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Abstract 

\l\Te present both a theoretical overv.iew and an experimenta.\ investigation of 
· the'stimula.ted Raman effect. A new prediction is ma.de for the steady sta.te 
linewidth of the forwa.rd Stokes output in the presence of a. depleted pump. 
The theory is developed with the aim of gaining an understa.nding of the 
mechanism which favours stimulc:i..ted Ra.man output in· tile baclnvard din~c­
tion. The experimental investigation with hydrogen a.s the Ra.man medium, 
was confined to a transient. regim~. We were therefore unable to verify 
our prediction for the steady state Stokes linewidth. A ra.re observation 
of anti-Stokes ra.diatio~1 ilr the backward directioii wa.s ma.de. The genera.I 
observations shed light on the question of the mecha.nism responsible for 

'predominantly' backward Stokes output. 
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Introduction and Motivation 

This is a. somewhat different thesis to that originally intended. The original 

idea. was to investigate stimulated Raman scattering in hydrogen as a mea.ns 

of frequency shifting the output of a. frequency doubled Nd: Y AG (532 nm) 

laser for use as the pump in coherent anti-Stokes Ra.man scattering (CARS) 

experiments in nitrogen. The frequency shift wa.s required since the tunabil­

ity range of the tunable Ti3+ : A/203 laser to be used in these experiments 

was not compatible with the Nd : Y AG as pump. It was decided to attempt 

to obtain the stimulated Ra.man radiation in the backward direction, as this 

would enable the transmitted pump beam to be used to pump the tunable 

source, thus simplifying the CARS setup. Initially the ma.in interest lay in 

ensuring that sufficient energy conversion to the backscattered beam could 

be achieved and that the spectra.I width of the backscattered output wa.s 

narrow enough for use as the pump in a CARS experiment. 

A preliminary review of the theory was undertaken after some introduc­

tory experimental work. It soon became clear that the topic of stimulated 

Ra.man scattering in the backward direction with a. single longituna.l mode 

pump is in itself of great interest. This realisation together with the un­

availability of the laser for more than a year prompted a more thorough 

investigation of the available theory. This revealed that the backward scat-
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tered process has received far less attention in the literature than its forward 

scattered counterpart, possibly as a. result of the rather special conditions 

under which it is the dominant direction of the scattered output [l). In 

fact the precise dynamics of the interaction giving rise to predominantly 

backscattered output a.re not yet clear. It was decided that it would be 

of great interest to investigate this phenomenon rnore carefully. When the 

laser finally became available, a more detailed experimental investigation, 

than was initially invisagecl, was performed. This then motivates the shift 

in emphasis of this thesis which n~·\v contains the fruits of both a. theoretical 
·, 

and experimental investigation into the phenomenon of backward stimulated 

Ra.man scattering . 

V./e will now give an overview of the presentation. In Chapter 1 which 

follows, a. general discussion of the modelling of a nonlinear response is pre­

sented. The nonlinear susceptibilities a.re described in terms of the classical 

polarisa.bili ty model. tvla.xwell 's equations, which are used to describe the 

propagation of the nonlinear response through the medium, are presented 

with careful attention being pa.id to the various approximations. 

Chapter 2 contains a.n extensive theoretical investigation into stimulated 

Ra.1na.n scattering. Most of the work is a review of previously available re-

sults, although an attempt has been made to include niore detail than is 

generally available. The theory is developed from the simple steady state 

. theory to include the depletion of the pump as well as the possibility of a 

focused pump geometry. A new development has been ma.de to the theory of 

the spectral distribution of the Stokes output for the case where the deple-

tion of the pump is included. Also, a neat model of propagation in a focused 

geometry has been applied to the case of the backward process. The effects 
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of dispersion a.nd finite input spectra.I widths a.re included together with a. 

discussion of anti-Stokes coupling. This all culminates in a detailed discus­

sion of a simple transient theory for backward stimulated Ra.man scattering. 

The results of our experimental investigation a.ppea.r in Chapter 3. Specif­

ica.lly we looked at energy conversion efficiencies and linewidths of the backscat­

tered output. We also investigated the temporal relationship between the 

various input and output beams. The effects of varying the laser inten­

sity, hydrogen pressure and focusing characteristics on the various measured 

quantities were investigated. Whei'ev,~r possible, contact has been made with 

the theoretical considerations of Chapter 2. 

Fina.Hy, in Chapter 4 a discussion a.nd conclusion of the investigation is 

presented. Specifically, the nature of the initiation interaction giving rise 

to backward stimulated Ra.man scattering will be discussed with respect to 

both theoretical and experimental considerations. Also, the possible use of 

this process a.s a. mea.ns of frequency shifting the Nd : Y AG output (.532 nm) 

for use as the pump in CARS work will be discussed. 
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Chapter 1 

Introductory Nonlinear 
Optics 

Introduction 

Nothing in nature responds purely linearly to stimuli. There is alwa.ys a 

point a.t which the stimulus becomes sufficiently strong to induce a nonlinear 

response. This is also true of matter under the stimulation of light. The 

study of the vast array of effects observable due to this nonlinear response 

of matter to light, forms the exciting field of nonlinear optics. The required 

strength of the optical stimulus necessary to illicit a nonlinear response 

from the tncdium wit.It which it. is intcra.cting is not usually a.chicva.blc with 

everyday light-sources. In the overwhelming majority of cases a laser is 

required to invoke a nonlinear response from a. medium. 

Nonlinear optical effects a.re the ma.nifesta.tions of a. nonlinear interaction 

between light and matter, which ca.n be seen to a.rise in the following wa.y. 

Optical signals existing in a. medium will ca.use a.n oscillating polarisation in 

the medium. If .the optical stimulus is sufficiently strong, this pola.risa.tion 

will be nonlinear a.nd as such it will contain oscillating polarisations at fre-
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quencies different from those of the optical signal originally in the medium . 

. This nonlinear polarisation can itself interact with the fields propagating in 

the medium, ca.using nonlinear changes in the fields themselves. Thus in 

order to be able to describe nonlinear optical processes, we need to calcu-

·. late the nonlinear polarisation induced in the medium by the optical fields. 

This is achieved via. the constitutive equations. The oscillating polarisation 

is responsible for describing the continuing propagation of the optical fields 

through the medium, as governed by Maxwell's equations. The two steps of 

this feedback mechanism responsible ,for nonlinear optical effects will be de­

scribed in the following two sections. Starting from Maxwell's equations in 

the section below, we will derive the wa.ve equation describing the propaga­

tion of the waves through a. medium. This will be followed by a description 

. of the polarisation which acts a.s a. source for this propagation. 

1.1 Maxwell's Equations 

Light wa.vcs a.s with all other clcctro111a.g11ctic phenomena. a.re governed by 

Maxwell's equations: 

- - 1813 
\7xE=--­

c 8t 

- - 1 at 411 -
\7xH=--+-J 

c 8t c 

v.J3 = 411p 

( 1.1) 

where we have used a generalised charge density p and current density ./, 

both of which a.re tirne dependent, a.s sources. These source terms can be 
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expanded in a. multipole expansion [18]: 

p = Po - V .P - V (fl. Q) + ... 

- - of - - a - -. 
J = Jo + 8t + c \7 x M + at ( \7. Q) + ... ( 1.2) 

These expressions are, however, unphysical in the optical region [18]. We 

therefore deal instead with the generalised polarisation: 

:P = I'+v.Q+ ... (1.3) 

Also for our purposes the magnetic multipole moments w.ill be limited to the 

dipole approximation so that the linear constitutive relationship B = µIf 

will be assumed to hold. Thus the charge and current densities can be 

replaced by: 

p =Po - V.P 

- - a:P 
J =Jo+ 8t 

so that the charge conservation law: 

- - a:P 
\7 . .J + - = 0 at 

( 1.4) 

is seen to hold. Here Po is the static charge density and .]~ is the de current 

density. Thus Ma:xwell's equations with P as the only time-varying source 

term become: 

- - 1 aB 
\7 x E + -- = 0 

c Bt 

- - µ fJ - - 4 Jr ll -
\7 x B = ~at (E + 47rP) + -c-Jo 

v.(J~ + 47rP) = 47rpo 

G 

(1.5) 



v.i3 = o 

from which we can obtain the wave equation governing the propagation of 

the fields through a dielectric medium: 

- - µ [)2 - - 47rµ [)2 - -
[V' x (V'x) + 2 -

8 2 ]E(r,t) = --2 -
0 2

P(r,t) 
c t c l 

(1.6) 

In general P is a nonlinear function of the fields. The exact relationship 

with the fields is known as the constitutive equation and this fully describes 

the response of the medium to the fields. For sufficiently strong fields the re­

sponse of the medium will be n0111inear which will enable intera.ction between 

the various fields. As long as the fields a.re not too strong, the generalised 

polarisation can be expanded as a power series in the field: 

P(t,t) = f J00 

x(nl(1~-t1, ... ,t-tn, ... ,t-t1, ... ,t-tn, ... ) 
n=l -oo 

where it is understood that there a.re n integrations to be performed in the 

. nth term. In the case of a linear response, the above expression reduces to: 

p(l)(f',t) =J00 

x(ll(t-ti,l- ti).J~(f1,li)df1dl1 
-oo 

( 1.8) 

Where x(l) is the linear susceptibility and is necessarily a tensor of rank 

2. In ~he general case it therefore follows that x(n) is a tensor of rank 

( n + 1) and is known as the nth order susceptibility. The evaluation of these 

susceptibilities will be reviewed in the following section. 

For the moment we proceed with the description of the propagation of 

fields through a medium in wbieh a nonlinear interaction is taking place. 

In this case we can separate the polarisation into a linear and nonlinear 

portion: 

( 1.9) 
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where pNL is obviously the L:~:2 portion of eqn. 1.7. Then the wave 

equation becomes: 

- - ft§.fJ2 
::; _ 47f/L02 

-NL -[\7 x (Vx)+ 2 -
0 2

]E(r,t.) = --
2 

-
0 2 P (r,t) 

c t c t 
(l.10) 

where 

fE(r, t) = E(r, t) + 47f P(1)(t, t) 

If we now expand the fields and the polarisation in the wave vector and 

frequency domains according to th~ fourier transform and its inverse: 

J
oo ·-. 

A(f, t) = A(k,w) ei(k.i"-wt)dkdw 
-oo 

,(1.11) 

and we make the assumption that the linear susceptibility can be similarly 

transformed, then we have for ea.ch frequency component: 

(1.12) 

this result ca.n be generalised for higher order pola.risations, yielding: 

(1.13) 

From equation 1.8 it should be apparent that the polarisation exhibits a 

nonlocal response to the fields. This is illustrated by a. cha.nge of variable: 

in which case eqn. 1.8 becomes 

p(ll(f', t) = .l: x(ll(J1, r)l~(r - ll, t - r) dlldr (l.14) 
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showing that the polarisation at location f and time t depends on the electric 

field at a position a.nd time other than f. a.nd t. 

We ca.n now illustrate how the nonlinear susceptibility tensors describe 

a given nonlinear process by decomposing the field into an infinite set of 

monochromatic plane waves: 

(1.15) 
.7 j 

We can write the polarisation down in a similar way: 

If we consider a process which is described by a third order nonlinear sus-

ceptibility then we have: 

p(3)(k,w) 

x(
3)(w,w1' W2, w3)E( k1' w1), E( k2, w2), E( k3, w3) (1.16) 

So that a wave propagating thro11gh the medium at w = w1 + w2 + W3 is 

described by the wave equation: 

411'"/.l a2 
(3 ) -7 

8
,2 x (w,wi ,w2,w3) 

xE(k1,w1)E(k2,w2)E(k3,w3) (1.17) 

Similar equations will exist to describe the evolution of the fields at the 

other frequencies as they propagate through the medium. Thus knowledge 

of the process occuring in a particular nonlinear effect enables the correct 

susceptibility to be chosen and hence ca.!cula.ted. 

The a.hove equation may be simplified by assuming that all the waves 

propagate in the same direction a.nd that all the fields are polarised in the 
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same way. This enables us to dispense with the vectorial nature of the 

description. Also, since the nonlinear susceptibility is small compared to the 

linear portion, the relative change in the field amplitude over a. wavelength 

will be small [3], thus enabling the slowly varying amplitude approximation 

to be invoked. This a.pproxima.tion is <liscusse<l in Appendix A. The wave 

equation then reduces to: 

(~ ~ _Q_) E-'."' . ) __ 2rr J.t.w
2 
p(3 l(- .) 

!'.} + !'.} (~,I. - 'k 2 -:;,f. uz v ut · 1. • c 
(1.18) 

where the assumption gt22 P(z, t)"·= -w2 P(z, t) has been ma.de and it is 

understood tha.t E(z, t) represents the amplitude of the field a.t frequency 

w. In order to obtain a workable equation it is necessary to consider the 

form of the susceptibilities more carefully so that calc11la.hle expressiems ca.n 

be found. 

