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ABSTRACT

The influence of liquids in the laser beam on the 
emission and propagation characteristics of intense pulsed 
neodymium lasers is described* Results are presented on 
Q-switchlng by a thermal effect in organic solvents, on 
basic self-modulation and mode-locking processes in an 
oscillator, and on the transmission and amplification 
of picosecond light pulses in an inorganic liquid laser*



Mary, Julian, Clive ajid Sean



PREFACE

The present study has its origins in the continuing
development of high power pulsed neodymium lasers, which at
the time of writing can produce single pulses of light of
peak power to 10^^ watts and duration 10“^ to 10"^^
seconds(^*79#88#I28)^ corresponding energy content of
these powerful light pulses is of the order 10 to ICO joules
and win no doubt be increased to the kilo joule region in the
near future* The main motivation behind this development
in lasers is that it offers a clean way of producing very
hot dense plasma for use in thermonuclear fusion experiments,
sufficiently hot to release neutrons from nuclear reactions
induced by the extreme irradiance at the laser focus^^^?).

The generation of such intense light pulses requires
a powerful laser system consisting of an oscillator and a
high gain amplifier chain* The oscillator produces a pulse
of suitable duration but relatively low energy which is
directed into the laser amplifier* Here it grows by stimulated
emission from the prepared population inversion, reaching
energies of tens of joules and peak powers of at least

watts, as noted above* The pulse width is continually
reduced as a result of gain saturation, and the intensity
increases to the point where the pulse depopulates the
inversion in a time comparable with the inverse spectral

-12 'bandwidth, which is ^10 sec* for a typical solid state



laser* Thus In ah infinite amplifier the propagating pulse 
approaches a steady state, the ^  pulse’ or ’limit pulse’, 
whose width is of the order of the inverse bandwidth of the 
amplifying medium and whose peak intensity is set by the 
dipole moment of the transition and the scattering losses

The study of a high power laser system can be divided 
into two separate parts, one concerning the laser oscillator, 
the other the laser amplifier, in which the former may serve 
as a convenient signal source for determining the response 
of the latter. Liquids can enter into both aspects of such 
a study, and it this observation which provides the framework 
of the thesis.

The reason liquids are of special interest in laser 
research is that they exhibit a large number of interactions 
with light, most of which are either inherently non-linear 
or become so through stimulated processes occurring above 
some well defined threshold power or intensity* Once this 
is reached a co-operative interaction ensues between the 
liquid and the radiation field, and it grows at an exponential 
rate until saturation sets in* Because of this self-acting 
property of the system quite a small coupling results in an 
ultimately large effect, and growth is rapid because of the 
high propagation velocity of the electromagnetic field and 
the limited dimensions of the interaction region* If a liquid 
and a laser oscillator are allowed to interact by exchanging 
energy with the radiation field, quite dramatic effects, such 
as powerful Q-switching of the l a s e r a r e  observed*



,Te therefore begin by reviewing optical effects in
liquids (Chapter I), a field revolutionised by the advent
of the laser, with particular emphasis on those active
phenomena which are most relevant to the behaviour of laser
systems incorporating liquids# In Chapter 2 the principles
and practice of mode-locking are discussed as a means of

TITgenerating ultra-short light pulses of duration I0~ to
— TO10 sec#, since it is these which are of interest in very 

high power laser systems. This is followed in Chapter 3 by 
a short review of the neodymium inorganic liquid laser, a 
broad band high gain material which may replace neodymium 
glass in high power systems and thereby obviate the damage 
problem associated with the use of solid state lasers^^^^).

The next three chapters are concerned with the results 
and interpretation of some experimental studies of lasers 
and laser-liquid interactions. It is shown in Chapter 4 
that many common organic solvents Q-switch the neodymium 
laser, a finding interpreted in terms of the formation of 
thermal phase gratings in weakly absorbing liquids* The 
influence of dielectric plates on the emission of a laser 
oscillator, and the relevance of this for studies of mode- 
locking are discussed in Chapter 5* Finally, in Chapter 6, 
we describe the performance of the neodymium liquid laser 
in amplifying picosecond pulses generated by a mode-locked 
neodymium glass oscillator* A summary and evaluation of the 
results is given in a short concluding chapter (Ch*7), together
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with some remarks on applications and guide lines for further 
research*

Many, possibly all, laser phenomena can be considered 
as different aspects of the principle that stimulated emission 
is self-optimising, a principle originally applied to 
observations of spontaneous mode-locking^^^^^, where the 
phases of the laser modes appear to adjust themselves to 
minimise losses and maximise the gain by stimulated emission^^^^) 
In this way it should be.possible to achieve a general 
description of laser behaviour. This self-optimising ability 
is illustrated in the growth of modes in the cavity of a 
laser oscillator, and its origin may perhaps be understood 
by considering the dynamic processes involved. The gain 
associated with stimulated emission causes the excited 
radiation modes to grow in intensity at the expense of the 
population inversion, the more intense ones successfully 
competing with the weaker ones and thereby narrowing the 
emission linewidth to a small fraction of that observed for 
normal f l u o r e s c e n c e . This compression of the radiation 
into relatively few modes of high intensity is an important 
feature of stimulated emission and leads to extreme brightness 
of the radiation field, many orders of magnitude greater than 
that obtainable from thermal sources of comparable energy*
This self-brightening of a radiation field through its 
interaction with an inverted population represents a temporary 
reversal of entropy flow brought about by preparing the 
radiation source in a state of negative temperature, the
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thermodynamic consequences of which are just those observed.
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About nature consult nature herself.
Francis Bacon
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CHAPTER I Optical effects in liquids 
1*1 Introduction

Liquids are frequently used to provide certain controlling 
and selective functions in high power lasers, and offer a 
simple and versatile means of introducing active material 
e.g. organic dyes, into the system for these purposes. They 
conveniently divide into two classes: I) the common organic 
solvents 2) certain inorganic solvents suitable as laser host 
media. Because the chosen liquid is incorporated in the active 
system and is traversed by the intense optical beams generated 
by the laser, it is necessary to consider what effect this 
may have on the character of the light emitted.

The interaction of light with liquids takes place through 
the scattering of light from various fluctuations in the liquid 
medium, through field effects which distort the liquid from 
its equilibrium state, and through molecular scattering. Most 
of the physical processes involved in such interactions are 
well known optical and field effects observed originally with 
low intensity incoherent light and weak fields, but with the 
advent of the laser the magnitude of such effects is greatly 
increased, and for sufficiently intense coherent light stimulated 
processes are generated, thus enriching the study of optical 
effects in liquids. Briefly, these arise through the coherent 
generation of disturbances in the liquid medium by the conversion 
of electromagnetic energy into those statistical fluctuations 
already present and having the correct wave vector relations

-12-



with the incident electromagnetic field. The result is an 
exponential growth in amplitude and a significant exchange 
of energy between the two fields, many orders of magnitude 
greater than for the incoherent processes observed with low 
intensity incoherent thermal light. The existence of stimulated 
effects is important in two ways, firstly in malting possible 
the detailed study of liquid optical properties, and secondly 
in affecting or even controlling the nature of laser generation 
and emission in a practical system. This second aspect is the 
one with which we are concerned. It also divides naturally 
into two parts, the first involves studying the behaviour of 
the laser oscillator, where liquids introduce novel effects, 
the second arises from the use of a liquid medium as the host 
material of a high power laser amplifier (Chapters 3 and 6).

The chief optical effects germane to the problem of high 
power laser systems are:

Ravleirh scattering of light by thermal and molecular 
fluctuations in the liquid, in which the frequency of the 
scattered light is essentially unchanged

Mandel’shtam-Brillouin scattering of light by density 
fluctuations (sound waves)

Raman scattering by optical excitation of molecular 
energy levels

Optical Kerr effect - polarisation of the liquid by the 
optical field

Electrostriction - density increase in high field regions
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by mass transfer (molecular streaming)
Thermal effects - build up of temperature and density 

fluctuations in optically absorbing liquids#

I#2 Optical scattering in transparent liquids

It is clear that light incident on a liquid can be 
scattered by a number of processes, some of which are random 
fluctuations in the properties of the liquid considered as a 
classical fluid, and others which occur through the actions 
of molecules, either through random fluctuations in their 
orientation and position, or through changes in their internal^ 
energy# In the case of inelastic scattering the scattered light 
suffers a frequency shift to either a higher or a lower 
frequency, depending on whether a nett gain or loss of energy 
occurs, and the scattering spectrum associated with monochromatic 
incident light is therefore symmetric about the incident 
frequency# Such a s p e c t r u m i s  reproduced in Pig# I#Ia),
The central component corresponds to Rayleigh scattering' ' 
from thermal and molecular anisotropy f l u c t u a t i o n s t h e  
latter are due to Brownian motion of the molecules in the liquid 
and their vibration in the field of neighbouring molecules^^'^^# 
The frequency is essentially unchanged so that the line is 
symmetric about zero frequency shift, Its width being determined 
by the decay of entropy fluctua&ions due to thermal diffusion 
in the fluid(3#5)p and the extent of the wings by the damping 
of molecular anisotropy fluctuations^^^# The characteristic
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r -  Rayleigh wing 
R -  Raman

Fig. 1.1 a) Spontaneous and b) stimulated scattering spectra for 
a pure liquid (from ref.1 ).
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decay times are 10*“̂  to I0~^ sec* for thermal diffusion 
damping^^*^) and 10”^^ to 10*“̂ ^ sec* for molecular damplng^^*?)^

_Tcorresponding to a width 10 cm for the Rayleigh central 
component and an extension I50 cm“  ̂for the wings^ for 
scattering in the visible part of the spectrum* For spherically 
symmetric molecules, such as CGl^i there can he no scattering 
due to anisotropy fluctuatlons^^*^*^^*!^).

Equally spaced on either side of the central Rayleigh 
line are the pair of lines known as the Brillouin doublet^^*^) 
which result from scattering hy,density fluctuations propagating 
in the fluid with the velocity of sound* The frequency shift 
of the light scattered through an angle 0  is^^^î

Vg » t2Vi.v^sin|0 (I.I)

where is the frequency of the incident light, v the velocity 
of sound and c* the velocity of light in the liquid* The amount 
of this shift is generally in the range 0*1 to 0*5 cm*^ for 
backward scattering ( 9 s= 180°) in common liquids The width 
of the Brillouin lines is determined by the attenuation of 
hypersound, and is of the order 10  ̂cm*^

Finally, we consider Raman scattering^^^^, whereby an 
incident photon is inelastically scattered by a liquid molecule, 
and gains or loses energy according to whether it causes the 
molecule to make a transition to a lower or a higher energy 
level* Only the vibrational bands are normally observed in 
liquids, and the corresponding frequency shifts in the scattered
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*“Ilight range from 200 to 3000 cm approximately* These are 
characteristic of the molecular vibration states and not of 
the incident light, the shift being independent of the incident 
wavelength. Since in thermal equilibrium there are a larger 
number of molecules in the ground state, the intensity of the 
Stokes shifted i*e* lower frequency Raman band is greater than 
that of the anti-Stokes band (higher frequency)* The bands
are however still symmetrically disposed about the central 
Rayleigh line, with an overall intensity 10“^ of the Rayleigh 
scattered light

Turning now to stimulated scattering, we can construct 
an analogous spectrum^^) showing the nett gain or absorption 
associated with the different scattering processes (Fig* I*Ib ), 
where now the scattered intensity can assume large values 
under stimulated emission, approaching that of the incident 
intensity* Stimulated scattering from liquids thus assumes 
importance in high power laser systems containing them.

Observation of stimulated scattering with a giant pulse 
laser as the light source is used expensively in determining 
liquid parameters. Cho et al.^^^) and Foltz et al.^^^^ have 
used stimulated Rayleigh wing scattering (SRVJS) to measure 
molecular re-orientation times in benzene derivatives by 
relating the frequency shift of the scattered light to viscosity 
and temperature. As with all stimulated processes SRT.S has a 
distinct threshold Intensity, withaa minimum at a frequency 
shift , where T  is the anisotropy relaxation time^^^).
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Intense stimulated scattering of the central Rayleigh component 
(S0R3) occurs in certain liquid mixtures due to concentration 
fluctuations, which are enhanced by interaction with the 
incident light^^^).

The velocity of hypersound in liquids and glasses has 
been found from the observed frequency shift of the stimulated 
Brillouin back-scattered light^^), A series offlines equally 
spaced in frequency is observed when monochromatic light from 
a powerful laser is focused in the liquid sample. These are 
attributed to optical mixing, where the first order Brillouin 
shifted line is amplified in the laser until it is sufficiently 
intense to excite its own stimulated Brillouin scattering, • 
with an equal shift in frequency, and so on, the process , 
being limited only by the spectral width of the laser gain.
This stepwise progression to lower frequencies has been used 
as a delayed pulse transmission switch in a Q-switched laser 
High stimulated Brillouin gains of e^^ are p o s s i b l e a n d  
can produce a •liquid mirror* effect, with up to 9C# of the 
incident laser light being reflected^^^^* This effect can be 
used as a means of self Q-switching a laser by Incorporating 
the liquid cell in the oscillator cavity at the focus of a 
lens to increase the incident intensity. As stimulated 
emission in the laser increases, stimulated Brillouin backward 
scattering of the light also increases and results in a 
dynamic reflectivity process which builds the laser emission 
rate to very high levels, such that the inverted population 
is rapidly depleted and a giant pulse generated. 100 MTJ pulses
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with 25 ns. half-width are reported using this t e c h n i q u e ,
Stimulated Raman scattering was first o b s e r v e d i n  the 

cavity of a giant pulse ruby laser Q-svitched by means of a 
nitrobenzene Kerr cell, which emitted about 20^ of the total 
laser energy at the Raman shifted wavelength of 7&70 It 
Was soon shown that SR3 could be produced in a number of 
benzene derivatives and compounds with a frequency shift 
appropriate to the molecular species involved, and with the 
common feature of a sharp threshold dependent on the incident 
intensity and the length of the liquid cell^^^). As with SBS,
5RS gives rise to strong back reflection, and even amplification, 
of the incident light under appropriate conditions^. Since 
the large Raman shift moves the scattered frequency well 
outside the laser amplification bandwidth, the effect can be 
used to control the rate of emission in an oscillator cavity 
by depleting the cavity photon density available at the laser 
emission wavelength* In this way smooth pulses up to 3 ̂ s* 
long can be produced^^^)*

1.3 Field effects

In addition to pure scattering effects initiated by 
fluctuations in the liquid are those produced by the electric - 
field of the incident li^t, which distorts the medium. Under 
the action of an applied electric field an isotropic dielectric 
becomes optically bi-réfringent, with the principal axis 
coinciding with the direction of the field. This is the Kerr 
effect^^^). The principal value of the dielectric tensor in
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the field direction takes the form:

a„ m c. (1.2)

Where is the scalar dielectric constant, E is the applied 
electric field and the polarisahility of the medium# If 
the electric field is that of an incident light beam we may

pcall this the optical Kerr effect, where E ' is averaged
over many cycles of the optical frequency owing to the

—T Trelaxation time of the order of I0“ sec. for molecular
re-orientation and re-distribution in the liquid* Thus the
magnitude of the optical Kerr effect is proportional to the
intensity of the incident light. One practical consequence
of the resultant increase in refractive index is the formation
of several intense filaments from an initially uniform beam
of light by the phenomenon of self-focusing^^^*^^). This ^
occurs when the refractive index change; induced in the liquid
is sufficient to counteract the tendency of the beam to spread
by diffraction, then the power in the indident beam exceeds
the critical v a l u e t h e  beam diameter decreases with distance

iO'l\travelled and the beam becomes self-trapped' The greatly
increased intensity enhances stimulated scattering effects
and reduces the threshold power required for their observation.
This has been shown in the case of stimulated Raman scattering
for example^^^). Self-trapping results in filaments of only

Q 0(29)a fevf microns diameter with intensities greater than 10^ Ŷ .cm
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Up to 90̂ a of the, light in the trapped filament is converted 
to the Raman shifted frequency* The filaments have a limited 
lifetime of the order of 0*5 ns*, after which instability 
sets in and electric breakdown^^^) and expansion of the channel 
at the shock velocity o c c u r * This would set an upper 
limit to the power in a liquid laser amplifier, beyond which 
catastrophic collapse and subsequent expansion v'ould cause 
the loss of the beam* However, the effect depends on the 
optical polaricability of the medium and on the laser pulse 
duration* It is less important for pulses shorter than the 
molecular relaxation time i*e* for picosecond pulses^^^\ 
when only the electronic polarisabillty has a sufficiently 
rapid r e s p o n s e .

Anisotropic molecular liquids, especially the benzene 
derivatives and carbon disulphide, have the largest optical 
Kerr coefficients. Hellwarth'^^' gives an extensive table 
of the intensity dependent part ng of the refractive index, 
expressed as;

n « n^ 4- (1.3)

where n^ is the refractive index for zero field, and the
2bar denotes the time average of S taken over a period 

comparable with the molecular relaxation time. Although this 
intensity dependent refractive index cannot follow the light 
frequency it is fast enough (I0*“ sec.) to respond to the 
instantaneous intensity of a giant pulse laser emitting on
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the nanosecond time scale. For such a pulse propagating in 
a liquid the peak of the pulse will slow due to the induced 
increase of refractive index, and the trailing edge will 
catch up to create an * optical shock* with a limiting width 
set hy dispersion and the response time of the medium'^
For pulses whose duration is compsrahle with the relaxation 
time of molecular anisotropy fluctuations the pulse envelope 
suffers distortions of amplitude and phase^^^^oB) that
it is theoretically possible to compress the pulse to 10"^^ sec. 
duration by imposing a linear frequency sweep

A second field effect is électrostriction, a process 
by which polarised molecules are drawn to high field regions, 
thus Increasing the local density and striction, or pressure, 
in the medium. This is the means by which the light field 
couples with the liquid In stimulated Brillouin scattering, 
and since mass transfer is involved, the pressure front 
propagates with the velocity of sound. Electrostriction is 
therefore an inherently slower process than the optical Eerr

oeffect, and is usually less important on the I0“ sec. time 
scale associated with the evolution of a Q-switched laser 
pulse^^^^. Ilow/ever, the mass transfer time associated with 
self-trapped filaments a few microns in diameter is only 
10*^ sec., and électrostriction may therefore be important in 
the final stages of their'formation and ultimate disruption 
by electrostrictive over-pressure^^^^. As in the Eerr effect, 
the Increase in refractive index caused by électrostriction 
is proportional to the light intensity
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I.U Effects in absorbing liquids

Optically absorbing liquids or solutions are subject to 
thermal effects arising from direct absorption of energy 
from the incident light, and the resulting increase in the 
local temperature and density. These are essentially time 
integrated effects, and are limited by thermal diffusion*

An effect which Is important on the millisecond to 
one second time scale is gross refractive index change due 
to heating. This distorts the propagating beam, and is caused 
either by optical pumping, as in the liquid laser^^^^), or 
by direct absorption from the laser beam, an effect known 
as thermal blooming^^^^ because the refractive index decreases 
with Intensity and the beam consequently diverges*

On the microscopic scsle there are stimulated optical 
scattering effects in absorbing liquids, which are driven 
by absorptive heating, the tw;o main ones reported in the 
literature being stimulated thermal Rayleigh scattering (STHS) 
and stimulated thermal Brillouin scattering (STBS). STRS, 
predicted by Herman and Gray^^^) â id observed by Ranlc et 
occurs in the anti-Stokes wing of the thermal Rayleigh 
component, and is blue-shifted by an amount Vk ), where

is the laser linewidth, and the spontaneous Rayleigh 
linewidth « 2k^D, where D is the thermal diffusivity of 
the liquid and k the wave number of the incident plus scattered 
light field* For typical liquids and visible wavelengths

30 MHz, so that the frequency shift of the back-scattered
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light is well within the longitudinal cavity mode spacing
c/2L of a pulsed solid state laser, for which c/2L = I50
for a cavity length L of I metre* In contrast to électrostriction
and molecular alignment effects the refractive index is
decreased in high field regions due to absorptive heating
and thermal expansion of the liguid^^^). Theory predicts a
critical absorption coefficient o ( a b o v e  which STRS has a |
lower threshold than ordinary stimulated Brillouin scattering
(SBS) and successfully competes with it* Observed values of

• Tlie in the range 0.04 to 0*3 cm" , and observed
It /frequency shifts in the range 0*002 to O.OI cm'. A reflectivity 7^

of approximately lO;̂  due to STRS is reported^^^). On a time 
scale too short for thermal fluctuations to produce density 
changes in the liquid, direct observation of scattering from 
entropy fluctuations in an absorbing liquid becomes possible^^^^* 
This is observed with picosecond (I0"^^sec,) light pulses*

The density wave equation for an absorbing liquid 
contains two driving terms, one due to électrostriction, which 
leads to the well known stimulated Brillouin scattering for 
a non-absorbing liquid, and an absorptive heating term 
giving rise to an additional scattering, STBS^^*^^* This 
extra scattering distorts the Lorentzian gain profile obtained 
for SBB, with an increased maximum red-shifted by approximately 
j with respect to the peak gain frequency shift V « V ̂  
for zero absorption, where is the full width at half
maximum of the Brillouin line and Vg is the Brillouin 
frequency shift characteristic of the liquid* The red shift
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a) Transparent liquid

b) Thermal component of gain for an absorbing liquid, 
absorption coefficient 0,83 cm  ̂ (from ref, 47)
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'SV amounts to -100 to -200 llllz in common liquids. There 
is a corresponding hlue-shifted loss, of similar frequency 
shift and magnitude, due to the conversion of Brillouin-Stokes 
photons hack to incident laser photons by addition of energy 
from thermal fluctuations* Thus the stimulated Brillouin 
scattering is quite distinct in the tv;o cases (Fig. 1.2).

