-
tered light beam as ‘reference’. The reference beam usually
(but not necessarily) comes to a focus near the central plane
of the object to be recorded, so that the volume traversed
by the reference beam, which is of minimum diameter in that
region, shall not too greatly obtrude into the working space.

After processing the photosensitive material, a replica of
the reference beam is made to fall on the resultant hologram,
and the transilluminated object is seen as a virtual image
through the entire area of the hologram. By employing more
or less of the hologram area, and by choosing the position
on the hologram, three dimensional effects such as differential
focusing and parallax may be employed to discriminate planes
at different depths in the object.

3 Hologram-pupil encoding

The transverse extent of the hologram may be employed for
other purposes, at the cost of some sacrifice in depth discrimi-
nation. For example, it would be possible to record completely
different objects at different times, masking either the scatter
plate or the conjugate photosensitive material appropriately.
Alternatively, simultaneous recordings could be made with
different wavelength sources. In these cases the position on
the hologram provides means for recording the spatial attri-
butes of the object or objects as a coded array. There are
similarities in this principle with some image dissection
techniques (Courtney Pratt 1962), and an important extension
of the principle may be made for time-resolved recording, in
which successively exposed areas of the photosensitive material
are used to record a time series of holograms of a transient
event. Some attempts to do this were described by us previ-
ously (Gates, Hall and Ross 1968), and some success was
achieved in recording and reconstructing holograms of a
rapidly moving object when the recording frequency was as
high as 7 kHz,

In this previous work, the interference pattern formed by
the interaction of object beam and reference beam was
translated across the photosensitive surface, and this neces-
sarily imposes limits on the size of the hologram, the spatial
frequency in the hologram (and consequently the angular
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Figure 2 Successively recorded holograms

size of the object which can be recorded), the speed of trans-
lation across the surface and the maximum duration of the
exposure. The present method, which is based on the previous
work but is in fact a simplification, avoids all these limitations,
and has been successfully used at repetition frequencies up to
12-5 kHz and higher.

4 Time-resolved recording

As long as the scatter plate and the photosensitive material
remain in a conjugate relation without translation of the

Figure 3 Photographs of reconstructions obtained from
successively recorded holograms of a whirling chain; time
interval 20 ms

image of the scatter plate across the photosensitive material,
an exposure of any duration may be employed, limited only
by considerations of the fastest movements in the object to
be recorded, and the effect that the movement will have on
the resulting hologram. The effects may well be less trouble-
some than the same amount of movement in conventional
ciné photography, and illumination with laser pulses of the
order of 1 ms duration causes no problem, compared with
the difficulties in the previous method (Gates, Hall and Ross
1968), in which even small holograms necessitated exposures
of less than 50 ns duration. The examples given here were
recorded using a Siemens ruby laser type SLR 1P1, which
gives a continuous train of light pulses less than 1 ms long
at the electricity supply mains frequency of 50 Hz. The
selection of the area of scatter plate and photosensitive
material for each successive holographic record was very
simply achieved by rotating a disk pierced with a single
aperture at the chosen radius in front of one plane or the
other (figure 1). By driving the disk with a synchronous motor,
a predetermined spacing of holograms was achieved (figure 2).
The first sequence (figure 3) shows a length of chain
whirling in the object space. The second sequence (figure 4)
shows the change in the distribution of gas within the envelope
of a gas filled lamp after the filament is switched off. The
interference patterns are produced by superposing a second
set of exposure on the hologram plate while the lamp is at
uniform temperature (Ennos 1966, Heflinger er al. 1965,
Wuerker et al. 1968).
S Summary
This paper describes the adaptation of the scatter-plate
holographic system previously reported for a simple method
of recording a sequence of 10-20 holograms at the rate of
50 per second. The same principle can be extended to higher
and lower frequencies. Recording at frequencies up to 20 kHz
is being reported elsewhere (Gates ef al. 1971).
Acknowledgments
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L10  Letters to the Editor

Modification for increased efficiency of an
intracavity second harmonic neodymium laser

Absiract. The usual method-of output coupling for the intracavity-generated second
harmonic of 1-06 pum leaves room for improvement of the efficiency by a factor of
two. Methods of achieving this factor of two are proposed. The simplest one was
tried and gave promising resylts,

Intracavity second harmonic conversion has been used with high efficiency on both

-continuous (Geusic ef al. 1968) and pulsed neodymium lasers. The usual method by which

the second harmonic at 0-53 um is coupled out of the cavity is to employ a suitable dichroic
output reflector. This would be a reflector having a maximum reflectivity at 1-06 pm and

- a minimum reflectivity at 0-53 um. Such a scheme does, however, suffer from the dis-

sdvantage that half of the available energy or power is lost by absorption in the laser

. material.

Methods of achieving maximum efficiency must introduce between the second harmonic
crystal and the laser rod an optical component which separates geometrically the two
wavelengths present: It should be completely transmitting at 1-06 pm and must reflect
or deviate the green component so that it can leave the laser cavity,

One suitable optical element is another dichroic mirror having the opposite properties
to the one already used, i.e. a minimum reflectivity at 1-06 um and a maximum reflectivity
at 0-53 pum. A mirror with these properties is difficult to achieve in practice, particularly
with respect to minimizing the reflection losses at the fundamental wavelength.

An alternative method, and one which we have found to operate satisfactorily, makes
use, not so much of the difference in wavelength between fundamental and second harmonic,
but of the orthogonality of their polarizations. A suitable optical element is the polarizing
beam splitting prism.’

We have chosen a calcite Glan-Taylor air-spaced prism with a polished side exit face
as one which has suitable properties and which is also commercially available.

This prism, in which the optical axes of the two components are parallel, has normal
entry and exit faces and does not in consequence deviate the beam passing directly through
it. The beam refiected out of the prism which we used emerges at 74° to the axis—a
simple and convenient output geometry. Further, this prism has a high damage threshold

making it suitable for use in high-power lasers.

Figure | shows the reflectivities of the two beams as functions of the angle of incidence
on the interface. The optimum operating angle is shown and it will be seen that, whereas
the reflection at 0-53 pm is 1009/, the transmission at 1-06 xm is not quite 1009,. At
98-6% transmission, however, this is not a severe problem. We have assumed that the
entry and exit faces are anti-reflection coated and do not introduce losses at either wave-
length.

Using this method of output coupling there is no need for transmission through either
cavity reflector. A roof prism or coated reflecior giving 1003, reflectivity at both wave-
lengths is now required at both ends. Further advantages are that position and angular
settings are not critical, and that when in use with an ¢lectro-optic Q-switch the polarizing
prism serves also as the Q-switch polarizer.

In a preliminary test using the polarizing prism with no anti-reflection coatings, in
conjunction with a Laser Associates Q-switched Nd : CaWO, laser, an increase in total
output enetgy of 60%, was immediately obtained at near-maximum output.

Two logical extensions of the above idea may improve the performance at the expense

of a loss of tolerance in construction and alignment of the prism.

We have noted a small reflective loss at 1-06 um. Since there are multiple reflected
beams from the prism interface, the possibility is open to us of eliminating this reflected
component by destructive interference. For this to occur the air gap between the two
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Figure 1. The reflectivity of the interface of the caleite Glan-Taylor prism as a function of the
angle of incidence on the interface. Curve A is the ordinary ray at 0-53 pm, curve B is the
extraordinary ray at 1-06 pm. The arrow indicates the optimum operating angle.

components of the prism must have constant thickness to a small fraction of a wavelength
over the area used, and this thickness must be (nA/2) cos ¢ where n=integer. Theoretically,
complete elimination of the reflected component is possible. In practice, incomplete
spatial matching of reflected components tends to increase the reflection, but for the calcite
polarizing prism this loss will be negligible.

The theoretical complete elimination of the reflection is independent of the single-surface
reflectivity, although as the Iatter increases so do the losses and the criticality of alignment.
As a consequence of the former fact it is unneecessary to employ a birefringent material in
the beam-splitting prism. Wih silica for example, the difference in critical angle for
1-06 pm and 0-53 um is 26'=7-6 mrad, and the minimum single-surface reflectivity at
1-06 um, whilst maintaining 1009 at 0-53 pm, is 36%;.

Various methods of increasing the intracavity-generated second harmonic of 1-06 um
by a factor two are proposed. The simplest one was tried and gave promising results,

The work described above was carried- out at the National Physical Laboratory,
Teddington, Middlesex.

Division of Optical Metrology, ' L. N. Ross
National Physical Laboratory, 29th January 1970
Teddington, Middlesex.
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THE HOLOGRAPHIC MEASUREMENT OF COHERENCE
by I.N, Ross
National Physical Laboratory, Teddington, Middlesex, England,

Using holographic techniques, coherence measurements have been made on
several pulsed lasers. The techniques had many advantages over more
eonventional coherence experiments and were particularly simple. The results

show promise of being able to assign to almost any source accurate nwmbers
for its coherence function.

Introduction

In our work on pulsed holography we are, on the one hand, using
commercially available pulsed lasers with compensated optical systems and, on
the other hand, improving the coherence properties of both neodymium and ruby
systems for use in applications requiring a significant coherence such as
reflection holography. It is desirable to assess quantitatively the
coherence properties of existing lasers to establish the extent of their
limitations and to indicate possible improvements. A single figure of merit
is often sufficient to indicate the spatial or temporal coherence of
conventional sources and these figures of merit can be obtained quickly and
easily by using conventional interference methods. The coherence of multi-
mode lasers cannot be specified so easily since it is no longer a simple
function and is quite likely, for example, to have a significant value beyond
the first zero, It becomes impracticable therefore to carry out the large
number of discrete visibility measurements necessary to define the coherence
function completely. The need arises for a method which measures the
coherence as a continuous function of path difference. This need is satisfied
by holography.

Holography offers several further advantages over conventional methods.
In it one measures a reconstructed intensity, and this intemsity is a direct
measure of the coherence. A single hologram can completely record the spatial
or temporal coherence of a source, a valuable property when studying pulsed
sources, In addition, holography can be economic both in time and equipment
and very simple to record. For those workers using lasers for holographic
recording, the same method of recording is the natural choice of a means of
assessing the performance of the laser.

Several authors (1,2,3,4,5) have performed experiments in which they
used holography as a coherence tester, and they showed that the method works
well in cases where the coherence function is a simple one, No-one appears
to have gone as far as determining the coherence function or mode structure
of a laser.