1.2 The Nonlinear Susceptibilities 

The optical susceptibilities, describing a.s they <lo the response of the medh1m 

to the fields, depend in detail on the structure of the medium. Hence they 

can only be correctly determined by a full quantum mechanical calcula­

tion. This is most easily performed in the density matrix formalism. The 

necessary perturbation calculations a.re easily done for lower order suscepti­

bilities (n ~ 2), but quickly become prohibitively long a.nd complicated. For­

tunately, diagrama.tica.J techniques based on Feynman diagrams have been 

devised [4, .5, 6] which enable one to simply write down the appropriate sus­

ceptibilty. However, for our purposes it will be much more instructive and 

less demanding to follow a. classical model. 

Before we proceed with the relevant model, there a.re some simplifications 

10 



which can be ma.de. Firstly, the problem of the nonlocal response of the 

medium to the fields is resolved by the electric dipole approximation for 

dilute media., since i.11 this case the susccptibilics a.re no longer functions of 

i (and hence k). The electric dipole approximation is valid for stimulated 

Ila.man scattering a.s well a.s for many other .nonlinear phenomena.. In this 

approximation we neglect the contributions from all the higher order electric 

multipoles and from all the magnetic multipoles which a.re at least an order 

of magnitude less than the electric dipole contribution. We therefore have 

from eqn. 1.3 

and p. = 1. Even in condensed media of isotropic or cubic structure"only a 

simple correction is required to the local susceptibility [18]. For condensed 

media of other symmetries, the susceptibilities will exhibit their tensorial 

nature. As mentioned earlier, the nth order optical susceptibility x(n), is 

a tensor of rank (n + l) and ha.s 3n+l components. Fortunately, isotropy 

a.nd symmetry of the medium dr<l.stica.lly reduce the number of independent 

nonzero components. Also the exact process being described often results in 

further reductions in the number of independent nonzero components due 

to permutation symmetries of the susceptibilities. For a. discussion on the 

tensorial nature of the susceptibilities and of the various symmetries which 

facilitate the reductions in the number of independent nonzero terms, see 

references [18, 7, 9]. In making this approximation we can further justify the 

non-vectorial nature of the wa.ve equation (eqn. 1.18) for fields of the same 

polarisation propagating along the same direction, since in this case the 

.tensorial nature of the susceptibility can be neg]ected. The wave equation 

11 



- - In> Im,> 

hw 

Wt W3 

If> If> 

WR WH 

(a) 
Ii>' 

(1;) 
Ii> 

Figure l.l: Schematic representation of the stimulated Raman scattering 
process: a) Illustrates the Stokes process and b) illustrates the anti=Stokes 
process. They are described in detail in the text. It should be noted that 
In > and Im > represent virtual states of the system. 

becomes: 

27rw2 

1~'(- t) - j:J( 3 )( _ t) 
_,,,,,,. ----:---, 2 ""'' 

1. ~ c 
(1.19) 

1.2.1 Classical model of the SRS susceptibility 

We now proceed with the specific example of the calculation of the relevant 

susceptibility for stimulated Raman scattering (SRS). Initially we motivate 

the form of the required susceptibility by considering the details of the scat­

tering process involved .. We follow this up with a classical model enabling 

evaluation of the susceptibility. 

Stimulated Raman scattering can be viewed as the following process with 

reference to figure l. l. 
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A pump field at w1 is incident on a medium Ill an initial state Ii >. 

Photons at w1 a.re absorbed by the medium. This process is accompanied 

by the simultaneous emission of photons at w2 , leaving the medium in a 

final state If >. Hence the energy lost is a.cumulated by the medium. The 

.a.mount of energy associated with ea.ch such event li.wn is associated with a 

transition ( be it electronic, vibrational or rotational) of the medium. This 

is a spontaneous process which will become stimulated when the field at w2 

becomes sufficiently strong. This emission is termed Stokes radiation since 

its frequency is down shifted from the that of the pump. If the constituents 

of the medium a.re, however, initially in the state If>, then the absorbtion 

of a. photon a.t w1 will be simultaneously accompanied by a.n emitted photon 

a.t w3 , leaving the medium in a state of lower energy. This emission at w3 

is termed anti-Stokes radiation since its frequency is upshifted from that of 

·the pump. N a.tura.lly it is expected that the anti-Stokes intensity will be less 

than the Stokes intensity by a factor which is proportional to the population 

difference of the two states involved. From eqn. 1.16 it is seen that the SRS 

process is necessarily described by at lea.st a. third order susceptibility of the 

form: 

(1.20) 

These susceptibilities will, in general, consist of resonant and non-resonant 

terms. The non-resonant terms will, however, be negligible due to resonant 

enhancement a.nd hence a. description of the process will he facilitated by 

including only the resonant portion. In the remainder of this work we will 

ta.ke the susceptibilities to denote only the resonant pa.rt. By quantum me­

chanical calculation the resonant portion of the stimulated Ra.man scattering 
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susceptibility is found to be [18]: 

(1.21) 

where N is the density of the constituents of the medium and p;, PJ a.re 

respectively the populations of the initial and final states. The quantum 

mechanical matrix element IM1d 2 is often not known or practically too dif­

ficult to calculate. For this rea.son we now present the classical method used 

by many authors which is based on the method of Placzek [9, 10, 11]. 

The Polarizability Model 

We present a. model of SRS in which the process is described as the coupling 

of three waves, two optical 1~1 (w1 ), J~2 (w2) and a. material excitation' wave 

described by the oscillation of the normal coordinate Q(w). The optical 

waves a.re described for identically polarised fields propagating in the z­

direction in the electric dipole and slowly varying amplitude approximations 

by: 

( 
a 1 a ) . . 27rwf (3) 
~ + - !'I E1 ( z, t) = 1 -k 2 P1 ( z, t) 
uz V1 ut "1C 

( a 1 {) ) -, . . 27rw~ (3) 
~+-!'I L2(z, t) = 1.-k 2 P2 (z, t) 
uz V2 uf '2C 

( 1.22) 

where V1 and v2 are the group velocities of the pump and Stokes waves 

respectively. Sine~ we a.re interested in SRS due to the Q(l) vibrational 

transition of hydrogen, we will accordingly restrict onrse.lves to a. dilute 

molecular medium. The rno]ecules of the medium will he modelled as a set 

of N harmonic oscillators per unit volume. \/Ve consider the oscillation of 
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the normal coordinate Q of the oscillator in the z-direction in which case 

the equation of motion is: 

( 
82 ~ () 2 ) Q( F(z, t) 
-f} 2 + 21 -

0 
+WV . Z 1 t) = 

t t m 
( 1.23) 

where 2r is the phenomenological damping term corresponding to the width 

of the Ra.man transition and Wv is the natural frequency of vibration. The 

force driving the oscilla.tion is provided by the beating of the pump and 

Stokes fields present in the medium. An expression for this force can be 

obtained by considering the energy per oscillator stored in the medium. 

This is given by: " 

1 -- 1 --u = --E.D = --(1 + No:)E.E 
8rrN SrrN · , 

(1.24) 

where o: is known as the pola.rizability of the medium and the average of 

the fields, over a few optical cycles, is implied. This pola.rizability can be 

expanded as a Taylor series in Q, yielding: 

' ( 80: ) 1 ( 8
2 

0: ) 2 
o:( Q) = o:o + oQ o Q + 2 aQ2 o Q + ... ( 1. 25) 

We drop all terms beyond those first order in Q as these are responsible for 

multiphonon processes. Substitution into eqn. 1.24 gives: 

1 ( [ (&t) ]) - -U = -- 1 + N o:o + -- Q E E 
8rrN oQ 

0 
. 

(1.26) 

for the stored energy per oscillator. Hence the force exerted per oscillator 

IS: 

( 1.27) 

Now writing the fields as 

l ;=i·(- ·t) _ ;;£· ·(-:- t)~i(Ac1z-w1t) -'J .v, - '.;:,. .1 ....,, . 1.:;. ( 1.28) 
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where the Ej a.re complex amplitudes, enables us to identify the beating of 

the fields a.s the origin of the force which drives the molecular vibrations. 

Then ( g0 )0 can be seen a.s the coupling constant whi.ch, when nonzero, fa­

cilitates the energy exchange between the fields and the molecular vibration. 

It should be noted a.t this stage that the correspondence principle enables a. 

'quantum mechanical version of this model to be used [7]. 

If we have 

Q(z, t) = A(z, t)ei(kz-wt) 

where A(z, t) is a complex a.mplitud~ and we a.gain use the slowly varying 

amplitude approximation together with the fa.ct that Wv ~ f, then equa­

tion 1.23, describing the molecular vibration becomes: 

[2iw (%t + f) + (w~ - w
2

)] A(z, t) = l;7r~n (;;) 
0 

E1(z, t)E2(z, t)(l.29) 

where the extra. factor of l /2 comes from the averaging of the fields and 

w = w1 - w2 is the driven frequency. This does not necessarily equal the 

natural frequency w11 • If we write 

Wv = w + 6.w 

and use the fact that 6.w ~ w then the equation governing the amplitude 

of the molecular vibration becomes: 

( 
fJ 1., . . ) i ( Do:) , ( . . *( . (. , ) >i + . - ·1.(w11 - w) Jl(z, 1.) = (L ) >iQ /·,, z, l)E2 z, l) 1..30 
ut l7r 8mw11 u 0 

·when in fact w = w11 does hold, we say that it is on resonance. We initially 

restrict our considerations to th.is case with a steady state response of the 

medium. The amplitude of the molecular vibration is therefore given by: 

A(z, t.) = ( ) i f ( ~Qn) E1(z, t)E2(z, t) 
47r 8mwv u 0 

(1.31) 
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in which the material excitation is described by the density matrix element 

p~1 (w). In this case the nonlinear polarisations a.re described, in terms of 

this matrix element, by 

(2.2) 

If we rewrite the propagating material excitation a.s: 

m analogy with Q(z, t) in Cha1Jter 1 (see page 16). Then m the density 

matrix formalism SRS is described b'y: 

(:z + :
1 
%J E1(z,t) = i ( 2k~~J) NMjiE2(z,t)A(z,t) (2.3) 

(%t + f) A*(z,t) = ~i Mji(Pi -p1)Ei(z,t)E2(z,t) 

which are the analogous coupled equations of eqn. 1.22 and eqn. 1.30 in 

the pola.risability model. It should be noted, however, that the population 

difference (Pi - pf) should in general (from physical argument) obey the 

relaxation equation [ 18]: 

(2.4) 

for a two level system, where d~:;; (Pi - pf) is the transition rate between 

the levels. In general, this equa.tion should be solved together with eqn. 2.3 

(cf ref [12]). Under weak excitation (Pi - PJ) can, however, be replaced by 

its equilibrium (thermal) distribution. 
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Following the procedure of section 1.2.1 for a steady state material exci­

tation 'on' resonance, we obtain the following definition for the stimulated 

Raman susceptibility: 

,(3) - NIM1d
2 

. -
Xn - inf (p, P J) (2.5) 

By comparing this with the previous definition ( eqn. 1.36) from the polar­

isa.bility model enables the matrix elements IM1;l 2 to be evaluated. 

Now that we a.re satisfied that the material excitation can be treated 

quantum mecha.nically, we proceed \vi th the classical polarisa.bility model for 

the duration of this work. The coupled equations to be used are therefore 

eqn. 1.22 and eqn. 1.30 which we requote below for convenience. 