1.5 Tlie four-rave formalism

Having surveyed the main linear and non-linear optical 
effects in simple liquids relevant to laser physics, we may 
note that Eloem'bergen'^’"' has shown that all the non-linear 
effects may be formally described in terms of the interaction 
of four electromagnetic plane waves coupled by the non-linear 
susceptibility t e n s o r o f  the medium, which gives rise 
to a non-linear polarisation cubic in the electric field 
amplitude. However,' we have seen that though formally similar, 
the non-linear optical effects described are physically distinct. 
Where the formal similarity is significant is in the formation 
of periodic phase gratings arising from a modulation of the 
refractive index due to the four-wave interaction in the 
liquid. This is a necessarily general description, and because 
the phenomenon is important to the understanding of laser 
Q-switching and liquid diffraction it is discussed more 
thoroughly in Chapter 4#
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1*5 Relaxation time constants

The various non-linear optical effects have characteristic 
response times associated with them by the nature of the 
physical processes involved. For incident li[ht pulses of 
short duration those non-linear effects characterised hy 
longer response times are diminished because the coupling 
of the electromagnetic field to the liquid medium is decreased* 
For very short times several of the non-linear processes 
cease to operate. Te have seen this already for STRS on the 
picosecond time scale* Table I.I shows the magnitude of these 
characteristic times for simple liquids* Clearly these are 
Important for pulse propagation in a liquid laser amplifier 
(Chapter 6), where we desire to minimise non-linear losses

TAfor light intensities approaching 10 Them Since many
—8experiments on non-linear optics are made with ID sec.

8 — ?pulses at intensities of the order of ID W.cm , under which 
conditions appreciable interaction with the liquid takes place, 
the intense light pulses to be amplified in a liquid laser 
must be of shorter duration than this. Except for rather low 
viscosity liquids, such as carbon disulphide, with a rotational 
relaxation time of 2 psec.^?*^^)^ Table 1*1 shows that pulses 
a few picoseconds long only interact with a non-absorbing 
liquid through polarisation of the electrons and molecular 
anisotropy fluctuations. The electronic Kerr coefficient is 
smaller by a factor of 10^ than that due to re-orientation 
of anisotropic m o l e c u l e s , and the self-focusing threshold
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TABLE I.I

Characteristic relaxation times for non-linear 
optical effects in simple liquids

Optical Effect Mechanism Relaxation Frequency^j 
time, sec. shift, cm~

Rayleigh 
scattering 
(centre line)

Rayleigh wing 
scattering

Mande1*shtam- 
Brillouin
Raman

Kerr

Electrostriction

Thermal 10
fluctuations

Anisotropy 10"
fluctuations

Density lO"
fluctuations
Molecular 10
excitation
Molecular ’ ID
re-ordering
Electronic 10
polarisation
Acoustic 10*
wave

-7 10-3

.Q

-II

-II

-16

100

O.I

1000

is increased by a similar f a c t o r S t i m u l a t e d  Rayleigh 
wing scattering may become an important loss mechanism at 
sufficient intensity, though the threshold may be high. Ideally, 
picosecond BRT'S could be very much reduced by employing 
laser liquids with Isotropic molecules. Thus it is clear
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that the amplification of picosecond pulses in a liquid 
laser is of practical significance, and this fact provides 
the departure point for the experimental investigation 
described in Chapter 6.
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CIL'VPTEIl 2 Laser mode-locking and the generation of 
ultra-short pulses

2.1 Definition of mode-locking

The electromagnetic field in a laser oscillator may 
he written as the sum of the resonant cavity modes, where 
each mode corresponds to a standing wave in the cavity. For 
an empty cavity with perfectly reflecting walls and a length 
large compared with the wavelength of liglit, the longitudinal 
modes are a set of sine waves with a constant frequency 
difference between any adjacent pair given by:

Av = o/SL (2.I.I)

where L is the cavity length and c the velocity of light.
In a dielectric medium dispersion causes variations of phase 
across the mode spectrum, and in an active medium the nature 
of the stimulated emission process and the presence of losses 
in the cavity give rise to frequency pulling and pushing 
effects which shift the mode frequencies away from the 
resonances of an empty cavity^^^). However, these frequency 
variations are usually small compared with A V  , and are more 
important to the consideration of the pĥ '-sical processes 
responsible for mode-locking than to an elementary understanding 
of the phenomenon. It will be assumed in the following 
therefore that the mode frequency difference is constant.
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The effect of variations in Av is discussed later.
Consider a laser oscillator which generates a number 

of modes simultaneously* V.e viXLcall this multi-mode operation, 
If the phases are randomly distributed the emission consists 
of statistical fluctuations in intensity. If, however, the 
phases are ordered in some way then the intensity shows, a 
periodic behaviour with a fundamental period ?L/c, the ' 
reciprocal of the mode frequency difference. In particular, 
the superposition of 2H+I modes with equal amplitude and zero 
phase produces a periodic train of pulses with a repetition 
period 2l/c, peak intensity {2M+I)^I^ and pulse width 3h/rrcN, 
where L is the cavity length and 1^ the intensity of a single 
mode^^^)* This temporal interference phenomenon has an 
intensity function very similar to that of a diffraction 
grating(^^), its closest spatial analogue. In general the 
phase condition required for periodic pulsing is that the 
phase difference of any pair of modes be zero or an Integral 
multiple of 2tt, for all-modes.

2,2 Experimental observation ,

Internal cavity loss modulation of a laser oscillator
at the mode frequency difference promotes phase-locking of
the longitudinal modes^^^*^^), Hargrove, Fork and Follack^^I) 
achieved mode-locking of the helium-neon gas laser by means
of acoustic modulation in the cavity. They found a narrow

— Blocking range for the modulation frequency, 10 Av> and a 
well-defined mode-locking threshold. C r o w e l l o b s e r v e d
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mode-locked pulse widths of 0.5 ns. and 0.25 ns. for the 
helium-neon and argon ion lasers respectively. Deutsch^^^) 
obtained mode-locked pulse trains from a ruby laser internally 
modulated with a KDP Pockels cell, and found a locking 
range of 8 mm. for the allowed variation in cavity length, 
for L=I metre. Mocker and Gollins^^S) mode-locked a ruby 
laser using cryptocyanine, a photo-sensitive dye with saturable 
absorption^^^^, a possibility for which Deutsch had indicated 
preliminary e v i d e n c e • Kith a relaxation time shorter than 
the cavity transit time L/c, the dye modulates the cavity 
loss at the longitudinal mode frequency difference because 
it is driven by the beat frequency of the modes themselves.
This passive or self mode-locked behaviour has the advantage 
of automatic adjustment to the beat frequency, dispensing 
with the need for careful frequency tuning and cavity length 
control(5I#55)^ Neodymium lasers were also first mode-locked 
with acoustic modulators. In the case of NdsYAG a pulse width 
of the order of 80 ps. was obtained^^?). For neodymium:glass 
a detection-limited width<0.5 ns. was observed, with a fine 
adjustment of cavity length in the range 0.02 to 0.05 
Subsequently, passive mode-locking was achieved with a saturable 
a b s o r b e r , with upper and lower limits on pulse width of
0.15 ns. and 0.2 ps. from photo-detection and spectral width

r Nd 
(61)

measurements resoectively^^^^. The liquid laser NdsSeOGl^
can also be mode-locked using a saturable dye.

Mode-locking the neodymiiun:glass laser with a saturable 
absorber combines the functions of Q-switchlng and mode-locking
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in a simple passive element, and provides a means of generating
ultra-short optical pulses of high peak p o w e r w i t h
application to non-linear optlcs^^^'^^*^^). The 300 & spectral
width of the neodymium:glass emission hand^^^^ makes the

—13generation of ID sec* duration pulses theoretically possible 
by mode-locking the entire emission spectrum. Mode-locked 
pulse trains with ISO & spectral bandwidth^^^^ and picosecond 
pulses with sub-picosecond ( 2.10“^^ sec.) components have 
been r e p o r t e d ^ ^ . Since the pulse spacing is equal to 
twice the cavity transit time it can be adjusted simply by 
changing the optical path length. Pulse repetition periods 
up to 71.5 ns. have been obtained in this way, by inserting 
an optical delay line in the laser cavity^^^^. Selection of 
a single pulse from a periodic pulse train is also possible, 
using a fast Pockels cell switch^?^). In this way an optical 
pulse of lOT^^sec. duration and a few millijoules energy is 
obtained, which may then be amplified by a laser amplifier 
chain to energies in the tens of joules range with peak power 
of the order of lof^ watts

2.3 Picosecond pulse measurement

Since the short pulses generated by mode-locked solid 
state lasers are only a few picoseconds long due to the broad 
spectral bandwidth available for mode-locking, they are too 
short to be measured by photo-electric detectors. Indeed 
they provide a practical means of testing the pulse response
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of suoii devlces^^^)#
Instead picosecond pulsewidths are determined indirectly 

from intensity correlation measurements. These are conveniently 
done using multi-photon processes, particularly two-photon 
interactions which depend on the square of the incident 
intensity and thus give a measure of the second order intensity 
correlation function G(t ) » J*I(t)l(t-fr)dt. By directing a 
pair of short light pulses at a suitable crystal and observing 
the intensity of the second harmonic light as a function of 
the delay between the two pulses, their intensity correlation 
maybe obtained^^^'^^)^ Auto-correlation, the intensity 
correlation of a pulse with itself, can be done by recombining 
tv o beams derived from the same source by means of beam 
splitters. If pairs of pulses obtained in this way are 
recombined with a fixed delay, and the second harmonic signal 
examined for each pair, systematic variations of pulse 
characteristics in a long pulse train can be studied'
Intensity correlation of a narrow pulse with a broad pulse 
can be used to obtain the intensity profile of the broader 
pulse^^^*^^). Since the free space velocity of light is 
approximately 3*10® m/sec., delay steps of sec. require
space increments of 0.3 mm. Thus auto-correlation in the 
picosecond range is feasible.

An elegant and experimentally simple method of performing 
intensity correlation is by means of two-photon fluorescence, 
TPF^^^), Here fluorescence is excited in a suitable dye by 
the simultaneous absorption of two photons, with an intensity
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proportional to the square of the incident intensity. By 
reflecting a beam containing short light pulses back on 
itself from a mirror immersed in the dye solution, the reflected 
pulses are made to cross successive incoming ones, thus 
producing stationary overlap regions of locally_high intensity 
which excite TFF in the dye more strongly than in the intervening 
spaces. The second order intensity correlation function is 
recorded photographically as a series of bright spots or bands 
superimposed on a background trail of about half the intensity^®®) 
This background may be nearly eliminated by interfering a 
strong beam at the laser wavelength with the weaker second 
h a r m o n i c . The display can be magnified by collinear 
propagation of the fundamental and the second harmonic, using 
optical dispersion of the solvent to produce a steadily 
increasing delay and decreasing intensity correlation, such 
that the fluorescence intensity decreases at a rate dependent 
on pulse w i d t h T h e  resolution limit of two-photon 
fluorescence measurement (TPFM) is estimated as 10*^^ to 

sec., and pulse widths in the range I to 3 ps* are
(68 691found for the neodymium;glass laser, using this technique' *

The dibenzanthracene dye originally used for TPFM^®®^
requires two-photon excitation by the second harmonic of the
neodymium laser. A more convenient dye for TPFM is rhodamine
60(7^*71), This has absorption bands at the second harmonics
of the neodymium and ruby lasers, and can be used directly
for TPF studies with the fundamental frequency of eithert?^»?^).
The fluorescence lies in the yellow and the emission is

(71^brighter than for dibenzanthracene''
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The analysis of TPF intensity records is not quite
straightforward because random phased light with the same
spectral bandwidth as the mode-locked laser emission produces
a TPF pattern with similar st r u c t u r e ^ . Only the intensity
ratio between the peaks and the backgi'ound fluorescence
differs in the two cases* For perfect mode-locking i.e.
equi-phased modes, the ratio is 3, for random phase it is
1.5(73)̂  The whole range of intermediate intensity ratios is
possible, depending on the particular phase relations obtaining
under the actual experimental c o n d i t i o n s . The observed
TPF structure for random p h a s e r e f l e c t s  the two-photon
correlation structure inherent in apparently unstructured
thermal light, as demonstrated in the experiments of Twiss
and Hanbury Brown^^S),

The observed TPF structure for the mode-locked ruby
laser gives good agreement with the pulse width inferred
from the spectral bandwddth^^. In the case of the neodymium
glass laser the pulse width obtained from the TPF intensity
pattern is often at least ten times^^l) that expected from
the observed spectral bandwidth,^ 3  ps. instead of'^0.3 ps.,
and the contrast ratio frequently lies in the range 1.6 to
2(74,79,80)̂  indicating imperfect mode-locking(7G*77)
possibly a frequency sweep across the bandwidth^^®). It is
only by combining high resolution with accurate means of
determining contrast ratio that sub-picosecond components

(62 63)representing the full spectral bandwidth are observed * #
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Because of the inherent symmetry of the TPF intensity 
( 73)correlation'' 'J these fine structure components are recorded 

as a narrow spike only 50 to 75 microns wide superimposed on 
a broad base 10 to 20 picoseconds long. The intensity ratio 
for the spike reaches the theoretical value of 3, that of 
the broader base being in the region of 2(02,03)̂  Similar 
results are found.for the third order intensity correlation 
using third harmonic generation in fuchsin dye^^^^). Then 
this fine spike is not resolved it is the broader part of 
the TPF intensity structure with reduced contrast ratio 
which is recorded(®®*7I#74,79)^

A further effect of the symmetry of the second order 
correlation function is that only the pulse width and not 
its*shape can be deduced. However, the third order correlation 
will reflect an asymmetry present in the pulse^®^^, and in
principle three-photon experiments should be sufficient to

(87)recover the time dependence of laser intensity'
All intensity correlation methods of determining

picosecond pulse duration are inferential, as we have seen,
but are necessary because combined photo-detection and
oscilloscope systems are not fast enough to display such
short pulses directly. However, some electron-optic camera

—I Isystems have a resolution of 10“ sec., within an order of 
magnitude of the pulse width, and are certainly fast enough 
to display complex‘groups of picosecond pulses^®^^. Such 
observations are direct records of intensity, and are a means 
of resolving ambiguities in the temporal behaviour of laser 
emission which can occur in the interpretation of spectral and
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TPF intensity data.

2.4 Theory of the mode-locked laser

The theory of mode-locking rests on the observation
that the periodic pulse train emitted by a mode-locked laser
oscillator may be resolved into an intensity sum whose Fourier
components are the normal modes of the cavity. Therefore a
theory is required which can explain hov: the phases of the
generated modes become ordered. Since the set of phase-locked
oscillating modes is equivalent to a short pulse propagating
in the cavity at the corresponding group velocity, in the
sense that the electromagnetic fields are equivalent, the
problem can be analysed in terms of either. There the
oscillating bandwidth is narrow and relatively few modes are
involved, as in the gas laser, the analysis can be carried
through in terms of mode interactions, notably in the work
of lamb^^®). Such analysis is complex for more than a few
modes however, and it is more convenient for solid state lasers, 

.
in which A/10 modes can be oscillating simultaneously, to 
treat the propagating pulse model. There the mode picture 
remains useful is at the beginning of generation, when the 
interference of the few initial modes gives rise to short 
intensity fluctuations from which the intense pulse ultimately 
develops^®^*^®). Those treatments in which the mode analysis 
for solid state laser mode-locking is carried through rely 
on perturbation t h e o r y a n d  computer a n a l y s i s t o  solve , 
the set of non-linear coupled differential equations involved.
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Consider first the action of a dye mode-locked laser,
in which the generation of m equal amplitude random phased
modes produces intensity fluctuations of duration^/T/m, where
T is twice the cavity transit time, and intensitytimes
the noise level, with probability e”^ . These intensity
fluctuations are selectively transmitted by the saturable
absorber, because of its intensity dependent transmission,
and amplified in the laser medium. The absorption is
progressively reduced to the point of saturation, thereby
Q-switching the laser and generating an intense pulse by
gain saturation of the amplifying rnedium^®^*^®). Part of
the pulse energy is transmitted by the output mirror at the
completion of each double pass, in the cavity, thus producing
the familiar periodic pulse train with a repetition period
T = 2L/c , the reciprocal of the longitudinal mode spacing (2.I.I)

In the case of cavity loss modulation by an externally
driven element, such as an acoustic m o d u l a t o r b e a t s
develop between modes and lead to ordering of phase
with the same end result of short pulse genergftion^^^^.
However, the two pictures are equivalent, because in the
case of mode-locking by a saturable absorber the effect of
beats between modes is to modulate the transmission at the
mode difference frequency c/2L (2.I.I), thus providing the

(71 )same mechanism of cavity loss modulation': %
Multiple pulsing, with a repetition frequency equal 

to an integral multiple of the fundamental cavity frequency 
c/2L, is observed with the saturable absorber placed at an
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intermediate position within the laser cavity. In particular, 
if the dye cell is placed at a distance = L/m from one 
end, where m is an integer, the pulse repetition frequency 
is mc/2L (93,94)̂  Fleck^^®) explains this phenomenon in 
terms of pulse overlap at the saturable absorber* Then this 
occurs, the local intensity is greater and transmission is 
enhanced* Thus loss modulation develops at a multiple of 
the cavity frequency.