The Holographic Method

The hologram is a two-beam interference recording in which the two beams
are, in general, derived from different points in the wave field. The
coherence function between these two points (say P and Q) is denoted by
v(P,Q), and is defined as a correlation function integrated over a time long
compared with 1/cAv,

This element of time in the integration is important when considering
laser sources, in particular those which are not stable and have mode
structures and power spectrums which are not time invariant. Consequently,
the coherence for these systems may be highly dependent on the time of
integration; an important consideration when measuring the coherence of a
source with a view to using it in a particular application. Further, there
follows the possibility of modifying the output parameters of the laser so
that its coherence function is better suited to the application and this need
not be so drastic and difficult as reduction to single mode and single
frequency. The majority of applications do not require complete coherence;

a reduced but still fairly uniform coherence is often acceptable,




The visibility of the interference pattern forming a hologram is given

v o= @JI,5/1, + 1) |y@,Q)]

(where I, and I, are the intensities of the two beams at the plate and
|y(P,Q)| is the modulus of the coherence functio@.

The intensity of reconstruction I, is a function of the fringe visibility V,
the mean intensity 1 and the spatial frequency w of the interference
pattern, Thus I,= fn (V,I,w); this function being dependent upon the
emulsion and processing.

For visibilities less than 0.25, the dependence of the reconstructed
intensity on V becomes a direct square law to a good approximation,
ice. I =V?*fn (I,w). We have chosen to work in this regime since,
although the efficiency is limited, it is not necessary to calibrate over the
whole range of visibility and the signal to noise in the recomstruction is
higher.

One of the chief difficulties in obtaining quantitative results is due
to variations in intensity across the output beam of the source under test,
These variations were intentionally left undisturbed in order not to affect
the coherence properties, so it was necessary to make a correction to the
experimental results. Two possibilities are open:-

(i) to measure the intensity variations, When doing this, we preferred to
pre-expose the hologram. The visibility is then given by:-

v = QJ1,1./1, + 1, + 1 {y(®,Q|

(where I, is the effective pre-exposure intensity 1eve1)

and the mean iptensiyy is constant and easily controllable, Since the
reconstructed intensity is proportional to V,

and only V 1is affected by intensity changes, the correction can be carried
out without recourse to the properties of the emulsion,

(ii) to obtain from the same or a similar hologram another reconstruction for
which the source is effectively coherent. The intensity in this other
reconstruction can then be used as a normalising factor. It will be seen
below how this can be done in practice,

by:~

Experimental Methods

It 1s desirable, to avoid complex analysis, to design the experiment to
measure either the spatial or temporal coherence but not a mixture of the two,

One method of measuring the spatial coherence has been demonstrated (1,
2); that of deriving the reference beam from one point of the wavefront,
leaving the remainder to act as the signal beam. Only the coherence of the
wavefront with respect to a single point in it is thus recorded. Another
method, which has been used in this work and which is shown in Fig.1l, enables
one to record all the coherence information in one hologram. The main
component is a scatter-plate beam splitter which causes amplitude division by
allowing a fraction of the wavefront through undisturbed and by scattering
the rest. The hologram is recorded in a plane where each point of the plate
receives, as reference, one ray of the undisturbed beam and, as signal,
scattered light from the entire wavefront. Reconstructing through a small
area at that point reconstructs only that part of the scattered light coherent
with the point of origin of the reference ray. The prism merely creates an
off-axis situation so that the twin reconstructions do not overlap. Very
little temporal coherence is required if the dimensions are chosen correctly.
Furthermore, the second and preferable scheme for correcting for intensity
variations can be used by reconstructing from the entire helogram and
spatially filtering the reconstructed light,

One way of measuring the temporal coherence continucusly over a range of
path difference is to make a hologram of a surface inclined at an angle to
the viewing or incident direction. A suitable arrangement is to insert a
grating into a Twyman-Green interferometer in place of one of the mirrors,
Any retro-reflecting surface such as Scotchlite (3) could be used although the




more diffusing it is the less efficient it becomes in getting energy back
onto the plate and the more spatial coherence is required. If it is
necessary to measure the temporal coherence over a large range or there is
little spatial coherence, the grating becomes expensive. An alternative
arrangement is shown in Fig.2. This method does not suffer from the dis-
advantages above, but it does require an emulsion capable of a very high
resolution. Unless the plate or film is orientated at the Brewster angle
there are inter-reflections from the surfaces, as shown., These are useful in
two respects: the two beams I and III form a hologram which reconstructs in
a convenient direction and reconstructs more efficiently than that from I and
I1. The two beams I and IV make a hologram which reconstructs with an
efficiency independent of the temporal coherence. This is just the recon-
struction required for making a correction to allow for the intensity
variations.

Experimental Results

An initial experiment was performed to find out how accurately coherence
measurements could be obtained. The spatial coherence of a gas laser
emitting simultaneously the TEM,, and TEM,, modes was measured by the
method of Fig.l. Fig.3 shows both the measured intensity across the
reconstructed wavefront corrected for intensity variations in the reference
and signal beams, and the square of the calculated coherence function for the
two-mode output, The result confirms the feasibility of the holographic
method as a quantitative measure of coherence, although the accuracy is
reduced as the reconstructed intensity approaches the noise level.

The temporal coherences of several pulses lasers with outputs at 0.694um
and 0,53um were then measured, both suggested methods being used. The grating
Twyman—-Green method was normally used with a 10E series Agfa plate but,
although the efficiency was lower, satisfactory results were obtained with
Polarcid 55P/N, Eastman Kodak 649F was used in the second method and gave
consistent results in spite of the very high spatial frequency it had to
resclve. Fig.4 is a graph showing the temporal cocherence of a spinning
mirror Q-switched ruby laser using a silica plate as output reflector. The
oscillatory nature of the graph corresponds to the spectral filtering
properties of the resonant reflector plate.

The spatial coherence was also measured for these ruby and neodymium
lasers. Fig.5 shows examples of reconstructions from holograms taken for
three of them; the same ruby laser, a small "pocket flash-gun' ruby laser,
and a frequency-doubled Nd:CaW0, Q-switched laser marketed by Laser
Associates. In each case, the upper reconstruction contains the information
of the coherence properties of the wavefront relative to a point close to
centre of it, and the lower is a reconstruction which differs only by being

independent of the coherence function.
' The most striking thing to emerge from the measurements made to date is
the surprisingly high fraction of the near field pattern of the multimode
sources tested over which there is appreciable coherence, especially in view
of the non-uniformity of the beam. We infer that considerable interaction
exists between modes and it appears to exert an influence across appreciable
distances in the near field.

The amounts of spatial coherence which seem to be present in some
uncontrolled lasers may be adequate for many holographic uses. It is then
unnecessary to apply mode controls, which usually lead to significant
reductions in output intensity.
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Holographic interferometry of
impact-loaded objects using a

double-pulse laser

J.W.C. GATES, R.G.N. HALL, AND I.N. ROSS

National Physical Laboratory,
Teddington, Middlesex, England

Some examples of dynamic holographic interferometry are presented. Two Q-switched
laser pulses each of energy 30mJ and separated by 25 us are used to record holographi-
cally the transient impulse response of diffusely reflecting objects occupying volumes

of about (30 cm)?. The laser was of simple form and was not confined to single axial or

transverse mode.

Researchers concerned with the investigation of dynamic
processes in which high measurement sensitivity is required
have been increasingly interested in pulsed holography as a
three-dimensional diagnostic method. Its advantages have
been demonstrated in fields such as non-destructive testing,
plasma research, stress analysis, wind-tunnel investigations
and moving-particle distributions, and are becoming
increasingly recognized. It has recently become evident
that the recording of two or more holograms with short
time separations is a powerful method for supplying infor-
mation about transient phenomena, whether this informa-
tion be velocity or the rate of change of other parameters’.
Consequently, there is now a considerable demand for
double-pulse lasers with adequate coherence and pulse
separations of from 1 us to 1s. '

Using our own laser and holographic system, we have been
recording holograms of transient events on diffusely reflect-
ing three-dimensional objects extending in size to about
(30 cm)?, and, in this note, we present some early examples
of these double-exposure pulsed holograms with short pulse
separations.

The holograms

Figs. 1 - 7 are photographs of reconstructions of holograms,
all of which have been recorded using the same laser source
and holographic arrangement and, with the exception of
Fig. 1, they all show the change in familiar objects over a
time interval of 25 us.

Fig. 1 demonstrates the tilt and bending in a vertical metal
plate when a small static force is applied at its upper edge.
The two exposures were separated in this case by a time of
5 min and, since the object was relatively stationary, the
hologram might have been recorded with a continuous
laser. It serves to demonstrate, however, that satisfactory
interference holograms can be recorded with the laser
running in the double-pulse mode and with a diffuser
placed between the laser and the diffusely reflecting plate.
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The extra diffuser improves the object illumination and
reduces the danger of eye damage, but it imposes severe
restrictions on the stability of the source, diffuser and
object, if good contrast fringes are to be obtained from
the double-exposure hologram. These restrictions do not

Fig. 1

Photograph of the reconstruction made from a
double-exposure hologram of a diffusely reflecting
surface illuminated through a diffuser. Plate
loaded between exposures: pulse separation 5 min



seem to have been adequately considered in the literature
and will be discussed more fully in another communication.
Fig. 1 demonstrates that the output of the laser is
sufficiently reproducible to give adequate contrast of the
fringes, but to avoid the deterioration in fringe quality
from the often unpredictable transient in-plane motion of
some of the objects, the diffuser was removed for the

other examples.

Fig. 2 shows a spinning fan, the blade of which is normal

to the line bisecting the illuminating and viewing directions.
The top and bottom points of the fan blades have a
maximum component of velocity (a maximum distance
moved in 25 us) along this bisector, while all points on the
blades lying on a horizontal line have zero component.
Straight fringes are expected® and these enable the speed of
rotation to be calculated. In this case it was 200 r.p.m.
There is a limit on speed because of the deterioration of

the hologram which results from a path change during the Fig. 4  Photograph similar to Fig. 3 but with a greater
exposure®, and, by varying the fan speed up to its maximum, delay between .the instant of impact of the hammer
the tolerance on path change was shown to be at least 0.3 and the recording pulses

Fig. 2 Photograph of the reconstruction made from a Fig. 5 Photograph similar to Fig. 4, but with the presence
double-exposure hologram of a spinning fan. of contour fringes as a result of a small component
Rotation speed 200 r.p.m., pulse duration 25 ns, at a different wavelength. Wavelength difference
pulse separation 25 Us 0124

wavelengths, which is consistent with the theoretical
prediction.

Figs. 3 - 7 show the effect of impact on various objects, the
double-exposure hologram being recorded at various times |
up to 1 ms after impact.

