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ADSTRACT

The influence of liculds in the laser beam on the
emission and propagation characteristics of intense pulsed
neodymium lasers is described. Results are presented on
Q=-swltching by a thermal effect in organic solvents, on
basic self-modulation and mode-~lockling processes in an
oscillator, and on the transmission and amplification

of picosecond light pulses in an inorganic liguid laser.
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PREFACE

The present study has 1ts origins in the'continﬁing
development of high power pulsed neodymium lasers, which at
the time of writing can produce single pulses of 1ight of

peak power 1010 to 1073 watts and duration I0™2 to I0~1T

(8

seconds ’79’88'128). The corresponding energy content of

these powerful light pulses is of the order IO to I00 joules(126)
and willno doubt be increased to the kilojoule region in the
near future. The main motivation behihd thls development
in lasers is that it offers s clegn wvay of producing very
hot dense plasma for use in thernonﬁclear fusion experinments,
sufficiently hot to release neutrons from nuclear reactions
induced by the extreme irradiance at the laser focus(127)

The generation of such intense light pulses requires
a powerful laser system consisting of an oscillator and a
high gain amolifier chain. The oscillator produces a pulse
of sultable duration but relatively 1ow energy which isA
directed into fhe laser amplifier, Here it grows‘by stimulated |
emission from the prepared population inversion, reaching
energies of tens of joules and neak powers of at 1east
1010 watts, as noted sbove. The pulse width is continually
reduced as a result of gain saturation, and the intensity
increases to the point where the pulse depoyulates the
inversion in a time comparable with the 1nverse spectral

-I2

bandwidth, which 18 ~1071% gec, for a typical s0lid state
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laser. Thus in an infinite amplifier the propagating pulse
approaches a steady state, the "V pulse' or 'limit pulse’,
vhose width 1s 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(hh’u52

The study of a high power laser system can be divided
into two senarate parts, one concerning the laser oscillator,
the other the laser amplifier, in which the former may serve
as a convenlent signal source for determining the response
of the latter. Ligquids can enter into both aspects of such
a study, and 1t this observation which provides the framework
of the thesis,

The reason liguids are of special interest in laser
research is that they exhibit a large number of interactions
vwith 1ight, most of which are elther inherently non-linear
or becomefsp,throughAstimulated processes occurring above
some well defined th;eshold pover or intensity.'ane this
is reached a co-operative interaction ensues between the
liquid and the radiation field, and 1t grovs at an exponential
rate until saturation séts»in. Because of this self-acting
property of the system qﬁite 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 1imited dimensions of the interaction region. If a liquid
andra laser oscillator are allowed to interact by exchanging
energy with the radiation field, quite dramatic effects, such .

(19,L0)

as powerful Q-switching of the laser are observed.
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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 ligquids, In Chapter 2 the principles
and practice of mode-~locking are discussed as a means of

generating ultra-short light pulses of duration 107 to

gec., since it 1s these vhich are of interest in very
high power laser systems; This is followéd 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 éystems and thereby obviate the damagé
problem associated with the use of solid state lasers (TIH),
The next three chapters are concernéﬁiwith the results
and interéretation of some experimental studles of lasers
and léser—liquid interactions, It is shown in Chapter L
that many common organic solvents Qeswitch the neodymium
laser, a finding‘interpreted in terms of the formation of
thermalrphase gratingé‘in,weakly absorbing liguids. The
influence of dlelectric plates on the emission of a laser
oscillatér; and the relevance of this for studies of mode-
locking are discussed in Chapter 5. Finally, in Chapter 6,
ve describe the performance of the neodymium liqﬁid'laser‘
in amplifying picoéecond pulses generéted by & mode-locked
neodymiun glass oscillator. A sunmary end evaluation of the

results is given in a short concluding chapter (Ch.7), together
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with some remarks on aprlicatlions and guide lines for further
researche

Many,‘possibly all, laser phenomena can be considered
ag dlfferent aspects of the pringiple that stimulated emission
is aelf-optimisingg a principle originally applied to
observations of spontaneous mode-locking(lou), where the
phases of the laser modes appear to adjust themselves tq
minimise losses and maximise the gain.by,stimulgted emission(I052
In this way 1t should be.possible to achieve a general
description of laser behaviour, This self-ontimising abillity
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 nzarroving the.
enission linewidth to a small fraction of that observed for
normai fluorescence(66). This compression of thé radistion
into relatively few modes of high intensity 1s an important
feature of stimulated emlssion 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 sn 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 Jjust those observed,
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About nature consult nature herself.

Francis Bacon
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HAPTER I  Optical effects in liquids
I.I Introduction

Liquids are freguently used to provide certain controlling
and selective functions in high power lasers, and offer a
simnle and versatile means of introducing active material
€.g. organic dyes, into the system for these purposes. They
conveniently divide into two claesses: I) the common organic
solvents 2) certain inorganic solvents suitable as laser host
media. Because the chosen liquld is incorporated in the active
system and 1s 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 1ight with 1iquids takes place through
the scattering of 1ight from various fluctuations in the 1iguid
medium; through field effects which distort the liguid from
its equilibrium state, and through molecular scattering. Most
of the'physical procesées involved in such ihteractions*éfe
well knovn optical and field effects observed originally with
low intensity incoherent light and veak 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
genefation of disturbances in thebliquid médium by the conversion
of‘electromagnetic energy into those statistical fluctuations

already present and having the correct wave vector relations
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with the incident electromagnetic field. The result is an
exponential growth in amplitude and a significant exchange
of energy between the two flelds, many orders of magnitude
greater than for the incoherent processes observed with low
intensity incoherent thermal 1ight. The exlstence of stimulated
effects 1s important in two ways, firstly in making possible
the deyailed study of liguid opticzl properties, and secondly
in affecting or even controlling the nature of laser generation
and emission In a practical system., This second aspect 1s the
one with vhich we are concerneg. It 2lso divides naturslly
into two parts, the first 1nvol§es etudying the behaviour of
the lasef oscillator, vhere liguids introduce ﬁovel effects,
the second arises from the use of a liquid medium as the host
material of =z high power laser amplifier (Chapters 3 and 6).
fhe chiéf optical effects germane to the problem of high
pover 1aser systems are:

Rayleigh scattering of light by thermal aﬁd molecular
fluctuations in the 1liquid, in which the frequency of the f
.scattered light is essentially unchanﬂed -

Mandel'shtam~Prillouin scattering of light by denOity

fluctuat;ons (sound waves) | N )

‘ggggg scattering by optical excitation of molecular
'enérgy levels v ‘ e L

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

rlectrostriction - density increase in high field recions

A ASA LSRR
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by mass transfer (molecular streaming)
Thermal effects - build un of temperature and density

fluctuations in optically ﬁbsofbing liguids.
I.2 Optical scattering in transpsrent liquids

It is clear that light incident on a 1liguid can be
gcattered by a number of nrocesses, some of vhich are random
fluctuations in the properties of the 1iqu1d cgnsidered as a
classical fluid, and others which occur through the actions
of molecules, eifher through random fluctuations in their
orientation and position, or fhrough changes in iheirvinternale
energy. In the case of inelés%ic scattéring the scattered iight
suffers'a'ffeQuénc& shift to either a higher or a lower
frequency, depending on whether a nett gain or loss of energy
occurs, and the scattering spectrﬁm assoclated with mono;hromatic
incident 1ight is therefore symmetric sbout the incident
frequency. Such a saectrum(l) is reproduced in Fig. I.la),

The central component corresponds to Rayleigh scattering(Q)

from thermal and molecular anisotropy fluctuations(B); the
létte£ are due to DBrownian motion of the molecules in the liquid
and their vibratlon in the field of neighbouring molecules(l’h).
The frequency 1s eééentially unchanged so that the line is
symmetric about zero frequency shift, its width being determined
by the decéy of eﬁtropy fluctuskions due to thermal diffusion
in the fluid(3 5), and the extent of the wings by the demping

of molecular anisotrooy fluctuations(u) The charsacteristic
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Fig. 1.1 a) Spontaneous and b) stimulated scattering spectra for

a pure liquid (from ref.1 ).
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decay times are 10'7 to I0™" sec. for tbermal diffusion

damping(I’s) and 10712 to 10717 gec. for molecular damping(u'7),

-1

corresponding to a width I0™> em™F for the Rayleigh central

component and an extension I50 cm™r

for the wings, for
scattering in the visible part of the spectrum. For spherically
symnetric molecules, such as CClu, there can be no scattering
due to anisotropy fluctuations(x’h’15’16). |

Egually spaced on either side of the central Rayleigh
line are the pair of lines known as the Brillouin doublet(3’5)
vhich result from scattering dby.density fluctuations propagating
in the fluid with the velocity of sound. The frequency shift

of the 1ight scattered through an angle Q} is(s)z

Vg = % 29,_::_7_'3111 10 ,, (1.1)
vhere ), is the frequency of the incident light, v the velocity
of sound and c; the veloclty of light in the liquid, The amount
of this shift 1s generally in the range 0,I to 0.5 cm'I fdr
backward scattering ( © = 180°) in common liquidssg) The width
of the Brillouin lines 1s determined by the attenuation of
hypersound, and is of the order 1072 en~I (IO).

Finally, we consider Raman scattering(II), vhereby an
incident photon ié inelastlcally scattered by 2 licuid molecule,
and gains or loses energy according té whether it causes the
molecule to make & transition to a lower or a higher energy

level. Only the vibrational bands are normelly observed in

liquids, and the correspondling frequency shifts in the scattered
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light range from 200 to 3000‘cm'1 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 thermsl equilibrium there are a larger
nunber of molecules in the ground stete, the intensity of the
Stokes shifted i.,e, lower frequency Reman bend is greater than
that of the enti-Stokes band (higher frecuency). The bands
are howvever stlll symmetricelly disposed about the central
Reyleigh 1ine, with an overall intensity IO™> of the Rayleigh
scatterea 1ight{I?), B

Turning now to stimulated scattering, we can construct
an analogous sgectrum(l) showing the nett gain or absorption
associated with the differént scattering processes (Fig. I.Ib ),
vhere now the scattered intensity can sssume large values
under stimulated emission, a’proaching that of the incident -
intensity, Stimulated scattering from liguids thus sssumes
importance in high power laser systems'containing them,

Observation of stimulsted scattering vwith a giant pulse
laser as the light source is used exﬁénsively in deternining
11quid parameters. Cho et 21, {I3) 2na Foltz et al. ™) nave
used stimulated Rayleigh wing scattering (SRVS) to measure
molecular re-orientation times in benzene derivatives by
relating the frecuency shift of the scattered light to viscosity
and temperature. As with all stimulated processes SK''S has a
distinct threshold intensity, withna minimum at a frequency

shift )é, vhere T 1s the anisotropy relaxation time(15).v'
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Intense stimulated scattering of the central Rayleigh comnonent
(SCRS) occurs 1n certain liguild mixtures due to eoncentration
fluctuations, which are enhanced by iﬁteraction with the -
tneident 11gnt(T®),

The velocity of hypersound in liquids and glasses has
been found from the observed frecuency shift of the stimulated
Brillouin bsck-scattered light(g). A series of 1lines equally
spaced 1n frequency 1s observed vhen monochromatic light from
a poverful laser is focused in the liquid sample. These are
attributed to optical mixing, vhere the first order Brillouin
shifted line 1s 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 lover frequencies has been used

‘as a delayed pulse transmission switch in a Q-switched laser(Il).
I) |

IS

High stimulated Brillouin gains of e25 are possible( and

can produce a 'liquid mirror' effect, with up to 90% of the
incident laser 1ight being reflectea’I®), This effect can be
used as a mezns of self Q-svitching a laser by incorporating
the 1icuid cell in the oscillator cavity at the focus of a
lens to increzse the incident intensity, As stimulated
emission in the laser incresses, étimulated Brillouih backward
scattering of the light also increases and results in a
dynamic reflectivity process which builds the laser emission
rate to very high 1evels, such that the inverted population

is rapidly depleted and a giant pulse generated, I00 MV pulses



with 25 nse. half-vwidth are reported using this technique(l9).
Stimulated Raman scattering was first observed(Qo) in the -
cavity of a giant pulse ruby lasér Qeswitched by means of a
nitrobenzene Kerr cell, which emitted about 207 of the total
laser energy at the Raman shifted wavelength of 7670 2, 1t
was soon shown that SRS could be produced in a numnber of
benzene derivetives and compounds with a frequency shift
aporopriate to the molecular species involved, and with the
common feature of a sharp threshold denendent on the 1ncidént
intensity and the length of the 1iquid ce11(?I), as witn sBs,
SRS gives rise to strong back reflection, and even amplification,
of the incident light under sporopriate conditions‘22), Since
the large Ranan 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 avaiiaﬁle’at the laser
emission wavelength. In this way smooth pulses up to B‘ps.

long can be produced(ZS)-
I.3 Pield effects

In addition to pure scattering effects initiated by
fluctuations 1n the liquid are those produced by'fhe eléctric -
f1e1d of the incident 1iEmt, which distorts the medium. Under
the action of an applied electric field an isotropic dielectric
bgéomes optically bi-refringent, with the principal axié
coinciding with the direction of the field. This is the Kerr

effect(zh). The principal value of the dielectric tensor in

19~



the field direction takes the form:

E.“ = CO +0<E2

(I.2)

where &, 1s the scalar dlelectric constant, B is the applied
electric field and K the polarisability of the medium., If
the electric field is that of an incident light bezm we nay
call this the optical Kerr effect, vhere E2 is averaged

over many cycles of the optical frequency cwing to the
relaxation time of the order of IO'II secs for molecular
re-~orientation and re-distribution in the liquide. Thus the
magnitudle of the optical Kerr effect is proportional tq the
intensity of the incident light. One practical consequence

of the resultant increase 1in refractive index is the formation
of several intense filaments from an initially uniform beam
of light by the phenomenon of self-focusing(Qs’zé). This
occurs vhen the ref:active index change induced in the ligquid
is sufficient to counterect the tendency of the beam to spread
by diffrection. Vhen the power in the indident beam exceeds
the critical value(26) the beanm diameter decreases with distance
travelled and the bean beconmes self—trepeed( 7) The greatly
increased intensity enhances stimulated scattering effects

and reduces the thresaold power required for their observation,
This has been shown in the case of atimulated Raman scattering
for examole(? ). oelf-traoping results 1n filamcnts of only

2
a few microns diameter with intensities greater than 109 v cm ( 9)

=20



Up to 90/ . of the light in the tranped filament is converted
to the Raman shifted frequency. The filaments have a limited
lifétime of the order of 0.5 ns., after vhich instability

sets in and electric breakdown(jo) and expansion of the channel

at the shock velocity occur(31>. This would set an upper
limit to the power in a liquid laser amplifier, beyond which
catestrophic collapse and subsequent exnansion vould cause |
the loss of the beam. However, the effect denends on the
ostical polarisability of the medium and on the laser pnulse
duration, It 1is less imnortant fbr,pulses shdrter than the
molecular relaxation time i.e. for picosecond pulses(35),
vhen only the electronic polarisability has a sufficienitly
rapnid response(u9).,

Anisotropic molecular liguids, especially the benzene
derivatives and carbon disulphide, have the largest optical
Kerr coeffiéients. Hellwarth(Bg) gives an extensive table
of the intensity dependent part n, of the refractive index,

. exnressed as:

n =, +'n2E2 (1.3)

vhere n_ is the refractive index for zero field, and the
bar denot;s the time average of EZ taken over.a period
comparable vith the molecular relaxation time. Althdugh this
"intensity dependent reffactive index cannot follow the light
frequency it is fast enough (10~11 sec.) to respond to the

instantaneous intensity of a glant 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 slovw due to the induced
increase of refractive index, and the trailing edge will
catch uy to create an 'optiéal shock' with a limiting width
set by dienersion and the response time of the medium(33). +
For pulses vhose duration is compsrable vith the relaxation
tine of molecular enisotropy fluctuations the pulse envelope
suffers distortions of amplitude and phase(35’65) such that
it is theoreticelly possible to corpress the pulse to 101k gecC.
duration by imposing a linear frecuency sweep(65).

