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AB ST R A C T

A study of the performance of the Nd^^ : POClg : ZrCl^ 

liquid laser system is presented. Its properties are 

described and compared with those of other neodymium lasers. 

An evaluation of the potentialities of this system as an 
actively Q-switched oscillator and as a high power ampli
fier is made. The generation and ançlification of pico

second pulses in neodymium laser systems are reviewed. 
Frequency shifts in broad band amplifiers have been observed 
and their effect on the power gain has been investigated.
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P R E F A C E

The object of the present work is to provide a coherent account 

on the properties and capabilities of inorganic liquid lasers, particular 

attention being paid to the field of high power generation and amplifica

tion. The growing interest in the development of liquid lasers is due 

mainly to their obvious inherent advantages over solid state lasers, 

namely that the liquid can be circulated and cooled in heat exchangers 

and thus their average output power does not depend on heat dissipation 

by thermal conductivity; their preparation cost is low and is only a 
small fraction of the cost of solid state materials; they are easy to 

prepare in quantity and the components are readily recoverable by standard 

chemical techniques; they cannot be permanently damaged (provided they 
are photo chemically stable). This is a very important advantage in view 

of the fact that solid-state materials are susceptible to damage in high 

power and high energy devices. Thus in the course of this investigation 
the areas of the generation and amplification of picosecond pulses have 

been reviewed and the development of nanosecond pulses in the liquid laser 

has been investigated. The recent application of short pulses in the 
production of very hot dense plasmas for use in thermonuclear fusion experi

ments, make the neodymium liquid laser an attractive device in view of its 

inherent properties mentioned above.

Two solutions, SeOClg and POCI3 are mainly used as host mater

ials for the neodymium ion, the latter being the more attractive one 

because it is less toxic and less corrosive, and thus provides fewer 
engineering problems. The number of acids used in conjunction with the

— 3 —



above solutions in order to provide chemical stability is continually 

increasing. The general problems associated with the solutions are des- . 

cribed in the relevant chapter on liquid lasers. From the performance of 

the laser solutions examined, it is widely believed that the Nd+^ : POCI3 ; 
ZrCl4 system is the best performing one, and most suitable in laser 

applications, and this is the system which was mainly investigated in 

this work.

Since in this research project, certain modes of operation of the 

liquid laser were performed for the first time (active Q-switching, an^li- 

fication of picosecond pulses) the results of these experiments are des
cribed in separate sections, and have been arranged so as to provide a 

direct reference to the performance of the liquid laser. Thus a conçre- 
hensive account of the characteristics of laser pulses is given in the 

first three chapters where the subjects of the generation and amplification 
of nanosecond and picosecond pulses and their effects in liquids have been 

reviewed. Their object is to provide a direct reference to the experi
mental results described in the following chapters. The observations made 

are conçared and explained using the information contained in these chapters, 
the relevant areas being presented in detail.

In Chapter IV the development and the spectroscopic properties of 

the liquid laser systems are described and are coirpared with those of glass 

lasers. Certain aspects of the engineering problems in the construction 

of circulating lasers are included but a complete account is outside the 

scope of this thesis. Chapter V contains information on the construction 
and performance of apparatus used in the experiments. The following four 

chapters describe the performance of the liquid laser as an oscillator and 
as a high power amplifier. The problems in the generation and amplifica
tion of picosecond pulses described in the early chapters are also tackled 
experimentally. Several parameters of the liquid laser system such as the
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passive loss, the efficiency and the stimulated cross-section are measured 

directly.

Finally the ability of trivalent neodymium to serve as the active 

ion in different host materials with slightly different spectroscopic 
properties has provided the necessary conditions for the direct observation 

of several effects occurring during the amplification process. These are 
described in Chapter X, where frequency shifts occurring during the ançli- 

fication of light signals and their effect on the power gain of the ampli
fier are investigated.

The symbols used in formulae are explained in the text. However 

to avoid the confusion which may occur when the same symbol is used in 

different sections with different meanings, lists of symbols used in each 

section can be found at the back of the thesis (Appendix).

The scientific information presented in this thesis is already 
being used in the construction of a lOpps Q-switched Nd"*"̂  : POCI3 ; Z3ÆI4 

liquid laser at Culham Laboratory. The results are very encouraging and 
a report on the construction and performance of this system can be found 

at the back of this thesis. I hope that it will also prove useful to other 

laser engineers and designers.

The results obtained hitherto suggest that the liquid laser is 
more suitable than glass lasers for high power amplification, and this is 

the natural domain for future scientific investigations. A general assess
ment of the results and comparison with other systems is given in the 
conclusions, where future experimental work is also discussed.
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All nature is but art unknown to thee,
All chance, direction which thou canst not see; 
All discord, harmony not understood;
All partial evil, universal good;
And, spite of pride, in erring reason's spite. 
One truth is clear. Whatever is, is right.

Alexander Pope
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C H A P T E  R
LASER SYSTEMS

1.1 INTRODUCTION - THE BASIC PROPERTIES OF
LIGHT IN RELATION TO THE LASER

A laser is a device for the generation and amplification of light 

by stimulated emission of radiation. It consists of an optical resona

tor containing an amplifying medium, the purpose of which is to replenish 

the losses of the electromagnetic field configuration inside the resonator 

through stimulated emission of radiation. The above description suggests 

that the properties of the active medium as well as the properties of the 

electromagnetic field inside the cavity are of great inportance in laser 

operation and design. The object of this chapter is to provide a summary 

of the concepts of stimulated and spontaneous emission, and the properties 
of materials in the inverted state.

Most of the fundamental properties of the electromagnetic field 

inside a laser cavity are described in the original paper of Schalow and 

Townes^^^ in their attenpt to investigate the possibility of maser action 

at optical frequencies. Ever since - with the achievement of laser 

action - the behaviour of the electromagnetic field in a laser cavity has 
been extensively s t u d i e d . A special feature associated with a laser 

is that it is an open cavity and this has the consequence that the vast 
majority of the modes have a very high loss. Relatively very few of them 
are low loss modes and their development depends on the cavity parameters 

and the properties of the active medium which needs to be excited in such 

a way as to supply energy to those cavity modes whose frequencies lie under 

the line profile of the laser transition. Since the very concept of a 
mode involves the degree of monochromaticity, the polarization and diffrac

tion limitations, the coherence of the output beam depends on the particular
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laser system and its mode of operation, where by coherence we mean the 

phase relation between any two points (space or time) in the beam.

Coherence is usually described by correlation functions which are intensity
( 24)like quantities describing the average fluctuation of two signals' '

r,3(i) = <i,(t + T) i*(t)> 

where T is the coherence time.

For T=0 and I ̂ this reduces to

l\i(0) = <Ix(t) I*(t)> = <Ii(t)®> = <3>

where l(r,t) is a complex, random and analytic function defined by

I(r,t) = X(?,t) + iY(7,t)

where X and Y are related to Hilbert transforms (which makes this
description very useful as it is easy to be treated mathematically) and
are the real and imaginary parts of l(T,t) respectively. The brackets 

denote the ensemble average.

Assuming that the light is quasimono chromatic, i.e. ~  « 1 , 

l(r,t) can be represented by

l(r,t) = I^(r,t) exp (2ntvt) 
where the envelope of the quasimono chromatic signal varies slowly in time 

T < ^  , i.e. I„(t) =-I„(t + T) .

We distinguish between two kinds of coherence:
(a) The tenporal coherence in which we consider the electromagnetic 

field at a certain point in the beam at two different times separated by 
a time interval t and is described by the auto-correlation function

T^^(t) = <ljt +T)l*(t)> .

In general we say that the beam is coherent at a particular point, over a 
time T such that the number of maxima (or minima) passing through that
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point with frequency V , is not greater than the number of maxima passing 
with frequency V + Av, by more than one, i.e. (Av + v) t - v T 1 or 

AVt ̂  1 inhere t is the coherence time.

(b) The spatial coherence in which we are sampling the radiation at 
two different points in space at the same instant, and is described by 

the spatial correlation function

^12(0) = r(?^,rg,0) = <Ii (r^,t) Ia(?3 ,t)> .
Spatial coherence can be measured with a simple Young's double slit experi

ment, the coherence area being the area over which interference fringes 

can be observed.

The basic properties of coherence mentioned above are closely 

related to the uncertainty principle which infers that two points in the 

beam (space or time) are coherent only if a particular photon cannot be
( 24)localized at one point as opposed to the other' '.

The coherence properties of a laser beam are very inportant in 

laser applications such as holography, measurement of distances and commu-
(25)nications' . As pointed out above these are dependent on the particu

lar laser system and its mode of operation. In practice, the spatial 

coherence of a laser is found to depend on the number of transverse modes 
over which the oscillator energy is distributed^^’ . Giant pulse lasers
show inçroved spatial coherence because there is no time for many trans-

(7)verse modes to develop due to non-uniform density or temperature shifts' 

The inçortance of the number of transverse modes, the back mirror, the 
short build-up time and the active medium has been shown experimentally^

As the effect of the variation of the refractive index in liquid 
lasers is greater than in other laser materials the liquid laser
designer is confronted with a variety of problems in the production of
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coherent output beams. These range from the instantaneous local varia-

iri
,(9)

( s)tion of the refractive index producing pure transverse modes' -, to thermal

motions occurring in the liquid due to heating by the punping radiation 

The problems arising from refractive gradient effects are described in the 

relevant section on liquid lasers.

As with every system sustaining electromagnetic radiation, a laser 

is characterized by its diffraction losses. These depend on the size of 

the limiting apertures of the resonator, the distance between the two 

reflectors and the number of ways in which radiation can be scattered into 

off axial modes. With regard to diffraction phenomena an open plane 
resonator is analogous to a transmission system, comprising a series of 

equally spaced collinear apertures, with diameter equal to those of the 
resonator mirrors (or of any other limiting apertures), the separation 
between successive apertures being equal to the resonator length. The 
losses of the system are allowed for by assuming an absorption filter at 

each a p e r t u r e T h e  changes occurring during the passage of the wave 

diminish with increasing number of apertures. After a sufficiently large 

number of diffractions, an amplitude and phase distribution results which 

is reproduced at every subsequent period to within a constant factor 

(quasimodes of the resonator). If the radiation in the resonator is 
considered to be limited by an aperture of diameter 2d, then the diffrac

tion angle can be approximated to 9 ^  . After traversing one resona-
2L0tor length L the fraction of the diffracted energy lost is —^ , giving 

a relative diffraction loss proportional to ^  , or

N = ̂  ...(1.1)

N is called the Fresnel number and is a parameter characterizing the 
diffraction losses. The smaller the value of N the higher the diffrac
tion losses. The development of the mode configuration in a resonator

- 14 -



has been investigated in detail by Fox and who assumed a uniform
plane wave excitation across one of the mirrors and calculated the field 
at the other mirror as the superposition of spherical waves from the indi

vidual surface elements of the first mirror. This analysis has shown

certain inq)ortant characteristics of the modes of an optical resonator.
d̂For large values of the diffraction losses are independent of the

shape of the limiting aperture. During the first few passages the anpli-

tude and phase show pronounced diffraction peaks at the mirror. These

peaks are real and correspond to the number of Fresnel zones at one mirror
(ll)when looking at the opposite mirror' '. This field distribution repre

sents the dominant mode of the interferometer and is called the fundamental 

mode. After a few hundred reflections the distribution is stationary and 

quite smooth with a strong concentration in the centre. In addition to 

the fundamental transverse modes can occur due to the superposition of two 

or more plane waves. The number of transverse modes corresponds to the 
number of minima at the mirror. The results of Fox and Li show that for 

a small number of transits the amplitude variations were large and extremely
complex, indicating the presence of many higher order modes which were

d^damped out more rapidly. For » 1 the curves for diffraction losses 

and phase differences for the fundamental mode in a log-plot give almost 
straight lines. The losses increase with increasing mode order and in 

every case the fundamental has the lowest diffraction losses. Since 

diffraction losses differ in magnitude for the different modes, a competi

tion of modes results.

In a resonator containing an active medium, the distribution and 

development of the modes as described above is greatly affected by the 
physical and spectral properties of the system. These problems are dis

cussed later, and the production of transverse modes is investigated 

experimentally for mode-locked neodymium systems.
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Since the transverse components of the modes lying perpendicular to 

the resonator axis are very much larger conçared with the longitudinal 

components they are classified - by analogy with the modes of hollow 

waveguides - as transverse electromagnetic. They are denoted as 

where m and n denote the number of zeros in the x and y directions 

on the mirror respectively. The parameter q denotes a set of longitu

dinal modes of the same transverse type.

1.2 LIGHT AMPLIFICATION BY A MATERIAL IN AN INVERTED STATE
The basic properties of the radiation field are described in most

i 12 24)laser text-books' ’ , and the concepts of stimulated and spontaneous
emission from atoms and molecules in the excited state are explained in 

numerous papers^^’ . Some of the basic characteristics of stimulated 

emission which will be of use later are mentioned below.

The total induced transition rate W(v) due to a monochromatic
Cl 4Vsignal of frequency V , is ' '

ĉ

where
T = 1/A where A is the spontaneous transition rate

I^dv = energy flux (watts/cm^) due to frequencies between 
V and V + dv

g(v)dv = the probability that a given transition will result 
in an emission or absorption of a photon with energy 
between hv and h(v + dv) .

The atomic line shape function g(v) takes account of any variation of
the radiation density per unit frequency interval p(v) which occurs
over the frequency rangé in which the atomic system can interact with the
radiation field. The shape of g(v) is identical with the normalized
absorption (or emission) intensity against frequency v . This distribution
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can have its origins in a spread in the Doppler shifts as in the case of 

gases or to an actual spread in the position of the energy levels as in 

glasses and liquids. In wide hand lasers such as neodymium in glasses and 

liquids the frequency range over which radiation can interact with the 

atomic system is very important in operations such as mode-locking and pulse 
sharpening in travelling wave amplifiers, (see later chapters). The line 

shape function is usually approximated to two distributions,

(a) g(v) is Lorentzian with full width at half the maximum Av and
00

the normalized distribution (J g(v) dv = l) is
o

e(v) = ^  / v - v „ y
i f )

where Vq is the frequency at the centre of the distribution.

(b) g(v) is Gaussian and the normalized distribution is given by

‘ Considering the amplification process by a material in an inverted

state a light signal of frequency V and intensity 1^(v), will be ançli-
f 13)fied to a value l(v,x) at a distance x inside the medium given by' ^

l'̂'(ty^' = [k(v)x] ... (1.3)

where k(v) is the absorption coefficient of the medium and is given by
k(v) = ( n ^ - a(v) = AN a(v) ... (1.4)

O’(v) being the stimulated atomic cross-section of the medium and is given
hv_

by a(v) = g(v) B —  .

In the relations above
,N 2 are the population densities of levels 1 and 2 in ions/cnP ,
>^2 &re the multiplicities of levels 1 and 2 , and
IB is the Einstein stimulated emission coefficient.
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The stimulated emission cross-section as described by equation (l.4) 

is a measure of the probability that stimulated emission will occur. In 

terms of equation (1.4) it can be thought of as the ’area of an atom’ 

which when multiplied by the number of atoms in a particular volume is 

responsible for the amount of stimulated emission occurring during the 

passage of radiation through that volume. The stimulated cross-section 

of a particular ion or molecule depends greatly on the properties of the 

host material.

1.3 THE THRESHOLD CONDITION. THREE AND FOUR LEVEL SYSTEMS

In a laser oscillator a standing wave is formed and can be thought 

of as being generated mainly by a plane wave bouncing back and forth 

between the two mirrors. The threshold or start oscillation condition is 
reached when the induced power is equal to that lost by the resonator, i.e.

(dt/induced ^ (dt/^lost ^ ® •

Now
( § )  induced =

where the symbols have the same meanings as for equation (l.2),

( — )  = —\dt/lost tp

where tp is a parameter characterizing the loss of photons from the 

cavity. It is related to the total loss per pass Y hy

t -P ~ Yc ~ 2ttv
Q being defined as the quality factor of the resonator. Rearranging 

the above relations and using equation (l.2), the threshold of oscillation 

condition for a laser is

/n - N = ANfp = — ...(1.5)
 ̂ threshold c®g(Vg) P

where ANj is referred to as the critical population inversion. Two
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important observations can be made from equation (l.5):

(a) The population inversion depends on the spectral quality factor

g(v^) and thus the spectroscopic properties of the material are important
in laser operation.

(b) ANtji depends only on a single resonator parameter tp which
depends on the properties of the active medium and the structure of the
optical resonator.

For either a Gaussian or a Lorentzian line, equation (1.5) becomes

N - N ■—  = constant X .

Thus in order to achieve a low threshold inversion a material with very 

small line broadening 2tttAv should be used. The quality factor Q 

of the cavity must be kept high.

In the discussion of the threshold condition above, an ideal laser

transition from level 2 to level 1 was considered. Laser systems have

more conqplicated configurations than that, and in considering pumping
( 28 )power requirements it is useful to divide them into two categories'

(a) Four level systems. The terminal level of a four level system is 

far enough above the ground

state so that » kT (Fig. 

l.l). The population of
level 1 is small conpared 

with the critical inversion 
ANfji , and from equation (l. 5)

mm

ANip . Since ANp atoms
must be maintained in level 2, 
the minimum power which must 
be expended is

^min = y  V ANj

Eadiationless Transitions

Laser Transition 
:hv = Eg - E

E ̂ » kT - 4 level system 
E 3^ kT - 3 level system

Ground State

Energy level diagram for three 
and four level systems
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where V is the volume of the active material, and T is the spontan
eous emission time of level 2.

Using equation (l.5) for a Lorentzian line

P . =min T

from which we see that the atomic linewidth should he as small as possible 

for minimum pumping power. In solid state lasers the separation of level 

1 from the ground state must be greater than 10 kT for a four level system.

(b) Three level systems . In this case the population of level 1 is 

much greater than the population inversion (N^ » AN^) and it is of the 

order ~ Ng since the separation of this level from the ground state 

is of the order of kT, Comparing the three- and four-level systems, we 

see that the punning requirements for a four level laser are smaller than 
those for a three level laser by a factor of AN̂ i/Ng . For typical solid 

state materials ANp ~ 10^^ and Ng 10^^, therefore the punç power 
needed for three level operation is approximately 100 times that needed 

for four level operation. Since the present work is concerned with four 

level systems, subsequent discussion will be restricted to those systems.

1.4 LASER MEDIA
Since much of this work is concerned with the development of a 

neodymium liquid laser it would be appropriate to compare the properties 

of the active ions in different host materials and the different excita

tion methods.

Optical punping is the most efficient pumping for dielectric 

crystals and liquids because this is the only way of introducing sufficient 
energy into the laser medium. The active ions should therefore possess 
broad band resonance absorption transitions. The sharp fluorescence 
lines of such materials result from the shielding of the optical electrons
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by the outer shells from the surrounding crystal lattice, enabling the 

transitions to be similar with those of the free ions. The effect of 
the external field is dependent on the degree of shielding. This means 

that an ion which exhibits laser action in one crystal should not neces-, 

sarily exhibit laser action in another crystal. For elements of the iron 

group the optical 3d electrons are shielded only by one outer shell.

The effect of the crystal field is so large that an ion may not even 

exhibit laser action in another crystal. Thus ruby is the only crystal 

in which chromium exhibits laser action (Al^OgCr^^). In rare-earth elements 

the optical 4f-electrons are surrounded by two outer shells and thus their 

spectral behaviour in the host medium resembles the spectral behaviour of 

the free ions. Thus Nd^^ is used as the active ion in several crystals, 

in glasses and in liquids. The problems associated with the formation of 
the ion environment in liquids are described in the relevant section on 

liquid lasers^^^^.

With gas lasers optical pumping is limited because all transitions 

are narrow band transitions and a pump source should have a frequency 
sufficiently close to the frequency of a pump transition in a gas. Several 

other methods are used for excitation in gas lasers. In the helium-neon 

laser, helium atoms are excited into higher states by an electric dis
charge and on their way down many of these collect into a metastable state 

where they exchange energy by collision with unexcited neon atoms which 

are pumped to higher levels. This process of excitation is called 

excitation by exchange of energy. Excitation in A r , Kr and Xe lasers 

is believed to take place via inelastic collisions with the discharge 
electrons. Population inversions can also be achieved by combining 

various excitation processes, as in a molecular gas laser, for example 
COg . Finally, semiconductor lasers are excited by direct electric cur

rent inj ection^^^^.
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1 .5 THE FABRY-PEROT IŒSONATOR -  OUTPUT
CHARACTERISTICS OF LASERS

The properties of the Fahry-Perot resonator as described in section

i.1 combine with the spectral properties of the active medium to produce 

the output characteristics of the laser oscillator. A material in a 

state of negative absorption has a certain thermal linewidth. This con

stitutes the frequency region over which radiation can interact with matter. 

It can be considered as originating from the superposition of all the line- 
widths of the individual 

atoms. When a strong 

monochromatic signal with 
frequency Vg interacts 
with the atoms of a ther

mal linewidth centred at 

with full width at 

half the maximum Av we 

can distinguish between 

two cases of interaction:

(c)|2to

V V so

Fig.1.2
Homogeneous and inhomogeneous broaden

ing of an amplifying linewidth

(i) If the interaction is long conqpared with the thermal relaxation, atoms 

from other regions will diffuse into the vicinity of Vg and interact 

with the signal. The -vdiole linewidth will decrease uniformly and its 
shape will be preserved. It will acquire the shape and height of the 
line b in Fig. 1.2. This process is called homogeneous broadening of 
the line, (ii) If the interaction time is short conçared with the thermal 

relaxation, only atoms in the vicinity of Vg will interact with the 
signal and thus a selective spectral depopulation of the line will occur 

in the region of frequency Vg. The line will preserve its shape and its 

height, but a ’spectral hole ’ (c) will be burnt (see Fig. 1.2) in the vici
nity of Vq. Such a line is said to be inhomogeneously broadened. The
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cross-relaxation rate to the region of Vg can be assumed to be directly 
proportional to the departure of the population inversion distribution from 

equilibrium^^.

The gain of the oscillator as a function of frequency peaks at the 

line centre. Therefore the first longitudinal mode to oscillate is that 

nearest to the line centre and the gain is expected to saturate at a value 

not much greater than the threshold value. With higher piinç powers, more 

modes which have the same cavity Q as that of the threshold mode but 

lower gain, can be made to oscillate^^^^ . Multimode oscillation can then 

occur in an inhomogeneously broadened line. These modes can be made to 

interfere and produce beats. The appearance of new modes affects the 

modes which are already oscillating because of the frequency dependence of 

the dispersion line in the active medium. This tends to shift the emis

sion frequency to the line centre. Inhomogeneous broadening occurs in 

solid state lasers, depending on the variation of the crystal field from 

ion to ion. In liquids it occurs because of the slightly different fields 

in which the ions exist inside the clusters (see Chapter IV).

Multimode oscillation also occurs in homogeneously broadened lines 

because of the spatial variation of the inversion. In a cavity we get 
stationary waves. The probability of stimulated emission at each point 

is proportional to the field intensity at that point, i.e. to the energy 
density of radiation at that point. Therefore stimulated emission will 
be minimum at the nodes and maximum at the antinodes, a spatial periodic 

saturation occurring for each mode. At high energies the spatial varia

tion in the field intensity of the various modes produces a non-uniform 
distribution of the inversion' '. It is possible, but highly unlikely, 
especially with solid state materials, that these distributions would 
smooth out by spatial cross-relaxations since cross-relaxation times are
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very large in solids. It is therefore very difficult to obtain single 

mode operation at high pumping powers. With higher pumping powers, more 

modes can oscillate whose antinodes coincide with the nodes of the first 

mode.
Thermal gradient effects occurring in the active medium during

punning can cause a frequency shift in the output spectrum The

cavity resonance is much narrower than the atomic resonance and therefore

the frequency of oscillation depends on the cavity length. The cavity
length varies because of vibration and also refractive gradient effects.
If -t is the length of the active medium, the optical length is nt where

\n is the refractive index of the laser material. A variation of ̂  in 

the refractive index will cause a change in the optical length of X/2.

This causes a frequency shift of ^  .

As pointed out in section 1.1, the different diffraction losses for 
the different transverse modes are responsible for the preferential selec

tion towards lower order modes. With an amplifying medium inside the 

Fabry-Perot resonator the gain peaks at the centre of the amplifying line 

and the fundamental saturates the inversion there first as described above. 

The difference in the diffraction losses is the factor determining the time 

before the fundamental becomes dominant over other modes.

Resonator perturbations can affect the growth and distribution of 

modes. These must therefore be small and preferably have slow growth for 
single mode operation in order to allow time for the fundamental to estab

lish itself over other modes.

In liquid lasers the output characteristics described above are 

greatly affected by the nature of the medium. The pumping radiation can 
cause changes in the refractive index which are much more serious than in 
solids. The local refractive index is a function of the local temperature
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introduced into that area of the medium by the pumping radiation^^^).

The light rays will be deflected according to the distribution of the 

refractive index in the liquid, and transverse modes will establish them- 
selves as a function of that distribution' , In addition, if the change 

in temperature is high, the change in density occurring can cause thermal 

motions in the laser medium^^^ (see Chapter IX).

In considering the properties of linewidths, liquids differ from 

glasses in that the ions are free to move in an environment which is no. 

longer rigid. Owing to this mobility of the ions, the spatial variation 
of the inversion as described above, has a better chance of smoothing out. 

However problems of this nature which can occur in liquid lasers have not 
yet been investigated' '.

Liquids in general are known to exhibit a large number of inter
actions with intense radiation^^^’ Several non-linear effects (see 

Chapter II) occur as a result of these interactions. When liquids are 
placed in laser cavities they can influence the time emission^^^’ as

( 21)well as the spectral emission' ' of the laser. In liquid lasers the active 
medium itself experiences these interactions in the cavity. These can in

fluence the output characteristics of the liquid laser^^^^ (see Chapter Vl).

The Fabry-Perot resonator with plane mirrors, is one of many
different arrangements used to sustain the electromagnetic field. Curved

mirrors are often used in different configurations in order to provide a
fl3)more stable system for the electromagnetic field' • A resonator is 

stable if the condition^^^^

°  < ( 1% -  1)  ( 1% -  1)  < 1 • • •  ( l - G )

is satisfied, where l ' , L g are the radii of the two mirrors. The sta
bility condition means that a beam of light is refocused whenever it tra
verses the resonator. If the condition is not satisfied, then the beam is
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dispersed every time it is reflected between the mirrors. Examining the

stability condition at the boundary between stability and instability, we
get = 1 , = 1 and the hyperbola L = l V +  Lg. A stability-Li Lg 1
instability diagram can be drawn showing the regions separating stable

(13 23)from unstable resonators' ’ . Lenses can be used inside a resonator

to produce the same effect as concave mirrors. The lens-mirror combina

tion leads to the concept of the image mirror whose relation to the origi-
( 23)nal mirror is governed by the rules of geometrical optics' . Resonator 

arrangements are important where the changes in refractive index occurring 
in the active material due to pumping are significant. Lenses are usually 

used inside cavities to counteract the effect of the thick lens formed by 

the active medium due to heating by the pumping radiation.
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C H A P T E R  II 

DESCRIPTION OF LASER PULSES

This chapter is intended to provide the background to the experi

mental work of this thesis.

2.1 POWER OUTPUT CHARACTERISTICS IN LASER OSCILLATORS

Before deriving the equations for the power output of laser oscilla

tors it seems appropriate to describe some of the characteristics of the 
relaxation oscillations in neodymium glass lasers under different conditions 
of operation. Relaxation oscillations are the transient oscillatory pro

cesses which arise at the onset of stimulated emission in a laser oscilla

tor. The temporal and spectral characteristics of these oscillations are 
dependent on thermal processes taking part in the active medium due to 
pumping, and are different for clad and unclad laser rods. Cladding the 
rod with a material having lower index of refraction than the core and a 

good interface between core and cladding, provides a large number of modes 

of equal Q by total internal reflection. The Q’s can be made rela

tively low by using a low end mirror reflectivity. Relaxation oscilla
tions from neodymium glass lasers can be classified in three main cate- 
gories^^^). (a) Oscillations showing random spiking behaviour from either 

clad or unclad rods which have narrow beam spreads. These are described 
by well defined standing waves, but because of thermal effects and micro
phonics, the conditions for high Q modes are erratically established, 
resulting in multimoding and random spiking behaviour. (b) Damped oscil

lations from clad rods which show large beam spreads. Their spectrum 
consists of bands a few angstroms wide instead of sharp lines character
istic of the random spiking behaviour. Here there are sufficient changes 
in the active medium to scramble the modes with the result that the system 
responds as a single unit, without the establishment of discrete standing
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waves in the cavity. (c) Finally undamped oscillations or limit cycles 
can occur in clad rods. These are due to saturated absorption in the 

glass at the laser wavelength due to several kinds of inclusions (e.g.

ions)(^^). The processes leading to this behaviour are similar to
(31)those of saturable absorption by liquids placed in the laser cavity

(2)The rate equations used by Statz and deMars' ' to explain the 

relaxation oscillations in masers have been modified to include the effect 
of cladding the rod, the neodymium ion concentration and its effect on 

quenching and cross-relaxation^^^’ . These can be written as (with 

reference to Fig.l.l)

■—  = - —  + (Af +B'$) Ng ... (2.1)

dN-
—  =Pi-(A|i + B'§)Ng + F(N;-Ng) ... (2.2)

where $ is the number of photons per unit volume in the cavity 
Ng = the inverted population per unit volume 

tp=Q/2nv = lifetime of a photon in the cavity
Ap, = 1/t , T. being the measured lifetime of level 2, the factor

p taking account of other processes depleting the population 
inversion such as spontaneous emission in other lines and non- 
radiative transitions.

f=n^-n^/n^ = fraction of spontaneously emitted light coupled
into the aperture of the clad rod; n^, n^ are the refrac
tive indices of core and cladding respectively.

= Pumping power

Ng = Pj^/Ap = inversion that would exist had there been no laser 
radiation in the cavity.

B^ = 1/t Pjjj where pĵ  is the density of modes.

The cross-relaxation rate F is considered to be proportional to the
(15)departure of the inversion from equilibrium' , This can be incorporated 

into the other terms by defining the coefficients Pf and p^ by
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Pi = Pi (l + - ^ )  and p' = (p + I ) .

The resulting equations can easily he solved for small oscillations about
d$ ^ 2the steady state values and 5^ obtained for ~  = = 0 , by

substituting $ = + i(t) and Ng = + n'(t). A single second order
differential equation in i can be obtained which is characterized by the 

frequency and danping of the relaxation oscillations. The results of 

this analysis indicated certain interesting points:
(a) For a certain inversion there is more radiation in the

cavity for f / 0, as expected.

(b) The damping of the relaxation oscillations increases with 
increasing concentration of the neodymium ions.

(c) The damping of the relaxation oscillations is greater
for f / 0.

(d) The damping time can be shown to be long enough so that
microphonics and thermal distortions interrupts the train 
of pulses(^l).

(e) Limit cycles can be shown to occur by assuming a change in 
the inverse of the photon lifetime l/tp proportional to 
the light intensity in the cavity(^^).

A different approach which includes the effects of inhomogeneous broadening 

on the relaxation oscillations has recently been published by Casperson 
and Yariv^^^ who incorporated the frequency dependence of the quantities 

l(v), Ng(v) and P(v) in equations (2.1) and (2.2), and have solved 

them accordingly. For neodymium lasers however, homogeneous broadening 
is assumed to occur since the cross-relaxation rate is comparable to the 
time duration of the relaxation oscillations. The relaxation oscillations 

are discussed further in Chapter VI, where a comparison between glass and 
liquid systems is made. Other effects arising in the free running opera
tion of liquid lasers, such as self-Q-switching, are also described.
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Cladding a laser rod also reduces the threshold pumping power and 

increases the available output^ , This happens because rays striking
the side surface of a dielectric cylinder are refracted towards the normal 

as shown in Fig.2.1. All rays striking the surface of the sheath at a 

point, at angles of inci
dence between the tangent 

and the normal will pass 
the axis of the cylinder

with a minimum distance

r = —  where r, is the 
“c

radius of the cylinder 
and Hg is the refractive 

index of the cylinder 
material. Therefore all 

the light that enters the

Fig.2.1 ■
Eays incident on the surface of a dielectric 

cylinder are refracted towards the axis

cylinder eventually passes through a smaller internal cylinder of radius
rg~  . Thus cladding a rod increases the pumping efficiency of the laser.

We can look at the situation from a different point of view. When the 

laser rod is viewed from the outside it appears to have a bigger diameter 

when it is clad. Thus it subtends a larger angle at a point on the punp- 
ing lamp, and therefore receives a larger fraction of the emitted light.
With a liquid laser the cladding is automatically provided by the thickness

of the tube containing the active medium.

A pair of linear equations which can serve, to characterize the laser
can be derived from the rate equations^^^’ These are only valid for
pumping pulses which are comparable or longer than the fluorescence decay 
time and thus a steady state approximation can be assumed^^^\ The kinetic 
equations for a four level system can be written as
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dN
- V(Na - N j  + Rg ... (2.3)

dt- = - + ^(Ns - N J  ... (2.4)
where

,N 2 are the populations of levels 1 and 2 respectively per 
unit volume.

¥  = induced transition rate

= lifetime of atoms in level 1

tg = spontaneous lifetime of level 2 for a 2-» 1 transition

represent the number of atoms per unit volume per second 
.pumped into the levels 1 and 2 respectively.

Assuming a steady state f = 0^

N s  - = ¥ta + 1 ... (2.5)
where

The rate of stimulated emission into the cavity is 

= W ANj hV V

where
V = volume of the active medium

V = frequency of oscillation

ANiji = Ng- at threshold.

Using equation (2.5)

R g = Rgj" 1 - ^  ̂ 1 + ] = effective pumping rate of level 2.

where the quantity R-gtg represents the population that would be achieved 

had there been no stimulated emission. If P is the electrical power 

input to the lamp then the rate at which photons are coupled into the 

active medium per unit volume is
f  ions ] 
\cnP sec/
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where q =

e ̂ being the conversion efficiency of the electrical power into
useful light in the pump bands

Vpe 2 the efficiency with which photons are coupled into the active 
medium, hVp being the average energy per photon in the 
absorption bands.

e2 the quantum efficiency with which the medium utilizes the
photons.

Substituting into equation (2.6)

Pc = (P- Pt)<1 '
The output power is then

where Pip = power at threshold
T = transmission of the output mirror

a = passive loss per cm
= length of the active medium 

r^ = radius of the active medium

r 2 = outer radius of the cell (cladding)

Up = refractive index of the cell material.

If we assume that the pumping pulse is a square pulse then the equation 

above can be turned into an energy equation. This is the least reliable 

of the assunptions made. Thus

The extent to which the assumptions made in the above derivations are 

applicable, are described in detail in reference 35.

The threshold condition for oscillation can be written in terms of 

the output mirror reflectivity R (the other mirror is assumed to be 
opaque) as^^^^
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R exp [̂ a ANp - 0,^2't = 1 ... (2.8)

where the symbols have the same meanings as above. Note that equation 

(1.5) is directly derivable from equation (2.8) where the quality factor 

is written as

I  = “ )  • • • •  ( 2 - 9 )

Assuming the steady state approximation the threshold energy Ep is
ANj hv V  J

Ep — ^laser “ q ••• (2-10)
/ Ep \

where t is the time during which the laser is operating (Pm =  ---- )
laser  ̂ t^aser^

and equation (2.8) becomes

^  • • •  ( ^ ' “ ) 

The threshold energy is thus linear in tnR .

Equations (2.7) and (2.1l) are useful in evaluating the parameters 
of a laser system to the extent that the steady state and square pulse 
approximations are valid^^^^.

2.2 THE Q-SWITCHING OF LASERS
2,2.1 Generation Dynamics of the Giant Pulse

Most of the laser applications require single high power pulses.
A laser can be made to emit such pulses by the introduction of an optical 

shutter inside the cavity^^^^. The production of a giant pulse is accom- 

lished by pumping the active medium until the population inversion reaches 
a value far above threshold. The shutter is then opened and the radia

tion builds up rapidly in the cavity. The excess excitation is then dis

charged in a very short time. The parameters characterizing the giant 
pulse are the energy and peak power radiated, the rise and decay times of 
the pulse and the build-up time between switching and the evolution of the 
pulse. The switching off,time of the shutter also affects the evolution \
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of the pulse. For a fast switch the giant pulse will huild-up exponen
tially, the rise time depending on the gain per unit length of the

active medium at the time of switching, and the losses per unit length of 
the laser cavity.