Figs. 3, 4 and 5 show the transient deformation of motor-
cyclists’ crash helmets after each was struck by a hammer.
The hologram from which comes the reconstruction shown
in Fig. 3 was recorded immediately following impact and
clearly shows the shockwave phenomena. The hologram
giving Fig. 4 was recorded a longer time after impact. The
helmet on this occasion was untreated in any way (it was
not, for example, painted to enhance the reflection). Fig. 5
is included to show that it is possible to contour the object
at the same time as observing its deformation. The contour

Fig. 3 Photograph of the reconstruction made from a fringes are the result of a small component in the output ;
double-exposure hologram of a motor cyclist’s of the laser with a different frequency and are produced
crash helmet showing the effect of a hammer blow simply by detuning the intracavity tilted etalon. As in the
on its crown. Pulse duration 25 ns, pulse separation example shown by Fig. 5, these contour fringes can be
25 us obtained without seriously affecting the information about

Optics and Laser Technology April 1972 73



the dynamic disturbance contained in the double-exposure
fringes. Even if the interaction between the two sets of
fringes were potentially troublesome, there is still the
possibility of optically filtering the reconstruction to
eliminate one or other of them, since their planes of
localization are rarely coincident.

Fig. 6 shows the reaction of one of the authors to a resound-
ing hammer blow on the head—while wearing one of the
crash helmets, of course! Care was taken not to allow the
undiffused illumination to enter the eye.

Fig. 7 demonstrates the distortional effects in a piece of
blockboard which occurred as a nail was being driven into
one edge of it.

The holography

The arrangement used is indicated in Fig. 8; it employs a
conventional geometry using the Fresnel reflection and
transmission at an uncoated surface as beam-spitter,
negative silica lenses for beam expansion and mirrors for
redirection. Reference and signal beams are expanded to
cover uniformly both the photographic plate and an object
having a cross-section of about (30 cm)?, and they have
optical path lengths from laser to plate which are contrived
to be equal for a point in the centre of the object. The
angle between the reference and signal beams at the holo-
gram plane was 20° - 40° and the ratio between their
energy densities also at the hologram plane was 5 to 1.
Agfa Gevaert 9 x 12 cm 10E75 plates were used and were
found to require approximately 50mJ m™2 (50 ergs cm™)
for a density of 0.5. The pulse lengths of 25 ns and pulse
separations of 25 us permitted the experiments to be
performed without any mechanical stabilization or anti-
vibration measures.

The laser

Fig. 9 is a diagram of the laser. A 10 mm x 100 mm ruby is
pumped by a linear Xenon flashlamp in an elliptic configur-

Fig. 6

Photograph of the reconstruction made from a
double-exposure hologram of a motor cyclist’s crash
helmet worn by one of the authors, showing the
effect of a hammer blow on the helmet. Pulse
duration 25 ns: pulse separation 25 Us
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Fig. 7

Photograph of the reconstruction made from a
double-exposure hologram of a piece of block-
board, showing the effect of driving a nail into one
edge of it. Pulse duration 25 ns: pulse separation
25 us

Photographi
. ) plate
Negative
silica lens
Beamsplitter
e Negative /
’ silica lens Mirror

Fig. 8

Hologram recording arrangement

ation. Q-switching and double-pulsing is achieved using a
100 000 r.p.m. air turbine rotating prism* in conjunction
with a double prism assembly. This arrangement allows
pulse separations from 10 us up to 500 us, the upper limit
being determined by the flash duration. It also enables the
axes of the two pulses to be separated, resulting in a factor
of two increase in total output and a greater ease of achieve-
ment of equal energy pulses. Where good contrast inter-
ferograms are the main concern, it is usually necessary for
the pulses to be co-axial. This was so in our case and equal
energy pulses were achieved by increasing the loss per pass
for the first pulse. Adequate temporal coherence was
achieved using a single-plate, silica, resonant reflector and
an intracavity tilted etalon.



Aperture
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eta Ior{

etaion
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roof reflectors

Fig. 9 laser resonator, showing the Q-switching and
double-pulsing arrangement and the coherence

controls
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In order to improve the uniformity of the illumination on
the object an aperture of 1.8 mm was inserted in the
resonator. The resulting Fresnel number of 2.0 had the
further effect of restricting the output to just a few
transverse modes. Figs. 2 - 7 show that both the transverse
and temporal coherence and the object illumination is
adequate for differential holographic interferometry of
diffusely reflecting objects. The transverse coherence was,
in fact, more than adequate as evidenced by Fig. 1 which
was obtained in the absence of the intracavity aperture.
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PULSED LASERS FOR OPTICAL MEASUREMENT
by
J.W.C. Gates, R.G.N. Hall and I.N. Ross

National Physical Laboratory
Teddington, Middlesex, United Kingdom

Introduction: Optical Measurement

Measurements of position, length, form or profile, alignment and orientation can be carried out
optically, and in some cases, optical measurement may be the best, or the only, method. Physical
effects that may cause, for example, changes in refractivity are also susceptible to optical detection
and measurement. Allied with electronic technology, or with recording processes such as holography,
optical techniques can be considerably extended to measure time (or other) derivatives of these quan-
tities and even more sophisticated quantities such as velocity distributions.

Even when a quantity to be measured is essentially static, only a finite energy is required to
make the observation, so there does not seem to be any prima facie argument for choosing a CW laser
(with, admittedly, a few exceptions!}. Further, it is absurd to use, say an argon laser, running all
day and consuming many kw of power, for making a few short exposures, or for visual measurements

' requiring only nanowatts'

Choice Of Lasers

2,

v

5»1 3 | H If we therefore include pt.llsed

v R ’“,> PFTICALLY PUMPED SOUD STATE - lasers, there is such a diversity of
> AND DYE LASERS ! types of lasers and such an enormous

variation in size, power, and function
that some types do not overlap at all
in capability. Figure 1 shows an
attempt to characterize the various
types of laser in terms of the peak
power plotted against the duration of
the laser emission. Lasers with equal
energy output are easily distin-
guished on this diagram, for they lie
on straight lines of slope -1 W/s.
Continuous-wave lasers are represented,
of course, by lines parallel with the
duration axis at constant power.

Some areas are indicated that
represent the requirements for a number
of measurement (and other) applications.
The exact positioning of the boundaries

i B o
- - - - DURATION leaves -much room for argument, but, as
an example of the working of this dia-
| Advarts | 1ndusisial | Laboratory | vary Stable] «— Emvironmental Limit gram, we can consider the energy
for Hotograghy required from a laser to record a typi-

{movement of 100nm)

NPL Fuby E Nogeas -‘m 18 P Argon cal hologram as lying between 1J and

A M .

B NP m»ﬁw E Coherent i;ubv-R-f n ': l:r---rvm pumped 1uJ. Lasers plotted at points below

€ NP NOYAG +LiNbOy Dye - Ret uby : :

O NPL'Pockst Muby M Mode-locked dys-Ael2 M NIYAG +SHG. this area cannot be used at the time
J Mode-tocked Nd.glass-fefE N He-Ne ordinate that applies; lasers lying

above the area are unnecessarily power-
ful, but could, of course, be used if
the output is attenuated.

Fig. 1. Power duration characteristics of lasers in relation
to potential applications. '



The maximum exposure time for holography is restricted by movement, vibratien +:--mal expansion,

:t other disturbances, and limits are suggested for various enviromments. Coherer. -+ . roments may
preclude short duration, limiting the use of lasers on the left of the Jdisgran = - =ee the
region in which lasers most useful for holography should be found, anpo wire, C o r-ase lying
inside the shaded area are convenient for the holographic receording .0 =ewr = . ¢ Coenerest,

In fact, there are very few lasers available commercially ir the ruav o ured sres, and the majority

of holography so far has been done with CW lasers that have obvious i:mitations. Similarly, for other
measurement applications, it will be seen that there are strong incentives to look more closely at
diode lasersl, at dye lasers?, and at the smaller varieties of the established ruby and neodymium
lasers. We are interested in all of these, but since we have not so far been directly involved with
the first two, our paper presents some practical developments of ruby and neodymium systems, with
particular reference to uses in holography.

Design Of Lasers For Optical Applications

% given requirement involves a specification of certain laser parameters. These include a) out-
put energy, b} temporal characteristics of the output, ¢} coherence of the output, d) size and weight,
e putput wavelength., Certain combinations of the requirements may prove difficult to meet and this
is particularly so in holography when the laser may need to be efficient and lightweight and may be
required to deliver a high energy with high tranverse coherence and at a high repetition frequency.

Gutput energy. The choice of laser parameters for maximum efficiency is made by deriving an
equatlon relating the output optical energy to the input electrical energy and optimizing this equation.
Several systems are described later in this paper that have resulted from this analysis. The results
show, for example, that one can expect, at best, to obtain 100 mJ (multimode} of light output from
ruby and 300 mJ from Nd:glass by optical pumping from a stored electrical energy of 50 J in the capacitor.

Temporal characteristics of the output. Achievement of the required temporal characteristics of
the output involves several choices--free running or Q-switched? Type of Q-switch? Method of opera-
ting Q-switch (single, double or multiple pulsing, for example)? Continuous or pulsed pumping?

In our work, we have used rotating mirror Q-switches® very extensively since they show advantages
over other methods in respect to optical quality, insertion loss, and damage threshold. We have also
found it possible (perhaps surprisingly) to adapt the retating mirror for double pulsing, with pulse
separations down to a few microseconds, and for multiple pulsing at repetition frequencies up to 25 kHz.

Figure 2 shows some Tesults of comparative measurements on different Q-switches. The rotating
mirror is advantageous (see Fig. 2) for high repetition frequency green lasers using Nd:YAG with second
harmenic generation and is also capable of producing a higher single mode pulse energy from a ruby laser.

a

. In applications that entail detec-
MEAN POWER AT'O-53pmiPULSE REPETITION FREQUENCY :

A tion of a highly attenuated signal from
) the laser, the signal to noise ratio is
Lamp powars 2500 watls . . x =

important and, since this ratic usually
increases with peak power, short duration
Q-switched pulses are advantageous and
pulse-transmission-mode™ or even mode-
locked lasers® may be necessary.

. ROTATING MIARDR
o Q-mwircH

o0 ;
0% .

o ACOUSTO-ORTIC G-BwiTCH . Two additional requirements have
o ] \\\\ been considered. A pulsed laser,

- . repetitively fired, can be used very
™ profitably for the preliminary adjust-
N I S S ment of auxiliary optical systems and

REPETITION FRAEQUENCY { kHz) the optimization of the laser itself,

and for the visual reconstruction of the
pulsed laser hologram. The minimum
repetition frequencies required are 2 Hz
and 20 Hz respectively.

Fig. 2. Comparisan between an air-turbine-driven rotating
mirror and an acousto-optic crystal as a Q-switch for a high
repetition frequency continucusly pumped Nd:YAG laser with
second harmonic generation. ’




Coherence of the output. Temporal ccherence can be improved to any required degree by the suit-
able design of a resonant reflector®, possibly with an intracavity tilted ctalon’, without seriously
affecting the laser's efficiency.