In order that the saturable absorber be suitable for 
mode-locking it must have a sufficiently fast relaxation to 
respond to beats between adjacent longitudinal modes. The 
condition is T^< L/ttc, where T^ is the recovery time of the 
absorber and L is the cavity length^^^^. This condition is 
highly satisfied for the neodjTnium laser mode-locking dyes.
for which T^< 10“ sec.'^^' and L/trc« 10“^ sec. (for a onesec.(^5) and L/trc« 10“^
metre cavity). In the case of the ruby laser however, the 
phthalocyanine Q-switching dyes do not satisfy the condition 
and do not mode-lock, whereas cryptocyanine, for which
T sec. does(55.72.96)̂  s

In reviewing the theory of the mode-locked solid state 
laser it has been implicitly assumed that the medium is 
dispersionless. As already indicated (Sec.2.I), the dispersion 
of a real dielectric medium causes a variation of phase with 
mode number. Classically, the refractive index as a function 
of wavelength can be expanded as a Taylor series of terms 
Involving the first, second and higher order derivatives, 
corresponding to linear, quadratic and higher index terms in
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the expression for the phase. It is the quadratic phase term 
which is responsible for dispersion in the group velocity 
and the resultant pulse broadening^^?)^ and it is this term 
which is equivalent to a linear frequency s w e e p ( S e e  
Appendix II). Then a large positive frequency sweep is 
imposed on the mode-locked laser emisslon^^®*^^) the resulting 
broad pulses can be compressed to the sub-picosecond range 
by passing them through a grating pair^?®). Random variations 
in phase about the quadratic distribution do not affect the 
pulse shape, but the average intensity of random emission 
between pulses is increased^^^^).

2.5 Intensity fluctuations and self-modulation

In the theory of laser mode-locking by a saturable 
absorber it is shown that short intensity fluctuations arise 
from the interference of several random phased modes^®^*^®)# 
Although these fluctuations have a probability distribution 
characteristic of a random interference process, they are 
nevertheless periodic with the cavity period precisely because 
it is the cavity length which determines the mode frequency 
spacing, as we have seen earlier (Sec. 2.1). The average time 
interval for the occurrence of an intensity fluctuation spike 
^  times the average intensity is^^®®^i

T  _ 2 (2.5.1)m
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where m is the number of oscillating modes and T is the cavity 
double transit time# By imposing the condition that this 
spike occur within the period T it is seen that m, and
for a solid state laser with intensity fluctuation
spikes 'v 10 times the background intensity and duration^ 10“ 
sec# are possible. The laser therefore emits periodic trains 
of sharp pulses superimposed on^10^ background noise, with 
pulsewidths the order of the inverse spectral bandwidth^^®®'^®^). 
This type of emission has close similarities to that emitted 
by mode-locked lasers, and is observed as spiking or beats on 
fast oscilloscope displays and as picosecond pulses in TPF (102)intensity records of both Q-switched and free-running lasers . 
Where the emission of the laser with a large number of random 
phased modes differs from that of the ideally mode-locked 
laser is in the energy distribution. In the latter virtually 
all the energy is contained in the ultra-short pulses, which 
consequently have peak powers times the mean power emitted 
( the mean being obtained by averaging over T ). For random 
phased modes, the peak power of the intensity fluctuations 
is onlyfvIn m times the mean, and almost all the energy is 
in the background noise. For m=IO^, the ratio of peak powers 
of the spikes in the mode-locked and random phase cases is 
fv 10^. This is also the ratio of the background energy to that 
of the spikes for random phase emission.

The amplitudes and phases of the laser modes are not 
completely independent however, because they interact through 
the non-linear gain of the amplifying medium. Thus the emission
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is not simply a linear superposition of a set of independent 
modes; rather the amplitude and phase of a growing mode are 
dependent on the state of those already present* For a small 
number of modes such interactions produce significant phase 
locking, as Lamb shows in his three-mode analysis of the gas 
laser . Observation of intensity beats with solid state 
lasers^^®^) is similarly explained by showing that beats 
between three modes modulate the laser transition at the 
difference frequency , and that the gain and emission rate 
are therefore phase dependent* The optimum phase relations 
are such that maximum intensity modulation occurs with the 
laser medium at one end of a cavity with external m i r r o r s ♦ 
The case of a large number of modes can be treated on assuming 
that the optimum phase condition is that whichmaximises the 
emission* The analysis shows that the probability of spontaneous 
mode-locking increases with decreasing mode spacing i.e. at 
longer cavity l e n g t h s * Thus a pulsed solid state laser 
can be expected to show spontaneous mode-locking under 
appropriate conditions*

It can be shown in general that optical inliomogeneities 
present in the laser cavity induce phase-locking^^®®),including 
the special case of the active medium at one end of the cavity* 
These inhomogeneities can take the form of spatial variations 
in excitation density (inhomogeneous pumping), in active atom 
density (discontinuity in laser medium), and in loss by 
absorption or scattering, and they induce the ordering of 
phase in such a way as to maximise the overall emission# The
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laser modes tend to oscillate in phase at points of high 
excitation, thus increasing the induced emission, and out 
of phase at points of high damping, thus diminishing the 
ahsorption loss^^®^)#

Such considerations are relevant to the experimental 
observations on spontaneous modulation of lasers with multiple 
plate reflectors, as described in Chapter 5*



CI-L\?TEH 3 The liquid laser

3.1 Introduction

The neodymium inorganic liquid laser is of interest as 
an alternative to neodymium glass in the development of high ' 
power, high radiance laser systems because it avoids the 
problem of permanent material damage suffered by glass under 
the action of intense light pulses^^^^), and the required 
volume of homogeneous material is readily provided# Further, 
it is a high gain laser medium with a similar emission 
wavelength and spectral bandwidth to neodymium glass^^®^*^®®), 
it can be circulated for cooling purposes^^®^), an advantage 
on large systems because of the slow recovery from thermal 
distortions induced by optical pumping^^^®), and it has in 
principle a low intrinsic scattering loss since small particle 
impurities can be filtered off, leaving a pure liquid medium* 
A study of the liquid laser as a picosecond pulse amplifier 
is described in Chapter 6. Here we consider its development 
and laser properties*

3*2 Development

All rare earth ions, the lanthanons, have an incomplete 
inner electron shell in which optical transitions take place, 
and which are to a first approximation shielded by the outer 
completed shells from the ion’s external environment. The
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main features of rare earth spectra are independent of the
environment to a similar degree; it is the linewidth and
excited state decay time which are influenced hy the local
field of the host material^^^?). This independence has been
thoroughly exploited in the development of rare earth lasers,

3+and the îîd̂  ion has been found especially versatile, exhibiting 
laser action in a vide range of c r y s t a l s a n d  glasses^®^* 
114,115)̂  Neodymiuin glass is interesting in the context of 
liquid lasers because it demonstrates that laser action is 
possible for an assembly of Nd̂ *̂  ions embedded in an amorphous 
medium* The emission spectrum is a broad band containing an 
assembly of spectra characteristic of each group of ions in 
its own local field, spatially averaged over the total volume* 
This is known as inhomogeneous broadening because of the 
heterogeneous environment, while within the broad band the 
narrower spectral profile due to thermal broadening by lattice 
vibrations of ions in one particular site is described as 
being homogeneously broadened* Here the ions are swept over 
the linevidth at the vibrational frequency of the lattice,

Hz, and so the homogeneous broadening represents a time 
averaged rather than a spatially averaged emission profile^^^®)• 
The difference in a liquid medium is that the ions are free 
to move in an environment which is no longer rigid but rapidly 
changing* Thus the inhomogeneous broadening characteristic of 
the solid becomes a time averaged homogeneous broadening in 
the liquid* Otherwise the emission remains broad band because 
of the amorphous nature of the liquid medium^^^^)*
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The problem with the neodymium liquid laser is to find 
a solvent which does not quench the fluorescence* In crystals 
and glasses Nd^* ions in the metastable excited state have a 
lifetime of 10“^ to I0“  ̂sec*, and decay hy spontaneous emission 
of radiation with high quantum efficiency^^^^), an ideal 
requirement for laser media* How^ever, in liquids the quantum 
yield of fluorescence is generally low, being o n l y 10“  ̂in 
water for exaraple^^^^)* This low yield is due to the rapid 
quenching of the excited state by non-radiative transfer to 
the vibrational energy levels of the liquid molecules* The 
quenching is greatest in hydrogenous media, since these have 
the hi£ihest vibrational frequencies. By replacing light atoms 
in the liquid molecule with heavier ones, the vibrational 
energies are reduced and the quantum yield of fluorescence 
enhanced*

In addition, a suitable liquid must have a large enough 
dielectric constant to dissolve neodymium salts at the required 
concentrations for lasers, and must be transparent over the 
spectral range of the absorption and emission bands of the. 
laser ion^^®?). Both the non-aqueous solvents selenyl and 
phosphoryl chloride^^^®) meet the laser requirements, and 
both ere used in neodymium liquid l a s e r s T h e  addition 
of metal chlorides, such as SnCl^^ZrCl^, increases the solubility 
of the rare earth salts, and an optimum volume ratio of the 
two liquids can be chosen with respect to solubility and 
stability of the laser solution at the chosen operating 
temperature, usually 20 to 25^0 (^^3)^ Phosphoryl chloride is
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less toxic than selenyl chloride, and the pure solvent is 
completely colourless. Its use in a liquid laser amplifier 
is described in Chapter 6,

3*3 Laser properties

First we consider the spectroscopy of the ion in
phosphoryl and selenyl chloride (Fig. 3.1), since it is this 
which largely determines the stimulated emission characteristics 
of the medium. The fluorescent emission of neodymium selenyl 
chloride solution is centred at 1.055 micron, and has a width 
of I60 £ andaniexponential decay time between 110 and 230 ̂ s,, 
depending on how anhydrous the solution is* The principal 
absorption bands lie in the 0*5 to 0,6 micron and 0*7 to 0,9 
micron regions^^®^*^^®), and the stimulated emission cross- 
section is approximately 10“^^ cm^ (I2I)^ ^ value intermediate 
between those of neodjnnium glass and neodymium YAG* The 
spectroscopy of neodymium phosphoryl chloride is very similar 
to that of the selenyl chloride, with a 200 £ emission bandwidth 
centred at 1,053 micron wavelength, and a reported lifetime 
of 7 0 The stimulated emission cross-section is 
also approximately 10“^^ cm^ (^23)^ The absorption bands give 
the solution a lilac colour, and the liquid is less viscous 
than selenyl chloride for a similar neodymium concentration.

These liquid laser solutions are corrosive and hygroscopic; 
in addition selenyl chloride is toxic. It is therefore necessary 
to seal the solution in a suitable glass vessel, to protect
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Fig. 3«1 Neodymium liquid laser spectra
a) Absorption spectrum of Nd:SeOCl2 -SnCl2̂  (ref, 10?) 

Td) Emission spectrum of NdrPOCl^-SnCli^^ (ref. 122)
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both the solution and the experimenter from harmful effects.
An arrangement closely approaching the rod geometry of glass 
based lasers is achieved by sealing the ends of a Pyrex or 
silica tube rith optical flats of the same material, A side 
tube is fused into the main body for filling purposes, and 
acts as an expansion chamber under flash pumping conditions,
150 mm, long cells of this construction, vhen filled with the 
laser solution, show characteristic laser spiking with external 
cavity mirrors. Threshold pumping energies ore low and output 
pulse energies of several joules are obtained, with efficiencies 
of i-;s (lOG'iio).

In the absence of external mirrors the neodymium selenyl 
chloride laser generates ’whispering modes’ by total internal 
reflection at the liquid-glass interface, since the liquid 
has a higher refractive index, I*65, than that of the silica 
vessel, I0U5* The laser emission emerges over a large solid 
angle, and exhibits lirait cycle behaviour, a large amplitude 
modulation with slowly changing period, which extends over 
the greater part of the pumping pulse, typically several hundred 
microseconds long^^^^). Examples obtained by the writer using 
a 150 mm, by 9*5 rma, cylindrical cell with plane parallel 
windows are shown in Fig, 3,2. Very similar behaviour is 
observed with neodymium glass cladded with clear glass of a /
lower refractive Index^^^), No such behaviour is found with 
neodymium phosphoryl chloride, presumably because its refractive 
index of is close enough to silica to prevent
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Pig. 3*2 Nd;SeOCl2 limit cycle behaviour 
Upper scale 50 |is/cm.
Lower scale 0,5 yus/cm.
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significant reflection. Fig, 3,3 shows the normal spiking 
operation of a FdiPOCl^-OnCl^ liquid laser solution,

A practical problem in optical pumping of liquid lasers 
is thermally Induced refractive index distortion. Since the 
volume coefficient of thermal expansion of normal liquids 
is of the order of a hundred times greater than that of 
amorphous solids, such as glass, the optical distortion 
resulting from quite modest pumping pulses can be severe, 
and the subsequent recovery of the Initial condition through 
removal of heat by convection and conduction can take from 
13 to 30 minutes for a cell 10 mm, in diameter^^^^^* This 
problem can be alleviated in two ways. For a static system 
the flash light may be filtered to admit only light in the 
spectral regions of the absorption bands, thus providing 
efficient excitation, and the cell may be externally cooled 
by a circulating liquid coolant. By using a coloured solution, 
the coolant may be made to perform both functions. However, 
the ultimate rate of recovery is set by the heat transport 
properties of the laser liquid itself, and for a cell of 
10 mm, internal diameter the recovery time will be of the 
order of a few minutes, depending on the pumping energy.
For more rapid operation than this allows the laser medium 
itself must be circulated, Vith a sufficient reservoir volume 
and an external heat exchanger, repetition rates of I pulse 
per second can be achieved^^^^^,

In addition to normal spiking and limit cycle behaviour, 
mode-locked operation of the liquid laser can be obtained
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using a saturable dye solution^^, A self Q-switching 
phenomenon, producing peak powers of several hundred MW, 
is observed v.hcn the oscillator cavity Q is reduced to a 
low value by decreasing the reflective f e e d b a c k , This 
could be due to a dynamic Increase in reflectivity by stimulated 
Rayleigh or Brillouin back-scattering of the laser 11 [dit 
in the liquid medium^^^^).
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CHAPTER 4 Laser Q-swdtching by organic solvents

4*1 Introduction

In reviewing optical effects in liquids (Chapter I) 
we have seen how stimulated back-scattering of light can 
be sufficiently powerful,to Q-switch the l a s e r T h e  
back-scattering grows by stimulated Brillouin scattering 
for example, and the liquid becomes a strong reflector for 
the incident llght^^^). Because of the non-linear interaction 
between the electromagnetic field and the liquid, the spatial 
periodicity in the field due to the superposition of the 
incident and scattered waves produces a spatially periodic 
modulation of refractive index in the liquid which may be 
observed by diffraction (Bragg reflection) of a second beam 
incident at the Bragg a n g l e ^ ^ * Similarly, 90^ 
scattering occurs when two strong opposing waves of equal 
frequency collide in a non-linear m e d i u m ^ T h e s e  phenomena 
can be described in terms of the four-w-ave formalism of 
Bloembergen^^^) since they involve the interaction of four 
electromagnetic waves, two incident and two scattered or 
diffracted, couplëd by the non-linearity of the medium#

The refractive index of the liquid can be altered by 
a change in polarisability (the optical Kerr effect), 
in density(électrostriction), in extinction coefficient 
(saturable absorption), and in temperature (absorbing medium). 
Phase gratings formed by refractive index modulation through
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one or more of these processes are.conveniently observed 
in liquid samples inserted in the standing wave field present 
in the laser c a v i t y w h e r e  they may initiate or accompany 
Q-svitching of the The phase grating
is spectrally selective due to its periodic structure, and 
favours the waves creating it. For example a laser resonator 
containing a non-linear medium is expected to be self-tuning 
due to the formation of a phase lattice by the standing 
wave(^3^). :

In this Chapter we discuss the experimental observations 
made on a group of organic solvents which Q-switch the 
neodymium laser, interpreting the results in terms of the 
formation of phase gratings, and consider what physical • 
processes are responsible.

V.'e begin with the theory of the phase grating, with 
particular reference to its reflectivity and dynamic behaviour.

4.2 Theory of the phase grating ' ^

The spectral properties of a periodic refractive index 
structure in a dielectric medium may be determined most 
generally by solving Maxwell’s equations for the propagation 
of light in a periodic medium, with proper choice of boundary 
conditions. This method is applied by Iwata, Makabe and 
Katsube^^^^) to the study of Lippman plates formed by standing 
light waves in photographic emulsion, which produce cosine r 
souared refractive index modulation. However, by making
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one or more approximations, some simple analytical expressions 
for the reflectivity may "be obtained. Thus, for a standing
'Wave A cos kz, the refractive index takes the form^^^);

n(z) = cos^ kz (4.2.1)

where <fn is the modulation amplitude of the refractive index. 
The reflectance of the grating is a maximum for a wave with 
the same wave number k %

R =|n|<fnl  ̂ (4.2.2)

Where 1 is the length of the grating, 9̂ the wavelength, and 
it is assumed that R«I.

An alternative expression valid for all values O^R^I, 
may be obtained on replacing the cosine squared modulation 
by an equivalent stratified medium of alternating high and 
low index layers, each thick. The reflectance for a stack 
of N pairs of quarter wave layers

(4.2.3)

Where ̂  is the refractive index ratio of adjacent layers,

u = I + q (4.2.4)
' %

and q~I is a shape factor accounting for the replacement
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of a cosine squared modulation by a stack. Substitution of 
(4#2.4) in (4*2#3) gives:

R « tanh^ (2q I <fn) (4.2.5)
%

where it is assumed /n« I, a condition usually well satisfied 
in those liquid phase gratings observed experimentally, for 
which lO"^ to 10“’̂. It can be seen that (4.2.5) meets 
the requirement for a physically real solution because for 
1/% ^oO, R I. In the case H«I, the approximate expression:

R = (2q 1 Çnf- (4 .2,6)a

may be used. The close similarity with (4.2,2), derived for 
the cosine squared modulation, suggests that the stack model 
is a satisfactory approximation.

Tlie dynamics of a phase grating are determined by 
the nature of the optical effect producing the change S n  
in refractive index, and the associated relaxation time.
The Importance of any one mechanism is thus dependent on 
the choice of liquid and the time scale of events. As the 
thermal effect is somewhat greater and the relaxation time 
long compared with the Kerr effect and électrostriction in 
comaon solvents^^^^^, v;e discuss it first.

For a weakly absorbing medium in the field of a standing
pwave of periodic intensity cos" kz, the steady state
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amplitude of the induced temperature modulation with a 
spatial period l/2k

= 6 jLo (4.2.7)2%k"-

v'here h is the average absorbed power per unit volume, K is 
the thermal conductivity, and k the wave number, and g is 
a factor estimated to lie in the range ^ < g< I, for 
cylindrical symmetry. The corresponding thermal refractive 
index modulation:

<Tn = fT ( |Q (U.2.6)

and the thermal relaxation time t  is given by (134).