(13)A number of optical shutters are available' ' and they are usually 

divided into two broad categories: Active shutters which can be opened
at any prescribed moment in time, and passive shutters which are opened by 

the laser radiation itself, the respective operations being called active 

and passive Q-switching.

Several papers have been devoted to the investigation of the Q-
switching of lasers. The case of a fast switch (switching-off time less

than 50ns) has the most practical importance and in this case a simple

theory suffices to explain most of the experimental results. In this

thesis the experiments on Q-switching (Chapter VIl) were performed with a
( 3T )fast switch (Pockels cell) and a simplified theory'  ̂which can account 

for most of the experimental results is given below.

2.2.2 Simple Theory of Q-Switching

In the theory below fast switching is assumed, i.e. the shutter is 
switched in a time so short that no significant change in the population 

inversion takes place during the switching process. Two simple differen

tial equations describing the variation of the photon density $ and
( 37)population inversion AN with time can be written' '

H  = ••• (2-12)

...(2.13)

where k is the amplification coefficient and is proportional to the
ANpopulation inversion AN. It can be written as k = k where k^
o

is the absorption coefficient of the unexcited material; Nq is the
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number of active ions per unit volume, t is the length of the laser 
material, and L is the optical distance between the reflectors.

Equations (2.12) and (2.13) are special cases of the Statz and 
deMars rate equations (2.l) and (2.2), where the effect of pumping, spon
taneous emission and cross-relaxation have been omitted.

AN $By introducing the normalized variables n = ~  and cp = —  and^o
changing the timescale to make the photon lifetime tp = —  the unit of 
time, equations (2.12) and (2.13) are readily reduced to' '

dn
dt

"m

2 ncp 
%

■p•H
CO
■g'd
ao■p

flo
•H00
&
g
•H

do
•H-P<a1—4
K

n.

PopulatiorN.
inversion n\

°m V iPhoton density cp

nf /

m
Time

Fig.2.2
Variation of the inversion and 
the photon density in the evo

lution of the giant pulse

... (2.14) 

... (2.15)

where = y and is
the inversion at the peak of 

the pulse, and this is the only 
remaining parameter character

istic of the laser. The 
procedure is illustrated in 

Fig.2.2. The photon density

cp rises from a low value cpĵ 

to a value cp many orders of 
magnitude higher, and then 

decays to zero, while the 
population inversion is a 

monotonically decreasing func

tion of time with an initial
value and a final value n^ . From equation (2.14) we also see that
the initial rise of cp is exponential as pointed out in the giant pulse

dynamics above (time constant ~ R— ).
1 - *m
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... (2.16)

From equations (2.14) and (2.15) it follows that

1 r « D / \i
cp = iPi + 2 ” i)j

and noting that cp̂  and cp̂  are negligibly small

which shows the relation between n ^ /n ^ and • The total energy

radiated is
®out = 2 (“i ■ "f) ™ o  ^  • • • (2.18)

where t n^ = y = representing the radiation loss due to

coupling to the output and y^ all the other losses. The peak power 

radiated is

  -f - ...(2.19)
Cp N  V  hv y'Tm Q 1

We notice that and n^ are independent of the cavity length. Hence

from equation (2.18) it is obvious that the output energy does not depend 
on the cavity length. On the contrary the output power decreases with 
increasing cavity length because of its dependence on the photon lifetime 

tp = ~  as can be seen from equation (2.19). Equation (2.19) also shows 

that the output power is dependent both on n̂  ̂ and y^ and thus for a 

specific laser system there is a specific value of y^ which maximizes the 
output power^^^). y^ is largely controlled by the output mirror reflec

tivity.
The equations (2.16), (2.17) and (2.18) have been analysed in 

detail by Wagner and Lengyel^^^*^^) who have also considered the evolution 

of the pulse in time, by dividing the procedure into three regions, the 
central region B where cp is large and the regions A and C preceding 
and following it respectively, and the dependence of the pulse shape on 

the ratio n h a s  been demonstrated.
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Vuylsteke^^^) has examined the giant pulse problem from a more 

general point of view and derived two coupled rate equations which have 

been numerically analysed by Midwinter^^^\ The results have shown the 
dependence of the formative time and the shape of the pulse on the ratio 
”i/n^ at the time of switching. The build-up time was also shoim to 

depend on the output mirror reflectivity. For R > 0.5 the pulse builds 
up very rapidly giving a very high field in the cavity. This field how

ever is not efficiently coupled out and most of the energy is lost in 

scattering. The output mirror reflectivity was found to be optimum in the 

region 20^ to 35^ for maximum output power. These predictions are dis- • 
cussed from the experimental point of view later (also in reference 41).

A complete theoretical account on the generation of the giant pulse

has recently been given by Eatner and Chernov^^^\ who, in the case of fast
switching, have shown that the maximum power and the total energy generated 

in the peaks, increase as increases; the width of the pulse

decreases as increases.

The evolution of the giant pulse is greatly affected by the space

time development of the generated field and the initial spatial distribu

tion of the population inversion^^^). In cases where these factors are 
dominant, the emitted pulse is due to the superposition of a series of
closely spaced pulses generated by neighbouring regions of the laser.
These propblems have to be considered in laser applications such as commu

nications where the structure of the giant pulse is of great importance.

2.2.3 Methods of Q-Switching
(l2 13)• There is a large number of Q-switching methods' ’ , each one

having its own particular characteristics. The main ones are briefly 

mentioned below.
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Passive Q-switching provides the simplest method of laser Q- 

switching. In this case saturable absorbers are introduced into the laser 

cavity. These are materials whose absorption properties change rapidly 

with strong illumination^^^). In order to prevent the shutter (absorber) 

from being too inert, i.e. does not open rapidly and completely, the number 

of absorbing centres must be much smaller than the number of excited 

active luminenscence centres. This inplies that the oscillator force must 
be much greater for the absorbing centres than for the active centres.

Thus the density as well as the molecular structure of the absorbers are 
vital in the Q-switching operation. This introduces the concept of thin 
and thick saturable absorbers, i.e. whether the photon irradiance should be 

regarded as a function of position within the absorbing medium or not^^^^. 
The absorption band of the shutter must also be broad enough to overlap the 

spectral line of the laser. If the absorbing centres have a metastable 
level to which they transfer after excitation, then the shutter has a low 
inertia, i.e. it opens rapidly and completely. However in the majority 

of cases no such level exists and it is necessary to excite them repeatedly 

as they return to the ground state, in order to maintain them in the excited 
state. This leads to an increase in the inertia of the shutter. Since 
the probability of de-activation of the centres in the saturable absorber 

is inversely proportional to the fluorescence lifetime, the latter plays 
an important role in the switching process. This greatly affects the 

evolution of the pul s e . In order to explain the dynamics of the 
passive Q-switching, complicated theoretical considerations are needed and 

even these can only roughly be approximated to experimental results.

Active Q-switching can be performed with mechanical shutters, 
rotating prisms, ultrasonic cells, Kerr cells and other electro-optic 
devices^^^'^^). The latter provide shutters which can be switched off 

very fast and they are of great practical importance. In this thesis
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studies on the Q-switching of the liquid laser were made using a Pockels 
cell as the optical shutter, and its operation is described in the relevant 
section (Chapter VIl).

Many laser applications, particularly in the field of plasma diag

nostics, require a short pulse with a sharp leading edge. This can be 

achieved with an electro-optic switch by performing a second switching 

operation, after the first, to close the shutter when the photon density 

in the cavity has a high value. The existing energy in the resonator is 
then emitted in a lateral direction, usually from the polarizing prism^^^^.

10096

Pockels 
cell

Thyratron

laser rod

Glan-
Thonpson
prism

High reflec
tivity out- 

Pockels put mirror 
cell

lens

Spark
gap

r
*6

Fig.2.3
Schematic diagram demonstrating the generation of PTM

The procedure is illustrated schematically in Fig.2.3. The Pockels cell 

acting as a birifringent element in conjunction with the Glan-Thomspon 
prism provide the dominant loss mechanism for ordinary Q-switching (see 

Chapter VIl). The Pockels cell is switched off using the thyratron, the 
giant pulse begins to evolve (see Chapter VIl) and is emitted through the 

high reflectivity output mirror. It is focused into the spark gap shown 
and when it reaches a certain level it breaks the spark gap and discharges 
the voltage V from cable A to cable B in a time equal to the double 
transit time of cable B . The Pockels cell is thus closed again for a 
period equal to the double transit time of cable B . The existing energy 
in the resonator is discharged through the Gian-Thompson prism and it is
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usually of a square pulse form^^^^. The rise and fall times of the pulse 

depend on the speed with which the Pockels cell is switched off and on.

This is very fast, and rise times of approximately 1 ns are easily obtain
able. A number of other methods for producing PTM are now available.

2.3 THEORY OF MODE-LOCKING AND THE GENERATION 
OF ULTRA-SHORT PULSES

The generation of ultra-short pulses (mode-locking) has recently 

become one of the most important areas of laser physics. The interaction 

of such extremely short (lOT^^ s), high power pulses with matter has stimu
lated great interest in scientific and industrial laboratories. The 

possible applications of these pulses include the rapidly developing subject 
of non-linear optics, the production of high temperature plasmas, investi
gations into the spectroscopic properties of liquids, solids and gases, 
high speed photography, holography and many others.

The theories on the generation and properties of these pulses vary 
widely. Different approaches have been employed by several workers and 

in several cases they are in conflict. In the following, a con%)rehensive 

account will be given but only areas \diich are of interest in the present 

work will be stressed.

2.3.1 Definition and Properties of Mode-Locking

Mode-locking occurs when a large number of modes are oscillating

together with,similar amplitude and fixed phase relations. This results

in an exchange of power between modes, i.e. they are coupled together.
Let us consider the interaction of a large number of modes having a fixed

phase difference cp. From the Fourier theorem the time dependent electric
field E(t) at any point can be written as

m = N -
E(t) = ^  Eg exp t + mAuü)t + mcpj ... (2.20)

Hte—N
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where u)̂ is the centre frequency and A(D the frequency difference between

All) = ~  = 2nAf . ... (2.21)
two successive resonances ,

A straight forward evaluation of the summation (2.20) gives

E(t) = A(t) exp t iD̂ t ... (2.22)
where

Eo sin [(2N + 1) ( ' ^ + 9)1
■ ■ ■ ■

Equations (2.22) and (2.23) characterize the behaviour of the time dependent 
electric field resulting from the interaction of modes with fixed phase 

difference cp. The output power is proportional to A^(t) where A(t) 
changes with time as in equation (2.23). A graph showing the variation 

of A^(t) with time for seven coupled modes, is shown in Fig.2.4. The 

basic characteristics of the output power follow directly from (2.22) and
(2.23). The pulse maxima occur when the denominator of (2.23) is zero; 

two successive maxima are therefore separated by

= f - ( 2 . 2 4 )

where T is the round trip time of the cavity. The time difference At 
between the peak of the pulse and its first zero is

■(2N V l ) = i j  . . . (2.25)
where Av is the total oscillating bandwidth. Equation (2.25) shows that 
the larger the number of modes the sharper the resulting pulses. Equation

(2.24) suggests that the oscillation in the cavity consists of a pulse 

propagating back and forth between the reflectors. It is interesting to 
note in equation (2.23) that as 0 , A(t) (2N+1)Eq and there
fore the peak power radiated becomes

Ip ~  (2N + 1)® E® , ... (2.26)
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which is the D i D o m in i c or es u l t  derived before mode-locking has been 

achieved when considering coupling of modes within a resonant cavity.

The simple mathematical explanation above showed how the modes of 

a resonant cavity with fixed phase differences, interfere to produce sharp 

pulses of light. To achieve this in practice, we introduce an externally 
driven modulator inside the cavity which produces a sinusoidally time 

varying loss of frequency equal to All). In this case each mode will be 

coupled to its two adjacent ones by the superposition of side bands of the 
amplitude modulated beam on it. In this way the modes are locked together 

with a fixed phase difference cp • The process is illustrated in Fig.2.5 
where the gain curve of the laser is superimposed on the cavity modes.
The effect of the gain of the laser on the coupling of the modes will be 
discussed later.

There is a number of ways of introducing a loss modulation at the 
mode-frequency difference, and they are classified into two broad cate

gories. Active modulators^^^) which are driven by an external signal, and 
passive modulators which are opened by the action of the laser radiation 

and are usually saturable absorbers introduced inside the cavity. For a 
general account on the subject, reference is made to two recent review 

articles by P.W. Smith^^^^ and M.A. Duguay et al^^^K In this thesis 
however, we will deal exclusively with passive mode-locking and this is 
what will be considered below.

2.3.2 Passive Mode-Locking

This method of mode-locking consists of introducing a saturable 

absorber into the laser cavity. Let us first consider the dynamics of the 
situation with the aid of Fig.2.6. The laser emission will be initiated 
by random intensity fluctuations which exist in the cavity due to spon
taneous emission and noise in the direction of the laser axis. At some
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instant in time one of the more intense fluctuations will induce a non
linear polarization in the absorber of the form P = (see

section 2.4), where Xi and X 3 are the first and third order polariza- 
bilities. The third order term is the one responsible for the bleaching 

of the dye. It is obvious that if we express the electric field as a 
cosine function and consider the sum of two modes differing in frequency by 

ùüi , the third order term will produce terms containing UJ + and U) - ,
i.e. the adjacent modes will be coupled together. The pulse will continue 

to grow inside the cavity due to the gain of the active medium, whilst at 

the same time more and more modes will be coupled together. The situation 

of the interaction of any two adjacent modes with the absorber can be visua

lized if we consider that the interaction leads to a difference in popula
tion between the lower and the upper state of the absorber, which contains 

a term oscillating at the difference frequency of the two modes. This 

oscillating term acts as the time varying loss within the cavity and it 
couples each mode to its neighbouring ones. Since each mode has a well 
 ̂defined standing wave pattern within the cavity, and the bleaching of the 

absorber will be according to these standing wave patterns, the position of 

the dye cell within the cavity is of importance^^^^ (see later). The decay 

time of the upper state of the absorber must be much shorter than the period 
of the difference frequency between two adjacent modes if a time varying 
loss of the saturable absorber is to be produced.

Two important points which will be discussed experimentally later 
need to be pointed out here. The gain of the active medium at the time 

of bleaching must not be too high, otherwise the mode lying near the centre 
of the amplifying linewidth (Fig.2.5), will grow very fast and deplete the 
inversion before sufficient modes are oscillating. On the other hand it 

should not be too low so that a large nuniber of modes will be oscillating. 
Thus there should be an optimum gain for achieving best mode-locking.
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Many authors have produced different interpretations of mode-locking 

and have derived theories using different approaches. The results of the 

analysis of Sacchi et al^^^^ will he summarized below, with due relevance 
to the work of this thesis. The approach considers, for simplicity, the 

interaction of three modes under the following three assumptions: (i)
Eate-equation approximation, (ii) The non-linear polarization terms are 

retained up to third order, and (iii) All modes have equal amplitude 

(Aĝ (t) = A(t)). Under these assumptions the rate equations for the inter
action of electromagnetic radiation with a saturable absorber have been 

solved by witing the field of the m^^ cavity mode as

Egi(r,t) = Ajn(t)Uĵ (r) exp + 8^(t)) + complex conjugate ,

where Aĝ (t) describes the time evolution of the anplitude, and G^ft) 

describes the time evolution of the phase of the field. Uĝ (r) are the 
space dependent parts of the mode-functions and form a normalized ortho
gonal set. Two differential equations describing the variation of the 
amplitude and phase in time have been derived:

2Â = - (A + A j A  + [c^ +§ Cg cos (9^1 -2 6^ + 8m+i)]A= (2.27)

L  = (e T  X.  ̂ ••• (2.28)1 + (AiwT^ )

where A takes into account the gain of the active material and the losses 

of the cavity, but not the loss of the saturable absorber, and A^ takes 
account of the losses due to the absorber. They can both be expressed as 
the inverse of the respective rise and decay times; p. is the electric 

dipole moment of the absorber, Tĵ  its relaxation time, and A(Jü the 

difference frequency between adjacent modes. and C g are constants
and § is a parameter describing the mode overlap in the dye cell and is 
given by

S = I ,  I  <  ■cell cell
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In equation (2.27) the bleaching of the saturable absorber is described by 

the second term. Once the gain of the active material exceeds the losses 

of the cavity (first term in (2.27)), the field amplitude A starts from 

noise level and then increases faster and faster due to the bleaching of 

the absorber described by the second term in (2.27).

It is easily seen that the rate equation for the phase 0^ has two 

stationary values

“ ^^m ®m+l = 2 n n  ... (2.29)

®m-l - 20m + 0m+l = (2n + l)TT . ... (2.30)

By considering small deviations of the phase 0 about a central value 0^ 

corresponding to the solutions (2.29) and (2.30), it can be shown^^^^ that 

the sign of § determines which of the two conditions (2.29), (2.30) is 
applicable. For a plane resonator U (r) can be written as

( ? )

where V is the volume of the resonator and x is the distance along the 
resonator axis. Then,evaluating § from its definition above, we get

2 TTX1 r I 6 II a
§ = 1̂ 2 cos — — 2 + ij ... (2.3l)

where x^ is the coordinate of the centre of the dye cell. Equation

(2.31) is fundamental in describing the effect of the positioning of the
saturable absorber in the cavity. It is obvious that if the cell is

placed near either x^ = 0 or = L , § > 0  and (2.29) applies. The
pulse period is then as described in (2.24). If the dye cell is
placed in the centre of the cavity (x̂  =-^) , § < 0  and equation (2.30)
applies. In this case it can be shown that the pulse period is L/c,
i.e. equal to the single transit time of the cavity. For x^ =■— and 

2L equation (2.3l) gives § = 0 and no mode-locking is expected.
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However this is not true in practice and if the interaction of many modes 

is considered^^^) it can he shown that three pulses exist in the cavity and 

the period of the pulses in the emitted train is ~   ̂ These effects

will he considered experimentally later.

The output of the mode-locked laser will consist of a series of 
pulses as shown in Fig.2.7a. The pulses are sharper the broader the 

oscillating spectrum. Since the Fourier transform of a series of delta 
functions in time, is a series of delta functions in frequency, the spectrum 

of the output train has the form of Fig.2.7b. The spectrum of each indi
vidual pulse in Fig.2.7a corresponds to the envelope of the modes shown in 

Fig.2.7b. _

2.3.3 Two Photon Fluorescence Measurements

The determination of the tenporal behaviour of laser emission on a 
picosecond scale has become a subject of increasing importance in recent 

years. Intensity correlation measurements provide much information about 
the structure of light pulses on this timescale, and the two photon fluores
cence (TPF) technique has been widely used in determining the duration of 

the mode-locked pulses generated by laser systems^^^^. The recent inven

tion of a picosecond streak camera for direct linear measurement of ultra- 

short light pulses will certainly provide more insight into the structure 
of light on the picosecond scale^^^).

Two principal methods exist for determining the width of the pico

second pulses by TPF. The triangular method in which the main beam is 
split in two beams which then meet in the dye cell travelling in opposite 

directions. The other method, which has been used in the work of this 
thesis, consists of reflecting the pulses back on themselves with the aid 
of a mirror placed at the back of the TPF cell. Fluorescence is excited 
in the dye solution at the points where the forward and backward travelling
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pulses meet. The fluorescence intensity is proportional to the square of 

the incident intensity. In this case the overlapping pulses are sub

structures introduced into each mode-locked pulse by having a parallel faced 

output mirror^^^). The Fabry-Perot resonances of the output mirror modulate 
the pulses, with peaks spaced at twice the double transit time of the width 

of the mirror^^^). The fluorescence picture will therefore contain pulses 

spaced at intervals equal to the width of the output mirror. The stationary 
overlap regions of locally high intensity excite TPF in the dye more strongly 

than in the intervening spaces. These regions can be described by intensity 

correlation functions^^^^ (similar to those mentioned in section l.l). The
fluorescence density F(t) as a function of position from the reflecting

V (56)mirror is given by' '
F(t) = r(^)(0) + 2 r(^)(T) ... (2.32)

( 2)where F (t) is the second order correlation function defined by

= J l(t) I(t + T) dt ... (2.33)
where T is twice the light transit time from the mirror to the point under 
consideration. F^^^ t) characterizes the overlapping of the pulses.

The analysis of TPF intensity records is complicated because the 
phase modulation of light can produce different patterns. For perfectly 
mode-locked light the ratio of the intensity peaks to the background 
fluorescence should be 3, whilst for randomly phased modes it is 1.5^^^^.
The whole range of intermediate values can exist. In the case of reflect
ing the pulses back on themselves the ratio has been shown to be much less 
than 3, and this has been attributed to random fluctuations within the 
pulses on a picosecond time scale^^^^^. Sub-picosecond structure in mode- 

locked pulses from Nd+^ lasers has been the subject of recent controversy 
The recent work of Von der Linde et on single picosecond pulses

has shown that no such structure exists. Bradley et al^^^^^ however,
have shown that sub-picosecond structure in mode-locked pulses occurs under 
certain conditions. The work of Von der Linde et al has also shown
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that the spectrum of each pulse fits very closely to a Lorentzian curve.

It has been observed that when a parallel faced output mirror is 

used, a variety of periodic structures on the TPF recordings occur. 
Satellite pulses are usually observed at equal intervals on either side 

of the main TPF profile^^’ The intensity distribution of the pulses 
depends on the initial fluctuations at the instant of generation. A 
simple theoretical explanation is given below which accounts for the exis

tence of these pulses. It can be shown by Fourier analysis that if a 
frequency spectrum F(uu) is amplitude modulated by a cosine function 

acosüüT^ in the form of
H(uu) = F(uu) (l + acosiDT^) ••• (2.34)

the waveform G'(t) of the time dependent amplitude^^^’ is

G (̂t) = G(t) + ‘§’aG(t— T^) + -^aG(t + T^) ... (2.35)

where G(t) is the Fourier transform of the unmodulated spectrum F(ud).
Equation (2.35) shows that the original waveform is accompanied by two

equally spaced subsidiary waveforms (̂ ) displaced by The intensity
structure of the waveform is then

I(t) = |G'(t)|*

= G®(t) + a|c(t) G(t + ?') + G(t) G(t-x')J

+ 4 a® Tg® (t + t') + 2G(t + t') G(t-tO + G® ( t - x O j

= Ii(t)+ia® Ii(t + T') + Ii(t-t')] ... (2.36)

The cross terms in (2.36) have been omitted since they vanish for pulses 
of width less than T ̂ . Putting p = % a^ and substituting (2.36) in
(2.33)

f^^^(t) = J i(t) i(t + t) at
(*) The existence of the pair of satellite waveforms was 

pointed out to me by A.C. Selden.
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= J Il(t) I,(t + T)

+ pill(t+T) I^(t+-^)+I,(t+T) I^(t-.^)+I,(t) Ii(t+^+T)+Ii(t)l,(t-^+T)} 

+ p®{li(t+^)l,(t + ̂ + T ) + l J t + ^ )  + Ijt.-y) Ii(t + ̂ + x )

+ (*“ !") ••• (2-37)

TPF will be recorded at the values of t which produce an intensity square
term. At these points the expression (2.37) becomes the integral of delta 
functions and the integral sign is dropped.

= l"(0)

■ + p

+ p®{l®(0) + Ii(f') + Ii (-t ') + li(0)} ' ...(2.38)

Equation (2.38) shows that the resulting TPF picture will consist of five
t 'fluorescent lines at the points 0, ± —  , ± t whose normalized intensi

ties will be in the ratio 1 + 2 p^ / 2p / p^ . The situation is drawn 
schematically in Fig.2.8. Since p corresponds to the amplitude of the

■p
•H
CO
g
fl

.(2)
l + 2p'

2p 2p

Fig.2.8
A  pair of satellite waveforms at ± T^ is responsible for the 

observation of satellite pulses on either side of the main TPF pulse
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modulation of the frequency spectrum the brightness of the satellite pulses 

depends on the depth of modulation in the frequency spectrum described by 

equation (2.34) For an amplitude modulation a = ̂   ̂ of the frequency 
spectrum the ratio of the main pulse to the first pair of satellite pulses 
is 8:1. Pulses of this kind have been observed experimentally, and are 

described later (see Chapter IX). Other kinds of modulation can produce 

other more complicated TPF patterns which usually occur for imperfect 
mode-locking(G9'70).

The two photon fluorescence method provides a high resolution 

measurement of the pulse width, but it is not representative of the pulse 
shape. In fact the third order correlation function reflects an asymmetry 

present in the pulse^^^'^^^. All intensity correlation methods are there
fore inferential in determining pulse widths and provide little information 
on the pulse shape.

2.3.4 Cavity Modulations

The interference of several random phased modes can produce short 

intensity fluctuations. The interaction can take place through several 

processes and the fluctuations are periodic with cavity or sub-cavity 
modulation, precisely because it is the cavity length which determines the 
mode-frequency spacing as it was shown above. Sub-cavities inside the 
main laser cavity greatly affect the mode-locking because they provide a 

frequency selective filter for certain modes, and not for others^^^’ . 
Brewster-ended rods are to be preferred from plane parallel rods for mode- 
locking because of this reason.

Optical inhomogeneities present in the laser cavity can induce phase- 
locking. These inhomogeneities can occur due to spatial variations in the 
excitation density, discontinuity in the amplifying medium (change in the 
active atom density) and self-modulation. Self-modulation has been shown
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to play an important part in the emission of a mode-locked laser 
The phase self-modulation accounts to a considerable degree for the spec

tral structure of the mode-locked laser and the discrepancy between the 
experimental and theoretical results for the duration of the ultra-short 

pulses^^^^^). During the first stage of generation the pulses are shor
tened as a result of the increased number of locked modes and during the 

second stage, the pulses are broadened as a result of the dispersion of 

the medium inside the resonator^^^^. The main contribution to the phase 
modulation is made by the change in refractive index of the active element. 
Many other non-linear mechanisms can affect mode-locking and some of the 
effects which can occur in liquids are described in the next section.

2.4 NON-LINEAR EFFECTS IN LIQUIDS
Liquids are known to exhibit a large number of interactions with 

light, most of which are either inherently non-linear or become so through
( 73)stimulated processes' '. The interaction takes place through the scatter

ing of light from various fluctuations in the liquid, through field effects
which distort the liquid from its equilibrium state (électrostriction), and

(’72)through molecular scattering' These processes are induced in the

liquid medium by the non-linear polarization given by

P = XjE + + ... ... (2.39)

where E is the electric field and the constants XijXg » X^ ... are 
the first, second, third ... order polarizabilities. For high electric 
fields, such as those produced by high power lasers, the second and third 
order terms give rise to many non-linear optical phenomena. The second 

order term gives rise to frequency doubling and parametric amplification, 
and exists in non-centrommetric media only, whilst it is zero in centro- 
symmetric media. Thus for liquids, equations (2.39) becomes

P = (Xi + X, E®)E ... (2.40)
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We can see from equation (2.40) that the third order term which is respon

sible for the non-linear effects, is equivalent to a change of polarizabi- 

lity proportional to E^. This is the result of the effect of temperature, 
density, molecular orientation and molecular polarizability on the dielec

tric constant. These changes give rise to the various processes leading 

to the scattering of light by the irradiated liquid. In what follows a 
description of the main effects which occur in liquids under the action 
of radiation will be given.

The Rayleigh scattering, whose frequency is essentially unchanged 

from that of the incident radiation is due to thermal and molecular fluc

tuations in the liquid^^^^ (strictly speaking there are two kinds of this 
scattering: Rayleigh scattering in which a change in entropy occurs at

constant pressure and thermal scattering in which a change of pressure 

occurs at constant entropy). The resulting emission line is symmetric 
about zero frequency shift and two Rayleigh wings are observed on either 
side (Fig.2.9a). The width of the line is determined by the decay of 

entropy fluctuations due to thermal diffusion in the fluid and the extent 
of the wings by the daniping of molecular anisotropy fluctuations.

Two equally shifted lines occur on either side of the Rayleigh line 
and they are known as the Brillouin doublet (Fig.2.9a). These result from 
the scattering of light by density fluctuations propagating in the fluid 
with the velocity of sound. In common liquids the amount of shift in the 
backward direction is generally in the range 0.1 to 0.5 cm“  ̂ ("̂ 5)̂

Finally Raman scattering is due to molecular vibrations in the
(73)liquid' The incident light is inelastically scattered by a liquid

molecule and gains or loses according to whether it causes the molecule to 
make a transition to a lower or a higher energy level. The frequency 
shift corresponds to the frequency of the vibration of the molecule and is

- 53 -



Ai H fj *a

FÎK.2.9
Scattering of light in liquids(76)

54



independent of the incident light. The shift usually ranges from 200 to 

3000 cm“^ . Since in thermal equilibrium there is a larger number of 

molecules in the ground state the intensity of the up-shifted in frequency 

light is stronger than the down-shifted one. All the spontaneous pro

cesses described above occurring when the liquid is irradiated with light 

from conventional sources are shown in Fig.2.9a.

Under laser irradiation the magnitude of these effects is greatly

increased and for sufficij[j^ly intense coherent light stimulated processes 
C 72)are generated' , Fig.2.9b shows the spectrum for the stimulated scatter

ing of light. The dotted line represents an additional term to the spec

trum for an absorbing medium. This arises from direct thermal absorption 

of energy from the incident light and the resulting increase in local 
temperature and density^^^^. The stimulated scattering of light has 
different characteristics from the spontaneous scattering, and the scattered 
intensity can assume large values under stimulated emission approaching 
that of the incident intensity.

Stimulated scattering processes are usually investigated using giant 
pulse lasers, which provide high light intensities. Several parameters 
characteristic of the liquid medium have been determined by stimulated 

scattering. The molecular re-orientation times in benzene derivatives
(  77)have been measured using stimulated Raman wing scattering' The velocity

of hypersound in liquids and glasses has been measured from observations
( 75)on stimulated Brillouin scattering' Finally, in laser systems which

contain liquids emitting at the Raman line, it was found that a high percen
tage of the total laser energy is shifted to the Raman wavelength.

Several of the non-linear effects described above can occur together 
and they can produce a combined effect which results in the formation of a 
phase grating in the liquid^^®\ When the liquid is in the laser cavity
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the grating acquires a periodic structure, the amplitude of which depends 

on the field intensity in the liquid. Light can be reflected off the 
phase grating at the Bragg angle^^^\ The reflectivity of the phase grat

ing is shown in Fig.2.9c where again the dotted line shows an additional 

term which has to be introduced when an absorbing liquid is used^^^^.

Each of the non-linear effects described above has a characteristic 

response and decay time. These relaxation times have the following orders 

of magnitude;
Thermal effect 10“*̂ - 10~® second
Raman 10“̂  ̂ -10"^^ second
Electrostriction 10“  ̂- 10~^°second ,

Thus the duration of the high power pulse used in the investigation of 

these effects is important. For picosecond pulses for example, we can 

only expect Raman scattering to occur since the duration of these pulses 
is too short for the other effects to develop. For pulses on the nano
second scale however, several effects can occur and these have been

{ 73)extensively investigated'-

Non-linear effects occurring in lasers with liquid active media can
( 7S)lead to power limitations of the output' . These will be dealt with in 

later sections.

- 56 -



C H A P T E R  III

LIG31T AMPLIFIERS

3.1 TRAVELLING WAVE AMPLIFIERS. THE AMPLIFIER EQUATION

Certain laser applications require high power pulses of specific 
shape, rise and fall times. Exponential amplification by a material in 

an inverted state, as described in section 1.2, only occurs at low powers 

idien it can be assumed that the population inversion remains uniform through
out the length of the amplifier during the passage of the pulse. The 

characteristics of a high power light pulse, however, change during its

propagation through an amplifier due to pulse sharpening, saturation and 
spectral cross-relaxation effects. The amplification of a pulse when cross

relaxation effects are not important will first be considered.

Consider the propagation of a light pulse of duration t and energy 
E(x) (J cm“^) through an amplifier of length , the photon flux sec cm
at a point x along the amplifier and at time t being l(x,t). Con

sider the processes occurring in a slab of thickness 6x at a distance x 
along the amplifying medium. Two differential equations characterising 

the conservation of energy and conservation of ions can be written^^^’̂ ^^

= cr aw(x,t) I(x,t) - a I(x,t) - ...(3.1)

= - g AN(x’t) l(x,t) ... (3.2)

where 6N(x,t) is the population inversion per cm®, or is the stimulated 

emission cross-section, and a represents the lumped losses per cm. The 
time dependency can be eliminated by integrating the time resolved photon
pulse over its entire length at a given position x ;

■ T.
I(x) = [ I(x,t)dt (£hotousj . ... (3.3)

o
Substituting equations (3.3) and (3.2) in equation (3.l) and rearranging
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J AN(x,t) T T
i j i ( x , t ) d t  = - J  i M s i i l  dt - J  I(x,t) dt - a J  I(x,t) dt

“ an 0 0

- an] - a I(x) ... (3.4)

where AN is the population inversion per cm® before any stimulated emis

sion occurs. From equation (3.2)
AN(x,t) ^

“  " f ... (3.5)
AN(x,t) = AN exp(-al(x))

Substituting in (3.4)

= AN ^1 - exp^-al(x))j'-al(x) ... (3.6a)

or putting E(x) = hvl(x) (j cm~^)

= hv AN (l - exp (- - aE(x) ... (3.6b)

Equation (3.6) is the amplifier equation describing the amplification of a

light signal with energy E passing through an amplifier of length x .

A dimensionless plot of the quantities in equation (3.6b) has recently been
given from which the amplification can be calculated for arbitrary numeri-

( 81 )cal solutions for a wide range of numerical conditions'

3.2 SIMPLIFIED THEORY OF GAIN SATURATION
IN TRAVELLING WAVE AMPLIFIERS
Equation (3.6) above has been derived under the assumption that the 

boundary condition (3.3) is valid. Let us consider the distribution of 
light energy and population inversion analytically, assuming that the lumped 
losses al(x,t) are small and can be neglected. We calculate the dis
tribution l(x,t) at a particular point x at time t for a square input 

t
pulse Ig = J I(t)dt = l(t)dt. Under these assumptions, integrating equa- 

o
tion (3.6a)
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I(x) X

/  . ̂^Êl(x) = I^0 1 - e o

I(x) = i {log^ + e-^AN(x)x _ ^ AN(x)x} ... (3.7)

where AN(x) represents the number of available ions per unit amplifier 
length within the cross-section occupied by the signal transmission mode. 

Differentiating and using equation (3.3)

~  I l(x,t)dt = ̂  ̂  {logg + g-CTAN(x)x _ + aAN(x)x|

Equation (3.8) gives the number of photons per unit time which pass 
the amplifier cross-section at a point x along its length at time t.

In order to find the number of available ions per unit amplifier length 
AN(x,t) within the cross-section occupied by the signal transmission mode 

we use equation (3.5) in (3.7)
AN(x,t) .

-  i 1 ^  i [• *
AN(x )

.../ _ w(x) exp (-g AN(x)x).
- ĈTl(t)t  ̂^-aAN(x)x_^ • ••• ( ' )

Equations (3.8) and (3.9) give the variation of the photon flux and 

active ions along the amplifier length for a square pulse input signal

l(t)dt = l(t)t^ and uniform distribution of the population inversion
f f  \

along the amplifier axis ( AN(x)dx = AN(x)x ). They were first derived
0

in a different way by Schulz-Dubois^®^^ and show a number of mathe
matical properties characteristic of the physical situation. Let us 
examine equations (3.8) and (3.9) using the general definitions for gain
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iftj
and saturation

From equation (3.8) we see that the gain G(x,t) decreases mono- 

tonically with time from an initial value G(x,o) = exp a AN(x)x down to 

unity. The gain is greater for larger values of x. From equation (3.9) 
the saturation parameter S(x,t) decreases monotonically from unity to 

zero. It drops faster for larger values of x. Consider the case when 
the original gain is large and the degree of saturation at the input is 
small, i.e.