( 
f) l {)) }"' . JV (27rwf) ( Dn) ., · · I( ~ + --;'.) .',1(z,/) = 1- --2 ::iQ· L2(z,/)/ z,f) 
uz V1ut 47r kic u 0 

(2.G) 

( : +f+i(wv-w)) A*(z;t)= ( )~i (~Qcr) E;(z,t)E2(z,t) 
ut 41r 111.Wv u 0 

It should be noted that our description of the Stokes field now includes the 

case of a backward propagating wave as evidenced by the ± sign in the above 

equation. The minus sign, describing the backscattered wave, is obtained by 

replacing the propagation vector by -k2 . It should be noted that we have 

neglected the possihility of higher order SRS. This can occur when the first 

Stokes output becomes sufficiently intense so that it acts as the pump in the 

generation of second Stokes output by stimulated Raman scattering. 
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2.2 Steady State Theory 

In the steady state approximation of constant field amplitudes, the time 

derivatives a.re zero a.nd the equations describing the spa.tia.I propa.ga.tion of 

the field amplitudes through the medium a.re: 

-E1(z) = i- --1 - E2(z)A(z) fJ N (2Jrw2
) ( fJo:) 

fJz 411" ki c2 fJQ 0 

fJ N (2Jrw2
) ( 80:) ±f)~E2(z) = i- T-f fJQ E1(z)A*(z) 

"- 411" '"2C . . 0 
(2~ 7) 

where from Chapter l, eqn. l..36 defines the Ra.man susceptibility which we . 
restate below: 

- . Ill ([Jo· ) 2 
1.11 EJQ 

x(
3)(w2) = 0 

, R ( 411" )28mwvf 
(2.8) 

This yields upon substitution of A*(z) into the two field equations: 

fJ . (2Jrw2
) (3)• 2 ., . 

f}z E1(z) = i kic21 XR IE2I Ei(z) 

(2.9) 

where equation l..37 has been used. These equations describe the steady 

state solution to the coupled wave equations. As before the plus (minus) 

sign denotes a forward (backward) propagating wave. 
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2.2.1 Non-depletion of the Pump 

Neglecting depletion of the pump simplifies things further il1 that the so­

lution is obtained by solving only the second of the a.hove equations. The 

solution is easily shown to be: 

(2.10) 

for the forward and backward prop·~~ga~ing waves respectively, assuming that 
.. 

the boundary conditions Ep(O) = E0 and Ea(L) = E0 l1old. By a simple 

coordinate shift in the case of the backward solution, it is seen that both 

the forward and backwa.rd wa.ves a.re described by the first eq 11 a ti on ,a.hove 

[11, 10]. It should be noted that the identification 

]·.· - (27rwi) /3)1Ji' 12 
\ 1 - k 2 XH -'1 ·2c 

has been ma.de. The full expression for the SRS field of the forward propa-

gating wave is: 

(2.i 1) 

Naturally the discussion to follow hold_s also for the backward propagating 

wave as long as the propagation vector has its sign reversed. By separating 

K 1 into its real and imaginary parts, it is seen that the imaginary part 

affects the amplitude of the wave while the real portion results in a. change 

in the propagation vector. 
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The quantity of interest here as far as measurement is concerned is the in­

tensity. This is obtained by multiplying the above expression by its complex 

.conguga.te, yielding: 

I(z) = Ioe-2Im(f{1)z (2.12) 

Using the previously given expression for J( 1 , and noting that the imaginary 

part of the susceptibility is negative (see eqn. 2.8) shows that the above 

equation for the intensity of the SRS beam is one of exponential gain. The 

steady state Ranum gain is then defined by: 

. . ( 4 7rW
2

) (3) .., 2 
g = -2I1n(R I) = - k

2
ci l1nxn IE1I (2.13) 

resulting in the well-known equa,tion for describing the stea.<ly state SRS 

process in the absence of pump depletion: 

I(z) = Ioegz (2.14) 

2.2.2 Spontaneous Initiation 

The above description of SRS is valid when the fields can be treated classi­

cally. This means that a description of SRS which is built up from sponta­

neous Raman scattering (noise) is not facilitated. A full quantum mechanical 

description of SRS which treats both the buildup and evolution of the SRS 

in a unified way has been presented [17]. 'vVe will, however, restrict ourselves 

to a semi-classical treatment by the rate equation model. Comparison with 

the result of the unified treatment will yield the correct interpretation of the 

quantities. 

\Ve consider spontaneous Ra.man scattering which produces Stokes pho­

tons which act as the source for stimulated Raman growth. The Stokes 
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emission intensity h( z) in the steady state obeys to a good approximation 

the phenomenological ra.te equation: 

(2.15) 

Since h(O) = 0 (spontaneous initiation), the solution is easily shown to be 

given by: 

(2.16) 

where asp is the spontaneous Ran'ia.n scattering cross-section, N is the pop­

ulation density a.nd g is the steady state Raman gain. This ca.n be compared 

with the result of the unified treatment [17], which yields: 

. rti.w2 . '}. 
./.i(z) = --(e · - I) 

2A 
'(2.17) 

where A is the cross-sectional area of the interaction region of length L. It is 

seen that this reduces to the previous result (eqn. 2.14) even for small gains, 

when the identification !0 = ! f!i.w2/ A is ma.de. Here r is the half width of 

the Raman transition. Ra.ymer et a.I. [17] give a. more general resu.lt where 

the finite diameter of the pump is ta.ken into account by considering a pencil­

shaped interaction region of area JI and length L with A ~ L2 . The Stokes 

.intensity is then given by : 

so that the source term in eqn. 2.14 can be identified as: 

h(O) = (~) 
2 

l'hw2 
. . >.2L 2 A 

(2.18) 

(2.19) 

This identification enables SRS initiated by spontaneous Raman scattering 

to be described by the sa.111e equation (2.14) as before. 



2.2.3 Spectral Distribution with Undepleted Pump 

In a simplistic way we can show that the SRS output should be gain nar­

rowed [11]. If we relax the condition of 'on' resonance, then in the steady 

state it is seen from eqn. 1.30 that: 

A*(z) = (~)o 1 E*(z)E2(z) 
( 47r )8mwv ( W2 - W1 + Wv + if) I . 

(2.20) 

Substituting this form of A(z) into equation 2.7 yields after a little manip­

ulation: 

, (2.21) 

where we have used (w2 - wi) - Wv = ~w. Again the forward and backward 

sol11tio11s will be identical (with a. shift of coordi11a.tcs) and hence the± sign 

will be dropped. Vle now define the Raman susceptibility x' for this the 'off' 

resonance case as: 

ir (3) 
/v

1 
- v 

'\. - (~W + -iI')AR 

This is seen to reduce to the 'on' resonance susceptibility x~) when ~w = 0. 

This can be rewritten as: 

/ . (3) r(~W - il') 
X = tXR (~w2 + f2) (2.22) 

In the case where pump depletion is neglected, this coupled system becomes 

uncoupled and SRS is described by: 

(2.23) 
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yielding a. solution 

where 

The imaginary part of J(~ and hence the susceptibility x' is as before respon­

sible for the gain experienced by the Ra.man scattered beam. The Raman 

gain for this case is obtained by usli1g the relationship between the imaginary 

parts of tli.ese two expressions 

_(3J r 2 

Imx' = Imx.n, (6 w2 + P') 

to replace x~~) in equation 2.1'.l, giving 

Using equation 2.13, this simplifies to: 

(2.24) 

It is evident fron1 this expression that the gain has a Lorentzian distribu­

tion. The output intensity in this case is found by replacing the gain g in 

equation 2.JLI by the above expression , giving 

(2.25) 

This expression allows the frequency dependence of the SH.S output to he 

investigated by fixing the gain length gz = gl (l is the interaction length). 
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j . 

. If this is done then the above equation can be rewritten as a function of the 

frequency mismatch. 

(2.26) 

It is of interest here to obtain an expression for the expected linewidth 

(HWHM) of the SRS output. Limiting the mismatch to be much smaller 

than the spontaneous Ra.man scattering linewidth: !:::i.w ~ r enables the 

following expression for the output linewidth to be obtained [11]: 

\ (2.27) 

From this it is evident that the SRS linewidth is gain narrowed. In the 

case where depiction of I.he pmi1p is neglected but the correct temporal 

.response of the medium is included, the solution for input fields of arbitrary 

bandwidth will also be shown to reduce, in the case of a monochromatic 

pump and a broadband Stokes input, to the above result [16]. It can also 

be shown that SRS built up from noise is equivalent to the case of a weak 

broadband input Stokes field [17]. Hence the above result is seen to be quite 

general when the pump field is treated as constant. 

2.2.4 Solution with pump depletion 

We return to the general steady state solution 2.9. If we multiply the equa­

tion for E1 by Et and add its complex conjugate equation, we obtain: 

where l = 1, 2 for the laser a.nd Stokes waves respectively. This results in: 
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(2.28) 

Recalling that k = 11
;, where n is the refractive index of the medium, enables 

the equations to be rewritten a.s: 

so that adding the two equations (for l = 1, 2) yields: 

(2.29) 

which is the Manley-Rowe relation, expressing the conservation of the total 

number of photons. More explicitly this gives: 

' (2.30) 

for a constant N. Using this, we can eliminate IE1(z)l 2 from the equation 

for IE212 .in (2.28), yielding: 

U 2 (47rw~) (3) 2 n2 2 W1 -{) IE2I = - ~ Imxn IE2I [N - -IE2I ]-
z ,,~2C W2 11.1 

(2.31) 

Defining G' by the relationship 

GIE1(0)l2 = g (2.32) 

where g is the steady state Ra.man gain defined by eqn. 2.13, enables the 

equation to be rewritten a.s: 

i_IE212 = Gw
1 [NIE212 -

712
1£21 4

] 
Dz n1 w2 

(2.33) 

This is a. llcrno11lli differcntia.I equation in IE212. Dcfini11µ; J\ = rp-rr) enables 
11.>21-

the above equation to be reduced to 

(2.34) 
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. I. 

' I.' 

which can be solved with the help of the integratio1dactor eNG~z, yielding: 

z - - - + - - - e n1 A(. ). _ n2 1 '[A(O) .. 11.2 .f ]' -GN ':!.l.z . 

W2 N . .. W2 N . . . 
(2.35) 

. . 

A simHa.r.'equa.tici'n ca.n be found for 1£1(.i)l2 .. · The solutions·can the1; be 

found to be [18]: 

IEi(O)l2 . -GN':!.l.z• 
------e "' 
IE1(0)l2 --:. ~N IE1(~)1 2.- ~N 

, .· . .:-. 

(2.36) 

, 'IE1(z)l2 1+0 
11(z) =!·IEi(O)l2 '.- 8 + eaz 

1+ 8 
(2.37) " l +·8e.-az·~·' .. ;"-·· ~ cj.'.l/1 

L "· l~j i·~l 
Where.a == G N'!!i is the stea.dy sta.fe ga.iii with pump depletion and 

ft) . • . 

.: . ..(2.38) 
: '.· ~ . - . ( . 

:r .1js the· input· i,nt.'e11sity i'a.tio. These'.solutions«a:rec.ill:Ustra.tdkin-.flgure 2.1 
< ' ; •: •• • , • 

• \. • j .. :. t ('. i ' " . i". ···:· . • ' f' : ' .". :, ', . 't ; .\' , • ! - ! . •••.• ' ·•. ',I l: " '."'ft ' . 

. ,1 ·~r.hi,ci~· ~learJJ j)10ws. ~h~ 11~,i ~i.~llt •. <:xp?n?_nt~~l ~.a~.n (ofyH~ St.o~~l?·.:~~pg~I. with 

the concomitant: depletion 'Of ti;e puinp:··· / ·c" .,, . -. "" , , . 
. . . ·.. . . ,. " 

\i\!e proceed to analyse the physical meaning of this result 'in te1'.1~1s of 

the input intensity ratio 6, and .th~ i·:!'l·tio between the exponenti'a{ga.in a.i1<l 

the input intensi~y ratio x, where 

(2.39) 
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This exhibits the expected result for low ga.in a.s long a.s other processes can 

be neglected. · 

lb) x ~ 1, which represents the high gain limit in this case. 

The intensity trnnsmissions in this limit a.re seen to be given by: 

fi(i) ""(l + <5)~-az 
ft(O) -:-

The second of these can be rewritten in the more useful form: 

h(z):: h(O) + w2 h(O) 
. . Wt 

(2.41) 

This solution illustra.tes the exponential loss experienced by the pump as 

well as the fact that all of the pump photons can in theory be converted 

into Stokes photons. In reality this will be approached for a sufficiently Jong . . 
interaction length [19, 21]. 

2) 6 ~ 1. This case is the most interesting, representing the buildup of 

Ra.man intensity from weak Rama.n input. It is thus known a.s the small 

signal case. The limiting forms for this case a.re most easily obtained from 

the following form of the solution (i.e. eqn. 2.37) 

Ii ( z) 6 
--""---
ft(O) - 0 + ecxz 

h(z) 6 
--""----
h(O) - 1 + oe-a·z 

In this case there is no simple correspondence between the .various gain limits 

a.nd the para.meter x. This will become appa.rent below. 

· 2o.) x « 1, treats tlte situation of va.ria.ble gain in this case. the resulting 

· intensity transmissions a.re given by: 

(2.42) 
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· This is the solution obtained when pump depletion was neglected (see eqn. 2.14 

and note that a - g). It is thus obv.ious tha.t high gain is also represented 

here i.e. ecxz ~ 1 as long as 8 is sufficiently bigger than ecxz so that the 

condition, x ~ 1 is maintained. Hence even for high gains the assumption 

of a constant pump may be ma.de as long as these conditions are upheld. 