A second field effect is electrostriction, a process
by vhich polarised molecules are drswvn to high field regions,
thus increasing the local density end striction, or pressure,
in the medium. This is the means by vhich the light field
couples with the liguid in stimulated Brillouin scattering,
and since mass transfer is invol?ed, the pressure front
sropagates with the velocity of sound. Electrostriction is
therefore zn 1nherentlﬁ slower proéess than the optical Herr"

8 sec. time

effect, and is usﬁaily'less'impbrtant'on the 10~
scale associsted with the evolution of a Q-svitched laser
pulse(Bh).\However, the mass transfer time associated with
self-trapped filaments a few microns in dismeter ié'ohly e
Id'g sec., and electrostriction may therefore be important in
the final étages'éf their formation and ultimate disruption
by electrostrictive oﬁer-pressure(31). As in the Kerr effect,

" the increase in refractive index caused by electrostriction

is proportional to the light intensity(3u).'
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I.L4 Effects in absorbing liquids

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

An effect vhich is lmportant on the millisecond to.
one second time scale is gross refractive index change due
to heating. This distorts the propagating beam, enéd is csused

either by ontical »num»ing, 2s in the liguidl laser(IIO),

or
by direct abesorption from the lacer beam, an effect known .

as thermal blooming(36) beczuse the refractive index decrezses
with intensity and the beam consequently diverges.

On the nmicroscopic scale there sre stimulated ontleal

scattering effects in absorbing liguids, vhich are driven
by absorstive heating, the two main ones reported in the
litersture being stimilated thermal Rayleigh scattering (STRS)
and stimulated thermal Brillouin scattering (STBS). STRS,
predicted by Herman and Gray(37) and observed by Rank et a1§38).
occurs in the anti-Stokes wing of the thermal Raylelgh
component, and is blue-shifted by an amount ([ + Iz ), where

{, 1s the laser linewidth, and the spontancous Rayleigh
1inewidth g = 2k°D, vhere D is the thermal diffusivity of
the licuid and k the wavé number of the incident plus scattered
light field. For typical licquids 2nd visible wavelengthis -

r&paso MHz, so that the frequency shift of the back-scattered



licht is well within the longitudinal cavity mode spacing
c/2L of a pulsed solid state laser, for vhich ¢/2L = I50 MHz
for a covity length L of I metre, In contrast to electrostriction
and molecular alignuent effects the refractive index is
decreased in high fiéld regions due to absorntive heating
and thernal expansion of the liquid(37). Thcory predicts a
critical_gbsorgtion coefficient °<cr. above vhich STRS has a
1owef threshold than ordinary stimalated Brillouin scattering
(SBS) anﬂrsuccessfullv comnetes with 1t. Observed values of
O(;f. 11e in the range 0.04 to 0.3 cm I, and obscrved

frequency shifts in the range 0.002 to O OI cm*g A.reflectivity Tf\
of awerVimatelv 107 due to STRS is reoorted(3 ) On a time
gcale too short for thermal fluctuations to produce density
changes 1ﬁ the-liouid, direct 6bservation‘of ééattéringwffém
entrony fluctuations in an absorbing liquiad becomes oossible(39).
This is observed with picosecond (IO sec.) light pulses.

The density wave equation for an absorbing liquid
containe tvo driving terms, one due to electrostriction, vhich
leads to the well known stimulated Brillouin scattering for
a non—abaorbing liquid, and an absorptive heating tern
civing rise to an addlitional qcattering °TBS(u7) This
extra qcatterinx distorts the Lorentzian gain profile obtained
for SBs, vith an increase@ maximum red-shifted by approxinately
2-3? with respect to the pesk gain frequency shift v =V,
for zcro absorption, vhere oY 1s the full width af half-
maximun of the Brillouin line and \)B is the Brillouin

frequency shift characteristic of the liquid. The red shift

Dl
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SV amounts to -I00 to =200 iliz in common 1lguids. There
is a corresponding blue-shifted loss, of similar frequency
shift and magnitude, due to the conversion of Brillouin-Stokes
photons back to incident laser photons by addition of energy
from thermal fluctuations. Thus the stimulated Brillouin

scattering is quite distinct in the tro cases (Fig. I.2).
I.5 The four-wave formalism

Having surveyed the main linear and non-linear ontical
effects in simple liguids relevant to laser physics, we may

(42

note that Bloembergen ) has shown that all the nén—linear
effects mnay be formally cCescribed in terms of the interaction
of four electromagrnetic plane waves coupled by the non-~linear
suscentibility tensorﬁxijkl cf the medium, vhich gives rise
to a non-linear polarisation cubic in the electric field

ampliﬁude. Hotever,-we'have'seen that though formally similar,

the non~linecar oytical effects described are physicélly distinct,

Vhere the formal similarity is significant is in the formation
of periodic phasé gfatings arising'from a moduiation of the
refractive index due to the four-wave interaction in the
1icuid. This is a necessarily general description, and because
the phenomenon is important to the understanding of laser
Q-switching end liquid diffraction it is discussed more

thoroughly in Chapter L.
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I.5 Relaxation time constants

The various non-linecar optical‘effects have charécteristic
resnonce times associated with thenm by the nature of the
phﬁsiCal orocesses lavolved, For incident liéht wulces of
chort duration those non-linecar effects chgractcrised bj‘
loncer responsc times are diminished because the coupling
of the clectromagnetic field to the liguiad medium'ié aecréased.
Tor very chort times several of the non-linear’processes
cease to operate. Ve have seen tﬂis already for STRE on the
" plcosccond time scalc, Table I.I shovrs the'magﬁitude of these
charactcriatic times for simnle liquids. Clearly these are
impoftant for nulse pfopagation in 2 1liguid laser amplifier
(Chapter 6), vhere we desire to minimise non-linear losses

I . -8 .
0 Veem ~y Since many

8

for light intensities approaching I0
experimeants on non-linear optics are made with 107 séc.
8

5 ,
, under vhich

pulses at intensities erthe‘order of 10° W.en™
conditions appreciable interaction with the ligquid takes place,
the intense light pulses to be amplified in a liquid laser
must be of shorter duration than this. Except for rather low
fiecosity liguids, such as carbon disulphlde, with a rotational
relaxation time of 2 psec;(7’u8), Table I,I shors that pulses

a few plcoseconds long only interact with a non-absorbing
1liquid tkrough oolarisation of the electrons and molecular
anisotropy fluctuations. The electronic Kerr coefficient is
sﬁaller'by a factor of IO3 then that due to re-orientation

of anisotropic molecules(Bu), and the self-focusing threshold
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TABLE I.I

Characteristic rclaxastion times for non-linezr

optical effects in simple liguids

Optical kf'fect

Rayleigh
scattering
(centre line)

Rayleigh wing
gcattering

Mandel'shtan-
Brillouin

Ranan

Kerr

Electrostriction

is increased by a similar factor

‘

Mechanien

Thermal
fluvctuations

Anisotropy
fluetuations

Density
fluctuations

Molecular
excitation

Wolecular
re-ordering

Xlectronic
polarisation

Acoustie
vave

(L9)

Relaxation
tine, secc.

10”7

-II

Frequency_l
shift, cm

10™3

100

0.1

1000

o Stimulated Rayleigh

ving scattering mey become an important loss mechanism at

sufficient intensity, though the threshold may be high. Ideally,

picosecond SRVWS could be very much reduced by employing

laser liguids with isotropic molecules, Thus it is clear
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that the amplification of picosecond pulses in e licuid
laser is of practicsl significance, and this fact provides
the departure noint for the experimental investigation

deseribed in Chapter 6,



CIAPTZR 2 Laser mode~locking and the geansration of

ultra~short pulses
2,1 Decfinition of mode~locking

The clectromainetic field in a laser osclllator may
be vritten as the sum of the resonant cavity modes, vhere
each mode corresnaonis to a standing wave in the cavitye. For
an enaty cavity with perfectly reflecting valls and a length
lorge compared with the wavelength of light, the longitudinal
modes are 2 sct of sine waves with 2 constant freguency

differecnce betrecn any aljacent pair given bye
Av = e/2L (2.1.1)

vhere I, 1s the cavity length and ¢ the velocity of 1light.

In a dielectric medium dispersion causes variations of phase
across the mode cpectrum, and in an active medium the nature
of the stimulated emission process and the presence of losses
in the cavity give rise to freguency pulling end pushing
effects vhich shift the mode~frequencies avay from the

(L3)

resonances of an enpty cavity « Howvever, these frecguency
varistions are usually sm&ll Ccmpared with.ﬁNV,Aand ere nore
imyortant to the consideratibn of the physical processes .
regponslible foi moée-locking than to an elementary understanding
of the phenomenon, It will be asguned in the following

therefore that the mode freqguency difference'is’constant.
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The effect of variations in Av is discusced later.

Conslder a laser oscillator vhich generates a number
of modes sinmultaneously. Ve willeall this multi-mode operation.
If the phases are randomly distributed the emission consists
of statistical fluctuations in intensity. If, hovever, the
nheseg are ordered in come vay then the intensity shovs. a
periodic behaviour with a fundamental period 21/c, the -
recisrocal of the mode frequency differenée, In particular,
the sunerpsosition of 2M+1 modes vith equal amplitude and zero
phase »roduces & pericdic train of puleces vith a repetition
period 2L/c, peak intensity‘(2N+I)QI°‘and pulse vidth BL/WCN,
vhere L is the cavity length and Io-the integéity of 2 single
mode(5o). This temporal interference phenomenon has an
intencity function very similar to that of a diffrsction
grating(5o), its closest spatial analogre., In generzsl the
vhase condition required for periodiec pulsing is that the
phese difference cf &ny pair of modes be zero or an integral

multiple of 21, 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(so’53). Hargrove, Pork and Pollack(51)
achigvea modeflocking of the helium~n¢on gas leser by means

of acoustic modulation in the cavity. They found a narrow
locking renge for the modulation frequency,ﬂIO'5[Xv, and a

well-defined mode-locking threshold. Crowell(sg) observed
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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., Deutéch(5u)
obtained mode-locked pulse trains from a ruby laser internally
modulated with a KDP Pockels cell, and found a 1oéking

range of 8 mm. for the alloved varistion in cavity length,

for L=I metre. llocker and Collin3(55) mode-locked a ruby

laser using cryptocyznine, a photo-sensitive dye with saturable
absorotion(?%), a possibility for vhich Deutsch had indicated
(54)

preliminary evidence !/ith a relaxation time shorter than
the cavity transit time L/c, the dye modulates the cavity
loss at the lonritudinal mode fregquency difference because

it is driven by the beat fregquency of the modes themselves,
This passive or self mode-locked behaviour has the advantage
of automatic adjustment to the beat freguency, dispensing
with the need for careful fréquency tuning and cavity length
control(51'55). Neodymium lasers vere also first mode-locked
vith acoustic modulators. In the case of NA1YAG a pulse width
of the order of 80 ps, was obtained(57). For necodymiumiglass
a detection-limited Width<<0.5 ns. was observed, with a fine
adjustment of cavity length in the range 0.02 to 0.05 mm.<58)
Subsequently, passive mode-locking was achieved with a saturable
absorber(59), vith upper and lower limits on pulse width of
0.1I5 ns, and 0.2 ps. from photo~detection and spectral width
measurements respectively(6o). The liquid laser Nd:SeOClg

can also bé mode-~locked using a saturable dye.(61)

lode-locking the neodymium:glass laser with a saturable

sbsorber combines the functions of Q-switching snd mode=-locking
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in a simple passive element, and provides a means of generating
ultra-short optical pulses of high peak power(So) vith
apnlication to non~lincar optics(39’u8’u9). The 300 R spectral
width of the neodymium:glass emission=band(6u) makes the
generation of IO"13 sec, duration pulses theoreticzlly possible
by mode-locking the entire emission spectrun, liode~locked

pulse trains with I&0 id spectral bandwidth(éo)

13

and picosecond
pulses with sub=-picosecond ( 2.I0""7 sec.) components have
been reported(62’63). Since the pulse spacing is equal to
twice the cavity transit time it can be adjusted eimoly by
changing the optical path length. Pulse repetition periods
up to 7I.5 ns. have been obtained in this vay, by inserting
an optical delay line in the laser cavity(86). Selection of
a8 single pulse from a periodic pulse train is also possible,
using a fast Pockels cell switch(79). In this vay an optical

Il ecc. auration and a few millijoules energy is

pulse of I0
obtained, which may then be amplified by a laser amplifier
chain to energies in the tens of Joules range with peak pover

of the order of I0'2 watts(88),

2.3 '~ Plcosecond pulsé measuremnent

Since the short pulses generated by mode~locked solid
state lasers are only a few picoseconds long due to the broad
snectral 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 such de#ices(7l).

Instead plcosecond 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 secgnd order intensity
correlation function G(T)va\fI(t)I(t+¢Odt. By directing a
palr of short light pulses at a sultable crystal and observing
the intensity of the second harmonic light as a function of
the delay between the tvo pulses, their intensity correlation
may be obtained(22'67). Auto-correlation, the intensity
correlation of a pulse with itself, can be done by recoﬂbiging
tvo 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
exanined for each pair, systematic variations of pulse
characteristics in a long pulse train can be studiéd(gj).
Intensity correlation of & narrow pulse vith a broad pulse
can be used to obtain the intensity profile of the broader
ﬁulse(su’85). Since the free égace velocity of light is -
aporoximately 3.108 m/sec., delay steps of 10712 gec. require
space increments of 0.3 mme. Thus auto-correlation in thé
picosecond range 1s feasible.

v An elegant and experimentslly simple method of performing
intensity correlation 1s'by means of two-photon flubrescence,‘
TPF(GB). Here fluorescence is exqited in a suitable dye by

the simultaneous ébsorption of tWorphotons, with an 1ntensity
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proportional to the sguare 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
pulscs are made to cross successlve incoming ones, thus

oroducing stationary ovérlap regions of locally. high intensity
which cxcite TPP 1n the d&e mofe strongly then in' the intervening
gpacese The second order intensity cérrelation function is

recorded photographlically as a serlies of bright spots or_bands
(68)
L]

superimposed on & background trail of about half the intensity
This beackground may be nearly eliminated by interfering a
strong beanm at the laser wave;ength vith the veaker second
harmonic(69). The diesplay cen 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 fluoreeceﬁce‘intensityvdecreasea at a fate depcndent
on pulse width(69). The resolutipn linmit o?ltvoaﬁhoton,
fluorescence mcasurement (TrPru) is est;mated as IO';Sipo
IO"IL‘L sec., and pulse widths in the range I to 3 ps. are
found for the neodymium:glass‘lager, us;ng this technique(6§’69).
The dibenzanthracene dye originally used for_TPFM(68)
requires two-photon excitatioﬁ_by the second harmonic of the
neodymium laser. A more convenlent dye for TPTU is rhqdamine
60(70’71). This has absorption bands at the second harmonics
of the neodymlum and ruby lasefs, and can be used directly
for TPF studies with the fundameptalvfrequency of either(71'?2).
The fluorescence lies 1in the yellow and the emission 1s

brighter than for dibenzanthracene(71).
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The analysis of TPF intensity records is not quite
straightfeorwvard because random phased light with the came
gepectral bandwidth as the mode-locked laser emission produces
a TPP pattern with similar structure(73). Only the intensity
ratio tetween the peaks and the background fluorescence
differs in the two cases. For perfect mode-locking i.e,.
equl-phesed modes, the ratio is 3, for random phase it is
1.5(73). The vhole range of intermediate intensity ratios is
possible, depending on the particular phase relations obtaining
under the actual experimental conditions(7u’76). The observed
TPP structure for random phas§(7u) reflects the two-photon
correlation structure ;nherent in spparently unstructured
thermal light, as demonstrated in the experiments of Twiss
and Hanbury Brown(75).

The dbservea TPF structure for the mode-locked ruby.
laser gives good agreement with the pulse width inferred
from the spectfal bandwidth(72). In the case of the néodymium
glass laser the pulse vidth obtained from the TPF intensity
pattern is often at least ten times(7I} that experted from
the observed spectral bandwidth,~3 ps. instead of~0.3 ps.,
and the contrast ratio freguently lies in tﬁe range I.6 to
2(7h'79'80). indicating imperfect mode-locking(76’77) or
possibly a frequency sveep across the bandwidth(78). It is
only by combining high resolution with accurate means of
determining contrast ratio that sub-picosecond'components

. . 7
representing the full spectral bandwidth are observed(02’63).