G(x,o) = » 1 oT(t)t « 1

both conditions being very good approximations to many physical situations. 
Then from equation (3.8) the variation of the relative instantaneous gain

G(x!o) = ^aûN(x)x =  1 + a G(x,o)l(t)t •" (3.10a)

Also from (3.9)

AN(x)^ " 1 + or G(x,o) l(t)t. ' **•
Equations (3.10a,b) describe a hyperbola. The curve describes 

directly the shape of the output signal. It can be seen from equation 

(3.10a) that the drop in the output signal occurs faster when the input 
signal and the initial gain are higher. This was to be expected from the 

conservation of energy law. Directly at the input the stored energy 
decays according to an exponential law, whilst further along the x-axis 

it follows a hyperbolic law.
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3.3 NON-LINEAR AMPLIFICATION OF LIGHT PULSES

It is obvious from the above discussion that for a pulse of certain 

length passing through an amplifier, the first portion of the pulse will 

be amplified more than the rear portion since the gain of the amplifier will 

be less for the latest parts of the pulse. This non-linear interaction 

will distort the shape of the pulse, the magnitude of the effect depending 
on the gain per unit length of the amplifier. The coefficient of ampli
fication K (section 1.2) is determined by two parameters of the radiating 

particles, namely the cross-section (j of the radiative transition and the 

inverted population density between the two levels. The non-linearity of 
the amplification usually results from the change in the population differ

ence of the two levels under the influence of intense radiation as des
cribed a b o v e H o w e v e r  other non-linearities may occur during the 

amplification process due to the dependence of the cross-section of the 

radiative transition on the intensity. This type of non-linearity has 
hardly been studied due mainly to the lack of sufficient experimental 

results, although the recent production of powerful ultrashort pulses pro

vides a practical method for investigating this effect^^^’

The saturation type non-linearity has been investigated most 
thoroughly and the pulse sharpening occurring during the amplification of 
a giant pulse has recently become a subject of particular interest 

Under saturation conditions the pulse peak moves with a velocity which 
considerably exceeds that of l i g h t P u l s e  shortening can occur during 
the process and the effect is greater for larger slopes of the incoming

pulse front. This pulse-shaping is of particular interest in applications 

where powerful pulses with specified rise times are needed, as for exanm)le, 
in the case of the production of hot plasmas.

The propagation of the pulse peak with velocity greater than that
( 82 )of light has produced some controversy. Schulz-Dubois' first described
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the motion of the peak by considering the power at some point on the rising 

part of the pulse envelope to be sufficient to saturate the amplifier and 

thus decreasing the gain thereafter. The result is that the pulse maximum 

continually moves ahead as successive earlier parts of the profile reach 

saturation. Letokhov^^^’̂ ^^ has recently produced several analyses of 

the motion of the crest of the pulse, and the conditions for the existence 
of stationary states of a pulse are demonstrated. It is important to 

note that the laws of special relativity are not violated because of the 

velocity of propagation of the pulse maximum, since information does not 

travel with velocity greater than light, but only the distortion of the 
pulse envelope^^^*^^).

The amplification of square shape pulses (obtained from pulse trans
mission mode, section 2.2.3) provides a convenient method of investigating

the saturation parameters of laser amplifiers since the remaining gain can
fS7)be measured directly from the shape of the output pulse' . Mode-locked 

trains provide analogous situation, the gain of each pulse depending on 
the amount of energy removed from the amplifier by the previous pulses^^^. 

This method is discussed in detail in the latter parts of this thesis.

3.4 CROSS-RELAXATION EFFECTS IN LASER AMPLIFIERS

As pointed out in section 1.5 an amplifying medium possesses a thermal 
linewidth. The interaction of the input signal with the amplifying medium 

depends also on the properties of the linewidth as well as the spectrum 
of the input signal. Thus in equations (3.l) and (3.2) the intensity I 
of the incident radiation, the cross-section or and the population inver

sion AN are all functions of frequency^^^^. An additional term propor
tional to the departure of the population inversion from equilibrium should 
be added in equation (3.2), the constant of proportionality being the 
cross-relaxation rate into the depleted regions from other parts of the 
linewidth. '
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In neodymium systems the amplifying linewidth consists of an inho- 

mogeneous line formed by the superposition of many homogeneously broadened 

lines. Such a line structure is the result of the superposition of the 

different spectra of different ions, in different environment 

The width of the homogeneous line has been found by several workers, to 

lie between 10 and 25 Â for Nd-glass lasers^^^^'. The overall inhomo g e- 
neous linewidth is approximately 200-250Â depending mainly on the tempera

ture of the medium. Consider a signal whose spectral width is much narrower 

than the homogeneous linewidth, interacting with the atomic medium. The 
cross-relaxation rate for filling the depleted region of the population 

inversion from other ions within the homogeneous linewidth is very fast 
(> 10^° s“  ̂). Thus during the amplification of nanosecond pulses it can be 

assumed that all the atoms within the homogeneous linewidth contribute to
(90)laser action' ' ,  Energy transfer into a depleted region can occur from

(15)regions within the inhomo g eneous linewidth' . The cross-relaxation 

rate for this process is slow and it has been measured to be of the order 
of 10® s~̂  (91,92)̂  This means that much of the energy under the inhomo- 

geneous line remains unused when nanosecond pulses with narrow spectrum 
(<10Â) are amplified. Certain aspects of linewidth problems have been 

investigated experimentally and are discussed in detail later.

Many other effects occur in laser amplifiers which in general affect 
their performance. Super-radiance can occur in an amplifier, i.e. 
spontaneous emission is amplified by stimulated emission* Super-radiance 
originates in the entire volume of the material and thus in calculating 
the noise background at the output we must integrate over the amplifier 

length. It can be shown that the signal-to-noise ratio increases rapidly 
with increasing amplification and it is also inversely proportional to the 
number of modes considered. In the optimum case the signal is applied in 
one mode and measured at the output in this mode^^^'^^).
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The interest in the operation of ring lasers and amplifiers has 

recently been revived though they have never quite acquired the importance 

of cavity lasers or travelling wave amplifiers. The operation of ring 

lasers differs greatly from a normal laser cavity in that it supports two 
essentially independent travelling waves, one travelling in each direction 

around the ring. Ring amplifiers however, provide very good means of 

investigating the saturation parameters of the active medium. For a 

square pulse, for example, the slope of the output pulse will be different 
for each pass through the amplifier according to the residual distribution 

of the population inversion left from the previous pass.
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C H A P T E R  IV 
LIQUID LASERS

4.1 HISTORICAL INTRODUCTION

The search for liquid laser materials started immediately after 

laser action had been achieved in solids and gases, but it did not produce 

any encouraging results. This initial failure led to the general feeling 

amongst scientists that laser action in liquids is unlikely to be achieved 
because the scattering losses which arise from the change of refractive 

index due to heating by the pumping radiation, are one or two orders of 

magnitude greater than those in solids^^^^.

The performance of the first liquid laser reported in 1963 by 

Lempicki and Samelson^^^^ was not very encouraging. The laser substance 
was a solution of trivalent Europium in an organic chelate and the laser 

was operated at 77°K. The substance was highly viscous and resembled a 
glass rather than a liquid. The subsequent work on chelates in 1964, 

though it led to the achievement of room temperature operation, had only 

produced lasers which were inferior to gas and solid state lasers. It 

was realized that the inferior performance of the chelate laser was due to 

intense absorption of the punping radiation by the chelate which limited 

the penetration depth of the pumping radiation to a few microns. With the 

end of the chelate era, liquid laser research came to a standstill.

Revived interest in liquid lasers came in 1966-1967 when two new 
kinds of liquid lasers were r e p o r t e d . This arose from the under
standing of the general problems which must be overcome for laser action 
to occur in liquids.
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4.2 GENERAL FROBIJMS IN ACHIEVING LASER ACTION IN LIQUIDS

Liquid laser research was split into two broad categories, the 

organic liquid laser based on solutions of purely organic compounds and 

the inorganic liquid laser based on solutions of rare earth ions in aprotic 

solvents.

The achievement of laser action with organic compounds came when it 

was realized that the main problem was the accumulation of excited molecules 

from the first excited level of the singlet state to the triplet state by 

fast radiationless transitions. Thus the triplet state acts as a sink for 
the excited molecules. Triplet-triplet transitions may occur in vhich the 
fluorescence emission is reabsorbed, thus prohibiting laser action. To 

overcome this difficulty, organic lasers were first pumped with Q-switched 

ruby lasers which provided a high intensity in a sufficiently short time, 
thus overcoming the effects of the fast radiationless relaxation to the 

triplet state. Flashlamps with sufficiently short rise times have been 

developed to overcome the effects of the triplet state^^^^. More recently 

quenching of the triplet state has been achieved with the aid of other 

substances in the laser solution. Reliable dye-lasers have now been con

structed. The main advantage of an organic laser as compared to an 

inorganic laser is its wide range of tunability^^^^. Only small powers 

can be achieved with dye lasers however, and the search for liquids \diich 

could dissolve rare-earth elements went on.

It became evident that the poor performance of inorganic liquid 
lasers was not due to the change of the index of refraction due to pumping 
because it is known that there exist liquids whose optical performance on 

heating is as good as with solids. Investigations on the behaviour of
trivalent neodymium in a^queous solutions had shown quenching rates of the 

luminescent level to be 10®sec~^. It is .obvious that such a high rate of 
quenching of the luminescent level would not allow sufficient population
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to build up for stimulated emission to occur in solutions containing water. 

Further studies on the radiationless relaxation rates have shed more light 

into the problem of the quenching of the fluorescence in liquids. It was 

I already known from the work of Hutchinson and Magnurn^^^^) that replacement 

of the hydrogen atoms by deuterium in the molecules of naphthalene leads to 

a decrease in the rate of radiationless relaxation. Subsequent experiments 

have indicated that the presence of hydrogen atoms was intimately connected 

with the quenching of fluorescence in the solutions^^^^^. Finally Heller^^^^^ 
was able to show that the main factor responsible for the quenching of the 

fluorescence of rare earth ions in solutions was the hydroxyl group. The 

experimental work involved had shown that the rate of radiationless relaxa

tion depends strongly on the energy of the acceptor vibrations. This result 

was to be expected since it is well known that the closer the matching of the 

energy a donor can donate to the energy an acceptor can accept, the faster 

the rate of energy transfer becomes. High vibrational energies, therefore, 

increase the overlap between the vibrational levels and the electronic levels 

of the excited atoms. Considering that the vibrational energy of the hydroxyl 

group is 3600 cm“  ̂ (energies denoted in this way are in units of he) and that 

the separation between the lowest electronically excited level and the highest 

vibrational level of the ground state of neodymium is 5300 cm"^ (Fig.4.l), we 
see the reason for the fast quenching rate of the neodymium luminescence in 
a^queous solutions.

Thus solvents with light atoms and consequently high vibrational 
energies will quench fluorescence and therefore are not suitable for liquid 

lasers. Solutions with heavy atoms should therefore be used to dissolve the 

active ions. The other requirement is that a solvent must have a high die
lectric constant in order to dissolve ionic compounds. Selenium oxychloride 
>̂ as the first such solvent to the used. Its highest vibrational energy is 
955 cm ̂  which is small compared with 5300 cm~^ of the de-excitation energy 

of trivalent neodymium. Its dielectric constant is 46.
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After the problem of radiationless relaxation had been solved, there 
vas only one problem remaining in the achievement of good liquid lasers and 
this was the problem of self-quenching. This occurs when neodymium ions are 
very close to each other, then de-excitation of an ion in the metastable 
level to the ground state may occur, with the simultaneous
excitation of a second ion from the ground state the upper level
of the ground multiplet ^Ii5/2 (Fig.4.1). This becomes even more serious 
in liquids where diffusion takes place. To overcome self-quenching, chemical 
solutions are used which form a cluster around each ion thus preventing the 
ions to approach each other within a distance less than 1.5 X 10"^ cm. Each 

ion is then surrounded by a shell made up by the solvent’s molecules. During 
the formation of the chemical systems it must be made certain that anions 
\diich are small and have high charge densities are excluded since they may 
attract other neodymium ions and bring them within quenching distance. The 
same effect can result from the presence of anions which coordinate with 
rare-earth cations. The presence of these ions may well result in precipita-

fl?)tion or polymerization' ,

4.3 INORGANIC LIQUID LASER SOLUTIONS

Liquid laser solutions can now be prepared \diich have all the adequate 
properties for laser action. At the present time we have two main solutions 
which serve as host materials for Nd+3. These are the selenium oxychloride 
(SeOClg) and the phosphorous oxychloride (POCI3). Chelate lasers using 
Europium as the active ion, have not produced any practical devices and they 
are mainly of historical interest. A chelate solution serving as the host 
medium for neodymium ions was recently reported, which had the advantages 
of being non-toxic and n o n - c o r r o s i v e H o w e v e r  a short investigation 
vhich I have carried out on this solution has only produced discouraging 
results. Also short investigations which I have carried out on perchlorate 
solutions( ) containing neodymium have produced negative results so far.

(*) These solutions have been prepared by the chemistry group at Harwell 
after the recent report of Haas and Stein(f04) that 95^ fluorescent 
quantum yield can be obtained on substituting an appropriate deuterated 
solvent in place of hydrogeneous solvents.
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The fundamental properties of the hest performing solutions so far, 

SeOCl2 and POCI3 , are summarized here; (i) They have no atoms lighter than 

oxygen and therefore their vibrations do not have sufficient energy to 

accept the energy corresponding to the gap between the excited and the ground 

multiplets of neodymium. This prevents radiationless relaxation from taking 

place, (ii) The highest vibration of SeOCl2 is 955 cm""̂  compared with 

the smallest possible gap between the and ^145/2 levels (Pig.4.l),
which is 5300 cm~^ . (iii) SeOClg has a high dielectric constant (46) and 

dissolves ionic compounds easily. The dielectric constant of POCI3 is 

14 and the dissolution of Nd+^ ions requires a special process (see below), 

(iv) The introduction of Nd"*"̂  ions into the solutions results from the 

dissolution of Nd-oxide and Nd-chloride. In order to dissolve substantial 

amounts of rare-earth oxides, the solutions are acidified with aprotic acids 

(tin tetrachloride (SnCl^) and antimony pentachloride (SbCl^)). These 

aprotic acids prevent precipitation of the solution/^^'^^^*^^^).

The most recently developed and most widely used liquid laser material 

utilizes Nd^^ ; POClg ; ZrCl^ (Nd"*"̂  ions dissolved in phosphorous oxychloride 
acidified with zirconium tetrachloride). This solution has certain advan

tages compared with the previous solutions and this is the solution whose 

laser properties are investigated in the present work. It is less corro

sive and less sensitive to atmospheric moisture. It shows unusual spectro
scopic behaviour compared to the other solutions, being the only solution 

vhich shows a sharp decrease in lifetime and intensity at acid concentrations 
above stoichiometric (Fig.4.2); the other solutions show such decrease 

below stoichiometric acid concentrations only^^^^\ (A stoichiometric 

solution is one which has resulted from the use of the proper weight rela
tions in the chemical reactions.) At high neodymium concentrations it 
shows severe quenching of the fluorescence with excess acidity, which indi
cates that the excess ZrClq alters the coordination of the neodymium ions
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in such a way as to allow cross-quenching by other Nd+0 ions (section 4.2). 

At stoichiometric concentrations however, this solution is chemically more 

stable than the others. Its preparation is described in references 96 and 

105. The only difficulty present in the formation of this solution is the 

low dielectric constant (14 compared with 46 of SeOClg) and thus the solu

bility of ionic salts is lower. The solubility can be increased and 

stabilization can be achieved by adding sufficient quantities of other sol

vents such as polyphosphoryl chloride polymer during the preparation. 

Degradation of the polymer leads to precipitation of Nd"*"̂  out of the 

solution(^^^\
In experiments which I have carried out, precipitation occurred after 

punping the solutions with xenon flashtubes. These were solutions whose 

acid concentration was not stoichiometric or that the addition of polymers 

during the formation was not sufficient. Precipitation occurred in the 

form of crystals deposited on the bottom of the laser tube.

As with every other laser system, the optical quality of the active 

medium plays an important part in laser operation. For liquids in parti

cular the chemical properties of the solution may affect the optical quality, 

and also scattering losses may be significant. Brecher et al^^^^^ have 

measured the transmission losses of several liquid laser solutions with 
four different methods: (i) By direct transmission which involves using
small signals from an oscillator and recording the relative intensity before 

and after passing through the solution (see also Andreou et al^^^). (ii)
By the laser static loss method which is a very accurate measurement of the 

optical loss. An anti-reflection coated cell containing the solution is 

inserted into the cavity of a CW operating Nd-YAG laser. The cell is 

then removed from the cavity and replaced by a quartz plate which intro

duces a known reflective loss as a function of the angle of incidence.
This angle is varied until the same threshold for laser action is obtained;
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from this the optical loss is determined. (iii) By the laser dynamic loss 

method. This method is described in Chapter VI. (iv) By the right angle 

scattering method which involves the measurement, with the aid of a photo

multiplier, of the light scattered at right angles to the beam from a gas 

laser. Tliis method provides a measure of the concentration of scattering 

centres within the solution.

The experiments of Brecher et al have indicated certain inportant 

characteristics of the liquid laser solutions. (a) The passive loss for a 

laser solution was a factor of six to eight times higher than in the pure 

solvent and appeared to be intrinsic to the material. This high loss 

vas caused by the pyrophosphoryl chloride formed during dissolution of the 

Nd'*’̂ salt which has proven essential to the chemical stability of the laser 

and hence cannot be removed. Losses of this order of magnitude are conpar- 

ahle to those of glass. (b) Contamination of the solutions by EgO increased 

the absorption loss by a significant amount. This was due to the intense 

absorption of HgO at 1.06 p. . (c) POCI3 solutions which have been con

taminated with EgO show high scattering losses and are quite viscous.

Reduction of the viscosity could be achieved by the addition of several 

other chemicals such as PCI5. (d) The scattering losses in the best attained 

solutions so far have a maximum of about 0.3^ per cm. Table 4.1 below shows 
the scattering losses for some of the liquid laser solutions based on POClg 

as reported in the above mentioned paper.
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TABLE 4.1 
TRANSMISSION LOSS I N  VARIOUS LIQUIDS

Material
Transmission loss 

at 1.06 ji 
(^ per cm) ± 20^

Method of Measurement

(1) POCI3 0.1 Static loss
(2) H2O + ZrCl4 > 1 Transmission
(3) 0.3 M Nd+3 in POClg-SnCl^ 2 Dynamic loss

(contaminated with water)

(4) 0.3M Nd+3 in POClg-ZrCl^ 0.16 Static loss
0.2 - 0.3 Transmission

(5) 0.3M Nd+^ in POClg-ZrCl^ 0.6 Static loss
(contaminated with water)

4.4 PROPERTIES OF THE NEODYMIUM ION

A comparison of laser media based on the neodymium ion with other 
active media was made in section 1.4. From the rare earth elements 

neodymium has more attractive properties than other elements because (i) 

it has a four level scheme and at room temperature the final laser level 

is almost unoccupied (Fig.4.l), (ii) It has many absorption bands in the 

visible and infra-red regions where powerful radiation sources are available 

idiich are strong con^ared to those of other trivalent elements (Fig.4.3). 

(iii) The wavelength of emission is in the one micron region where fast 
detectors exist (Fig.4.4).

The different neodymium systems have different characteristics. As 
pointed out in section 1.3, the threshold of oscillation population inver
sion ANiji is directly proportional to 2tttAV and inversely proportional to 

"the photon lifetime in the cavity tp . Table 4.2 shows the values of 

^ tAv for three different neodymium laser systems.
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TABLE 4.2

CaWO : Nd+3 Nd-glass LG 55 Nd+3 . pocig . zrci^

t (s)

Av(s-0

2tttAv

0.15X10-3
10^®
10®

0.7 X 10-3 
^ 10^®

- 6 X 10^°

0.33 X 10-3 

~ 3 X 10^® 
- 6 X 10®

Neodymium in crystal materials such as CaWO^ has a very narrow 

fluorescent hand. This is due to the uniformity of the crystal field
surrounding the ions. In liquids the absorption and emission bands are 

much wider than in crystals, whilst glasses exhibit very broad fluorescent 
spectra (Fig,4.4). The broad bands are due to the differences in the glass 
sites and the liquid clusters in which the ions exist. The type of glass 
used (silica, phosphate, fluoride) determines the width of the fluorescent 
lines. Silica glass lasers (Schott 55,56 ) have the mcrst-willé' spectrum 
and this is why they have high thresholds. Phosphates exhibit sharper 
lines than silica, whilst fluoride glasses exhibit the best properties for 
glass lasers. However the preparation of fluoride glasses is very difficult 
and requires special procedure, and has not yet been commercially manufac- 
tured^^^^). In general, crystals have the lowest thresholds, glasses the 
highest thresholds, with those of liquids (see experimental results of 
Chapter VI) lying in between. This was to be expected according to the 
values of Table 4.2. From Fig,4,4 we can see that the maxima of the 
fluorescent lines vary for different host materials. For the Nd+3 . .
ZrCl^ liquid laser solution the fluorescence of neodymium is found in 
(Figs.4.1 and 4.4) : Energy of terminal 

level above 
ground level

(i) The resonance transition ^ 8800 Â ~ 400 cm"’-

(ii) The laser transition "^3/2~^^ll/2 10520Â
(iii) The transition^^^^^

2000 cm'
3800 cm"

- 76 -



Fig.4.3 shows the pumping regions of neodymium. The principal pumping 
region lies in the 5000- 6000 A hand.

The gain of a laser system is proportional to the atomic cross- 

section (section 1.2). Comparing the atomic cross-sections for the dominant 
fluorescent line of neodymium (in the region of 1.06 p.) for the different 

host materials from Table 4.3, we see that the cross-sections for liquids 
are intermediate between those of YAG and glasses. The main factor deter
mining the type of neodymium laser to be used for a specific application 
depends on the atomic cross-sections of the fluorescent lines. For C¥ 
operation the gain must be high because continuously operating excitation 
lamps have limited brilliance and therefore YAG lasers are superior in this 

respect. For high energy output crystals fail because of their limited 
energy storage ability. Glass-lasers can be made to emit kiloJoule pulses 
and are therefore useful for high output requirements. In systems requir
ing repetitive operation with average output powers we see that crystal 

lasers fail because df their limited storage ability and glass lasers because 
of their high threshold and heat dissipation problems. The intermediate 

cross-sections of the liquid lasers and the advantage that they have in 
circulating the active medium provide the natural domain in which liquid 
lasers could be applicable^^^^’

TABLE 4.3

Medium Atomic cross- 
section cm

Fluorescence lifetime s

YAG

Glass

(27-90) X I 0-®° 
(6 - 8) X 10-®° 
(0.3-3)x 10-®°

0.24 X 10-3 
(0.25- 0.4)X 10-3

(0.1 - i.o)x 10-®

For the

' % / 2  “ ^ 11/2 
transition
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4.5 NON-LINEAR EFFECTS IN LIQUID LASERS

As pointed out in section 2.4, liquids exhibit a large number of 
interactions with intense light pulses. In liquid lasers non-linear effects 

can occur due to the interaction of the active medium with the pulse under
going amplification. These processes may limit the power capabilities of 
light amplifiers based on liquid media.

^ ' {78)Fig.4.1̂  shows the spontaneous Raman spectra of pure iPOClg . The

most intense line occurs at 488 cm"’- away from the centre frequency of the 
incident radiation. Observation of stimulated Raman spectra from a liquid 
laser operating under mode-locked conditions was reported by several 
tmrkers(^^^'ll^).

i 78)An investigation recently carried out by Alfano et al' ' on the 

non-linear effects in liquid laser solutions ^SeOClg and POCI3) has 
given a fair indication of the extent to which these would affect the laser 
performance. The experiments were performed by focusing powerful light 
pulses from a single mode ruby laser into a cell (50 cm long) containing 
pure POCI3. StimulatedBrillouin scattering was shown to have a threshold 

of about 35MW/ cm^, whilst stimulated Raman scattering was shown to have 
a threshold of 110 MW/cm®. It was also shown that self-focusing does not 
play a dominant role at this power level. Large amounts of Raman conversion 
occurred only at high powers and long cell lengths, typically 140 MlV/cm® 
and 50 cm respectively. It is important to point out here that no connec
tion has been found between stimulated Brillouin scattering and the pheno
menon of self-Q-switching. This subject will be dealt with in detail
later.

4.6 ENGINEERING PROBLEMS IN CONSTRUCTING LIQUID LASERS
The present work is mainly concerned with the evaluation of the poten

tialities of the best known performing liquid laser system Nd+3;P0Cl3:ZrCl4 >
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subsequent discussion will therefore be restricted to this system. This 
system is relatively safer and far less corrosive than systems based on 

SeOClg and it is also less sensitive to atmospheric moisture. The less 

corrosive nature of the POCI3 provides a larger choice of materials avail
able for the construction of circulating systems. The refractive index of 

POCI3 is 1.47 which is very close to that of silica glass 1.455. This 
makes the laser operation easier as there will be no reflections from the 
liquid-glass interface. The problems arising in the construction of static 
systems will be discussed later, but it would be appropriate here to out
line the main engineering problems in constructing circulating systems.

The development of the latter involves the selection of materials 
compatible with the corrosive solvent POCI3 : ZrCl4 , finding a leakproof 
mechanical pun̂ ) for circulating this liquid and constructing a dry sealed 
flow system of pipes and mechanical joints incorporating a suitable laser 
cell. The materials which are known to be inert to the POCI3 ; ZrCl^
solvent are glass, alumina ceramic, PTFE, nickel and some stainless

he
(115)

steels'^37)̂  circulating system consists mainly of the laser head, the

pipe line, the pump, the heat exchangers, and the drying chambers 
The laser head and the drying chamber are usually made of glass, the pipe 
line of PTFE and the heat exchanger of nickel because of its good thermal 
conductivity(^^^). Most of the engineering problems arise in the construc
tion of the circulating pump. Two pumps have so far been constructed and 
nsed in circulating laser systems. The centrifugal-type punq)^^^^\ and 
the bellows-type pump^^^^\ They have both been operated successfully.

The ability of liquid lasers to be circulated and cooled by flowing 
the laser medium through a heat exchanger, is an intrinsic advantage over 
solid lasers for repetitive pulsing, because heat can only be removed from 
the latter by conduction to the surface and transfer to a coolant flow.
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This may result in radial temperature gradients and thermal stresses which

Cc
(117)

{ 32)affect the quality of the laser beam' \  Radial temperature gradients can
be avoided in circulating liquid laser systems by ensuring turbulent flow 
and controlling the wall temperature. The distribution of optical pumping 
which is the only remaining factor affecting the quality of the beam can be 

controlled independently. The pulse repetition rate is only limited by the 

flow rate. . .

A detailed description of circulating systems is outside the scope 
of this work; a complete account on their construction and performance can 

be found in a report at the back of this thesis^^^^^.
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C H A P T E R  V

THE DESIGN AND TECHNOLOGY OE APPARATUS 
USED IN TITE EXPERIMENTS

5.1 GENERAL DESCRIPTION OF ELECTRICAL APPARATUS

Two capacitor banks were used. (a) A condenser discharge unit con
sisting of two 200 (JF condensers which could be discharged through two xenon 
flashtubes via 50 jJH inductances. (b) A condenser unit consisting of two 
400 pF condensers which could be discharged through two xenon flashtubes 

via 100 pH inductances. The flashtubes were triggered with a 20 kV pulse 
from a trigger box unit type 1736 B . The time between triggering the two 
discharges could be arranged using a delay unit type 1755A. Power supplies 
of the type 1617A were used to provide the EHT for the photodiodes. A 
variac was used in conjunction with an EHT power unit type 80103 A to pro
vide a variable voltage. This arrangement was used to provide the EHT 
for the Pockels cell and the image converter (see below).

Detection of time dependent signals was made with two Tektronix 
oscilloscopes types T 555 and T 519 . Two SI photodiodes were used to 
collect the signals (see below). Energy measurements were made with a
TEG 107 cone calorimeter connected to a microvoltmeter (Keithley instruments 
model 150B ).

Detailed accounts on the functioning of the apparatus listed above 
are given in the relevant experimental sections. '

5.2 LIQUID LASER CELLS AND MODE-LOCKING DYE CELLS
Fig,5.1 shows the liquid laser cell used in the experiments. It 

vas 15.5 mm long and 0,75 mm in diameter (internal). The outer diameter was
12.5 mm. The windows were attached to the cell by a quartz sealing tech
nique since no glue resistant to POCI3 was available (very recently a glue 
called 'Gupalon 20 transparent’ was found to be resistant to POCI3). The
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technique consists of careful contacting of two optically flat surfaces and 

subsequent fusion of the contacted areas. The cell and windows were made 

of silica and the stopper was firmly held in contact with the walls of the 
stem using two springs on either side. The tube was well sealed so that 
no atmospheric moisture could come into contact with the liquid. In 

Fig.5.1 the colour reproduction of the liquid laser solution is a fair indi
cation. The solution is Nd+3 . pocig : ZrCl^, of concentration 1.8X 10®° 
cm-® and fluorescence lifetime 330 jis.

Although in the main experiments a commercially manufactured mode- 
locking dye cell was used (see later chapters), one millimeter path length

cells were also constructed using the quartz sealing technique. Two 

optically flat discs were attached to a thin polished glass ring spacer by 
careful contacting and fusion of the surfaces. It was found that after 
about fifty firings of the laser fringes could be observed between the

contacted surfaces. These were attributed to shock waves which could 
occur in the mode-locking dye during operation thus forcing the surfaces 
apart.

It should be pointed out here that in the construction of cells for 
use in laser systems, no direct flame heating of the glass should be attenç»- 

ted. Direct heating results in the distortion of its optical qualities.

5.3 THE DOUBLE-FLASIILAMP ARRANGEMENT
The liquid laser head consisted of the cell containing the active 

medium (Fig.5.1) with two xenon flashlamps placed on either side, the whole 
arrangement being wrapped with a polished silver reflector. Pyrex tubes 
vere normally used round the flashlamps to filter the UV radiation. It, 

vas found in setting up the laser head that a silver reflector was much more 
efficient for pumping than an aluminium reflector. The laser head was 
placed in a perspex box for safety against accidental breakage of the laser
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cell. Fig.5.2 shows the whole arrangement.

A similar arrangement was used for the glass laser and is shown in 

Fig.5.3. The laser rod was clad with a water jacket in order to provide 
a more uniform illumination (section 2.l). A Brewster-ended rod was used 

since the glass laser was mainly used for mode-locking. The rod was an 
LGN 55 Nd-glass with nominal 'oP/o doping, and was 150 mm long and 9.5mm in 

diameter. No pyrex tubes were used round the flashlamps since the water 
jacket consisted of pyrex. The silver reflector needed cleaning approxi

mately every 100 firings because it used to tarnish at the points of con
tact with the flashlamps.

The double flashlamp arrangements described above were used in order 

to provide uniform illumination of the laser material. The optimal number 

of lamps is given by N ̂  D/d where D and d are the apparent diameters 
of the specimen and the luminous element in the lan̂ ) respectively. In both 
the above cases 2 > N > 1 , therefore two flashlamps were used 
Finally, filtering of the UV radiation is a necessary precaution for mini

mizing the optical distortion of the laser medium due to heating by the 

pumping radiation (chapter IX) . From Fig.4.3 it can be seen that thé 

neodymium ion has no absorption bands for \  < 4000 A and therefore the 
efficiency of the laser is not lowered if such radiation is filtered out.

Now let us consider the discharge of the two capacitor banks des
cribed in section 5.1 through two linear xenon flashlamps. Fig.5.4 shows 

the light output from the flashlamps for different arrangements; Comparing 
(n) and (b) we see the effect of the inductance and capacitance on the pulse 
shape and pulse duration. Comparing (a) and (c) we see that the length of 
the xenon discharge is important in the pulse shaping of the light output. 

This is due to the change in the resistance across the two electrodes. The 
pictures (a), (b), (c) and (d) show that a matching of the resonance condi
tion for the inductance, capacitance and resistance is vital in the
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pro
show

auction of the best light output pulse possible. Pictures (f) and (g) 
circuits used in the production of short square-shaped light pulses^^^^)

The production of light from electrical energy is a complicated

process and many effects which may disrupt the uniform production of light
flux can occur. One of these effects is shoivn in picture (e) where there

is a clear disruption of the light flux when high voltages are applied

across the flashtube. This may be due to high electric currents across the
electrodes and the production of strong shock waves inside the flashtubes

which affect the conversion of electrical energy into light. It may also

he due to electrical surges in the circuit affecting the photodiode response.
The shock waves inside flashtubes have been shown to have an amplitude directly

fll9)pi'oportional to the electrical input energy' '. The conversion efficiency 
id limited to a maximum depending on the electrical input energy. Beyond 

thiè maximum the light output diverges substantially from being directly 
proportional to the electrical input energy. Another factor which may affect 

the linearity of conversion of electrical energy into light is the flashlamp 
’self-loading' due to the reflective enclosure. This effect leads to satu

ration of the light intensity with input energy^^^^.

5.4 THE HIOTODIODE

Since many of the experiments required the recording of two or three 

interpenetrating mode-locked trains a fast detector was needed. For this 
purpose an ITT F 4000 (Sl) photodiode was mounted in a holder which was 

specially constructed to give short response time according to the design 

of E d v a r d s . The whole arrangement is shown in Fig. 5. 5. It should 
he noted that there is a small change from the original design in that a 
cylindrical capacitor is constructed between the holder and the photodiode 

instead of a disc capacitor. This arrangement has less capacitance, the 
dielectric medium being melanex wound round the internal wall of the holder.
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The photodiode vas connected to a Tektronix 519 oscilloscope and the rise 

time of the oscilloscope-photodiode arrangement was measured tobe0.4ns (see 
Chapter VIIl). The geometry Is arranged to give a constant sensitivity for 
all the possible rays between entrance and exit ports. The taper had an 
impedance of 500 , the outer angle being 19.2° and the inner angle 8.4°. 
Diffusers consisting of 3 mm thick discs of sintered PTFE , were mounted in 

front of the attenuating filters on the photodiode to avoid damage to the 

photo cathode, and to avoid any transmission non-linearity caused by fine 
structure in the laser beam profile. Sintered PTFE is ideal for this pur

pose because it is granular and is highly transmissive in the near-infrared, 
out to wavelengths of 3.7gm. The transmission of the neutral density 
filters used in attenuating the input signals was measured to have the 

following values at 1.0611 : NDl = 0.29, ND2 = 0.09 , ND0.4= 0.62 , KD0.33 =0.66,

5.5 THE CAMEM-IMAGE CONVERTER ARRANGEMENT

The only means at present available of recording light at 1.061-1 
directly is a Kodak Z-plate. Unfortunately this requires elaborate prepa

ration before use. In order to overcome this difficulty, an image conver
ter was used in conjunction with a camera operating with ordinary film 
(see section 10.2 for experimental results taken with this arrangement).

Fig.5.6 shows the complete camera-image converter arrangement. The 
image converter was a Mullard 6929-1 type which had an SI photocathode.
The response of the photocathode is shown in Fig.5.7. (This is the same as 
the response of the cathode of the photodiode described in section 5.4.)
The anode of the tube required an operating voltage of 16 kV which was sup
plied from an EHT power unit type 8003 A (section 5.1). The screen phosphor 
vas a Î» 20 type and the minimum useful cathode diameter was 25.4mm. .. The 

cathode had a curvature of approximately 60mm . An oscilloscope camera was 

attached to the system and was focused onto the fluorescent screen.
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Fig.5.7
The image converter photocathode (Sl) relative 

spectral emissivity curve

Fig.5.8 shows pictures of the laser beam profile taken with the 

image converter. These are con^ared with the polaroid beam burn patterns 

below each picture. It can he seen that polaroid beam burn patterns give 
a very good indication of the shape of the laser beam but the fine structure 

of the beam profile is only revealed by the image converter photographs.
The pictures in Fig.5.‘S(a) show uniform beam cross-sections from a neodymium 

glass laser, whilst those in Fig.5.8(b) show distinct filamentary action.

Becording of the spectra (Chapter X) was made with a Monospek 1000 
Grating scanning spectrometer whose exit slit was removed and the photo
cathode of the image converter was placed in the plane of the slit. A 
mercury discharge lanç was used to check the accuracy of the recording 
system. Fig.5.9 shows the second order diffraction of the mercury green 

line for positions of the grating differing by 30^ and 10-̂ . It was found 
that the system was accurate to ±0.5-^ . The curvature of the lines at
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the extreme ends is due to the curved photocathode affecting the optics of 

the image converter.

5,6 THE POQŒLS CELL ARRANGEMENT
Certain crystals exhibit double refraction, i.e. a light beam on 

entering the crystal splits into two beams which are plane polarized mutually 
perpendicularly. These crystals are called biréfringent and the two beams 

travel through the crystal with different velocities, and thus they have 

different phases^^^^\ Some crystals become biréfringent only when a 
voltage is applied across them, the degree of the birefringence depending on 
the magnitude of the voltage. The operation of a Pockels cell depends on 
the properties of such a crystal.