The improvement of transverse coherence however is more difficult since attempts to do this with
an aperture usually result in a large reduction in laser efficiency?. Transverse mode control without
such & severe drop in output energy can be achieved by reducing the static and dynamic opticel distor-
tions, increasing the ratio of rod length to rod diameter, multiple passing through separated volumes
of the rod, designing the resonator to ensure a large single mode volume in the rod.

Attention to these points can lead to a considerable reduction of the size and complexity of the
laser. Such a development, however, needs an adequate method of measurement of the coherence of the
output, which is often complicated. We have been developing simple measurement techniques using
holography® that combine a high information storage capability with an intensity readout giving a
direct measure of the coherence. An example of such a measurement on a ruby laser is given later and
holograms recorded using this laser show that the technique is a valid one.

Size and weight. For many optical applications of pulsed lasers, and particularly those with
industrial possibilities, it is usually advisable and often essential to minimize the size and weight
of the laser head and its pulsed power supply. One new approach to the fundamentals of the design has
produced some significant advances and is incorporated in scme of the units described later.

Output wavelength. The wavelength of laser output depends on the active material, so that the
choice of laser material is limited by the suitability of its available wavelengths for the require-
ments of the application and, particularly, by the properties of the detector and recording materials.
For some optical applications, the green output cbtained by converting the output of a neodymium laser
to the second harmonic is more effective than the red output from a ruby laser of comparable input
power, in spite of the losses in the conversion process. Further developments of photographic materials
and a better choice of existing emulsions may increase further the advantages of the green laser.

Optimum Design For Holography

Achievement of the best holegraphic performance requires a correct choice of the output energy,
its temporal distribution, the coherence, the transverse intensity distribution and the mode stability,
There is some flexibility of choice, allowing, for example, a tradeoff between output energy and
transverse coherence. This particular tradeoff does not necessarily favour the laser operating in a
single transverse mode, as will be shown later in this paper. The requirements for stability have
been explored, for example, by WuerkerlU, Ansleyll and Rogers!?, but our experience suggests that an
overrestrictive view is usually cbtained.

In one respect, however, published analyses seem to have overlooked one limitation in pulse-to-
pulse mode stability that we have found to be most severe in some forms of double-exposure holographic
interferometry. When, in the recording process, the optical system ¢comprises two separate stages of
diffusion of the illumination (for example, at a diffuser inserted near the source, and at the surface
of the object itself), then perfect contrast fringes are only obtainable in the reconstruction if the
diffusers are both stationary and the laser mode distribution is exactly repeated,

By the opposite argument, however, there could be a positive advantage in the loss of fringe
visibility in some cases. For example, a double exposure hologram without interference effects could
be obtained in cases where the change of position of a moving object -could be cbtained by measuring
the coordinates of the images .in the reconstruction.

Portable Lasers

It has been demonstrated!3 (Fig. 3) that useful holograms of untreated reflecting objects can be
obtained with almost any pulsed solid-state laser, however small or simple.

A laser for such holography can be made, for example, simply by medifying a suitable commercial



electronic photographic "flash gun,"
adding only unspecialized components.
The original flash tube is retained,

but the reflector is replaced by a
silvered giass tube surrounding the
flash tube and a ruby rod with coated
ends, thus forming a small laser head
within the body of the unit. A ruby

rod 25 mm long by 3 mm in diameter, of
no special quality, with its ends coated
for 100% and 95% reflectivity at 694 nm,
will produce 0.5 mJ of laser output in
500 us from the 20 J or so stored in

the capacitor, using the integral
battery. Since the rod is operating

Fig. 3. Photograph of the reconstruction from a heologram near threshold, the output has a use-
recorded using a simple pulsed ruby laser. The object, a ful degree of transverse coherence and
Stanley knife blade, has a typical engineering surface. a coherence length of about 10 mm. The

external dimensions of the flash gun
remain unchanged, at 100 x 70 x 40 mm, and the weight of the laser is 300 g. (A laser based on this
develcpment will be available from Plasma Electronics Limited, of Slough, Bucks.)

A laser head of this size and design is capable of producing much greater outputs. For example,
a capacitor charge equivalent to 50 J stored will produce 7 mJ output. Alternatively, the same rod
used in a system fed from a more specialized power supply can be operated repetitively. One such
repetitive unit uses an energy storage capacity of 50 J and can be operated at rates up to 20 Hz.
The weight is only 12 kg, achieved by using a "transformerless" system charging direct from the 240
VAC mains supply, together with electrolytic capacitors. Cooling permits operation for periods of up
to 30 minutes. Another unit, designed to give a flash duration of 150 ps to operate a Nd:YAG laser,
charges its capacitors to 20 J at rates up to 25 Hz and weighs only 14 kg.

Laser For Reflection Holography

This laser has been used to recerd holograms of untreated moving objects having diffusing sur-
faces and volumes of about 300 mm cube. The basic laser system is shown in Fig., 4. A 100 mm x 10 mm
ruby rod (Verneuil grown, of indifferent quality) is pumped by a linear xenon flash lamp in an elliptic
cavity, the duration of the flash being between 1 and 2 ms. The resonator is terminated by a roof
prism, with Brewster-angle refracting face, at one end and by a single silica-plate resonant-reflector
at the other. Temporal mode discrimination is increased further using a tilted intracavity silica
etalon, while transverse mode control is introduced when necessary by an aperture. An air-turbine-
driven rotating prism3 Tunning at up to 100,000 rpm Q-switches the laser and results in output pulse
lengths of about 25 ns.

The coherence characteristics of this laser are shown in Fig. 5, using one of the methods of Ref.
' 9, by means of which a direct measure of the
transverse ccherence is given, representing the
Aparturs distribution of the square of the modulus %y!2 of
the normalized functionl" that describes the mutual
coherence of the wave field at two selected points.
The graph shows that |\r|2 nowhere falls below 0.25

l( in this case, and the Fabry-Ferot interferogram
’ e indicates a coherence length greater than 500 mm.
\

A\

Nanon flash tube

Rotating Q- awitch P A ;
A Rt /! Resonant reflestor

N

o . The energy per pulse is 250 mJ, and holograms of
N Y Lusar rud Yiked staion various objects have been recorded on 10E7S plates
S using this output and a reference to signal ratio
of 1.5:1.
o ereetar ’ The laser described above has been adapted for

Fig. 4. Basic laser resonator. double pulse operation by using two retro-reflectors



with the rotating Q-switch. By varying
the angular separation of the roof-
prisms and the speed of the Q-switch,
pulse separations from a few us are
obtainable. The pulses can be produced
from different parts of the rod by a
lateral translation of one of the roof-
prisms, giving the same energy for each
pulse; alternatively, by keeping the two
resonaters identical but introducing a
small loss into the resonator producing
the first pulse, two pulses of smaller
energy but of identical mode structure
are obtained. An aperture of 1.8 mm
diameter inside the resonator.could be
employed in the latter arrangement and
was sufficiently small to give even
object illumination without a diffuser,
while retaining an effective compromise
between a need for high output and
simple mode structure. The energy per

Normahsed
164 reconstructed
intensity
J=m’

0-84

o464

G-44

0-24

0 2 4 6 8 10 12 # Temm

(a) (b) pulse was reduced to about 30 mJ, but
: this was still sufficient, since the

Fig. 5. Coherence of ruby laser used for holography of better transverse coherence enabled
4iffusely reflecting objects. a) Transverse coherence. The good holograms to be recorded with less
sguare of the modulus of the complex degree of coherence energy at reference-to-signal Tatios
across a diameter of the wave field with respect to the of 6:1.
centre point, measured using a holographic technigque. b}
Temporal cocherence. The spectral distribution shown in the Double exposure interference holo-
Fabry-Perot interferogram (free spectral range = 0.2 am~2) grams of moving and impact-loaded
indicates a coherence length of 500 mm. objects have been recorded, using pulse

separations of abeut 25 us. Examples
of photographs of reconstructions are
shown in Fig. 6.

Repetitively Q-Switched Lasers

These lasers enable a series of holograms or photographs to be recorded during a transient event.
One of the lasers used is similar to that shown in Fig. 4. The air-turbine rotates an integral five-
sided prism at speeds up to a maximum of 300,000 rpm, thus giving a maximum pulse repetition frequency
of 25 kHz (pulse separation 40 us]).

A typical pulse train from such a laser with Nd glass as the active material is shown in Fig. 7.
The output at 1.6 um is converted into second harmonic at the more useful wavelength of 0.53 um in a
crystal of ammonium dihydrogen phosphate (ADP), giving a pulse train with 20-30 mJ of green light out-
put. Similar trains of pulses have also been produced from ruby with much higher energy (1-2 J),
comparable with the output from a free-running laser of the same dimensions. Both lasers were operated
without a restricting aperture.

Figures 8a and 8b show examples of the uses to which these lasers have been put. Photographed
reconstructions from holograms of an airgun pellet breaking through a glass plate are seen in Fig. Ba.
These reconstructions come from two holograms that are included in a series recorded with a pulse train
from the ruby laser. Figure 8b shows a series of photoelastit¢ recordings of a stress wave travelling
down a bar of araldite, recorded using the pulse train from a Nd:glass laser converted to the green
second harmonic in ADP.

Another laser syStem investigated has been the CW pumped Nd:YAG laser with second harmonic gener-
ation, Q-switched repetitively by the rotating prism turbine shown in Fig. 4. The maximum pulse energy
was 0.25 mJ at 3 kHz, and the maximum mean power was 0.9 w at 5 kHz. Mean power above 0.5 w was
obtained at all frequencies from 2 kHz to 9 kHz, '




Fig. 6. Double exposure holographic interferograms using double pulse laser. Pulse separation 25 ps.
a) Shock waves induced in a-motor cyclist's crash helmet by a hammer blow. b) Transient distortion
of a plece of blockboard as a result of a nail driven intc one edge.
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Fig. 7. Oscillogram of a 17 kHz pulse train at 0.52 um from a
repetitively Q-switched Nd:glass laser with second harmecnic
generation in ADP.



Fig. 8.
pulse train.

Examples of optical measurement using a
a) Photographs of reconstructions
from holograms of an air gun pellet fired through

‘a glass plate. The first (top) and seventeenth
(middle) holograms were used. b) Photoelastic re-
icordings of the propagation of a stress wave down
'a transparent bar. Time interval = 55 us.
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SESSION 11l — HOLOGRAPHIE,

37 SHORT INTERVAL DOUBLE PULSED HOLOGRAPHY

OF REFLECTING OBJECTS

37 HOLOGRAPHIE A DOUBLE IMPULSION A COURT INTERVALLE

D'OBJETS REFLECHISSANTS

37 HOLOGRAPHIE REFLEKTIERENDER OBJEKTE MIT HILFE ZWEIER IN
KURZEN ZEITABSTANDEN AUFEINANDERFOLGENDER IMPULSE

Roy G.N. HALL, John W.C. GATES and lan N. ROSS

Division of Optical Metrology
National Physical Laboratory

TEDDINGTON, MIDDLESEX, ENGLAND

ABSTRACT

Double exposure holography has proved of
considerable value in the analysis of deformation
of sokid bodies and refractive changes in fluids.