Beczuse of the.inherent.symmetry of the TPF intensity‘
correlation(73);»these'fine structure components are recorded
as a narrow spike onl& 50 to 75 microns wide superimposed on
a broad base IO to 20 picoseconds long. The 1ntensityvratio
for the spike rcaches the theoretical value of 3, that of
the broader base being in the region of 2(62’63).‘Similar
results are found for the third order intensity correiation
using fhird harmonic generation in fuchsin éye(lzg). Vhen
this fine spilke is not resolved it is the broader‘part of
the TP intensity structure with reduced contrast ratio
vhich 1is recorded(68 71,7k, 79) }_ o

A further effect of the symmetry of the second-order
correlation function is that only the puls= midth and not
its-shape can be deduced, However, the third order correlation

(81), and in

will reflect an asymmetry present 1n the pulse
principle three-photon experiments should be uffiéient to
recover the time deaendence of 1aser intensity(87)

All 1ntensity correlation methods of determininp
picosecond pulse duration are inferentlal, as Ve have seen;
but are necessary bccause combined photo-detection and
oscilloscope systems are not fast enough to display such
short pulses directly. However, some electron-ontic camera

systems have a resolution of I0™ -1I

sec., mithin an order of
magnitude of the nulse width, and are certainly fast enough
to display complex ‘groups of picosecond pulses(az). Such
.observations are direct records of intenqity, and are a means
of resolving ambiguities 1n the temporal behaviour of laser

emission vhich 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 oﬁ 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 cavitye. Therefore a
theory is required vhich can explain how the phases of the
generated modes become ordered. Since the set of phaee-locked
oscillating modes is equivalent'fo a short pulse pfoDagating
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. Vhere the
oscillating bandwidth is narrow and relatively few modeo are
involved, as “in the cas laser, the analysis can be carried
through in terms of mode interactiops, notably in the work
of Iamb(us) Such analysis is comglex for more than a fev
modes howvever, and it is nore convenient for solid state lasers,
in vhich:vIou nodes can be os cillatinw simultaneously, to
treat thc propagating pulse model. ?here the mode picture
remains useful is at the beginnin of gencration, vhen the
interferencc of the few initial modes gives rise to ehort
1ntensity fluctuations from vhich the 1ntense pulse ultimately

(89,90) o,

develops hose treatments in vhich the mode analysis

for solid state laser mode-locking is carried through rely

(o1)

on perturbation theory and computer analysis(go) to solve

the set of non-linear coupled'differential equations involved.



Congslder 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, vhere
T is twice the cavity transit time, and intensityfg times
the noise level, with probability e'ﬁ o These intensity
fluctuations are selectively transmitted by the saturable
absorber, because of its intensity dependent ﬁransmission,
and amplified in the laser medium. The gbsorption is
nrogressively reduced to the ppint of' saturation, thereby
Q=switching the laser and generating an intense pulse by
gain saturation of the amplifying medium(a”go). Part of
the pulse energy 1is transmitted by the output mirror st the |
completion of each double pass in the cavipy, thus producing
the faniliar periodic pulse train with a repetition period
T = 2L/¢, the reciprocal of the longitudinal mo@e spacing (2.I.1).

Inlthe case cof cavity loss modulation by ean externally
driven element, such as an acoustic modulator(sI) beats
develop between modes and lead to ordering of phase(us)
with the same end result of short nulse geneﬁgtion(92>.
However, the tvp pictures are equ;valent, because in the
case of mode-locking by a saturable sbsorber the effect of
beats between modes 1s to modulate the transmiesion at the
mode difference frequency c¢/2L (2.I.I), thus providing the
game mechanism of cavity loss modulation(71) |

Multiple pulsing, vwith a repetition frequency equal
to an_integral multiple of the fundamental cavity frequency

¢/2L, is observed with the satursble sbsorber placed at an
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intermediate position within the laser cavity. In particular,
if the dye cell is placed at a distance X, = L/m from one
end, vhere m is an integer, the pulse repetition frequeqcy
is mc/?L (93,9&). Fleck(go) explains this phenomendh in
terms of pulse overlap at the saturable absorber, Vhen this
occure, the local intensity is greater and transmission is
enhanced, . Thus loss modulation develops at a multiple of '
the cavity frecuency. )

In order that the saturable sbsorber be sui@ablé for
mode-locking it must have a sufficiently fast relaxation to
respond to beats betwveen adjacent longitudinal modes. The
condition is Ts< L/me, vhere TS is the recovery time of the
sbeorber and L is.the cavity length(gl). This condition is
highly satisfied for the neocdymium laser mo&e—locking dyes,
for vhich TS(:IO'II sec.(95) and L/fmc= 1072 sec.'(for’a one ~},
netre cavity). In the case of thé ruby léséf hbﬁeﬁer, the
phthalocyanine Q-switching dyes do not satisfy the\&onﬁitibn
and do not'moée-lock, vhereas eryptocyanine, for vhich lv

0~ sec., does (55072,96) -

ng«:I _
' In reviewing the theory of the mode-locked solid state
laser it has been implicitly sssumed that the medium is
disnersionless. As slready indlcated (Sec.é;I), the dispersion
of a real dielectric medium causes a variation of'phése with
mode number. Classically, the refractive index as a function
of vavelength can be expanded as a Taylor series of terms

involving the first, second and higher order derivatives,

corrésponding t0 linear, quadratic and higher index terms in
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the expression for the phase. It is the quadratic phase tern
vhich is responsible for dispersion in the group velocity
and the resultant pulse broadening(97), and it is thils term

vhich is equivalent to a linear frecuency sweep(III)

. (See
Appendix I1). Yhen a large positive frequency svweep is

imposed on the mode-locked laser emission(98’99) the resulting
broad pulses can be compressed to the sub-picosecond range

by passing them through a grating pair‘78). Random variations
in phase.about the quadraticAdigtribution do not affect the

pulse shapne, but the average intensity of random emission

between pulses is increased(TII),
2e3 Intensity fluctuations and self-modulation

In the theory of 1laser mode-loqking by a saturable .
‘absorber it is shown thét short intensity fluctuations arise
fron thé interference of several random phased modes(sg’go).
Although these fluctuations have a probsbility distribution
characteristlc of a random interference process, they are
nevertheless periodic with the cavity ?eriod precisely because
it 1s the cavity length which deternines the mode frecuency
spacing, as we have seen earlier (Seq. 2.1), The average time
interval for the occurrence of an intensity fluctﬁation spike

(4 times the average intensity 15(100)‘

oo~ TefP (245.I)
n
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where m is the number of oscillating modes and T is the cavity
double translt time. By imposing the condition that this
spike occur within the period T it is seen that @~1n m, and
for a solid state laser with m~IOu, intensity fluctuation
splkes ~ 10 times the baclkground intensity and duratione I0™L2
sec. are possible. The laser therefore emits periodic trains
of sharp pulses superimposed on~I0% background noise, with
pulsewidths the order of the inverse spectral banawidath(I00»T0I)
This type of emisslon has clbse gimilarities to that emitted
by mole~locked lasers, and is observed as epiking or beats on
fast oscilloscope displays and as plcosecond pulses in TPF
intensity records of both Q—gwitched and free-running 1aseré102).
There the emission of the laser with a large number of random
phased modes differs from that of the 1ldeally 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~m 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 only~1ln m times the mean, and almost all the energy is
in the background noise, For szou, the ratio of peak powers
of the spikes in the mode-locked and random phase cases is
IVIO3. 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 ére 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 1ndependen£ ‘
modes; rather the amplitude and phase of a growing mode are
dependent on the state of those already present. For a small
nunber of modes such interactions produce significant ?hase
locking, zs Lamb shovs in his three-mode analysis of the géé
laser(AB).Observation of intensity beats with solid state
lasers(IOB) is similarly explained by showing that bests
betveen three modes modulate the laser transition at the
éifference frequency A)l, and that the gain and emission rate
ere therefore phase dependent., The optimum phsse relations
are such that maximum intensity modulastion occurs with the
laser medium at one end of a.cavity with external mirrors(Iou).‘“
The case of a large number of moces can be treated on assuming
that the optimum phase condition is that vhichmaximises the
emission. The analysis shows that the probability of spontaneous
node-locking increases with decreasing mode spacing i.e, at

(105). Thus a pulsed solid state laser

longer cavity lengths
can be expected to show spontaneous mode-locking under
appropriate conditlons.

It can be shown in general that obtical inhomogeneities

present in the laser cavity induce’phase~locking(106)

sincluding
the special case of the active medium at one cnd of the cavity.
These inhomogenelties cen take the form of spatial variations
in excitation density (inhomogeneous pumping), in active atom
density (discontinuity in lascr nediun), end in loss by

absorption or scattering, and they induce the ordering of

phase in such a way as to maximise the overall emission, The

—ly3m



laser modes tend to oscillate in phase at polnts of high

erxcitation, thus increasing the induced emission, and out
of phase at points of high damping, thus diminishing the

absorption 1033(106).

Such conslderations are relevant to the experimental

observations on spontaneous modulation of lasers with multiple

plate reflectors, as described in Chapter 5.



CHAPTER 3 The liquid laser
3.1 Introduction

The neodymium inorganic liquid laser is of interest es
an altcrnative to neodymium glass in the development of high
pover, high resdiance laser systems btecasuse it avoids the
problem of permanent material damage suffered by glass under
the action of intense light pulses(llh), and the required
volume of homogeneous material is readily provided, Further,
it is a high gain laser medium with a similar emission
vavelength and spectral bandwidth to necodymium glass(107’108),,
it can bve circulated for cooling purposes(log), an advantage
on large systems because of the slow recovery from thermal

distortions induced by optical pumping(llo)

y 2and it has in
prineiple a low intrinsic scattering loss since small particle
impurities can be filtered off; leaving a pure liguid medium,
A study of the liquid laser as a picosecond pulse amplifier

is described in Chapter 6, Here ve consider its development

and laser propertles.
3.2 Developnment

All rare earth ions, the lanthanons, have an incomplete
inner electron shell in which optical transitions take place,
and vhich are to a first approximation shieldedrby the outer

completed shells from the ion's external environment. The
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main features of rare earth spectra are indenendent of the
environment to a similar degree; i1t 1s the linevidth and
exclted state decay time which are influenced by the local

Tield of the host material(II7). This lndenendence has been
thorouchly ex»loited in the,devélopment of rare earth lasers,
and the ﬂd3+ ion has been found espneclally versatile, exhibiting

laser action in a vide range of crystals(1169 (6L,

IIL,T15)

and glasses
e eodymiumn glass is interesting in the context of
liquid lasers because it demonstrates that laser action is
possible for an assenmbly of Nd54 ions embedded in an smorphous
mediume. The emlission snectrum 1is a broad vand containing an
assemﬁly of spectra characteristic of each group of ions in
its own local fleld, epatially averaged over the total volume.
This is knovn as inhomogeneous broadening becauée of the
heterogeneous environment, vhile within the broad band the
narrover spectral profile duevto thernal broadening by lattice
vibrations of lons in one particuler site is described as
being homogeneously broadened, Iére the ions are swept over
the linevidth at the vibrational frequency of,the lattice,
~10%3 Lz, aﬁd so the homogeneous broadening represents a time
averaged raiher thah'a snatially averaged emission profile(Ila).
The difference in a liquid medium is that the 1bns sre free

to move in an environmenf vhich is no longer rigid but rapidly
changing. Thus the inhomogeneous broadening characteristic of
the solid Eecomesia time averaged homogeneous broadening in

the 1igquide. Othervise the emission remains broad band because

of the amorphous nature of the liquid medium(IIQ).
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The problem with the neodymium liquid laser is to find
a solvent which does not quench the fluorescence, In crystels
and glasses Nd3+ lons in the metastable excited state have a
lifetime of 1o~ to 1070 sec., 2ni decay by spontaneous emission
of radlation with high quantunm éfficiency(x19), an ideal -
reouirenent for laser media, However, in liguids the guantum
vield of fluorescence is generally low, being onlyruIO'5 in
water for example(:Iz). This low yield 1s due to the ranid
gquenching of the exclted state by non-radiative transfer to
the vibrational energy levels of the liquid moleculess The
quenching 1s greatest in hydrogenous media, since these have
the highest vibrational frequencies, By replacing light atoms
in the liquid molecule with heavier ones, the wvibrational
energles are reduced and the quantum yleld of fluorescence
enhanced, .
* In addlition, a suitsble iiquid muet have a large enough:
dielectric constant to dissolve neodymium salts at the required
concentrations for lsasers, aﬁa muét be transparent over the
gpectral range of the absorption and emission bands of the.
laser 1on(107). Both the nen-aqueous sol#ents selenyl and

120) meet the laser requirements, and

(107,108). 7

phosphoryl chloriée(
both are used in neodymium liquid lasers he addition
of metal chlorides, such as Snclu,ZrCIM, incresses the solubility
of the rare earth salts, and an optimum volume ratio of the

two licuids can be chosen with respect to solublility and
stability of the laser solution at the chosen operating

temperature, usually 20 to 25°C (IIB); Phosphoryl chloride is
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less toxic than selenyl chloride, an2 the pure solvent is
completvely colourless, Its use in a liqguid laser amplifier

1s described in Chapter 6.

3.3 Lacer properties

first ve conslder the spectroscopy of the Nd3+ ion in
phosphoryl and selenyl chloride (Fig. 3.1); sincé it 1s this
which largely determines the stimulateé emission characteristics
of the medium. The fluorescent‘emission.of ﬁeodymium selenyl
chloride sclution 1s centred at 1,055 micron, and hes a width
of I60 R end aniexponential decay time between IIO and 230‘ps.,
denending on how anhydrous the solution is. The principal
absorption bends lie in the 0.5 to 0.6 micron and 0.7 to 0.9

(107,11I0)

micron regions , and the stimulsted emission cross—

section is approximately IO“I? cm? (;21)

s & value intermediate

between thoce of neodymium giaés and.neédymium YAG. The

spectroscopy of neodymium‘phosphof&iﬁchioride is very similar

to that of the selenyl chlofide,‘with'a‘Zéé hid emissiqn bandwidth

centred at I.053 micron wavelength, and a reported lifetime

of 70 TISSIOB,I22) The stimulated emlssion cr_oss—section is V4

also epnroximately 10719 cn? (123). The sbsorption banis give

the solution a lilec colour, and the llguid is less viscous

than selenyl'chloride for a similsr neodymium concentration.
These 1iquid laser solutions are corrosive and hygroscopics

1n 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:Se0C1l,-SnCly, (ref.107)

b) Emission spectrum of Nd:PCC13-SnCl, (ref.122)
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both the solution and the experimenter from harnful effects.,

An arrsngement closely approsching the rod geometry of glass
based lsesers 1s achleved by sealing the ends of a Pyrex or
silica tube vith optical flats of the sane materisl. A side
tube is fused into the main boldy for filling purposes, and

acts ns an exnpansion chamber under f£lach purping conditions,.
I50 mm. long cells of thie construction, vhen filled with the
laser solution, show characteristic laser epiking vith external
cavity mirrors. Threshold pumping energies sre low and output
nulse energles of several Joules are obtained, vith efficiencies
of I (IO&,IIO).

In the abscnce of external nirrore the neodymium selenyl
chloridc laser generates 'whispering nodes' by totel internal
reflecction at the liguid-glass interface, since the liguld
hag a higher refractive index, I.05, than that of the silica
vessel, I.45. The lascr emission emerges over = large solid
angle, and exhibits 1linit cycle behaviour, a large amplitude
modulation vith slowly changing period, vhich extends over
the greater part of the pumping pulse, tyrically several hundred
microscconds 1ong(12u). Lxamples obtained by the vriter using
a I50 mme by 9.5 mm. cylindrical cell with plane parallel
vindows are showvn in Pige 3.2, Very similar behaviour is
obgerved with neodymium glass c¢ladded vith clear zlzss of a ol

" N
lover refractive index(bu), No such behaviour is found with

neodyniua phosphoryl chloride, presunably because its refractive

index of I.h60(125) is close enough to silica to prevent

=50=-



Pig. 3*2 Nd;SeOCl2 limit cycle behaviour
Upper scale 50 |is/am.

Lower scale 0,5 yus/am.