2b) x '.:::::'. 1, a.gain represents a situation with variable gain, although here the 

gain can not be considered as low since x '.:::::'. 1 => ecxz ~ 1. This is evident 

from the resulting intensity transmissions (below), where the magnitude of 

· the resulting gain is seen to dep.end-. crucially on the size of the input in­

tensity ra.tio. It should be noted, however, that in the ca.se of growth from 

spontaneous emission, the input intensity ratio will be very large and hence 

this will represent a situation with high gain. Also, as noted before-, this is 

more a particular evaluation ra.thel' than a limiting case. 

li(z) 1 __ ,....,_ 
li(O) - 2 

fi(z) 1 1 W2 . 
-·- '.:::::'. -8 => h(z) '.:::::'. --/i(O) 
h(O) 2 2 W1 

(2.43) 

Here the pump is depleted to half its original level, while all the lost pump 

photons a.re converted into Stokes photons. 

2c) x ~ 1, represents the high gain limit regardless of the size of the in-

put intensity ratio 8. The resultant intensity transmissions below, .indicate 

that the pump has been completely depleted with all of its photons being 

converted into Stokes photons. 

fi(z) . W2 
-.-. '.::::'. 8 => h(z) '.::::'. -Ji(O) 
f2(0) WJ .. 
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Figure 2.2: Illustrates the Stokes intensity ratio for various itiput intensity 
ratios, a.s a. function of the gain. The general trends of case 2) 8 ~ 1 a.re 
evident. The region of small gain (i.e. x ~ 1) corresponds to the area 
close to the origin. Recall that this will only be valid provided we do not 
approach the region where the solution neglecting pump depletion is valid. 
The region x '.::::'. 1, corresponds roughly to the position where T2 takes on 

ha.If its maximum value. The position of this region a.s well as the position 
of the region where sa.t11ra.t.io11 occurs (i.e. x ~ l or the region of high gain), 
is seen to vary depending on t:hc input intensity ra.tio. 
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These trends can be seen in figure 2.2 in which the relationship between 

the region of validity of the above limits and the input inte1~sity ratio is 

illustrated. It should be noted tha.t for the cases considered here ( i.e. 

8 = 1000 and 8 = 100), the identification of the gain with the para.meter x 

.is valid. 

Of interest now is to examine the spectral distribution of the Stokes 

output in ea.ch of these cases. I am unaware of a detailed investigation into 

. the spectral distribution of the Stokes output where depletion of the pump 

is included. 

2.2.5 Spectral Distribution with Pump Depletion 

The output intensity of the SRS in the case where pump depletion is q.llowed 

for, is given by: 

I2(z) = 12(0)-1-+_o_ 
1 + 8e-a·'z 

(2.4.S) 

where the gain a' is defined, in analogy with that of section (2.2.3) (see 

eqn. 2.24), as: 

(2.46) 

The intensity can be written as a function of frequency mismatch instead of 

position, yielding: 

1 + oe-m 
I2(~w) = J,o----

1 + 8e-o:'z 
(2.47) 

where ! 0 = I2 (~w = 0). The ha.lfwidth of this distribution is easily shown 

to be given by: 

~Wl = r 
2 

O'Z 
---,---] 

In( I+2fe "') 
(2.48) 
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We now cxa.mi11e the .lillliting forms of the ha.lfwidth foi· the f-ive cases con­

sidered a.hove. It shmdd be noted tha.t we ha.ve modelled monochromatic 

input beams (pump a.nd Stokes) with the output spectrum a.rising due to 

mixing with a. material excitation of finite width (Raman transition width). 

The expression for the halfwidth ma.y be rewritten .in terms the parameter 

x a.s: 

~W1 = f 
2 

O'.Z 
-----1 
In( i+~/.o:) 

'•, 

Due to the form of the logarithm ·.in this equation, only the limiting forms 

of the parameter x a.re seen to simplify the expression for the ha.lfwidth. 

la) 8 > 1, x '.::::'. 1, i.e. low gain for input Stokes signal less than pump. 

Again, this case constitutes the evaluation a.t a particular gain satisfying 

these conditions. The ha.If width in the vicinity of this point is given by: 

~WI '.::::'. f 
2 

In 3 

ht 8 - In :3 
(2.49) 

This is not a very interesting case. Of more interest is the high gain limit 

which is treated next.. 

lb) 8 > 1, a: ~ 1, which is the high gain limit. In this case the halfwidth 

becomes: 

lnx _ ,ffinx 
~w1 '.::::'. r 1 

2 cvz-lnx - · ln8 
(2.50) 

which implies that the sn.s width is broadened. 

The validity of this limiting form can be gauged from figure 2.3 in which 

it is plotted together with the exact expression for the halfwidth, given by 

eqn. 2.48. The cases of most interest to us a.re, however, those in which the 

input Stokes intensity is much less than that of the pump, i.e. small signal. 

This includes the situation of SRS generation from noise (see section (2.2.2)). 

36 



\'. 

3 

2.5 

2 

D.w 
r 

1 

0.5 

0 
,5 10 15 20 

ga.m 

Figure 2.3: illustrates the correspondence between the limiting forms of 
the halfwidth: b) x ~ 1 and the exact expression (labelled a) for the case 
l)b = 10. 
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2) fJ ~ l. The halfwidth in this case ca.n take on three different limiting 

forms depending on the pa.ra.meter x. 

2a) x ~ 1 => az ~ 0, a.ud as before describes the situation of variable gain 

in this case. The linewidth is given by: 

/).w1 '.::::'. r 
2 

In 2 
az - In 2 

(2.51) 

In genera.I it can be seen that the ha.lfwidth is of the order of the width of the 

spontaneous transition. It is evident that for az > 2 ln 2 we start obta.iiiing 

a. gain narrowed output. In the ca.se of high gain, this is seen to reduce to 

the expression obtained when pump depletion wa.s neglected (i.e. eqn. 2.27), 

as expected. 

2b) x '.::::'. 1 => ecvz '.::::'. fJ ~ l. Here the halfwidth in this vicinity is given.by the 

expression obtained in case la). However, in this ca.se, s.it:uations of higher 

gain a.re a.llowed so that gain narrowing is certainly experienced for high 

enough gains (i.e. for ln fJ > 2 ln 3 ). In the case of high gain, the expression 

for the halfwidth, eqn. 2.Ll9 reduces to: 

J\ 1~~!11 ;3 
u.WJ '.::::'. -

2 In fJ 
(2.52) 

which clearly exhibits gain narrowing. 

2c) x ~ l => e0 ·z ~ {j ~ l, which therefore represents the high gain limit. 

Here the genera.I expression for the half width is seen to reduce to that in lb) 

above, which in this case is more conveniently written a.s: 

/).wl. '.::::'. r 
2 

(2.53) 

Now fJ ~ l and :i: ~ 1 imply that ecvz ~ fJ ~ 1, and hence az > In 8. Thus 

from the above expression for the halfwidth it is evident that there is gain 

narrowing of the linewidth provided az < 2 In {J i.e. e0 z < 02 => :i: < b. This 
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Figure 2.4: illustrates the correspondence between the limiting forms
1

of the 
half width: a) x ~ 1, c) x ~ 1 a.nd the exact expression (labelled b) for the 
case 2) o = 10000 

means that the narrowest SRS linewid th is achieved when o and e°'z are as 

large as possible and x is as sma.11 as the condition x ~ 1 will allow. This is 

evident from eqn. 2.50. 

The validity of these limiting forms can be gauged from figure 2.4 in 

which they are plotted together with the exact expression, for the half width, 

given by eqn. 2.48. 
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Since this is the case of interest, we will also investigate the effect of 

pressure (in the case of a gaseous medium) on the Stokes halfwidth. ln this 

case we have 

The pressure dependence a.rises since both the spontaneous Raman linewidth 

and the Ra.man gain (through N and fin eqn. 2.8) depend on the pressure 

of the gain medium. Finally, if we a.re also considering the case of SRS 

generation, then from eqn. 2.17 of section 2.2.2 it is evident that the input 

intensity ra.tio ha.s a. pressure dependence. 

Various models of the dependence on pressure of the spontaneous Raman 

scattering li11cwidth ha.vc been constructed [13, 11.l, 15]. The basic q1odcl to 

be used is that of Dischel et a.I. [15], where 

fpw!fM = A/p + Bp (2 .. 54) 

1s the relevant relationship. Here p is the density in Amaga.ts, A is pro­

portional to the self diffitsion coefficient of ref. [14], and B is the pressure 

broadening coefficient. For the Q(l) vibration of hydrogen the coefficients 

are given at T = 298 ]( by: 

A= :309±11 M JI z.Amagat 

13 = 52.2 ± 0.5 MH z/Amagat 

and 

p(in Amagat) = j.-P(in atm) (2.55) 

where 1~ is the temperature of the hydrogen. Using this together with 

the fact that N ex p enables the Jinewidth a.s a function of pressure to be 
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Figure 2.5: For a fixed laser intensity and for 8 2:: 105 and 8 2:: 106, the 
linewidths of the SRS output is plotted as a function of pressure 

found. The result at a constant pump intensity (11 :::: 10 G'W/crn2 ) and 

with 8 2:: 105 , is plotted in fig. 2.5. It should be noted that as the input 

intensity ratio {j increases, the linewidth ratio ~~ remains less than unity 

for increasingly higher pressures. Since this trend occurs at a fixed gain, this 

seems to imply that the pump is responsible for the gain narrowing effect. 

This is substantiated by the behaviour illustrated in fig. 2.3 and 2.1 in which 

the linewidth of the output is seen to be 1~arrowest at the region where the 

pump starts to become depleted, i.e. depleted pump is accompanied by an 

increase in the linewidth of the SRS output. 

Often experiments a.re performed with a focused pump beam. This will 

obviously complicate the above discussion. Focusing will be dea.lt with in 

the following section. Its importance in decoding the forward/backward gain 
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a.noma.Iy will be discussed in section 2.4. 

2.3 SRS with Focused Beani.s 

The plane wave theory presented up till now is not able to describe accu­

rately the situation of real beams which a.re of 'finite' cross-sectional extent. 

In genera.I the intensity will have an inhomogeneous distribution over the 

beam cross-section, which will also change as the beam propagates. We will 

attempt to take this into account by considering the propagation of focused 

Gaussian beams. The effects of foci.ISing and cross-sectional intensity fluc­

tuations have been shown to be important in a description of higher order 

Ra.man ra.dia.tio11 generated either by SRS with the first Stokes beam as 

·pump [22, 2:.1, 24, 25] or by "1-wa.ve mixing processes which are de1;e11de11t 

on phase matching [26, 27]. 

An exact theory in terms of the rotationally symmetric Gaussian-Laguerre 

functions which a.re solutions of the free-space wave equation, has been de­

rived [28, 29]. In this description, the pump is assumed to have a Gaussian 

intensity distribution so that the gain region in the medium which is set up 

by the focused propagation of this pump, will be rotationally symmetric. 

A Stokes field propagating through such a gain region ca.n he described in 

terms of the coupled free space solutions. This coupled mode description 

allows for a flow of energy between the modes and hence will better describe 

the threshold generation of second Stokes radiation by SRS pumped by the 

·first Stokes radiation. lt has also resulted in an improved description of 

competing 4-wa.ve mixi11g processes [27]. However, the solution is only valid 

for low gain cases since pu.mp depletion has been neglected. 

The theory ha.s been extended t.o include the possibility of pump cleple-
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tion (30], simultaneously removing the constraint of the pump necessarily 

being of the lowest order mode. This solution, however, requires knowledge 

. of the modal composition of the pump and Stokes beams a.s well as the sta­

tistical dependence of these modes on one another. For our purposes we will 

take a more approximate a.pproach. This will require knowledge of Gaus­

sian beam propagation and therefore a short summary of the basic results 

appears in Appendix 13. 

2.3.1 Backward SRS with ~ocusing 
·, 

Most of the theory presented thus fai has been on forward SRS. Since 

we ultimately wish to obtain a description of backward SRS, we will now 

proceed to analyse the effects of focusing for this case. The method of 

accounting for focusing will be the simple method used by Zhang et al. (31] 

in the forward case. 

The derivation begins with the equations for backward SRS, 2.9, in the 

steady state. The method of section 2.2.4 is followed to the point where the 

backward process is descrihed by t.hc equations: 

ni ~1Ed 2 = 
4

7!" Imx~)IE11 2 IE21 2 (2 .. 56) 
W/ OZ C 

where l = 1, 2 for the pump and Stokes beams respectively. Now for a 

focused pump beam energy conservation implies that (31]: 

~IE1(z)l 2 A(z) = ~IE1(0)l 2 A(O) 
W1 WI 

(2.57) 

This is easily seen to be the solution of the differential equation: 

0 • 2 I . 
1
2 fJ 2 

0
)1..'.Ji(z)I = - Ei(z) oz In w1(z) (2.58) 

where eqn. B.9 ha.s been used. Thus a term of this form included in the a.hove 

equations of backward SRS will account for a. focused bea.m geometry. It is 
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clear, however, that w2(z) for the Stokes beam will in genera.I not be known. 