%  = 4k^D (4.2.9)

where D is the thermal diffusivity*
At an intensity of I I#'/cm^, corresponding to a power 

of 10 kVJ in a laser filament approximately I mm. in diameter, 
and a wavelength of I micron, we find and ̂ ^ 3 0  ns.
for the common organic solvents(^^7*I38,I39)^ For the same 
wavelength and light intensity, the corresponding quantities 
for the non-linear effects are: I) Kerr effect, ^n,vI0~7 to
10-9 (32,34,46) I0"^2 seo.(I'7'I4),
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2) Electrostriction, 10"^ and 10“  ̂sec$(^*^^);
3) Saturable absorption, O""̂  at saturation/^^^*^^^), 
which occurs at 10^ to 10^ K/cm^ in certain photo-sensitising

for whichTm,lo~^ to 10“^^ 
for weakly absorbing liquids with a non-saturahle 

absorption it appears that the thermal effect will he 
dominant in the formation of a phase grating, but because 
of the relatively long thermal relaxation time it is 
necessary to consider the dynamics of the process.

For a plane standing wave of infinite extent established 
in an absorbing medium of length small compared with the 
absorption length and large compared with the v/avelength, 
the temperature T(z,t) at point z and time t obeys the 
thermal diffusion equation^^^^^:

K afTm + u(z,t) «wp lS. (4.2.10)
dz )t

where K is the thermal conductivity, c the specific heat, 
yC the density and u(z,t) the local rate of generation of 
heat;

u(z,t) = Ug f(t) cos" kz (4.2.II)

It is assumed that the function f(t) is slowly varying 
compared with the relaxation rate of the molecular absorption 
process, which is typically 10^^ seo7^ for organic solvent
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On solving (4.2,10) for f(t) == I in (4,2,11), and
extracting that part of the solution relating to the 
temperature modulation of period l/2k;

^T(t) = _h_o ( I - e*'’̂ A ) (4.2.12)
2Kk"

v.’herc ̂  is the thermal relaxation time defined in (4.2,9), 
and h = ^ u^ , the mean power absorbed per unit volume.
Thus <?T(t) approaches the steady state value given in (4.2,7). 
apart from a geometric factor g relevant to cylindrical 
geometry. The relative importance of the thermal refractive 
index modulation therefore depends on the time scale of 
.the problem.

If the standing wave intensity increases at an 
exponential rate, then setting f(t) = e^^ in (4.2,11), we 
find the solution for the temperature modulation of period l/2k.

&T(t) =, e®* (4.2.13)

Thus f T Increases exponentially with an amplitude factor 
determined by the ratio of the rate of rise of intensity to 
the thermal relaxation rate^^^^).

4,3 Experimental Results

The use of photo-sensitiye dye solutions for Q-svitching 
and mode-locking lasers involves the introduction of solvents
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in the laser cavity. In view of the variety of optical 
effects in liquids observed using laser light sources it 
is expected that there will be some interaction with the 
solvent itself which will affect the laser emission.
Stimulated Raman scattering^^^»^^), Q-switchlng(^9,40,4l)^ 
suppression of s p i k i n g a n d  cut-off of emission^^^^^ 
are each observed under appropriate conditions with pure 
liquids present in the laser cavity. However, each of these 
effects requires high intensity, achieved by Q-switching 
the laser or by focusing the light into the cell, or a long 
sample^^^^), whereas the dye cells used for passive Q-switching 
and for mode-locking are normally a few millimetres or a 
few centimetres thick and are placed in the unfocused beam.
Here we describe the experimental results obtained for a 
range of pure solvents introduced in the cavity of a neodymium 
glass laser in a similar arrangement.

The experiments were performed with the simple arrangement 
of Figure 4.1, and consisted of observing the character of 
laser emission for each liquid placed in the cell shown.
The neodymium laser used v;as a Schott LG 5^ glass rod 153 mm, 
long and 9,5 mm, diameter, with the end faces cut at the 
Brewster angle and the cylinder surface lightly ground. The 
laser rod was mounted in a Pyrex water jacket and optically 
pumped by two linear xenon flashtubes mounted symmetrically 
on either side, A close-wrapped polished silver sheet reflector 
provided efficient coupling of the lamp with the laser. 
Dielectric mirrors of 95# and 50# reflectance were used to yl
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form the laser cavity. These ?;ere aligned rith an auto
collimator after inserting the liquid cell. 20 mm. path 
cells of Spectrosil B were used for the liquid samples,
"but later some observations were made with path lengths 
up to 76 mms. Laser emission was monitored with either an 
EMI 9713 B photo-diode and Tektronix 555 oscilloscope 
combination for general spiking display or an ITT EUOOOCSI) 
planar photo-diode and Tektronix 519 travelling wave 
oscilloscope for observing the profile of single pulses.
The main beam was directed at a target for recording the 
intensity distribution. The energy could be measured by 
replacing the target with a calibrated calorimeter. All 
measurements were made at room temperature, 20^ to 25° C.

The introduction of a liquid into the neodymium laser 
cavity resulted in pulse-sharpening behaviour, attributed 
to Q-switching through a non-linear interaction with the 
liquid. Peak power increased by a factor of 5 to 10, and 
pulse widths decreased by a corresponding amount. A series 
of sharp pulses varying in height and width was emitted 
during the pumping period, presenting a contrasting appearance 
with the normal laser spikes generated in the absence of 
the liquid, as shown in Figure 4.2 . The short duration of 
some individual pulses is illustrated in Figure 4.3 , and 
the experimental results are summarised in Table 4.1 .
Pulse widths of 20 to 25 ns. FVliM were occasionally observed 
in acetone and methanol, especially with a longer cell.
This compares with the 300 to 500ns. FïlîM for normal spikes.
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b)

5 ̂ s/cm

Fig* 4*2 Liquid puise shaïq̂ ening effect
a) Normal spiking
b) 20 mm. cell 1,2~dichloroethane in cavity
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a)

t)

P
50 ns/cm

Pig. 4*3 Liquid Q-sv/itched pulses
a) Methanol 20 mm.
b) 1,2-dichloroethane 20 ram,
c) Acetone 76 mm.
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Peak powers up to 100 kW were recorded, compared with 10 kW 
for the larger laser spikes in the absence of the liquid 
cell. A particularly strong effect is reported for the'ruby 
laser when Q-switched with I-chloronaphthalene, which produced 
2 in.', 30 ns. pulses(l45),

TABLE 4.1
Observed pulse widths for the neodymium laser with 

different Q-switching solvents. Cell length 20 mm.

Liquid

Acetone
Benzene
Carbon 
disulphide
Carbon
tetrachloride
Chlorobenzene
I-chloro-
naphthalene
1,2-dichloro-
ethane
Glycerol 
Methanol 
Nitrobenzene 
Water (distilled)

Pulse
width
ns.
35-100
75-150
300-500

200-300

100
70-200

50-200

150
20-100
200
I0Ô-200

Remarks

No Q-switching

Weak absorption
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All the common solvents found to Q-switch the neodymium 
laser have absorption bands in the near infra-red region (0.8 
to 2.5 microns), caused by overtones or harmonics of the 
hydrogenic vibrations CH, Nil, OH in the molecule. The resulting 
absorption at the laser wavelength, I.06 micron, ranges 
from 1% to over 30,"̂ for 20 mm. path in the various liquids 
listed in Table 4.1 Carbon disulphide, a non-hydrogenic
molecule with no absorption at I.06 micron, produced no 
pulse sharpening; carbon tetrachloride, a hygroscopic liquid 
with a measured absorption of the order of 1% in the 20 mm. 
sample used in the experiment, gave a small reduction in 
pulse width and some increase in peak power. Mixing a small 
quantity of an active liquid e.g. acetone with carbon 
disulphide also caused a Q-switching effect, showing the 
phenomenon to be sensitive to even a slight amount of 
absorption.

In addition to the need for absorption it was found 
that pulse sharpening only occurred with the liquid cell 
placed in the standing wave field of the laser cavity.
Yihen the liquid was moved beyond the output mirror, or 
placed in a second cavity coupled to the first by a third 
aligned mirror, no pulse sharpening resulted. Modulation 
at the fundamental cavity frequency c/2L was observed with 
the cell near one mirror, changing to the corresponding 
harmonics when the cell was positioned at simple fractions 
of the cavity length, but this effect was subsequently 
established as arising from spectral channelling and spatial 
loss modulation due to the presence of the cell in the 
cavity, and is discussed further in Chapter 5.
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Pig. 4.4 Filaments in liquid Q-switched laser 
beam. Filament diameter approx. f mm. Benzene

The liquid Q-switched laser beam pattern recorded on 
the target showed à distinct filamentary structure (Fig. 4.4), 
in contrast with the more uniform emission characteristic 
of normal spiking. The filaments were typically I mm. in 
diameter, with a more intense central component of ai I/3 mm. 
diameter observed on attenuating the beam. Pulse width and 
power measurements with a  ̂mm. aperture placed over the 
photo-diode shovæd that Q-switched pulses were associated 
with individual filaments, and that at least half the power 
was concentrated in this small area, indicating peak 
intensities in the liquid 50 MW/cm̂  for the most intense 
filaments. A small reduction in pulse width was also noted 
when observing this central region.
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4,4 Discussion

The phenomenon of laser Q-switching by organic solvents 
described above can be interpreted in terms of the formation 
of phase gratings with the aid of the theory developed in 
Sec. 4,2 above, where it was shown that the induced refractive 
index modulation fn is proportional to the intensity of 
the standing wave producing it, and is established in a 
time of the order of the relaxation time for the physical 
process responsible. Because the thermal modulation is 
generally greater than those due to the optical Kerr effect 
or électrostriction for a given intensity, and because the 
experiments show that absorbing liquids Q-switch the neodymium 
laser, it is assumed that the effect is due to the development 
of a thermal phase grating during the growth of a laser 
spike. This view is supported by the experiment of Gires and 
8oep(^^), who Q-s?;itched a neodymium laser with a cuvette 
of ethanol at the focus of a lens in the cavity, and observed 
no Brillouin components in the emission spectrum. However, 
the long thermal relaxation time for common solvents, a/30 ns., 
means that the thermal grating develops relatively slowly 
and the modulation amplitude for a rapidly increasing 
intensity is correspondingly less than the steady state 
value. Further, the refractive index is decreased at points 
of high field intensityf^?) because (|f)p is negative for
these liquids at room temperature, 20 to 25 °C. This decrease
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is opposed by both the optical Kerr effect and électro
striction, which tend to_lncrease the refractive index at 
high field points, the former by changing the molecular 
polarisability at the anti-nodes of the standing wave, and 
the latter by a field induced increase in density. Thus 
électrostriction directly opposes thermal expansion, which 
tends to decrease the local density,

Whatever the process involved, the observed Q-switching 
is assumed to result from the dynamic increase in reflectivity 
of the phase grating during the growth of the pulse. This 
co-operative phenomenon arises from the coupling of the 
electromagnetic field with the liquid, and in the early 
stages the induced reflectivity is proportional to the 
square of the incident intensity, which leads to a rapidly 
increasing cavity Q and the evolution of a short pulse.

For a I mm, diameter filament with a power of 10 kW 
i.e. an intensity of I MW/cm^, the thermal refractive index 
change is a# I0“^ (Sec, 4,2), For a grating 20 mm. long we 
find from (4.2.2) or (4,2,6) a reflectivity of 0,1 to 0.2^, 
Already therefore the back reflected intensity is a/i kHV/cm̂ . 
If the Q-switched pulse grows exponentially with a rise 
time equal to the thermal relaxation time, the filament 
Intensity reaches 20 M?//cm̂ , about half the maximum observed, 
in ry#IOO ns, i,e* in three e-folding times. Taking an 
average absorption 0,05 cmT^ (T39) a thermal relaxation
time of 30 ns,, we find from (4,2,13) ^T = 0.015 °C for

cyo. 2 J.cm"^ ° C - I .  Kov; -5 .1 0 "^  °C"^ fo r  most o f
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these solvents at 20° so n a  -7,5.10*^, and the
reflectivity of the thermal grating becomes R^IO^, Therefore 
the thermal effect is of sufficient magnitude at the observed 
intensity to increase the cavity Q significantly during 
the evolution of the pulse, and thus enable the liquid 
medium to produce a pulse sharpening or Q-switching’effect.
The electrostrictive increase in refractive index at 
20 If/;/cm̂  for a non-absorbing liquid is ̂ 10"^, too small to 
oppose thermal expansion in the absorbing liquid, and the 
increase due to the optical Kerr effect, to 10"“̂ , is
too small to be significant in most cases (See. 4,2). In 
the worst case, if these act together the thermal change 
in refractive index is reduced by 25/L It is significant 
in this context that carbon disulphide produces no Q-switching 
effect. Since it has negligible absorption at the laser 
wavelength of I,06 micron^^^S) the largest optical Kerr 
and electrostrictive coefficients of the solvents tested^^^* 
34,3^)^ with the possible exception of chloronaphthalene^^^^ 
this negative result suggests that it is the thermal effect 
which induces the observed Q-switching behaviour in the 
absorbing liquids.

From (4,2.7) and (4,2,8) the amplitude of the refractive 
index modulation due to the thermal effect is proportional *
to ibn) • where oc is the optical absorption coefficient.

K laT/P
Table 4.2 shows that the Q-switching performance for several 
liquids, expressed as the ratio of the non-Q-switched to the 
Q-switched pulse width, increases with the magnitude of the
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thermal coefficient. This is consistent with the thermal 
phase grating interpretation of the observed Q-switching 
behaviour. There ere variations, the performance of acetone 
for example is somewhat stronger than predicted, but the 
trend is clear.

TABLE 4.2
Comparison of the thermal coefficients and Q-switching 

performance of several common solvents

Liquid Thermal 
decay time ns. 9;=1.06 yu

Maxi obs..
pulse
sharpening

Methanol
1,2-dichloro- 
ethane
Benzene
Acetone
Carbon
tetrachloride
Water
Carbon 
disulphide

40
29

30
42
43

28
23

3.5 
2

1,8
1.6
0.2

0.2
< 0,1

15
6

4
8.5
1.5

3
I
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CHAPTER 5 Influence of dielectric plates on laser
emission

5.1 Effect of subsidiary resonances in the cavity

We have, seen in Chapter 2 that the emission of ideally 
mode-locked and random phase lasers with the same oscillating 
bandwidth is not easily distinguished by means of intensity 
correlation measurements. Furthermore, the noise generated 
in the random phase case has a periodicity imposed on it 
equal to the longitudinal mode spacing of the cavity* with 
the result that picosecond duration intensity fluctuations 
caused by interference of the random phase modes in broad 
band solid state lasers ere emitted at regular intervals 
2Xi/c. Therefore periodic picosecond pulse trains can be 
generated without mode-locking, although the signal to noise 
ratio differs greatly in the two cases^^^^)* The propensity 
of a laser of inhomogeneous construction to maximise emission 
and minimise losses by appropriate ordering of phase also 
results in modulation of the emission intensity^^^^*^^^» 
105,106)̂  Similarly the frequency shift associated with 
stimulated Brillouin back scattering of laser light from 
a liquid in the cavity gives rise to mode interaction and 
beats in the emission intensityt^?*^^). These three examples 
serve to show that laser oscillator emission is commonly 
periodic, with a frequency spectrum determined by the cavity
resonances.

-74—



T;here intensity modulation due to random phase effects 
differs from that caused hy mode-locking is that the former 
is a linear process, whereas the latter is non-linear* The 
periodicity superimposed on random phase emission comes 
from the spatial modulation of the standing wave field in 
the cavity. Since the emission intensity is equivalent to 
the linear superposition of the normal modes, the impressed 
frequency is simply the Fourier transform of the spatial 
modulation imposed hy the cavity "boundaries, with a spatial 
period equal to twice the cavity length* In contrast, mode- 
locking involves coupling of the modes through a non-linear 
Interaction in which mode amplitude and phase are no longer 
independent. Mode interactions are induced "by frequency loss 
modulation(5I*59) spatial inhomogeneity in the cavity

and the effect is to generate heats between modes at 
the difference frequency and thereby frequency modulate 
the inversion, with the result that the gain by stimulated 
emission is a maximum for certain phase relations between 
modes* The phases are therefore determined by the generating 
condition, and mode-locking ensues*

In addition to the spatial modulation arising from 
the finite length of the cavity further resonances occur 
in practical laser oscillators* These correspond to various 
sub-cavity modulations imposed by the presence of optical 
elements in the main cavity, such as Q-switching dye cells 
or parallel-sided mirrors* Unless every dielectric surface, 
executing one reflecting face on each of the two cavity
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mirrors, is made strictly non-reflecting by setting it at 
the Brewster angle for the appropriate polarisation of the 
laser beam, then spatial modulation and spectral channelling 
result* Snitzer demonstrated this effect by using a thin 
Class plate as one of the cavity mirrors for a neodymium 
glass laser* The emission spectrum consisted of a series 
of equally spaced sharp lines Similarly ̂ dye mode-locked
lasers with sub-cavity.resonances emit multiply periodic 
groups of pulses whose several periods correspond to the 
various spatial modulations present^^^*^^*^^*^^*^^*^^)*
The same is .true of free running oscillators, although here 
the phase relations may alter from spike to spike^^^^).
The question is whether spatial and therefore spectral 
modulation of the oscillator cavity does more than impose 
spectral channelling and a characteristic frequency on the 
emission, whether in fact a static constraint in the form 
of a dielectric plate can induce mode-locking through the 
non-linearity of the amplifying medium,

■ A'phenomenological description of mode-locking in 
the presence of absorption in the cavity has been given 
already for saturable absorption (See, 2^k)t the phases are 
so ordered as to increase intensity fluctuations and reduce 
the loss by saturating the absorption* The modes therefore 
oscillate in phase, and absorption is minimised for a given 
mean power* If the absorption is non-saturable or increases 
with intensity, the modes tend to oscillate out of phase to 
achieve minimum loss, but at the same time they are favoured
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by the Intensity dependent stimulated emission process to 
oscillate in phase and so maximise emission in the laser 
medium^^^^). This latter tendency reinforces mode-locking 
in the saturable dye case, but in the case of linear loss 
the two requirements are conflicting, and competition results* 
Although it is not clear which way the phases go in this 
situation, it seems unlikely that,they can be random.
Given the non-linearity of the amplifying medium it is mere 
probable that they tend to oscillate in phase. Certainly 
the intensity of a free running laser is strongly modulated 
by the presence of dielectric plates in the cavity^^^^pI^O),

Experimental studies of this and other phenomena 
observed in the interaction of lasers with dielectric plates 
are described below, but first we discuss the relevant 
properties of both single and multiple plates, and give 
the theory for a practical multi-plate laser reflector.