100 yus/cm

0,2 yis/cm

100 ns/cra

Pig. 3,3 NdrPOCl* oscillator spikes
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significant reflection, Fig. 3.3 shovs the normal spiking
operation of a Hd:POClBeSnClu liquid laser solution. :

| A practical problem in thical_pumping qf,liquid lasers
is thermally induced refractive index distortion. Since the
volume coefficient of thermal expansion of nornmal liquids

1s of the order of a hun&red;times.greater thgn tpat ofﬁ
amorphous solids, such as glass, the optical @istortion
resulting from qulte modest pumping.pulses can be severe,

and the subsequent recovery of the initial condition through
removal of heat by convectlon and conduction can take from

I5 to 30 minutes for a cell I0 mm. in diameter (Y10

« 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 reglons of the absorption bands, thus providing L
efflclent excitation, and the cell may be externally cooled

by & circulating liquid coolgnt. By using a coloured solution,
the coolsnt nay 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. internzl dismeter the recovery time willl be of the

order of a few minutes, depending on the pumping energy.

For more rapiq Operation than this allows the laser mediun
itself hust be circulatgd.,With a sufficient reservoir volume
and an external heat exchanger, repetition rates of I pulse
per.second can be achieveq(log).

In rddition to normal spiking and limit cycle btehaviour,

node=-locked operation of the ligquid laser can be obtained



using & saturable dye sdlution(61); A sélf Q=-switching

phenomenon, producing peak povers of several hundred KW,

ie oboerved vhen the osclllator cavity Q is reduced to a

low value by decrecsing the reflective feedback(IBo). This

could be due to a dynamic increase in reflectivity by stimulated
Rayleighi or Lrillouin bDacli-scattering of'the laser light

in the 1icuid meaium(IT0),

=5ljm



CHAPTER 4 ‘ Laser Q=-switching by organic solvents
4.I Introduction

In reviewing optical effects in ligquids (Chanter I)
we have seen how stilmulated back-scattering of light . can
ve eufficlently powerful to g-switch the laser(19), The
back=~scattering grows by stimulated Bfillauin scattering
for examnle, and the liguld becomes a strong reflector for
the incident 11ght(18). Because of the non-linear interaction
between the electromagnetic field and the liquid, the spatial
perlodicity in the field due to the superposition of the
incident and scattered waves produces a snatlally periodic
modulation of refractive index in the liquid vhich may be
observed by diffraction (Bragg reflection) of a second beam
incident at the Bragg sngle390I31sI32) ginyiamy, 90°
scattering occurs vhen two strong opposing waves nf equal

frequencey collide in a non-linear nediun(I33)

« These phenomena
can be described in terms of the four-wave formalism of
Bloembergen(hg) since they involve the interaction of four
electromagnetic waves, twvo incident and tvo scatiered or
diffracted, coupled by the non-linearity of the medium.

The refractive index of the liquid can be altered by
a change in polarisability (the opticsl Kerr effect),
in denéity(éléctrostriction), in extinction coefficient

(satureble absorption), and in temperature (absorbing medium).

Phase gratings formed by refractive index modulatlion through
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one or more of these proces ses are.conveniently obeerved
in liquid samples inserted in the tanai@g vave field present

(132)

in the laser cavitv y Vhere they may 1nitiate or accompany

Q-svitching of the laser(19o40 4I 13?)

+» The phase grating

is spectrally selective due to its periodic structure, and
Lavours the waves creating it. For exemple a lasser resonator
contsining a non-linear mediunm is exjected to be self-tuning
due to the formation of a phase lattice by the stdndinﬂ
wave(13u).

In this Chapter ve discuss the experimental observations
made on a group of organic solvepts which @-svitch the
neodymivm laser, interpreting the results in terms of the
formation of phase gratlings, and consider what physical
processes. are responsible,

Ve begin with the theory of the phase grating, with

perticular rcference to its reflectivity and dynamie behaviour,
L.,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 sqlving laxwell's équaiions for the propagation
of light in a periodic medium, with proper choice of boundary
conditiohs. This‘method is‘apnlied by'IWata; Makqbélahd
Katsube(135) to the study of. Lipﬁman plates formed by standing
light waves in paotogreﬁhic emulsion, vhich produce cosine

squarcd refractive index modulation, However, by msking



one or more apvroximations, some simple snalytical expressions
for the reflectivity may be obtained, Thus, for a standing

wave A cos kz, the refractive index tekes the form(IBM):

+ én 0082

n(z) = ng kz (4e2.1)
vhere n is the modulation amplitude of the refractive index,
The reflectance of the grating is s maximum for a wsve with

the same vave number k @

R =[ni_l5‘,én] 2 | (L.2.2)

vhere 1 is the length of the greting, 2 the vavelength, and
it 1s assumed that R«I.

An alternative expression valid for all values OgR«I,
mz2y be obtained on renlacing the cosine squared modulation
by an equivalent stratified medium of zlternating high snd
low index layers, each % thick. The reflectance for a stack

of N palrs of qu=a rter vave layers 13(136)

[ 2 (La243)
M?N + I |

vhere ﬁ.is the refractive index ratio of adaaceﬁt layers,

}1 = I+adn (ho2olt)
n
¢!

and q~1I is a shape factor accounting for the replacement



ol a cogine squared modulation by a stacks. Substitution of

(he2.4) in (4a243) gives:

0
(@)

R = tanh® (2gq J_i{n) (442.5)

vhere it is qssumed.5n<<1, a condition usually well satisfied
in those liquid:phase,gratings cbscrved experinentally, for
which §a~ 10~7 to 10'5, It can be seen that (Le2.5) meets

the requirencnt for a physically rcal solution because for

1/§:ea3, R = I, In the case R<«<I, the approxinate cxpression:
R = (2q1 §n)? (L.2,6)
A

nay be useds The close similarity with (4.2.2), derived for
the cosine sguared modulation, suggests that thc stack model
is a satisfactory approximation.

The dynemics of a phase grating are determined by
the nature of the optical effecct producing the change én
in refractive index, and the associated reiaxation time,
The importance of any one mechenism is thus dependent on
the cholce ol 1iquid én@ the time.scale of eventse. As the
thermal effect is somewhat'greater and the relaxation time
long compared with the Xerr effect aand electrostriciion in
common'solvents(IBQ),'we discuss it first,

Tor a weakly absorbing medium-in the field of a standing

vave of periodic intensity I, cosa_kz, the steady state



amplitude §T of the induced temperature modulation vith a

spatial period I/2k 18(13&);
ZST =6 ‘"13"2 ("-31?.7)

vhere h is the sverage absorbed nover ner unit volune, 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 symnetry. The corresponding thermal refractive

index modulation:

fn = &7 (,21% ), (442.8)

and the thermal relaxation time T is given by(IBQ):

1 -3 .
% = LX*D (li--c—-g)

vhere D ié the thermal diffusivity. | |

At an inﬁensity of I HW/CmQ, corresponding to a power
of I0 k¥ in a laser filament approximately 1 mnm. in diameter,
and a waveleagth of I micron, ve find 5n-10“6 and «t ~ 30 ns.
for the common organie solvents(F37s138,139) | nor the same
vavelength and light intensity, the corresponding quantities
for the non-linear effects are: I) Kerr effect, §n~10"7 to

10-9 (32,3l,40) ’.c,,m-lo o 10~12 ﬁec‘(1,7,1',14);



2) Tlectrostriction, Sn~10"7 (L6) and T 1077 sec,(I'Ia);

- | e
3) Saturable sbsorption,én~1077 at saturationIH0sIHO)

vhich occurs at 105 to 106

(ILI,Ih2)

T/cn® in certain photo-sensitising
dyes , for vhichr~I10"C to 1071 sec, (95,96,I42)

For veakly abéorbing liguids with = nbh—saturable'
absorption it appears that the thermal effect will be
dominant in the formaiion of a phase grating, but because
of the relatively long thermal relasxation time it is
necegsary to conéiaer the dynemics of the pProcess.

For a plaﬁe stending wave of infinite extent established
in an gbsorbing medium of length small compsred with the -
absorption length and large compared with the wavelength,
the temperature T(z,t) at point z and time t obeys the

thermal diffusion equation(IuB):

K T, +u(z,t) =¢o 22 (4.2.10)
oz 2t

vhere X is the thermel conductivity, c¢ the specific heat,
p the density and u(z,t) the loczl rete of géneration of

hent:

u(z,t) = uo‘f(t) cos” kz (u;z.II)

It is assumed that the function £(t) is slowly varying

compared with the relaxction rate of the molecular absorption

I (ILL)

process, which is typically 1ot! Secf for organic solvents.
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On solving (4.2,I0) for £(t) = I in (4,2,II), and
xtracting that part of'the_éblution relating to the

temaerature nodulation of veriod I/7k:

é§7(t) = _h, (I- e”t/f 7 (Le2,12)
2rk”
vhere v 1e the thermal relaxation time defincd in (4.2.9),
eand h = % Uy o the nean pover ebsorbed per unit volune,
Thus &T(t) asproaches the steady state value given in (4.2.7),
apart fron a geometric factor g relevant to cylindricsal
geometry. The relatlve importance of the thermal refractive
index modulation therefore denemds on the timevscale of _
the problen,
If the stending wave intensity incresses at an
exponentisl rate, then setting £(t) = e®% in (4.2.IT), we

find the solution for the temperature modulation of period 1/2k,

E1(t) =, _on 2t (u.é.IB)
)'mg o

Thus §T increases exponentially vith an emplitude factor

determined by the ratio of the rate of rise of intensity to
| 1L5) | -

the thermal relaxatipn_rate(

L4e3 Fxperimental Results

. The use of shoto-gensitive dye solutions for Q-switching,

and mode~locking lasers involves the introduction of solvents

6=



in the laser cavity. In view of the variety of optical
effects in liqulds 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(20’21), Q—switching(lg’ho'ul),
suppression of spiking(1u7), and cut-off of emission(Ius)
are each observed under aspropriate conditioné with pure
liguids present in the laser cavity. However, each of these
effects requires high intensity, achieved by Qfswitching
the laser or by focusing the light into the cell, or a long
sample(Ius), vhereas the dye cells used for passive Q-switching
and for mode-locking ere normally a few millimetres or a
few centimetres thick ahd are placed in the unfocused bean,
Here we describe the experimental results obtained for a
range of pure solvents introduced in the cavity of a neodymium
glass lsser in a similar arrangement. | B

The experiments were performed with the simple arrangement
of Figure L.I, and consisted of observing the character of
laser emission for eachlliqﬁid placed in the ééll shown.,
The neodymium laser used ﬁas a Schott 1G 56 glass rod I53 mnm,
long and 9.5 mm. diameter, with thé énd faces cut at the
Brewster angle and the cylinder surface 1igh£1y ground, The
laser rod was mounted in a Pyrex wvater Jjacket and optically
punped by two linear xéndn 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 507 reflectance.wége used to v
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form the laser cavity. These vere aligned with 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 vwas monitored with either an
EMI 97I3 B photo-diode and Tektronix 555 oscilloscope
combination for general spiking display or an ITT PLOOO(SI)
planar photo-diode and Tektronix 5I9 travelling wave
oscllloscope 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 vere made at room temperature, 20° to 250 c.
The introduction of a liquid into the neodymium laser
cavity resulted in pulse-sharpening behaviour, atiributed
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 vidth was emitted
during the pumping period, presenting a contrasting appearance
with the normsal laser splkes generated in the absence of
the 1iquid, 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 L.I .
Pulse widths of 20 to 25 ns. FVIlM were occasionally observed
in acetone and methanol, especlally with a longer cell.

This compares with the 300 to 500 ns. FVHM for normal splkes.

- 6).],—



b)

Fig* 4%2

54s/am

Liquid puise shaiq®ening effect
a) Normal spiking

b) 20 mm. cell 1,2~dichloroethane in cavity



t)

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 td 100 kW vere recofdéd; compéred with:IO kW
for the larger laser séikes in the sbsence of the‘liéﬁid
cell, A particulafiy strdng effect is repbrtéd fbr‘the‘ruby
laser when Q-switched ﬁiih i-chlofbnaphthaiehé, which ?foduced
2 Mw, 30 ns."pulses(xu5).' o | |

TABLE LI
VObsefvéd puisé widths fof the néod&ﬁium 1asér'with

different stwitchihg eolvehts. Cell iength'ao ﬁm. |

'Remafks

Vater (aistilléd)'~xoo-2oo"

Liquid " Pulse
: : vidth
Nnse v
Acetone ~ 35-100
Benzene 75=150 ‘
Carbon  300-500 No G-switching
.. disulphide . _ . S
Carbon. , - 200-300 -Feak absorption
tetrachloride '
Chlorobenzene 100
I-chloro~ 70-200
.naphthalene :
‘I,2=-dichloro~ 50-200
ethane |
Glyceroli 150
Methanol | 20-I00 f
Nitrobenzene 200



A1l the common solvents found to Qeswitch the neodymium
lagser 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, NI, OH in the molecule. The resulting
absorption at the laser wavelength, I.06 micron, ranges
from I% to over 307% for 20 mm. path in the various liquids
listed in Table 4,1 (139). Carbon disulphide, a non-hydrogenic
molecule with no absorption at I.06 ﬁicron, produced no
pulse sgharpening; carbon tetrachloride, a hygroscopic ligquid
with a measured absorption of the order of I% in the 20 mm.
sample used in the experiment, gave a small reduction in
pulse wvldth and some increase in peak power, Mixing a small
quantity of an active liquid e.g. acetone with carbon
disulphide also caused a Q-s¥itching effect, showing the
phenomenon to be sensitive to even a slight amount of
absorption.

In addition to the nced for sbsorption it was found
that pulse sharpening only occurred wlth the liquid cell
placed in the standing wave field of the laser cavity.

Vhen the 1ligquid was moved beyond the output mirror, or
placed in a second éavity coupled to the first by a third
aligned mirror, no pulse sharpening resulted. lodulation

at the fundamental cavit& frequency ¢/2L was observed with
the cell near one mirror, changing to the corresponding
harmonics vwhen 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.



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 a 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 caomponent 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 shoveed 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 Mi/cm* for the most intense
filaments. A small reduction in pulse width was also noted
when observing this central region.
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L,4 Discussion

The phenomenon of laser Q-switching by organic solvents
described above can be interpreted 1n terms of the formation
of phase gratingc with the ald of the theory develoneﬁ in
Sece 4.2 above, vhere it was shovn that the induced refractive
index modulation &n is prooortional to the intensity of
the standing wave producing it, and is established 1n a
time of the order of the relaxation tine for the physical
process responsible, Because the thermal modulation 1s
generally greater than_tnose due tq the ppticavierr effect
or electrpstrictiqn for algiven intensity, and begause thév
experiments show that absorbing 11quids.Q—switch the neodyﬁiu;
laser, it is assumed that the effect is due to the deveioPment
of a thermal phase grating during the growth of a. laser
spike, This view is. supported by the experiment of Gires and
Soep(uo), vho Q-switched a neodymium laser_with‘a cuvette
of ethanol at the focus of a lens in the cavity, and observed
no Brillouin components in the emlssion spectrua. However,
the long thermal relaxation tine fo? cqmmoh'solvents,:vjo NSey
means fhat the thermal grating deveioPs fe;atively slovwly
and the modulation amplitude fqrva rgpidly increaéing _
intensity is correspondingiy less than the steady state
value. Further, the refracti#e index is dggisaﬁﬂd_at points
of high field intensity(37) becauae ( )P is negative for

these liquids at room temperature, 20 to 25 %C. This decrease



is opposed by both the optical Kerr effect and electro-
striction, which tend to_increase the refractive index at
high fleld 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 densiﬁy. Thus
electrostriction directly opposes thermal expansion, vhich
tends to decrease the local density.