Since the focused pump hea.m defines the gain region for Stokes growth, we 

expect that the Stokes spot size will follow that of the pump as it propagates. 

Hence the approximation 

(2 .. 59) 

(a is a constant), results in backward SilS with focused beams being de­

scribed by: 

{) . . . {) 2 

0 
z 171 ( z) = - o 17 i( z) 172 ( z) - 171 ( z) 

0 
z In w i( z) 

8 . ) ( . ) ( . fJ I 2( ) {)z 172(z = -0171 z)172(z - 172 z) {)z n w1 z (2.60) 

where the 1]i = !.!:LIEil 2 are the photon densities and a=-~,,. Jmx.(n3)~~ = 
Wi c / n1 n2 

-~G is the generalised gain (note that eqns. 2.32 a.nd 2.13 have been used). 

Subtracting these two equations from one another leads to the equation 

{) {) 
{)z In M(z) = - f)z In wi(z) (2.61) 

where 

M(z) = 171(z) - ·112(z) (2.62) 

This eq11a.tion ( eqn. 2.61) has a. solution: 

M(z) = M(O) w?(O) 
· · w2 ( z) I . 

(2.63) 

which is analogous to the conservation of the total number of photons during 

the focused passage through the medium in the forward case (see eqn. 2.30). 

At this point we note that for a. Ra.man active medium of length L, the 

boundary conditions a.re t.ha.t. 17i(O) and 172 (L) a.re specified. We proceed 



by substituting for 171(z) in the equation for 172(z) which together with the 

definition 

P(z) = [~ :z ln M(z) - M(z)] 

results in Stokes photon density 172(z) being described by the equation 

0172( z) 
oz = -a11i(z) + m72(z)P(z) (2.64) 

which is of the form of eqn. 2.33 and can thus be solved as before. Multi­

plying through by the integra.tion factor 

k'( z) = eu fo' P(y) dy 

and integrating the result yields: 

k'(z) J I , -- =a k (z) dz+ C 
ry2(z) · · 

Noting that 

-a k'(z) = i_e-u Io' M(y)dy 
oz 

allows the integration to be performed, yielding after manipulation: 

M(z) = C eu Io' M(y)dy - 1 
172( z) 

Applying the boundary condition at z = 0, yields C = 171(0)/172(0) for the 

integration constant, so that the solution becomes: 

17
2
(z) = M(z) [ 171 (0) ea Io' M(y)dy - 1]-l 

112( 0) 

To obtain an expression from which the Stokes output 172(z 

(2.6.5) 

0) can be 

found, rcq11ircs the sol11t.ion of i'.hc pump to found. Following the above 

method, we obtain for the pump: 
. -1 

171 ( z) = M( z) (1 - 772 (0) e-a Io' M(y) dy] 
1}1 (0) ' 

4.S 

. (2.66) 



Eva.luating this at z = L and solving for 171 (0)/772(0) yields 

171(0) = M(L) + 172(L) e-a fol M(y)dy 

172(0) 172(L) -
(2.67) 

where eqn. 2.62 has been used. Substituting this into eqn. 2.65 and evalu­

ating a.t z = 0, yields the output Stokes photon density: 

172(0) = M(O) [(M(L) + 1) e-a fol M(y)dy - 1]-1 

172 ( L) 
(2.68) 

Finally we need to evahia.te the integral in the exponential. This is easily 

achieved by ma.king use of equa.tio,n 2.63 with equation. B.12 for the beam 

spot size. Substitution into the integral appearing in the exponential, yields: 

1L w2(0) [ (L - l) l ] Af (y) dy = M(0)-1-2- z,. tan- 1 + tan- 1
-;-

o w0 z,. "'r 
(2.69) 

J 

where l is the position of the beam focus in the cell. Th.is substituted into 

equation 2.68 fully describes the backward Stokes output .in the steady state 

when pump depiction is included together with the effects of focusing. 

This is seen to reduce to the solution of Johnson and Marburger [20] 

in the plane wave case. It is thus seen that the focusing affects the plane 

wave result in a. simple wa.y. This is evident too in the forward case where 

the result in ref. [31] is seen to be a. simple adaption of eqn. 2.:37. It is also 

plea.sing to note that the more genera.I solution with pump and Stokes fields 

of arbitrary cross-sectional intensity profiles [30] reduces to the simpler result 

of Zhang et a.I.. [:31] in the limit. of fields containing only the lowest order mode 

under the assumption of similar beatn waists (i.e. eqn. 2.59). These are the 

conditions under which the a.hove theory was developed. This simplification 

ignores the observed phenomenon that at high gain, the Stokes beam has a 

larger divergence than the pump [23, 26] due to the mode coupling which 

a.llows for a.11 exchange of energy between the modes [27]. Thus the Stokes 
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output appears to be coming from a location different from that of the focus 

of the pump [24]. Since the broad application of the genera.I theory [30] 

requires knowledge of the pump and Stokes mode structure as well as their 

statistical properties, we will restrict ourselves to the above simple lowest 

order approximation. 

It will now be informative to investigate the effects of focusing on the 

measurable quantities. In the nota.tion of eqn. 2.37 we can write the solutions 

in terms of transmission ratios: 

(2.70) 

. where the pump output has been written in terms of the Stokes solution and 

· ( = 172( L) a. An effective gain length has also been defined for plane waves 

of spot size radius w 1(0): 

.. W1
2 

( 0) [ 1 ( L - I) 1 I ] L = --
2

- z,. t.an- +tan- -
W 0 z,. z,. 

(2. 71) 

. We proceed to analyse these results under three focusing conditions: 

(1) l = 0 - focus at the cell entrance, (2) l = L - focus at the cell exit and 

(3) l = ~L - focus at the centre of the cell. Comparison of these cases with 

this definition of the gain length leads to the erroneous conclusion of Zhang 

et al. [31]. The comparison is misleading, since the input intensity ratio 

(8 = ~;(~~here) is obviously different in each case. We notice, however, that 

M(O) wi~O) = ( 8 - 12(0)) wi~O) 172(L) 
Wo Wo 

in eqn. 2.70 is the same in each ca.se representing, as it does, the 'intensity 

difference' at the focus. Thus for comparison we define the effective gain 
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length L', for plane waves of spot size equal to the waist size of the focused 

•beam, yielding: 

[ 
1 (L - I) 1 l ] tan- .,. +tan- -:-

~r ~r 

(2. 72) 

Two regimes a.re of particular interest .in ea.ch of the three cases. These a.re: 

(a) L/z,. ~ 1, i.e. soft focusing:::} effectively plane waves through the cell, 

· and (b) L /Zr ~ 1, i.e. tight focusing. It is readily appa.ren t th at for the first 

limit (a.) L/zr ~ 1, the three focused cases reduce to the expected plane 

wa.ve result i.e. L' = L. In the second limit (b) L/ Zr ~ 1, the first two. cases, 

(1) l = 0 and (2) I= L, both reduce to 

In this limit, the third case, (:J) I= l/2L reduces to: 

(2.73) 

resulting in twice the gain of the other two cases. The effects of the focusing 

conditions and the length of the medium can be investigated in a more 

instructive wa.y by looking at L' / z,.. In the first instance we look a.t a fixed 

cell of length L with the focal plane varying from the cell entrance to the 

cell exit. Thus define: 

(2.74) 

Secondly we may look a.t a beam with fixed focusing characteristics (i.e. l 

fixed) traversing a. cell of variable length. In this case we define: 

L9 (z) = [tan- 11/z,. + lan- 1(z- l)/z,.] (2.7.5) 

These two functions are plotted together in figure 2.6 for L/ Zr = 300/1.24 ~ 

1 and I = 150 mm. The curve of L 1( z) illustrates that once the focal 
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Figure 2.6: illustrates the dependence of various focusing co11dition~ L1 a.nd 
cell lengths for a fixed focusing condition Lg on the effective gain length. 
The observations being discussed in the text. 

region is jnside the medium, the ga.in saturates. Included are the three cases 

(1,2,3) considered above. The curve of Lg( z) illustrates the same result 

from a. different perspective; showing again that only when the medium is 

sufficiently long so as to include the focal region, is the gain at its maximum. 

It is clear that increasing the length of the medium beyond the focal region 

has a negligible effect on the available gain. 

We restrict our discussion now to the la.st case (or more generally to 

the case where the whole focal region is within the medium) as this most 

closely models most experimental situations. It is seen that for a. Gaussian 

beam focused midway in a. Ra.n1a.n active cell, the effect of focusing ma.y be 

viewed as follows: The initial propagation of the focused beam through the 

cell can he treated as free space propagation until the focal region is reached 
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whereupon the beam may be treated as a plane wave of the same intensity 

as a.t the waist of the focused beam. This beam can then be assumed to 

experience gain over roughly the length of the focal region. It is seen in 

the above equation that this effective interaction length is slightly longer 

than the confocal region (extent of the beam focus - see Appendix B) of the 

focused beam. 

Alternatively, a plane wave of the same intensity as that of the focused 

beam upon entry into the cell is seen to have an effective gain length of: 

(2.76) 

for the above conditions. Even for reasonably soft focusing, this will be 

longer than the actual cell length. For this reason it is more convenient 

to hold the former view. It should be noted that this picture breaks down 

when the intensity at the focus becomes sufficiently .large. It is relatively 

easy to obtain extremely large gains a.t the focus (e.g . .f = 300mm lens with 

w1(0) = 2.5mm in 112 yields gl1L:: 1.50 for a. laser power of 1 MH', where· 

g = 2.5 cm/GW [:32] has been used) in which case large conversion will 

occur well before the entire focal region has been traversed. A much more 

complicated dynamic interaction can be envisaged a.s the response of the 

medium becomes important. A steady state treatment seems inappropriate. 

This type of situation will be considered in section 2.5 when the transient 

response of the medium is discussed. 

The intensity transmissions given by eqn. 2.70 are plotted in figure 2.7 

as a function of the gain length for an input intensity ratio of h = 1000. 

This may be compared with fig. 2.1 representing the plane wave solution 

of forward SRS from which it is seen that the pump is not a.s drastically 
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Figure 2. 7: ii.lust rates the outp~1t backward transrnission cocfficie;1t T2 (0) 
as well as the pump transmission coefficient T1 ( L) for backward SRS with 
focusing for an input intensity ra.tio of 8 = 1000. As discussed in the text, 
this figure will be the same as for the plane wave case with a redefinition of 
the gain length. 

depleted. This may be due to the counter-propagating nature of backward 

SRS, in which the SRS continually sees fresh pump as it travels back, whereas 

in the forward case the SRS always interacts with the same portion of the 

pump [12]. 

2.3.2 Inhomogeneous Intensity Distribution 

The method of ta.king focusing into account presented above assumes a uni-

form intensity distribution across the spot size. However, for a Gaussian 

intensity distribution this is obviously not the case. The intensity measured 

experimentally will be an average intensity over the aperture. Hence for 

comparison, the theoretical intensities should be averaged over ~he a.per-
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ture [25, :31]. Thus for an aperture of radius b, the average intensity 1s 

defined as: 

. J; I(r)r dr 
Iav(b) = --b--

J0 rdr 
(2.77) 

where I(r) is given by eqn. 13.5. Performing the integration leads to the 

result: 

. . . w2 (z) [ · _--112_] 
I (b z) = 1(0 z)-·- 1 - e w

2 <•l av . ' ' 2b2 (2. 78) 

where I(O, z) is the peak (on axis) intensity a.nd w( z) is the beam spot 

radius at the position (z) of measurement. It is easily shown that the on 

a.xis intensity J(O, z) is equal to twice the total power in the beam divided 

by the cross sectional area. i.e. 

. 2P 
I(r=O,z)= t. 

71"W 2(z) 
(2.79) 

We now assume that the beam can be represented as a squ;:i.re wave pulse of 

dma.tion T and height. E1., where E1 is the total energy in the beam passing 

through an a.pertnre of' radius b. 'J'hus the tot.a.I power in such a beam is 

given by 

(2.80) 

If we now assume that a.t the aperture of the measuring device the beam 

radius is the same as that of the aperture, then the average intensity of the 

beam is given by eqn. 2.78 after substitution of eqns. 2.79 and 2.80, yielding: 

Et . -2 
Ia.v = -b2 [1 - e ] 

11" T 
(2.81) 

Thus we have ta.ken the inhomop;encous intensity distribution into account . 
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2.4 The Forward/Backward Gain Anomaly 

Much work ha.s been done on the forward/backward SRS gain ratio. On the 

ha.sis of the steady sta.te theory with a constant pump (see section 2.2.1) 

for monochromatic fields with no dispersion, SRS is predicted to occur with 

equal gain in the forward and backward directions [10, 11]. In reality, how-

ever, this situation is never realised for a number of possible reasons: i) Dis­

persion can not in general be ignored. This will give rise to small differences 

in the forward/backward gain \vl\ich will appear as large intensity differ­

ences due to the exponential nature c:if the amplification. ii) The monochro­

matic field approximation is rarely realised, necessitating consideration of 

·the frequency structure of the input fields. iii) In liquids the phenomenon 
.J 

of self-focusing plays a crucial role. Often experimental setups have a fo­

cused geometry which is therefore also important to take into consideration. 

iv) It ha.s also been suggested that in some cases anti-Stokes coupling in the 

forward direction may expla.in a gain ratio differing from unity. 