5*2 Spectral properties of dielectric plates

The transmittance of a non-absorbing plane parallel
sided dielectric plate is^^^^^i

T = ( I + 42% sinfZi)-! (5.2.1)

where z —  (5.2,2)I - r

and the phase A  = 2Tmd cos0 (5.2*3)
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Here n is the refractive index, &  the internal angle which 
each refracted beam makes with the normal to the surface,
^ the wavelength of the incident light, d the thickness of 
the plate, and r the reflectance of a single surface*

(ffif (5.2.4)
The transmittaxice is therefore modulated with the spectral 
period y  « ( 2nd cos0)~^, and has a maximum value of unity, 
a minimum value « ^I-r  ̂̂  , and a modulation depth

M « « Maximum transmittance occurs for£x« prr , where
p is an integer i.e. when the optical path in the plate is 
an integral number of half wavelengths, and minimum transmittance 
when A  w (p+i)TTi.e. for an odd integral number of quarter 
wavelengths. Typical values for a glass plate at normal 
incidence are found on setting n « 1.5,0* 0, d « I mm. ; 
whence r » 0.04, V ** 3.3 cm^^, « ^3%» M « 15^.
The insertion of a tilted plate in a laser cavity modulates 
the gain sufficiently to restrict oscillation to narrow 
spectral bands centred on the peak transmitted wavelengths 
Similarly, a single plate reflector restricts oscillation 
to those wavelengths for which the reflectance is a maximum 
i.e. for those satisfying the minimum transmittance condition 

(p4-&)n. For n » 1.5, the peak reflectance of a single 
plate is 15%»
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The maximum reflectance of N regularly arranged plane 
parallel plates has been given already (4.2.3), and for ' 
air-spaced dielectric plates

,*28 t \2
^2N ® (5.2.5)

Thus for two plates, with n » 1.5, « 451;o.
For H randomly arranged plates it is not generally 

possible to satisfy the condition for constructive, interference 
either for reflection or transmission, and so the reflectance 
R takes some intermediate value in the range O^RiRgn * 
with a mean Ëg#* ^hich can be found by averaging with respect 
to phase over the range 0<^<TT. For a total of m surfaces 
the mean reflectance '

. (5.2.6) .

and since m = 2N for H plates,

^2N » ( I + 2d(^-  ̂ (5.2.7)

where we have used (5*2.4) to eliminate r* For n « 1.5,
K 14.3;», which may be compared with R^ « 455̂  for the case 

of constructive interference. Increasing the number of plates 
increases the mean reflectance, which is asymptotic to unity 
( for N -♦oO), but a lower limiting value than this is set by 
the accompanying increase in surface scattering loss and
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bulk absorption. For a stack of 13 thin glass plates with 
n = 1.5 the moan reflectance given by (5.2,7) is » 52%.
Such a stack, which is easily constructed with microscope 
cover slips for example, could be used as the output mirror 
of a laser oscillator, a suggestion first made and successfully 
demonstrated by Burch^^^^). A reflecting stack of this type 
in which the optical path varies over the aperture by several 
wavelengths has a reflectance whose mean is ^^th higher
local values in those regions where the arrangement of surfaces 
more nearly approaches the condition for constructive 
interference. The beam generated by a laser with a random 
stack cavity mirror has an irregular filamentary structure 
due to this random variation of reflectivity, with a minimum 
filament diameter presumably determined by the condition 
that the increased gain resulting from the local enhancement 
of reflectivity be balanced by the increase in diffraction 
loss.

The requirement that the peak reflectance of each plate 
in the stack fall within the same spectral band of the plate 
modulation places a stringent limit on allowed random 
variations in thicloiess about the condition for constructive 
interference. This may be shown as folloT/s:

For normal incidence, the condition for peak reflectance 
of a single plate is*

2nd *s (p+i)^p (5*2,8)

where p is an integer and^ the wavelength. Increasing p
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to p+I, and. taking the difference in wavelength, we find the 
modulation period

§S4. (5.2.9)
• 9

for p>; I. Similarly, the change of wavelength necessary 
to satisfy the pealc reflectance condition (5.2.8) on a small 
change <fd of plate thickness is:

2nfa (5.2.10)
' ^ '

again for p>>I. We require' whence from (5.2.9) and
(5,2,10), end eliminating p h y  means of (5.2.8),

4a < -24 (5.2.11)

For n K 1.5, f d < Since this condition is unlikely to
he met in a stack of thin glass plates, the random phase 
calculation for the mean reflectance of the stack suffices*

5.3 Self-modulation with multiple plates

The observation of intensity modulation due to heats 
between cavity modes in the free running laser and the 
creation of subsidiary resonances by the introduction of 
dielectric elements in the cavity have been discussed. The 
modulation amplitude is increased by restricting the number
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of oscillating modes^^^O), ^  experimental study of intensity 
modulation of the neodymium laser with glass plates reveals 
a dependence of modulation amplitude on spectral period, 
number of plates, and surface reflectivity* This W'iHnow 
be described.

Experiments were performed with the neodymium glass 
laser described earlier (Gee. 4.3) operated in a cavity 
defined by a pair of thin film multi-layer dielectric mirrors, 
with surfaces flat to O.I of the wavelength. The cavity length 
was variable over the range 0.5 to 1.7 metre, and observations 
were made with various plates inserted in the cavity, or 
with one mirror replaced by a random stack r e f l e c t o r •
The emission was recorded simultaneously by an EMI 97I3B 
photo-diode and Tektronix 555 oscilloscope combination for 
monitoring the overall spiking, and a fast ITT P4000 SI 
photo-diode and Tektronix 519 oscilloscope combination for 
observing the intensity modulation on individual spikes.

It was found that 100^ modulation at the fundamental 
cavity frequency c/2L was imposed on the emission of the 
laser when using a stack reflector consisting of eight I mm. 
thick glass microscope slides* For a 1.5 metre cavity this 
frequency is 100 MHz. Fig. 5*1 shows three examples of such 
modulation observed on successive laser shots. Replacing 
the stack mirror with a thin film dielectric mirror reduced 
the modulation to the range ID to 20^, this residual amount 
presumably arising from self-modulation within the active 
medium, as described earlier. Pulses with similar envelopes

— 8 2 —



200 ns/cm.

Fig, 5,1 Pulse modulation with multi-plate stack mirror 
8 x 1  mm, glass slides
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are compared in Fig* 5*2 . Examination of single modulated 
waveforms generated by the laser with stack reflector revealed 
the frequent occurrence of periodic trains of sharp pulses of 
period 2L/c, with some background noise between pulses (Fig. 5.2) 
The observed pulse width to spacing ratio of^O.I requires 
the simultaneous oscillation of at least 10 adjacent longitudinal 
cavity modes* For random phases the peak fluctuation intensity 
is expected to be approximately In 10 (Sec. 2.5) i.e. a ratio ■ 
of peak intensity to background of approximately 2.3* I 
The observed ratios lie in the range 3*1 to 5*1, corresponding 
to 20 to 150 ( to ) modes in the random phase case, 
and requiring pulse widths less than the instrument limited 
width of 0.7 ns. for the cavity length used ( h » 1.7 metre,
2L/c m II.3 ns. )# However, the recorded pulse widths of 
approximately I ns* exceeded this limiting value, and the 
observations suggest that partial mode-locking may have occurred 
in these cases.

Beats at the fundamental cavity frequency c/2L were 
also observed with a single glass plate inserted in a cavity 
formed between two wedged thin film multi-layer dielectric 
mirrors (Fig. 5*2) * This was true for minimum self-modulating 
configurations, with the laser rod at the centre of the 
cavityt^^^*^^^), or for short cavity lengths^^^^*^^^), A series 
of observations were made for various plates inserted in the 
cavity, noting the average depth of the intensity modulation 
as a function of their number and thickness ( recorded as 
equivalent snectral period). The results are shown in Table 5.1,
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a) Stack mirror 200 ns/cm. b) Dielectric mirTor 200 ns/cm.

c) 1 mm. plate in cavity 
20 ns/cm.

d) Wedged dielectric mirrors 
20 ns/cm.

W  WVA W ' w A '
...-V

w^* '-v*^ W - '  W *-' W * '  «V»/ 'A.'»' 'A '* ' A '*

|k \ V 'A  % V ,\ ^ V ,\ ^ V ,\ a jl f * » ^ v . \  \  '

e) Pulse modulation with multi-plate stack mirror 20 ns/cm.

Pig. 5.2 Comparison of self-modulated waveforms
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v.henoe it is concluded that the modulation suiiplitude increases 
with the number of plates, and that those producing the 
greatest modulation have a spectral period in the range I to 
20 ciu**̂ , comparable with the homogeneous linewidth of /V 20 cm**̂  
reported for neodymium within the overall
inhoiaogeneously broadened bandwidth of 300 cm-I

T.\BLDÎ 5.1

Intensity modulation observed with dielectric plates 
inserted In the neodymium laser cavity

Element Thiclcness Spectral Number Mean Remarksperiod of obs.
-Icm elements intensity

modulation

Pellicle 6 um*. 
(cellophane) '

600 I 23^ On higher
power
pulses

Cover slip 0*15 mm. 22 I 25̂ :
(glass) .. . . 4 45̂ ^
Microscope I mm. 3.3 I 31.
slide •• .. 2 39:̂
(glass) .. .. 4 60^
Gchott 2 mm.
RG 1000
glass

1.7 I 39^ Transmission
64^

Fabry- 100 mm.
Perot
étalon

0.05 I 15̂ 5 Uncoated 
wedged silica 
plates

Experimental evidence for the influence of transmission 
loss modulation on the intensity modulation was obtained by
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A

inclining a set of 4 glass slides at angles ranging from 
normal incidence to the Brewster angle. The observed intensity 
modulation varied accordingly, from the tabulated value for 
normal incidence to zero at the Brewster angle, where the 
reflectivity and therefore the transmission modulation of 
the polarised laser beam vanish.

Although the observed modulation with a few plates in
(150)the cavity may be consistent with the random phase interpretation, 

it appears that the larger number of plates and their random 
arrangement in the multi-plate stack reflector does induce 
some mode-locking between those modes generated in such a 
cavity, in accordance with the ideas referred to e a r l i e r .

Finally It may be remarked that the modulation observed 
on liquid Q-switched pulses (dec. 4.3) arises from the 
presence of the liquid cell in the cavity, since the windows 
constitute a pair of dielectric plates. Removal of the liquid, 
leaving a dry cell, increases the intensity modulation because 
the interface reflectivity is increased, and tilting the ^
cell at the Brewster angle removes the modulation. Thus a • 
liquid cell orientated at this angle produces nearly modulation- 
free Q-sw'ltched pulses.

5.4 Operating characteristics of the laser with random 
stack mirror

The observation of lOĈ t intensity modulated pulses 
generated by a laser with a reflector consisting of a sta^k
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of randomly arranged dielectric plates has been described in 
the previous section. Here v/e consider further aspects of the 
random stack laser resonator.

In the free running case, the laser emits a series of 
random spikes bearing the intensity modulation discussed, 
their number and average separation depending on the pumping 
and the cavity length. In a short cavity the number of spikes 
so increases due to the high mean reflectivity and random 
structure of the multi-plate reflector, that quasi-continuous 
emission is observed. iJi example of this is shown in Fig. 5*3 
for a 330 mm. cavity ( of which 230 mm. constituted the 
optical path in the laser rod); the emission obtained wit|t 
the stack reflector is compared v;ith that observed for a 
thin film multi-layer dielectric mirror. This effect can be 
explained in terms of the high node degeneracy^^^^^ of the 
short cavity with stack reflector, with the noise level 
arising from the poor optical quality of the latter, much 
as Berzing et a l . found for poorer quality laser rods 
in a quasi-continuous system.

In the case of a dye mode-locked oscillator, the multi- 
plate stack mirror offers the,advantage of improved damage 
resistance to the high intra-cavity light intensity^^^^^ * 
However, the spectral modulation and mode selection effects 
of the plates produce pulse broadening^^^^. For example, with 
a stack reflector consisting of 13 cover slips each 0.15 mm. 
thick the pulse widths inferred from tro-photon fluorescence 
(TPF) intensity correlation measurements (See. 2.3) were
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a)

b)

Upper 100 yus/cra 
Lower 1 yus/ cm

Fig, 5*3 Quasi-continuous emission with multi-plate 
stack mirror

a) 8 x 1  mm, stack
b) 50^ reflectance wedged dielectric mirror
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Upper 10 ns/cm 
Lower 2 ns/cm

b)

Fig, 5.4 Dye mode-locked laser with random stack 
mirror

a) Mode-locked pulse train
b) Beam pattern on target distant 0,75 m. 

Aperture 5 «am. diam. 4 successive shots
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20 to 50 psecs# for the neodymium glass laser. No such pulse 
broadening is reported for the ruby laser with similar 
r e f l e c t o r , nor is expected, since the spectral modulation

■Tperiod of the plates used is approximately 20 cra*“ , almost 
an order of magnitude larger than the ruby emission linewidth. 
Fig# 5*4 shows the instrument limited pulses obtained with 
the mode-locked neodymium laser with stack reflector, and 
the irregular intensity distribution in the laser beam, which 
changes with successive firings.

Comparison of the laser beam divergence with the stack 
reflector and with a thin film multi-layer dielectric mirror 
gave similar results for both the mode-locked and free running 
(random spiking) cases, provided the variation of plate 
inclination in the stack was less than the divergence observed 
with the thin film mirror, which amounted to 1.3 milli-radian 
for the free-running neodymium laser.

Thus in some cases a simply constructed stack reflector, 
with its higher damage threshold and lower cost, may be used 
in a laser system in place of the conventional optically 
flat dielectric mirror.
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CHAPTER 6 Experimental study of a liquid laser amplifier

6,1 Design and construction

The potential of the neodymium liquid laser as an 
an amplifier for short optical pulses has already been 
remarked (Chapter 3). Briefly, it has a greater stimulated 
emission cross-section than neodymium glass, a comparable 
spectral bandwidth, and can be prepared with a similar 
concentration of neodymium ions. The performance of a neodymium 
phosphoryl chloride liquid laser amplifier is described 
below (Sec, 6,3). Here we discuss its design and construction.

The cell is shown in Fig, 6,1 • It consists of a thick- 
walled silica tube, 153 mm, long and 8.5 mm. bore, terminated 
by optically flat windows which were attached by careful 
contacting and subsequent fusion of the mated surfaces. In 
contrast to the selenyl chloride laser, no self-oscillation 
occurs with neodymium phosphoryl chloride solution optically 
pumped in this configuration because of the near refractive 
index match with fused silica (See, 3*3)* Since the refractive 
indices are I,46o and I*1|495 for pure phosphoryl chloride^^^^^ 
and fused silica^^^^^ respectively, the reflection coefficient 
for normal incidence at the interface is / l̂O""̂ , That for 
the silica/air boundary at the outer face of each cell window 
is 3.4/0, requiring a single pass gain O « 30 for self* 
oscillation, a higli value not realised with the experimental 
system* For longer cells at high excitation it would be
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necîessary to use tilted exit faces to avoid possible self- 
oscillation, preferably oriented at the Brewster angle to 
avoid reflection losses.

The cell is filled through the side tube attached near 
one end and closed by means of a cone and socket joint with
a Teflon (PTFE) seal. A steady pressure is maintained by
the springs attached to glass hooks on the tube and stopper. 
The air space left in the neck of the side tube after filling,
and the further space in the hollov/ stopper, allow for
thermal expansion of the solution and dissipation of the 
pump-induced shock wave. The springs provide a safety valve 
in the event of too great an over-pressure being generated. 
This design allows for flexibility, in that it is relatively 
easy to empty and re-fill with fresh solution, and yet is 
adequately sealed for use over a period of a few months.

Having evolved a suitable cell design, the next problem 
was to excite the laser medium efficiently, and with a 
minimum of optical distortion. Because the thermal expansion 
coefficient for liquids is of the order of 100 times that 
for solids, the refractive index distortion in the optically 
pumped liquid laser is correspondingly greater (Chapter 3).
The temperature coefficient of refractive index for common 
liquids (Sec. h#4) Is -5.10""^ so for a column 150 mm.
long the change in optical path due to a temperature rise 
of O.OI C.deg. is of the order of a wravelength (for pm»)  ̂

Now microscopic random fluctuations of temperature in a liquid



merely give rise to scattering losses (Chapter I), but a 
temperature variation of this magnitude on a macroscopic 
scale, such as a radial distribution resulting from non- 
uniform pumping, causes sufficient refraction to distort the 
beam propagating in a liquid amplifier of the given dimension. 
In the ideal case cf. circular symmetry and a monotonie 
temperature distribution this produces a lens effect of 
either positive or negative power, depending on whether the 
axial temperature is lower or higher than that at the 
circumference. In a practical system perfect circular symmetry 
is unlikely to be achieved and a distorting lens effect 
results, which produces an irregular intensity distribution 
in the transmitted beam.

The chosen cell design is equivalent in cross-section 
to a Gladded laser vhen filled with the solution,,
in that it consists of an optically absorbing medium of 
circular cross-section surrounded by an annulus of transparent 
material of very nearly the same refractive index. By 
adjusting the internal and external radii of the cylinder 
and the optical absorption of the laser medium, the 
distribution of the puKiping intensity can be optimised with 
respect to minimum thermal distortion and uniform gain 
p r o f i l e F o r  an isotropic Intensity distribution of 
pump 11 gilt incident at the outer surface of the composite 
cylinder, the ratio of the radii should be equal to the 
refractive index of the m e d i u m ^ ^ * The optimum absorption 
is dependent on the detailed absorption spectrum, and the



actual absorption may depart from the optimum because of 
practical constraints on the diameter of the amplifier and 
on the concentration of the laser solution* An optimum 
neodymium concentration, with respect to fluorescent efficiency, 
of 0*3 molar is reported for selenyl c h l o r i d e , 
corresponding to a quoted Hd^ ion concentration 1.8 .10 
cm The neodymium phosphoryl chloride-tin tetrachloride 
solutions ( hd:FOOl^-BnOl^) used in the amplifier experiments 
were prepared with hd ion concentrations in the range 
0,7 to 1*0 . 10^^ ouT^ i.e. 0.33 to 0.5 normal, the latter 
being a saturated solution.

A practical approach to the problem of achieving an 
isotropic intensity distribution for uniform pumping is to 
use a helical discharge lamp closely surrounding the cylindrical 
laser cell, with an external diffuse reflecting cylinder 
surrounding the l a m p , This method has two limitations: 
first, the large radiation volume leads to a lo\¥ excitation 
efficiency; second, the pulse discharge time of helical lamps 
is inherently long, leading to excessive heating and consequent 
distortion of the laser solution. (  ̂ Since the
radiative lifetime of the metastable ion is of the order
of 100 yis. in solution (Chapter 3), it is desirable to pump 
on this time scale, idilse durations of this order are more 
easily achieved with linear flashlamps; further, the pumping 
volume is significantly less than that associated with helical 
lamps. The problem of isotropy in the pumping intensity 
reasserts itself however, and has only been successfully
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overcome by mounting both lamp and laser end to end on the 
axis of a rotationally symmetric r e f l e c t o r . This 
arrangement limits access to one end of the laser only, and 
is more suited to small oscillator applications. Returning 
to the conventional parallel arrangement of lamp and laser, 
since the use of a single lamp produces asymraetric pumx)ing 
and a thermal wedge effect, it is necessary to use several 
lamps sjnnmetrically disposed to achieve better uniformity. 
The optimum number is N % g , where D and d are respectively 
the apparent diameters of the laser rod and the luminous 
column in the lamp, allowing for refractive index immersion 
e f f e c t s . For the cell shown in Fig. 6.1, D = 1 2 »h mm.,
and the internal diameter of the flashlamp d « 9«5 mm*,

DWhence g = 1.3, and the next larger integer is N » 2. 
Therefore two linear xenon lamps were used for pumping the 
liquid laser. These were placed symmetrically on either side 
of the cell, and a polished silver sheet was wrapped closely 
round the assembly to provide good optical coupling in a 
symmetric afocal a r r a n g e m e n t . This geometry combined 
reasonably uniform pumping with a short pump pulse duration.

A final consideration relevant to minimising optical 
distortion of the laser medium is the need for filtering the 
pump light such that only that portion of the lamp spectrum 
corresponding to the neod^miium absorption bands is incident 
on the liquid. As pure phosphoryl chloride is colourless, 
the striking lilac colour of the neodjuaium solution is 
entirely due to the ion absorption bands, and so only
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the ultra-violet and blue regions of the spectrum (')» < O.Upn.) 
need he filtered out, since it is here that the peak lamp 
brightness occurs and thus induces excessive heating of 
the liquid. Tubular filters of fyrcx or uranyl glass were 
used for the purpose, provision being made to fit them either 
over the lamps or the liquid cell. The liquid laser assembly 
in shown in Pig. 6.9 .