Vhatever the process lnvolved, the observéd Q=-switching
is assumed to result frdm the dynamic 1increase 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 1nduced reflectivity 1s proportional to the
square of the incident intensity, which leads to a rapldly
incressing cavity Q and the evolufion of a short pulse,

For a I mm, diameter filsment with a power of IO kW
1., an intensity of I Mw/bm?, the thermal refractive index
change 1is -vIO"6 (Secs L4e2)s For a grating 20 mm. long we
£ind from (4.2.2) or (Le2,6) a refiectivity of 0,I to 0.2%,
Already therefore the back reflected intensity is ~1I KW/cm? .
If the Q=~switched pulse grows'equnentially with a rise
time equal to the thermsl relaxation time, the filament

2, about half the maximum observed,

intensity reaches 20 MW/cm
in ~I00 ns. i.e¢ in three e-folding times. Taking an
average absorption O. 05 en -1 (139) and a thermal relaxation
time of 30 ns., we £ind from (u 2,13) JT = 0 0I5 c for

cp=2 J.om~ -3 0¢-1, Now ( )P -5(.10")'L % for most of



these solvents at 20° C.(138), 50 dn = —7.5.10'6, and the
reflectivity of the thermal grating becomes R~VIO%. Therefore
the thermal effect is of sulfficient magnitude at the observed
intensity to increase the cavity Q significantly during

the evolution of the pulse, and ihus énable-thé liquid
medium to produce a pulse sharpening or Q-switching effect.
The electrostrictive increase in refractive index at

6

20 M’-.-'.‘/'cm2 for a non-absorbing liquid is ~I0™", toosmall to

oppose thermal expansion in the absorbing liquid, and the

-6 to_Io’B,'is

increase due to the optical Kerr effect, ~IOC
too small to be significant in most cases (Sec. L4.2), In

the worst case, if these act together the thermal change

in refractive index is reduced by 25%. It is significant

in this context that carbon disulphide produces no Q-switching
effect, Since it hes negligible absorption at the laser

(139) and the largest optical Eerr

wavelength of 1,06 micron
and-elsctroastrictive coefficlents of the solvents testéd(32’
3&,36)' with the possible exception of chloronaphthalene(32),
this negative result suggests that it is the the?mal effecﬁ
vhich induces the observed Q=-switching behaviour in the
absorbing liquidse. |

From (4e2.7) and (4e2.8) the amplitude of the refractive

index modulation due to the: thermal effect is proportional

el iy

K \2T

to o (bn) , vhere o« is the optical absorption coefficient.
P , ‘ |
Table L.2 shows that the Q-switching performance for several

1iquids, expressed as the ratio of the non-Q-switched to the

Q-switched pulse.width, increases with the mégnitude of the
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thermal coefficient. This is consistent with the thermal
phase grating interpretation of the observed Q-switching
behaviour. There are'variations, the performance of acetone
for example is somevhat stronger than predicted, but the

trend 1s cleare.

TABLE 44,2
Comoarison of the thermal coefficients and Q-svitching

performance of several common solvents

Liquid  Thermal Yax. obse . .

decay - (b”)P : pulse
time ns. I sharpening
?|=IQO6/-1 . w XIO :
Methanol Lo - 3.5 - I5
I,2-dichloro- = 29 2 .6
ethane | :
Benzene 30 1,8 . L
Acetone R L2 ‘ | 1.6 805
Carbon 43 o l, 0.2 - I.5
tetrachloride o
Vater 28 ) 0,2 3
Carbon 23 . <0.
disulphide , ,



CHAPTER 5 Influence of dielectric plates on laser

emission
51 Effect of subsidiary resonances in thé cévitj

Y'e have seen in Chapter 2 that the'émiseion of 1déaily
mode-locked and random phase lasers vith the same oscillating
bandwidth 1s not easily distinguisheﬁ by means of intensity
correlation measurements. Furthermore, the noise generated
in the random,phase case has a perlodicity imposed oh it |
equal to the longitudinal mode spacing of thé_cévity, ﬁith’
the result that picosecond duration intensity fluctuationé
caused by 1nterferen¢e of the randon phase mbdesrin broad
band solid state lasers sre emitted at'régular 1ﬁtérvals
2L/c. Thérefofe periodic picosecond pulsé train% can be
| generated mithout mode=-locking, although the cignal to nolse
ratio differs greatly in the two caseﬂ(Ioo) The nrooensity
of a laser of inhomogencous construction tQ maximise emission
and minimise losses by appropriate ordering of phase also
results in modulation of the emission'intensity(IOS’Iou’
105’196). Similarly the frequency}shift>associatéd wifh
stimulated Brillouin back scatterihg of 1aser‘1ight frbm_

a 1iquid in the cavity gives rise to mode interaction and
beats in the emission intensity(17’xg). These fhree examples
serve to show that laser oscillator_emiés;on is commonly

periodic, with a frequency spéctrum’determined by the cavity
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There intensity modulation due to random phase effects
differs from that caused by mode-locking is that the former
is a linear process, vhereas the latter is noh—linear, The
periodicity superimposed on random phase emission comes
from the spatial modulation of the standing Wafe 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 spatiél
modulation imposed by the cavity boundaries, with a spatial
period equal to twice the cavity length. In cohtrast, mode=-
locking involves coupling of the modes through a non-linear
interaction in vhilch mode amplitude and phase are(no 1§nger
independent. Mode interaciions are induced by frecuency loss

modulation(51’59) or spatial inhomogenelity in the cavity(103'

IOG), and the effect is to generate beats between modes at
the difference frequency end thereby frequency modulate
the inversion, with the result that the gain by stimulated
emission is a maximum for certain ﬁhase relations_between
nodes, The phases are therefore aefermined by the generating
condition, and mode~locking ensues;

In addition to the spatial modulation arising froﬁ
the finite length of the cavity further resonances occur . -
in practical laser oscillators. These correspond io various
sub=cavity modulations imposed by the presence of opticeal
elements in the main cavity, such as Q-switching dye cells

or parallel-sided mirrors. Unless every dielectric surface,

excenting one reflecting face on each of the two cavity

75



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
resulte. Snitzer demonstrated this effect by using a thin
filass plate as one of the cavity mirrors for =2 neodymium
glass lager. The emission spectrum consisted of a series
of egqually spaced sharp lines(6h). Similarly,dye mode=~locked
lasers with sub-cavity rcsonances emit multiply periodic
groups ol pulses vhose several periods correspond to the
varlous spatial modulations present(6I’§8’82’9Q’93’9g).
The same is’true of.free running oscillators, although here
the phase relations may alter from spike to spike(Iog).
The gquestion is vhether spatlal and therefore spectral
modulation of the osclllator cavity does more than impose
sgecgral channelling and a charactgristic_frequency on the
eniscsion, whether in fact a static constraint in the form
of a aieléctric plate can induce moae-lockihg through the
non-linearity of the amplifying medium,
’?.A‘phenomenological description of mode-locking in
the presence of sbsorption in the cavity has been given
alrcady for saturable absorption (Sec. 2.4); the phases are
go ordered as to increase intensity fluctuatlions 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 1ncreases

with intensity, the modes tend to oscillate out of phace to

achieve minimum loss, but at the same time they are favoured



by the Intenslty dependent stimulated emlssion process to
oscillate in phase and so0 maximise emission in the laser

medium(106)

« 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 ih‘this
situation, it seems unlikely that. they can be randoq.
Given the nonelinearity of the amplifying mediunm it'iS‘ﬁcre
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(lu9’15o).
Ixperimental 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 glve

the theory for a practical multi-plate laser reflector.
5e¢2 Snectral properties of dielectric plates

The transmittance of a non-absorbing plane parallel-

sided dielectric plate is(I5h)=
T=(I+ 4z° sin2£>)“I ' (5.2,1)
vhere z = _WNp | - {542.2)

I ~-1r
and the phase A= Qm% cos® | (542.3)



Here n is the refractive index, & the internal angle which
each refracted beam makes with the normal to the surface,
A the wavelength of the incident 1light, 4 the thickness of

the plate, and r the reflectance of a single surfacet
2
n -1
r= (351) (5.2.4)

The tranemittance is therefore modulated with the spectral
period '{} = ( 2nd cose)"I, and has a meximum value of unity,

. o 2 : :
g ninimum value Ty, = (I:g) » and a modulation depth

M= (flg:}? o Maximun transmittance occurs for &= pir, where

p is an integei" i.e. when the opticsl path in the plate is

an i“rite'gr‘al numnber of half waveleng'ths;, and minimum transmittance
vhen & = (p+y)TTi.es for an 0dd integral number of quarter
vavelengths. Typical values for a g,lasé plate at normal

incidence are found on setting n = I.5;9= 0, & = I mm.

vhence 2 = OsOlb, T = 343 cm’I, Tﬁin. ='85%, M = I5%,

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 tr‘ansmitted’ ﬁavélengths(l5x).
Similarly, a single plate reflector restricts oscillation
to those wavelengths for which the ‘reflectance is a mé.ximum(éh)
i.es for thoée satisfying the minimum transmittance condition
A= (p+i)ne For n = 1;5,. the peak i'eflectaﬁce of a single

plate is I5%.
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The naximum reflectance of N regulerly srranged plane
parallel plates has been given already (4.2.3), and for
o
air-spaced dielectric plates 15(130):”?

n N ( ')
= {7, 5265
oN | .(nzn N 1) ’ |

Thus for two plates, with n = I.5, R) = 458

Por N randonly apranged 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 0¢ RERyn o
with a mean RZN’ vhich can be found by everaging with respect
to phase over the range - 0</\¢TT. For a total of m surfaces:

the mean reflectance 13(152):

)= B (5.2.6) .

and since m = 2N for N plates,
n -1 |
Ry = (I+ 531%%:—f32 ) (54247)
vhere ve have used (5.2.4) to eliminate r. For n = 1.5,
Rh = IL.3%, which may be compared vith Ru = 45% for the case
of constructive interference. Increasing the number of plates
increases the mean reflectance, which is esymptotic to unity

( for N =), but a lower limiting value than this is set by

the accompanylng increase in surface scattering loss and
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bulk absorntion, For a stack of I3 thin glass plates with
n = I.5 the mean reflectance given by (5.2.7) is R, = 52%.
Such a stack, Which is easily constructed with microscope
cover slips for exemple, could be used as the output mirror
of a laser oscillator, a suggestion first made and successfully
demonstrated by Burch(153). A reflecting stack of this type
in vhich the opticel path varies over the apertiure by several
vavelengths has a reflegtance vhoce mean 1s RQN’ with higher
local values 1in those regions vhere the arrangecment of surfaces
more nesrly adproaches the condition Por constructive
interference, The beanm generated by a laser with a3 random
stack cavity mirror has an irregulsr filsmentary structure
due to this random varliation 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. 7

The requirement that the peak reflectance of each plate
in the stack fell within the same spectral band ol the plate
modulation places a stringent limit on allowed random
variations in thickness about the condition'for constructive
interference., This may be shéwn as follow§=

For normal incidence, the condition for peak reflectance

of a single plate iss
ond = (p+%)2p (5.2.8)
vhere p 1s an integer and ) p the wavelength. Increasing p

=80=



to p+I, and taking the difference in vavelength, we £ind the

modulation perioa
M= 2y (5.2.9)
A .
for p»I, Similarly, the chaﬁge of vavelength §) necessery

to satiefy the peak reflectance condition (5.2.8) on a emall

- change dd of plate thickness is:

§A=2nfa © (5.2.10)
‘ p = * . \ o
egain for p»I. Ve require {A¢4A, whence from (5.2.9) and
(542.I0), 2nd eliminating p by means of (5.2.8), - '
Cdac A (sa2.I1)
Tor n =1I;5, Jd;<%ﬁ. Since this condition is unlikely to
be met in a stack of thin glass plates; the random phase

caleulation for the mean reflectance of the stack suffices.

1

5.3 Self-modulation With'multiple plates

Thc,observation of 1ntensity modulation due to beats
between cavity modes in the free running laser and the
creation of subegidiary resonsnces by the introduction of
dielectric elements in the cavity have been discussed;'fhe-

' modulation emplitude is increased by restricting the number
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of osecillating modes(15o). in experinental study of intensity
modulation of the neodymiun laser with glass plates revesals

a dependence of modulatlion amnlitude on spectral period,
nunber of plates, and surface reflectivity. This will now

be described.

Experiments vere performed with the neodymium glass
laser described earlier (Sec. Le3) operated in a cavity
deflined by a pair of thin film multi-layer dielectriec mirrors,
with surfaces flat to 0.,I of the wavelength. The cavity length
vas varlable over the range 0.5 to I.7 metre, and observations
vere made with verious plates inserted in the cavity, or
with one mirror replaced by a random stack reflector(153).

The enission vas recorded simultaneously by an TMI 97I3B
nhoto=diode and Tektronix 555 oscllloscone combination for
monitoring the overall spiking, and a fast ITT FLOOO SI
nhoto-diode and Tektronix 5I9 oscilloscope combination for
observing the intensity modulation on individual spikes.

It was found that I00% modulation at the fundamental
cavity frequency c¢/2L was imposed on the emission of the
laser vhen using a stack reflector consisting of elght I mm.
thick Qlass microscooe slidess For s I.5 metre cavity this
frecuency is I00 Hilz. Fige 5.1 shows three examnles of such
modulation observed on successive laser shots, Replacing
| the stack mirror with a thin film dlelectric mirror reduced
the modulation to the range IO to 20{, this residual smount
presumably arising from self-modulation within the active

medium, as described earlier, Pulses with similar envelopes
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200 ns/cm.

Fig, 5,1 Pulse modulation with multi-plate stack mirror

8x1 mm, glass slides
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ere compared in Flge. 5.2 o Examination of single modulated
vaveforms gencrated 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 vidth to spacing ratio of ~0.I requires
the simultaneous osclllation of at least I0 adjacent longitudinal
cavity nodes, dor reiniom phases the peak fluctuation intensity
i1s expected to be approximately 1n I0 (Gcce 245) ieee & ratio
of peak intensity to background of sporoximately 2.3: 1 (IOO).
The observed ratios lie in the range 3:I to 5:I, corresponding
to 20 to 150 e3 to e” ) modes in the random phase case,
and recuiring pulse widthe less than the instrusent limited
vidth of 0.7 nee for the cavity length used ( L = I.7 netre,
2L/c = 11.3 nse. ). However, the recorded pulse widths of
aporoxinately I ns, exceeded this liniting wvalue, and the
cbservations suggest that partial mode-locking may have occurred
in these cases,

Beats at the fundesmental cavity freguency ¢/2L vere
also observed with a single glass plate inserted in a cavity
formed between two wedged thin film malti-leyer dielectric
mirrors (Fige 542) o This vas true for mininun self-modulating
configurations, with the laser rod at the centre of the
cavity(IOS’IOu), or for short cavit& lengths(155’156). A series
of observations vere made for various plates inserted in the
cavity, noting the average depth‘of the intensity modulation
g3 a function of their number and thickness ( recorded es

ecuivalent spectral period). The results are ehown 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 d) Wedged dielectric mirrors
20 ns/cm. 20 ns/cm.
W WVA w ' A A '
[K\V'A %V\NAV \AV \ajif*» Av \
WAS LA W ST WESW T Vsl TASTA A

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

Pig. 5.2 Comparison of self-modulated waveforms
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vhence 1t ie concluded that the modulation amplitude increases
vith the number of plates, and that those producing the
greatest modulation have a spectral perlod in the range I to

I

20 en”—, comparable with the homogeneous linewidth of o 20 em™T

reported for neodymiun glass(6h’157), vithin the overall

inhiomogencously broadened bandwidth of 300 cm'I.

TABLE 5.1

Intensity modulation observed with dielectric plates

inserted in the neodymium laser cavity

Llement Thickness Spectral Nunmber Hean Remarks
period of obs.
cm"I elements intensity - ;
modulation
Pellicle 6 s, 600 . ¢ 23% On higher
(cellophane) power
~ : L : pulses
Cover slip 0.I5 mm. 22 I 25‘;;
(glass) P .o L L&
Microscope I mme 343 I 335
glide .o X} 2 39,:.?
(glass) . s X L 60‘,: :
Schott 2 nme  Ia7 I 395 . giﬁnsmission
RG I000 e
glass . \ ‘ )
Pabry- 100 tme © Qe05 I I5¢% Uncoated
Perot vedged silieca
etalon A : : "+ - plates

Experimental evidence for the influence of transmission

loss moduiafion on the intensity modulation was obtainedABy
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inclinine a set of L4 glass slides 2t angles ranging from
normal incidence to the Lrewster angle, The observed intensity
modulation veried accordingly, from the tabulated value for
normal incidence to zero at the Brewster angle, vhere the
reflectivity and therefore the transmission nodulation of

the polerised laser bean venlish.