Usually successive exposures have been ma-
de with an apprectable time interval, but a much
greater range of interesting effects may be obser-
ved with a shorter time interval, down to a few
micreseconds,

A Q-switched laser, giving an exposure time
of a few nanoseconds for each pulse, permits the
technique to be extended to fast moving evenls
and also allows the examination of objects sub-
jected to impact,

The paper describes some engineering ap-
plications and the extension of the method to
studying impact loaded regions of the human body.

RESUME

L’holographie 3 double exposition sest
montrée d’un intérét considérable dans "analyse
de la déformation de corps solides et des chan-
gements d'indice de réfraction dans les tluides.

Ordimairement, on avart fait des ¢xpositions
multiples avec des intervalies relativement longs,
mais on peut cbserver une gamme plus grande
d’effets intéressants avec un intervalle plus court,
jusqu’a quelques microsecondes.

Un laser déclenché donnant un temps d'ex-
position de guelques nanosecondes par impulsion
permet d'étendre la technique 3 des phénoménes
rapides et permet I'examen d’objets sournis & un
impact.

La communication décrit des applications
technologiques et Fextension de la méthode & 1'é-
tude de régions du corps humain soumises & des
chocs.
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ZUSAMMENFASSUNG

Zur Untersuchung der Verformung von Fest-
karpern und von Brechungsindexinderungen in Strém-
ungen hat sich die Doppelimpulsholographie ats
sehr niitzlich erwicesen.

Normalerweise werden hierzu zwei Aufl-
nahmen tn grossen Zeitabstinden gemacht. Weit
interessantere Effekte sind jedoch nur in kirzeren
Intervallen, bis 2u einigen Mikrosekunden beobacht-
bar.

Ein Q-Switch-Laser, der Impulse von einigen
Nanosekunden emittiert, gestattet die Ausdehnung
dieser Technik zur Beobachtung schnell ablaufender
Vorginge, ebenso ist damit eine Untersuchung stoss-
belasteter Objekte maglich.

Die vorliegende Arbeit beschreibt einige
technische Anwendungen und eine Erweiterung der
Methode im Hinblick auf die Analyse von Berei-
chen des stossbeanspruchten menschlichen Koérpers.
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INTRODUCTION.

A «frozen fringe» hologram is made by exposing
photographic material twice to the interference field for-
med by the interaction between light waves transmitted
or reflected by an object and a coherent reference wave.
In the reconstruction an interference pattern is formed
which reveals any changes that may have occurred between
the two exposures. The reconstruction retains all the pro-
perties of single exposure holograms, including three di-
mensional recording, and if a pulsed laser is employed as
source, rapidly moving events may be recorded. The ad-
vantages of this technique have already been demonstra-
ted in non-destructive testing, stress analysis, plasma re-
search, moving particle distributions and wind tunnel inves-
tigations. At previous conferences we have discussed the
usefulness of pulsed interferometric holography for the
recording of both transilluminated events {1-2] and reflec-
ting surfaces [3]. Successive exposures have usually been
made with an appreciable time interval, but it has become
increasingly evident that the recording of two holograms
with a very short time separation is a powerful method
for obtaining information about transient phenomena, whe-
ther this information be velocity, or the rate of change
of some other parameter [4-5]. There is, therefore, a de-
mand for double-pulse lasers having adequate coherence
for reflection holography and operating with pulse separa-
tions from 1 us to 1s.

There are advantages in developing the laser source
and holographic recording system for such a purpose as a
single unit, rather than as two separate units. Varying
requirements in the studies to be made (and the variation
may be quite large, even in the course of work with one
object) are best met by utilising the flexibility of cutput
available from pulsed lasers, and adjusting to the best
compromise between pulse duration, output energy, and
coherence for each particular requirement. It seems to
have been the case frequently in the work of others that
specifications for pulsed laser holographic sources have
been drawn up to include all of the extreme values of
the various parameters simultaneously, and this has led
to performance requirements which are unrealistic, impos-
sible, or at best very costly, to satisfy. We have been suc-
cessful in recording holograms of transient events on dif-
fusely reflecting three dimensional objects extending in
size to about 50 cm® using a pulsed ruby laser with just
sufficient temporal and transverse mode characteristics.

THE LASER.

The laser (Fig.1) consists of a 10 mm by 100 mm
ruby rod pumped by a linear Xenon flash lamp in an ellip-
tic configuration, Q-switching and double-pulsing is achie-
ved using a 100,000 rpm air turbine rotating prism {6] in
conjunction with a double prism assembly [7]. This system
provides pulse separations from 10 us to 500 us, the upper
limit being determined by the duration of the flash en-
velope. Adequate coherence is achieved by using a single
plate silica resonant reflector and a tilted intracavity eta-
lon. We have demonstrated [8] that satisfactory interfe-
rence holograms can be recorded using this laser in a
double-pulse mode with a diffuser placed between the
laser and a diffusely reflecting object surface. Although
the extra diffuser improves the uniformity of the object
illumination and reduces the danger of eye damage it also
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Fig. 1 : Laser resonator, showing Q-switched and double-pulsing ar-
rangernent and the coherence controls.,

imposes severe restrictions on the stability of the source,
the diffuser and the object, if good contrast fringes are
to be obtained in the double-exposure hologram We deci-
ded, therefore, to dispense with this first diffuser and
to employ an aperture within the laser cavity to improve
the uniformity of the illumination on the object. Accord-
ingly, an aperture of 1.8 mm diameter was inserted into
the resonator and the resulting Fresnel number of 2.0 had
the further effect of restricting the output to just a few
transverse modes. The figures 3 to 11, excluding figure 6,
show that the transverse, the temporal coherence and the
object illumination are adequate for differential hologra-
phic interferometry of diffusely reflecting objects.

REFLECTION HOLOGRAPHIC SYSTEM.

The arrangement used is shown in figure 2. It
employs a conventional geometry, using the Fresnel reflec-
tion and transmission at an uncoated surface as a beam-
splitter, negative silica lenses for beam expansion and mir-
tors for redirection. Reference and signal beams are ex-
panded to cover uniformly both the photographic plate
and objects up to half a metre across making the optical
path lengths from the laser to plate as nearly equal as
possible.

The angle between the reference and signal beams
at the hologram is 20°-40° and the ratio between their

Mirror

Negative Photographie
silica lens plate
Beamsplittes Negative

silica lens .
Mirror

Fig.2: Hologram recording arrangement.
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energy densities at the hologram plane is about 5 to 1.
Agfa Gevaert 9X 12 cm 10E7% plates have been used and
found to require approximately 50 mJm™ (50 erg cm™?)
for a density of 0.5. The pulse lengths of 25 ns and pulse
separations of 25 us permitted the experiments to be
performed without any mechanical stabilization or anti-
vibration measures.

HOLOGRAMS.

Figure 3 shows a spinning fan. The interference
pattern is a quantitative indication of the rotational move-
ment of the fan blades. That the fringes are parallel [9]
follows from the fact that they are a measure of only the
cdmponent of motion in the direction bisecting the illumi-
nating and viewing directions. In the example shown the
speed of rotation was calculated to be 200 rpm. Loss in
contrast of hologram detail occurs if the rate of change of
path during the exposure [10] is too high, and, by varying
the fan speed up to its maximum, the tolerance on path
change was shown to be at least 0.3 wavelength which is
consistant with theoretical prediction.

Fig.4 : Photograph of the reconstruction made from a double-
exposure hologram of a metal plate showing deformation
produced by a hammer blow. Pulse duration 25 ns, pulse
separation 25 Us.

Fig.3 : Photograph of the reconstruction made from a double-
exposure hologram of a spinning fan. Rotation speed
200 rpm, pulse duration 25 ns, pulse separation 25 L.

Figure 4 shows the transient deformation in a
freely suspended mild steel plate, measuring 153 mm wide
by 440 mm long and having thickness 6 mm, when struck
on its rear face by a light hammer. In this example the
first exposure was made just before the plate was struck
by the hammer and the second 25 us later. The amount
of deformation (d) present may be calculated from the
number of fringes (n) observed, in conjunction with a
knowledge of the geometry of the system. In our case,
since

SN
~ 2cos¢

and A = 0.6943 um and ¢ = 15° (half angle between il-
luminating and viewing directions), the maximum defor-

mation is approximate]y 10.5 um. Fig.5 : Photograph l‘J[- reconstruction n‘lade frf)m dolubie-cxpmurc
A 90° vee groove, starting at 9 o'clock at the hologram of metal plate showing dgtorm_auon produced
: 4 2 by hammer blow. Vee groove machined in plate, at rear,
plate edge and ending in a blind hole centred on the cross 9 o'clock position to cross, Note modified ring sys-
was then machined into the metal plate. The form of tem to left of cross indicating groove position. Pulse dura-
transient disturbance obtained in this modified structure tion 25 ns, pulse separation 25 Us.

MR | p e - —



1s shown in figure 5 and it is very evident from the fringe
discontinuity where the vee groove is located even though
it 18 in the reverse side of the plate and away from the
observer. 4

By way of comparison figure 6 is a photograph
of a reconstruction of a conventional time-averaged holo-
gram of this same modified plate. This time. however, the
holograrn was recorded with a c.w. gas laser and the plate
set into a steady vibration mode by means of an electro-
magnet [11]. The position of the vee groove is indicated
by the discontinuity in the fringe pattern to the ieft of
the cross.

Photograph of reconstruction made from hologram produced
by conventional time-averaged holography. Plate as in figu-
re 5 and vibrated at 1.5 kHz. Helium-ncon laser. Sharp chan-
ge in fringe pattern to left of cross indicates groove position.

Fig.6 :

The transient deformation of a motor-cyclist’s
crash helmet after being struck by a hammer is shown
in figure 7. The hologram from which the reconstruction
comes was recorded immediately following impact anc
clearly shows the ripples generated by the hammer blow.

PHYSIOLOGICAL ASPECTS.

Holography when using a Q-switched laser is not
limited to inanimate objécts and many interesting results
can be observed when the double-pulse technique is ex-
tended to examine parts of the human body under some
form of movement or shock. ZIVI and HUMBERSTONE,
for example, have used the technique to examine the chest
movement of subjects during inhalation [12]. Figures 8 to 11
show some double-pulse holographic interferograms of live
subjects recorded at this laboratory.