6.9 Behaviour of neod^cnium oscillators

6.2,1 Neoc.vmium phosphoryl chloride ,laser

Prior to the amplifier experiments, come observations 
V ere made on the behaviour of the neodqrmium liquid laser 
oscillator. Information was obtained on beam divergence and 
intensity distribution, the maximum available gain, and pump 
induced distortion of the laser medium. In addition, the 
efficiency of various neodymium solutions was compared as 
a guide to selection for the liquid amplifier experiments.

fig. 6.3 shows some typical intensity distributions*
In a) the beam was photographed through four neutral density 
quadrants to obtain a measure of the divergence, which 
amounted to approximately 6 milli-radians full angle between 
half power points. The speckle pattern associated with the 
use of a random plate reflector (Chapter 5) as one of the 
cavity mirrors can be seen in b) and c). Several small 
filaments of 0.5 to I mm. diameter were observed in the near
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Pig. 6.3 Nd:POCl^ oscillator ‘beam patterns
a) Divergence
Id) 1 3 X 0,15 mm. stack reflector
c) As b).

—1 GO—



field v.hen using thin film multi-lByer dielectric cavity 
mirrors and uranyl glass flashlamp filters.

Optical distortion of the liquid after pumping ras 
displayed hy passing the beam of a helium-neon gas laser 
througji the laser cell, as in ref. IIO, and observing the 
flare patterns on a white card a few metres distant. In 
this way the efficacy of the optical filtering of the pump 
light could be examined,and the use of the uranyl glass 
filters was found to greatly reduce the distortion, inimp- 
induced refractive index variations within the liquid in 
the range I to 5 depending on the filtering arrangements, 
were inferred from the steady deflection of the beam after 
firing. Thus the maximum radial temperature variation 
reached during the pumping pulse was 4 0,1 °C.,and the 
variation of optical path amounted to several wavelengths 
across the aperture, if the laser was fired again before 
the recovery of thermal equilibrium, the beam pattern 
obtained closely resembled the flare pattern seen with the 
helium-neon laser, shœrlng that refractive index distortion 
largely determined the intensity distribution of the generated 
beam, as in the case of the ruby laser^^^?)

The maximum small signal gain attainable was readily 
determined by reducing the reflectivity of the oscillator 
cavity mirrors until laser threshold coincided with the 
maximum available pumping intensity. For a 0.44N solution 
of MtPOCl^-SnOl^ pumped in the arrangement shown in Fig. 6.2, 
laser spiking was observed using an external gold mirror
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aligned with the exit face of the window at the far end of 
the cell, the Fresnel reflection from the window providing 
sufficient feedback for oscillation at the maximum pumping 
energy of I kilojoule, using unfiltered pumplight. The 
duration of the pumping pulse was 300 jxs ̂ and the time to 
peak intensity lOO^s., at which point the first spikes 
appeared. For a reflectivity of (Sec. 6.1) the occurrence
of self-oscillation indicated a single pass small signal 
gain G = 5.U, assuming a reflectance of unity for the gold 
mirror. Since the cell length was 133 mm., the measured gain 
required an exponential gain coefficient of O.II cm"’̂. Per 
a stimulated emission cross-section of 10"^^ crâ  and
a Nd ion concentration of 0.8 10^^ cm*^ (0.41;.N), this 
corresponds to an inversion of V.ith the tubular filters
fitted over the flashlaraps the maximum gain was reduced, 
presumably due to the increased reflection losses at the 
extra glass surfaces, and probably some absorption loss in 
the case of uranyl glass.

6.2.2 Mode-locked neodymium glass laser

A mode-locked neodymium glass oscillator was constructed 
to provide a signal source for the liquid amplifier. The 
laser head, described earlier (See. 4.3), contained a water- 
jacketed laser rod and a pair of linear xenon flashtubes.
The pumping geometry closely resembled that used for the 
liquid amplifier, with the Pyrex water-jacket providing a

-102-



combined refracting sheath and ultra-violet filter for the 
immersed laser rod, which had a lightly ground surface to 
diffuse the pumping liglit. Under pulsed (random spiking) 
operation, a uniform far field intensity distribution was 
obtained with this geometry. In view of the multiple pulsing 
effects caused bg introducing subsidiary resonances in the 
oscillator cavity (Chapter 3), care Tas taken to employ Brewster 
angle orientation of dielectric surfaces for mode-locked 
operation. The mode-locking dye cell vas constructed from 
tvo silica discs with a I mm. spacer, and filled through a 
small opening with hastnian 9G6o dye solution conveniently 
dispensed from a hypodermic syringe, hard dielectric coatings 
were used on the cavity mirrors to reduce the damage caused 
by the high light intensities generated by mode-locking, and 
the exterior face of each mirror vos vedged with respect to 
the reflecting face to avoid spectral channelling e f f e c t s . 
The dye cell, oriented at the Brewster angle in its swivel 
mount, vas placed near the non-transmitting mirror, and a 
5 mm. diameter circular aperture near the output mirror. The 
purpose of the aperture was to limit the diameter and divergence 
of the beam by increasing the loss for non-axial modes. A 
sketch of the oscillator is included in Pig. 6.7 .

A typical pulse train emitted by the mode-locked laser 
is shown in Fig. 6.4a . Ihe pulse spacing corresponds to the 
cavity round trip time 2L/c . The emission was monitored with 
a fast planar photo-diode (ITT P4000) mounted in a co-axial 
tapered holder designed to provide impedance matching to the
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Fig, 6,4 Mode-locked Ndiglass laser
a) Mode-locked pulse train 10 ns/cm
b) TPP intensity records - wedged mirror

- parallel inirror
- parallel dye cell
- cross correlation with 
neutral density filter
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Tektronix 519 oscilloscope^^^^^ The small after pulses reflect 
the electrical response of the systerâ *̂  ̂̂ . The beam divergence 
was approximately I milli-radian for a pumping energy of
1.2 kilojoule and pump pulse duration 700 fis^ With cavity 
mirrors of 99*5/̂ and 50“3 reflectance respectively, and a 0.95 
metre cavity length, single picosecond pulses were obtained, 
spaced at the double cavity transit time of 6.3 ns. Auto
correlation (Sec. 2.3) was performed by reflecting the pulses 
at the surface of a mirror immersed in rhodamine dye solution, 
and the intensity ratio estimated by covering part of the 
field with a neutral density filter^^^^. Pulse widths *5 ps. 
and contrast ratios ̂ 2 were observed. Replacing the wedged 
laser output mirror with a parallel sided one produced 
additional pulses separated by the optical thickness of the 
element, and setting the mode-locking dye cell normal to 
the beam had a similar result, with pulses spaced only I to 2 
mm. apart. Examples of these two-photon correlation patterns 
are shown in Fig. 6.4b. More precise measurements of pulse 
duration and contrast ratio obtained for both oscillator and 
amplifier by microdensitometry are described in Sec. 6.3 .

Because of the high instantaneous intensity of picosecond 
pulses generated by the mode-locked laser several higher 
order multi-photon experiments are possible, in addition to 
the two-photon fluorescence measurements just described. Such 
observations also serve as a check on the nature of the laser 
emission, that it is truly mode-locked and not random phase, 
since the yield of a k-th order process is dependent on the - , 
k-th power of the incident intensity, and therefore the
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discrimination 'becomes increasingly sensitive as the order 
k is increased.

Fig. 6.5a shows intense scattered third harmonic light 
generated by focusing the mode-locked laser beam in a stack 
of fused silica discs^^^), using a 250 mm, focal length lens.
A check on the wavelength and intensity of the incident light 
was provided by first passing the beam through a weak rhodaraine 
6g dye solution, where it produced two-ohoton fluorescence, 
and a Schott HG 1000 infra-red filter. The scattered light 
was photographed through a T'ra.tten I8A filter (transmission’ 
band 0.3 to 0.4 micron) on blue-sensitive film (Polaroid 410), 
indicating an approximate wavelength of 0.35 micron, consistent 
with it being the third harmonic of the incident liglit (X : I.O^).

Fig. 6.5b shows the luminosity generated in a 50 mm. 
cell of I-chloronaphthalene at the focus of a I metre focal 
length lens. Using a combination of bratten filters ( Nos. 8 
and I8a ) it was found that the maximum luminosity occurred at 
a wavelength near 0.4^., with none beyond 0.46^. and fainter 
emission in the 0.35 region. This blue emission is 
presumably identical with that generated by two-photon 
absorption of ruby laser light in chloronaphthalene^^^^*^^^).
Thin filaments ^  50 microns in diameter and extending for a 
few tens of millimetres in the luminous channel were frequently 
observed (Fig. 6.5c), indicating self-trapping of the incident 
picosecond pulsed laser The stability of the
filaments showed that the blue luminosity probably resulted 
from three-photon fluorescence, rather than by electric 
breakdown of the liquid in the strong light field.
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Figo 6,3 Multi-photon effects observed with a mode-locked 
Ndiglass laser

a) TPP in rhodamine and third harmonie in silica
b) Blue fluorescence in 1-chloronaphthalene (CINP)
c) Filamentary structure of fluorescence in CIAÎP ; 

dark space: yellov/ filter - V/ratten No, 8

-107-



6.3 Liquid laser amplification of picosecond pulses

The inorganic liquid laser has several physical features 
which make it an attractive proposition as a high power 
amplifier, hut certain disadvantages, such as the problem of 
thermal distortion, make It important to evaluate its performance 
experimentally. A practical difficulty encountered in attempting 
to do so is that the emission hands of neodymium glass and 
neodymium phosphoryl chloride are not coincident (Pig. 6.6), 
so that the gain of a hybrid system could fall short of the 
theoretical maximum. However, a neodymium selenyl chloride 
laser has been successfully used in this way^^^^\ and the 
broad overlap of the emission bands indicates the potential 
of the liquid laser for amplifying short optical pulses to 
the limiting duration set by the inverse bandwidth. Since the 
use of picosecond pulses also avoids many of the non-linear 
interactions of high intensity light with liquids (Sec. 1.6), 
the logical method of approach is to examine the performance 
of the amplifier in conjunction with a mode-locked neodymium 
glass oscillator as the signal source. Using this method, the 
gain and saturation of a liquid amplifier were measured and 
compared wdth a glass amplifier operating under similar 
conditions. Observations were made of the divergence and optical 
distortion of the amplified beam, the passive transmission 
of the liquid at intensities in the region of 10^ W.cm*"̂ , 
the pulse v/idth, energy and peak power of the amplified pulses, 
and the physical behaviour of the laser solutions. Note was 
taken of any reversible or irreversible changes (Sec. 6.4),
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and of its storage properties in the chosen cell design (Fig.6.I). 
The experimental arrangement for measuring the gain of the 
amplifier and simultaneously recording the second order intensity 
correlation function (Sec. 2.3) of the amplified pulses is 
sho\m in Pig. 6.7 .

The procedure for setting up the experiment was as 
follows: first the optic axis was defined by directing the 
beam from a I mW helium-neon laser through a pair of pin-holes 
PI, P2 set at opposite ends of the optical system; all optical 
components were subsequently cehtred on this axis. Reflections 
of the gas laser beam were then used to align the system; the 
oscillator mirrors were set parallel to one another and normal 
to the optic axis by passing the reflected beam back through 
PI and observing the images on an optical target approximately 
5 metres distant. The mode-locking dye cell was set at the 
Brewster angle by rotating it to the position at which the 
reflected image of the polarised beam vanished. This was made 
quite sensitive by viewing the reflection on a white card. The 
error in setting the silica cell at the Brew;ster angle for 
0.6328 micron wavelength instead of 1.06 micron (the lieodymium 
v/avelength) is 2.6 mrad.^^^^), well within the accuracy of the 
method. A 5 mm. diameter aperture AI was used to limit the 
oscillator beam divergence and diameter for transmission through 
the liquid amplifier. A similar aperture A2 defined the beam 
width at the TPF dye cell DC2. Sharp cut-off filters FI and 
F2, transmitting for [X>0.8 fx. and I respectively, served 
to isolate the laser beam and block stray visible light emitted
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"by the flashlamps* F2, a 2mm. thick disc of Schott glass RG 1000, 
also acted as beam splitter for the monitoring photo-diode 
PDI. Tv;o further beam splitters allov/ed the input and output 
of the amplifier to be sampled by photo-diode PD2. The 
compensating plate or plates CP could be adjusted to allow 
measurement of the intrinsic gain. All optical surfaces nominally 
perpendicular to the incident laser beam, such as the amplifier 
windows, the filter PI, the TPP dye cell DC2 and the mirror M3, 
were carefully misaligned by the angles necessary to prevent 
reflective feedback into the oscillator cavity and consequent 
disruption of mode-locking. That this was important was shovjn 
by deliberately reflecting back a fraction 1.5 ,10""̂  of the 
oscillator emission intensity. Emission of the familiar periodic 
pulse trains characteristic of mode-locking was immediately 
suppressed, and only resumed on removing the small reflectivity 
introduced.

Y.ith all components correctly adjusted the system was 
fired and the signals recorded. Since the amplifier pump pulse 
duration was shorter than that of the oscillator (Secs. 6.2.1 
and 6.2.2), the firing of the flashlamps on the amplifier was 
delayed such that peak excitation coincided with the passage 
of the mode-locked pulse train emitted by the oscillator. The 
necessary delay was typically 200 |is. The signal gain was found 
from the ratio of the pulse heights of the input and output 
signals monitored by an ITT PUOOO fast photo-diode in the 
impedance matched mounting described earlier (Sec. 6.2.2), and 
displayed on a Tektronix 519 oscilloscope. The optical delay
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resulting from the extra distance travelled by the amplified 
pulses, about 1.3 m., made it possible to display corresponding 
pairs of pulses on the same sweep for direct comparison, and 
to use the one detector for both signals. Ambiguity was avoided 
by spacing the pulses asymmetrically, with an optical delay 
greater than half the pulse repetition period 2L/c. Examples 
of amplified pulse trains are shown in Fig. 6.8 .

Care was taken in obtaining these measurements with the 
setting of the two beam splitters and the illumination of 
the photo-diode. A white PTFE disc, 3 mm. thick, w-as mounted 
at the entrance window to diffuse the incident light over the 
photo-cathode area and compensate for variations in cathode 
sensitivity. The beam splitters were adjusted to produce 
coincidence of the two beams at the centre of the disc, with 
the normal to the surface bisecting the angle between them. 
Possible calibration errors due to changes in reflectivity of 
the beam splitters with polarisation were reduced by making 
the angles of incidence sufficiently small( Appendix III ).

Since the instrument limited width of the recorded 
pulses, approximately 0.7 ns. (Fig. 5*^)» was much greater 
than the actual width of the optical pulses, the observed 
pulse height ratios define the energy gain of the amplifier 
under the experimental conditions. The maximum gain observed 
was 3.2, achieved using unfiltered pump light at an input energy 
of I kilojoule, the same conditions under which a self
oscillation (threshold) gain of 3*k was observed previously 
(Sec. 6.2.1). Assuming an identical inversion and exponential
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pulse trains

a) AnqDlified pulse train
b) Passive transmission
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gain in both cases, the corresponding gain coefficients are
—I0.076 and O.II cm** respectively, which implies an amplifying 

efficiency for the mode-locked oscillator pulses of 70 0̂. This 
can be attributed to two factors: spectral mis-match (Fig. 6.6), 
and partial gain saturation. Comparison with a neodymium glass 
amplifier ( Ov; ens -111 ino i s ED-2) of similar dimensions showed 
the liquid to have a 30 to greater intrinsic gain coefficient 
for the same excitation.

Gain saturation of the liquid amplifier, representing 
the transition from exponential small signal gain to linear 
large siipial gain at sufficient intensity and pulse energy, 
caused the amplification of succeeding pulses in the train to 
decrease. Measurements of this were made for a range of initial 
values of the gain. Examples are shown in Pig. 6.9 . Prom a 
nearly constant value observed for the first few low energy 
input pulses i.e. the initial small signal gain, the gain is 
rapidly depleted by the more intense pulses occurring later in 
the train, and finally approaches a lower limit as the end of 
the pulse train is reached i.e. the final small signal gain 
provided by the remaining inversion. Calorimeter measurements 
showed the onset of saturation to occur for pulse energy density 
in the region of 25 mJ.cm*^.

For the TPF intensity correlation measurements a 
parallel-sided output mirror M2 was used on the oscillator to 
produce repetitive pulsing (Sec. 5«I) and facilitate cross
correlation of the pulses emitted. This approach overcame the 
difficulty of achieving meaningful records with auto-correlation 
in the case where the pulse was made to overlap with itself
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anrplifier.
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pulse number in a mode-locked pulse train
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at the surface of an inimersed mirror (Fig. 6.U)i and avoided 
the long optical paths and isolation problem associated with

(79)the pulse collision method involving a triangular configuration • 
TPF intensity profiles were obtained, and the amplifier gain 
recorded simultaneously, using the arrangement shown earlier 
(Pig. 6.7). The pulses were crossed in a 20 mm. cell of 
rhodamine 6g In acetone, and the resulting fluorescence intensity 
profile was photographed on Ilford HPU film, using a 75 mm.
Zeiss Biotar lens at f/2.8 « The film was subsequently developed 
in Microphen or Promicrol. A neutral density strip filter, 
calibrated in the wavelength range of the fluorescence, was 
arranged to cover the bright central band caused by the pulse 
overlap in the dye solution and provide a comparison of its 
intensity with that of the background trail photographed on 
either side^^^^. Fig* 6.10 shows the calibrated TPF intensity 
profile obtained by microdensltometry of the photographic 
negative. The profile is symmetric, a property of the second 
order correlation function, and therefore only the pulse 
duration and not the pulse shape can be inferred from it^^^^.
The contrast ratio in this example is 1.9 and the pulse width 
5 psec. This result is typical; records obtained w/ith the 
oscillator emission alone, and when amplified by the liquid 
laser, yielded contrast ratios in the range 1.6 to 2.0 and 
pulse widths of 3 to 6 psec. ITo apparent pulse shortening was 
observed for amplifier gains between 1.2 and 2. The narrow peak

(73)approaching the theoretical contrast ratio of 3 ' %  reported
with sub-picosecond components in the laser emission^^^*^^\ 
was not observed. The reported width of 50 to 75 microns
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above a contrast level of 2 comparable with the
grain noise of approximately 50 microns found, in the writer’s 
experimental records, and it is likely that the spike was not 
resolved* Yliat can be deduced without ambi^oiity from the TPF 
records is that the input to the liquid amplifier consisted 
of bursts of light of 3 to 6 picoseconds duration, and that 
these were then amplified by the observed amount and emerged 
with a similar duration.