The Pockels cell arrangement used in the Q-switching experiments of 

this thesis is shown in the photograph of Fig.5.10. The Pockels cell itself 
consisted of a ED^P (Potassium dihydrogen phosphate) crystal, the voltage 
being applied through two ring electrodes 1.27cm in diameter (type P.C.12KD 

manufactured by Electro-Optic Developments Ltd.). The field is then paral
lel to the direction of propagation of the light. The Pockels cell voltage

vas supplied from a power unit type 8003 A (section 5.l). It could be 

switched off using a Mullard PL81 valve operated by a transistor circuit.
A prescribed delay time could be introduced between triggering and switching- 
off time using a delay box unit type 1755 A (section 5.1). The latter was 
measured to be approximately 40 ns (see Chapter VIl).

Let us now consider the way in which a Pockels cell operates, with 
the aid of the diagram on the transparency of Fig.5.10. The diagrams at

the foot of the page show the cross-section of the beam and the directions
of polarization at the different stages of propagation. Consider the 

Foekels cell being placed between two crossed polarizers. A beam of un
polarized light (a) is linearly polarized by the first polarizer. The
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linearly polarized beam can be represented by vertical and horizontal compo

nents which are in phase (b). The beams travel through the Pockels cell 
vith different velocities and hence gradually become out of phase. The 
stages c, d, e and f show the cross-section of the ellipticallypolarized 

light as it travels through the Pockels cell. The second polarizer allows 
only the component which is parallel to its transmission axis to be trans
mitted (g). The voltage needed in order that the direction of polarization 

of the beam changes by 90° from (b) to (g) is called the half-wave voltage 
of the cell. Now if a mirror were placed in the position of the second 
polarizer and only half of the above voltage were applied to the Pockels 

cell, stage (f) would have been reached after the beam had traversed the 
Pockels cell length twice. If the first polarizer were a Gian-Thomson 
prism one component of (f) would vanish being perpendicular to the polarizing

8.0

A 7.0

I

III
4.0

100008000 . .6000
WAVELENGTH (Â) ->

Fig.5.11
Calibration of the Pockels cell. The quarter-wave 

voltage needed at 1.06|i is 4.1 kV
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axis of the prism, and the other would he reflected in a perpendicular 

direction, off the interface inside the prism. Thus the Pockels cell in 
conjunction with the Glan-Thomson prism forms an optical shutter. This 

is called the quarter-wave mode operation and it has been employed in the 

experiments of Chapter Vll.

A calibration of the Pockels cell voltage against wavelength was 

made using an incandescent filament and a Monospek 1000 grating scanning 
spectrometer. The graph of Fig.5.11 shows the half-wave voltage needed 
for a particular wavelength. Assuming linearity of voltage against wave

length the graph has been extrapolated out to wavelengths of 1.06 jj.. It 
can be seen from the graph that the half-wave voltage needed at this wave
length is 8 .2 kV and therefore for quarter-wave operation 4.1 kV should be 
applied to the cell.
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C H A P T E R  VI

THE OUTPUT CHARACTERISTICS OP THE INORGANIC 
LIQUID LASER SYSTEM Nd+3 : POCI3 ; ZrCl4

6.1 RELAXATION OSCILMTIONS IN NEODYMIUM LASER SYSTEMS

Fig.6.1 shows the relaxation oscillations of a glass laser. The 
laser head (Fig.5.3) was placed between two plane parallel reflectors with 
reflectivities of 100^ and 66^. The light pumping pulse is shown in

Fig.5.4b. Fig.6.1(a) shows the relaxation oscillations obtained from this
arrangement for two different input energies, 1024 J and 1936 J. The beam 

patterns at the right of each picture show the beam shape at a distance of 
260cm from the output mirror. Irregular spiking was observed and the 
oscillation was sustained for approximately 400 pis. A meniscus lens 

200 cm f.l. was then introduced into the cavity at a distance of 2 cm from 
the 100̂  ̂mirror and the laser was fired under the previous conditions. The 
oscillation took the form shown in Fig.6.1(b). The beam burn patterns 

shown to the right of each picture acquired a more uniform shape. This 
behaviour is similar to that of damped oscillations described in section 2.1 
and in reference 32. This behaviour is attributed to the fact that the 
introduction of the lens provides a more stable cavity for sustaining the 

electromagnetic radiation (section 1.5). It is inçortant to point out that 
no such effect was observed when the same lens was placed in the cavity of 
a liquid laser. In this case the modes are already scrambled due to the 

thermal motions taking place in the liquid during operation, (Chapter IX), 

and the lens no longer serves as a refocusing element. In the case of a 
glass laser a stationary thermal lens exists which affects the cavity radia
tion, the effect of the lens being to refocus the radiation every time it

traverses the cavity length.

Fig.6.2 shows the relaxation oscillations of three different 
Jieodymium laser systems. In (a) the relaxation oscillations of the
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The relaxation oscillations in three different 
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(h) neodymium liquid laser Nd+^ : POCI3 : ZrCl^
(c) neodymium liquid laser Nd+^ : POCI3
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neodymium glass laser system described above, using a cavity with plane 

parallel reflectors are shown. The lower traces in each picture show parts 

of the upper traces on an expanded time scale. The spikes are approximately 
600-700ns long. In (b) the relaxation oscillations of the Nd"*"̂  : POCI3 : 

IrC l^ liquid laser system are shown. The laser head is shown in Fig.5.2, 
and the light pumping pulse in Fig.5.4(a). The spiking lasted for approxi

mately 220 las and had a more regular character than for glass. It is also 
important to notice that the relaxation oscillations of the liquid laser are 
approximately 250 ns long compared with 700 ns for the glass laser. In 
(c) the relaxation oscillations of a slightly different liquid laser system 
Nd+̂  :POCL3 : SnCl^ are shown. When these pictures were taken the solution 

showed slight precipitation and its optical qualities were poor. This 
system provides more solubility problems than other liquid lasers^^^^.

6.2 ENERGY OUTPUT CHARACTERISTICS OF
THE LIQUID LASER

The energy output characteristics of the Nd"̂  ̂: POCI3 : ZrCl^ will 
be considered here. Fig.6.3 shows the experimental arrangement used. The 
laser head (Fig. 5.2) was placed between two plane parallel reflectors, one 
of which had a 100^ fixed reflectivity. The energy was measured with a

Gas Laser>

Optical Target

Beam \
Splitter 10C9& 

Mirror

Filter
^  Flashlamp

Liquid Laser

Flashlamp ^
Filter

Calorimeter

Variable
Reflectivity

Fig.6.3
Experimental arrangement for the measurement 
of the output energy as a function of input 
energy for various output mirror reflectivities
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calorimeter placed in front of the output mirror. The cavity length vas 
74cm long. The arrangement vas aligned vith a He-Ne laser placed at 

the hack of the 100^ mirror. Fig.6 .4 shovs the results obtained for: the 
output energy as a function of the input energy for various output mirror 
reflectivities. The initial parts of the curves are linear, but at high 

input energies there is a departure from linearity. It can be seen that 
the points at vhich the departure from linearity occurs are related to the 

output mirror reflectivity. They occur at higher input energies for lover 
mirror reflectivities. Samel son et al^^^^ have shovn that the departure 

from linearity depends also on the cell diameter and that it occurs at a 
certain pover flux level. This non-linear behaviour is characteristic of 
the liquid laser since no such effect is observed vhen glass is used as the 
active medium. No explanation has been given so far but its dependence 
on the mirror reflectivity and the pover flux suggests that it may be related 

to the self-Q-svitching effect described in the next section.

TABLE 6.1

Erp (j) R - t n  R

80 0.83 0.186
100 0.66 0.416
120 0.55 0.598
180 0.28 1.27

Let us nov consider the curves of Fig.6.4 in relation to equation 
(2.11). Table 6.1 shovs the threshold values Ej for different mirror 

reflectivities taken from Fig.6 .4. The threshold values E^ are plotted 
against --tnH in Fig.6 .5. From the interception of the energy axis and
the gradient of the graph, the dynamic loss coefficient (section 4.3) is 

calculated from equation (2.II) to be 2.1^ per, cm. This value is in good 
agreement vith that reported by Samelson et for the phosphorous
cxychloride system. It is important to realize that the dynamic loss
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coefficient is an average value accounting for ail the losses occurring 
during the whole of the laser operation, i.e. approximately 200 p,s. The 

losses change during the laser operation due mainly to thermal effects 

taking place in the active medium (Chapter IX). The dynamic loss coeffi
cient is thus expected to he much higher than the ordinary transmission 

coefficient of phosphorous oxychloride (Chapter IX).

150

0.5 1
•tn R.

Fig.6 .5
Threshold energy as a function of the output mirror 

reflectivity of the laser cavity
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Now let us consider equation (2.7). For the present system 

— y—  = 0.87 and 1 - e ^ 0.26. From the slope efficiencies of Fig.6.4

and equation (2.7), Table 6.2 is drawn up and the value of q is calculated 
to ±25^. Thus the material efficiency factor q is approximately 0.45^.

' TABLE 6.2

E(J) Et (j )
E—Eiji 
®out

T q

1.8 700 180 288 0.72 0.0055
1.25 600 120 384 0.45 0.0048
0.9 500 100 445 0.34 0.0046
0.25 250 80 682 0.17 0.0042

Now from Fig.6 .5, l/̂ cr 2890J cm. Taking the value cr = 7.5X10“ °̂ cm̂  

calculated in Chapter IX, l/^ =“ 21.6 X 10"^^ J cm®. Since the laser energy 

is emitted within approximately 220 p.s (Fig.6.2(b)), and from section 2.1 
tfaser^i^Vl/[ = ----7----- , we calculate the spontaneous emission lifetime for a

2 -+ 1 transition to be approximately 240 |is. This value is close enough 
to the measured fluorescence lifetime ('̂ 300 |is) of the neodymium in phos

phorous oxychloride system. It must be pointed out that the above calcula
tions are only approximate, the main source of error arising from the 
assumptions made for the light pumping pulse (see section 2.1 and Fig.5.4a).

The results described in this section are in good agreement with those 
reported by Samelson et al(^^^ who have also obtained better efficiencies 

vith bigger laser systems. The space angular characteristics of the 
liquid laser system depend on the size of the active medium and the thermal 
lens formed in the active medium due to heating by the pumping radiation. 

These were investigated by Baikova et al^^^^^ for systems having different 
Fresnel numbers (section l.l). The correspondence between the space angu
lar characteristics of induced radiation and models of equivalent resonators 
of liquid lasers was established. The experiments have shown that optical
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uniformity and high photo-chemical stability of the liquid are essential in 
the production of beams with very small divergence.

Having described the free-running operation of the liquid laser, 

some of its inherent properties will be investigated in the next section 
and an evaluation of its potentialities as a high power amplifier will be 

made in subsequent chapters.

6.3 THE SELF-Q-SWITCHING OF THE LIQUID LASER

The liquid laser systems display a rather unusual phenomenon which 
is described as self-Q-switching^^^\ The nature of the spiking of the 
free-running liquid laser described in section 6.1 changes as the output 

mirror reflectivity is decreased. Some of the spikes acquire a Q-switched 
character and the magnitude of the effect depends on the mirror product 
reflectivity R^Rg .

This self-Q-switching behaviour of the liquid laser has lately been 

the subject of considerable discussion. One mechanism which has been pro-
(22)posed' ' involved the establishment of a phase grating from backward

stimulated Brillouin scattering (SBS) within the liquid column (section 2.4)

This would have altered the overall reflectivity of the cavity, and thereby
have changed the cavity gain. However, if the mechanism had been due to
SBS, there would have been an observable frequency shift in the back-

( 78 )scattered light. Alfano et al' ' were unable to confirm this experiment
ally, and they concluded that the mechanism proposed by Key et al^^^\ was 

therefore more likely to be true. In this mechanism, the phase grating 
vas produced by the forward and backward waves in the cavity. At the 
inaxima of the standing wave, the refractive index of the liquid would be 

increased by one of a number of possible non-linear optical processes
(section 2.4), Two very obvious processes would be électrostriction and
heating due to absorption. This kind of phase grating, because of its
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stationary nature, would not produce a Doppler shift in the reflected light 

and would thus account for Samelson's observations.

(123)Very recently, Selden' ' has devised a mechanism to account for 
the production of a thermal grating which seems to account for most of the 
observed phenomena. In this mechanism, the fast non-radiative decay to 
the ground state of the lower level of the laser transition, deposits 
thermal energy into the liquid.

Since the population of the lower level of the laser transition is 
determined by the stimulated emission process, the heat flow into the 
liquid from the fast transmission of this level to the ground state also 

follows the stimulated emission process. The fast transmissions which popu
late the upper laser level however are controlled by the pumping, and the 

heat evolved in this process has no spatial correlation with the heat 
evolved in the lower transition. The latter heat is spatially deposited 
in the liquid with maxima corresponding to the maxima of the stimulated 

optical standing wave. The net effect is a density and hence refractive 
index variation which gives rise to a phase grating. Selden shows that 

the reflectivity of this thermal grating is proportional to the cavity gain. 
Furthermore, he points out that owing to the much greater thermal e3q>an- 

sivity of liquids over solids, the effect of this process in liquids is 
very much greater than the corresponding effect in solids. This accounts 
very simply for the fact that self-Q-switching phenomena are more readily 
observed in liquids than in solids.

A number of experiments have been carried out by the author to explore
the mechanism of the self-Q-switching behaviour of the liquid laser, namely;

(t) the spiking behaviour of a liquid laser as a function of the output 
mirror reflectivity;

(2) using a cavity with a fixed reflectivity and a constant length, the 
spiking behaviour of the glass rod alone;
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(g) the spiking behaviour of the glass rod with the liquid laser column
in the cavity unpumped

(4) the spiking behaviour of the combined glass and liquid laser.

The last arrangement enabled the overall gain in the cavity to be increased 
without changing the parameters controlling the state of the liquid. The 

experimental details and results are described below^^^^\

First, the spiking behaviour of the Nd"*"̂  ; POCI3 ; ZrCl^ system was 

investigated as a function of the reflectivity product R^Rg . The laser 
head (Fig.5.2) was placed between two plane parallel reflectors and output 
energies of 1.7J with input energies of 650J were obtained for a reflec
tivity product greater than 0.3. Irregular spiking was observed starting 

130lis after firing the flashlamps and lasting for 200lis . The spiking had 

duration of approximately 450 ns and power of 10 With a reflectivity
product of 0.04 output energies of 0.9J were obtained using input energies 
of 650 J. Fewer spikes were now observed and amongst these were some of 
duration 100-200 ns and peak power of the order of 80 k W . A pause in 

spiking was usually observed following each high power spike. This self- 
Q-switching behaviour is similar to that originally reported by Samelson

(22)et al' . The effect however was less marked in the present experiments 
because of the lower energy and smaller size of the system.

The Nd-glass laser (Fig. 5.3) was placed in a cavity 100 cm long
vith fixed reflectivities of 100^ and 50^. Output energies of 1.7J and 
2.5J were obtained with input energies of 1000 J and 1600 J respectively.

The threshold of the laser was 600 J. Spiking started 300 lis after firing 
the flashlamps and lasted for 400ils . The spikes (see Fig.6.7(a)) were 

approximately 700 ns long and had power approximately 5 to 10 kW.

The liquid laser was now introduced into the same cavity as the
neodymium glass laser (Fig.6.6). With the liquid not pumped, the threshold
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of the glass laser increased to 900J , i.e. hy a factor fof its value 
without the liquid laser cell in the cavity. This vas attributed to the 

passive loss of the POClg and the reflections from the cell vindovs, a 

total insertion loss of 30^ per double pass. A few spikes vith duration 
150-250ns and peak pover 60-80 kW vere regularly observed vhen the glass 

laser vas punqped up to 1600 J . Fig.6 .7(b) shovs the spiking behaviour 
of the Nd-glass laser vith the liquid laser cell placed in the cavity 
unpumped. Thus the introduction of the Nd-liquid medium into the cavity 
of the Nd-glass laser produces a small Q-svitching effect analogous to 
Q-switching by organic solvents as reported in reference 18, vhere it vas 

reported that liquids vhich had very little absorption at the laser vave- 
1 ength shoved very small Q-svitching effects. The POCI3 solution falls 
into this category and thus behaves as expected.

The most interesting results vere obtained vhen both lasers vere 
simultaneously pumped in the same cavity. Spiking started approximately 

90|is after firing the flashlamps and lasted for 150 [is , The oscillations

consisted of poverful uniform pulses of approximately equal height as can be 
seen from Figs:6.7(c,d). Short pulses of duration 20ns full vidth at half 
the maximum (FMM) and povers up to 1 MhT vere observed for every shot.

These were recorded on a T 519 oscilloscope. Typical oscillograms are 

shown in Fig.6.8 . Total output energies of 3.5 to 4J vere obtained.

Due to the limitations of the flashlamps it vas not possible to;, 
pump the system harder than the levels reported above. Attention however 
is drawn to the results of the experiments 3 and 4. When the liquid is not

pumped, the glass laser shovs some signs of Q-svitching. Clearly, the 
Mechanism at work here cannot be that proposed by Selden, because the quantum 
energy of the stimulated radiation in the cavity is insufficient to raise

liquid laser to its upper laser transition level. Since Alfano et al  ̂ ^
W e  shown that SBS is not the operative mechanism either, then this small
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Fig.6 .7
The top traces in each picture show 
the spiking behaviour of the arrange
ment in Fig.6 .6 . The lower traces in 
each picture show parts of the top 
traces on an expanded scale. Read 

from right to left
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effect is very likely to be explained by the mechanism of Key et al^^^^ in 

terms of non-linear optics. When both liquid and glass are pumped, strong 

Q-switching is observed. We know from experience that when the glass laser 

is pumped with no liquid cell in the cavity, self-Q-switching is very seldom 
observed. We therefore conclude that the only effect which the pumped 

glass rod had on the system was simply to increase the cavity gain. It 

follows, therefore, that the same result should be obtainable with a longer 
liquid column. Experiment 1 indicates that more self-Q-switching is 
observed when the liquid alone is pumped harder.

The above experiments have shown that self-Q-switching in liquid 
columns is more likely the greater the cavity energy and the greater the 

cavity gain. They indicate that the mechanism of the process is likely to 
be a combination of the process suggested by Selden and that proposed by 
Key et al. In either event, the primary cause of the induced phase grating 
would seem to be the spatially periodic deposition of heat energy.

Fig.6.9 shows some of the beam burn patterns which were obtained 

for different delay times between firing the two lasers in the arrangement 
of Fig.6.6. It is interesting to notice the big distortion in the liquid

laser when it is fired approximately 600-700 ̂ s before firing the glass 

laser. This means that after laser operation (which is approximately 300[is) 
the liquid medium continues to change its optical properties due to heating 
by the pumping radiation. It can be seen however, that when both liquid 

and glass are pumped simultaneously, uniform beam profiles are obtained.

- Ill -



C H A P T E R  VII

EXPERIMENTAL STUDY OF THE ACTIVELY Q-SWITCHED LIQUID 
LASER SYSTEM Nd+3 ; POCI3 : ZrCl^

In this chapter the performance of the first actively Q-switched
f4l)liquid laser is described' ,

7.1 Tim EXPERIMENTAL ARR.ANGEMENT
The experimental arrangement is shown in Fig.7.1. The liquid laser 

head (Fig.5.2) was placed between two plane parallel reflectors. The capaci

tor bank consisted of two 200 pF condensers (section 5.l) which were charged 
up to 1.6kV . The light pumping pulse is shown in Fig.5.4(a). A calcite

prism was used as the polarizer and the system was Q-switched by removing the
quarter-wave voltage of 4.1 kV applied to a KD^P Pockels cell (section 5.6) 

When the Pockels cell voltage is on, the polarized light from the prism

changes its direction of polarization by Q(P after traversing the Pockels cell

twice, and is then reflected out of the cavity from the prism interface.

Wlien the population inversion in the active medium builds up to a value much 

higher than the threshold value, the Pockels cell voltage is switched off and 

the energy stored in the active medium is discharged in a very short time 

(section 2.2). The switching-off time of the Pockels cell was of the order 

of 40ns , achieved with a Mullard PL81 valve (section 5.6). It is shown in 

Fig.7.3. It was not necessary to design a switching-off system faster than 
this since it has been shown experimentally^^^^^ that there is no advantage 

in switching in a time which is much shorter than the build-up time of the 
pulse. The Pockels cell could be switched off at different times during the 

pumping pulse with the aid of a delay box following the trigger unit.

• The pulses were recorded on a Tektronix 519 oscilloscope, using the 

ITTF4OOO (Sl) photodiode (section 5.4). The output energy was measured 
vith a TRG 107 cone calorimeter placed as shown in Fig.7.1. The build-up 

îine of the giant pulse was measured to an accuracy of 10ns by using the
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two beams of the Tektronix 555 oscilloscope simultaneously to record the 
decay of the Pockels cell and the photodiode response to the giant pulse. 
Atypical oscillogram is shown in Fig.7.3.

The laser was fired at intervals of at least 15 minutes to avoid 

the distortion effects taking place in the liquid due to heating by the 
pumping radiation.

7.2 GIANT PU1.se giAEACTEKESTICS

Figure 7.2 shows a typical giant pulse from the Nd"̂  ̂: POClg : ZrCl^ 

system. Pulses as short as 13 ns with total energy of 0.7J were recorded. 

The system vas very reliable and its main characteristics were the high 
powers obtained ('̂ 50MVT) with small input energies (500j) .

Figure 7.4 shows the general behaviour of the giant pulse as a func
tion of the pumping pulse for an output mirror reflectivity of 28^, an 
input energy of 512J and a cavity length 57 cm. It can be seen from these 

graphs that the optimum giant pulse occurs when the Q-switching is delayed 
for 205jis after triggering the flashtubes. This is longer than the time 

taken for the punping pulse to attain its maximum intensity and.is less than 

the fluorescense lifetime of the material (~300iis). The curves shown in 

Fig.7.4 are self-consistent. In Chapter IX it is shown that this system 

has maximum gain at 205|is after firing the flashlamps, i.e. that at this 

time the population inversion is maximum. The curves of Fig.7.4 are in 

good agreement with this result and .with the results of section 2.2.2 .

The dependence of the giant pulse on the output mirror reflectivity 

is shown in Fig.7.5, We note the agreement of these graphs with the 

theoretical considerations of M i d w i n t e r o n  giant pulse formation 

(section 2.2.2), particularly that the optimum output mirror reflectivity 
is around 28^, and also the rapid build-up of the giant pulse with mirror 

i*eflectivities greater than 50^. Fig.7.6 shows the effect of the cavity
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B Pig.7.2
Typical oscilloscope trace of the giant pulse r e c o r W  on a 
Tektronix hl9 oscilloscope; time scale 10ns/div; output

' " le Eckels cell after
triggering the flashlamps, 190us; input energy, 5 1 2 J.

The uplper trace shows
cell to be approximately 40ns. The lower trace shows the 
time it takes the giant pulse to appear. Both traces are on 
the same time base. Recordings from a Tektronix 555 oscillo

scope. Time scale 100 ns/div
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length on the giant pulse. The energy output of the giant pulse is seen 
to remain constant up to cavity lengths of 110 cm. For greater cavity 
lengths the resonator was unstable and the output energy dropped consider

ably. The output power was diminishing constantly due to the increasing 
pulse width with increasing cavity length. The results on Figs.7.5 and 

7.6 are in agreement with the comments made on equation (2.19) in section 

2.2.2. The points drawn on all graphs are averages of many measurements 

taken from the same arrangement. In Figs.7.4, 7.5 and 7.6 pulse width 

measurements were made to an accuracy of ± 2^; all other ordinates to ± 10^.

The most serious problems arising in the operation and further 

development of this kind of laser are the distortion effects in the active 
medium due to heating by the pumping radiation. For long delays in switch

ing off the Pockels cell (over 300 jis) the beam cross-section showed dis
cernible effects due to thermal distortion. Good filtering of the pumping 

light from UV radiation and the cavity design are therefore more important 

in the engineering of this kind of laser than in other lasers. Filtering 

of the punping light with yellow Corning 3555 tubes instead of pyrex tubes, 

showed some improvement in the performance of the laser. The dependence 
of the giant pulse on the input energy was not investigated, because even 

with such low pumping energies (~512 j) the high output powers produced 
localized damage in the calcite prism. At these pumping energies, and for 
delays less than 300 |Js in switching off the Pockels cell, the distortion 

effects were negligible. Uniform beam cross-sections were recorded on 
developed unexposed polaroid film. A typical beam cross-section is shown 

in Fig.7.7 at a magnification of 5.3. Note that the main beam is contained 

vithin a well defined circle, thermal distortion effects being noticeable 
nt its perimeter. The divergence of the beam was estimated to be approxi
mately 2 mrad.
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Fig.7.7
Typical beam burn pattern recorded on developed unexposed 
(Polaroid) film. Time delay in switching off the Pockels 
cell 200 |js ; pumping energy 512 J; distance from the out
put mirror 90 cm; magnification ~5.3; estimated

divergence 2 mrad

- 120 -





7.3 CONCLUDING PEMARICS ON TIIE PEBFQJIMANCE OF
THE Q-SWITQIED SYSTEM

The results described above are in good agreement with the theoreti

cal considerations described in section 2.2.2. The experiments have 

demonstrated certain important characteristics of the liquid laser when 

operated as a Q-switched oscillator: the pulses obtained are considerably

shorter than those from glass lasers (full width at half the maximum ~25ns) 

and CaWO^^^^^^ lasers (full width at half the maximum ~ 18 ns) and are com
parable to those from YAG lasers. Output powers of 50 MW have been 

obtained with input energies of 500J (see Figs.7.4, 7.5, 7.6). Powers of 

this order of magnitude with such low input energies make the neodymium 
liquid laser at least as efficient as YAG and glass lasers. The performance 

of this laser in the 1 J output pulse region is superior to that of YAG and 
glass lasers.

Two important assets to this system are the uniformity of the pulses 

in the time dependent regime (oscillogram of Fig.6.2) and the uniform cross- 

sections of the beams (Fig.6.7). The system was very reliable and the 
results were reproducible at will. The performance of the system at higher 

input energies would be affected by the thermal distortion taking place in 

the active medium. In future designs uniform illumination of the liquid 

medium and good filtering of the pumping radiation should be the two main 

problems to overcome.

In view of the results described in this chapter, the liquid laser 

Nd"̂  ̂: POClg : ZrCl^ emerges as a serious competitor for laser applications 

vhere high output powers with small input energies are desired.
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C H A P T E R  VIII 

MODE-LOCKING OF TIDE Nd-GLAES AND THE Nd-LIQUID LASERS

In this chapter certain aspects of the mode-locking of Nd-glass and 

Nd-liquid lasers will he described. The original aim of the experiments 
involving the Nd-glass laser was the construction of a reliable mode-locked 

system for use in the experiments of Chapter IX. In the course of this 
investigation several interesting observations were made.

8.1 A MODE-LOCKED Nd-GLASS LASER SYSTEM

In section 6.1 it was shown that the introduction of a meniscus

lens in the cavity strongly influences the relaxation oscillations of the
( 12?)neodymium laser. Everett'  ̂ first showed that the introduction of a 

2m.f.l. meniscus lens in the cavity of a mode-locked neodymium laser 
increases the reliability of mode-locking. An arrangement similar to 

that ef Everett has been constructed, the main differences being the use 

of two flashlamps on either side of a clad rod and the introduction into 
the cavity of an aperture stop equal to the rod diameter.

Let us first describe the conplete system. The oscillator head, 

shoivn in Fig.5.3, was placed between two plane parallel reflectors with 

reflectivities of 100^ and 66 .̂ The cavity was 1 m long. The capaci
tor banlc consisted of two 400 )jF condensers (section 5.l) which were dis

charged through the two xenon flashlamps giving the optical punning pulse 

shown in Fig.5.4(b). A Laser Associates parallel-faced, 12mm thick, 
output mirror was used, which had a hard coating in order to prevent damage 

due to the high powers of the picosecond pulses. The mode-locking dye 

cell was the Eastman model 6088 (l mm path) antireflection-coated, which 

vas placed next to the output mirror at the Brewster angle. The meniscus 
lens, 2 m. f .1., was placed at a distance of 2 cm from the 100^ mirror, and 

cu aperture equal to the diameter of the laser rod was placed between the
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laser head and the output mirror. The arrangement vas aligned, using a 
He-Ne gas laser. The system is shovn in Fig.8.1

Photodiode connected 
to the Tektronix 555 

oscilloscope

Optical target

Neodymium glass 
laser clad

Flashlamp Dye
Cell Pol.

Gas Laser
Beam ^

Splitter 100^
mirror

Flashlamp Aperture mirror
Meniscus 
lens 2 m 

focal length

Photodiode connected to a 
Tektronix 519 oscilloscope

Fig.8.1
The mode-locked Nd-glass laser system

The performance of this system will he described helov. For a 

given system the factors affecting the mode-locking are the dye concen

tration, the pumping level, the optical perfection of the laser rod, the 

alignment of the optical system and the optical qualities of the compo
nents of the system.

It vas found that the dye concentration and the punning level vere 

critical in the production of good mode-locked trains, (see section 8 .2). 
The mode-locking dye solutidn, Eastman 9740, vas diluted in chlorohenzene 

and the optimum concentration vas found to he 13:2. The optimum pumping 

was found to he 1.75kV and vas critical to vithin ±0.05kV for the ahove 

dye concentration. Under these conditions very good mode-locked trains 

vith energies hetveen 30 and 80mJ vere readily obtainable. Figs.8 .2(a,h) 

show tvo examples of the mode-locked trains obtained. The pulses vere 

Measured by the tvo photon fluorescence technique to have a time duration
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of ^ 5 X 10"^^ s (section 9.4). Tvo photon fluorescence experiments vill

be described in the next chapter. The beam profiles are shovn at the

right of each picture (slightly enlarged ) at a distance of 170 cm. Only

one mode-locked train vas produced in each firing, and it vas emitted at a

specific time after firing the flashlamps. This time vas approximately

230lis , and is shovn in Fig.8 .2(d). The divergence of the beam vas esti- 
»

mated to be less that 2 mrad . The small divergence is characteristic of 

the newly developed Schott 55 glass laser. The recordings on Figs.8 .2 
(a,b,c) vere made with a Tektronix 519 oscilloscope. Fig.8 .2(c) shows the 
recording of mode-locked pulses on a very fast timescale (2 ns/div). The 

rise time of the oscilloscope-photodiode arrangement is seen to be approxi
mately 0.4ns (section 5.4). Mode-locked trains as described above vere 
reproducible up to thirty times in succession before any deterioration in 

the quality of the beams could be observed. The results of Fig.8 .2 could 

he reproduced at vill. This system was used in the experiments of 
Chapter IX.

The trains shovn in Figs.8 .2(a,b) last for approximately 60 to 80 ns. 

The pulses are separated by the double transit time of the cavity and their 

duration is approximately 5ps (section 9.4). Each of the pulses shovn on 
the oscillograms (a) and (b) of Fig.8 .2 consist of a series of smaller pulses 

separated by the double transit time of the thickness of the output mirror. 

These result from interference between the tvo faces of the mirror 

(section 2.3.3). The ratio, of the peak power of the picosecond pulses 

to the background noise has recently been the subject of much controversy. 

Barrach et al^^^^^ have recently reported that the picosecond pulses carry 

15 to 20^ of the energy of the mode-locked train from a Nd-glass laser.
On the other hand Auston^^^^^, using a method based on measuring the 

correlation functions, reported that the energy carried by the background 
intensity is only 5^ of the whole train. The ratio of the peak power of
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the picosecond pulses to the background noise power was only 10"^.

Several other authors have reported ratios lying between the two values 

mentioned above. Most of these suggest that, contrary to the earlier 
measurements, most of the energy is carried within the picosecond pulses.

Fig.8 .3 shows typical spectra of the mode-locked laser taken with 

the image converter arrangement shown in Fig.5.6 , and a Monospek 1000 grat
ing scanning spectrometer. The spectra cover a range of approximately 
25-30Â but the main power is contained within the central 10Â . They 

are centred at 10580Â which is the right wavelength as it can be seen from 

the fluorescence cwve in Fig.4.4. The results concerning the spectra 

are in good agreement with the more detailed results of Von der Linde

8.2 CHAMCTEKTSTICS OF THE PASSIVELY MODE-LOCKED
Nd-GLASS laser

In section 8.1 a reliable mode-locked laser and its output charac

teristics have been described. Several problems arising under mode-locked 

conditions have been investigated and the results are described in this 
section.

(l) The position of the dye cell in the cavity. As pointed out in 

section 2.3.2, the position of the dye cell in the cavity affects the 

coupling of the modes. Fig.8 .4(a) shows a mode-locked train obtained 

when the dye cell was placed in the centre of the cavity (l/2). In this 

case two pulses exist in the cavity which are bouncing back and forth 

between the reflectors and they meet at the centre of the cell. It can 

be seen from this picture that the two pulses do not necessarily have the 

same power, though generally they have comparable powers. Fig.8 .4(b)

shows a mode-locked train obtained when the dye cell was placed at L/3 .

Id this case three pulses are circulating in the cavity, and two of them 

always meet at the centre of the cell. The results of Fig.8 .4(a) were
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Fig.8.3
Spectra of the mode-locked Nd-glass laser. The two lines 
_____ correspond to 10570Â (right) and 10532 Â (left).

(a)

ns/div

(b)
# n I / 4

(c)

Fig.8.4
Mode-locking pictures for different positions of 

the dye cell in the cavity.
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easily reproducible, whilst those of Fig.8 .4(b) showed less consistency. 
These results are in very good agreement with the theoretical description 

given in section 2.3.2. The oscillogram on Fig.8 .4(c) shows a mode- 

locked train obtained when the dye cell was placed approximately at L/4. 
The results were not readily reproducible for this arrangement. In 

general, however, it was found that whenever two pulses were observed, 

the pulse spacings were related to the transit time between the distances 
,Xg and L = x^+ Xg where x^, x ̂  are -̂ he distances of the two 

mirrors from the dye cell. Looking at these observations from the prac

tical point of view, their generation can easily be visualized if we con
sider that at the moment of the bleaching of the dye, two pulses (the 

travelling pulses of light approach^^^^^ are crossing the dye travelling 

in opposite directions. Under these conditions the second pulse will 

originate from fluctuations in the cavity, at the moment when the first 

pulse bleaches the dye. The pulse crossing points will therefore alter

nate between the points x^ and L- x^ . In the case of three pulses 

in the cavity (dye cell at x^ = L/3) two successive pulses will be meet

ing at these points.

Finally it must be stressed that mode-locking was most easily 

achieved when the dye cell was at one end of the cavity (section 8 .l).

In fact it can easily be seen from equation (2.3l) that in this case § 

reaches its highest possible value, and it can be shown that the time it 

takes for the phase to reach locking condition is a minimum^^^^.

(2) The dye concentration. It was found that the dye concentration 

was not very critical. Good mode-locking could be achieved with concen

trations ranging from 8:1 to 6:1. Generally the stronger the dye concen

tration the higher the output powers produced and the higher the pumping 

powers needed to produce mode-locking. For concentrations higher than
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6:1, the laser was not reliable and for the majority of the cases the 

patterns obtained showed filamentary action. This could be explained by 
assuming that filaments are formed in the dye at the points where the 

original fluctuation radiation is stronger, whilst at the other points it 

is not strong enough to bleach the dye. It is expected that the same 

situation would arise for longer dye cells and lower dye concentrations. 

However, this has been a subject of much controversy and has not been 

tackled experimentally in the present work. It was also found that the 

higher the concentration, the earlier the mode-locked pulse was emitted 
from the time of firing the flashlamps.

(3) The pumping level. It was found that for a particular dye concen

tration the pumping level was critical (section 8 .I). This strong 

dependence is due to two main factors. First, that the gain of the 

active medium at the time of bleaching must have a certain value and the 

reason for this was given in section 2.3.2; secondly, the refractive 

gradient effects set in the rod by the pumping radiation, greatly 

influence the mode-locking (see below).

(4) Aperture in the cavity. It was found that for a normal dye concen

tration (l3:2) and pumping level (l.75kV) , the beam divergence was 

smaller when an aperture equal to the diameter of the laser rod was intro
duced in the cavity (Fig.8.l).

(5) Transverse modes and filamentary action during mode-locking. As 

pointed out in section 1.1 the physical state of the laser medium at

the time of emission greatly affects the development of the modes. 

Refractive index gradients due to heating by the pumping radiation are 

one of the main causes for the production of transverse modes. As des

cribed above the time of emission depends on the pumping level and the 

dye concentration. The emission will be governed by the refractive
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index distribution in the laser rod, self-focusing in the laser rod, or 

by the filamentary processes in the dye. Now let us consider the beam 
cross-sections which will be produced under different conditions.