Figure 8, for instance, shows the facial movement
of one of the authors when struck on the head by a ham-
mer [13] - while wearing a crash helmet, of course ! The
movement of the eye ball, under the closed lids, is-about

2
]

Photograph of reconstruction made from a double-exposure
hologram of a motor-cyclists’ crash helmet showing the
¢ffect of a hammer blow on its crown. Pulse duration 25 ns,
pulse separation 25 Ws.

Fig.7:

Photograph of a reconstruction made from a double-exposure
hologram of a motor cyclists’ crash helmet worn by one
of the authors, showing the effect of a hammer blow on the
helmet. Pulse duration 25 ns, pulse separation 25 L.

2 um - a possible method for measuring the shock-
absorbing ability of crash helmets !

In figure ¥ the head and shoulder of a live sub-
ject is shown in the process of breathing out. Body and
skin movements are clearly visible.

Figures 10a and 10b are both photographs of
reconstructions made of human feet. Figure 10a shows
the movement of the parts of e foot when a small jump
is executed. The «kinkingy in the fringes noticeable on the
left foot are presumably associated with ligaments under
the skin. In contrast, figure 10b shows skin movements
that occur when the board on which the subject is stand-
ing is struck sharply by a heavy hammer.



Fig.9 : Photograph of reconstruction made from a double-exposure

hologram of the head and shoulder of a live subject showing
the effect on the body of breathing out suddenly. Pulse
duration 25 ns, pulse separation 25 Us.

In figure 11 the double-pulsed hologram was made
during the course of adjustment of the laser system, and
does not involve a separate «object» in the ordinary sense.
The recording shows the hand pressing the laser firing but-
ton (a plunger switch clasped in the left hand), and a
surprising amount of movement of the skin and clothing
was revealed.

COMMENTS ON SAFETY ASPECTS.

It is important that extreme care be exercised
when making holograms of live subjects to ensure that
potentially dangerous levels of illumination are not presen-
ted to the eye. The levels recognised as safe are set out
in [14] and it is not difficult to keep to these limits for
the beams from the object [15] and, more importantly,
the reference wave which may be more intense. It is always
necessary to make a careful study of the geometry of the
system for it is important to realise that laser light may
reach type eye by paths other than those of the object
beam direction. It has, for example, been pointed out [15]
that in certain circumstances the reference beam may
be reflected into the eyes of a subject via the surface of
the unexposed hologram plate during exposure. A 10 %
reflection at such a surface might well result in radiation
well above the recommended safety level, reaching the
eye.

Once some careful consideration is given to the
possible dangers of the proposed experiment it is a simple
matter to rearrange the components in such a way that
the dangers are completely removed. As a further safe-
guard it is usually possible to screen the human subjects
eyes from potential reflectors of stray radiation, and to
provide a non reflecting target on which the gaze is ci-
rected.

CONCLUSIONS.

It has been our intention in this paper to show
that useful double-pulsed reflection holography can be
performed using a fairly simple low output laser. For this

9
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Fig.10a : Photograph of a reconstruction made from a double-
exposure hologram of the feet of one of the authors
showing the effect of a small jump. Pulse duration 25 ns,

pulse separation 25 Us.

Fig. 10b : Photograph of a reconstruction made from a double-
exposure hologram of the sanie feet, but this time sho-
wing the effect produced when the board on which the
subject is standing is struck with a hammer. Pulse du-
ration 25 ns, pulse separation 25 Us.

Fig. 11 : Photograph of a reconstruction made from a double-
exposure hologram of hands and arm showing the effect
produced when the laser firing switch is operated by the
left hand. Pulse duration 25 ns, pulse separation 25 Us.

reason, the examples have been chosen for their familiarity
and the readiness with which the effect can be related to
known behaviour. They are not typical, of course, of the
kind of studies in which quantitive results are required,
but it is inherent in this method that quantitative infor-
mation can be obtained.
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App‘endii to «Short interval double-pulsed holography of
reflecting objectsy presented at the meeting
of the Congress by R.G.N. HALL.

DOUBLE-PULSED STUDIES OF DISTURBANCES
IN HORIZONTAL SURFACES. -

In the examples of double-pulsed holography pre-
pared before the meeting, the surfaces of the various ob-
jects employed were all «diffusing». Light reflected by
such surfaces suffers a spatial phase modulation which
varies rapidly and randomly across the surface of the ob-
ject. Motion of the surface between the two recording
light pulses is revealed in these examples in the form of
a two-beam interference pattern, but good contrast in the
pattern is only obtained if the random fine-structure phase
variation in the reflected wavefronts remains substantially
the same in the two exposures. When the material of the
object is not opaque, light is scattered diffusely from the
material in a layer below the surface, and if the motion
of elements of the material in the layer varies, the contrast
may be adversely affected. This may have happened to
some extent in figures 8-11 (in the main part of this pa-
per) since the human skin is translucent. Liquids, in which
scattering elements may be in rapid random motion, are
likely to present some difficulties ; for example, the con-
trast of the interference pattern formed after a double
exposure will depend on the duration of each light pulse
and on the time interval between the pulses. Figure 12
shows how the previous apparatus was modified to record
horizontal surfaces of solid bodies and liquids. The direc-

Photographic
/ plate
/

\wj / iy

Mirror
Horizontal

—

scattering surface /

Negative
silica lens

Beamsplitter

pal

Laser Negative
silica lens

Mirror
Fig. 12 : Recording holograms of horizontal surfaces.

tions of illumination and viewing are equally inclined to
the vertical, giving maximum sensitivity to vertical displa-
cements of the surface, and minimum sensitivity to hori-
zontal displacements.

Figures 13, 14 and 15 show some early experi-
ments to test the effect of motion in liquids. There are
obvious qualitative differences in the reconstructions from
the holograms, which were all obtained with a time inter-
val of 25 ps and a pulse duration of 25 ns.

Fig. 13 : Paper surface tapped.

Fig. 14 : Drop of milk, falling into milk.

Fig. 15 : Steel ball, into oil/water emulsion.
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TIME-SEQUENCE OF MULTI-TIME-DIFFEREN-
TIAL HOLOGRAMS.

A previous paper [16] described a convenient ex-
perimental technique for recording a sequence of holograms
in order to show (and measure) progressive changes in an
object. The same apparatus was used in the present work
and employs a holographically - fabricated scatter plate to
transilluminate a phase object. Successive areas of the scat-
ter plate are illuminated in sequence, and the hologram is
recorded in a plane conjugate with the scatter plate. For
convenience the areas may be arranged with radial and
circumferential spacing as shown in figure 16.

has received a sequence of double exposures with 40 ms
interval.

The three areas on the same radius each received
one exposure at the same instant. The spacing round the
circle represents a time progression of 20 ms for each
interval.

The recording shows the development of gas den-
sity changes in a pair of 150 watts gas-filled lamps just
after switching on the current through the filaments. The
patterns of interference show the different temperature
distributions in the two lamps at two stages of the develop-
ment of the convective flow inside the envelope, and for

Fig. 16 : Illumination pattern.

During the exposure, the pattern of illumination
(Fig. 16) is rotated one step after each light pulse, giving
the record shown in figure 17. The outermost ring has
received a sequence of double exposures with an interval
of 140 ms. The next ring has received a sequence of dou-
hle exposures with a 60 ms interval and the innermost ring

Fig. 17 : Hologram.

Fig. 18 : Hologram elements selected for (Fig. 19).

two simultaneous values of the time-differential of expo-
sure at another stage of the developments.

Thus, the illustration demonstrates a three dimen-
sional record made at successive instants in a time sequence,
with three time-differentials. Perhaps it might therefore
be claimed that the record is FIVE-DIMENSIONAL !

Fig. 19 : Eight photographs of reconstructions from four elements of the hologram shown in figure 17. Each pair of photographs shows

two different planes of focus.

Element A ; beginning of sequence.

From the

Element C ; time interval 60 ms.

Element B ; end of sequence.

inner ring of hologram elements (Figs 17 and 18), time interval 40 ms.

Element D ; time intervai 140 ms.

L4

From elements of the hologram on the same radius (Figs 17 and 18), same elapsed time.
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HOLOGRAPHIC RECORDING

65 UTILISATION PRATIQUE DES LASERS POUR ENREGISTREMENTS
PHOTOGRAPHIQUES ET HOLOGRAPHIQUES

65 PRAKTISCHE AUSFUHRUNG VON LASERN FUR PHOTOCRAPHISCHE UND

HOLOGRAPHISCHE AUENAHMEN

lan N. ROSS, John W.C. GATES and Roy G.N. HALL

Division of Optical Metrology
National Physical Laboratory

TEDDINGTON, MIDDLESEX, ENGLAND.

ABSTRACT

Pulsed lasers can often be used very pro-

fitably as light sources in the study of transient .

events. Their practicabitity has often been ques-
tioned, however, on grounds of inadequate effi-
ciency and portability, and high costs. These Li-
mitations are not insurmountable. Several laser
. units, we have built and used, are described sho-
wing that very useful compact pulsed lasers can
be constructed, Requirements on these lasers have
come primarily from holographic applications and
one of the considerations has been to find the
minimum requirements for adequate holographic
performance.

RESUME

Les lasers pulsés peuvent souvent étre uti-
lisés trés utilement comme sources de lumiére pour
T'étude d’événements transitoires. On a cependant
souveni contesté Ja possibilité de leur utilisation
pratique en raison de leur efficacité inadéquate,
la difficulté de les transporier, leur prix élevé, Ces
limitations ne sont pas insurmontables. Plusieurs
unitds laser que nous avons construites et mises
en ocuvre montrent qu'on peut réaliser des lasers
pulsés compacts trés utilisables. Le besoin pour
de tels lasers vient & l'origine des applications ho-
lographiques et I'un des buts a ¢té de déterminer
les spécifications minimales en vue d'assurer des
performances adéquates en holographie.
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ZUSAMMENFASSUNG

In vielen Fillen kénnen Pulslaser vorteilhaft
als Lichtquellen zur Untersuchung zeitlich verin-
derlicher Vorginge eingesetzt werden. Dagegen wur-
de ibre praktische Verwendbarkeit wegen des ge-
ringen Wirkungsgrades, der schlechten Transpor-
tierbarkeit sowie der hahen Kostén oft in Frage
gestelit. Diese Nachteile sind jedoch nicht uniber-

‘windbar. Es werden einige von uns gebaute und

verwendete Lasergerite beschricben. Sie zeigen,
dass sehr niitzliche kompakte Pulslaser gebaut wer-
den konnen. Die Hauptanforderungen an diese La-
ser wurden im Hinblick auf die holographischen
Anwendungen gestellt, wobei versucht wurde, die
fur eine geeignete holographische Aufzeichnung
minimalen Voraussetzungen zu ermitteln.
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INTRODUCTION.