Measurements were also made of the total laser emission 
energy as a basis for inferring the energy and intensity of 
individual picosecond pulses and relating these to the levels 
required for non-linear effects. The emergent laser beam was 
intercepted by a simple cone calorimeter (Laser Associates) 
and the absorbed energy recorded. At the same time the emission 
was monitored by the two photo-diodes PDI and PD2 (Fig. 6.7), 
an EMI 9713B and an ITT F4000 respectively, to ensure that 
no subsidiary pulses were emitted, and the measured energy 
referred to one mode-locked pulse train only. A series of such 
records were obtained both with and without amplification to 
check for consistency. With some confidence that measurements 
meeting these requirements represented the total energy of a 
train of picosecond pulses, it was then necessary to determine 
their number. A lower limit ?;as obtained from the oscilloscope 
record (Fig. 6.4), and usually amounted to I5 to 20 pulses.
Each of these represented the electrical response of the 
detection system to one or more picosecond bursts* The TPF 
records showed only one such short burst per cavity round trip 
2L/c with the wedged output mirror, and more than two with the
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parallel sided mirror (Fig. 6.4). An upper limit was set by
the requirement that each recorded pulse be instrument limited
i.e. 0.7 ns. PVIIM. Thus for the parallel mirror the number n
of picosecond pulses per recorded pulse was found to be
2-<n<I0, and for the wedged mirror n=I. The mode-locked
oscillator emitted pulse trains of energy 60 to 80 mill!joules

2in a beam of 0.2 cm cross-section, with an average energy 
of 4 mJ per electronically detected pulse and a maximum of 
8 mJ. For optical pulses of 5 psec. duration these figures give 
a peak intensity 8 GW.cm*^ for the wedged mirror and a# I GW.cm""^ 
for the parallel mirror. Thus the observed performance of 
the liquid amplifier as described here refers to its response 
on the picosecond time scale to pulse intensities in the region 
of 10^

At these intensities it was necessary to discover ' 
whether non-linear optical effects had any significant effect 
on the propagation of picosecond pulses in the liquid amplifier. 
To this end observations were made of the divergence and 
detailed intensity structure of the transmitted beam for both 
active and passive transmission i.e. with and without optical 
pumping of the amplifier. The intensity distribution of the 
mode-locked oscillator beam was recorded simultaneously for 
direct comparison. Fine detail in the more intense areas was 
recorded by ablation of developed (black) Polaroid roll film, 
and the overall distribution obtained by infra-red photography 
with Polaroid type 4I3 film. It was found that no apparent 
distortion occurred for passive transmission in the laser liquid;
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the symmetry of the beam pattern was preserved, and only 
minor changes due to divergence were observed (Fig. 6.IIA).
Also the oscilloscope records shoved constant pulse transmittance 
throughout the mode-locked pulse train, thus supporting the 
earlier observations on gain saturation in the pumped amplifier 
(Fig. 6.9). Distortion and increased beam divergence v/ere 
however observed for active transmission (Fig. 6.IIB). Some 
rippling of the amplified beam Intensity occurred where there 
was none in the oscillator beam, and with uranyl glass filters 
on the amplifier flashlamps a diffuse periphery and small , 
vertical flare were seen outside the bright central region.
In this case the measured beam divergence was 1.5 milliradian 
for an amplifier gain of 1.8, compared with a divergence of 
I milliradian for the Incident oscillator beam. Vithout filters 
large vertical distortion occurred with a divergence of 15 
milliradian in the vertical plane, and the intensity distribution 
took the form of a large striped flare.

In view of the negative results for passive transmission 
it was concluded that optical distortion occurring in the 
pumped amplifier resulted from thermal distortion of the liquid 
medium, as found for the liquid laser oscillator (Sec. 6.2.1), 
and not from non-linear optical effects. On delaying the 
emission of the oscillator signal past the peak of the amplifier 
pumping pulse the beam divergence was found to increase linearly 
with increasing delay. Since the duration of the oscillator 
pulse train was short enough ('̂  100 ns.) to provide an r 
effectively instantaneous sampling of the active transmission 
of the liquid, this result was consistent with the conclusion
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Pig. 6.11A Passive transmission of liquid amplifier 
130 mm, cell NdiPOCl^-SnCl^^
Columns 1 and 3 - oscillator beam structure 

,, 2 „ 4 - transmitted beam structure
Target distant 2 ra.
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5  m m .

Fig, 6,11B Amplified beam structure - 150 mm, cell Nd : FOCl^-SnCl^^
a) oscillator beam structure
b) amplified beam - uranyl glass filter - gain 1,5 to 1,8
c) amplified beam - no filter - gain 5.
d) oscillator beam structure

Target distant 2 m.
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that the divergence depended on the integrated thermal 
distortion of the amplifier.

6.4 Physical changes in liquid laser solutions

In view of the practical importance of liquid lasers, 
it seems worth recording here the various physical changes 
noted in the experimental samples, together with their cause 
where determined, and the steps taken to remedy them. The 
main factors found to influence the physical state of the 
solution are temperature, optical pumping, and chemical 
c ont amina t i on.

Lowering the temperature of a stable phosphoryl or 
selenyl chloride solution promotes rapid crystallisation 
through the formation of chemical complexes with the added 
metal c h l o r i d e s ^ . The optical path in the liquid becomes 
blocked and laser action ceases. Since the temperature below 
which crystallisation occurs depends on the nature and 
proportions of the metal c h l o r i d e s , the problem is overcome 
by choosing an appropriate liquid mixture possessing sufficient 
solubility to achieve the desired neodymium concentration and 
which does not crystallise at the chosen laser operating 
temperature.

Optical pumping at high Intensity levels without the 
use of ultra-violet filters produced bubbles and colour changes 
in some solutions. The small bubbles may have been released 
through the shock heating of solutions containing dissolved 
gases, whereas the colour changes were interpreted as the result
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of flash photolysis on hydroxyl contaminated solntions^^^^). 
Since the Nd^ ion laser is based on optical transitions, the 
solutions have a characteristic colour, which may be pale blue 
or deep lilac depending on the optical depth viewed by eye, 
and any changes in this colour provide a sensitive indication 
of chemical change* The colours observed were a wine red or 
pale brown in some cases* These changes were avoided by 
preparing purer s o l u t i o n s a n d  by mounting ultra-violet 
filters on the flash tubes (Pig* 6*2)*

Chemical contamination took the form of hydroxyl groups 
entering the hygroscopic solution, and caused a flocculent 
precipitate in one of the brown solutions* This was overcome 
by preparing solutions under strictly dry conditions*

Thus, the physical changes described above can all be 
avoided by careful preparation and storage of solutions, and 
such solutions may then be used over periods of several months 
with little change in performance*
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CHAPTER 7 Concluding remarks

It was our thesis, adopted from the extensive work of 
others on optical effects in liquids, that liquid media placed 
in the beam can influence both laser emission and laser beam 
propagation, and that this may take the form of either active 
or passive behaviour, resulting in temporal and spatial changes 
of intensity# This contention is largely supported by the 
experimental results, and it is relevant to the study of high 
power laser systems, where such effects can lead to increased 
losses through stimulated scattering processes^and to beam 
instability through field dependent change of refractive index# 
Passive behaviour is usually ascribed to thermal effects, and 
leads to distortion of the propagating beam in a liquid laser 
amplifier# However, active thermal effects can also be important, 
as exemplified by liquid Q-switching, where we have shown that 
several common organic solvents Q-switch the neodymium laser 
by virtue of a weak absorption in the region of the laser 
emission v'avelength ( I#06 ̂  ), which gives rise to the formation 
of a reflecting thermal phase grating#

Gelf-modulation of a laser oscillator has been studied 
in connection with understanding mode-locking and short, high 
power pulse generation, and periodic pulse trains observed with 
a passive arrangement of dielectric plates in the cavity# This 
represents lOOf̂  self-modulation of the emission intensity at 
frequencies in the range 100 to I50 MHa achieved with an 
entirely static system, and underlines the peculiarly active
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■behaviour of a physical device employing stimulated emission#
Useful gains have been obtained with an inorganic

liquid laser, UdifOCl^-SnCl^^ , used to amplify picosecond
9 —2laser pulses in the 10 W#cm intensity range# A study of, 

laser beam propagation in the amplifier has showu that no 
overt non-linear optical effects occur under these conditions, 
and that the observed changes in intensity structure and 
divergence are caused by pump induced thermal distortion of 
the liquid medium, which may be reduced by spectral filtering 
of the pump light# The absence of non-linear effects is not 
unexpected because only the electronic polarisabillty of the 
medium and the Rayleigh wing scattering process can respond 
on the picosecond time scale, and neither self-focusing nor 
intensity dependent transmission were observed. The onset of 
gain saturation in the liquid amplifier was found for picosecond 
pulses with energy density in the region of 25 mJ cm*^.

As to future work, the present technique can clearly 
be extended to the investigation of non-linear optical effects 
at higher intensities and on different time scales in a more 
pow'erful liquid amplifier, with a view to determining the 
maximum operating conditions of this device, including the 
approach to a limit pulse, and the nature of the physical 
limitations imposed# Application of this development could be 
made to the study of non-linear optics in other media on the 

sec# time scale, and to continuing studies of 
thermonuclear fusion with pulses of longer duration, preferably 
in the region of sec.^^^)
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APPENDIX I Notation

I# Roman symbolg

a - rate constant, amplitude, dispersion constant
b - dispersion constant
0 - velocity of liglit, specific heat
c*- velocity of light in dielectric medium
d - thickness, diameter
D - thermal diffusivity, diameter
S - electric field amplitude
f - function, fraction
g - factor
G - correlation function
h - mean absorbed power
1 - intensity
j - integer
k - wave number »
K - thermal conductivity
1 - length
L - cavity length
m - integer
M - modulation
n - refractive index, integer
N - integer
p - integer
q - factor
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Q - cavity *Q* - quality
r,R - reflectivity 
t - time
T - cavity period, temperature, transmittance
XL - source function, group velocity
V - velocity
V - function
X - space coordinate
z - reflectivity function, space coordinate

2* Greek symbols

ot - polarisability, absorption coefficient, spectral bandwidth
- factor, group velocity dispersion

P - linewidth
S  - small quantity
A  - finite difference, phase
£ - dielectric constant
0  - angle
^ - wavelength
^  - refractive index ratio
V - frequency
p  - density
X  - relaxation time, pulse width

- reflectance, angle of incidence
- angle of refraction

% - susceptibility
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vj/ - function
W  - angular frequency

3* Subscripts

B - Brillouin
cr, - critical
ijkl - tensor components
L • laser
max. - maximum
min. - minimum
0 - scalar, initial value
obs. - observed value
p - pulse, p-th, p-polarisation
P - constant pressure
R - Rayleigh
s - saturable absorber, s-polarisation
II - parallel

U. Abbreviations

CLNP - chloronaphthalene
Pl'.lIM - full width at half maximum
PTPE - polytetrafluorethylene
SB3 - stimulated Brillouin scattering
SORS - «• central Rayleigh scattering
SRW3 - ,# Rayleigh wing ..
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STBS - Stimulated thermal Brillouin scattering 
STRS - .. .# Rayleigh ••
TPE - tv/o photon fluorescence

APPENDIX II Pulse propagation and mode spectrum in a dispersive 
medium

A propagating pulse (z,t) can be expressed as an 
integral over an infinite number of plane waves?

^ (z,t) = f a(k) me (A.2.I)
t / »  aC

Assuming a Gaussian amplitude function:

a(k) = Bo - ko)2 (A.2.2)

and expanding the angular frequency w  as a function of 
wave number k in a Taylor series about k^ :

o(k) « + u(k - k^) + ^ (k - k^)^ +

where the group velocity u = ^

2 .

(A.2.3)

^o

and the group velocity dispersion 25 » Sëj

and retaining terms to the second order in the expansion of 
o(k), we find the solution of (A.2.I) for the intensity
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to be (97).

o((z - ut)^
(a . 2.1+)1(2,t) = TT a ___ e

(*2 +dft2)&
which is a pulse travelling with the group velocity u and 
broadening at a rate determined by the group velocity 
dispersion 2(S. The pulse width at time t is given by:

T p  = I +ji^ t^) (A.2.5)

The resonant frequencies of a cavity containing a 
dispersive medium are:

= ■"2n(vpL (A.2.6)

There L is the geometrical length of the cavity, p is a large 
integer ( cavity dimension large compared with the wavelength) 
and the refractive index n is a function of frequency V.
For a non-dispersive medium the frequency difference of 
adjacent longitudinal modes (2.I.I)

* 2&j (A. 2.7)

The frequency difference of the p-th and (p + j)-th modes in
a dispersive cavity can be expressed as a power series in the
integer j by expanding ^ Taylor series about
n(v ) and substituting in (A.2.6)*P
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Thus;

= (l-a)3 + + .... (A.2.8)
Av®

where a = '))_ J ^ p L  (A.2.9)
^ n(Vp)

and h »Av°f(np, n^) (A.2.I0)

Thus linear dispersion merely changes the mode frequency 
difference by a constant amount a4V^ compared with the non- 
dispersive case, and the pulse width of a mode-locked laser 
is not affected by this term. It is the quadratic term in the 
expansion which is responsible for the linear frequency sweep 
in the mode spectrum and for the broadening of a propagating 
pulse*

APPENDIX III Variation of reflectivity with polarisation

In considering the calibration of beam splitters for 
energy gain measurements obtained from the ratio of two 
reflected signals (Sec. 6.3), it is important to know how 
the calibration varies with the state of polarisation of the 
incident light.

The amplitude reflectivity of a dielectric surface for 
light polarised with the E-vector perpendicular to the plane 
of incidence is^^?^);
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and for light polarised with the E-vector in the plane of 
incidence,

r = tan W  (A.3.2)^ tan

where ^ is the angle of incidence and the angle of refraction. 
If a fraction f of the incident light intensity is composed 
of s vibrations and the rest of p vibrations, the effective 
reflectivity of the surface is;

R(f,^ ) n ^ (I _ f) (A.3.3)

For two surfaces, and differing angles of incidence, the 
ratio of their reflectivities is a function of f, the degree 
of polarisation of the incident light. The calibration of a 
pair of beam splitters fixes this ratio for the particular 
value of f corresponding to the polarisation state of the 
calibrating beam. It is desirable to minimise the possible 
range of variation with changing polarisation, so that the 
calibration remains valid at least within experimental error.

Since r^^ < r^ for 0 < ̂ <TT/2 , the points f=0 and f«I 
are extrema of the function R(f,^ ), and therefore the maximum 
variation of reflectivity ratio for two surfaces is represented 
by the function:

assuming no significant change of polarisation to occur in
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passing from the first surface to the second*
For the experimental conditions (Fig. 6.7), the angles 

involved in the Fresnel equations (A.3.I) and (A.3.2) took 
the values;

» 8.5  ̂ 5.6°
^j,= II.5° A ' = 7.6°

assuming the refractive index for the glass plates n » 1.5 # 
Evaluating (A.3#4) for these angles yields;

V (  8.5°, 11.5° ) = 0.95

Thus the maximum possible calibration error is of the order 
of 5̂ * Although real beam splitters consist of dielectric plates, 
each having two surfaces, the V-function can provide a reasonable 
estimate of the likely error in a practical case. In fact it 
is probably less than this because the experiments involved 
the use of a nominally plane polarised beam.
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The role of the solvent in the passive Q-switching of lasers by solutions of organic dyes has been 
examined in detail. It was found that several pure organic solvents could themselves partially 
Q-switch the laser, in the absence of the dye. This behaviour was observed for both ruby and 
neodymium : glass lasers. Pulse-widths as short as 20 nsec were occasionally recorded. Peak 
powers up to 2 M W  have been observed using 1-chloronaphthalene to switch a ruby laser. It Is 
proposed that Q-switching arises from an enhancement of reflectivity of the liquid, during the 
evolution of the laser pulse, through the formation of a periodic refractive index modulation in the 
liquid by the action of standing waves.

1. Introduction
There has been much interest in the passive 
Q-switching of lasers by the saturable absorption of 
solutions of organic dyes [1-4]. Rate equation 
analyses of the laser pulse evolution and the bleach
ing of the dye [5, 6] have been made and compared 
with experiment. Mode locking [7, 8] has been 
achieved using dyes with a relaxation time less than 
the cavity round trip time, giving periodic pulse 
trains.

Less attention has been paid to solvent behaviour, 
the initial interest being to choose a particular 
solvent which produced the best match between the 
absorption peak of a given dye and the laser emission 
wavelength [6, 9]. More recently two effects of intra
cavity liquid cells on laser spiking operations have 
been reported [10, 11].

During the course of experiments aimed at 
achieving a better understanding of the passive 
Q-switching process and particularly the role of the 
solvent, we have discovered that in certain cases the 
pure solvent, itself, acts as a rudimentary passive 
Q-switch when placed in the laser cavity. Spiking 
behaviour is still observed, but the spikes become 
fewer, narrower in width, and enhanced in power. 
Typical values are an increase of peak power by a 
factor of 5 to 10 times compared with ordinary 
spiking, and pulse-widths in the range 50 to 200 
nsec, compared with 500 nsec for the normal 
laser spikes. Pulse-widths as small as 20 nsec have 
been observed in particular cases. Both neodymium: 
glass and ruby lasers show this pulse-sharpening 
behaviour.

2. Experiments
The experiments were carried out with a simple 
*Current address: Royal Holloway College, Englefield Green, Surrey, U K  
fResearch Fellow, attached from Royal Holloway College.

arrangement consisting of a laser head housing the 
rod and one or more linear xenon flashtubes in a 
common reflector, and a pair of external plane di
electric coated mirrors which formed the optical 
cavity. The laser rods had Brewster angle faces and 
lightly ground sides. The ruby rod (154 X 12 mm) 
was pumped by a single flashlamp in an exfocal 
elliptical cylinder, and the neodymium : glass rod 
(154 X 9.5 mm Schott LG56 glass) was mounted in 
a Pyrex water-jacket and pumped by two lamps 
symmetrically disposed in a close-coupled arrange
ment. Liquid samples, contained in 2 cm optical 
quality cells of Spectrosil B were inserted in the 
cavity, and the mirrors aligned subsequently, using 
either an autocollimator or a helium: neon gas laser.

Part of the laser output was deflected for monitor
ing photoelectrically, using a fast planar photodiode 
( IT T  F4000 or FW 114A) and travelling wave 
oscilloscope (Tektronix 519). The main beam was 
used for measuring the energy calorimetrically, or 
for photographic recording of the near :fleld pattern. 
A ll measurements were made at room temperature 
(20 to 25° C).

The introduction of a liquid sample into the laser 
cavity (with the cell usually tilted a few degrees off- 
axis, although Brewster angle orientation was also 
used) resulted in pulse-sharpening behaviour in 
which the normal laser spikes, generated in the 
absence of the liquid cell, were replaced by narrower 
pulses of larger amplitude. The peak power was 
increased by 5 to 10 times, accompanied by a pulse- 
narrowing from the normal width of 500 nsec to the 
range 50 to 200 nsec, indicating a strong interaction 
between the active medium and the liquid during the 
generation of the laser spike. In  the course of the 
pumping pulse (about 700 /xsec duration) a series of
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such pulses is emitted, varying in height and width 
in a random manner from pulse to pulse over the 
range indicated, but always presenting a sharper 
appearance than the normal laser pulses, as can 
be seen in fig. I . The behaviour for the various 
liquids is summarised in the accompanying table.

Figure 1 Pu lse sharpening b e h a v io u r-n eo d y m iu m :g la s s
laser, (a) N orm al spiking, (b ) 2 cm cell o f 1 ,2 -d ichloro- 
ethane  in cavity, both 5 /usec/div.

Pulse widths as short as 20 nsec (methanol/neo
dymium : glass) and peak powers up to 2 M W  
(1-chloronaphthalene/ruby) were observed (fig. 2). 
W ith the notable exception of carbon disulphide, all 
the liquids tested were found to produce pulse 
sharpening with the neodymium : glass laser. A  more 
restricted class showed this behaviour with the ruby 
laser.

Replacing the dielectric mirror with a resonant 
reflector (étalon) destroyed the effect in the case of 
ruby, presumably because the selective reflectivity 
prevented mode-locking, with its inherently greater 
peak power.