The production of pure transverse modes was easily achieved with 
the present system by pumping the rod with higher powers. Fig.8.5(d) 

shows two typical examples of the pure transverse modes obtained. The 
two flashlamps were to the left and right of each picture. The most 

straightforward interpretation is that when the pulse train was generated, 

the transverse mode structure was determined by the degree of thermal dis

tortion existing in the rod at that moment. Fig.8.5(c) shows the near 

and far field patterns when higher than normal dye concentration was used. 

This structure is characteristic of confocal resonators^^^^^ with Fresnel 
number »1 (section l.l).

Figs.8.5(e, f) show mode structures having x,y symmetry. In solid 

state lasers these may be due to polarization effects occurring during 

pumping, or to crystal defects in the active medium.

In glasses and crystals the laser emission under Q-switched or 

mode-locked operation can occur in thin filaments. These result from 

the interaction of the intense laser beam propagating through the glass 

rod with the glass, producing a variation in the index of refraction. 

Filamentary action affects the time and spectral structure of the mode- 
locked pulses (section 2.3.4). There exist two likely focusing mechanisms, 

thermal focusing due to optical absorption and the electrostrictive focus-

For thermal focusing the change of index of refraction of the glass 

with temperature consists of two terms, one corresponding to the change 

of the index at constant volume and the other corresponding to the thermal 

oxpansion and dilution of density. Heating is due to the absorption of
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the beam as it passes through the glass, and it can be assumed that the 

time this occurs is so short that thermal conduction can be neglected.
For a glass having an absorption of 0.1 percent/cm, a change in the index 

of refraction occurs of 10“® per j/cm® In times short compared

to the acoustic relaxation time, this energy dependent index of refraction 
change can give rise to focusing and the subsequent production of fila
mentary action.

Changes in the index of refraction can occur by the presence of 

strong electric fields interacting with the glass through électrostric

tion (section 2.4). For most laser glasses the electrostrictive focusing- 

threshold power is lower than the thermal-focusing threshold for short 

pulses. For very short pulses, acoustic relaxation does not take place 
before electrostrictive focusing occurs.

When the power density of the radiation in the filament reaches a 
certain threshold value, the self-focusing occurring will cause enormous 

increases in the energy density that will lead to damage of the laser
(133)material ' , Repeated firings do not induce further deterioration

except to produce additional tracks across the laser rod.

Figure 8.6(c) shows filamentary tracks produced in the laser rod 
due to filamentary action, under mode-locked conditions. The number of 

tracks kept increasing with increasing number of firings. The tracks 

shown resulted after approximately 700 firings, after which the laser rod 

had to be replaced. It is interesting to note that the damage was much 

more severe on the part of the rod nearest the output mirror. This was 

due to the fact that the powers of the picosecond pulses were always higher 

in this part of the rod due to the gain of the medium. Figs.8.6(a,b) show 

the two faces of the rod, and it can easily be seen that the damage on the 

6nd nearest the output mirror is much more severe than the damage on the 

end nearer to the 100^ mirror.
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Now let us examine the far field patterns of the mode-locked laser 
when filamentary action takes place. Typical examples are shown in Fig. 

8.5(b). In Fig.8.5(a) the Fraunhofer diffraction pattern from an irregular 

distribution of identical and similarly situated apertures is shown. The 

lower part of the picture shows the apertures. This figure is reproduced 
from Born and Wolf 'Principles of O p t i c s ' W e  now note the simila

rity of this pattern with the far field patterns of Fig.8.5(c). When 
filamentary action takes place in the laser, the output beam can be consi

dered as emerging from a number of irregularly spaced apertures similar to 

those shown in Fig.8.5(a), These interfere to produce the Fraunhofer 

diffraction patterns shown in Fig.8.5(b).

The particular glass from which the laser rod is made has a damage 

threshold. For a given pulse length the damage threshold is defined on 

the minimum energy density of the laser beam at which a visible breakdown 

occurs in the glass. For pulses having duration of a few nansoeconds it 

has been found that the damage threshold for Schott glass is in the range 

of 10~'30 j/cm^. On the picosecond scale the damage is usually caused 

hy filamentary action as described above and the threshold is approximately 

IGW. The damage thresholds for glasses set a severe problem in the develop

ment of high power glass oscillators and amplifiers^^^^\

8.3 MODE-LOCKING OF THE Nd+^ ; FOCI3 ; ZrCl^ SYSTEM

An arrangement similar to that used for the glass laser, (section 
8.1) was constructed for mode-locking the liquid laser. The liquid laser 

head was placed between two plane parallel reflectors with reflectivities 

of 100^'and 55^. The cavity length was approximately 1 m long. The 

capacitor bank consisted of two 200|iF condensers (section 5.l) which were 

discharged through the two xenon flashlamps giving the optical pumping 
Palse shown in Fig.5.4(a).
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Several problems arose during the operation of this system because 

of the parallel faces of the laser cell (section 2.3.4), In order to 

avoid the reflections from the cell windows, the laser cell was slightly
2Ltilted to the laser axis. In this way mode-locked trains with period —y 

were regularly observed and two typical oscillograms are shoivn in Figs. 

8.8(a,b). The beam patterns to the right of each picture show beam profiles 
at a distance of 70cm from the output mirror. It was found that the opti

mum dye concentration was 11/2 which is much higher than the concentration 
needed for the glass. Fig.8 .8 (c) shows the time it takes for the mode- 

locked train to be emitted after firing the flashlamps, approximately 240 |is . 

The optimum voltage on the capacitors was 1.6 kV. The energies of the mode- 

locked output ranged from 5 to 15 mJ . Fig.8 .8 (d) shows the mode-locked 
output when the dye cell was placed at L/2.

In Fig.8 .7 two pictures showing the spectra of the mode-locked 

output are shoivn. It can be seen that they are much narrower (7-10Â) 

than the spectra of the glass laser shown in Fig.8 .3. This is most prob-
( 71)ably due to mode-selection by the parallel faces of the laser cell'

Although a complete investigation of the mode-locking of the liquid 

laser would require a Brewster-ended c e l l a t t e n t i o n  should be 

paid to some of the observations made with the system described here. It 

was shown in section 6.1 that the introduction of a meniscus lens in the 

cavity of a liquid laser does not introduce any significant change in the 

relaxation oscillations. Here it was found that the meniscus lens did 

Hot produce any more reliable mode-locking or affect the beam patterns. 

Transverse modes were never observed; the beam patterns always had a uni

form circular shape similar to those shoivn in Figs.8 .8 (a,b). This is 

attributed to the state of the liquid at the time of emission. As it will 

to shown in Chapter IX thermal motions have taken place in the liquid by 

this time, due to heating by the pumping radiation, and no local refractive
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Fig.8.7
Spectra of the mode-locked Nd-iiquid laser. The two 
lines correspond to 1052ÜA (right) and 10482 A (left)
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Fig.8 . 8

Mode-locking of the Nd+^ ; POCI3 : ZrCl^ liquid laser
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index variation exists in the active medium. The modes are scrambled 

together and no transverse mode structure is observed. It is to be noted 

that when a very small liquid laser system was mode-locked transverse modes 

vere observed' , This was due to the fact that the heating by the pumping

radiation produced local variations in the refractive index, but it was not 
strong enough to produce thermal motions because of the size of the system.

8.4 GENERAL COMMENTS
In sections 8.1 and 8.2 above, experimental details for the construc

tion and performance of a reliable mode-locked Nd-glass laser have been 
given. In section 8.3 several practical problems which arise in the mode- 

locking of the liquid laser have been pointed out. The duration of the 

mode-locked pulses was measured by the two photon fluorescence method to 

be approximately 5ps. It was difficult, however, to perform TPF experi

ments accurately because of the low powers of the mode-locked pulses.

Finally no Raman scattering could be observed from the mode-locked 

liquid laser system. This was due to the low powers of the pulses

0.1 GV). As pointed out in section 4.5 the threshold power for stimu-.. 

lated Raman scattering in POCI3 is approximately 0.15G¥. Thus for the 

powers obtained from the liquid laser there was not sufficient conversion 

into Raman frequencies.

Stimulated Raman scattering from mode-locked liquid lasers, twice 

as long as the one used here, has been observed^^^^* at a wavelength

of 11105Â (488 cm“  ̂ shift). The peak powers obtained from these systems 

were approximately 1 GW.
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C H A P T E R  IX
AMPLIFICATION OF MODE-LOCKED TRAINS WITH A LIQUID 

LASER AMPLIFIER Nd+3 ; POCI3 : ZrCl^

9.1 INTRODUCTION
In this chapter the performance of the Nd+3 . POCI3 : ZrCl^ liquid 

system as an amplifier is described. Picosecond pulses of measured 
width 5 X 10rl2 g generated by an Nd-glass oscillator were used as the 

input signals. Serious limitations on the observed gain are imposed by 
the fact that there is a mis-match between the spectrum of the input 
signals and the amplifier linewidth. The spectrum of the input signals 

is centred at 1.058 p,m (Fig.8.3); the linewidth of the amplifier is centred 

at 1.052lJm (Fig.4.4) . Several parameters of the liquid laser medium are 

measured directly (gain, stimulated emission cross-section, passive loss), 

and the problems associated with the operation of this system are described. 

Saturation effects occurring in light amplifiers (Chapter III) were ob

served when mode-locked trains with total energy more than approximately 

50mJ were used. The high intrinsic gains obtained, together with the 

ability of the active medium to be circulated and the fact that the active 

medium is free from damage problems, make the Nd"̂  ̂: POCI3 : ZrCl^ system 

a serious competitor in the field of high power amplifier development. An 

assessment of the results is given at the end of this chapter.

9.2 EXPERIMENTAL ARRANGEMENT AND METHOD OF MEASURING THE GAIN

The experimental arrangement is shown in Fig.9.1. A reliable 

inode-locked Nd-glass oscillator was constructed as described in section

8.1, Mode-locked trains with energies between 30 and 80mJ were readily 
obtainable. The first two pictures at the top of Fig.9.16 show typical 

beam cross-sections at a distance 1.9m from the output mirror. The 

divergence was estimated to be less than 2 mrad (section 8 .I), The third
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picture at the top of Fig.9.16 shows the central part of the beam cross - 
section equal to the amplifier diameter which was selected for amplifica

tion by the aperture shown in Fig.9.1. The output characteristics of the 
mode-locked oscillator were reproducible up to thirty times in succession 

before any deterioration in the quality of the beams could be observed.

The amplifier head (Fig.5.2) was placed 2m away from the output 
mirror of the oscillator and the whole arrangement was aligned with a 

He-Ne gas laser placed behind the oscillator. The time between trigger

ing the oscillator and the amplifier was controlled with a delay box 

following the trigger unit. A beam splitter-photodiode arrangement at 

the exit of the oscillator recorded the time at which the mode-locked 
train was emitted after firing the oscillator. This was recorded on a 
Tektronix 555 oscilloscope. Since the relative time between firing the 

oscillator and the amplifier was known from the delay box, the time at 

which the mode-locked train passed through the amplifier after firing the 

flashlamps was readily obtained. An aperture was placed in front of the 

anplifier to select a beam cross-section equal to the internal diameter of 
the amplifier.

Energy measurements were made with the TEG 107 cone calorimeter 
connected to a microvoltmeter (section 5.l). Two photon fluorescence 

(TPF) measurements were performed with a cell 48mm long and 25mm wide 

containing Ehodamine 6G diluted in acetone. The TPF profile was recorded 
on HP 4 film using an Exackta VX 1000 camera equipped with a Biotar 

f 1.5/75mm lens. The arrangement was placed in a dark enclosure with 

a red filter window to avoid light from the amplifier flashlamps.

The photodiode-oscilloscope arrcmgement described in section 5.4 
vas used to record the two interpenetrating mode-locked trains of the 

experiment. The input and output signals were reflected on to the
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photodiode connected to the Tektronix 519 oscilloscope with the aid of two 
beam splitters a and h placed before and after the amplifier so that 

the E-vector of the main beam was perpendicular to the plane of incidence 
(Fig.9.1).

The arrangement was fired at intervals of at least 15 min to avoid 
the distortion effects taking place in the liquid due to heating by the 
pumping radiation.

The method employed in measuring the gain of the liquid amplifier 
involved the recording of two interpenetrating mode-locked trains. The 

beam splitters a and b (Fig.9.1) were placed in the main beam with 

angles of incidence 28° 54' ± 30' and 13° 40' ± 30' respectively, the 

E-vector being perpendicular to the plane of incidence. The reflection 

coefficients for these angles were calculated to be = 0.117 ± 2.8^

and 1^2 = 0.089 ±2.4^ respectively, where the subscript N denotes 

an incident beam with the E-vector perpendicular to the plane of incidence. 

The optical path lengths were adjusted so that ab + bc-ac<2L, where L 

is the length of the oscillator. In this way the input and output signals 

are recorded as two interpenetrating mode-locked trains with each output 

pulse directly following the input pulse.

The oscillator was first fired several times without firing the 

amplifier. The recorded mode-locked trains gave us the normalization 

of the amplifier-beam splitter arrangement allowing for the difference in 

the reflectivities of the two beam splitters, the reflections from the 

cell windows and the passive loss of the medium. All measurements taken 

vhen the amplifier was fired were normalized to this ratio to give the 

intrinsic gain of the amplifying medium.

The heights of the pulses on the oscilloscope were proportional to 
the energy of the pulses. The photodiode was calibrated against a calori
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meter for the angle of incidence of the first heam splitter. Calorimeter 

readings, however, involved errors of up to 20^, Thus only approximate 
values for the energies could be estimated.

It is important that a Brewster-ended oscillator is used so that the 
signals are only of one polarization (in this case the E-vector is normal 

to the plane of incidence). This keeps the ratio of the reflectivities 
of the two beam splitters constant for all measurements.

It can readily be seen that the change in the ratio of the reflec
tivities is insignificant even for large changes in polarization. If f 

is the fraction of the incident light with normal vibrations, the effec

tive reflectivity of each beam splitter is

R(f,6i) = f + (1 - f) Rp. i = 1,2 ... (9.1)
where the subscripts N and P denote normal and parallel polarization 
to the plane of incidence respectively. For a particular angle this 

expression is linear in f as f changes from 0 to 1 . Fig.9.2 shows 
the variation of the reflectivity with f for two different angles 6 ̂

R(f, 6)

0 9 i

Fig.9.2
Variation of the reflectivity with polarization for two differ
ent angles 6 ̂  and 63 . By drawing a line (broken) parallel to 
one of the lines it can be seen that the ratio of the reflecti

vities lies between the limits Rp^/%* and .
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and ôg . Even if we assume that there is a change in polarization of 10^ 
from normal polarization for different firings, then the ratio of the 
reflectivities will lie between the values

(0.9 + 0.1 Hp^)
(0.9 Efjg + 0.1 Epg)

For the particular angles used in the experiment these take the values 
1.305 and 1.25 respectively, or a maximum change in the ratio of the reflec

tivities of 4^. In practice the error due to changes in polarization was 

much less than this since a Brewster-ended oscillator was used in these 

experiments. The normalization pictures showed that there was no change 

in the ratio of the reflectivities. All normalization pictures showed 

the same ratio for all the pulses. The only error in the measurements 
occurred in measuring the heights of the pulses.

The amplification of the profile of the mode-locked train is analo

gous to the amplification of a giant pulse of the same shape. Thus pulse 

sharpening effects are expected to occur (sections 3.2,3.3). A large 

amplification occurs in the leading pulses of the train. In the experi

ments described here it can be assumed that no significant changes in the 

population inversion occur due to the pumping radiation since the mode- 

locked trains were less than 70ns long. After a certain amount of 

energy is passed through the amplifier, the gain is expected to deviate 

substantially from exponential form since the latter part of the anplify- 

ing medium is depleted more than the first part after each pulse passes 
through.

The accumulated input energy is the sum of the energies of all the 

input mode-locked pulses. The accumulated output energy is the sum of 

all the output mode-locked pulses. The instantaneous gain iS the gain 

of a single pulse at any point along the train. Graphs can therefore be 
plotted showing the variation of the instantaneous gain with input and
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output energy. The graphs are also analogous to graphs showing the output 
signal against time if a step function input signal is applied^^^^ as des
cribed in section 3.3.

The integrated gain is the ratio of the accumulated output energy 
. to the accumulated input energy. This can be found from a graph of the 

accumulated input energy plotted against the accumulated output energy.

The variation of the integrated gain with the input and output energies 
can then be plotted.

9.3 EXPERIMENTAL MEASUREMENT OF THE GAIN FOR SMALL INPUT PULSES

Figure 9.3 shows typical measurements of the gain of the liquid 

laser amplifier in the small-signal case; that is, when there is no drop 
in gain due to population depletion along the mode-locked train. Figs. 

9.3(a,b) show the ratio of the photodiode signals when the amplifier is 
fired.

Figure 9.3(c) shows the normalization of the amplifier arrangement, 

that is, the photodiode signals when the amplifier is not pumped. A 

plot of all the ratios on a typical normalization picture is shown in 

Fig.9.4. The normalization procedure was carried out before any set of 

measurements was taken. In all cases it was found to be constant with 
a value of 0.58 ± 2^. Using the calculated reflection losses and the 

above normalization ratio the transmission loss of the unpumped liquid 

was estimated to be (0.5 ± 0.2)^ per cm (Fig.9.4). This value is slightly 

higher than that reported by Brecher et al^^^^^ (section 4.3). This 

slightly higher value may have its origins in the use of picosecond pulses 

for measuring the transmission losses and it is discussed in the final 

section of this chapter.

The intrinsic gain of the amplifier for a particular pumping energy 
and time delay after firing the flashlamps is found by dividing the ratio
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shown in any of the top two pictures of Fig.9.3 by the normalization 

shown in Fig.9.4. The experimental conditions for each picture in Fig.

9,3 are described in the captions. Gains of 9 were obtained in this 
vay in the small-signal case.

Fig.9.5 shows the gain of the liquid laser amplifier as a function 

of the time delay after firing the flashlamps for three different pumping 

energies, 968 J , 722 J and 512 J. All measurements taken lie near the 

curves shown. The points plotted represent a few typical measurements. 

The light pumping pulse is shoAvn at the top of each curve. A point of 

practical interest is that the light pumping power is not exactly propor

tional to the electrical input energy. This is easily found by measuring 

the areas under the light pumping pulses of Fig.9.5, and comparing them 

to the corresponding electrical input energies shown on the figure. This 

maybe due to a change in the electrical resistance of the flashlamps at 

higher voltages and subsequent improvement of the matching of the para

meters of the electrical circuit.

L.

g k 061o»v; 
w Eo “ 058% -O

^ âO-55 
t §

X

I2 3 4
Pulse number

%

Fig.9.4
Measurement of the transmission losses of the liquid laser amplifier using

a mode-locked pulse train.
Intrinsic transmission of the liquid laser=observed value(above)x(l.58±0.03) 

Power of each mode-locked pulse (0.5-l) X 10 watts 
Variation ^ 2^
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fIS- 9 5 The gain of the neodymium liquid laser amplifier as a function of time after firing 
the flashlamps for three different pumping energies. Thc-̂ tashlamp intensity in each 

case Is shown at the top of coch picture
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It can be seen that the maximum gain occurs 205 |is after firing 

the flashlamps. Note the agreement of this result with the results of 
Chapter VII, particularly Fig.7.4, when the system was used as a Q-switched 
oscillator. The time taken for the population inversion to reach a maxi

mum is longer than the time taken for the pumping pulse to attain its 

maximum intensity, and is less than the fluorescence lifetime of the 

material (~300(is). The results shown in Fig.9.5 show similar behaviour 

to the characteristics of Nd-glass amplifiers obtained with different 

experimental methods^^^^\

9.4 MEASUREMENT OF THE PULSE WIDTH

Delineation of the pulse width was made by a standard two photon 

fluorescence method as shown in Fig.9.1. The pulses were reflected back 
on themselves using a 100^ mirror (section 2.3.3) and the separation of 

the two photon fluorescence bands was equal to the effective thickness of 

the output mirror of the oscillator 60 ps. The measurements indicated 
pulse widths of 5ps . Typical TPF pictures obtained are shown in Fig.9.6. 

It can easily be seen from the pictures on this figure that the left-hand 

side band is weaker than the first band. This could arise as a result of 
the energy loss occurring in the previous bands.

The contrast ratio of the TPF bands to the background intensity was 

measured by attaching a strip of neutral density filter of known contrast 

ratio, to the side of the TPF cell at the point where the first TPF band 

occurs. Typical TPF pictures taken in this way are shown in Figs.9.6 (b, d) . 

Since the contrast ratio of the filter is known, the contrast ratio of the 

TPF band to the background intensity is readily obtainable from micro

densitometer traces of the picture. Fig.9.8 shows a microdensitometer 

trace of the TPF picture 9.6(d). The step defines a contrast ratio of

2.2. The contrast ratio for the pulse is seen to be 1.7. This value 
is in good agreement with the values reported by Bradley et al^^^^^, who

- 148 -



(a)

(M

The distance between Jbhe two main pulses 
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Fig.9.6
Two photon fluorescence pictures. The 100^ mirror 

is to the right of each picture
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5 ps
Fig.9.7

Microdensitometer trace of the first TPF pulse 
in Fig.9.6 (a); half width ~ 5ps

6 ps
Fig.9.8

Microdensitometer trace of the TPF picture of Fig.9.6 (d) 
The step defines a contrast ratio of 2.2.
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have also shown that the contrast ratio is much higher when the triangular 

method is used for two photon fluorescence measurements, instead of the 
direct reflection off a mirror. The significantly different values 
observed for the contrast ratios in the two cases were attributed to the 
pulses containing random fluctuations on a picosecond timescale.

A microdensitometer trace of the first pulse of Fig.9.6(a) is 
shown in Fig.9.7. The TPF measurements indicated that the pulses used

9for amplification had powers of approximately 10 V . Consequently the 

anplified pulses had powers of approximately 8 X 10^ W ,

It is important to note the weak satellite pulses on either side of 

the main pulses in Fig.9.6 (a). These are symmetric about the main pulses 

and occur at intervals of 17ps . Similar pulses were reported by Giordmain
/ pr pr \

et al' . A theory which accounts for the origin of these pulses was 
derived in section 2.3.3. Note the agreement of the theoretical results 
with the experimental results of Fig.9.6 (a). The first pair of satellite 
pulses have approximately l/S the intensity of the main pulse.

At times the satellite pulses had intensities comparable to the 
main TPF pulses. In these cases the contrast ratio was lower than that 

reported above for good TPF pictures. For some of the pictures multiple 

pulses occurred at regularly spaced intervals. Some typical examples of 
these pulses are shown in Fig.9.9. In general however, the TPF measure

ments made in this section are in good agreement with the results des

cribed in references 51, 55 and 130.

9.5 THE INPUT-OUTPUT CHARACTERISTICS OF THE LIQUID AMPLIFIER

When the energy content of the mode-locked trains was high, popula

tion depletion effects could be observed. Three pictures showing popula
tion inversion depletion effects are shown in Fig.9.10 for three different 

initial population inversions. The experimental conditions for each
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Fig.9.9
Multiple two photon fluorescence patterns attributed to strong 

frequency modulation within the picosecond pulses
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picture are described in the caption. The normalization for all three
pictures is 0.58 ± 2^. It can readily be seen that the gain of the

amplifier starts at a high value and falls as the successive pulses pass 
through it. This non linear behaviour depends on the population depletion 
brought about by the energy requirements of previously amplified pulses.

It can be assumed that the contribution of the pumping pulse to the popula

tion inversion during the passage of the mode-locked train through the 

amplifier can be neglected. Population depletion effects were readily 

observable Wien energies greater than 50 mJ passed through the amplifier. 

Results similar to those shown in Fig.9.10 enabled the investigation of 

pulse sharpening and gain saturation effects in the liquid laser. These 
are described below.

'The gain of the amplifier depends on the population inversion at 
any instant. Hence the small-signal gain depends on the energy of the 

previous signals which have passed through the amplifier. It is therefore 

meaningful to plot the instantaneous gain - that is the ratio of the signal 
of an output pulse to the corresponding input pulse - against the sum 

total of the energies of all the input pulses previous to the one under 

consideration. The graphs in Fig.9.11 show the fall of the instantaneous - 
gain with accumulated input energy for four different initial population 

inversions. The results plotted here are in good agreement with the 

theoretical considerations of section 3.2, and in particular note that the 

fall is steeper for high initial gains and it smooths out for small gains. 

Also note the similarity of these graphs with the results of reference 87 
vhere a step function input signal was applied.

. Figure 9.12 shows the variation of the instantaneous gain with 

accumulated output energy for the same experimental conditions as in 

Fig.9.11. The results are similar to those for the accumulated input 
energy,
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Fig.9.10
The depletion of the population inversion for 
three different initial population inversions. 
The normalization for all three pictures is 

0.58 ± 2#
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Fig.9.11
The instantaneous gain plotted against the accumulated input 
energy for four different initial population inversions. The 
second graph corresponds to the first picture in Fig.9.10.The 
true values of the energy are the units shown multiplied by a 
factor 7 ± 20^mJ. (a) flashlamp input energv 968 J : time
delay after firing the flashlamps 250 |is . (b) 968 J; 165 |ls;

(c) 968 J; 260 ns. (d) 968 J ; 105 |is.
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Fig.9.12
The instantaneous gain plotted against the accumulated out
put energy for the same experimental conditions as in Fig, 
9,11, The true values of the energy are the units shown 

multiplied by a factor 7 ± 20^ mJ
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Fig.9.13
Graphs of the accumulated input energy against the accumu
lated output energy for the same experimental data as in 
Figs.9.11 and 9.12. The true values of the energy are the 

units shown multiplied by a factor 7 ± 20^ ml
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Fig.9.14
Graphs showing the variation of the integrated gain 
with the accuimilated input energy. The data were 

taken from Fig.9,13
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Fig.9.15
Graphs showing the variation of the integrated gain 
with the accumulated output energy. The data were 

taken from Fig.9.13
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Figure 9.13 shows graphs of the accumulated input energy plotted 

against the accumulated output energy for the same experimental data as 
in Figs.9.11 and 9.12. From these graphs the integrated gain for differ
ent output and input energies was calculated. The integrated gain calcu
lated from Fig.9.13 is plotted against the input and output energies in
Figs.9.14 and 9.15 respectively. Note the agreement of these results

( 82)with the theoretical results of Schulz-Buhois' . The curves shown in 

Fig.9.14 show similar characteristics to curves obtained from Nd-glass 

lasers^^^^) using different experimental methods. The second graph in 
each of these figures corresponds to the first picture in Fig.9.10.

The energy units plotted in these graphs are arbitrary. The true 

energy values in mJ are obtained by multiplying by a factor 7 ± 20 ,̂ 

obtained by calibrating the beam splitters with a calorimeter (the large 

error in this factor is due to the inaccuracy of the calorimeter measure
ments) .

An approximate value for the stimulated emission cross-section of 

the liquid laser can be obtained from Figs.9.11 and 9.13. Consider the
four level amplifier equation derived in section 3.1

II = hv - exp{l - - OE ...(9.2)

where E(J cm~^) is the input energy, x is the distance along the ampli

fier axis, a is the loss per centimetre, is the stimulated emission
cross-section, and* is the population inversion per cnf. Since the
energies used are of the order 10“^J and the quantum energy hv= 1 .88X 10“^^J 
ve can write equation (9.2) for the small-signal gain as

II = (AN.or^^j - a)E .

Integrating over the entire length t  of the amplifier and assuming that 

is uniform along the length, we obtain
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= (aN^ - a) I

where is the gain for a small signal. If G g is the small-signal
gain corresponding to the population inversion AN g which is left after 

the passage of the first pulse through the amplifier, then

( g ; )  =  ( “ 'i ■  ^ 2 )  •

If a pulse of energy emerges from the amplifier with energy

^out ’ then ^out “ ̂ in ~ V(AN^- AN^) hv , where V is the volume of the 
amplifying medium. From the last two equations it follows that

where A is approximately equal to the geometrical cross-section of the 
amplifier (0.385 cm^).

The gain for small input signals can he found from Fig.9.11. The

gains of successive small signals with energies of 21 X 10~® J each were

found from this figure. The corresponding output energies were obtained

from Fig.9.13. The stimulated emission cross-section was calculated from

formula 9.3. The values obtained ranged from 2.8 to 5.2 X 10~®° cm^ with

most values lying around 4.2 X 10“ °̂ cm^ ± 40%. This is the stimulated
emission cross-section at a wavelength of 10580Â . To find the cross-

section at the centre of the amplifier linewidth, we must multiply by a
factor 1 .8 , which is the ratio of the amplitude of the centre of the

fluorescence line profile to that at the part of the profile corresponding

to the experiment (Fig.4.4). The stimulated emission cross-section is
thus 7.5 X 10” °̂ cm^ ± 40%. The large error in this estimate arises from 

G ̂the factor *tn pr- and the error in the energy calibration factor. PartsUrg
of the graphs where the errors in the gain measurements were small were 

chosen for these calculations, and these parts gave the most consistent 
results. The results obtained from the second graph in Fig.9,11 were the
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most consistent, and those from the last graph the least consistent.

The values of the stimulated emission cross-section calculated 

above are in good agreement with the values recently reported^^^^'^^^) by 
other workers using standard methods.

9.6 THERMAL DISTOETION EFFECTS IN THE LIQUID AMPLIFIER

In section 1.1 and 1.5 it was pointed out that changes occurring 

in the refractive index of the active medium during laser operation can 

affect the performance of the laser. In liquid media the distortion 
effects due to heating by the pumping radiation are more severe than in 

solid state lasers because the thermal expansivity of liquids is much 
greater than that of solids.

In the experiments described here the far-field beam patterns at a 

distance of 0.7m from the amplifier output were recorded on developed 

unexposed (Polaroid) film. Patterns were obtained corresponding to 

various times up to 410ns after firing the flashlamps. The third picture 

at the top of Figs.9.16 and 9.17 shows the beam cross-section going into 
the amplifier. Typical beam cross-sections coming out of the amplifier 

are shown in these figures for three different pumping energies, 968J ,
722 J and 512 J. The beam patterns initially change towards vertically 

elongated shapes because the flashlamps are placed in a horizontal plane 
on either side of the amplifier. It can be seen that thermal distortion 

is less severe for lower pumping levels. It is clear from these patterns 

that thermal density distributions are established in the liquid due to 

heating by the pumping radiation. These density distributions probably 

also account for the large number of spikes around each beam pattern. It 

is inportant to notice that at the time of maximum gain the output beam is 
very much distorted. The geometry of the amplifier head and the elimina

tion of UV radiation thus appear to be the most serious problems in the
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ing the flashlamps. The pumping energy was 968 J .

— 1 6 3  —



o  fis ( 3 0 /IS ( 5 0 /us 1 6 0 /IS

1 7 0 /is \8 0  fis [90 fis 2 0 0  fis

2IO/US 220fis 2 3 0  fis 2 4 0 /us

2 5 0 /IS 2 6 0  fis 2 8 0 /us 300/is

320/1S 3 6 0 / U S  4 0 0 P S  4IO/is



9 0  JUS

180 JUS

270/15

1 40 JUS

210 JUS

280/15

1 6 0  /IS

2 2 0  JUS

3 6 0  /IS

7 0  JUS

2 6 0  /IS

390/1S

(b)

1 4 0  /IS 160 /IS 8 0  /IS 2 2 0  JUS

250/1S 260/iSpig 9 i-^BO/is 3 6 0 jus
Beam patterns obtained on developed unexposed (Polaroid) 
film, similar to those in Fig.9.16, for two lower puiiping 
energies: (a) 722J ; (b) 512 J. It can be seen that the
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design of high-power liquid, amplifiers. The patterns in Figs.9.16 and 

9.17 suggest that an experiment with a small continuous gas laser beam 

passing through the amplifier when fired, in conjunction with a streak 

camera-image converter arrangement, would provide useful information about 
changes in the amplifying medium during pumping.

9.7 CONCLUDING REMARKS ON THE PERFORMANCE OF THE
LIQUID Tj\SER amplifier

In this chapter the behaviour of the neodymium liquid laser 
(Nd+3 : POClg : ZrCl^) as a high power amplifier has been investigated with 

short light pulses of duration 5ps as the input signals. Some remarks 
on the amplification of picosecond pulses and certain points arising from 

the results described above are of interest and are briefly discussed 
below.

In section 9.3 the transmission loss of the unpumped amplifier

was measured to be (0.5 ± 0.2)% per cm, which is slightly higher than that
reported by Brecher et al^^^^\ The powers used were approximately of

the order of 1 G¥ . It is interesting to note that at these power levels

two photon absorption processes may occur in neodymium systems and these
(l40)will reduce the transmission of the medium'' , This may well account 

for the slightly higher transmission losses observed.

Let us now consider the rate of change of the population inversion 
in the amplifier. For a four level system this can be written as

-dAN(t) _ Plil _ 6N(t) /q
dt - hy^ T

where AN(t) is the population inversion at a time t after firing the 

flashlamps, P(t) is the pumping rate of ions into level 2 in watts and 
T is the lifetime of level 2; is the frequency of the homogeneous

line within the inhomogeneous linewidth corresponding to the signal fre

quency (2.836 X 10^^ s7^). In the above equation cross-relaxation effects
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from other parts of the inhomogeneous linewidth have been omitted. This 

is reasonable in view of the fact that cross-relaxation rates are of the 
order of 10 s~̂  and the mode-locked trains last for only a few dozen nano

seconds. Super-radiance effects have also been omitted. Note that the 
above equation is the same as equation (2.3) for a laser oscillator, where 
the stimulated emission term has been omitted. Multiplying the above 
equation by an integrating factor and solving for AN(t) we get

-t/T *
AN(t) = J  P(t) dt ... (9.5)

^ o
the small-signal gain being given by

G(t) = eAN(t) a(v)t ... (9.6)

where is the stimulated emission cross-section (4.2 X 10”^° cm^) at

the amplifying wavelength (calculated above) and the lumped losses have 

been omitted. It can readily be seen from equation (9.5) that for a fixed 

shape of the pumping rate (shape of the pumping pulse) the maximum of 

AN(t) and therefore the gain G(t) occurs at a fixed time depending on the 

value of T , The shape of P(t) is shown in Fig.9.5 at the top of each 

gain curve. Values were taken from these curves and equation (9.5) was 
evaluated with the aid of a computer for several values of t . The 
values of t and P which would make the calculated curves for the gain 

G(t) agree with the experimental gain curves of Fig.9.5, were found to be 

T = 140|js and P^ax ~ X 10® watts, 6.7 X 10® watts and 5.7 X 10^ watts 
for the three graphs respectively. The calculated curves using these 

values are shown in Fig.9.18. The curves are a close fit to the experi

mental curves of Fig.9.5.

From the above discussion we see that the effective lifetime of 

level 2 is only 140 [is instead of the 300 |is as described in Chapters IV 
and VI. This is mainly due to the fact that fluorescence resulting from
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level 2 occurs in hands outside the one corresponding to the 1,052 ji 

transition (see Figs.4.1 and 4.4, and also section 4.4). This deviation 

however may also he partly the result of either of the following two pro

cesses. Stimulated transitions take place from the upper level of the 
laser transition to higher energy levels of the neodymium ion scheme 

(Fig.4.l) due to the pumping radiation. Secondly, at the powers used 

in the present experiments, two photon absorption processes can occur which 
lower the gain of the amplifier^*^^). A third possibility is that self- 

quenching occurs which lowers the fluorescence lifetime. All these pro

cesses can occur simultaneously, thus diminishing the value of the fluores
cence lifetime. The lifetime of level 1, decaying to the ground state, 
is of no consequence since this has been shown to be less than 5ns 

It must be pointed out that the lifetime of level 2 found here is not the 

same as the tg value measured in section 6 .2; tg is the spontaneous life
time of level 2 for a 2->l transition (section 2.l), whilst T is the 
total lifetime of level 2, related to tg by

T = 4 '  + ^  ••• (9-7)

where l/tq is the total transition rate for all the other processes.

Note that the value of tg (240 p.s) calculated in section 6 .2, and the 

value of T (l40|is) are consistent with equation (9.7). The above con

siderations are at the present being investigated in more detail.