In section 2.Ll.l below, the effects of the frequency structure of the input 

fields, on the theory is discussed. In these considerations the importance of 

dispersion will become apparent and we will attempt to account for it. This 

will be followed in section 2.4.2 by a discussion on anti-Stokes scattering 

and how this affects the SRS otitput. Focusing will be shown to play an 

important. role in these considerations. The discussions will by and large be 

restricted to the case at hand, where a narrow band pump (f1 ~ r) enters 

a gaseous medium (1!2 ) in a focused geometry, resulting in high intensity 

backward SRS output. 
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2.4.1 Input Bandwidths and Dispersion 

We start by following the theoretical treatment of Trutna et al. [33] which 

follows from the set of coupled wave equations derived earlier (i.e. eqn. 2.6). 

We will relax the single m.oclc plane wave solution, instead expressing the 

input fields in terms of an arbitrary number of plane waves. In this way we 

can model a laser oscillating in a number of modes. Hence: 

E1(z, t) = I:: E1.;( z, {) ei(k1JZ-W1jt) 

.i 

. (2.82) 

where l = 1, 2 for the pun1p and Stokes fields respectively. As before, fields 

propagating in the opposite direction to the pump a.re described by replacing 

ki by -kj. We proceed w.ith copropagating beams, since the results for 
; 

counter propagating beams will follow this case. This decomposition of the 

fields enables dispersion to be taken into account in an approximate way: 

As in the single mode case presented previously, the frequencies are related 

via the Ra.man resonance of the medium. 

Similarly the mater.ial excitation is seen to propagate with a wave vector 

kvj = k1.i - k2.i· Dispers.ion will ensure that this relationship is not the same 

for ea.ch mode. Thus by defining 

we are able to obtain an express.ion for the /;;-vector (or momentum) mis­

match of the jlh mode: 

1 1 
k1 i - /;;2i '.:::'. ku + 6.wi ( - - - ) = kv + 6./;;i 

. . . . 1J I V2 . . 
(2.83) 



where 

is the detuning of the _jth mode. This is valid for a gas with low dispersion, 

where v1 a.ncl v2 are respedivcly the group velocities of the pump and Stokes 

fields. In the wide mode spacing approximation (i.e. 6.Wij = Wj - wi ~ 

• f), the equations governing the amplitudes of the field's and the material 

excitation in eqn. 2.6 become: 

( 
0 1 0 ) ( . . :W1 n2 . ( ) ( ) -i6.k · z 
~+--;:;- E1jz,t)=+1.-.-B1E2jz,tA.z,t e 1 

uz V1 uf · · · n1 w2 · 

(± {) 1 o ) E (. ) . B E ( ) 1*( ) i6.k z OZ+V
2

0f '2.jZ,f=+1. t'tjZ,ff z,fe 1 (2.84) 

( () r) A*. "JD '°"' E" ( )E ( ) -i6.k·z at+ (z,t)=-1.'..)2~ '1jz,t '2jz,t e J 

J 

where the constants a.re given by: 

_ N (21rwi) ( oo. ·) B1 - - -- -
411" /;;2c2 oQ 0 

1 ({Jn) B2- -
- ( 411" )8mwv DQ 0 

The usual physical interpretation, that the pump and Stokes fields a.ct in 

pairs to drive the material excitation, is therefore valid. However, here the 

effect of dispersion (exponential term) causes the pump and Stokes fields 

to become depha.sed as they propagate through the medium. Hence when 

a pt1mp mode mixes with the reduced ma.teria.I excitation, the resulting 

amplification of its corresponding Stokes mode is also reduced. Whenever 

the laser pulse duration is mud1 greater than the dephasing time of the 

material (T1 ~ [r- 1 = 1/T2]) then the steady state solution of the above 
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equations can be found. A more stringent criterion will be introduced in the 

next section. The rate of change of the average Stokes intensity in the case 

of no dispersion (8./1.n = O) is readily shown to be: 

(2.85) 

which is seen to differ from the single mode result (eqn. 2.14) by a gain 

reduction factor f3 defined by: 

(2.86) 

Embodied in this description is a constraint on the relative phase and am-

plitude of the fields in order to achieve maximum gain. The requirement for 

maximum gain is encapsulated by the relationship: 

E1n ( . -- = c z) 
E2n .. 

(2.87) 

where c(z) is complex and independent of the mode n. The constraint on 

· the rela.tive phase implied here (i.e. r/>1n - rf>2n = r/>o) for all n has been given 

by a. 11111nber of a.uthors [l(), :J 11j. Further it can be shown that for pump 

and Stokes fields of the sa.mc spectral distrib11tio11, there is no reduction 

in the gain compared to the single mode case i.e. /] = 1. This leads to 

an important prediction in the dispersionless case when the SRS is built 

up froni sponta.neous Ra.man noise (i.e. there is no external Stokes input). 

The prediction is tha.t in order to maximise the gain, the Stokes s1)ectrum 

automatically duplicates the pump spectrum. This follows from the fact 

that only when a noise component has the correct frequency and phase 

rela.tionsh i p with the pump will it see significant am pli fl cation . 
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In the ca.se where dispersion is not neglected (!).kn f. 0), the a.bove con­

siderations for maximum ga.in will still hold. However, tl1e effect of disper­

sion is to destroy the phase relationships between the fields as they propa­

gate through the medium. This process may be characterised by a. coherence 

length [3:3, 35]: 

(2.88) 

where n = ~ is the refractive index in the medium and /).v1 = ';~1 is the 

bandwidth of the pump. Here the minus (plus) sign represents copropa.ga.t­

ing (counter-) pump and Stokes fields. Thus if this length, over which the 

. requisite pha.se rela.tionships for maximum amplification are maintained, is 

longer than the effective interaction length of the medium, then there will 

be no reduction in the gain and dispersion can be ignored. 

There is an obvious asymmetry in this coherence length depending on 

whether forward or ba.ckward scattering is being considered. The coher­

ence length for backward SRS will be much shorter than that for forward 

SRS. However, for a sufficiently narrow pump we will have le(+) > L (L 

is the length of the medium) and no a.symmetry in the gain is predicted. 

For a. broadband pu 111 p the prediction is for red need gai,n in the backward 

direction. This will therefore not explain our observation of 'predominantly' 

backward SRS output. 

A complementary approach was followed by Egglestone and Byer [36] 

who investigated the change in the gain reduction factor f3 during propa­

gation through the cell. The interpretation of f3 a.s the pump/Stokes cor­

relation factor affords a clearer description. The gain mecha.nism tends to 

increase the correlation, while dispersion obviously results in a reduction 
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as the fields propagate through the medium. Thus it was concluded that 

as long as the gain mechanism was strong enough to overcome the effects 

of dispersion, the pump/Stokes correlation would increase with propagation 

through the medium. Thus the resulting amplification of the Stokes field 

would a.pproa.ch the single mode result.. This i11tcra.ctio11 was a.lso noticed 

by Cannan et al. [34], and has been experimentally observed [37]. In fact 

Egglestone and Byer [36] go further and include .pump depletion in their 

considerations. It is pleasing to note that in the single mode case their re­

sult reduces to that presented he1:e (~.e. eqn. 2.37 of section 2.2.4). From 

their more genera.I result it .is seen that for non-monochromatic input fields 

an extra. interaction length (i.e. higher gain) is required before the Stokes 

output reaches saturation. The result that the SRS gain is independent of 

laser bandwidth in the case of no dispersion was also obtained for SRS built 

up from H.a.111a.n 11oi1;c [17]. In this ca.sc the Stokes spcc1.r11rn was shown to 

be gain narrowed. In fa.ct as mentioned earlier, the result for the halfwidth 

of the Stokes output, eqn . .57 of Raymer et al [17] is the same as was ob­

tained by our more simplistic approach (i.e. eqn. 2.27) which is valid for 

both forward and ba.ckwa.rd Stokes output. 

It is of interest to com pare these predictions, for the output Stokes,spec­

trum, with those presented in sections 2.2.3 and 2.2 .. 5. The different way 

in which the frequency strnct11rc is modeled should he kept in mind. The 

model used in the a.hove description is of pump and Stokes inputs consisting 

of many widely spaced, independent, modes. In the earlier development (i.e. 

sections 2.2.3 and 2.2 . .5 ), the input linewiclths were modeled by introducing 

a. frequency mismatch in the SRS gain. Even with these differences in model, 

the qualitative agreement is remarkable. The prediction here is that. for SRS 
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built up from the initial Raman noise, the Stokes output spectrum will be 

driven, by the pump, to replicate the pump spectrum provided the gain is 

sufficiently high [36]. This is precisely the type of mechanism, intimated by 

the considerations of section 2.2 .. 5, in which pump depletion wa.s included 

(see page 41). 

It should be noted tha.t ma.ny models have been proposed to take the 

input spectral distributions into account [16, 34, 36, 38). There is, however, 

a la.rge variation in the predictions depending on the way in which the input 

spectral profiles were modeled t39J: Those presented hei·e seem to be the 

" most appropriate. 

2.4.2 Stokes - Anti-Stokes Coupling and Focusing 

The para.metric coupling between the Stokes and the anti-Stokes fields has 

been proposed a.s a.n explanation of the forward/backward ga.in a.symmetry. 

The coupling has been known for some time [10, 40] to lead to suppression of 

the forward scattered Stokes emission. Because of the nature of the coupling, 

the effects of both focusing and dispersion a.re important [21, 26, 27). The 

precise nature of these effects will become clear upon investiga.tion of the 

parametric coup.ling of the fields. We will now investig~.te the coupling 

between the Stokes (at w2 ) a.nd the anti-Stokes (at w3 ) fields in the steady 

state. The relevant equations being [40): 

fJE2 FE+ F E* i6.kz a z = .I\ 2 '2 J\ 23 -'-'3 e 

8E3 F E -i6.kz 1··· E* Bz = 1~32 ...12e + \3 . ...13 (2.89) 

where the coupling constants a.re given by: 

(. 2) . . 211"W2 (:3) 2 
./\2 = 1 l.2 Xn IE1I 

'"2c 
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Ji. = -1 __ 3 \'. IE 12 . ·(2Jrw2
) (3). 

3 k 2 , A JI ·3c 

,Pl ) 3 )• IE 12 
A/?. AA 1 

F · (2JrW5) 1\32 = -1. --
. k3c2 

)3.) )3)• IE 
1
2· 

A/1 ,,A .J1 

(2.90) 

The momenta kt ( l = 2, 3) are the projections of the propagation vectors 

in the z-directiou and thus 6.k = 2k1 - k2 - k3 is the momentum mismatch 

in the z-direction. We have assumed no linear absorption and no dispersion 

(hence ~X~~) = ~; x~~W) i11 t.he sol11tion. Also if. should he noted that 

K 23 f. Kj2 in genera.I. vVith these approximations, the solution of the field 

amplitudes is found to be: 

(2.91) 

where the gain constants are given by: 

(2.92) 

(
D,./;;)2 

Di. .f( ± = ± 2 - J\ D,. /,: 

with A = -d'i.°2 and the steady state Raman gain is g = -2.Tm(A) (cf. 

section 2.2.1). With the boundary conditions E2 = £20 and E3 = £30 at 

z = 0, the a.111plit11des can be shown to be [18]: 

c "}. \ t:.~· L·3± U \ ± - j + 2 

t:2± A 

()0 



(2.93) 

This result facilitates physical interpretation. Out of the coupling, two com­

posite waves ( £2+ ,t'3+) a.nd ( £2...:. ,[3_) have a.risen with the amplitude ratio 

given above. It is apparent that if Ini(6.l(+) > 0 then that wave will 

experience exponential gain while the other wave will experience loss (i.e. 

Im(6.J(_) < 0) and vice versa. The relative nature of the composite waves 

clearly depends on phase matching. The coupling is maximised for exact 

phase matching (6.k = 0), since t~1en 1£3±/ £2±1 = 1 and both compos­

ite waves have fifty percent Stokes and fifty percent anti-Stokes character. 