The near infra-red spectra of the common 
solvents [12] show that all the liquids which Q-switch 
the neodymium laser have an absorption band at the 
laser emission wavelength (1.06 /am). Measured 
transmission losses for a 2 cm cell ranged from
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Figure 2 Pulse profiles, (a) 1 -ch loronaphtha lene: ruby 
laser; 100 nsec/d iv ision. V ertica l scale 1 M W /d lv is io n  
approx. (b) M ethanol :neodym ium  laser; 50 nsec/d iv ision. 
(c ) B enzene:neodym ium  laser; 50 nsec /d iv ision . (d) 
A ceton e:n eo dym ium  laser; 50 nsec/d iv ision.

approximately 1%  to over 30%, depending on the 
liquid. These absorption bands correspond to over
tones and combination tones of fundamental vibra
tions in the molecule, and are generally weak in the 
1 jum region. Carbon disulphide, a non-hydrogenic 
molecule, has no measurable absorption at 1.06 fim  
and no switching action. D ry carbon tetrachloride, 
another non-hydrogenic molecule, also has zero 
absorption at the wavelength o f the neodymium 
laser [12], but is hygroscopic and for this reason, or 
due to some other impurity, the experimental sample 
was found to have a very weak absorption band at
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T A B L E  1 O bserved behaviour o f 0 -s w itc h in g  solvents.

Laser L iqu id Pulse-w idth
nsec

R em arks

R u b y 1-ch loronaphthalene 35 to  50 2 M W  pulse. 2 -pho ton  
absorption

m ethanol 50 to 100 S lightly  im pure
m ethanol N o  pulse sharpening P ure (A n a la r)
carbon disulphide N o  pulse sharpening
n -p henyl-2 -naph th ylam in e  in absolute alcohol 50 to 100 Strong  2 -p h o to n  absorption
tran s-tran s -l,4 -d ip h en y  1-1,3 -butadiene 100 to 150 2-p h o to n  absorption.
in absolute alcohol Pulse-sharpening at elevated  

tem perature
N d : glass acetone

benzene
35 to  100 
75 to  150

carbon disulphide N o  pulse sharpening Z e ro  absorption
carbon tetrachloride 200 to 300
chlorobenzene 100
I-ch lo ronaph tha lene 70 to 200
l,2 -d ich lo ro eth an e 50 to 200
glycerol 150
m eth an ol 20 to 100 H ea v y  m odu la tion
n itrobenzene 200
w ater (A n a la r  d istilled) 100 to 200

the laser wavelength, producing approximately 1 % 
absorption in the 2 cm cell. This was a borderline 
case, producing some enhancement of peak power 
but only a small reduction in pulse width. Benzene 
also has a very weak absorption band near 1 /zm 
[12] but produces sharper pulses (75 to 150 nsec) 
than carbon tetrachloride.

The evidence suggests that the presence o f an 
absorption band, even a very weak one, at the laser 
emission wavelength is a necessary condition for 
pulse sharpening in the case of the neodymium laser. 
Where it is strictly absent, as in the case of carbon 
disulphide, this behaviour is not observed. The laser 
then operates in the ordinary spiking mode. That the 
pulse sharpening phenomenon is a very sensitive 
indicator of the presence of a weak absorption band 
is shown by the carbon tetrachloride result.

In  the case o f the ruby laser the Q-switching 
liquids do not show any absorption at the laser 
wavelength (6943 Â ), though the fact that pulse 
sharpening was observed with slightly impure 
methanol may be explicable in terms o f a weak 
impurity absorption, as in the case of carbon tetra
chloride with the neodymium laser, and underlines 
the importance of using pure materials in investigat
ing these phenomena (Analar quality solvents were 
used wherever possible). The pulse sharpening action 
of 1-chloronaphthalene is so remarkable (2 M W , 
35 nsec pulse) that the possibility o f two photon 
absorption was considered, because this liquid has 
a strong absorption edge in the region of 3470 Â , 
half the ruby laser wavelength, and the cross-section 
for a transition from a bound state to the continuum 
is greatest at the absorption edge [26]. To test this 
idea, two dye solutions were made up, each with

negligible absorption at 6943 Â  but with a strong 
absorption edge corresponding to twice the funda
mental frequency. They each produced pulse sharpen
ing of the ruby laser emission. Hence in the case of 
ruby we have to consider a switching process initially 
involving loss at the harmonic of the laser frequency.

The necessity for a discrete transition coinciding 
with the harmonic of the ruby laser line received 
further confirmation on testing carbon disulphide, 
which did not produce pulse-sharpening although 
it is completely absorbing at 3470 Â , but the 
absorption edge lies in the region of 4000 Â .

I t  was also found that the same was true at the 
fundamental, a weak aqueous solution of copper 
sulphate, which absorbs in the red end of the 
spectrum, producing no pulse-sharpening. I t  is note
worthy in this connection that all the neodymium 
laser Q-switching liquids have a discrete absorption 
band coinciding with the emission wavelength.

That two photon absorption can produce a loss in 
the cavity was shown by inserting a cell o f chloro
naphthalene in the cavity o f a single mode ruby laser, 
which suppressed laser action at the same pump 
power. The same cell placed in the output beam of 
the laser showed no appreciable absorption.

1-Chloronaphthalene is a sufficiently strong 
pulse-sharpening liquid to improve the performance 
of a passive Q-switching dye. For the same pumping 
level and output power the pulse width was less 
( ~  20 nsec) when the ruby was switched with vana
dium phthalocyanine in 1-chloronaphthalene than 
with o-dichlorobenzene as the solvent ( ~  30 nsec), 
and equalled the performance with cryptocyanine 
in methanol as the passive switching element.

In  addition to the absorption requirement it was
15
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found that the presence of standing waves in the 
liquid medium was a necessary condition for the 
pulse sharpening effect. This was observed by com
paring laser spiking behaviour with the cell in the 
cavity with that for the cell placed external to the 
cavity but still in the path of the laser beam, beyond 
a 50% transmittance output mirror. The latter 
arrangement had no effect on the laser output, even 
for the best Q-switching liquids.

Similarly, when the liquid cell was incorporated in 
a second cavity coupled to the first, made by 
aligning a third mirror on the optic axis of the laser 
cavity beyond the output mirror, and placing the 
cell between the two, no pulse sharpening was 
observed.

A  corollary of the necessity for standing waves 
was the observation of amplitude modulation of 
each pulse envelope at the fundamental frequency 
of the laser cavity, vr. =  c/2L, where L is the optical 
path between the cavity mirrors. The modulation 
depth varied between approximately 10 and 50% of 
the total pulse amplitude, with little dependence on 
the liquid used. Carbon disulphide produced a small 
modulation of the pulse, although not acting as a 
Q-switching liquid. The amplitude of modulation 
was found to increase slowly on the rising edge of 
the pulse and decrease on the trailing edge. No 
modulation was observed for the ordinary laser 
spikes (neodymium laser). W ith the cell placed at 
successive distances Ljm, in integral, from one 
cavity mirror the modulation frequency was 
measured. For m — 1 the modulation was regular 
and corresponded to the fundamental calculated 
from the measured optical path. For m =  2 modula
tion at twice this frequency was observed. However, 
the waveform differed from pulse to pulse, as though 
the relative phases assumed a different relation for 
each laser spike.

This was equally true for values of m up to 5, 
corresponding multiples of the fundamental fre
quency being observed in most cases. The wave
forms presented a large variety o f complex patterns, 
but were always repeated with the period of the 
fundamental [13]. These results imply that the 
liquid cell creates partial mode-locking in the laser 
cavity.

The insertion of a liquid cell in the laser produces 
a filamentary emission pattern in the beam. In  ruby 
which already emits in filaments there is no marked 
difference, but the neodymium : glass laser near field 
pattern is changed from a uniformly intense emission 
over the rod cross-section to a mosaic of bright 
filaments. These are generally of the order of 1 mm  
diameter, but studies with the attenuated beam, and 
with small apertures placed over the photodetector 
show them to have brighter central regions of the 
order of ^ mm diameter, in which at least half the 
total power is concentrated. As the emitted peak 
powers are several tens of kW , this implies intra
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cavity intensities of >  50 MW/cm® acting on the 
liquid at the peak of the pulse. This figure could be 
higher if mode-locking were taken into account. Use 
of a ?  mm aperture over the detector reduced the 
pulse width for benzene from 80 to 150 nsec to 60 
to 100 nsec range.

3. Theory
A  standing wave acts on an absorbing liquid to 
produce a stationary periodic modulation of the 
refractive index. Such a structure has been observed 
by Bragg reflection obtained in the dye cell of a 
giant pulse ruby laser [14]. This periodicity of refrac
tive index will act as a spectrally selective reflector 
in exact analogy with the Lippmann plate, thus pro
viding a dynamic increase in the cavity Q. Those 
modes which are in phase with the first standing wave 
set up in the cavity can successfully compete with 
neighbouring out of phase modes and therefore be 
amplified preferentially, leading to the observed 
modulation of the pulse envelope. A  simple experi
ment to test for induced reflectivity in the liquid cell 
was devised on the assumption that the cell, the ruby 
and the output mirror form a sub-cavity during the 
evolution of the pulse.

When a second cell with a weak dye solution 
having a small absorption at the laser wavelength is 
inserted in this sub-cavity and the laser pumped a 
little above the normal threshold level, pulse 
generation is inhibited. I f  this cell is now moved to a 
position beyond the first cell, but still within the 
main cavity defined by the mirrors, sharp pulses are 
emitted at the same pumping power. This happens 
with both the two photon absorbers, and a crypto- 
cyanine dye cell as the laser Q-switching element, 
suggesting that the induced reflectivity in the liquid 
cell is of the order of a few per cent.

The reflectivity of a periodic refractive index 
structure is a function of the index modulation 
amplitude, the number of periods and the detailed 
form of the periodic function. A  study of the spectral 
reflectance of the Lippmann plate [15] has shown 
that a reasonable approximation to the reflectivity 
for a sinusoidal modulation can be calculated on a 
multi-layer stack model, alternate layers being 
assigned an appropriate mean refractive index value. 
The reflectivity of a stack of N  double quarter-wave 
layers, of alternating index, is [16]:

R2N =
2N _  1

+ 1 (1)
where /x is the ratio of refractive indices.

I f  the index modulation amplitude An is small 
compared with the unperturbed index n„, then

An
1 + i - (2)

approximately, assuming a gentle modulation
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function (e.g. sinusoidal). Because /x is very close 
to unity (An <  /?(,), we may write for the reflectivity,

R 2 N =  tanh% N8  (3)

where

R 2 N =  tanh% N8

For N8  <  0.3, we can employ the approximate 
formula,

=  (N 8 f  (4)
with an error of less than 6%.

(Note that for N8  00, R.^^ calculated from 
equation 3 is asymptotic to unity, thus satisfying the 
requirement for a physically real solution.)

The period of spatial modulation due to a standing 
electromagnetic wave is i  A, where A is the wavelength 
in the medium, and the effective number of double 
layers in a length L  is therefore.

N  =
l l ln L (5)

wavelength (vibrational level) or the 2nd harmonic 
(electronic level) will make a contribution to the 
intensity-dependent refractive index through the 
enhanced polarisability of the molecule. This may 
explain, in part, the experimental observation on the 
necessity of such a coincidence for pulse-sharpening.

For the thermally-induced refractive index modula
tion we have to consider the thermal diffusion equa
tion driven by a source function varying in space 
and time. In  one dimension:

a# (6)

where A„ is the wavelength in vacuo.
Inserting the values: L  =  2 cm, n  ̂ =  1.5, Aq =  

lOr* cm and An =  10“® in equations 3 and 5 we 
obtain the result R^n = 4 % ,  which is of the order 
of the reflectance value deduced experimentally.

A  standing wave in an absorbing dielectric 
medium can induce a periodicity in refractive index 
in two ways, (i) through non-linear intensity- 
dependent effects -  optical Kerr effect, saturable 
absorption, électrostriction [17,18], or (ii) thermally, 
whereby energy absorbed at the antinodes and dis
sipated as heat raises the local temperature above 
that at the nodes, where the rate of energy deposition 
is zero. The saturable absorption process appears to 
be ruled out for the solvents because of the in
trinsically low absorption cross-section per molecule 
( ~  10“ ®̂ cm^) and short lifetime [19] (rvib ~  
10“  ̂nsec), but is not negligible in the Q-switching 
dyes, where zJ/7 ~  10“® at saturation for a 3 mm cell 
with initial transmittance of 35%. In  this case the 
actual Q-switching is due to removal of the large 
absorption loss, but the spectral selectivity intro
duced by the periodic structure may explain the 
observed line-narrowing in dye-cell switched lasers 
[20], and can also account for the phenomenon of 
mode-locking in cavities where all other mode- 
selective elements have been removed.

The intensity-dependent refractive index change 
[17, 18] will be proportional to the instantaneous 
value of the intensity and will therefore keep step 
with the pulse profile. The dynamic behaviour pro
vides a regenerative feedback mechanism for Q- 
switching the laser cavity. Taking molecular re
distribution effects into account [21], we find ~  
10“® to 10“® for a peak intensity o f 50 MW/cm^ in 
the filament, depending on the liquid. The presence 
of a molecular transition coinciding with the laser

where K  is the thermal conductivity, c the specific 
heat and p the density of the medium, and u(x, t) the 
local rate of heat generation, 6 the local temperature 
rise.

For a standing wave, periodic in the x-direction, 
if  we assume the local rate of energy absorption to
be proportional to the local intensity, we may write:

it(x, t) =  Uofit) cos^kx (7)
Considering the rising front of the pulse to be of 

exponential form, we may solve equation 6 with:

= CO
to obtain the development of the thermal lattice 
during the Q-switching process. Thereafter, the 
behaviour of the thermal modulation will follow 
the pulse, but the interaction between the front of 
the laser pulse and the medium is of chief interest 
here.

The solution for 6, with ii(x, t)  defined by equa
tions 7 and 8 is:

«0 f / 4K^2\-i

(9)
as may be seen on inspection. The competition 
between the heat input rate and loss by thermal 
diffusion is clearly indicated by the coefficient of the 
cosine term (the modulation amplitude). The 
amplitude of the temperature variation is therefore.

aClt
Ad(t) =

acp -j- 4Kk^
(10)

For a mean intra-cavity intensity the
absorption rate at the anti-nodes of the standing 
wave,

Hq =  2o. Iq (11)
where a is the linear absorption coefficient in the 
medium. (For the ruby laser liquids we require the 
theory of two-photon absorption, itself an intensity- 
dependent process.) The thermal refractive index 
modulation corresponding to equation 10 would be:

dn=  ( 52 ]cĵAd(t) (12)
17
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approximately, for a small overall increase in 
temperature. For the liquids investigated 10“  ̂<  a <  
0.15 cm“ L Taking an average value a =  0.05 cm“  ̂
and the beam intensity I  =  25 MW/cm^ at half-peak, 
beyond which the rise rate is no longer exponential, 
and recognising that this point is reached after many 
e-folding times, we may set o 10® sec“i for an 
observed rise time of 50 nsec. W ith Kjpc ~  10“® 
cm®/sec, k =  27T.10'* cm“  ̂ (for a wavelength of 10“  ̂
cm), and pc ~  2 y/cm® (°C)“ ,̂ we find Ad ~  10“® °C. 
The temperature coefficient for many of these liquids 
at 20° C at the wavelength of the sodium D-line 
is dnjdd ~  — 0.0005 (°C)“ .̂ Employing this value 
we would get Atnh ~  —5.10“®. Thus the thermal 
effect appears to produce the same order of magni
tude change in refractive index as the intensity- 
dependent effects, but of opposite sign. However, 
unlike field effects which have a rapid response 
( t  ~  10“ ii to 10“ ®̂ sec) to the electromagnetic 
wave, the thermal modulation relies on the establish
ment of a density wave, driven by the local dissipa
tion of heat. This is an inherently slower process 
which will in addition be opposed by electro-striction 
tending to create a density increase at the anti
nodes of the standing light wave, and hence retard 
the thermal expansion (since the latter produces a 
decrease in density).

Therefore it is expected that the Q-switching of 
the initial loss in the laser cavity will be initiated by 
intensity-dependent effects and subsequently taken 
over by the thermal lattice, probably near or after 
the peak of the emitted pulse. The resultant phase 
grating will then decay by thermal diffusion, with a 
decay time r  ~  10“ ? sec (for A =  10“  ̂cm, tïq =  1 .5  
and diffusivity D  ~  10“ ® cm® sec“ )̂. Experimental 
evidence lending support for these conclusions is 
provided by the Bragg reflection studies with variable 
time delay [14 ].

4. Summary and Conclusions
The observed pulse-sharpening behaviour of organic 
solvents placed in the laser cavity can be explained 
on the basis of an induced phase grating in the 
liquid serving to increase the cavity Q during the 
evolution of the pulse. The stationary periodic 
refractive index structure, with a spatial period of 
half the optical wavelength in the medium, will decay 
thermally with a characteristic time t  ~  1 0 “ ? sec and 
should be observable both during and after the pulse 
by Bragg reflection techniques [14].

The remarkable behaviour of 1-chloronaphthalene 
in Q-switching the ruby laser may be attributed to its 
larger optical Kerr coefficient and high two photon 
absorption. By contrast, distilled water, which 
absorbs the neodymium laser radiation at 1.06 /xm 
quite strongly, has a small optical Kerr constant and 
a variation o f refractive index with temperature 
some seven times smaller than average, and conse
quently a relatively weak Q-switching behaviour.
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The pulse-sharpening process is very sensitive to 
residual absorption present in the solvent, as shown 
by carbon tetrachloride and slightly impure meth
anol, and may prove a delicate test of the existence 
of a weak absorption band.

Carbon disulphide does not produce pulse narrow
ing, a fact which argues against Brillouin scattering 
as the explanation because this is one of the best 
scattering liquids [23], and has been used to Q- 
switch both the ruby and neodymium ; glass lasers by 
backward stimulated Brillouin scattering [22]. N o  
studies of the dependence of pulse-sharpening on the 
temperature of the liquid have been made in this 
connection [18]. The fact that Bragg reflection from  
the postulated periodic structure is observed below 
the threshold for stimulated Brillouin scattering [14] 
is further evidence in support of this conclusion.

Stimulated thermal Rayleigh scattering [24] may 
provide an alternative explanation for pulse- 
sharpening behaviour. In  this process the back- 
scattered intensity of laser light incident on an 
absorbing liquid is enhanced through interaction 
with large, coherent density fluctuations produced 
by local heating. I f  such a liquid were present in the 
laser cavity a dynamic increase in feedback would be 
expected. A  2 cm cell containing a solution of iodine 
in carbon tetrachloride (as used for the reported 
observation of stimulated thermal Rayleigh scatter
ing [25]) when placed in the ruby laser cavity did 
show some pulse sharpening (width approximately 
150 nsec). However, solutions having an absorption 
coefficient greater than 0.1 cm“  ̂ were required for 
observing the stimulated Rayleigh effect [24, 25], 
whereas pulse sharpening behaviour occurs in liquids 
with an absorption as low as 0.01 cm“  ̂ (using the 
neodymium laser).

The organic solvents used in the neodymium : glass 
laser experiments have absorption bandwidths of the 
same order as the Nd®+ fluorescence emission at 
1.06 pm, and the induced lattice structure possesses 
mode-selection properties. I t  follows that the 
emission spectra of the laser incorporating a liquid 
cell in the cavity should be modified, and therefore 
worth investigating. I t  is hoped to undertake such 
spectral studies in the near future.
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