Althoughi the observed modulation with 2 few plates in
the cavity mey be consistent tith the random phsce interpretaﬁiggz
1t appears that the larger Qumber of plates and their random
arrangemncnt in the multi-plate stack‘reflector does induce
soize mode-locking between those modes generated in such a
cavity, in accordance with the 1dess referred to earlier(105’106).

Tnally it may be remarked that the modulation cobserved
on 1licuid Qe-switched pulses (Sec, L4.3) arises from the
presence.of the 1liquid cell in the cavity, since the windows
conatitute a palr of dielectric plateé. Removal of the liquid,
leaving a dry cell, increases the intehsity modulation because
the interface reflectivity is increassed, and tilting the ¥
cell at the Lrewster angle removes the modulation. Thus a

1iquid cell orientated at this angle produces neaerly modulation-

free Qésmitched pulses.

5.4  Operating characteristics of the laser with random

stack nirror

The observation of I00Q7 intensity modulated nulses

genefated by a laser vith a rcflector conéisting of a staﬁk



of randomly arranged dlelectric plates has been described in
the nrevious section. Here we consider furither asnects of the
randon stack laser resonator.

In the free running case, the laser emits a series of
random eplkes bezaring the intensity mofulation discussed,
their number and average sevsration denending on the pumping
and the cavity length. In a short cavity the number of spikes
s0 increasces due to the high mean reflectivity and random
structure of the multi-plate reflector, that quasi-continuous
emlssion is cbserved. An example of thie is showvn in Fige 5.3
for a 330 mm. cavity ( of which 230 mm. constituted the
ontical path in the laser rod); the emission obtained with
the stack reflector is compared vwith that observed for a
thin film multi-layer dielectric mirror, This effect can be
erplalned in terms of the high mode degeneracy(158) of the
short cavity with stack reflector, with the noise level
arising from the poor optical quslity of the latter, much
as Berrzing et al.(I59) found for poorer guality lsser rods
in a quasi-continuous eysten,

In the case of a dye mode~locked oscillator, the multi-
plate steck mirror offers the. advantege of improved damage
resistence to the high intra-cavity light intensity(leo).
However, the spectral modulation and mode selection effects
of the nlates produce pulse broadening(eo). For example, with
a stack reflecctor consisting of I3 cover slips each 0.I5 mm,.
thick the pulse widths inferred from tvo-photon fluorescence

(TPF) intensity correlation mcacurenments (Sec. 2.3) were



a)

b)

Upper 100 yus/cra

Lower 1yus/cm

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

stack mirror
a) 8x1 mm, stack

b) 50" reflectance wedged dielectric mirror
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b)

Fig,

5.4

a)

b)

Upper 10 ns/cm

Lower 2 ns/cm

Dye mode-locked laser with random stack
mirror

Mode-locked pulse train

Beam pattern on target distant 0,75 m.

Aperture 5 «@m diam. 4 successive shots
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20 to 50 psecs. for the necodymium glass lascr. Ho such pulse
broadening is reported for the ruby leser with sinilar

reflector(lbo)

sy hor is expected, since the soectral modulation
period of the plates used is é.pproximately 20 cm‘I, almost

an order of magnitude leorger than the ruby emission linewidth.
Fige 5.4 shovws the instrument limited pulses obtained with

the mode-locked neodymium laser with stack reflector, and

the irrecular intensity distribution in the laser beam, vhich

changes vith succegsive firings.

Compaerison of the laser beam divergence with the stack
reflector and with a thin filn multi—iayer dielectric mirror
gave similer results for toth the mode-locked end free running
(random s»niking) ceses, provided the variation of plate
inclination in the stack was less than the divergence observed
with the thin film mirror, wvhich amounted to I.3 milli-radisn
for the free-running neodymium lasere.

Thus in some cases a simnly constructed stack reflector,.
vith its higher damage thresheld and lower cost, may be used

in a leser system in place of the conventionsl ontically

flat dlelectric mirror,
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CHAPYTER 6 Lxperimental study of a liquid laser amplifier
6.1 Design and coastruction

The potential of the ncodymiwn liguld laser as an
an amplifier for short optical pulses has already bveen
remnarked (Chapter 3). Briefly, it has a greater stimulated
emission cross-section than neodymiua glacs, a conparable
spectral bandwidth, and can be prepared with 2 einmilar
concentration of neodymiunm ions., The perfornance of a neodymium
phosphoryl chloride 1liqguid laser amplifier is described
belov (Sec. 643)s Here vwe discuss ite design and construction.

The cell is shown in Plge. 6,I . It conesists of a thick=
walleé silica tube, 153>mm. long and 8.5 mm. bore, terminsted
by optlically flat vwindows which were attached by careful
contacting and subsequent fusion of the mated surfaces, In
contrast to the selenyl chloride laser, no self-oscillstion
occurs with neodymium phosphoryl chloride soluticn ontically
pumped in this configuration because of the near refractive
ihdex match with fused silica (Sec. 343)s Since the refractive
indices are I.460 and I.4495 for pure phosphoryl chloride(125)

and fused silica(161)

respectively,‘the reflection coefficient
for normal incidence at the interface is ﬂ/IO-So That for

the silica/air boundary at the outer face of each cell window
is 3.4, requiring a single pass gain G = 30 for self™
osciliation, a high value not rcalised with the experinental

system. For longer ceils at high excitatlion 1t would be
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necessary to use tilted exit faces to avoid possible self-
oscillation, preferably oriented at the Brewster angle to
avoid reflection losses,

The cell 1s filled through the side tube attached near
one end and closed by means of a cone and socket joint With-
a Teflon (PIFE) seal. A steady pressure is mzintained by |
the springs attached to gless hooks on the tube and stopper.
The alr space left in the neck of the side tube after filling,
and the further space in the hollow stopper, allow for
thermal expansion of the solution and dissipetion of the
nump-induced shock wave. The springs provide a safety valve
in the event of too great an over-nressure being generated,
This design allows for flexibility, in that it is relatiﬁely
easy to emrty and re-fill with fresh solution, and yet is
adequately sealed for use over a period of a few months.

Having evolved a sultsble cell design, the next problem
ves to excite the laser medium efficiently, end with a
minimum of optical distortion. Because the thermal expansion
coefficient for ligquids is of the order of I00 times thsat
for solids, the refractive index distortion in the optically
pumned liguld laser 1s correspondingly greater (Chapter 3).
The temperature coefficient of refractive index for common
liguids (Sec. L.4) i.ss-'v--S.IO""4 °C'I, so for a column I50 mm.,
long the change in optical path due to a temnerature rise
of 0.,0I C.deg. is of the order of a wavelength (for ﬁ:vlipm.).

Now microscopic random fluctuations of temperature in a 1ligquid
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merely pive rise to scattering losses (Chapter I), but a
temperature variation of this magnitude on a macroscopie
scale, such as a radial distribution resulting from non-
uniform pumping, csuses sufficlent refraction to distort the
team provagating in a liquid amplifier of the given dimension.
In the ideal case cf circular syrmetry and a mcnotonic
temperature distritution this nroduces a2 lens effect of
either positive or negative nower, depending on vhether the
azisl temperature is lover or higher than thst at the
circumference. In a practical system nerfect circular symmetry
is unlikely to be achieved znd a distorting lens effect
results, vhich produces an 1irrecgular intensity distribution
in the transmitted beam.

The chosen cell désign is ecuivalent in eross-section

(64,162) vhen filled with the solutilon,

to a cladded lsser rod
in thet it consists of an optically sbsorbing medium of
circular cross-scecction 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 pumping intensity can be ontimised with
respect to minimum thermal disteortion and uniform gain
?rofile(163). Tor an isotroplc intensity distribution of

pump light incident at the outer surface of the composite
cylinder, the ratio of the redii should be equal to the

refractive index of the medium(152t16“), The optimum ebsorption

is dependent}on the detalled absorption spectrum, and the



actual absorstlion may depart ffom the ontimum vecause 6f
practical coastralnts on the diameter of the amplifier and

on tiic concentration of the laser solution. An optinmunm
neodymiun concentration, with respect to fluorescent efficiency,
0f 0,3 molar 1s reported for selenyl chloride(IIO),
corresponding to a qqoted nast ion concentration I.8 .1020
cm'j. The neoldymiun phospiioryl cihnloride-tin tetrachloride
solutions ( Nd:POCIB-SnOlu) used in the amplifier experiments
were prepercd with na3* ion coucentrations in the range

Oe7 10 I40 & 1020 cu™ 1.ce 0.35 to 0.5 normal, the latter
being a saturated solution.

A practical approach to the provlem of achieving an
isotropic inteasity distribution for uniform pumping 1s to
use & helicel dischazrge lamp closely surrounding the cylindrical
laser cell, with an externsl diffuse reflecting cylinder

o (T64)

surrounding the law o This method has two limitations:

first, the large _radiétion volume leads to a low excitation
efficiency; cecond, the pulse discharge time of helical lamps
is inherently long, leading to excessive heating and consequent

distortion of the laser solutione’ ... .

..< 4, Since the
radiastive lifetime of the metastable Nd3+ ion is of the order
of I00 ps. in solution (Chepter 3), it is desirable to pump
on this tinme scale, Pulse duratioans of this order are more
easlly eschieved vith linear flashlamps; further, the pumping
volume is éigni’ficantly less than that assoclated with helical
lampé. The problem of isotropy in the pumping intensity

reasserts 1tself howvever, and has only been successfully



overcome by mounting both lamp and laser end to end on the
axls of a rotationally symmetric reflector(16“’165). This
arrangement limits access to one end of'the laser only, and
is more suited to small oscillator zwplications,. Returning
| to the conventional parsllel srrangement of lamp‘and laser,
since the use of a single lamp prodﬁées acyumetric pumping
and a thermal vedge effect, it is necessary to use sevéral
lamns syﬁmetrically disposed to achieve better uniformity.,

% s Vhere D and 4 are respectively

The optimum number is N 2
the anparent dlameters of the laser rod and the luminous
column in the iamp, allowing for refractive index immersion
effects(l66). For the cell shown in Fig. 6,I, D = I2.4 mm.,
and the internal diameter of the flashlamn 4 = 9.5 mm.,
vhence g = T+3, and the next larggr.intéger is N 372.'
Théréfore two linear xenon lamps were u#éd for pumping the
liquid laser. These vwere placéd symmetrically on either side
of the cell, and a polished silver sheet was wraoped-closely
round the acsemblj to Urovide good optical counling in a
symmetric afocal»érranbement(l 4). This geometry combined
reaeonﬁbly uniform pumding‘with’a short pump pulse duration.

| A final consideration relevant to minimising optical
distortion of the 1aser medium is ‘the need for filtering the
.pump 1ight such that only that portion of the lamp spectrum
correspondihg to the neodymium absorption bands is incident
on the liquid. As pure phosphoryl chloride is colourless,

the’striking 1ilac colour of the neodymium solution is

entirely due to the Nd3+ ion absorption bands, and so only
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Pig, 6.2 Liquid laser assembly



the ultra=-violet and blue regions of the snectrun () < 6J4}mu)
necd be filtered out, since it is here that the peak lamp
brightness occcurs and thus induces excessive heating of

the liquid. Tubular filters of Zyrex or uranyl glass were

used for the Hurnose, provision being made to it them either
over the larips or thevliquid cell, The liquid laser assexbly

is shorvn in Mlge 542
6,2 Behaviour o ncodiymium oscillators
Go2.I HNeod;mium nhosphoryl chloricde.laser

prior to the aiplifier experiments, come observations
vere nede on the behaviour of the ncodymium liguid laser
oscillator. Information vas cbtained on bveam divergence and
intengity distribution, the msximum evaileble gzin, end pump
induced Gistortion of the laser medium. In addition, the
efficlency of various neolymlum solutions was compared as
a guide to selection for the liguid smplifier experiments,.

Pige Go3 shows some typical intensity distributions.
In a) the beam was photographed through four neutral density
quadrants to obtasin a measure of the divergence, which
amounted to asproximately 6 milli-radians full angle between
half pover 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 ¢). Several small

filaments of 0.5 to I mm, diameter were observed in the near



Pig. 6.3 Nd:POCl” oscillator beam patterns

a) Divergence
d 13 X 0,15 mm. stack reflector

c) As b).
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field vhen using thin f£ila multi-lsyer dielectric cavity
mirrors and uranyl glass flashlamp filters,

Optic2l distortion of the liquid after pumnping was
displayed by nascing the beam of a heliume-neon gas laser
through the leser cell, as in ref, 110, and observing the
flere patterns on a white cerd a few metres distant, In
this way the efficacy of the ontical filtering of the pump
lirht could be exemined,and the use of the uranyl glass
Tilters vas found to greatly reduce the distortion, Pump-
induced refractive index variations within the liquid in
the range I to 5.10'5, depending on the filtering arrangements,
vere inferred from the steady deflection of the beaﬁ after
firinge. Thus the maxigpum radial température variation
resched curing the pumping pulse was £ 0.I °C,,and the
veriation of optical path amounted to several wavelengths
across the aperture. If the laser was fired sgain before
the recovery of thermal equilibrium, the beam pattern
obiained closely resenmbled the flare pattern seen with the
hellum~neon laser, showing that refractive inder distortion
largely determined the intensity distribution of the genérated
beam, as in the case of the ruby laser(1672

The maximum small signal gain attainsble was readily
deternined by reducing the reflectivity of the oscillator
cavity mirrors until lacer thresholdicoincided with the
maeximun evailable pumping intensity. For a O0.LLN solution

of Nd:POC1 —SnClA:pumped in the arrangement shown in Fig. 6.2,

3
laser spiking was observed using an cxternal gold mirror
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aligned vith the exit face of the vindow at the far end of
the cell, the ¥Fresnel reflection from the windovw providing
eufticlent feedback for oscillation at the naximum pumping
energy of I kilojoule, using unfiltered pumplirht. The

-

duration off the pumping pulse was 300 Jeo and the time to
neelt iIntenelty IOO‘ps., at vhich point the first spnikes

wpncareds For a reflectivity of 3.0 (Secs 6.I) the cccurrence

o

of self-oscillation indicsted a single pass small signal

A7

gain G = 5.4, assuming a reflectance of unity for the gold

nirrore. Since the cell length was I53 mm., the measured gain

It Por

required an exponential rain coefficient of 0.II em™
a stimulated emission cross-section of 10717 en® (123);vand
a NA ion concentration of C.8 I'.')I9~-cm"3 (oeLLiW), this
correcsponds to an inversion of I%3, V.ith the tubulzr filters
fitted over the flashlamps the naximua gain ves reduced,
presunably due to the increased reflection losses at the

extra glass surfaces, and probably some absorption loss in

the case ol uranyl glass.
64242 liode-~locked neodymium glass lsser

A mode-locked neodymium glass oscillator was constructed
to provide a signal éoufce for the liquid amplifier. The
laser head, described earlier (Sec. 4.3), contained a watérﬁ
Jacketed laser rod and & palr of linear'xenon flashtubes,
The‘pumpihg geometry closely resenbled that used for thev

liguid amblifier, vith the Pyrex Watér;jacket pfoviding a .
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conbine’ refracting sheath znd vltra-violet filter for the

nerecy

£

i

lacer rod, vhich had a 1ightly ground surfeoce to
Giffuvse the puwaping light. Under >ulscd (rendom spiking)
opcration, & unifern vrar field intensity cistritution wvas
cbtained vith this reonetrys. In viev of the nmultiplie pulsing
cflecls ceused by introducing subsidiasry resonsnces in the
cillistor crvity (Cheoter 5), core vees trken to emnloy Brewster
engle orientation ol diclectric rurfaces for mode-locked
operation, “he nede=locking dye cell vog constructed from
tvo eilica discs with a I nme epacer, snd filled through a
small opening with Lastmen G660 dye solution conveniently
dispensed from a hysedermic syringe. liard dielectric coatings
vere used on the cavity wmirrore to reduce the damapge caused
by the high light intensities generated by mede~locking, and
the exterior face of esch mirror vas veired vith respect to

Y

the reflecting Lfzce to avoi

-

d spectrsl channelling effects(79).
The dye cell, oriented at the Prewster sngle in its swvivel
nount, vas placed neer the non-transnitting nirror, and a
5 imme dlameter circulsr aperture near the output mirrcr, The
pursgose of the aperture wss to linit the diasmeter snd divergence
of the beanm by incressing the loss for non-axial modes. A
sketch of the oscillator is included in Pige. 6.7