Finally it should be pointed out that after approximately 1500 

firings there was no deterioration in the performance or the physical 

quality of the liquid amplifier in which pulses up to eight times as 

powerful as those generated in the oscillator were amplified. It is 

interesting to recall here, the results of Chapter VIII, when the glass 
laser rod was badly damaged after approximately 700 firings (Fig.8.6 ).
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To summarize the results of this chapter. Short pulses of light 

have been used to investigate the anplifying properties of the Nd+^ ;

POClg : ZrCl^ . Certain important characteristics of the amplification 

processes have been demonstrated, and the results confirm the theoretical 

predictions of Schulz-Dubois^^^^ (section 3,2). It was also shown that 
thermal distortion due to heating by the punping radiation presents a 

serious problem in the operation of this kind of laser amplifier. The

high gains obtained - although there was a mis-match between the amplifier 

linewidth and the oscillator signals - suggest that liquid amplifiers are 
more useful than crystal or glass lasers for high power amplification 

because the liquid is free of damage problems and can be recirculated.
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C H A P T E R  X 

FREQUENCY SHIFT EFFECTS IN WIDE-BANH AMPLIFIERS

10.1 LINEWIDTH PROBLEMS

In sections 1.5 and 3.4 certain aspects of linewidth problems were 
described. As pointed out before, the results discussed in Chapter IX 

were affected by the mis-match between the spectra of the input signals and 

the centre of the amplifying linewidth. In this chapter the results of 
several experiments designed to investigate the consequences of this mis
match are discussed.

The amplification of light signals by a material in an inverted 

state depends on the gain profile of the amplifying medium and the spec

trum of the incoming signal. The fundamental light amplification processes 
suggest that if a Lorentzian (or Gaussian) shaped narrow spectrum signal 

is amplified by a wide linewidth amplifier whose centre does not coincide 
with that of the signal, frequency shifts occur during the amplification 

process. Here a direct experimental observation of a frequency shift 

occurring during the amplification of a narrow spectrum signal by an anpli- 

fier of wide linewidth is reported. The effect of this shift on the power 

gain of the amplifier is also investigated experimentally and theoretically. 

The ability of trivalent neodymium to serve as the active ion in different 

host materials provide the necessary experimental conditions because the 

spectra of the different systems do not coincide exactly (Fig.4.4).

Let us consider the situation with the aid of Fig.10.1. This 

diagram is only an illustration, but the values for the wavelengths and 

the shape of the amplifier linewidth are the true values corresponding to 

the experimental conditions. It is obvious from this diagram that the 

wing of the input signal nearer the centre of the amplifier linewidth will 

he amplified more and the spectrum of the amplified signal will be shifted
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towards the centre of the linewidth as shown; exaggerated for clarity.
(For the true shape of the amplified signal see Fig.10.6 later.) The 

expected spectra of the input and output signals are shown at the bottom 

of the figure and are defined by the vertical lines. In this section 
the physical picture of the situation was established. In the following 

sections experimental and theoretical results on the subject are presented.

10.2 EXPERIMENTAL OBSERVATION OF A FREQUENCY SHIFT DUEING
THE AMPLIFICATION OF A NARROW SPECTRUM SIGNAL

The experimental arrangement is shown in Fig.10.2. The input 
signals consisted of mode-locked trains from the Brewster-ended Nd-glass 

LGN 55 oscillator described in section 8.1. Oscillograms of the mode- 
locked trains were recorded using an oscilloscope 519, with the aid of the

beam splitter shown in Fig.8 .2. The amplifier head was the one shown in
Fig.5,2. The linewidth of the anplifying medium (Nd+^ : POCI3 ; ZrCl^) is

150Â at half the maximum with the centre of the line lying at 10522Â
(see Figs.4.4 and 10.6).

The spectra of the signals were taken with a Monospek 1000 grating 

scanning spectrometer with the photocathode of the camera-image converter 

arrangement described in section 5.5 placed in the plane of the exit slit 

(the exit slit was previously removed). In order to avoid damaging the 

replica grating with the high powers of the picosecond pulses, only part 

of the output beam was reflected into the spectrometer. The exit of the 

anplifier was imaged at unit magnification onto the input slit of the 
spectrometer using a 35 cm focal length lens. A calibrating lamp was 

used to check the accuracy of the recording system, and it was found that 

the spectrometer-image converter arrangement was accurate to ±0,5Â,

The experimental results are shown in Fig.10.3, The two lines 

correspond to 10532 Â (left) and 10570 Â (right). The input signals were 
first recorded without firing the amplifier, and spectra ranging from 5 to
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Fig.10.3
Experimental results showing the frequency shift occurring 
during the amplification of narrow spectrum signals whose 
spectrum does not coincide with the centre of the amplifier 
linewidth. The two lines correspond to 10532Â (left) and 

10570Â (right) for all pictures.
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20Â wide were obtained, each centred at 10580Â (see Figs.4.4 and 8.3).

The spectra of the mode-locked pulses from an Nd-glass laser were shown to 

be largely Lorentzian with half-width ~ 5Â (see section 2.3.3).

When the amplifier was fired the resulting spectrum was asymmetrical 
about the centre of the input signals. It was shifted towards the centre

of the amplifier linewidth and the pictures (Fig.10.3) show that the asym

metry is approximately 27Â . The gain of the amplifier at the time of 

transmission of the pulses was approximately 6 (Fig.9.5(b)). It is impor

tant to note that the shift never reaches the centre of the amplifier line

width; this limits the gain obtained from the liquid. The results 

described here suggest that the potentialities of the liquid as a high 

power amplifier are much better than implied by the experiments of Chapter IX.

The experimental results of Fig.10.3 are similar to the expected 

spectra shown below the graphs of Fig.10.1 (conpare these results with the 

calculated results of Fig.10.6 later).

Proper calibration of the film to record the intensity distributions

of the spectral shifts, and measurements of the gain and energy of the

input pulses, should allow important parameters of the cross-relaxation 

mechanisms in the liquid laser to be calculated by this method. The 

effect of this shift on the power gain of the amplifier is investigated 

in the next section and a simple theoretical analysis of the results is 
given in section 10.4.

10.3 THE EFFECT OF THE FHEQUENCY SHIFT ON THE
POWER GAIN OF THE LASER AMPLIFIER

In this section the effect of the frequency shift described above
on the power gain of the amplifier is investigated. As it can be seen

from Fig.10.3, the spectrum of the output signal is no longer the same as 
that of the input signal. It is asymmetric about the original centre of
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the input signal and has a frequency shift towards the centre of the 
amplifier linewidth.

If the signal with the new spectrum is now sent back through the 
amplifier, and the signal is small so that no population depletion effects 

occur, the gain in the reverse direction will be greater than in the for

ward direction because of the better matching between the amplifier line
width and the signal spectrum. In effect this could be considered as 

the amplification of the signal through an amplifier of twice the length, 

the gain in the latter parts being greater as a result of the frequency 

shift introduced in the signal spectrum by the earlier parts of the 
amplifier.

The input signals consisted of mode-locked pulse trains from the 
Brewster-ended Nd-glass LGN 55 oscillator described in section 8.1, and 

the energies of the input mode-locked trains ranged from 20 to 40 mj , 

approximately 3 m J  per mode-locked pulse. The anplifying medium was the 
Nd"̂  ̂: POCI3 ; ZrCl^ liquid system, and the amplifier head is shown in 

Fig.5.2. The spectral characteristics of the input signals and the anpli- 
fier linewidth were described in the previous section.

Figure 10.4 shows the experimental arrangement used for measuring 

the forward and backward gain of the amplifier. Beam splitters were placed 

at the entrance and exit of the amplifier, with a 62^ dielectric mirror 

placed behind the second beam splitter to reflect part of the output pulse 

back through the amplifier. A 100^ dielectric mirror was used in conjunc
tion with the first beam splitter to record the input signals as shown in the 
figure. The distance between the first beam splitter and the 62^ mirror was

arranged to be less than the single transit time of the oscillator so that 

the forward and backward amplification of â mode-locked pulse was completed 

before the next pulse reached the amplifier. An aperture 6.5mm in dia

meter was placed in front of the amplifier in order to select the central
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part of the mode-locked beam for amplification. The pulses were recorded 

with the fast ITT F 4000 photodiode described in section 5.4, connected to 

a Tektronix 519 oscilloscope. The short rise time of the photodiode 
(section 8 .l) enabled the recordings of three interpenetrating mode-locked 

trains as described below.

First the mode-locked pulse trains were passed through the unpumped 

amplifier. The input signal A was recorded with the first beam splitter 
and the 100^ mirror, the output signal B was recorded with the second beam 

splitter, and the returned signal C was recorded with the first beam 

splitter. Thus three interpenetrating mode-locked trains were recorded, 

the ratios B/A and C/B taking account of all the losses in the system 

for the forward and backward passes due to the difference in the reflec

tivity of the two beam splitters, the reflection from the cell windows, the 

passive loss of the medium, the 62^ mirror and the diffraction losses. 

Several firings were taken with the amplifier unpumped. An example is 

shown in the last picture of Fig. 10.5 (an asymmetric mode-locked train was 

chosen here in order to show the consistency of the ratios whatever the 

input signal). This is a normalization picture analogous to those des

cribed in section 9,3, The ratios B/A and C/B were then calculated 

for all the pictures taken. For the pictures of Fig.10.5 the ratios are 

B/A 0.64 ± 2.5^ and C/B = 0.26 ± 4.5^,

More filters were then used to attenuate the photodiode signals, 

and the amplifier was pumped. The recordings A ' for the input signal, 
for the output signal and C ̂ for the returned signal were taken.

The ratios B ' / a ' and c ' / b ' , for the forward and backward passes respec

tively were calculated. Typical examples are shown in the top two pictures 

of Fig.10.5. The ratios
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give the gain of the medium in the forward and backward directions respec

tively. This method of measuring the gain is analogous to the one 

described in section 9,3 for measuring the gain of the amplifier. Details 
on the method of recording were given in that particular section. This 

method of measuring the gain of the amplifier is very accurate as it 

eliminates the effect of all the losses in the system, the measured gain 
being the intrinsic gain of the medium. The consistency of the ratios 

B/A and C/B for the unpumped amplifier is an indication of the accuracy 
of the results.

With input energies of 512J the backward gain Gg was found always 

to be greater than the forward gain Gp for each mode-locked pulse.

Fig.10.5 shows two sets of observations of this kind. For forward gains 

of 4 ± 0.2 the backward gains were found to be 4.7 ± 0.2. This results 

from the shift in the spectrum of the mode-locked pulses as they travel 
through the amplifier. The wing of the signal spectrum lying nearer the 

centre of the amplifier linewidth is amplified more than the other. On 

the way back there is better matching between the spectrum of the mode- 

locked pulses and the gain profile. Since the pulses are small we can 

assume that there is no change in the population inversion for successive 

pulses, therefore the gain in the backward direction is bigger. It can 

be seen from Fig.10.5 that there is a slight change in gain for pulses at 

the beginning and end of the train. This is due to small saturation 

effects. For higher pumping energies the experiment could not be per

formed because of the severe thermal distortion in the liquid amplifier 

(section 9.6).

■ Let us now summarize the results of this section. Mode-locked 

pulses generated by an Nd-glass laser have been amplified in the forward 

and reverse directions by an Nd+^ : POCI3 : ZrCl^ liquid laser. The gain . 

in the reverse direction was found to be greater than the gain in the
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forward direction. This was attributed to the frequency shift introduced 

in the spectrum of the mode-locked pulses during the first passage through 
the amplifier, which was described in section 10.2. In the following 

section a simple theoretical analysis is given which accounts for the 
effects observed in sections 10.2 and 10.3.

10.4 THEORETICAL CONSIDERATIONS

Considering equations (3.6a) for the small signal case and negligi

ble lump losses, and introducing the spectral dependence of the quantities 

I, AN and or , we can write the amplifier equation for the spectral inten

sity;

^ i ^ = l ( v ) K ( v )  ... (10.1)

where l(v) is the intensity of the incident radiation is Joules/s cm^

per unit frequency range, the total power density I at any point x
along the amplifier length being

00

I = J  l(v) dv watts cm“  ̂
o

K(v ) may be defined as the convolution of Ct (v ) and Z\N(v)
00

K(v) = a(v) 0  AN(v) = j u (v - v ') AN(v^ dv^
o

where cr(v) is the ionic cross-section in cnf (section 3.4) centred at 

a frequency v '  and is assumed constant throughout the amplifier linewidth; 

AN(v̂ ) is the total inversion density in ions cm“® per unit frequency 

range. In effect K ( v ) is the factor governing the fluorescence line of 
the amplifier in cm*"̂  , Thus K ( v ) can be assumed to have approximately 

the shape of the fluorescence line of the amplifier.

For an amplifier of length t  equation (lO.l) becomes

l ^ u t W  = lin(v) K(v)t . ... (10.2)
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Using equation (lO,2) and denoting the forward and backward passes with 

the subscripts 1 and 2 respectively, the forward gain is given by
00J  If ( v )  e x p  K ( v ) - t  d v

%  = ^----------------- ••• (10-3)
in J II. (v) dv

o m

The backward spectral input intensity is l2^^(v) = R where R

is the reflectivity of the mirror at the back of the amplifier (62^ in 
this case). Then

^2out(^) l2ia(v) exp E(v)t = R exp 2 K(v)t
The backward gain (assuming no change in the population inversion during 

the passage of the forward pulse) is thus given by
00 00 

I p  I ̂1 *  e x p 2 K ( v ) ' 6  d v  J I i i n ( v )  G x p  2  K ( v )  t  d v„ out o o
B  “ Ig ~  00 —  00

i ^  J  I I .  ( v )  e x p  K ( v ) ' t  d v  G p  J  d vo o
... (10.4)

Comparing equations (10.3) and (l0.4) we see that the forward and backward 

gains are not the same. It can also be seen from equation (l0.4) that 

the product of the gains GgGp is the same as the gain of an amplifier of 
length 2 -t , the gain at each part of the amplifier depending on the spec

trum of the propagating pulse at that point.

Since we are considering a narrow signal the amplifier equation

(lO;2) for a small pulse without any frequency shift gives us -tn = K^in
vhere Kg is the value of K at the signal frequency 2.836 X 10^^ Hz.

The forward gains measured ranged from 3.5 to 4.5. Assuming the small 

signal gain to be 4.25 at the signal frequency, an approximate value for 
Kg ~ 0.094 cm~^ is calculated = 15,3 cm). From the fluorescence line 
(broken line in Fig.10.6) the value ~ 0.2 cm"^ at the centre of the
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amplifier line 2.856 X 10^^ Hz is calculated. Using Kq ~ 0.2 cm"’’ and 

the fluorescence line of Fig.10.6, the integrals of equations (lO.S) and 
(10.4) were evaluated with the aid of a computer.

The shape of the input signals was assumed to be Lorentzian

= lo

' 2
with half width AVg = 0.002 X 10^^ Hz (equivalent to 7.5Â). This is a 
very reasonable assumption in agreement with the results of reference (58) 

and the results of section '8.1. Using a value ~ 0.2 cm"’- and finding 
the values of K for different v from Fig.10.6, the integrals

« = ! d v

/ V - e x p K ( v ) ' t  dv ,
o 1 + /  - — -A

^^s

=  J  - - - - - - - - 2 exp 2  K(v) I  d v  ,
A vh 1 + / —

have been evaluated.

These integrals were plotted by a conçuter against the frequency v 

and the graphs are shown in Fig.10.6. From equations (l0.3) and (l0.4) 

the ratios b/a and c/b of the areas under the graphs correspond to the 
forward and backward gains respectively. Tĵ e conçu ted values are 

^/a ~ ^  = 4,4 c/y = Gg = 5.1 .

These are in very good agreement with the experimental results described
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in section 10.3. It is interesting to note the agreement of the calcu
lated spectral shift shoAvn in h with the experimental results of Fig.10.3 

It can also he seen from the graphs of Fig.10.6 that the effect of the shift 

becomes greater with increasing number of passes.

10.5 COMMENTS ON THE OBSEWATIONS AND THE RESULTS
The experimental and theoretical results described in the last three 

sections demonstrate some fundamental characteristics of the amplification 

process. They show directly the effect of frequency shifts on the power 
gain in a travelling wave amplifier. As has been pointed out in section 
3.4, if the pulse width is short conpared with the cross-relaxation time 

from different parts of the inhomogeneous line width, most of the available 

energy in the amplifier remains untapped. Thus in the case of high power 
amplification (nanosecond and picosecond pulses) with neodymium lasers

the spectra of the input pulses should be made as wide as possible in order 

that the interaction of the signals with the atomic medium takes place over 
a wide range of wavelengths. In the latter case more of the available 

energy under the inhomogeneous linewidth will be extracted.

The agreement of the experimental results of section 10.3 with the 

single theory of section 10.4, which assumes a Lorentzian shape of half 

width between 5 and 10Â for the mode-locked pulses, argues strongly for 

the conclusion that the pulses are indeed a close approximation to 

Lorentzian shape, in confirmation of the results in references 58 and 59.
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C O N C L U S I O N S

In this thesis I have tried to carry out a definitive series of 
experiments in order to marshal together all the important data concerning 

inorganic liquid lasers. The work is largely original, in fact only the 
parts which relate to the actual formation of the liquid itself and the 
construction of the glass oscillator have been derived from other sources. 

It should be pointed out that the work described here represents the only 
active research in the field of liquid lasers in this country. This 
introduced several difficulties during the course of the investigation, 

since most of the apparatus had to be devised and constructed without any 

knowledge of the experimental consequences. Four other groups working in 
this field are in countries abroad - US A ,  Germany, Japan and the Soviet 

Union - and they have taken completely different lines of investigation. 

The information conveyed here together with that conveyed by the latter 

groups, is at the present moment drawing the attention of many scientific 

laboratories around the world as to the potentialities of the inorganic 
liquid laser Nd+^ : POCI3 : ZrCl^.

The thesis itself has been arranged so as to provide a conplete 

reference to the properties and capabilities of the inorganic liquid laser 
and at the same time to describe and explain those aspects of laser 

physics related to the observed phenomena and laser operations. The 

apparatus and experimental techniques used have been described in detail 
in order to provide the basic information for the future experimenter in 

the field.

Although the experimental results and the new observations made are 

summarized in the relevant sections and their importance in laser opera

tion and design is pointed out there, it would be appropriate to mention 

briefly the main results here:
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(i) In the Q-switched operation of the liquid laser output powers of 

50MW have been obtained with input energies of 500J . The uni

formity of the pulses, the uniform cross-section, the short pulse 

width and the high powers obtained from this system with input 

energies of 500J make the liquid laser at least as efficient as 
YAG and glass lasers. The performance of this system in the 1 J 

output pulse region is superior to that of YAG and glass lasers.

(ii) As a high power amplifier, using picosecond pulses of duration

~ 5 X 10“^^ s and powers of approximately 1 G¥, the Nd"^^:POClg:ZrCl^ 

system (l55mm long and 7.5mm in diameter) has produced gains of 9 . 

This performance is quite remarkable in view of the mismatch between 

the spectrum of the input signals and the amplifier linewidth.

(iii) Thermal distortion due to heating by the pumping radiation has been 
shown to be an important problem in the design and performance of 

this kind of laser.

(iv) Experiments have been carried out to explore the mechanism of self-

Q-switching in the liquid laser. These have shown that the effect

is due to a phase grating formed by the spatially periodic deposi-
*

tion of heat energy.

(v) Frequency shifts occurring in wide band amplifiers have been observed

and their effect on the power gain of the amplifier has been inves
tigated. A single theoretical explanation of the effect was given.

(vi) Several parameters of the liquid laser have been measured directly: 

stimulated emission cross-section ^ 7.5 X 10“ °̂ cm^ ± 40^; trans

mission loss using picosecond pulses ~(0.5 ± 0.2)^ per cm; effec

tive lifetime of level 2 ~140|is; dynamic loss of the liquid laser

oscillator ~ 2^ per cm.
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(vii) A simple theoretical explanation for the occurrence of satellite 

pulses on the two photon fluorescence pictures was given. These 
were also observed experimentally.

Several other observations were also made.

The present results indicate that the neodymium liquid laser is a 

serious competitor in the field of high power laser applications. . The 
ability of the active medium to be circulated, the absence of damage 

problems and the low cost of production are three inherent advantages over 

other kinds of lasers.

In view of the results of this thesis the next steps to be taken in 

the further development of liquid lasers should be the construction of 

larger systems and the investigation of the limitations on the performance 

of the laser inposed by non-linear optical processes. In addition to 

this, the extraction of as much energy as possible from the energy stored 

under the inhomogeneous linewidth of the amplifier, should be a matter of 

considerable importance.
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A P P E N D I X

DEFINITIONS OF SYMBOLS USED IN TBE TEXT
SECTION 1.1

r^g(T) is the correlation function describing the average fluctuation
between two points 1 and 2 in space and within a time interval t

l(r,t) is a complex, random and analytic function corresponding to the 
amplitude of the wave in the classical representation.

X  and y  are the real and imaginary parts of l(r,t)
T is the coherence time
V is the frequency of the light signal
Av is the band-width of the light signal
F^^(t) is the auto-correlation function
r^g(O) is the spatial correlation function
r denotes the position coordinate
t denotes the time
* denotes the complex conjugate
( ) denotes the ensemble average
2d is the limiting diameter of the aperture in the resonator
\ is the wavelength of the radiation
0 is the diffraction angle '
L is the length of the resonator
N is the Fresnel number
J is the intensity of the radiation
SECTION 1.2
V(v) is the induced transition rate
V is the frequency of the radiation
A= 1/t is the spontaneous transition rate
1^ dv is the energy flux (watts/cmP) due to frequencies between

V and V + dv
g(v) is the atomic lineshape function
p(v) is the radiation density per unit frequency interval
Av is the full width at half the maximum
Vq is the frequency at the centre of the distribution
l(Vfx) is the value of Io(v) at a distance x along the anq^Iifler
k(v) is the absorption coefficient of the medium
cr(v) is the stimulated atomic cross-section of the active medium
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N,.Na are the population densities of levels 1 and 2 in ions/cm?
» ̂ 3 are the multiplicities of levels 1 and 2

B is the Einstein stimulated emission coefficient.

SECTION 1.3 '

I is the energy density of radiation
c is the velocity of light
W induced transition rate
h is Planck's constant
V is the frequency of the radiation

is the lifetime of a photon in the cavity
L is the length of the cavity
Y is the total loss per pass
Q is the quality factor of the cavity

f^a are the multiplicities of levels 1 and 2
T is the fluorescence lifetime of level 2
N,,Ng are the population densities of levels 1 and.2

is the population inversion at threshold per unit volume
V is the volume of the active material
Av is the full width at half the maximum of the fluorescence line
^min minimum power which must be expended to maintain

atoms in level 2,

SECTION 1.5

I is the length of the active medium
n is the refractive index of the active medium
K is the wavelength of the laser radiation
c is the velocity of light
L is the length of the cavity
Ll. La are the radii of the cavity mirrors

SECTION 2.1
# is the nunAer of photons per unit volume in the cavity
Ng is the inverted popufatfon per unit volume
tp is the photon lifetime in the cavity

1 is the lifetime of level 2, A being the spontaneous emission)
^ “ Ap. rate for a 2 1 transition and \ i taking account of all the

other processes depleting the population inversion snich as spon
taneous emission in other lines and non-radiative transitions,
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f is the fraction of spontaneously emitted light coupled into
the aperture of the clad rod

n^ is the refractive index of the core
n̂ j is the refractive index of the cladding

is the pumping power
is the inversion that would exist had there been no laser 

3“ Aji radiation in the cavity
Pĝ  is the density of the modes
g / i s  the stimulated emission coefficient 

^Pm
F is the cross relaxation rate and it is proportional to the

departure of the population inversion from equilibrium

= P i  (1  + ÿ

ti' (^ + f  )
is the steady state value of Ng obtainable from equation (2.2) 
by putting dNg/dt = 0

$ is the steady state value of § obtainable from equation (2.l)
° by putting d$/dt = 0

n/(t) is a term representing small oscillations about
i(t) is a term representing small oscillations about $q
r^ is the radius of the active medium
r g outer radius of the laser cell (cladding)
W is the induced transition rate
Nĵ  is the population of level 1 per unit volume

is the lifetime of atoms in level 1
1 3 is the spontaneous lifetime of level 2 for a 2-*l transition

R^,Rg represent the number of atoms per unit volume per second pumped
into levels 1 and 2 respectively

Rg is the effective pumping rate of level 2
h is Planck’s constant
V is the frequency of oscillation
V is the volume of the active medium// ■ ' is the population inversion at threshold
Pp is the rate of stimulated emission into the cavity
V is the electrical input power to the lanp
hVp is the average energy per photoq in the absorption bands
G ̂ is the conversion efficiency of the electrical power into useful

light in the pui^ bands
g is the efficiency with which photons are coupled into the active
® V medium
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ç is the quantum efficiency with which the medium utilizes
® the photons

q = Gg G3 is the material efficiency factor
Prp is the threshold power
P^^^ is the output power
T is the transmission of the output mirror
a is the passive loss of the laser material per cm
t is the length of the active medium
Eout is the output energy from the laser
E is the electrical input energy
Ej is the threshold energy
R is the output mirror reflectivity
cr is the stimulated emission cross section of the laser
c is the velocity of light
tiaser time during which the laser is operating

 ̂" hvV

SECTION 2.2.2
§ is the photon density in the cavity
AN is the population inversion per unit volume
k is the amplification coefficient and it is proportional to the

population inversion
k^ is the absorption coefficient of the unexcited material
Nq is the number of active ions per unit volume
t is the length of the laser material
L is the optical distance between the reflectors

$

tp is the photon lifetime in the cavity
Y is the total loss per pass
c is the Velocity of light
n̂jj is the inversion at the peak of the pulse
h. is the initial value of n, immediately after switching1.
nf is the final value of h / after the pulse is emitted
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cpm

CPf

is the time it takes the pulse to reach its maximum
tp is the initial photon density immediately after switching

is the photon density in the cavity corresponding to the peak 
of the pulse
is the final photon density, after the pulse is emitted

V is the volume of the active material
represents the losses due to coupling to the output 

Y^ represents all the other losses except those accounted for hy
Pout is the output power

SECTION 2.3.1

cp is the
E(t) is the
UOo is the
Auu is the

t is the
L is the
c is the
2N+1 is the
Eg is the amplitude of the electric field of each mode
A(t) is the amplitude of the distribution resulting from the

interaction of modes
T is the round trip time of the cavity
Av is the total oscillating bandwidth

1AT = *r—  is the pulse widthAv ^
Ip is the peak power radiated

SECTION 2.3.2 . '

Emf^»‘t) is the electric field of the ^cavity mode
Ajĵ (t) is the amplitude of the m^^ cavity mode
l^(r) is the space dependent part of the mode function ■*

is the frequency of the m^^ cavity mode
Gm(t) is the quantity describing the evolution of the phase

of the field
A is the factor accounting for the gain of the active medium and

the losses of the cavity, but not the loss due to the saturable 
absorber
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i s  t h e  f a c t o r  a c c o u n t i n g  f o r  t h e  l o s s e s  d u e  t o  t h e  s a t u r a b l ea b s o r b e r
, Cg are constants

is the relaxation time of the saturable absorber
|i is the electric dipole moment^ of the absorber
Ç is a parameter characterizing the mode overlap in the dye cell

and is defined in the text
h = is Planck's constant

A(JU is the difference frequency between adjacent modes
V is the volume of the resonator
X is the distance along the resonator axis
Xq is the coordinate of the centre of the dye cell
L is the length of the resonator
c is the velocity of light.

SECTION 2.3.3

F(t) is the fluorescence density from the TPP dye cell
TPF stands for 'Two Photon Fluorescence'
T is twice the light transit time from the mirror to the point

under consideration

(t) is the second order correlation function and characterizes the 
overlapping of the pulses

l ( t )  is the intensity of the li^t beam at time t
F(ud) denotes the frequency spectrum of the pulses
H(uü) defines the form of the amplitude modulated function
G^(t) is the waveform of the time dependent amplitude
G(t) is the Fourier transform of unmodulated spectrum F(u))
(JÜ is the frequency of the radiation
T ̂ is the time displacement of the subsidiary waveforms
a is the amplitude modulation of the frequency spectrum

1 a
P = 4 “
I ̂ (t) is the intensity of the yadiation corresponding to G*(t)

SECTION 2.4

P  i s  t h e  n o n - l i n e a r  p o l a r i z a t i o n
XiiXgfXg ••• denote the first, second, third ... order polarizabilities 
E is the electric field
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SECTION 3.1

T is the duration of the light pulse.
E(x ) is the energy of the pulse as a function of position x along

the amplifier length, in J cm“^
X is the point under consideration along the amplifier length
/t is the amplifier length
l(x,t) is the photon flux at a point x along the amplifier length and 

at time t , in photons/s cm^
6x is the thickness of a slab at a distance x along the amplifier

1ength
AN(x, t) is the population inversion per cm® at a distance x along 

the amplifier and at time t
a represents the lumped losses per cm
0“ is the stimulated emission cross-section of the amplifying medium
AN is the population inversion per cm® before any stimulated

emission occurs
V is the frequency of the input pulse
h is Planck's constant

SECTION 3.2

a represents the lumped losses per cm
l(x,t) is the photon flux at a point x along the amplifier length and

at time t , in photons/s cm^
AN(x,t) is the population inversion per cm® at a distance x along the

amplifier length and at time t
X is the point under consideration along the amplifier length

t
Iq = J l(t)dt = l(t) dt represents an input square pulse 

o
X

AN = j* AN(x)dx = AN(x )x represents a uniform distribution of the popula- 
o tion inversion along the amplifier length

or is the stimulated emission cross-section of the anq>lifying medium
G(x,t) is the saturation parameter at a point x along the amplifier

and at time t
S(x,t) is the saturation parameter at a point x along the amplifier 

and at time t
G(x,0) initial value of the gain at a point x 

SECTION 9.2

R is the effective reflectivity of the beam splitter —
f is the fraction of the incident light with normal vibrations

is the reflectivity of the beam splitter for light having normal 
polarization to the plane of incidence
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Bp is the reflectivity of the beam splitter for light having paral
lel polarization to the plane of incidence

5 is the angle of incidence on to the beam splitter

SECTION 9.5
E is the input energy in J cm”^
X is the distance along the amplifier axis
a is the loss coefficient per cm

is the stimulated emission cross-section
AN]_ is the population inversion per cnf
V is the frequency of the amplified signal
h is Planck's constant
t  is the amplifier length

is the gain of a small input signal
ANg is the population inversion per cm® which is left in the

amplifier after the passage of the first pulse
V is the volume of the anplifying medium

is the input energy to the amplifier
^out is the output energy from the amplifier
G 3 is the small-signal gain corresponding to the population inver

sion AN g
A is the geometrical cross-section of the amplifierN
SECTION 9.7
AN(t) is the population inversion at or time t after firing the

flashlamps
P(t) is the pumping rate of ions into level 2 in watts

is the signal frequency 
T is the total lifetime of level 2
h is Planck's constant
G(t) is the small-signal gain
t  is the amplifier length
t is the lifetime of level 2 for a 2-*l transition
I/tq is the total transition rate from level 2, excluding 2-1 transitions
SECTION 10.4
l(v) is the spectral intensity of the radiation
X is the distance along the amplifier length
V denotes the frequency
Or(v) is the stimulated emission cross-section in cm®
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AN(v) is the total inversion density in ions/cnP per unit frequency
interval ,«

K(v) is the convolution of a(v) and 6N(\,) and has the shape of
the fluorescence line

t is the length of the amplifier
I is the total power density at a point along the amplifier

(watts cm- )
iout(v) i® output spectral intensity
lin(v) is the input spectral intensity ,
R is the reflectivity of the mirror at the back of the amplifier
Gp is the gain of the amplifier in the forward direction
G|3 is the gain of the amplifier in the badcward direction
Kg is the value of K at the signal frequency
Kq is the value of K at the centre of the fluorescence line
Vg represents the signal frequency
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{Reprinted front N ature, Vol. 238, N o. 5361, pp. 216-217. 
July 28, 1972)

Observation of a Frequency Shift 
during the Amplification of a 
Narrow Spectrum Light Signal
T h e  amplification of light signals by a material in an inverted 
state depends on the gain profile o f the amplifying medium 
and the spectrum of the incoming signal. The fundamental 
light amplification processes suggest that if  a Gaussian (or 
Lorentzian) shaped narrow spectrum signal is amplified by 
a wide linewidth amplifier whose line centre does not coincide 
with that o f the signal, frequency shifts occur during the 
amplification process. In  this letter we report a direct experi
mental observation o f a frequency shift occurring during the 
amplification o f a narrow spectrum signal by an amplifier 
of wide linewidth. The ability o f trivalent neodymium to 
serve as the active ion in different host materials provided 
us with the necessary experimental conditions because the 
spectra o f the different systems do not coincide exactly.

The experimental arrangement is shown in Fig. 1. The 
input signals consist o f mode-locked pulse trains from an

■Amplifier linewidth

Amplified signal

■Input signal 

-Detectable level

1080010300 

Wavelength (A)
10500

Spectrum of the input signal 
(amplifier unpumped)

Spectrum of the output signal 
(amplifier pumped)

Fig. 2 Schematic diagram demonstrating the amplification 
results of Fig. 3.
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Nd-glass L G N  55 oscillator. These pulses have a time duration 
o f approximately 5 ps. The energies o f the input signals used 
ranged from 30 to 80 mJ, and the amplifying medium was an 
N d ^ + :P O C lj:Z rC L  liquid system contained in a cell 155 mm 
long and 7.5 mm in diameter. It was pumped with a double 
flashlamp arrangement with ‘Pyrex’ tubes around each flashlamp 
to eliminate U V  radiation. The linewidth of this system is 
200 A  at half maximum^ (Fig. 2), with the centre of the line 
at 10,520 Â.

The spectra o f the signals were taken with a Monospek 1000 
grating scanning spectrometer with a Mullard 6929-1 (SI) 
image converter tube placed in the plane of the exit slit. In 
order to avoid damaging the replica grating with the high 
powers o f the picosecond pulses, only part o f the output beam 
was reflected into the spectrometer. The exit o f the amplifier 
was imaged at unit magnification onto the input slit of the 
spectrometer using a 35 cm focal length lens. We used a 
calibrating lamp to check the accuracy o f the recording system, 
and found that the spectrometer-image converter arrangement 
is accurate to ± 0 .5  Â.

The experimental results are shown in Fig. 3. The two 
lines correspond to 10,532 Â (left) and 10,570 A (right). The 
input signals were first recorded without firing the amplifier, 
and spectra ranging from 5 to 20 Â  wide were obtained, each



. .... ...

4'
)" 'Ÿ
f,

Fig. 3 Lower picture: typical spectrum taken with amplifier 
unpumped. The lines shown are 10,532 Â (left) and 10,570 Â 
(right). Top two pictures: typical spectra when the amplifier 
is fired with energy 722 J. The two lines correspond to the same 

wavelengths as in the lower picture.

centred at 10,580 Â. The spectra o f the mode-locked pulses 
from an Nd-glass laser were shown to be largely Gaussian^ 
with half width ~  5 Â.

When the amplifier is fired the resulting spectrum is asym
metrical about the centre o f the input signals. I t  is shifted



towards the centre o f the amplifier linewidth and the pictures 
(Fig. 3) show that the asymmetry is approximately 27 Â. 
The gain o f the amplifier at the time o f transmission of the 
pulses was approximately 6. It  is important that the shift 
never reaches the centre o f the amplifier linewidth; this limits 
the gain obtained from the liquid. In  experiments performed 
with the liquid as an amplifier (refs. 1, 3 and our unpublished 
work) an Nd-glass oscillator was used. The results described 
here suggest that the potentialities of the liquid as an amplifier 
are much better than implied by those experiments.

A  schematic demonstration o f the amplification process is 
shown in Fig. 2. The predicted spectra, similar to those 
obtained in our experiment, are shown below the graphs 
and are defined by the vertical lines.