It has been realized for some time that pulsed
lasers have much to offer in the field of high-speed recor-
ding. The advantages of lasers stem from their capability
for high intensity, short duration pulses, from the nar-
rowness of their spectral profile and from the high direc-
tionality of their output. Even in situations requiring only
one of these properties the laser is often superior to a
conventional source. In long distance high-speed photo-
graphy, for example, the small divergence of the laser
output can result in an illuminating and viewing system
which is much more efficient with a laser than with a
flash source.

In recording techniques requiring a light pulse
with not only high directionality but also high mono-
chromaticity and short duration it is often essential to
use a pulsed laser. An important technique of this kind
is holography and we have been concerned not only with
the holographic recording of transient events but also the
design of more suitable pulsed lasers for practical appli-
cations in this field. \

REQUIREMENTS FOR HOLOGRAPHY.

Holography, while placing a stricter requirement
on pulse duration and coherence (both spectral profile
and directionality are aspects of coherence), also needs
greater output energics than is generally required in photo-
graphy since the fine interference fringe pattern which
forms the hologram can only be recorded on slow high
resolution recording media, This combination of properties
has tended to result in the use of expensive lasers which
are so large and heavy that they are not worth moving and
only experiments which can -be brought to the laser are
performed. For many applications of holography, however,
the laser should be capable of transportation to the test
site, should be robust and should not represent a dispro-
portional capital cost, In our attempts to meet these re-
quirements we have considered the laser and holographic
recording technique as an integral unit to be optimized,
where the technique can be modified to better suit the
laser requirements as well as adjusting the laser parameters
to suit the holography. Mast of the size and weight of
a laser is in the power supply units and as well as mini-
mizing the requirements on the power supplies it has pro-
ved to be possible to improve their design so as to give
significant reductions in size, weight and cost.

Anoiher requirement of a laser source used in
the holographic recording of transient events results from
the need, expressed by many workers, for a double-pulse
with pulse separations of 1 us upwards, or even for a pulse
train with perhaps ten pulses extending over a millisecond.

In a previous conference [1] we describe the use
of a five-sided air-turbine-driven rotating prism Q-switch
capable of a millisecond train of up to 20 pulses. An
example of the use of such a laser in high-speed photo-
graphy is shown in figure la.

These are photoelastic pictures of a shock wave
travelling down a test bar using as the light source a repe-
titively pulsed Nd : glass laser giving an output at 0.53 p
by virtue of conversion to its second harmonic in a crystal
of ammonium dihydrogen phosphate (ADP), A diagram
of the laser is shown in figure 1b. The pulse separation
in this instance was 55 us. Further details of this work
have been given by Churchward earlier in this conference [2].
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Fig, 1a : Dynamic recordings of a stress wave travelling along a
transparent bar (Photoelastic technique).
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Fig. 1b : Repetitively Q-switched Nd : glass laser with second
harmonic gencration.
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DOUBLE PULSE LASER FOR REFLECTION
HOLOGRAPHY.

The usefulness of having a double-pulsing facii:: -
with a controllable pulse separation has led us to mods:y
the Q-switch as shown in figure 2. The five-sided prism

! Aperture

flectaor
 Laser rod Reflecta

Q-switching

Fig. 2 : Laser design for two Q-switch pulses separated by a

short time interval,
is replaced by one of rectangutar cross-section having onh
one polished side face. Two roof prisms are mounted b
low the spinning turbine so that laser action occurs twie
once from each prism, with a time separation equal to the
time for the turbine prism to rotate the reflected axial
ray from one prism to the other. The time separation van
consequently be controlled by changing the angular separs-
tion of the prisms with respect to the turbine or by va
rying the speed of rotation of the turbine. The prium
asserbly used gave pulse separations down to 10 us, while
the upper limit of 500 ps was set by the duration of the
pumping flash, Two -methods of obtaining equal pulse ener-
gies are possible with this arrangement. A small loss may
be introduced in the optical path used for the first pulse
only, and, in our case, this was done by placing a wedge
(Fig. 3) in front of the appropriate roof prism such that
one of .the angles of internal reflection in the prism was
just below the critical angle. A fraction of the beam is
then lost out of the back of the roof prism, this loss being
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accurately controlled by rotation of the wedge. In the
other method, also illustrated in figure 3, the second prism
is translated in a direction normal to the roof-edge and
the incident ray so that the axis of generation of the
second pulse is translated with respect to that of the first
and hence uses a different and yet undepleted volume of
the active medium. The second method, although it pro-
vides more energy per pulse, cannot be used where exact
repeatability of transverse and angular distribution in the
output is required from one pulse to the other.

Output
Air turbine reflactor
Q-switch prism Laser rod
] |
‘ Insertion

| of loss

Fig. 3 : Methods of achieving two equal energy pulses from the

double-pulse laser.

The use of the turbo-Q-switch laser has been fur-
ther extended to the holography of diffusely reflecting
objects up to 0.5 m across. An increase in coherence length
to 25 cm was achieved using a design of resonant reflector
as shown in figure 2. This resulted in only a small drop
in laser efficiency. The requirement on transverse coherence
posed a greater problem since the usual specification for
this type of holography is for single transverse TEMg
mode (i.e. complete transverse coherence) and the drop
in laser efficiency to achieve this coherence was so great
{because of the poor optical quality of the ruby rod)
that the laser could not supply enough energy. One can
show, however, that complete transverse coherence is not
essential to the reflection holography of diffusely reflecting

g 4 :

Transient disturbance in a motor cyclist’s crash helmet
following impact from a hammer. Photographed from
a double-pulse hologram.

objects and that reduced coherence can be tolerated

more energy is available. Consequently it is possible that
optimum operation does not lie with single mode operatio
i this entails too much reduction in output energy. This

[r—

1s the case with our turbo-Q-switch ruby laser which has
a transverse coherence adequate for this holography even
in the absence of any aperture mode selection and in this
form has an output energy of 250 mJ, again quite adequate
for the recording of objects of 0.5 m across. Single expo-
sure holography and double exposure holographic inter-
ferometry have been-performed with this Jaser both with
and without the double-pulse facility [3]. The double-pulse
holography has been described in this conference by Hall [4],
and figure 4 shows an example taken from that paper of
the stress wave on the surface of a motor cyclist’s crash
helmet following impact from a hammer.

‘SMALL LASERS.

It 1s comparatively rare that holography, or photo-
graphy, require energies exceeding that possible with the
above laser system. The large majority of applications re-
quire a very much smaller energy or coherence, as long
as proper attention is given to the best design of recording
arrangement. Suitable laser sources would be expected to
emit in the range 1 to 10 mJ and we have concentrated
some effort into designing portable laser systems for ope-
ration at these energies. The volume of active material
required is small, with rods of length 50 mm or less, and
leads to reduced difficulties with respect to heat dissipation,
thermal distortion, mput power requirements and rod opti-
cal quality as well as to increased laser efficiency and lower
size and cost. The choice of active material has been left
open, the possibilities being ruby, emitting at a wavelenght
of 694 nm, Nd : YAG with second harmonic generation
emitting at 530 nm and Nd : glass with second harmonic
generation also emitting at 530 nm, and the performance
of these different media are being compared. The laser
can be either free-running or Q-switched depending upon
the requirement for pulse duration and the laser must be
designed separately for these two alternatives. In particular
a simple efficient and reliable Q-switch is required.

The energy to be delivered by and the pulse dura-
tion of the power supply vary according to which of the
above alternatives is chosen, but there is another important
parameter, the charging rate or the pulse repetition fre-
gquency. This, along with the energy. determines the mean
power requirement which, above any other, determines the
size and weight of the unit. For most holographic recording
a single shot is used, but if the laser can be repetitively
pulsed 1t can be particularly useful in two ways. The first
requires a repetition frequency of > 2 pps and enables
the laser to save much time in the initial setting up of
the laser itselt and of any optical arrangement used in
the recording. The second requires a repetition frequency
= 20 pps and renders the laser effectively continuous to
the eye so that it can be used in the reconstruction of any
pulsed holograms particularly those recorded with it. For
pumping the small lasers discussed here at more than 20 pps
it is necessary to think in terms of a 1 kW mean powe: ca-
pability of the power supply. We have been able to achieve
this with very light weight and compact units by (i) elimi-
nating the usual transformer and using direct thyristor con-
trolled charging through a voltage doubler (ii) employing
electrolytic capacitors capable of high discharge rates and
having low internal losses. Figure 5 shows two such units.
One, designed to pump a Nd : YAG laser, delivers 20 J in
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150 us at a maximum repetition frequency of 25 pps and
weighs only 14 kg. The other, designed to pump a ruby
laser delivers 50 J in 500 ps at a maximum repetition fre-
quency of 20 pps and weighs only 12 kg.

Fig. 5 : Two portable laser power supplies fov repctitive pulsing.

1

Original
flashtube

AN ; D Ruby rod

Discarded refiector

Fig. 6 :

Pocket ruby laser.

An example of that can be achieved in producing
a useful compact laser of low cost is our ’pocket” ruby
laser, as shown in figure 6. This single shot device delivers
4 m) with a useful degree of coherence. It is made simply
by modifying a suitable electronic photographic “flashgun™.
The original flashtube is retained, but the reflector is re-
placed by a silvered glass tube surrounding the flashtube,
while a ruby rod with its ends reflectively coated is inser-
ted parallel to the flashtube inside the glass tube. A small
laser head is thus formed within the body of the unit.
The ruby rod, 25 mm long by 2 mm diameter made from
indifferent quality material and having its ends coated
with dielectric multilayers to 100 % and 95 % reflectivity
at a wavelength of 694 nm, will produce 4 mJ of laser
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output in 500 ps from the 25J stored in the capacitor.
Since the rod is operating near threshold its output has a
useful degree of transverse coherence and a coherence length
of 10 mm. The external dimensions of the pocket™ laser
are just those of the original flashgun, 100 X 70 X 40 mm,
and its weight is 300 g. The usefulness of this laser is indi-
cated by figure 7 which shows photographs of reconstruc-
tions from two holograms ; one, a hologram of a simple
engineering surface in reflection (a Stanley knife blade)
and the other, a hologram of a fine aerosol of water
droplets.

Fig. 7a : Holographic interferogram of a distorted Stanley knn

plade. Simple ruby laser recording.

Fig. 7b : Fine water dropict: in reconstruction. Hologram record
using simple ruby laser.