A typical pulse train emitted by the mode~locked leser
is shovan in Wige G.4a o The pulee spacing corresponds to the
cavity rouad trip time 2L/c. The enission was monitored with
a fast planar photo-diode (ITT FLOOO) 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



Tektronix 519 oscilloscope(léa)

The small after nulses reflect
the electrical regnonse of the sy em(7T). The beam divergence
vias approxinately I milli-radian for a punping energy of

I.2 xllojoule and »uwap nulse duration 700 JSe Vith cavity
mirrors of 99,5 and 507 reflectance respectively, and a 0,95
metre cavity length, single nicosecond pulses vere obtained,
spaced at the double cavity transit tine of 6.3 ns. Auto-
correlation (Sec. 243) was perioraed by reflecting the pulses
at the surface of a mirror immersed in rhodanmine dye solution,

and the intensity ratio estimated by covering part of the

J

field with a neutral density filter o3 2/, Pulse vidths~5 DPSe
and ccntrast ratios ~2 were observed. Zeplacing the wedged
laser outout mirror vith a parallel sided one pnroduced
additional p»ulses separated by the optical thickness of the
element, and sctting the mode=locking dye cell normal to
the beam had a similar result, with pulses spaced only I to 2
mme apart. Ezxamples of these t"o-)hoton correlation natterns
are shown in Fig.» 6.4, ‘Hore precise measurements of pulse
duration and coatrast ratio obtained for both oscillator and
amplifier by microdensitometry sre Gescribed in Sece 643
Because of the high instantaneous inteénsity of picosecond
pulses.gencrated by the mode=locked laser several higher
order rulti-photon experiments are possible, in éddition t6
the two-photon fluorescence measurements just described. Such .
observationslalso serve as' a check 6h the nature of the laser
emission, that it is truly mode-locked and not random phésé,
since the yileld of a k~th order process is depeﬁaent on the

k-th power of the incident 1ntensity, and therefo e the
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discrimination hecomes increasingly sensitive as the order
K is increased.
Mire OeHa shows intense scattered third harmonic light
generated by focusiang the mode-locked laser besm in a stack
off Tused sllica QiScS(65), using a 250 mim. focal length lens.
A checz on the wavelength and intensity of the incident light
wvee nrovided by first vassing the Lesm throuch a veak rhodamine
6G dye solution, vhere it produced tvo-shoton fluorescence,
and a Gchott RC I000 infra-red filter, The ecattered light
was nhotogzranhed through a ¥Yratten ICA filter (transmission
band Ce3 to 0.4 micron) on blue-sensitive f£ilm (Polaroid 4ID),
indicating an approximate wavelength of 0,35 niercn, consistent
with it being the third harmonic of the incident light (3= I.06u)
Pige ©e5b shows the luminosity genersted in 2 50 mm.
cell of I-chloronsphithalene at the focus of a I metre focal
length lens, Using a combination of Vratten filtere ( Nos, 8
and I8A) it vas found that the maximum luminosity occurred at
a vavelength near O.hup4, %ith none beyond O.hé‘p. and fainter
emission in the 0435 P region., This blue enission is
presunsbly identiesl with that generated by tvo-photon
absorption of ruby laser light in chloronaphthalene(169’I70).
Thin filaments ~ 50 nicrons in dismeter and extending for a
few tens of millimetres in the luminous channel were frequently
observed (i*ig. 6.5¢c), indicating self-trapping of the incident
picosecond pulsed laser beamgaa’ug) The stabllity of the
filaments showed that the blue luminosity »rotably resulted

from three~photon fluorescence, rather than by electric

breakdown of the liguid in the strong light field.,



Figo 6,3

a)
b)

c)

Multi-photon effects observed with a mode-locked

Ndiglass laser

TPP in rhodamine and third harmonie in silica
Blue fluorescence in l-chloronaphthalene (CINP)
Filamentary structure of fluorescence in CIAIP ;

dark space: yellov/ filter - V/ratten No, 8
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6.3 Liquid laser amplification of picosecond pulses

The inorganic liguid laser has several physical features
vhich mazke 1t an attractive proposition as a high powver
amplifier, but 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 bands of neodymium glass and
neodymium phosphoryl chloride are not coincident (Fig. 6.6),
so that the gain of a hybrid system could fall short of the
theoretical maximum. Hovever, a neodymium selenyl chloride
laser has been successfully used in this way(I7I), and the
broad overlap of the emission bands indicates the potentisal
of the liquid laser for amplifying short optical pulses to
the limiting duration seﬁ 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. I.6),
the logical method of spproach is to examine the performance
of the smplifier in‘conjunction with a mode~locked neodymium
glass oscillator as the signal source, Using this method, the
gain and saturation of a liquid amplifier vere measured and
compared with 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 liguid at intensities in the region of 107 W.cm’z,
the pulse width, energy and peak pover of the amplified pulses,
and the physiéal behaviour of the laser solutions. Note vas

taken of any reversible or irreversible changes (Seg. 6.14),
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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 simultancously recording the second order intensity
correlation function (Secs 2.3) of the amplified pulses is
shovn in Fig. 6.7 .

The procedure for setting up the experiment was as
followss first the optic axis was defined by directing the
beam from a I mW helium-ncon laser through a pair of pin-holes
PI, P2 set at opposite ends of the optical system; all optical
components wvere subsequently cehtred on this axis. Reflections
. of the gas laser beam vwere then used to align the system; the
osclllator mirrors vere set pgrallel to one snother and normal
to the optic axis by passing the reflected beam back through
PI and observing the images on an optical target aphrroximately
5 metres distant. The mode-=locking dye cell was set at the |
Brewster angle by rotating it to the position at vhich the
reflected image of the polarised beam vanished, This vas made
quite sensitive by viewing the reflection on a vhite card. The
error in setting the sllica cell at the Brewster angle for
0.6328 nmicron vavelength instead of I.06 micron (the neodymium

wavelength) is 2,6 mrad.(IGI)

s Vell within the accuracy of the
method. A 5 nm, diameter aperture AI wes used to 1limit the
oscillator beam divergence and dlameter for transmission through
the liquid amplifier. A similar aperture A2 defined the bean
width at the TPF dye cell DC2, Sharp cut-off filters FI and »
F2, transmitting‘for N> 0.8 P and A I Jte 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 I000,
also acted as beam splitter for the monitoring photo-diode
PDI. Two further beam splitters allowed 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
measurenent of the intrinsic gaine. All optical surfaces nominally
perpendicular to the incldent laser beam, such as the amplifier
windows, the filter FI, the‘TPF dye cell DC2 and the mirror M3,
vere carefully misalligned by the angles necessary to prevent
reflectlive feedback into the oscillator cavity and consequent
disruption of mode-locking. That this was important was shovn
by deliberately reflecting back a fraction I.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.

vith all components correctly adjusted the system was
fired and the signals recorded., Since the amplifier pump pulse
duration vas shorter than that of the oscillator (Secs. 6.2,I
end 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 Psa The signal gain was found
from the ratio of the pulse heights of the input and output
sipgnals monitored by an ITT FLOOQ fast photo-diode in the
impedance matched mounting described earlier (Sec. 6.2,2), and

displayed on a Tektronix 5I9 oscilloscope, The optical delay
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resulting from the extra distance travelled by the amplified
pulses, about I.3 m., made it possible to display corresponding
palrs 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
preater than half the pulse repetition period 2L/c. Examples
of amplified pulse trains are shown in Pig. 6.8 .
Care was taken in obtaining these measurements with the
setting of the tvo beam splitters and the illumination of
the photo~diode. A vhite PTFE disc, 3 mm. thick, was mounted
at the entrance window to diffuse the incident light over the
photo=cathdode area and compensate for variationg 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 incldence sufficiently small( Appendix III ),
Since the instrument limited width of the recorded
pulses, approximately 0.7 ns. (Figs 5.4), vas much greater
than the actual width of the optical pulses, the observed
pulse height ratlos define the energy gain of the amplifier
under the experimental conditions. The meximum gain observed
was 3.2, achieved using unfiltered pump light at an input energy
of'I kilojoule, the same conditions under vhich a self-
oscillation (threshold) gain of 5.4 was observed previously

(Sece 6424I)e Assuming an identical inversion and exponential
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Pig,

10 ns/cm

6,8 Liquid laser angjlification of mode-locked

pulse trains
a) AngDlified pulse train

b) Passive transmission

-114-



gain in both cases, the corresponding gain coefficients are
0.076 and 0.II en"! respectively, which imolies an amplifying
efficiency for the mode=locked oscillétor pulses of 70%. This
can be attributed to tvo factors: spectral mis-match (Fig. 6.6),
and partial galn saturation, Comparison With a neodymiunm glass
amplifier (Owens-Illinois ED=2) of similar dimensions shoved
the 1licuid to have a 30 to LO¥% greater intrinsic gain coefficient
for the same excitation.

| Gain saturation of the liquid amplifier, representing
the transition from exhonential small signai gain to linesar
large slgnal gain at sufficient intensity’and pulse energy,
caused the amplification of succeeding pulses in the train to
decrease., Messurements of this vere made for a range of initial
values of the gain. Examples are shovn in Fig. 6.9 . rom a
nearly constant value observed for the first few low energy
input pulses i.e. the initial small signsl gain, the gain is
rapidly denleted by the more intense pulses occurring later in
the train, and finally approaches a lo%er limit as the end of
the pulse train leg reached 1.e. the final sﬁall signal gain
provided by the remaining inversion. Calorineter measurements
showed the onset of saturation to occur for pulse energy density
in the region of 25 nJecm™2,

For the TPF intensity correlation measurements a
parallel-sided output mirror M2 vas used on the oscillator to
produce repetitive pulsing (Secs 5.I) and facilitate cross-
¢orre1ation of the pulses emitted. This epproach overcame the

difficulty of achileving meaningful records wlth auto-correlation

in the case where the pulse was made to overlap with itself
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at the surface of an irmersed mirror (Fig. 6.4), and avoided

the long optical paths and isolation probvlem associated with

the pulse colligion method involving a triangulsr configuratio£792
TPF intensity profiles vere obtalned, and the amplifier galn
recorded simultaneously, using the arrangement shown earlier
(Fige 6.7)+ The pulses were crossed in a 20 mm. cell of
rhodamine 6G in acetone, énd the resulting fluorescence intensity
profile veas ﬂhotographed on Ilford HPY £ilm, using a 75 mm,
Zelss Blotar lens at f/2 8 « The £ilm was subsequently developed
in Microphen or Promicrol. A neutral den%it; strip filter,
calibrated 1n the wavelength range of the fluorescence, vas
arranfed 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 trall photographed on
eithér éide(63). Pige 6,10 shows tﬁe calibrated TPF intensity
profile obtalned by microdensitonetry of the’photographic
negative, The profile is symmetric, a property of the second
order ¢orrelation function, and therefore only the pulse
duration and not the pulse shgpe can be inferred from it(BI).
The céntrast ratio in this example 1s I.9 and the pulse width

5 psec, Thls result is typicai; records obtained with the
osclllator em;ssion alone, and vhen amplified by the liquid
laser, ylelded coﬁtrast ratios in the range I.6 to 2,0 and
pulse widths of 3 to 6 pséc. Mo apparent pulse shortening wvas
observed for amplifier gains between I.2 and 2. The narrow pesk

3 (73), reported

(62, 63)

epproaching the theoretical contrast ratio of
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 (62,63) is comparable vith the
grain noise of approximately 50 microns found in the vrlter s
exoerimcntal records, and it 1s likely that the spike was not
resolved. Vhat can be deduced vithout ambiguity from the TPF
records 1s that the in>ut to the ligquid amplifier consisted
of bursts of light of 3 to 6 picoseconds duration, and that
these vere then amplified by the observed amount and emerged
with a similar duration; |

lleasurements vere aleo made of the iotal laser emieeion
encrgy as a basls for inferfing the energy snd intensity of
individual picoseeond pﬁlses and relating these to the 1e§els
required fof non~linesr effects. The emergent laser beem was
intercepted by a simple cone calorimeter (Laser Associates)
and the absorbed energy recorded. At the same time the emission
vas monifored by the tvwo photo-diodes PDI and PD2 (Fig. 6.?),
an EMI 97I3B and an ITT‘FHOOO respectively, to ensure thei
no subsidiary pulses were emitted, and the measured energy
referredkto one mode-locked pulse frein only. A series.of such
records vere obtained both:with and vithout amplification to
cheek fer consistency. With seme,confidence that measurements
meeting these requirementslrepreeented ﬁhe total energy of a
train ef éicosecond pﬁlses, it was then necessary to determine
their number. A lover 1imit vas obtained from the oscilloscope
record (Fig. 6.4), and usuallj‘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 shoved only one such short burst per cavity round triu

2L/b with the wedged output mirror, snd more than two with the

El:. 119"



parallel slded mirror (Fig. 6.4). An usper limit was set by

the requirement that each recorded pulse be instrument limited
i.ee 0.7 nse FVHMs Thus for the parallel mirror the number n
of picosecond pulses per recorded pulse was found to be

2<n <10, and for the wedged mirror n=I., The mode«locked
oscillator emitted pulse trains of energy 60 to 80 millijoules
in a beam of 0,2 cm2 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 pesk intensity 8 Gw.cm'2 for the wedged mirror and~1 Gw.cm'g
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° w.cm™2.

At these intensitlies 1t vas necessary to discover -
vhether non-linear opticsl effects had sny significant effect
on the propagation of plcosecond pulses in the liquid amplifier,
To this end observatlions were made of the divergence and
detailed intensity structure of the transmitted beam for both
active and passive transmission i.es with end without optical
punping of the amplifier. The intensity distribution of the
mode~locked oscillator beam vas recorded simultaneously for
direct comparison. Flne detail in the more intense areas was
recorded by sblation of developed (black) Polarocid roll film,
and the overall distribution obtained by infra-red photography
with Polaroid type 4I3 film. It was found that no sppsrent

distortion occurred for paessive transmission in the laser 1liquid;
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the symmetry of the beam pattern wvas preserved, and only

minor changes due to divergence were observed (Fige 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
(Fige 649). Distortion and increased beam divergence were
hovrever observed for sctive transmission (Fig. 6.IIB). Some
ripnling of the amplified beam intensity occurred vhere there

vas none in the oscillator beam, and with uranyl glsss filters

on the amplifier flashlamps a diffuse periphery and small .
vertical flare vere seen outside the bright central region,

In this case the measured beam divergence was I.5 milliradisn
for an amplifier gain of I.8, compared with a divergence of

I milliradian for the incident cscillator beam. Vithout filters
large vertical distortion occurred with a divergence of I5
nmilliradian in the vertical plane, and the intensity distribdution
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 liguid
medium, as found for the liquid laser oscillator (Sec. 6,2,I),
and not from non-linear optical effects, On delaying the
emission of the osclllator 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 -
effectively instantaneous sampling of the active transmission

of the liquid, this result was consistent with the conclusion
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Fig,

6,11B
a)
b)
c)

d

Amplified beam structure - 150 mm, cell Nd :FOC1*-SnCl**

oscillator beam structure
amplified beam - uranyl glass filter - gain 1,5 to 1,8
amplified beam - no filter - gain 5.

oscillator beam structure

Target distant 2 m.
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that the Zlvergence depended on the integrated thermal

distortion of the amplifier.,
6.4  Physical changes in licuild laser solutions

In view of the practical importance of liguid lasers,
it seems worth recording here the various physical changes
noted in the experimental samples, together with their cause
vhere determined, ahd the steps taken to remedy them, The
main factors found to influence the physicsal state of the
solution are temperature, optical pumping, and chemicagl
contanination,

Lowering thé temperature of a stable phosphoryl or
selenyl chloride solution promotes rapid crystallisation
through the formation of chemical complexes vith the added
netal chlorides‘¥72), The optical path in the liquid becomes
blocked and leser action ceases, Since the temperature below
vhich crystallisation occurs dependé on the nature and
proportions of the metal chlorides(172), the problem 1is overcome
by choosing an appropriate liguld mixture possessing sufficient
solubllity to achieve the desired neodymium concentration and
whiéh does not crystallise at the choéen laser operating
temperature, o

Optical pumping at high intensity levels without the
use of ultra=-violet filters produced bubbles and colour changes
in some soluticns.rThe small bubblesxmay have been released
tﬁrough the shock heating of solutions containing dissolved

gases, whereas the colour changes were interpreted as the result
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of flash pshotolysis on hydroxyl contaminated solutions(173).
Since the Nd3+ ion laser 1is based on opticsl transitions, the
ﬁolﬁtions have a characteristic coiour, vhich 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.vere a wine red or

pale brovn in some cases. Thesgse changes were avoided by
(113)

preparing purer solutions and by mounting ultra-vioclet

filters on the flash tubes (Fige 6e2)e

Chemiczl contasmination took the form of hydroxyl groups
entering the hygroscopic solutlion, and caused a flocculent
precipitate in one of the brown solutions. This was overcome
by preparing solutions under stfictly dry conditions.