Hence there is neither gain nor loss for either of the composite waves and 

therefore also for the Stokes and anti-Stokes waves (i.e. 6. l(n± = 0 )! This is 

a well known result from para.metric oscillator theory [18]. 

If the phase mismatch is very large then the fields are not coupled and 

the solutions can be found individually. The most interesting case is where 

one of the composite wa.ves experiences exponential gain while the other 

experiences loss. It should be dear that this will occur when both 6.K± 

and 6.k are non-zero or j6.kl ,....., IA!. The anti-Stokes radiation will therefore 

be emitted in a cone about the phase matching direction (see figure 2.8 ). It 

should be noted that A is in general proportional to 1/(&w +if) (by substi­

tuting eqn. 2.22 into !(2 in eqn. 2.90). Thus both the momentum mismatch 

6.k and the accompanying frequency mismatch 6.w = w1 -w2 -Wv affect the 

conditions for achieving large anti-Stokes output [10, 40]. From these con­

siderations one can see that the Stokes-anti-Stokes coupling in the forward 

direction can seriously inhibit the forward SRS output. Since there is no 

anti-Stokes coupling to the backward SRS due to the phase misma.tch being 
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Figure 2.8: illustrates the moment1ii11 _inisma.tch for anti-Stokes genera.ti on. 
The anti-Stokes radiation will be emitted in a cone of ha.If apex angle () 
a.bout the phase matching direction (6./;; = 0). 

too large, this provides a possible explanation for predominantly backward 

scattered output in some cases. 

The role of focusing in all of this can now be discussed. Since focusing 

changes the a.vaila.ble propagation directions, it provides the fields with more 

freedom to seek out favourable momentum mismatch conditions. This has 

been experimentally verified by Perry et a.I. [27], who foulld that the ratio 

of Stokes to anti-Stokes output intensity depended critically on the confocal 

para.meter of the pump bea.m. They went on to propose this as an expla.-

nation for their observation of backward SRS for sma.11 confocal para.meters 

(i.e. tight focusing) since, a.s mentioned above, backward SRS is not coupled 

to the anti-Stokes scattering process. 

It has also been pointed out that dispersion plays an important role in 

this and other 4-wa.ve mixing processes. Thus in a gaseous Ra.man medium, 

varying the pressure alters the dispersion of the medium which therefore 

affects the phase matching condition [21]. This explanation of the for-
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wa.rd/ba.ckwa.rd ga.in a.symmetry in favour of la.rge ba.ckward SRS output is 

also under dispute [41.]. However, focusing does in one wa.y or another seem 

to play a. very important role [42]. This is intima.ted by the phenomenon 

of self-focusing which was earlier found to explain anomalous results of this 

type in liquids. It shonld be noted tha.t when self-focusing does occur, there 

are probably other complicated simultaneous nonlinear interactions going 

on [18, 43]. This may not be the case with focused beams in a gas. It does, 

however, remain necessary to account for focusing in our considerations as 

its possibly crucial role is by no means clear. 
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· 2.5 Transient Stiinulated Raman Sq1ttering 

2.5.1 Discussion 

Up until now we have restricted our considerations to the steady state, where 

time dependent phenomena. were unimportant. We have not as yet fully de­

scribed the conditions under which this assumption is valid. This quest.ion 

will be addressed in this section. Although, in many cases the observable 

quantities may be described hy the steady state results, a reasonable pic­

ture of the initiation mechanisni ifl. only obtainable by considering the time 

dependence of the interaction dynamics. The exact role of focusing .in all of 

this is also unclear (a.s mentioned in the previous section). 

The foll equations describing SRS in the monochromatic plane wave 
.; 

model ha.ve been derived at the beginning of this chapter. It was shown 

that a complete description is afforded by first solving for the eqna.tion de­

scribing the population difference ( eqn. 2.4) and using this in the coupled 

equations for the pump and Stokes fields as well as the material excita-

t.io11 w;w1• i.I'. <'<fll. 2.:1. llow<·Vl'l", in 0111· classical lll<Hl<·f W<' ltav1• a.ss111111•cl 

that the population difference never deviates drastically from its equilib-

rinm value. Under very high intensities this ma.y 11ot necessarily be valid, 

requiring equation 2.4 to be solved together with eqn. 2.3 in the quantum 

mechanical treatment. Vle consider only the case where our assumption 

still holds, in which case the process is fully described by eqn. 2.G which we 

reproduce here for convenience. 
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( ~ +r+i(wv-w)) A*(z,t)= ( )i (~Qa) E;(z,t)E2(z,t) 
ui. 47r 8m,wv u 0 

Vatious transient regimes have been considered in the pa.st [44]. In some 

cases the propagation of the fields is treated in a steady state manner, while 

the temporal response of the material excitation was included. This is based 

on the pump duration being comparable to the relaxation times of the mate­

rial (i.e. T1 ~ Ti, T2 ). This is the initial way in which transient phenomena. 

were modelled (11, 45]. Often the temporal growth of the fields is com­

parable to their spatial growth, i'tecessitating the inclusion of the temporal 

response of the Jiclds as well. This was done in the case of forward SRS by 

Carman et al. [34]. In the backward case, however, Maier et a.I. [12] kept the 

temporal response of the fields but assumed that the temporal response of 

the material excitation was unimportant. A criterion for the consideration 

of the genera.I transient response was found to be [34]: g I 1L Ti > T1 where 

T1 is the pump duration, T2 is the material collisional dephasing time and 

g Ii L is the usual steady state Ra.man gain. The origin of this condition will 

become apparent in the following section. 

The transient response of the medium has been modelled in a. number 

of \va.ys. Initially, the material excitation was treated as a phonon wave 

using the classical representation followed here. Subsequently, the material 

excitation was described quantum mechanically by the vector Dloch model 

of Grishkowsky et a.I. [47] (see [16, 44]). We will, however, continue with the 

classical phonon wave descripti.on. 

Other time-dependent phenomena. on a time sea.le longer than that of the 

transient response have been found both in the case where a. steady state 

response of the mcdinm was ass11me<l [20] and where the temporal response 
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of the medium was accounted for [19]. In the first case the phenomenon was 

reminiscent of relaxation oscillations and was found to occur as a two wave 

oscillation of the backward Stokes and pump beams. A corresponding three 

. wave oscillation was found when the forward Ram a.n field was included, 

although 110 oscillation was found when OHly the forward Stokes field wa.s 

considered together with the pump. In the second case similar 'relaxation 

oscillations' were found in the n1.se of forward scattering. ln this c'.a.se the 

input intensity ratio of the pump to the Stokes field was almost unity which 

would enable the pump field to b~·i·apidly depleted [19]. In the case where 

focusing was ta.ken into a.ccottnt (ha.ck scattering only), it was found that 

the period of the oscillations was dependent on the confocal parameter of 

the focused beam (46]. This makes sense in the light of oui· discussion on 

page 48 in which it was shown that the focusing results in large gain only 

in the focal region. 

It is therefore evident that in order to elucidate the initiation mecha­

nism in the scheme where 'ma.inly' backward SRS is produced, the temporal 

response of the fields a.nd of the rncdi11n1 will have to be I.a.ken into a.cco11nt. 

Also, in view of the discussion in the previous section, thp anti-Stokes fields 

sho11ld be included together with the effects of focusing. This has been done 

by Zaporozhchenko et a.I. [41]. We will discuss their results in the final 

chapter after the presentation of our results in the following chapter. 

2.5.2 Backward Transient Theory 

The backward transient theory can be adapted from the theory of Wang [11] 

in the forward ca.se. In order to proceed from the general description of SRS 

given by eqn. 2.6, which is reproduced at the begining of t.his sect.ion, we 
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must ma.ke the assumption of a.n un<leplete<l pump. With the definition: 

_[( 1 ( 00' ) 
\t = (47r)8mwv oQ 0 

J(
2 

= N (21rwi) ( oo-) 
411'" k2c2 oQ 0 

(2.94) 

we obtain the equations describing the transient theory in this case [34]: 

( :t + Vph :z + r) A*(z, t) = -i K1E;(z, t)E2(z, t) 

(t:t - :z) E2(z,t) = iK2~1(z,t)A*(z,t) (2.95) 

It should be noted that the 111i1111s sign has been chosen in eqn. 2.6 so that 

the backward process is modelled. The speed of propagation of the pump 

and Stokes wa.ves is a.ssllme<l to be the sa.me a.n<l hence the subscript of the 
4 

veloctiy has been dropped. We consider the solution a.long the cha.ra.cteristics 

z' = z- Vpht and t' = t + z/v which together with the fa.ct that for a. heavily 

damped phonon wa.ve Vph '.'.::::'. O,c:Jea.ds to the process being described by: 

(~, +r) A*(z',t') = -iK1 E;(z',t')E2(z',t') 

[) E ( I '') . T.. E ( I ')A*( I ') oz''2z,t =-i1\2'1z,t z,t (2.96) 

At th.is point it should he noted that the solution can he obtained if a. step 

function pump pulse is assumed. In this ca.se the solution will be precisely 

that of Wa.ng [11 J with the employment of the simple change in variable 

discussed in section 2.2.1 'on page 22. 

However, for the sake of clarity and completeness, we will proceed with 

a. broad outline of the solution. Solving for A* in the second of eqn. 2.96 

and substituting it into the first, yields the partial differel1tial equation: 

o ( 1 8£2) f 8£2 .· Ji·· E*E ~ 1" ,, _, + -l;' f): _, = - f\ l \ 2 .'.J1 .'.J2 ut c.11 (J,, .c.1J ,,. 
(2.97) 
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This equation can be com pa.red with the corresponding equation of Cannan 

et a.I. [34]. However, since in this case the characteristic t' = t+z/v, describes 

a backward propagating wa.ve and the pump is a function of (t - z/v), the 

above equation ca.n not be solved for arbitrary pump pulse shapes as wa.s 

possible in the forward ca.se [~Ml .. Thus in order to solve the above equation 

the assumption of a. step function pump pulse of duration 7, must be made, 

since then /~ 1 is a const.a.nt for t > 0 a.nd thus docs not. depend 011 l' a.s 

the pump is assumed to undergo no depletion. Hence the above equation 

reduces to: 

(2.98) 

which can be solved in the following way. With the definitions 

eq ua.tion 2.98 reduces to: 

82 E2 
0 
a E2 

1
_, -.- + jJ-. - + .'.J2 = 0 

D:r: <Jy a.1: (2.99) 

which is a. hyperbolic partial differential equation and can he solved by Rie­

ma.nn 's method [118, 49]. The explicit method follows that. of Wa.ng [11] with 

the only major difference arisi11g from the different boundary conditions, 

which necessitate a different. choice of the integration region. The integra­

tion region to be used in the ca.se of backward SRS is illustra.ted in figure 2.9. 

The initial region APB with curve r must be chosen so tha.t the point P 

is the point a.t wh.ich the final evaluation of the backward scattered Stokes 

field is required. With the identification U = £ 2 , the solution to eqn. 2.99 

IS 
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Figure 2.9: illustrates the appropriate integration region for the evaluation 
of the backscattered Stokes field amplitude at the cell entrance. 

iB (av ) 1Q au Ujp = UV)B- U - -/3V dy+ V-dx 
Q ay A ax 

(2.100) 

where V(x,y,x',y') is known as Riemann's function, which must be a. solu-

tion of the equation: 

a2v av 
-- - /3- + \! = 0 
ax' ay1 ax' 

(2.101) 

which is known as the adjoint of equation 2.99. It is easily verified that a 

solution of this e.qua.tion satisfying the necessry conditions [48, 49] is: 

V(x, y, x', '!.!') = e-f3(y-y') fo[2.J(y - y')(x' - x)] (2.102) 

where I 0 (s) is the modified Bessel function of zeroth order. The final so­

lution may be obtained by choosing the curve r such that the region of 

integration is P AQ 13 P as in figure 2.9. Then A must be identified as the 
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origin (i.e. A = (0, 0)) and both B and Q should be a.t the cell exit. Hence 

the first term of eqn. 2.100 is a boundary condition since U = E2 is evaluated 

at z' = L i.e. U]B = E0 . It shoukl be noted that the conditions imposed on 

V [49] require V]B = l. In om case it is easily shown that the final term of 

cq11. 2.100 does not conl.ribut.c, 1;i11ce: 

and we ha.ve no phonon wa.ve before the pump arrives, i.e. A = 0 for t < 0 

and the above expression is zero. 'This leaves only the second term to be 

considered. This term ca.n be i;irnplified by ma.king use of the recurrence 

relations for the modified Bessel functions [.50], yielding the following ex­

pression for the backward SRS field evaluated at the entrance (z = O} of the 

Ra.man cell of length z' = L: 

1;' (CJ ) - 1;• J;' f¥ lt e-r(t.-t') 1· (2 
-'2 ' /. - · -'O + -'U r.-'1 I 

0 v t - t' 
grL . . ' ) I '·2 . , ) -2-(/. - f. ) d ( .10:3 

where the steady i=;ta.te gain 

(2.104) 

has been 11r;ed. \1\lith the change of coordinate T = l - l', this becomes: 

(2.10.5) 

where T = lmo.~' = 7 ca.n be \'icwed a.s the duration of the p11111p. The 

behaviour of this equation can be seen in figure 2.10 where it is plotted 

versus the steady state gain for a. pump duration of .l.5ns. Also plotted is 

the steady state result (see below). At low gains the transient intensity is 

slightly larger tha.n in the steady state, whereas at much higher gains the 
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transient intensity is clearly lower as we move further into the transient 

regime according to eqn. 2.109 below. We now look at the steady state and 

tra.nsient limits of this solution. 