The pulselength of 500 us was, surprisingly, sho
enough to record the moving aerosol, but would not
course be short enough for many objects. Further, a ve:
short resonator such as this makes it difficult to achic.
a light output with high directionality (the divergence
the pocket laser 5 mrd) and high transverse coheren.
Figure 8 shows diagrammatically a laser which incorpx
rates these improvements and is particularly simple a:
economic [3]. A two inch ruby rod is now used, pumpe
by a two inch xenon flashtube in an elliptic cylinu:
cavity. The output reflector is a multilayer dielectric coat-

[j Roof

reflector

Output

o :
reflector SY5ptinem

Ruby rod

Fig. 8 :
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to 96% at 694 nm while a good quality roof prism is used
as the rear reflector thus making the laser insensitive to
angular misalignment when Q-switched with a rotating
mirror element. A novel Q-switch of this type is used.
It consists of a 90% prism mounted between the moving
coil of a small loudspeaker and a fixed support so that
the prism is given a rotational impulse when an electrical
impulse is sent to the speaker. This electrical impulse is
injected simultaneously with the flashtube triggering, The
inertia of the prism and moving coil arrangement is ad-
justed in relationship with the moving coil support (which
acts as a restoring force to the deflection) and with the
initial angular position of the prism such that the angular
velocity is a2 maximum when the prism brings the resonator
mirrors into line and when the gain of the ruby is also
a maximum. The Q-switch pulse consequently always occurs
at a given time after the flash initiation (jitter * 10 us)
thus enabling the laser pulse to be timed with respect to
an event. This facility is not normally the case with a
mechanical Q-switch. The laser when operated in the confi-
guration shown in figure 8 can, with correct adjustment
of cavity length, give a single Q-switch pulse of half-width
50 ns and energy 1 mJ. The resonator length was 500 mm.
As this length is reduced the number of pulses increases
but the output also rises, and when the duration of laser
output is 40 us the output energy is up to 10 mJ. This

latter configuration is most useful, when compared to the
laser freerunning (20 mJ in 1 500 ps), since with a drop
in output of only a factor 2 the duratron is reduced by
a tactin of 38. The power supply for the laser {lash tube
is + commercial unit built for photographic studios. Al-
though the flash duration is long and results in a long
free-running laser pulse and a considerably reduced effi-
ciency {(in our case 350 J was being used at twice threshold
energy) this disadvantage is more than offset by the cost
of the unit (1/10 of typical commercial laser unit) and
its weight (5 kg). Other types of Q-switch are possible and
have been considered. We have for example tried the na-
tural choice for a simple Q-switch, the bleachable dye.
However, at the, relatively low powers generated by small
lasers, dyes become inefficient and we were not able to
achieve a useful energy in single pulse operation.

CONCLUSION.

This paper reports the extension of a laser source
to the holography of sizeable objects and to holographic
interferometry requiring two pulses separated by a short
duration. Also described are two example of simpler, chea-
per, and more portable lasers which are useful for a large
number of photographic and holographic applications,
particularly in the field.
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Abstract A portable Q-switch laser incorporating a simple
and inexpensive Q switch and a commercial photographic
flashtube power supply is described. This laser has potential
uses in high-speed photography and many forms of
holography.

1 Introduction

Considerable effort has been put into producing lasers for
holography which are capable of meeting all the requirements
of this recording technique, however extreme (Ansley 1971).
It is possible, for example, to purchase a laser with a
Q-switched output of 17T in a single transverse mode and
with a coherence length of several metres. One can also have

the facility for double-pulsing the laser, with pulse separations’

extending from 1 us upwards and with very high reproduci-
bility of mode. These lasers, however, suffer from the disad-
vantage of being practically immobile and very expensive.
On the other hand, the great majority of photographic and
holographic applications (as well as other optical measure-
ment techniques where the detector may be a photodiode or
the eye), require very much less energy with greatly reduced
requirements on coherence and stability. Such lasers, which
should be easily portable and have a price comparable to
that of gas lasers, are not commercially available and this
note reports on the development of a simple and economic
Q-switched ruby laser designed for applications requiring a

light pulse of a few millijoules. Possible uses in the field of
holography are in the measurement of particle and droplet
distributions, in plasma diagnostics and in the nondestructive
testing of engineering components. Some examples of these
have been given by Wuerker (1971), Pavitt et al. (1970),
Gates ef al. (1970) and Hall (1970). :

2 The laser

The particular design features of this laser are the mechanical
Q switch and the use of a cheap commercial power supply.
In other respects the laser design, as shown in figure 1, is
not unusual. A 2 inx 4 in ruby rod of only standard quality
1s pumped by an E G & G 2 in xenon flashtube in an elliptical
cylinder cavity. The rear reflector is a roof prism with a good
quality roof edge, and the output reflector is a multilayer
dielectric mirror giving a reflectivity of 96% at 694 nm.

2.1 Power supply

A particularly lightweight and portable power supply unit
can be realized with a ruby laser of this size since (i} the long
fluorescent lifetime of ruby (~4 ms) suggests the possibility
of using electrolytic capacitors and (ii) the modest requirement
for energy allows the use of a charging voltage less than twice
the mains voltage, and this can be achieved by direct charging
from the supply without the need for a transformer. Commer-
cial units incorporating both of these fea*ures are sold for
operating xenon flash lighting in photographic studios. We
have selected one suitable to our requirement (Courtenay
Majorette Mk IIT). It delivers up to 400 J in 2-3 ms, weighs
11 1b (5 kg) and costs about cne tenth of the price of a typical
laser designed unit. It is capable of 100 W mean power output
and can, for example, be operated at 50 J and 2 pulses/s. The
flashtube was triggered using a third electrode and a larger
trigger transformer than is normally used with this power
supply unit. A car ignition coil was found to be suitable. The
efficiency of pumping the ruby rod was lower than optimum
because of (i) dielectric losses in the electrolytic capacitors,
(ii) overlong flash duration and (jii) inefficient flashtube
operation due both to third electrode triggering and to low
charging voltage. This was not a problem, however, since
plenty of energy was available from the supply. With the laser
non-Q-switched the energy threshold was 170 J stored. At
350 T stored an output of 30 mJ was obtained over a duration -
of 1-5 ms.

2.2 Q switch

The simplest and cheapest type of @ switch is probably
the saturable ahsorber since it consists merely of a cell of dye
liquid inside the resonator and requires no external controls.
Unfortunately, however, with the low gain and energy avail-
able from small lasers such as ours, the dye tends to be
inefficient due to incomplete bleaching of the dye absorption,
Small residual absorption which cannot be bleached alse has
a greater effect in a small laser, and if a repetition frequency
of more than about 1 pulse/s is required, the dye must be
circulated to prevent further reduction in cfficiency.

We have in preference devised a simple and inexpensive
mechanical @ switch (figure 1). A small 90° prism is mounted
between the moving coil and the surrounding metalwork of a
small cheap loudspeaker (Radio Spares 2%in, 3 £ general
purpose), from which most of the diaphragm is cut away to
reduce damping. An electrical signal to the speaker moves
one end of the prism out or in and causes the prism to rotate
about an axis parallel to its reflecting surface. The Q switch is
operated, simultaneously with the triggering of the flashtube,
by discharging the energy stored in a capacitor through the
speaker coil. A mechanical impulse is thereby given to the
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Figure 1 The laser resonator and @ switch

prism, and during the resulting oscillation of the prism it
passes through the in-line position and Q switches the laser.
Efficient Q switching occurs if the prism comes into line at its
maximum angular velocity and at the moment of maximum
gain in the ruby rod, These two conditions can be reliably
met by correct choice of (i) the rotational inertia of the prism
assembly, (ii) its resonant frequency of oscillation, (iii) the
restoring force and damping of the oscillation (i.e. the
mounting of the moving coil) and (iv) the initial orientation
of the prism. With this laser, the maximum gain occurred
after 1-2 ms, but this was not critical and the efficiency was
approximately constant over the range 1-0-1-5 ms. Figure 2
is a graph of the @-switch prism’s deflection as a function of
time and shows that, if the prism is offset by an angle of
11 mrad, the prism has the maximum angular velocity of
28 rad s~! when it Q switches, and this occurs at I-4 ms. A
useful property of this mechanical Q switch is that, unlike
most others, satisfactory synchronization of the laser pulse
to an event can be achieved. This is because the Q switch
is initiated electrically and the laser pulse occurs after a
predetermined time which is constant (to within +10 ps in
our case).

The moving prism is hinged so as to tilt in a predictable
and repeatable way, but in any case the use of 2 roof reflector
with two successive reflections at the moving mirror greatly
reduces the sensitivity of the system to any displacements of
the loudspeaker diaphragm and moving mirror except the
rotation required for Q switching.

The relatively low angular velocity of the Q-switching prism
tends to give rise to a @-switch “open time’ long enough to
allow multiple pulse operation of the laser. For efficient
single pulse operation the open time must be adjusted to be
equal to the pulse duration and, in this case, would have to
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Figure 2 The deflection of the Q-switch prism over the first
few milliseconds following initiation

Figure 3 An oscilloscope trace of the laser output power
for single-pulse operation: horizontal scale, 100 ns per
square; vertical scale, 10 kW per square. The small
secondary pulse on the trace is an electrical reflection and

should be disregarded

be reduced appropriately. The open time depends on the
resonator length and aperture as well as the angular velocity
of the @ switch so that if the open time has to be reduced
then an increase in the resonator length or a reduction in the
aperture are alternatives to an increase in the angular velocity
of the Q switch, Figure 3 shows a single Q-switch pulse of
half-width 50 ns and energy 1 mJ, obtained when the resonator
Iength was increased to 500 mm.

Figure 4 An oscilloscope trace of the integrated laser

output for double-pulse operation: horizontal scale, 10 us
per square; vertical scale, 3 mJ per square. The two pulses
are represented by the steps in the trace, corresponding to
energies of 1-0 and 1-2 mJ respectively with an interval of
15-0 ps. The dimming of the initial part of the trace arises
from the triggering process and should be disregarded
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If the resonator length or the angular velocity of the prism
is reduced, an increasing number of pulses is obtained and
the total output energy rises, and although the achievement
of a single @-switch pulse was the primary aim, some of these
other forms of output are useful. For example, the laser can
be operated to emit two pulses each of energy I mJ and with
a time separation of 15 us (figure 4) or, alternatively, if the
Q-switch open time is increased considerably, a total output
of 15 mJ is obtained in a duration of 50 us. This represents
about half the output energy obtainable with the laser
operated without @ switching, but the duration of the pulse
train is reduced by a factor of 30,

3 Conclusion

A small Q-switched ruby laser has been designed and built,
and is suitable for the many applications in high-speed
photography and holography which require only a few
millijoules of light energy. The laser incorporates a small
moving-coil loudspeaker unit adapted to act as the @ switch,
and operates with an inexpensive commercial power supply
unit,

Quite a range of modes of operation may be sclected by
simple adjustments, from a single 1 mJ, 50 ns pulse to 15 mJ,
50 us pulse train, and double pulsing {1 mJ per pulse, interval
15 ps). There is considerable scope for development in
output energy and mode control.
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