Proper calibration o f the film to record the intensity distri
butions o f the spectral shifts, and measurements of the gain 
and energy of the input pulses, will allow important parameters 
o f the cross-relaxation mechanisms in the liquid laser to be 
calculated by this method. Attempts to evaluate the effects of 
the spectral mismatch on the gain o f the amplifier are now 
being made.
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(Reprinted from Nature, Vol. 225, No. 5239, pp. 1239-1240, 
March 28,1970)

Frequency Mixing in the Scattering 
of Light by Harm onically  
Bound Electrons
Classical el ectrodynamics predicts h a r m o n i c  fsnera- 
tion^-® a n d  f r e q u e n c y  m i x i n g *  in the scattering >f light b y  
free electrons. Q u a n t u m  th eor y confirms these results®-’. 
Several autho rs (for e x a m p l e ,  refs. 8 a n d  9) h a v e  u s e d  the 
classical a n h a r m o n i c  oscillator m o d e l  to give a  qualitative 
ac count of non-linear p h e n o m e n a  in dielectrics. I n  the 
absence of a n  a n h a r m o n i c  restoring force, non-linear 
effects, u p  to the lowest order in external electric field, 
are in general quite smalP®. Calculations** stress this 
point in the case of s e c o n d  h a r m o n i c  generation in the 
scattering of light. H e r e  w e  e x t e n d  these calculations to 
study th e scattering of light w h e n  the incident b e a m  
contains t w o  frequencies. A s  expected, w e  find that 
the c o m b i n a t i o n  frequencies also exist in the scattered 
radiation besides the f u n d a m e n t a l s  a n d  their harmonics, 
a n d  t h at the non-linear cross-sections b e c o m e  large for 
resonant de nom ina tor s. Further, a  p r o p e r  choice of the 
t w o  incident frequencies c a n  yield a n  appreciable increase 
in the non-linear scattering cross-sections e v e n  w i t h o u t  
an y  precise resonance;

T h e  e q u a t i o n  of m o t i o n  of th e electron b o u n d  b y  a  
restoring force mtoj z  w h e n  the incident electromagnetic 
b e a m  contains t w o  frequencies w i t h  w a v e  vectors 
Ka (a=l, 2) c a n  b e  written as
Vo[z+v® (z • z) z] +  to*z

=  (e/w) S  (Ea + [z, Ha]} COS (tùo<-k« • z-h S«) (1)
a

where z is the position of the electron, Sa are constants a n d  
t)o=(l-z»)-*«.

This e q u a t i o n  c a n  b e  solved b y  m a k i n g  a  perturbation 
expansion in p o w e r  of Æ?a ( | E a  | =  1 H a  I =  • T h e  radiation
field c a n  t h e n  b e  e v alu ate d b y  a  m e t h o d  described in 
detail in ref. 1. It contains a  c o m p l e t e  s p e c t r u m  of 
combination frequencies as well as th e f u n d a m e n t a l s  a n d  
their harmo nic s. If t e r m s  are retained u p  to th e third 
order in t h e  a m p l i t u d e  of t h e t w o  incident frequencies, 
scattering cross-sections are p r o d u c e d  w h i c h  c o rre spo nd  
to s u m  a n d  b e a t  frequencies, al ong w i t h  those for f u n d a 
mentals a n d  their ha rmo n i c s .  Explicit expressions for the 
total cross-sections for scattering into Wj, 2tOi a n d  Wi-J-Wa 
are given b y
o w i= ( I i / Io )o tC i> i*  P i*  [ 1 4 - ( 1 /2 0 )  Ç i* P i ( ù /  ( l O p i + i — P i4 -  

15wi* pi*)4-(l/40) Pa* <*>î* {10<i>i® Pi (Pi+a +  Pi-*) +
10(OiG>a Pa (Pi+x — Pi-:) —  a*i* P:*4-30 o>i* «a* Pi S':*}] (2a)



CTj«i =  (327reV5m*) (/iV^o) a? 6>i« Pi« (5pi+i* + p/) (26) 
cwi +  tOj= (27re*/5m*) (7i7j/Jo)cit(<Oi +  coj)*

X [6(o)i Pi +  W j Pa)* pi+a*+ (wi +  wj* p̂ * p,*] (2c)
w h e r e  '

Pa±6=(û>o* — W*oil>)-S qa =  e Eajm (ùa,

c r =  (8Tt/3)ro* is the T h o m s o n  scattering cross-section, 
la — Eâ jSv: is th e intensity of the c o m p o n e n t s  of the 
incident w a v e ,  a n d  7o =  7i +  7j.

T o tal cross-sections for scattering into w,, 2<0g a n d  
oji — coa c a n  b e  ob tai ned f r o m  those for Wi, 2<0i a n d  Wi +  Wa 
respectively b y  interchanging the suffixes 1 a n d  2 in the 
first t w o  cases a n d  c h a n g i n g  the sign of w ,  in the third. 
I n  evaluating cross-sections for the f u n d a m e n t a l  frequency 
w e  h a v e  e x c l u d e d  th e case <0i =  Wg, for its inclusion w o u l d  
unnecessarily complicate the calculations.

W e  m a y  n o te that the expressions for c w i  ±  Wg obtained 
here agree in th e limit tOo/oa— >0 w i t h  those given b y  
Fr ied a n d  F r a n k ’ a n d  d o  n o t  agree w i t h  those given b y  
P r a k a s h  a n d  Vachaspati*. E x p r e s s i o n  2c, however, is 
consistent w i t h  26, as c a n  b e  seen b y  putting o>i =  o)a.

E x p r e s s i o n  26 is in general quite small, except for 
re son ant d e n o m i n a t o r s  (see e q uat ion 7 d  of ref. 11). T h e  
s a m e  is true for 2c, a n d  for th e intensity d e p e n d e n t  part 
of expression 2a. It m a y ,  h o w e v e r ,  b e  n o t e d  that the 
cross-section for t h e f u n d a m e n t a l  frequency, wg, depends 
n o t  o n l y  o n  toi b u t  also o n  toj. ■ T h e  c h a n g e  in the cross- 
section of the f u n d a m e n t a l  f r e q u e n c y  d u e  to the presence 
of <0a is easily o b t a i n e d  f r o m  the expression u n d e r  the 
curly b r ack et in 2a. It is d e t e r m i n e d  b y  the relative 
positions of toj, tOg a n d  <oo hi addition to the intensity of 
Wg. S i m p l e  nu me r i c a l  analysis s h o w s  that this c hange is 
t o o  small to b e  detectable w h e n  neither oii no r tOg (~oji) is 
in r e son anc e w i t h  wg. W h e n  coi^Wg, tOo a n  interesting 
situation arises. It is clear that th e cross-section for s u m  
a n d  difference frequencies sh o u l d  in this case b e  a d d e d  to 
that of th e f u n d a m e n t a l .  T h e  total increase in cwi, 
d e n o t e d  b y  Aocoi, c a n  t h e n  b e  seen to b e ~  (Stt/S) (e*/m*c*)7a 
O T  tùi* P a * ~  1 4  X  10-* X  (Xg*/Xid)*7g oj-, X =  2ttc/(i), if «o a n d  
W g  are of the s a m e  order a n d  d( =  Xo'>' Xg) is expressed in A. 
It c a n  further b e  seen that Accoi is larger t h a n  <Ta“ i or 
owi+cog (wi-^Wg) for a  large d.

T h e  expression for Aoo>i g i v e n  a b o v e  suggests that the 
non-linear increase in scattering could b e c o m e  large. 
T h i s  co u l d  h a p p e n  also for those incident frequencies that 
are far a w a y  f r o m  th e r e son anc e f r e q u e n c y  of the scattering 
b o d y  w h i c h  consists o f  ha r m o n i c a l l y  b o u n d  electrons. 
A s  a n  illustration w e  consider a  simple experiment con
sisting of th e scattering of t w o  incident light beams, one 
of w h i c h  is r u b y  laser light ( X g ~ 7 x l 0 - ®  c m ,  7g ~  10’ W  /cm*, 
say), b y  s o d i u m  v a p o u r  ( X o ~ 6 x 10-® c m ,  10® A). For 
this case w e  find t h e  non-linear increase in scattering to 
b e  A d W i ~ l - 7 x  10-*®x X r *  or, w h i c h  is appreciable for 
h i g h  frequencies a n d  s e e m s  to b e  experimentally detectable 
for Xg in t h e X - r a y  region. I n s t e a d  of s o d i u m  va pou r as



scatterer a n d  r u b y  laser light as o n e  of th e incident b e a m s ,  
one c a n  ch oos e other scatterers a n d  incident frequencies. 
W i t h  the a d v e n t  of d y e  lasers o n e  c a n  h a v e  a  fairly intense 
coherent radiation ov e r  a  w i d e  r a n g e  o f  frequencies. 
This w o u l d  allow for a  suitable selection of Xg, a n d  h e n c e  
of d, for a  gi ven Xo, k e e p i n g  in v i e w  the availability of 
Jj a n d  Xg.
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Abstract. Output powers of 50 M W  have been obtained from an actively Q-switched 
Nd^+ : POCI3 : ZrCU liquid laser with input energies of 500 J. Powers of this order 
of magnitude with such low input energies make the neodymium liquid laser at least 
as efficient as y a g  and glass lasers. The performance of this laser in the 1 J output pulse 
region is superior to that of y a g  and glass lasers. The output characteristics of this 
laser were studied as a function of the pumping pulse, the cavity mirror reflectivity and 
the cavity length.

1. Introduction

In the past two years liquid neodymium lasers with performances comparable to those 
of Y A G  and glass lasers have been developed (Samelson et al 1970). Several authors 
have reported passive g-switching and mode-locking of liquid lasers based on SeOClg 
(Samelson and Lempicki 1968) and POCI3 (Alfano and Shapiro 1970). Active g-switching 
for a liquid laser based on SeOClg was recently reported (Lang 1970). The pulses described, 
however, were fluctuating and input energies required to produce powers of the order of 
50 M W  were excessively high (2 0 kJ). In this paper we describe the performance of an 
actively g-switched Nd̂ + : POCI3 : ZrCU liquid laser. Smooth output pulses with full 
width at half maximum of 13-14 ns were obtained. The system was very reliable and 
its main characteristics are the high powers obtained (~ 50 MW) with small input energies 
(-̂SOOJ). The neodymium liquid laser thus emerges as a serious competitor for laser 
applications where high output powers with small input energies are desired.
The development of the giant pulse in this laser was investigated as a function of the 

pumping pulse, the output mirror reflectivity and the cavity length. The results are 
compared with the theoretical consideration on giant pulse formation of Midwinter 
(1965).

2. Apparatus

The experimental arrangement is shown in figure 1. The laser cell containing the active 
medium was 15 5 cm long and had an internal diameter of 0 75 cm. The active medium 
was Nd3+ : POCI3 : ZrCU, of concentration T8 x lÔo cm'̂  and fluorescence lifetime 
330 (xs. Chemically this medium is highly active and should not be allowed to come into

59
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Figure 1. The experimental arrangement used to study the output characteristics of the 
actively g-switched Nd^+ : POCI3 : ZrCU laser.

contact with the atmosphere; its properties are described by Samelson et al (1970). 
Two linear xenon flashlamps were placed on either side of the laser cell and the whole 
arrangement was wrapped with a polished silver reflector. It was found in setting up the 
laser head that a silver reflector was much more efficient for pumping than an alurninium 
reflector. Pyrex tubes were used round the flashtubes to filter the uv radiation. The 
capacitor bank consisted of two 200 [xF condensers which were charged up to 1-6 kV. 
The light pulse from the flashlamps is shown in figure 3.

A calcite prism was used as the polarizer and the system was Q-switched by removing 
the quarter-wave voltage of 4T kV applied to a KDP Pockelscell. The switching-off time 
was of the order of 40 ns, achieved with a Mullard PL 81 valve. The Pockels cell could 
be switched off at different times during the pumping pulse with the aid of a delay box 
following the trigger unit.

The pulses were recorded on a Tektronix 519 oscilloscope, using an ITT F4000 (SI) 
photodiode. The output energy was measured with a TRG 107 cone calorimeter con
nected to a microvoltmeter. The build-up time of the giant pulse was measured to an 
accuracy of 10 ns by using the two beams of the Tektronix 555 simultaneously to record 
the decay of the Pockels cell and the photodiode response to the giant pulse.

The laser was fired at intervals of at least 15 min to avoid the distortion effects taking 
place in the liquid due to heating by the pumping radiation.

3. Results

Figure 2 shows a typical giant pulse from the Nd̂ + : POCI3 : ZrCU system. Pulses as 
short as 13 ns with a total energy of 0 7 J were recorded. The switching-off time of the 
Pockels cell was approximately 40 ns.

Figure 3 shows the general behaviour of the giant pulse as a function of the pumping 
pulse for an output mirror reflectivity of 28%, an input energy of 512 J and a cavity
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Figure 2. Typical oscilloscope trace of the giant pulse recorded on a Tektronix 519 
oscilloscope: time scale, lOns/div.; output energy, 0-62 J; delay in switching off the 
Pockels cell after triggering the flashlamps, 190 (xs; input energy, 512 J.

length 57 cm. It can be seen from these graphs that the optimum giant pulse occurs 
when the g-switching is delayed for 205 (xs after triggering the flashtubes. This is longer 
than the time taken for the pumping pulse to attain its maximum intensity and is less 
than the fluorescence lifetime of the material. The curves shown in figure 4 are self- 
consistent. From amplifier experiments which we have performed in this laboratory

s- 08 
0-5

200

30040 100 200
Time delay in switching off Pocke! cells (fis)

Figure 3. The effect on the giant pulse of the delay in switching off the Pockels cell: 
cavity length, 57 cm; input energy, 512 J; output mirror reflectivity, 28%; pulse width
measurements to + 2% ; all other ordinates to ±  10%.
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Figure 4. The eftect on the giant pulse of the output mirror reflectivity: cavity length, 
57 cm; input energy 512 J; time delay in switching off the Pockels cell, 210 gs; pulse 
width measurements to ± 2 % ; all other ordinates to ±10% .

with the same arrangement, we have found that this system has maximum gain at 205 gs 
after firing the flashtubes. This result is in good agreement with the curves of figure 4.

The dependence of the giant pulse on the output mirror reflectivity is shown in 
figure 4. We note the agreement of these graphs with the theoretical considerations of 
Midwinter on giant pulse formation, particularly that the optimum output mirror 
reflectivity is around 28%; also, the rapid build-up of the giant pulse was found to remain 
constant for cavity lengths up to 110 cm. For greater cavity lengths the resonator became 
unstable and the output energy dropped considerably. The output power was diminishing 
constantly due to the increasing pulse width with increasing cavity length. The points 
drawn on the graphs in figures 3 and 4 are averages of many measurements taken from 
the same arrangement.

The most serious problems arising in the operation and further development of this 
kind of laser are the distortion effects in the active medium due to heating by the pumping 
radiation. For long delays in switching off the Pockels cell (over 300 (xs) the beam 
cross sections showed discernible elTects due to thermal distortion. Good filtering of the 
pumping light from uv radiation and the cavity design are therefore more important in 
the engineering of this kind of laser than in other lasers. Filtering of the pumping light 
with yellow Corning 3555 tubes instead of Pyrex tubes showed some improvement in 
the performance of the laser.

We did not investigate the dependence of the giant pulse on the input energy, because 
even with such low pumping energies (~ 500 J) the high output powers produced localized 
damage in the calcite prism.

4. Conclusions

The behaviour of an actively g-switched neodymium liquid laser (Nd̂ + : POCI3 : ZrCh) 
has been found to confirm the theoretical predictions of Midwinter. The present work
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demonstrates certain important characteristics of the liquid laser: the pulses obtained 
are considerably shorter than those from glass lasers and CaW0 4 lasers and are com
parable to those from y a g  lasers.
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Abstract. The performance of the Nd^+ : POCI3 : ZrCL system as a laser amplifier is 
investigated using mode-locked pulse trains as the input signals. These have energies 
of 30 to 80 mJ, and they consist of pulses of width approximately 5 x lO'^^ §_ Gains of 
9 have been obtained from a system 155 mm long and 7-5 mm in diameter with input 
energies of 1 kJ. The high gains obtained make the Nd^+ : POCI3 : ZrCL system a 
serious competitor in the field of high-power amplifier development in view of its 
advantages over other kinds of systems, namely that the active medium can be circulated 
and is free of damage problems. Beam patterns obtained show that the most serious 
problem in this kind of amplifier is thermal distortion due to heating by the pumping 
radiation. Experimental curves showing the gain, input and output characteristics 
of the amplifier are presented. They are in good agreement with the theoretical curves 
of Schulz-Dubois and show similar behaviour to the characteristics of Nd-glass 
amplifiers obtained with different experimental methods.

1. Introduction
The advent of the neodymium liquid laser with its high intrinsic gain has drawn attention 
to the possibility of developing high-power liquid amplifiers. The performance of 
liquid lasers as oscillators has been extensively studied for the different modes of 
operation; free running (Samelson et al 1970); passive g-switching and mode-locking 
(Alfano and Shapiro 1970); and active g-switching (Andreou et al 1972). The perform
ance of the Nd̂ + : SeOClg : SnCU system as an amplifier was investigated in the small- 
signal case (Samelson et al 1970). Amplification of mode-locked pulses with a liquid 
amplifier Nd®+ : POCI3 : SnCU was recently reported and gains of 3 were obtained 
(Selden 1970).
In this paper we describe the performance of an Nd̂ + ; POCI3 : ZrCU liquid laser 

amplifier using picosecond pulses of measured width 5 x 10~î s as the input signals. 
Gains of 9 were obtained from a system 155 mm long and 7-5 mm in diameter with 
input energies of 1 kJ. Serious limitations on the observed gain are imposed by the 
fact that there is a mismatch between the spectrum of the input signals and the amplifier 
linewidth. The spectrum of the input signals is centred at 1-058 pim; the linewidth of 
the amplifier is centred at 1-052 [xm. The beam patterns obtained suggest that thermal 
motions may be taking place in the amplifier due to heating by the pumping radiation. 
The method employed here enables us to plot curves describing the gain, input and output
t Attached to Culham Laboratory, UKAEA, Abingdon, Berks.
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characteristics of the amplifier. Saturation effects were observed when mode-locked 
trains with total energy more than approximately 50 mJ were used. The results are in 
good agreement with the theoretical curves of Schulz-Dubois (1964) on the gain character
istics of amplifiers. The system also shows characteristics similar to Nd-glass amplifiers 
(Tittel and Chernoch 1965, Yoshoda and Yamanaka 1971). The high intrinsic gains 
obtained, together with the ability of the active medium to be circulated and the fact 
that the active medium is free from damage problems, make the Nd̂ + : POCI3 : ZrCU 
system a serious competitor in the field of high-power amplifier development.

2. Apparatus
The experimental arrangement is shown in figure 1. Special attention was taken in 
constructing a reliable mode-locked Nd-glass oscillator using an arrangement similar

Opqcal target
Neodymium glass 
laser clodded 

Flashlamp
oser
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Figure 1. The experimental arrangement used to study the characteristics of the liquid 
laser amplifier system Nd^+ : POCI3 ; ZrCb— 1. Measurement of gain; 2. Measurement 
of pulse width ; 3. Observation of beam burn patterns on developed unexposed (Polaroid) 
film.

to that of Everett (1970) as shown in figure 1. The oscillator head consisted of a Brewster- 
ended Nd̂ +-glass rod LGN 55 150 mm long and 9 5 mm in diameter with nominal 
5 % doping, pumped by a pair of linear xenon flashlamps, one placed on either side of the 
rod. The whole arrangement was wrapped with a polished silver reflector. The capacitor 
bank consisted of two 400 (xF condensers which were discharged through the flashlamps 
giving an optical pumping pulse of approximate duration 550 |xs at a third of its peak 
value. The cavity was 1 m long and consisted of two dielectric mirrors with reflectivities 
of 100% and 6 6%. A Laser Associates parallel-faced, 12 mm thick, output mirror 
was used, which had a hard coating in order to prevent damage due to the high powers 
of the picosecond pulses. The mode-locking dye cell was the Eastman model 6088 (1 mm 
path) antireflection-coated, which was placed next to the output mirror. The mode- 
locking dye solution, Eastman 9740, was diluted in chlorobenzene at a concentration 
of 13 : 2. A 2 m focal length meniscus lens was placed 20 mm from the 100% mirror. 
An aperture equal to the diameter of the laser rod was used in the cavity as shown. 
Mode-locked trains with energies between 30 and 80 mJ were readily obtainable. Only
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one mode-locked train was produced in each firing, and it was emitted at a specific time 
after firing the flashlamps for a particular dye concentration and pumping energy. 
The first two pictures at the top of figure 7 (Plate) show typical beam cross sections at a dis
tance T9 m from the output mirror. The divergence was estimated to be less than 2 mrad. 
The third picture at the top of figure 7 shows the central part of the beam cross section 
equal to the amplifier diameter which is selected for amplification by the aperture shown 
in figure 1. Mode-locked trains as described above were reproducible up to thirty times 
in succession before any deterioration in the quality of the beams could be observed.

The amplifier consisted of liquid laser solution contained in a silica cell 155 mm 
long and with an internal diameter of 7 5 mm. The active medium was Nd̂ + : POCI3 : 
ZrCU of concentration 1-8 x lÔ ĉni'̂  and fluorescence lifetime 330 ̂s. Its properties 
are described by Samelson et al (1970). Two linear xenon flashlamps were placed one 
either side of the laser cell and the whole arrangement was wrapped with a polished silver 
reflector. Pyrex tubes were used round the flashlamps to filter uv radiation. The 
capacitor bank consisted of two 200 (xF condensers, and light pulses from the flashlamps 
are shown in figure 5 for three different pumping energies, 968 J, 722 J and 512 J. The 
whole arrangement was placed in a Perspex box for safety purposes against accidental 
breakage of the laser cell.

Since the experiment required the recording of two interpenetrating mode-locked 
trains a fast detector was needed. The pulses were recorded on a Tektronix 519 oscillo
scope using an ITT F4000 (Si) photodiode. A special holder was constructed for the 
photodiode according to the design of Edwards (1969) to give short response time. 
The rise time of the oscilloscope-diode arrangement was measured to be 0 4 ns. Diffusers, 
consisting of 3 mm thick discs of sintered p t f e ,  were mounted in front of the attenuating 
filters on the photodiodes to avoid damage to the photocathodes, and to avoid any 
transmission nonlinearity caused by fine structure in the laser beam profile. Sintered 
PTFE is ideal for this purpose because it is granular and is highly transmissive in the 
near-infrared, out to wavelengths of 3-7 (xm.

Energy measurements were made with a TRG 107 cone calorimeter connected to 
a micro voltmeter. Two-photon fluorescence (TP F) measurements were performed with 
a cell 48 mm long and 25 mm wide containing Rhodamine 6G diluted in acetone. The 
TPF profile was recorded on HP4 film using an Exakta VX 1000 camera equipped with 
a Biotar /T5/75mm lens. The arrangement was placed in a dark enclosure with a 
red filter window to avoid light from the amplifier flashlamps.
The oscillator-amplifier arrangement is shown in figure 1. The amplifier was placed 

2 m away from the output mirror of the oscillator and the whole arrangement was 
aligned with an He-Ne gas laser placed behind the oscillator. The time between triggering 
the oscillator and amplifier was controlled with a delay box following the trigger unit. 
A beam sphtter-photodiode arrangement at the exit of the oscillator recorded the time 
at which the mode-locked train was emitted after firing the oscillator. This was recorded 
on a Tektronix 555 oscilloscope. Since the relative time between firing the oscillator 
and the amplifier was known from the delay box, the time at which the mode-locked 
train passed through the amplifier after firing the flashlamps was readily obtained. 
An aperture was placed in front of the amplifier to select a beam cross section equal 
to the internal diameter of the amplifier.
The input and output signals were reflected on to the photodiode connected to the 

519 Tektronix oscilloscope with the aid of two beam splitters A and B placed before and 
after the amplifier so that the F-vector of the main beam was perpendicular to the 
plane of incidence.
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The arrangement was fired at intervals of at least 15 min to avoid the distortion effects 
taking place in the liquid due to heating by the pumping radiation.

3. M e t h o d

The beam splitters A and B were placed in the main beam with angles of incidence 
28° 54'±30' and 13° 40'±30' respectively, the F-vector being perpendicular to the 
plane of incidence. The reflection coefficients for these angles are calculated to be 
Fni = 0-117±2-8% and Fn2 = 0-089 ±2-4% respectively, where the subscript N denotes 
an incident beam with the F-vector perpendicular to the plane of incidence. The optical 
path lengths were adjusted so that AB + BC —AC<2L, where L is the length of the 
oscillator. In this way the input and output signals are recorded as two interpenetrating 
mode-locked trains with each output pulse directly following the input pulse.

The oscillator was first fired several times without firing the amplifier. The recorded 
mode-locked trains gave us the normalization of our amplifier-beam splitter arrangement 
allowing for the difference in the reflectivities of the two beam splitters, the reflections 
from the cell windows and the passive loss of the medium. All measurements taken when 
the amplifier was fired were normalized to this ratio to give the intrinsic gain of the 
amplifying medium.

The heights of the pulses on the oscilloscope were proportional to the energy of the 
pulses. The photodiode was calibrated against a calorimeter for the angle of incidence 
of the first beam splitter. Calorimeter readings, however, involved errors of up to 20%. 
Thus only approximate values for the energies could be estimated.

It is important that a Brewster-ended oscillator is used so that the signals are only of 
one polarization (in this case the F-vector is normal to the plane of incidence). This 
keeps the ratio of the reflectivities of the two beam splitters constant for all measurements.

It can readily be seen that the change in the ratio of the reflectivities is insignificant 
even for large changes in polarization. If / is the fraction of the incident light with 
normal vibrations, the effective reflectivity of each beam splitter is

Rif, Si) =fR^i +  (1 - / )  / =  1, 2 (1)

where the subscripts N and P denote normal and parallel polarization to the plane of 
incidence respectively. For a particular angle this relation is linear in/as/changes from 
0 to 1. Figure 2 shows the variation of the reflectivity with / for two different angles 
Si and Sg. Even if we assume that there is a change in polarization of 10% from normal 
polarization for different firings then the ratio of the reflectivities will lie between the 
values Fni/Fn2 and (0 9FNi + 0-1F?J/(0-9FN2+0-1 FpJ. For the particular angles used 
in the experiment these take the values T305 and 1*25 respectively or a maximum change 
in the ratio of the reflectivities of 4%. In practice the error due to changes in polarization 
was much less than this since a Brewster-ended oscillator was used in these experiments. 
The normalization pictures showed that there was no change in the ratio of the reflectivi
ties. All normalization pictures showed the same ratio for all the pulses. The only error 
in the measurements occurred in measuring the heights of the pulses.

The amplification of the profile of the mode-locked train is analogous to the 
amplification of a giant pulse of the same shape. Thus pulse-sharpening effects are 
expected to occur. A large amplification occurs in the leading pulses of the train. In the 
experiments described here it can be assumed that no significant changes in the population 
inversion occur due to the pumping radiation since our mode-locked trains are less
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0-5 0-9 I

Figure 2. Variation of the reflectivity with polarization for two different angles 5] and 8 2 . 
By drawing a line (broken) parallel to one of the lines it can be seen that the ratio of the 
reflectivities lies between the limits RpjRv^  and RnJ R n .̂

than 70 ns long. After a certain amount of energy is passed through the amplifier, 
the gain is expected to deviate substantially from exponential form since the latter part of 
the amplifying medium is depleted more than the first part after each pulse passes through.
The accumulated input energy is the sum of the energies of all the input mode-locked 

pulses. The accumulated output energy is the sum of all the output mode-locked pulses. 
The instantaneous gain is the gain of a single pulse at any point along the train. We can 
thus plot graphs showing the variation of the instantaneous gain with input and output 
energy. The graphs are also analogous to graphs showing the output signal against time 
if a step function input signal is applied (Yoshoda and Yamanaka 1971).
The integrated gain is the ratio of the accumulated output energy to the accumulated 

input energy. This can be found from a graph of the accumulated input energy plotted 
against the accumulated output energy. The variation of the integrated gain with the 
input and output energies can then be plotted.

4. Results
Figure 3 (plate) shows typical measurements of the gain of the liquid laser amplifier in 
the small-signal case; that is, when there is no drop in gain due to population depletion 
along the mode-locked train. Figures 3(a) and (b) show the ratio of the’ photodiode 
signals when the amplifier is fired. Figure 3(c) shows the normalization of the amplifier 
arrangement— that is, the photodiode signals when the amplifier is not pumped. A plot 
of all the ratios on a typical normalization picture is shown in figure 4. The normalization 
procedure was carried out before any set of measurements was taken. In all cases it 
was found to be constant with a value of 0*58 ± 2 %. Using the calculated reflection losses 
and the above normalization ratio the transmission loss of the unpumped liquid was 
estimated to be 0-5 ±0-2 %/cm. This value is in agreement with the values given by 
Brecher et al (1970). The intrinsic gain of the amplifier for a particular pumping energy 
and time delay after firing the flashlamps is found by dividing the ratio shown in any of the 
top two pictures by the normalization. The experimental conditions for each picture 
in figure 3 are described in the caption. Gains of 9 were obtained in this way in the 
small-signal case.

I ll



1410 D  Andreou, A C  Selden and V I  Little

0 6
« I 0 58

-i- I  0-551

3 4 5 6
Pulse number

Figure 4. All the ratios for a typical normalization picture; variation ~2% .

Input energy 968 J

722 J

512 J

100
Time a fte r f ir in g  flashlam ps C /is)

200 300 4 00
fir ing flashlam ps s

Figure 5. The gain of the neodymium liquid laser amplifier as function of time after 
firing the flashlamps for three different pumping energies. The flashlamp intensity in 
each case is shown at the top of each curve.

Figure 5 shows the gain of the liquid laser amplifier as a function of the time delay 
after firing the flashlamps for three different pumping energies, 968 J, 722 J and 512 J. 
All measurements taken lie near the curves shown. The points plotted represent a 
few typical measurements. The light-pumping pulse is shown at the top of each curve. 
It can be seen that the maximum gain occurs 205 p.s after firing the flashlamps. Note 
the agreement of this result with our previous results when the system was used as a 
g-switched oscillator (Andreou et al 1972). The time taken for population inversion to 
reach a maximum is longer than the time taken for the pumping pulse to attain its 
maximum intensity and is less than the fluorescence lifetime of the material (330 p.s).
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The results shown in figure 5 show similar characteristics to Nd-glass amplifiers (Tittel 
and Chernoch 1965).

Three pictures showing population inversion depletion effects are shown in figure 6 
for three different initial population inversions. The experimental conditions for each 
picture are described in the caption. The normalization for all three pictures is 0 58 ± 2 %. 
It can readily be seen that the gain of the amplifier starts at a high value and falls as the 
successive pulses pass through it. This nonlinear behaviour depends on the population 
depletion brought about by the energy requirements of previously amplified pulses. 
It can be assumed that the contribution of the pumping pulse to the population inversion 
during the passage of the mode-locked train through the amplifier can be neglected. 
Population depletion effects were readily observable when energies greater than 50 mJ 
passed through the amplifier. Results similar to those shown in figure 6 enabled us to 
investigate pulse sharpening and gain saturation effects in the liquid laser.
The far-field beam patterns at a distance of 0 7 m from the amplifier output were 

recorded on developed unexposed (Polaroid) film. Patterns were obtained corresponding 
to various times up to 410 ̂s after firing the flashlamps. The tliird picture at the top of 
figure 7 (plate) shows the beam cross section going into the amplifier. Typical beam 
cross sections coming out of the amplifier are shown in this figure for pumping energies 
of 968 J. The beam patterns initially change towards vertically elongated shapes because 
the flashlamps are placed in a horizontal plane on either side of the amplifier. It is clear 
from these patterns that thermal density distributions are established in the liquid due 
to heating by the pumping radiation. These density distributions probably also account 
for the large number of spikes around each beam pattern. It is important to notice that 
at the time of maximum gain the output beam is very much distorted. The geometry 
of the amplifier head and the elimination of uv radiation thus appear to be the most 
serious problems in the design of high-power liquid amplifiers. For lower pumping 
energies the distortion effects were not very serious and for energies of approximately 
500 J the beam patterns retained a nearly circular shape. The patterns in figure 7 suggest 
that an experiment with a small continuous gas laser beam passing through the amplifier 
when fired, in conjunction with a streak camera-image converter arrangement, would 
provide useful information about changes in the amplifying medium during pumping.
Delineation of the pulse width was made by a standard two-photon fluorescence 

method as shown in figure 1. The measurements indicated pulse widths of 5 ps. A typical 
TPF picture is shown in figure 8 (plate). The separation of the two bands shown is equal 
to the effective thickness of the output mirror of the oscillator 60 ps. It can easily be 
seen from this picture that the left-hand side is weaker than the first band. This could 
arise as a result of the energy loss occurring in the previous bands. A microdensitometer 
trace of the first pulse is shown in figure 9. These measurements indicate that the pulses 
used for amplification had powers of approximately 10̂ W. Consequently the amplified 
pulses had powers of approximately 8 x 10̂ W. It is important to note the weak satellite 
pulses on either side of the main pulses. These are symmetric about the main pulses 
and occur at intervals of 17 ps. At times these pulses had intensities comparable to the 
main tpf pulses. Similar pulses were reported by Giordmaine et al (1967), who assumed 
that they arise from reflections at elements within the resonator though no precise 
explanation was given. In our oscillator the only elements with reflections parallel to the 
main beam were those from the two mirrors. Our tpf measurements are in good agree
ment with the measurements reported by Giordmaine et al in their paper (but see Duguay 
(fa/1970).
The gain of the amplifier depends on the population inversion at any instant. Hence
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5 ps
Figure 9. Microdensitometer trace of the first t p f  pulse in figure 8; halfwidth '5 ps.

t.

Accumulated input energy ( a rb itra ry  un its)

Figure 10. The instantaneous gain plotted against the accumulated input energy for 
four different initial population inversions. The second graph corresponds to the first 
picture in figure 6. The true values of the energy are the units shown multiplied by a 
factor 7±20%  mJ. (q) flashlamp input energy 968 J; time delay after firing the flash
lamps 250 !xs. (6) 968 J; 165 ps. (c) 968 J; 260 ps. (r/) 968 J; 105 ps.
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the small-signal gain depends on the energy of the previous signals which have passed 
through the amplifier. It is therefore meaningful to plot the instantaneous gain—  
that is, the ratio of the signal of an output pulse to the corresponding input pulse— against 
the sum total of the energies of all the input pulses previous to the one under considera
tion. The graphs in figure 10 show the fall of the instantaneous gain with accumulated 
input energy for four different initial population inversions. Note that the fall is steeper 
for high initial gains and it smooths out for small gains. The results plotted here are in

20 6040
Accumulated output energy ta rb it r a r y  un its)

Figure 11. The instantaneous gain plotted against the accumulated output energy for 
the same pictures as in figure 10. The true values of the energy are the units shown 
multiplied by a factor 7 ±20%  mJ.

very good agreement with the theoretical considerations of Schulz-Dubois (1965). 
Note the similarity of these graphs with the results of Yoshoda and Yamanaka (1971), 
where a step function input signal was applied.
Figure 11 shows the variation of the instantaneous gain with accumulated output 

energy for the same experimental conditions as in figure 10. The results are similar to 
those for the accumulated input energy.
Figure 12 shows graphs of the accumulated input energy plotted against the accumu

lated output energy for the same experimental data as in figures 10 and 11. From these 
graphs the integrated gain for different output and input energies was calculated. The 
integrated gain calculated from figure 12 is plotted against the input and output energies 
in figures 13 and 14 respectively. Again note the agreement of these results with the
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theoretical results of Schulz-Dubois. The curves shown in figure 13 show similar 
characteristics to curves obtained from Nd-glass lasers (Tittel and Chernoch 1965). 
The graphs in figures 10-14 are all plotted for the same data. The second graph in each 
of these figures corresponds to the first picture in figure 6.

The energy units plotted in these graphs are arbitrary. The true energy values in mJ 
are obtained by multiplying by a factor 7 + 20%, obtained by calibrating the beam 
splitters with a calorimeter (the large error in this factor is due to the inaccuracy of the 
calorimeter measurements).

20 40 60
Accumulated output energy (a r b i t r a r y  un its )

Figure 12. Graphs of the accumulated input energy against the accumulated output 
energy for the same experimental data as in figures 10 and 11. The true values of the 
energy are the units shown multiplied by a factor 7 ±20%  mJ.

An approximate value for the stimulated emission cross section for this material 
can be obtained from figures 10 and 12. The four-level amplifier equation is

dJE
d%=hvN i |l-exp (2)

where E (J cm~2) is the input energy, x- is the distance along the amplifier axis, « is the 
loss per centimetre, ot(̂) is the stimulated emission cross section, and N \ is the population 
inversion per cm̂ . Since the energies used are of the order 10“̂ J and the quantum
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energy /rv= 1-88 x J, we can write equation (2) for the small-signal gain as 
dE

Integrating over the entire length L of the amplifier and assuming that N i is uniform 
along the length, we obtain

Ig Gi = (Yict(̂) — a) L

Accumulated input energy ( a r b i t r a r y  u n its )

Figure 13. Graphs showing the variation of the integrated gain with the accumulated 
input energy. The data were taken from figure 12.

where Gi is the gain for a small signal. If G2, is the small-signal gain corresponding to 
the population inversion N 2 which is left after the passage of the first pulse through the 
amplifier, then

(l)“
If a pulse of energy Win emerges from the amplifier with energy IFout, then 
%Vii—W in = V {N i — N'^hv, where V is the volume of the amplifying medium. From 
the last two equations it follows that

hvA\g{Gi!G^)
IVont-Win

(3)
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where A is approximately equal to the geometrical cross section of the amplifier 
(0*385 cm2).