Thus, the physical changes described above can all be
avolded by careful preéaration and storage of solutions, and
such solutions may then be used over periods of several months

vith 1itt1e change in performance.
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CUAPTER 7 Concluding remarks

It was our thesis, adonted from the extensive work of
others on ontical effects in liquiaé, that liquid media placed
in the heam can influence both laser emission and laser beam
propagation, and that this may take the form of either éctive
or passive behaviour, resulting in temporal and snatial changes
of intensity. This contentlion is iargely supported by the
experimental results, and 1t ié relevant to the study ofvhigh
povier laser systems, where such effects can lead to ingréased
losses through stimilated scattering procésses)and to bean
inetability through field dependent change of refractive index,
Passive behaviour is usually escribed to thermal effecté,'and
leads to distortioh of the propagating bean in a liquid laser
amplifier, Hovwever, active thermal effects can also be important,
as exemplified by liguid Q-switching, vhere we have shown that
several comnon orgenic solvents Q-switch the neodymium laser
by virtue of a weak absorntion in the region of the laser
emission wavelength ( I.06 P ), vhich gives rise to the formation
of a reflecting thermal phase grating,.

Self-modulation of a laser oscillator has been studied
in connection with understanding mode-locking and short, high
pover pulse generation, and periodic pulse trains observed with
a nessive arrangement of dielectric plates in the cavity. Thils
represents IGOﬂ self-nodulation of the emlesion intensity at
frequencies in the range I00 to I50 Mizm achleved with an-.

entirely static system, and underlines the pecullarly active
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behavicur of a physicel device employing stimulated emission.

Useful gains have been obtained with an inorganic
licuid laser, Nd:?0013-3n01u y used to amplify picosecond
lacer pulses 1in the 109 ‘liz'.c:m"'2 intensity ranpge. A study of.
lager beanm propagsztion in the amplifier has shown that no
overt non=linear optical effects occur under these conditions,
and that the observed changes In intensity structure and
divergence are caused by punp induced thermal distortion of
the licuid medium, which may be reduced by spectral filtering
of the pump light. The sbsence of non=~linczr effectis is not
unexpected because only the electronic pblarisability of the
medium and the Rayleigh wing scattering process can'respond
on the picosecond time scale, and neither self-focusing nor
intensity dependent treansmission vere cbserved. The onset of
gain saturatiocn in the liquid amplifier vas found for picosecénd
pulses with energy density in the region of 25 md cmfg.

As to future work, the present technique can clearly
be extended to the investigation of non-linesr optical effects
at higher intensitiés and on different tiine scales in a more
powerful liquid amplifier, with a view to determining the
naximun operating conditions of this device, including the
approach to a 1limit pulse, and the nature of the physical
limitations imposed. Applicstion of this development could be
made to the study of non-linear optics in other media on the
10712 o 10713 geco time scale, and to continuing studies of
thermonuclear fusion with pulses of longer duration, preferably

[e]
in the region of 10~10 sec.(uo)
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APPENDIX I Notation

I. Roman symbols

o]
1]

a ko= B B B B OH OH K & H T Q@ KR M
i

rate constant, amplitude, dispersion constant
disnersion constant

velocity of light, specific heat
velocity of light in dielectric medium
thickness, diameter

thermal diffusivity, dlameter
electric field amplitude
functicn, fraction

factor

correlation function

mean atsorbed power

intensity

integer

wave number = 2777

thernal conductivity

length

cavity length

integer

modulation

refractive index, integer
integer

integer

factor
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Q - cavity 'Q' - quality
r,R = reflectivity

t - time

T = cavity period, temperature, transmittance
N - source function, group velocity

V - velocity

V - function
X - snace coordinate

7 - reflectivity function, space ccordinate
2. Greek symbols

- polarisablility, absorption coefficient, spectral bandwidth
- factor, groun velocity diépersion
- linewidth

- small quantity

H - finite difference, phase
- dielectric constant
6 - angle
M- refractive index ratio
- frequency
- density
T ; relaxation time, pulse width

~ - reflectance, angle of incidence

-

- - angle of refraction

«
A
r

é
£
2 - wavelength
Y
P
¢
¢
X

- susceptibility
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$ -

G -

funetion-

anfFular freguency

3. Qubscrints

B -

Brillouin

cre - critical

1jkl « tensor components

L =

laser

maXe = maxlmun

min. « ninimum

O =

scelar, initial value

ots. = observed value

G

s:]
]

pulse, p-th, p-9¢1arisation
constant prescure

Rayleigh

saturable absorber, s-polarisation

parallel

L. Abbreviztions

CLNP
FYIM
PTHE
SBS
SORS

SRVS.

chloronaphthalene

= full vidth at half maximum

- polytetrafluorethylene

- siimulated Prillouin scattering

- . - central Rayleigh scattering
- ‘;. . Rayieigh wing | ee |
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STES = étimulated thermal Irillouin scatiering
OTHS = X3 ) Rayleigb oe

TPF « tvwo photon fluorescence

APPENDIX II Pulee propagation and mode spectrum in a disnersive

medium

A propagating pulse ¥ (z,t) can be erpressed as an

integral over an infinite number of plane vaves:

L
VEERI I f ak) 22 =98 o (a.2.1)

2%

Assuning a Gaussian emplitude function:

| ) 2
a(k) = a o= (k= k) (A.2.2)

and expanding the anguler freguency ) as a function of

vave number k in a Taylor series about ko 3

U(k) = wo""u(k - ko) + ﬁ(k - ko)g + aecee

(A.2.3)
§£_4
dK
k.0

wvhere the group veloclty u =

end the group velocity dispersion 25 = du

and retalning terms to the second order in the expansion of

co(k), we f£ind the solution of (A.2 1) for the intensity ‘W*
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to be(97):

‘ 5 _ aéz - ut)2
I1(z,t) = e, e T(XTTET) (A.2.4)

2 l
(2% + 4Py

vhich 1s a pulse travelling with the group velocity u and
broadening at a rate determined by the group velocity

dispersion 283, The pulse width T, et time t is given by
2, &2 t2)

2 (

T X

=

2
. (Ae2.5)
The resonant freguencies of a cavity containing a

dlspersive medium are:
Vo= e (A.2.6)

vhere L is the geometrical length of the cavity, p is a large
1nteger ( cbvity dimension large compa red vith the wavelength)
and the refractive index n is a function of Trequency ¥.

For a non-dispersive medium the frechency difference of

aijacent long Atuiinal modes (2.1.1)

1]

AVO o . | (A.2.7)
The frequency difference of the p-th and (0 + j)=th modes in

disgersive cavmty can be expressed as a 9 ower series in the
integer J by expanding ‘n(\1p+3) ags a Taylor series about
n(vp) and substltuting in (A.2.6).
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Thuss

BV = (1-2)3 + 32 + euns (A.2.8)
A ve
vhere a = vp..rﬁllpl (A0209)
nCvp)
and b =A0v° £(n,, nl, n’) " (A.2,10)

Thus linear dlsperslon merely changes the mode frequency
difference by a constant amount aAvo compared with the non-
dispersive case, and the pulse width of a mode-locked laser
is not affected by this term. It 1s the quadratic term in the
expansion which 1s responsible for the linear freguency sweep
in the mode spectrum and for the broadening of a propagating

pulse.
APPENDIX III Variation of reflectivity with polarisation

In consldering the calibration of beam splitters for
energy galn measurements obtained from the ratio of two
reflected signals (Sec. 6.3), 1t 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 1ncidence is(I7u): |

s - "Tsin (;’; :f‘% (A.3.1)
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and for 1light polarised with the E-vector in the plane of

incidence,

I'p = tan ('# -4}5’) (A¢3.2)
tan (¢ +¢')

vhere 5.6 is the angle of incidence and 95»’ the angle of refraction,
If a fraction £ of the 1ncidept light intensity is composed

of 8 vibrations and the rest of p vibrations, the effeétive
reflectivity of the surface iss

R(f,§) = fr2 & (I-2) 22  (A3.3)

For two surfaces, and differing angles of incidence, the
ratio of their reflectivities is a function of £, the degree
of polarisation of the incident 1ight. The calibration of a
pair of beam splitters fixes this ratio for the particular
value of T corresponding to the polarisation state of the
calibfating beam. It is'desirable to minimisé fhe possible}
iange of veriation with changing p&larisation, so that the
calibration remains valid at least within experimental error.

Since rp2< rg for 0« 7307/2 s the points £=0 and f£=I
are extrema of the function R(f,4>), and therefore the maximun

variation of reflectivity ratio for two surfaces 1s represented

by the function:

ot - HERHGH oo

assuning 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) end (A.3.2) took

the values:
¢t = 8-50 4‘13 5-50
¢, = 11.5° ¢, = 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 5%. 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 1t
is prdbably less than this because the experiments involved

the use of‘a nomiﬁally plane polarised beam.
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The role of the solvent in the passive Q-switching of lasers by solutions of arganic 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 MW 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 [l-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
nse:, 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

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
(ITT F4000 or FWI114A) and travelling wave
oscilloscope (Tektronix 519). The main beam was
used for measuring the energy calorimetrically, or
for photographic recording of the near:field pattern.
All 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 usec duration) a series of

*Current address: Royal Holloway College, Englefield Green, Surrey, UK.
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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. 1. The behaviour for the various
liquids is summarised in the accompanying table.

r —
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Cﬂ““wm

” |
Figure1 Pulse sharpening behaviour-neodymium:glass
laser. (a) Normal spiking. (b) 2 cm cell of 1,2-dichloro-
ethane in cavity, both 5 usec/div.

Pulse widths as short as 20 nsec (methanol/neo-
dymium : glass) and peak powers up to 2 MW
(1-chloronaphthalene/ruby) were observed (fig. 2).
With 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 (etalon) 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 pm). Measured
transmission losses for a 2 cm cell ranged from
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Figure 2 Pulse profiles. (a) 1-chloronaphthalene: ruby
laser; 100 nsec/division. Vertical scale 1 M W/division
approx. (b) Methanol:neodymium laser; 50 nsec/division.
(c) Benzene:neodymium laser; 50 nsec/division. (d)
Acetone:neodymium laser; 50 nsec/division.

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 pm region. Carbon disulphide, a non-hydrogenic
molecule, has no measurable absorption at 1.06 wm
and no switching action. Dry carbon tetrachloride,
another non-hydrogenic molecule, also has zero
absorption at the wavelength of 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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TABLE | Observed behaviour of Q-switching solvents.

Laser Liquid Pulse-width Remarks
nsec
Ruby I-chloronaphthalene 35 to 50 2 MW pulse. 2-photon
absorption
methanol 50 to 100 Slightly impure
methanol No pulse sharpening Pure (Analar)

carbon disulphide

n-phenyl-2-naphthylamine in absolute alcohol

trans-trans-1,4-diphenyl-1,3-butadiene
in absolute alcohol

Nd:glass acelone
benzene
carbon disulphide
carbon tetrachloride
chlorobenzene
I-chloronaphthalene
1,2-dichloroecthane
glycerol
methanol
nitrobenzene
water (Analar distilled)

No pulse sharpening

50 to 100 Strong 2-photon absorption

100 to 150 2-photon absorption.
Pulse-sharpening at elevated
temperature

35 to 100

75 to 150

No pulse sharpening Zero absorption

200 to 300

100

70 to 200

50 to 200

20 to 100 Heavy modulation

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 um
[12] but produces sharper pulses (75 to 150 nsec)
than carbon tetrachloride.

The evidence suggests that the presence of 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 of the ruby laser the Q-switching
liquids do not show any absorption at the laser
wavelength (6943 A), though the fact that pulse
sharpening was observed with slightly impure
methanol may be explicable in terms of 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 MW,
35 nsec pulse) that the possibility of two photon
absorption was considered, because this liquid has
a strong absorption edge in the region of 3470 A,
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 A 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 A, but the
absorption edge lies in the region of 4000 A.

It 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. It 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 of chloro-
naphthalene in the cavity of 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
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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 509% 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, vy, = ¢/2L, where L is the optical
path between the cavity mirrors. The modulation
depth varied between approximately 10 and 509 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). With the cell placed at
successive distances L/m, m 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 of 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. If 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]:

2N 2
p — 1
forr = (#”’ + 1)

where p is the ratio of refractive indices.
If the index modulation amplitude An is small
compared with the unperturbed index r,, then

(1)

[,L———l—l-%?‘ (2)
“o

approximately, assuming a gentle modulation
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function (e.g. sinusoidal). Because p is very close
to unity (dn <€ ny), we may write for the reflectivity,

Ryny = tanh? N§ 3)

3 ldn
=}—

where
ny
For N& < 0.3, we can employ the approximate
formula,
Ryn = (NS)? 4)
with an error of less than 69%;.

(Note that for N§ — <0, R,y 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 A, where A is the wavelength
in the medium, and the effective humber of double
layers in a length L is therefore,

2n,L
N= s)
where A, is the wavelength in vacuo.

Inserting the values: L = 2 ¢cm, n, = 1.5, A, =
1074 ¢cm and 4n = 1075 in equations 3 and 5 we
obtain the result R,y = 49, 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, electrostriction [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
(~ 1072 ¢m? and short lifetime [19] (Tvib ~
102 nsec), but is not negligible in the Q-switching
dyes, where 4n ~ 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 4n ~
10-% to 10~5 for a peak intensity of 50 MW/cm? in
the filament, depending on the liquid. The presence
of a molecular transition coinciding with the laser

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:

20 a0
K'é;z +u(x,t) = cp En 6)

where K is the thermal conductivity, ¢ the specific
heat and p the density of the medium, and u(x, ¢) the
local rate of heat generation, @ 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:

u(x, t) = uof(r) cos®kx ©)

Considering the rising front of the pulse to be of

exponential form, we may solve equation 6 with:
f(t) = e ©)

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 8, with u(x, r) defined by equa-
tions 7 and 8 is:

Ug 4Kk2\1

el — {1 4+ — cos 2kx
2acp acp ,
®

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,

O(x, t) =

eat

20(r) = —=

acp + 4Ki2 (10)

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

ug = 2al an
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:

2
A = ( a%) g, 400) 12)
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approximately, for a small overall increase in
temperature. For the liquids investigated 102 < a
0.15 cm™L Taking an average value o = 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 a ~ 108 sec™! for an
observed rise time of 50 nsec. With K/pc ~ 1073
cm?/sec, k = 27.10% cm! (for a wavelength of 10—
cm), and pc ~ 2 jjem? (°C)~}, we find 48 ~ 10-2 °C.
The temperature coefficient for many of these liquids
at 20° C at the wavelength of the sodium D-line
is on/of ~ — 0.0005 (°C)~L. Employing this value
we would get dmp ~ —5.107%. 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
(r ~ 107" to 107" 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 7 ~ 10~7 sec (for A = 10~*cm, ny = 1.5
and diffusivity D ~ 10~3 cm? sec™?). Experimental
evidence lending support for these conclusions is
provided by the Bragg refiection 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 7 ~ 10~7 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 pm
quite strongly, has a small optical Kerr constant and
a variation of 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]. No
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. If 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 Nd3*+ fluorescence emission at
1.06 um, and the induced lattice structure possesses
mode-selection properties. It follows that the
emission spectra of the laser incorporating a liquid
cell in the cavity should be modified, and therefore
worth investigating. It is hoped to undertake such
spectral studies in the near future.
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