The gain for small input signals can be found from figure 10. The gains of successive 
small signals with energies of 21 x 10'̂ J each were found from this figure. The corre
sponding output energies were obtained from figure 12. The stimulated emission cross 
section was calculated from formula (3). The values obtained ranged from 2*8 to

Accumulated output (a rb itra ry  un its)

Figure 14. Graphs showing the variation of the integrated gain with the accumulated 
output energy. The data were taken from figure 12.

5*2 X 10-20 cm2 with most values lying around 4*2x ]0“2o cm2 + 40%. This is the 
stimulated emission cross section at a wavelength of 10 580 A. To find the cross section 
at the centre of the amplifier linewidth, we must multiply by the factor 1*8, which is the 
ratio of the amplitude of the centre of the fluorescence line profile to that at the part 
of the profile corresponding to the experiment. The stimulated emission cross section 
is thus 7*5 X 10~2o cm2 + 40%. The large error in this estimate arises from the factor 
Ig (G1IG 2) and the error in the energy calibration factor. Parts of the graphs where the 
errors in the gain measurements were small were chosen for these calculations, and these 
parts gave the most consistent results. The results obtained from the second graph in 
figure 10 were the most consistent, and those from the last graph the least consistent.



The : POClg : ZrCl^ liquid laser amplifier 1417

It is interesting to remark that after approximately 700 firings the oscillator rod was 
badly damaged due to the high powers of the mode-locked pulses and had to be replaced. 
Photographs of the rod taken showed lines of bubbles parallel to the rod axis. These 
were concentrated at the end nearer the output mirror. Some of the bubbles were as 
much as j mm diameter. Surface damage was also observed, the face nearer the output 
mirror being the most severely damaged. There was no deterioration in the performance 
or the physical quality of the liquid amplifier in which pulses up to eight times as powerful 
as those generated in the oscillator were amplified.

5. Conclusions
The behaviour of a neodymium liquid laser (Nd̂ + : POCI3 : ZrCU) as an amplifier has 
been investigated with short light pulses of duration 5 ps as the input signals. Certain 
important characteristics of the amplification processes have been demonstrated, and the 
results confirm the theoretical predictions of Schulz-Dubois. It is also shown that 
thermal distortion due to the pumping radiation presents a serious problem in the 
operation of this kind of laser amplifier. The high gains obtained— although there was 
a mismatch between the amplifier linewidth and the oscillator signals— suggest that 
liquid amplifiers are more useful than crystal or glass lasers for high-power amplification 
because the liquid is free of damage problems and can be recirculated.

Acknowledgments
The authors wish to thank Mr S Ward for liis expert technical assistance and Mr 
K Fenemore for workshop assistance. They also wish to thank Drs J Katzenstein and 
T K Allen for their interest in this work and for many useful discussions.
This paper includes work carried out under a joint contract with CVD and UKAEA 

and is published by permission of the Ministry of Defence (Navy Department). The 
work was carried out at Culham Laboratory, UKAEA, Abingdon, Berks.

References
Alfano R R  and Shapiro SL 1970 Opt. Commun. 2 90-2
Andreou D , Little V I ,  Selden A C  and Katzenstein J 1972 J. Phys. D : Appl. Fhys. 5 59-63
Brecher C, French K, Watson W and Miller D  1970 J. appl. Phys. 41 4578-81
Duguay M A, Hansen J W and Shapiro F L 1970 IEEE J. Quantum Electron. QE-6 725-43
Edwards J G 1969 Opto-Electron. 1 1-8
Everett P N 1970 Rev. sci. Instrum. 41 1495-500
Giordmaine J A, Rentzepis P M, Shapiro S L  and Wecht K  W 1967 Appl. Phys. Lett. 11 216-8 
Samelson H, Kocher R, Waszak T  and Kellner S 1970 J. appl. Phys. 41 2459-69 
Schulz-Dubois E O 1964 Bell Syst. tech. J. 43 625-58
Selden A C 1970 Proc. 8th Int. Conf. on Microwaves and Optical Generation and Amplification, Amsterdam 

(Deventer : Kluwer) section 21 pp 11-4 
Tittel K  F and Chernoch J P 1965 Proc. IEEE 53 82-3 
Yoshoda K  and Yamanaka T  1971 Jap. J. appl. Phys. 10 1643-4



J. Phys. D :  Appl. Phys., Vol. 5, \ 9 n — D  Aiiclreoii, A C  Selden am! V I  L ittle

{a)

(b)

(c)

Figure 3. Am plification o f mode-locked pulses w ith a liquid laser amplifier, (a) Pumping  
energy 722 J; gain ~ 6 ;  time delay after firing the flashlamps 210 ps; energy ~ 2 8 ± 2 0 %  
m J/div; time scale 10 ns/div. (b) 722 J; ~ 5 -2 ;  240 ps; ~ 2 8 ± 2 0 %  m J/div; lO ns/d iv. 
(c ) N orm alization o f the amplifier arrangement (ie the photodiode signals when the 
am plifier is not pumped): ratio ~ 0 -5 8 ± 2 % ;  time scale 10 ns/div.
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Ui)

(A)

(c)

Figure 6. The depletion o f the population inversion for three dilTerent initial population 
inversions. The norm alization for all three pictures is 0 -5 8 ± 2 % . (a) Pumping energy 
968 J; initial gain ~ 6 -5 ; tinal gain ~ 4 - I  ; time delay after firing the flashlamps 165 ps; 
energy 2 8 ± 20%  m J/div; time scale 20 ns/div. {b) 968 J; ~ 8 ;  ~5 -3 ; 250 ps; 
2 8 ± 2 0 %  m J/div; 10 ns/div. ( r )9 6 8 J ;  ~ 2 4 ;  - 1 3 ;  105 ps; 28 ±  20%  mJ/div; 10 ns/div.

Figure 8, Typical tpf picture. The 100%  m irror is to the right o f the picture. The 
distance between the two main pulses is about 60 ps. The satellite pulses occur at 
intervals o f 17 ps.
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0 ps 1.30 ps 160 ps

170 ps 180 ps 190 ps 200 ps

210 ps 220 ps 230 ps 240 ps

250 ps 260 ps 280 ps 300 ps

320 ps 360 ps 400 ps 410 ps

Figure 7. Beam patterns obtained on developed unexposed (Polaroid) film . The top 
three pictures represent the oscillator beam cross section at a distance o f 1-9 m  from  
the output m irror. The third o f these is the cross section o f the centre o f the beam, 
equal to the diameter o f the amplifier, selected for amplification by the 7-5 mm aper
ture shown in figure 1. The rest o f the pictures are beam patterns recorded at a 
distance o f 0 7 m from  the exit o f the amplifier for different times after firing the 
flashlamps.
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Abstract. Experiments have been carried out to explore the mechanism of the scIf-Q- 
switching behaviour of a liquid laser. An experimental arrangement was adopted in 
which a Nd-glass rod and a Nd-liquid column were contained in the same cavity. This 
arrangement enabled the overall gain in the cavity to be increased without changing the 
parameters controlling the state of the liquid. The results indicate that the sclf-g- 
switching mechanism is likely to be thermal in character.

1. ïntrotîuctioii

The seir-Q-swilching behaviour of a liquid laser has lately been the subject of considerable 
discussion. One mechanism which has been proposed (Samelson el al 1968) involved the 
establishment of a phase grating from backward stimulated Brillouin scattering (sbs) 
within the liquid column. This would have altered the overall reflectivity in the cavity, and 
thereby have changed the cavity gain. However, if the mechanism had been due to sbs, 
there would have been an observable frequency shift in the back-scattered light. Alfano 
et al 1971 were unable to confirm this experimentally, and they concluded that the mechan
ism proposed by Key et al 1970, was therefore more likely to be true. In this mechanism, 
the phase grating was produced by the superposition of the forward and backward waves 
in the cavity. At the maxima of the standing wave, the refractive index of the liquid would 
be increased by one of a number of possible nonlinear optical processes. Two very 
obvious processes would be électrostriction and heating due to absorption. This kind of 
phase grating, because of its stationary nature, would not produce a Doppler shift in the 
reflected light, and would thus account for Samelson’s observations.

Very recently, Selden (1972) has devised a mechanism for the production of a thermal 
grating which seems to account for most of the observed phenomena. In this mechanism, 
the fast nonradiative decay to the ground state of the lower level of the laser transition 
deposits thermal energy into the liquid.

Since the population of the lower level of the laser transition is determined by the 
stimulated emission process, the heat flow into the liquid from the fast transition of this 
level to the ground state also follows the stimulated emission process. The fast transitions 
which populate the upper laser level, however, are controlled by the pumping process, 
and the heat evolved in this process has no spatial correlation with the heat evolved in the
t  Attached to Culham Laboratory, UKAEA, Abingdon, Berks.
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lower transition. The latter heat is spatially deposited in the liquid with maxima cor
responding to the maxima of the stimulated optical standing wave. The net effect is a 
density, and hence refractive-index, variation which gives rise to a phase grating. Selden 
shows that the reflectivity of this thermal grating is proportional to the cavity gain. 
Furthermore, he points out that owing to the much greater thermal expansivity of liquids 
over solids, the elTect of this process in liquids is very much greater than the corresponding 
cITecl in solids. This accounts very simply for the fact that sclf-g-switching phenomena 
arc more readily observed in liquids than in solids.

In this paper we report four simple sets of experiments designed to measure the 
spiking behaviour of the following:

(i) A liquid laser, as a function of output mirror reflectivity.
(ii) A glass rod alone, using a cavity with a fixed reflectivity and a constant length.
(iii) The glass rod with the liquid laser column in the cavity unpumpcd.
(iv) The combined glass and liquid laser.

2. Experimental details and results
The liquid laser head consisted of a cell 15 5 cm long and 0-75 cm in diameter, containing 
Nd̂ -̂ : POCI3 : ZrCl ; solution, pumped by a pair of xenon flashlamps. The whole 
arrangement was wrapped with a silver reflector. The light pumping pulse was approxi
mately l5Qts long at half-maximum. A. similar laser head was used for a Brewster-ended 
Nd-glass laser, 15 cm long and 0-9 cm diameter. The light-pumping pulse for the glass 
laser was approximately 350 ps at half-maximum. The fluorescence spectra of the liquid 
and glass lasers do not coincide exactly.

First the spiking behaviour of the Nd̂  '- : POCI3 : ZrCU system was investigated as a 
function of the reflectivity product RiRz- The laser was placed between two plane- 
parallel reflectors, and output energies of 1-7 J with input energies of 650 J were obtained 
for a reflectivity product greater than 0 3. Irregular spiking was observed starting 130 ps 
after firing the flashlamps and lasting for 200 ps. The spiking had a duration of approxi
mately 500 ns and a power of 10 K W. With a reflectivity product of 0 04, output energies 
of 0 9 J were obtained using input energies of 650 J. Fewer spikes were now observed, and 
amongst these were some of duration 100-200 ns and peak power of the order of 80 KW. 
A pause in spiking was usually observed following each high-power spike. This self-0- 
switching behaviour is similar to that originally reported by Samelson%1̂ 68). The effect, 
however, was less marked in our experiments because of the lower energy and smaller size 
of our system.

The Nd-glass laser was placed in a cavity 100 cm long with fixed reflectivities of 100% 
and 50%. Output energies of 1 7 J and 2 5 J were obtained with input energies of 1000 J 
and 1600.1 respectively. The threshold of the laser was 6C0 J. Spiking started 300 ps after 
firing the flashlamps and lasted for 400 ps. The spikes (see figure 1 {a)) were approximately 
700 ns long and had power approximately 5 to 10 KW.

The liquid laser was now introduced into the same cavity as the Nd-glass laser. With 
the liquid not pumped, the threshold of the glass laser increased to 900 J— that is, by a 
factor of 3/2 of its value— without the liquid laser cell in the cavity. This was attributed to 
the passive loss of the POCI3 and the reflections from the cell windows, a total insertion 
loss of 30% per double pass. A few spikes with duration 150-250 ns and peak power 
60-80 K W  were regularly observed when the glass laser was pumped up to 1600 J.
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Figure !(/?) shows tlie spiking behaviour of the Nd-glass laser with the liquid laser cell 
placed in the cavity unpumpcd. Thus the introduction of the Nd-liquid medium into the 
cavity of the Nd-glass laser produces a small g-switching effect analogous to Q-switching 
by organic solvents, in accordance with the findings of Katzenstein ct al (1969), who

A  V. 1
P. y . ' ï  I-' ïf r.V.H! fo.«, V  .

(a)
lifc—jtiV *

(A)

ivà ÿ/ft i ; Ùli

(c)

Figure 1. The spiking liobaviour of (a) the Nd-glass laser, (h) the Nd-glass laser with the 
liquid laser in the cavity unpumped, (c) the laser with combined active media, (d) both 
lasers with a time delay of 150/ ps between them. The top traces in each picture show 
parts of the lop traces on an expanded scale (read from right to left).

io) (A) ( c ) id )

Pumping (J) 
Top trace:

1600 1600 1000roo 1600
iOOO

Horiz. scale (ps/div) 100 100 100 100

Vert, scale (kVV/div) 5 30 200 200

Lower trace:
Horiz. scale (ps/div) 2 1 1 1

(Ct̂uti)

All pictures were recorded with a Tektronix 555*dual-beam oscilloscope.

pointed out that liquids which had very little absorption at the laser wavelength showed 
very small ̂ -switching effects. The POCI3 solution falls into this category and behaves as
expected. — —  -     _ _

The most interesting results were obtained when both lasers were simultaneously 
pumped in the same cavity. Spiking started approximately 90 ps after firing the flash
lamps and lasted for 150 ps. The oscillations consisted of powerful uniform pulses of 
approximately equal height as can be seen from figure 1(c) and (d). Short pulses of 20 ns 
FWHM and powers up to 1 M W  were observed for every shot. These were recorded on a 
T519 oscilloscope. Typical oscillograms are shown in figure 2. Total output energies of 
3*5’to 4 J were obtained.
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Figure 2. Typical oscillograms of thesclf-^-swilched pulses obtained on a T cktronix 519 
oscilloscope, (a) Time scales: 1 (jis/div. (a ); 20 ns/div. (h, c, cl). The modulation on the 
pulses is due to the subcavities formed by the cell windows and the cavity mirrors. 
Unmodulated pulses of the same pulse width were also obtained.

3. Discussion
Because of the limitations of our flashlamps we were not able to pump the system harder 
than the levels reported. We would draw attention, however, to the results of experiments 
3 and 4. When the liquid was not. pumped, the glass laser showed some signs of Q- 
switching. Clearly, the mechanism at work here cannot be that proposed by Selden, 
because the quantum energy of the stimulated radiation in the cavity is insufficient to raise 
the liquid laser to its upper laser transition level. Since Samelson ct o/(1968) have shown 
that SBS is not the operative mechanism either, this small elTect is very likely to be explain
ed by the mechanism of Key ei al (1970) in terms of nonlinear optics. When both liquid 
and glass are pumped, strong g-switching is observed. We know from experience that 
when the glass laser is pumped with no liquid cell in the cavity, self-O-switching is very 
seldom observed. We therefore conclude that the only effect which the pumped glass rod 
had on the system was simply to increase the cavity gain. It follows, therefore, that the
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same result should be obtainable with a longer liquid column. Experiment I indicates that 
more self-Q-switching is observed when the liquid alone is pumped harder.

We conclude therefore that seIf-(9-switching in liquid columns is more likely the greater 
the cavity energy and the greater the cavity gain. The mechanism of the process is likely 
to be a combination of the process suggested by Selden and that proposed by Key et al. In 
either event, the primary cause of the induced phase grating would seem to be the spatially 
periodic deposition of heat energy.
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1. INTRODUCTION: DEVELOPMENT PHILOSOPHY

The raison d'etre of this work is the development of 

a small-scale repetitively pulsed Q-switched liquid laser 

for assessing the performance of a relatively new laser 

material compared with alternative media. At the beginning 

of the contract period the liquid properties and spectro

scopic parameters were only known approximately, and no 

information was available on whether giant pulses could be 

produced by Q-switching the laser medium. It was decided 

therefore to divide the programme into two parts, one con

cerned with Q-switching behaviour, the other with development 

of a circulating system for 10 pps operation. No attempt 

would be made to scale the flow system until adequate data 

was available from Q-switching experiments, and sufficient 

experience gained of the construction and operation of an 

experimental circulating liquid laser. The development of 

the latter involved the selection of materials compatible 

with the corrosive solvent POCl^-ZrCl^, finding a leakproof 

mechanical pump for circulating this liquid, and constructing 

a dry sealed flow system of pipes and mechanical joints 

incorporating a suitable laser cell.
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2. DESIGNING A Q-SWITCHED LIQUID LASER

We discuss first the scaling of a Q-switched laser with 

respect to efficient operation in the desired energy range. 

Experimental results are presented supporting the predicted 

parameters.

2.1 Cross-sections and energy scaling

For a specific loop gain, such as the laser threshold require

ment, the total energy stored in the metastable state is 

proportional to the cross-sectional area of the laser element 

and inversely proportional to the stimulated emission cross- 

section. For two different media to have the same stored energy 

and the same gain, the ratio of their geometric cross-sections 

should therefore equal the ratio of their atomic cross-sections, 

other things being equal. Thus we have two simple scaling laws :

E = kA . • ( 1)s

..u,
*2 "2

where E^ is the total stored energy, A and a are the 

geometric and atomic cross-sections respectively. Relation (1) 

is for a given gain, and (2 ) for the same gain and energy.

The factor

k = log G . . (3)a e

where G is the single pass gain, corrected for the effects of 

cavity losses and non-uniform excitation, and hV is the photon 

energy.
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The cross-seccions for stimulated emission in Nd:YAG and 

NdzPOClg -ZrCl^ are in the ratio a (YAG)/a (POCI3 ) ~10. Therefore 

a Q-switched N d :POCI3 -ZrC1^ liquid laser of comparable energy to 

a 5.35 mm in) diameter YAG laser has a diameter - mm i.e.

approximately 2 mm.

For efficient release of the energy stored in a Q-switched

laser, the initial inversion should be at least three times

threshold  ̂ The optimum mirror transmittance for peak
( 2 )power output lies in the range 50-80 per cent , requiring 

an initial gain 10 G > 3 prior to Q-switching.

Since ~ 2.5 Joule cm“  ̂ for NdzPOClg -ZrCl^, a 2 mm

diameter laser of this material with a single pass gain of 

G = 5 has a total stored energy ~ 125 mJ. In a real laser

the non-uniform gain and finite losses make the energy emitted 

in the Q-switched pulse less than E ^ . To allow for this the 

diameter must be increased. In this way the estimated diameter 

of the liquid laser becomes ~ 3  mm for 100 mJ output.

2.2 Excitation

For efficient excitation of the active volume by optical 

pumping we require a laser diameter greater than the absorption 

length. The precise value is obtained from a convolution of 

the emission and absorption spectra of the lamp and laser 

respectively.

The N d :POCI3 -ZrCI4 solution has an average absorption length 

~ 15 mm at the half intensity points of the absorption bands.
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Thus a diameter of 2-3 mm, as indicated by energy scaling, makes 

the laser optically thin. Increasing the Nd ion concentration 

to improve the absorption efficiency is precluded by stoicheio- 

metry, departure from equilibrium affecting the chemical 

stability of the laser solution. However, since the liquid 

consists of three components, namely the phosphorus oxychloride, 

the metallic chloride ZrCl^, and a dissolved neodymium salt, 

chemical substitution of alternative compounds may make possible 

the addition of more N d “ ions or others to increase the excita

tion efficiency.

With regard to beam quality, i.e., mode structure and 

divergence, it is necessary to pump the laser volum.e uniformly 

by making an appropriate choice of lamp/reflector geometry.

This can be critical with a liquid laser because the change of 

refractive index with temperature is some 50 times as great 

as that for solids. Bilateral symmetry, with a well polished 

non-focussing reflector and two lamps of equal brightness, 

enables low beam divergence and symmetric intensity profiles 

to be achieved. For perfect circular symmetry a rotationally 

symmetric reflector is required, e.g. a sphere or prolate 

spheroid with lamp and laser mounted end-to-end on the

axis of rotation.

2.3 Experimental results - small cells

Liquid laser Q-switching performance measured for several 

laser cells of different diamters and lengths provides a
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comparison with predictions of scale size and output based on 

physical parameters (section 2.1, 2.2). The experimentally

scaled diameter for 100 mJ pulses is 2.9 ± 0.2 mm for single 

pass gain G = 3.5 nett prior to Q-switching. This was determined 

from output energy and threshold measurements on Sylvania 

NdiPOClg- ZrCl^ solution contained in plane-ended cylindrical 

silica or Pyrex cells of dimensions 8 mm dia x 6 ins long,

7 mm X 5 in, 5 mm x 6^2 ins, 5 mm x 3h ins, each pumped by 

a pair of straight flashlamps of appropriate size. The arrange

ment of the laser cell and lamps and the electro-optically 

Q-switched cavity is shown in Figure 1.

Divergence is largely dependent on the thermal gradients 

induced in the liquid by optical pumping. The two lamp geometry 

gives 4 milli-radian full angle containing at least 67% of 

the emitted energy. Pulse-widths down to 13 ns and peak powers 

up to 55 MW are observed with the 8 mm x 6 in cell.

A giant pulse profile and the switching behaviour are shown 

in Figure 2 . An extensive examination of the parameters of this 

Q-switched system has been published \

Experimental measurement of pulse energy versus excitation 

energy yields a straight line graph of the form:

=out = ^ ‘̂ in- ^ h >  

from which the slope efficiency C and extrapolated threshold 

(for zero Q-switched emission) are obtained. This linear 

relation makes scaling of the laser particularly simple. The
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threshold determined from Q-switched pulse energy measurements 

agrees with that found by observing the initial appearance of 

spiking with the electro-optic elements remaining in the 

transmitting state. However, the ordinary spiking threshold 

with the Q-switching elements removed from the cavity shows 

a reduction by a factor of 1.5 to 2, depending on cavity length 

and the transmission of the output mirror. This has been 

traced to the Glan-Taylor polarising prism.

A comparison of spiking and giant pulse performance is 

shown in Fig. 3. The difference in threshold is clear, 

although the slope efficiencies are approximately the same.

For a scaled 3 mm diameter laser, an input energy ~40 J is 

estimated for 100 mJ Q-switched output energy at the observed 

efficiency. With further development work on excitation and 

pulse generation this might be reduced to ~25 J. Further 

reduction in the energy requirement would follow from increased 

efficiency of the laser solution, which would put the miniature 

liquid laser on a comparable footing with N d :YAG systems. For 

this reason a comprehensive approach to the chemistry of the 

system is envisaged as part of a continued programme, and 

appears in detail in the proposal submitted for 1972/73.

3. THE CIRCULATING SYSTEM

Liquid lasers can be cooled by flowing the laser medium 

through a heat exchanger and returning it to the laser cell. 

Thus they have an intrinsic advantage over solid lasers for
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repetitive pulsing because heat can only be removed from the 

latter by conduction to the surface and transfer to a coolant 

flow, resulting in radial temperature gradients and thermal 

stresses which affect the quality of the laser beam. By ensuring 

turbulent flow in the liquid laser cell and controlling the
(4)wall temperature, radial temperature gradients can be avoided 

Beam quality becomes solely dependent on the distribution of 

optical pumping, which can be controlled independently (section 2.2), 

and the pulse repetition rate is only limited by the flow rate.

3.1 Description of the flow system

Because of the chemical activity of the neodymium:phosphorus 

oxychloride laser sôlution used in this work, a dry air-tight 

system of inert materials had to be developed for flowing this 

liquid. The system was largely constructed with PTFE joints and 

pipework, and contained the pump, laser flow cell and heat 

exchanger in a closed loop.

A filter was included to remove solid scattering particles 

from the liquid, since these degrade the laser performance.

Figure 4 is an outline diagram of the fluid flow circuit. Also 

shown is the dry helium line for purging the system prior 

to filling, and for pressurising the supply vessel for filling 

the system. In addition, a second flow system for fluid cooling 

of the laser h e a d ( lamps, cell and reflector) is necessary, with 

a similar loop containing pump, heat exchanger and the laser 

head. This is included in the diagram, and indicates the
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nature of two-component flow and the thermal coupling between 

them. The heat exchanger for the laser liquid consisted of 

nickel tubing arranged for parallel flow and immersed in a water 

cooling jacket. Nickel is resistant to phosphorus oxychloride 

and the unit was vacuum tested to ensure it was leak tight.

Two views of the assembled laser liquid flow system are shown 

in Figure 5. The reservoir, and the pump and heat exchanger 

for the cooling fluid are not included.

3.2 The pump

In order to have a circulating liquid laser, a pump is 

required which is chemically inert in the presence of phosphorus 

oxychloride and which can provide the desired flow rate. Suitable 

materials are PTFE, glass and nickel. The flow rate depends on 

the pulse repetition rate and the requirement for turbulent 

flow, and is determined from the dimensions of the laser cell.

For 10 pps operation and a cell 6 mm diameter by 6 inches 

long, the minimum rate for changing the liquid volume between 

pulses is 43 cc/sec. For turbulent flow the Reynolds number 

must exceed 3000. For the N d :POCI3 -ZrCl4 laser liquid, the 

density is 1.8 gm/cc and the viscosity 5 centipoise at 25°C, 

yielding a minimum flow velocity for turbulence of 140 cm/sec 

for diameter 6 mm, and a volume flow 40 cc/sec. The two 

requirements agree for this system and a minimum pump performance 

of ~50 cc/sec or 3 litre/min is indicated, working at a pressure 

head of a few feet to overcome pipe losses.
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The laser liquid has a tendency to creep through fine 

crevices and lightly assembled joints, and to form a crystalline 

deposit and hydrogen chloride fumes on contact with moist air. 

For this reason any pump with rotating seals, round the drive 

shaft for example, tends to wear rapidly and eventually bind.

An example of this type of failure is shown in Figure 6 for a 

glass loaded PTFE radial seal used on-an early test with an all 

glass centrifugal pump. This was replaced by a PTFE bellows 

pump, gas driven with a double cylinder reciprocating action.

The piston drive is isolated from the working fluid by the 

bellows and PTFE face seals. Auxiliary expansion bellows 

are fitted on the high pressure outlet side to reduce the 

pressure pulse in the liquid at the end of each stroke.

3.3 The laser head

The approach to efficient, uniform and. symmetric optical 

pumping of the liquid laser has been discussed (section 2 .2 ), 

and the need for well-mixed turbulent flow indicated (section 3) 

An outline of the cell is shown in Figure 7. The tube material 

is fused silica with a wall thickness 2 mm, bore diameter 6 mm 

and active length 153 mm (5 inches). The end windows are 

composite with solid nozzles extending into the inlet and outlet 

regions of fluid flow. They serve the dual purpose of diverting 

the flow into or from the straight centre section and completing 

the optical path through the main body of the laser medium. By 

coupling out to external mirrors and switching elements, a laser
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cavity can be formed with the flowing liquid as the active 

medium. The arrangement is similar to the static cell experiment 

(Fig. 1).

For optical excitation of the circulating liquid laser a

two lamp geometry with close-contoured reflector is employed

for symmetry. To overcome some thermal distortion which was

corrected by a meniscus lens on the static laser (Fig. 1),

spectral selection of the flash lamp's emission is achieved

using a gold coating on the reflector and yellow glass filters

between the lamps and laser flow cell (Fig. 8). The combination

of gold and yellow glass cuts off all wavelengths below 0.4 micron

(4000 8 ), with the result that only light covering the range of 
3+the Nd ion absorption bands is incident on the laser liquid.

The phosphorus oxychloride solvent is transparent from below

0.4 micron to -̂ 5 microns wavelength. Therefore the only 

extraneous heating expected is that from radiationless Nd^^ trans

itions and by comparison with unfiltered excitation this is 

found to cause much less thermal distortion of the laser medium.

In operation the laser head is flooded with the cooling 

fluid, which is pumped through at an adequate rate for cooling 

the lamps when running at 10 pulses per second. The coolant 

thus also fulfils a secondary role as a temperature bath. 

Cylindrical sleeves are sealed to the ends of the laser cell by 

0 -rings to preserve an optical path in air to the external 

mirrors.

- 1 0  -



3.4 Operation and results

3.4.1 Flow characteristics

When the circulating system was filled with laser liquid, 

some simple optical tests were first carried out to assess 

optical quality and particle scattering. By shining a helium- 

neon laser beam (X 5328 8 ) through the length of the liquid 

column and back again small variations in optical path can be 

observed by noting changes in the emergent beam pattern. A 

mirror behind the cell reflects the beam back and the image 

is diverted by a beam splitter onto a white card.

Distortion of the pattern takes the form of rippling with 

a frequency of a few Hertz, and a more disturbed motion at the 

end of a pump stroke. These effects are more pronounced at low 

flow rates and diminish as the pump speed is increased. At 

operating speeds the deflections fall below 1 milli-radian.

Scattering of light by the liquid has two causes; extrinsic, 

due to solid particles and impurities picked up from the system, 

and intrinsic due to the polymer form of the complex solvent.

The latter contributes a minimum total scattering of order

0.3% cm-i and cannot be removed. The former can by fine filters 

with ^5 micron pore size. If a helium neon laser beam is again 

shone through the length of the liquid column, angular fluctuations 

in the forward scattering due to fluid flow can be detected with 

a lens and pinhole arrangement. Choosing a big focal length 

lens and placing a metal foil with a small hole at the focus,
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variations in transmitted intensity can be detected by a 

photomultiplier and related to angular variations from the 

dimensions. Using a 1 metre focal length and 0.5 mm hole 

determines an acceptance cone with 0.5 milli-radian full 

angle. Under these conditions 10% intensity fluctuation was 

observed with flow rate ~35 cc/sec, about 0.9 of the operational 

flow. For comparison, a glycerol-water mixture used earlier 

to test the pumping system showed a scattering intensity fluctua

tion of 0.2%. The pressure pulse at the end of each pump stroke 

could be seen as a sharp spike under these conditions, but 

was too small to show up on the laser liquid scattering measure

ment.

3.4.2 Laser operation

To power the laser, the pair of xenon flashlamps (Fig. 8 ) 

mounted in the laser head are connected to an identical pair 

of capacitor banks. Each bank contains a simple two-stage LC 

network impedance matched to the lamp. Each lamp is triggered 

by a 15 kV pulse from a hydrogen thyratron unit, resulting in 

the rapid discharge of energy stored at ~1.5 - 1.8 kV in the 

capacitors, and the emission of a nearly rectangular light pulse 

from the lamps with rise time 100 ps, plateau 2 50 ps, decay time 

150 M-s. At least 90% of the energy is emitted in 350 ps and 70% 

of this at constant intensity. The capacitor charging supply 

is rated at 4 kW and charging is completed in 30 ms. Operation 

of charging, firing and re-set for repeating the sequence is
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electronically controlled. Single shot, burst and continuous 

running at 10 pps can each be selected. The burst mode has a 

pulse counter, which can be set to allow a number of consecutive 

firings from 2 to 8 pulses at 10 pps. Q-switching of the laser 

is accomplished by a pre-set delay which switches the Pockels 

cell voltage at any desired time during the lamp discharge. The 

sequence is:-

1 . initiate charging

2 . stop charging when set voltage reached

3. delay

4. signal to trigger lamps

5. delay

6 . signal to Q-switch

7. reset.

The sequence is repeated at 0.1 second intervals until 

stopped either by the pulse counter for the burst mode or 

manually for continuous running.

3.4.3 Results

Two test fillings of the circulating laser system have been 

performed so far. For the first a slightly degraded solution 

used previously to test the centrifugal pump (section 3.2) was 

put into the system. The initial purpose was to assess the flow 

characteristics (section 3.4.1) and then to obtain preliminary 

results on laser action. However the solution performed well 

and appeared to have suffered little contamination so a full set
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of laser measurements were obtained. No cooling was provided 

for the laser head at this stage, so operation was limited to 

the burst mode, with a maximum of 3 to 4 consecutive pulses 

determined by the energy loading of the flashlamps.

The threshold for normal spiking with a 62% reflecting output 

mirror was 35 J compared with a predicted value of 32 J scaled 

from measurements on a 5 mm diameter static laser cell. At 

110 J input spiking lasted for 250 ps, i.e. for the duration 

of the flashlamp plateau (section 3.4.2). When Q-switched with 

a delay of 260 ps from the start of the lamp discharge, the beam 

pattern recorded on black Polaroid film contained a higher order 

transverse mode superimposed on an elliptical background, with 

overall divergence 5 milli-radian. Consecutive shots fired 

manually at intervals of a few seconds showed the same beam 

pattern with the laser liquid flowing at a low rate (~ %  opera

tional flow). The observed slope efficiency for Q-swtiched 

pulse energy was 0.23%, f the best value for static tests and 

a result of using a mirror transmission below the optimum 

(section 2.2) for laser output; 38% versus 56% for 0.37% static 

slope efficiency. A,pulse energy of 200 mj was obtained for 

170 J input under these conditions.

With the pump running and the laser operating in bursts of 

3 pulses at a rate of 10 pps, consecutive pulses were recorded 

with a fast photodiode and oscilloscope (ITT F4000/Tektronix 519) 

In each case the second and third pulses decreased in peak power
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from the first, which was identical with the giant pulse gener

ated in the stationary liquid with the pump off (Fig. 9 b,c,d).

Only for manual firing at intervals of 10 seconds were the pulse

shapes reproducible. The beam patterns, recorded on a rotating

Polaroid target, were also repeated in this case. By varying

the pumping speed and pulse repetition rate a recovery time

~2 seconds was deduced for the system. This was attributed

to thermal relaxation of the laser, in the cell wall or the

head, and supports the finding of General Telephone and Electronics

Laboratories that thermal equilibrium must be achieved for reprod- 
(4 )ucibility . They immersed the entire laser head in a temperature 

stabilised water flow to do this. Because of the energetic 

reaction of phosphorus oxychloride with water, we used a non

reacting fluorocarbon oil to flood the laser head and by 

circulating it in a separate loop (Fig. 4) to cool the lamps 

achieved extended laser operation at 10 pps. This will now be 

described.

Modifications to the head required emptying the circulating 

system, followed by stripping, neutralising the remaining 

laser solution, and cleaning. After modification the system was 

reassembled and filled with fresh laser liquid and coolant in 

the appropriate flow loops (Fig.4). Repetitive flashing of the 

lamps showed no detectable variation in intensity at 10 pps, so 

bursts of laser spiking at this repetition rate were examined 

with both fluids circulating. Similar filamentary patterns for 

each pulse were recorded on a rotating Polaroid target.
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Integrated signals representing the energy of each set of spikes 

showed shot-to-shot fluctuations, but the cooling fluid made 

possible extended operation at 10 pps. A run of 4 seconds 

representing 40 laser firings, contained 40 energy pulses, 

demonstrating that the thermal relaxation problem had been over

come .

To examine reproducibility of the Q-switched laser at 10 pps, 

the single pulse output was similarly integrated for each shot. 

Variations in the pulse energy, displayed as a series of signals 

on a slow sweep (Fig. 9 e,f,g) could thus be examined. By alter

ing the pump speed it was demonstrated that the energy quickly 

fell to zero at low flow rates where the cell volume was not 

fully changed between shots, that at higher speed fluctuations 

without decay were present, and at sufficient flow velocity the 

fluctuations were significantly reduced (Fig. 9,e,f,g). Since 

some saturation of the photodiode was discovered after this 

run a quantitative estimate could not be made. Carbon precipitated 

by flash photolysis of the cooling oil prevented further work on 

the system. To avoid this problem the circulating laser is 

being modified to use an inert fluorochemical (probably 3M FC-7 5) 

as the cooling fluid, and Germisil lamps to reduce the UV 

emission.

A further effect of immersing the laser flow cell in the 

cooling fluid was the generation of Q-switched emission with 

nearly circular symmetry (Fig. 9a), indicating more uniform 

excitation of the liquid laser in this condition.
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F i g . 5 Assembled circulating system (i)
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Fig.6 Abraded PTFE radial seal.

Fig.7 Laser flow cell design
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