2.5.3 Steady State Limit 

The steady state occurs when t -+ oo (i.e. a pump of sufficiently long du­

ration) in which case the integral can be solved exactly after the change of 

variable r' = Jr has been ma.de [51), yielding: 

100 

... dT = ~egL/4 It(r/L/1) (2.106) 

Upon substitution of this result into eqn. 2.105 and by ma.king use of refer­

ence [52], yields: 

(2.107) 

which is the known steady state result. This is plotted for comparison with 

eqn. 2.105 in figure 2.10. 

2.5.4 Transient Limit 

We first consider the high gain limit i.e. 2gf Lr ~ l, .in which case the 

asymptotic form of the Bessel function can be used [53]: 

so that the Stokes field becomes: 

. V y'2gI'L 1t e-r-r+v'2Yf'LT 
E2(0, t) = Eo + Eo 3 dr 

87r 0 74 
(2.108) 

and the gain is determined by the maximum of the exponent, which is seen 

to occur a.t a. time: 

gL 1 
T=--

2 r (2.109) 
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It should be a.ppa.rent that. the st.ea.dy state will only be reached if the du­

ration of the pump is longer than this time a.t which the integrand achieves 

its maximum. For a pump pulse of duration just larger than this time, a 

qua.si-steady state regime is a.cl1ieved, while for a pump pulse with a dura­

tion shorter tha.n tha.t implied hy eqn. 2.109, the transient regi111e is realised. 

This is just the condition mentioned in the initial discussion of this section. 

The gain in the transient regime can be calcnlated provided the condition 

fr ~ 1 holds. In this case the erT factor in eqn. 2.105 can be set. to unity. 

Thus with the change of variable r' = 2.jgfL/2r, equation 2.10.5 becomes: 

1
,j9rD/2t 

E2(0, t) ~ Eo + Eo 11 ( r') dr' 
0 

(2.110) 

which can be evaluated [50] to give: 

(2.111) 

In the large gain limit, the Jfossel function can a.gain be replaced by its 

asymptotic form [5:3], finally yidding for the amplitude of the backscattered 

Stokes field in the transient. regime with high gain [lG]: 

e2J¥t 
E2( 0, t) ~ Eo ---;::=== 

. J4~f¥t 
Th.is enables the transient. gain t.o be defined a.s: 

(2.112) 

(2.113) 

(i.e. h(O, f.) ex eGTL), which is independent of the ha.Jfwidth of the material 

excitation, since .9 ex l/f. 
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Figure 2.10: illustrates the Stokes intensity ra.tio as a function of gain 1n both 
the transient and steady state regimes. The curve is for a pump duration of 
15ns in hydrogen at 41 atm i.e. r '.::::'. 109 Hz. 

This concludes .our theoretical investigation into backward stimulated 

Raman scattering. The results of our experimental investigation are pre-

sented in the following chapter. 
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Cl1apter 3 

Experimental Investigation 

Introduction 

We investigated various aspects of backward SRS in hydrogen ( 11r = 41.5.5 cm- 1 ) 
.J 

pumped by a. frequency doubled single longitudinal mode JV rl : Y AG' laser 

(532 tini). The Stokes radiation was generated from noise by the 1.5 n.s long 

pump focused into a. va.ria.blc pressure cell containing I.he hydrogen. 

Initially our experiments were simply aimed at quantifying the energy 

conversion dllciency a.nd lincwidth of the backward SHS out.put. a.s a. function 

of both the pump energy and the hydrogen pressure. After performing an 

extensive literature review, it became apparent that there were other areas 

of interest. One such area of interest was the effect of the focusing conditions 

on the backward to forward :ms intensity ratio. Also of interest was the 

temporal structure of the various output beams and their relationships to 

one another. \Ve attempted to investigate these phenomena. in the hope of 

achieving a better understanding of the dynamic interaction giving rise to 

'predominantly' backward stimulated Ra.man scattering. 
' 

We now present the result~; of this investigation in two parts. In the first 



laser 532 nm 

J = 300 nim, 
.------. 

F.R.A. 

532nm, 

683nm 
i-----?P" B 

M 

· Figure 3.1: illustrates the experimental setup which we used. The box la­
belled F .R.A. contains the Fringe Recording Apparatus which is illustrated 
in detail in figure 3.1 l. The labels M, refer to mirrors. The labels P: B and 
F refer to the positions a.t which the calorimeter was inserted to measure the 
energies of the various beams. The labels T1 , T2 and T3 indicate the positions 
at which the various beams were sampled for temporal measurements. 

section we will deal with the energy conversion and the temporal relationship 

measurements. We discuss the results of these mea.surements together since 

they involve complementary ideas. The second section will be concerned 

with the results of the linewidth measurements. Throughout this chapter 

an attempt will be made to compare qualitatively the results with the theory, 

so that a better picture of the overall process can be constructed. 

3.1 Investigation of Energy Conversion Efficiency 

The aim of this investigation was to obtain information a.bout the Ra.ma.n 

gain for backward stimulated Ra.man scattering. The setup used is that 

illustrated in figure 3.1. 
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For the energy conversion measurements a calorimeter (Scientech 380101) 

was inserted at the various positions P, B and F (see fig. 3.1), where the 

energy of the pump beam at the cell entrance, the backward Stokes beam 

exiting the cell and the radiat:on transmitted through the cell respectively 

wa.s mea.s11red . U11fort1111a.tely the low sensitivity of the instrnrnent 11sed 

limited the measurements to energies well above threshold (i.e. visible to 

the na.ked eye). 111 fact. 011r mea.s11rements will be seen to he in the hea.vy 

depletion/saturation gain region. All our energy measurements have been 

corrected for losses at the various optical elements. There is a 10% uncer­

tainty assoda.ted with the caforimeter readings. 

The te1i1poral measurements were made by diverting a portion of the 

beam at the various positions T1 , T2 and T3 (see fig .. 3.1) to a PIN diode 

(SOPRA) by means of an optical fibre cable. The traces were viewed on a.n 

oscilloscope (Tektronix 24G7 350.111 If z) and recorded by means of a 3.5 nim 

camera. with high speed BW film (Ilford HP400). We decided to record two 

profiles simultaneously so that a direct comparison of the temporal structure 

of the va.rio11s hea111s co11ld he mi1de. 'fhis was a.chievt~d by i11t.rod11cing a. 

delay into the path of one of the beams before it reached the photodiode. 

It was found that there was S•Jmetimes large variability from shot to shot, 

which further justified a simult<1.neous recording. Neutral. density filters were 

used to ensure that the relative intensity of the two traces was similar. 1t is 

important to keep this in mind when the traces a.re interpreted. A selection 

of traces, which illustrate some of the salient features, a.re reproduced in 

figure 3.2. The relevance of ea.ch of these will become a.ppa.rent as the other 

experimenta.l results a.re prese .. 1ted. 

The shutter was operated manually which led to some difficulty in cap-
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(k) 

(1) 

Fig ure 0.1: illu s tra tes a selec ti o n o f temporal t r aces whi ch a re co mbin at io ns 
of vari o us of th e i11pu t a.11<1 o uput bea.111 s . vVe li s t th e combin a ti o ns in ea.ch 
trace, id entifyin g Lh 'left -ha.ucl trace fir s t. T he fo ll ow in g la bels a.re used: P ­
incid ent pump , T - t ra.nsmit tecl pum p, B- ba.ckwa rcl Stokes, F - forw a.rd S tokes 
a nd A- forw a rd a.11 t i-Stokcs . (a)- (c) P T, (cl) PA , (c)- ( h) P T, (i) BT, (j) BF , 
( k) PD a.n d ( l) Pl" 
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turing worthwhile shots. The captured shots represent chance recordings 

in that the nonreproducibility of the pump (fig. 3.2 ( c)) and the variability 

of the output (fig. 3.2 (d)) was often such that many recorded traces were 

rendered useless. It would be useful, in this regard, to be able to record a 

sequence of shots in real time and then to discard any useless shots. 

We proceed now with a presentation of the results of the energy conver­

sion measurements together with a theoretical comparison. 

3.1.1 The Interaction Region 

Before we can continue we must examine the interaction region with our 

focused geometry. A theoretical discussion was presented in section 2.3.1. 

For a pump beam of diameter 7 mm,, focused into the centre of a qOO 1nm, 

long cell by a f = 300 nini lens, the interaction region can be considered to 

be a cylinder of cross-section A '.:::::'. 6.62 x 10-6 cni2 and length L' = 0.39 cm. 

The results of Appendix B as well as eqn. 2. 73 have been used. 

However, this lea.els to extremely high pump intensities which m turn 

lead to unna.tura.lly high gains. As was shown on page .50 a. pump laser of 

power '.:::::'. 1 MW focused in this way results in a gain of g! L '.:::::'. 150 which is 

unnaturally high as will become apparent from our results. The problem can 

be traced to the development of the theory of focused propagation through 

the Raman medium i.e. section 2.3.1. The problem lies in the assumption 

of a steady state interaction. It will be informative to examine, in detail, 

the reason for the breakdown of this model. It is evident that for conditions 

such as ours, the pump bea.m will become sufficiently intense to initiate the 

SRS process long before it reaches the interaction region. It therefore follows 

that the pump will become depleted on its passage to the focal region so that 
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it will never attain the predicted high intensities a.t the focus. In order to 

account for this we should include the time dependence in the propagation 

equations. The only way of successfully incorporating the effects of focusing 

in the time-dependent equations is by .computer simulation [46, 41]. 

The tra.nsient theory presented in this work (see section 2.5) does not 

include the effects of focusing and relies on knowledge of the steady state 

Ra.ma.11 ga.in. If the steady state Haman gain ca.lculated a.hove is used, then it 

is seen from eqn. 2.109 that we a.re in the transient regime for a. 1.5 ns pump 

pulse. However, none of our res1ilts a.re consistent with this assumption. 

The only possible use of our transient theory is if a. better estimate of a. 

steady state Ra.man gain can be achieved. Even with a steady state gain 

of gl L = 30 (that usually quoted for amplification), we a.re still• in the 

transient regime for our pressure range (i.e. gl L/rf nvHJ\f > 1). From our 

photographs (figure 3.2), however, it is clear that the depletion of the pump 

must be included in any analysis and our transient theory is therefore not 

applicable. This is due to the fact I.hat our calorimeter used for the energy 

111ca.:rnrc111c111.s 0111.v pl~n11it.t.ed us t.o 111ea.sure energies in I.he depleted p11111p 

regime. Om comparison of experiment and theory will, therefore, be limited 

to one in which only a qualitative agreement (if any) with the general trends 

of the relevant steady state theory (section 2.2.4 and 2.2 .. 5) is sought. 

3.1.2 Stokes Noise 

Since we are involved in the genera.tion of Stokes radiation from noise, we 

use eqn. 2.19 together with eqn. 2 .. 5LI to estimate the initial Stokes intensity. 

However, in the light of our _above discussion relat.ing to the interaction re­

gion, we set the ( 11/ ),J,) 2 factor to unity and work instead with the initial 



Stokes power: P2(0) = A fi(O), so that no reference is made to the (un­

known) interaction region. This together with the relevant pump power can 

be used to calculate the input intensity ratio 8 defined in eqn. 2.38. 

If we assume a. square wave pump pulse of duration r, then we ma.y use 

the results of section 2.3.2 (Le. eqn. 2.81) to obtain the· average power in 

the beam as: 

(3.1) 

where Et is the total energy in the.beam as measured by the calorimeter. 

One of the shortcomings of this square. wave pulse approximation is evident 

in traces (a), (b) and (f) of figure 3.2, in which the transmitted pump is 

included. In these cases it is seen that the pump is only depleteg near 

its peak, well above the level con'esponding to the average energy. In our 

approximation of the pump pulse as a square wave, no SRS (and hence 

no depletion) would have been predicted. For our purposes, however, we 

shall content ourselves with this approximation even in the light of a. further 

shortcomi11g described i11 the next section. We ca.11 therefore esti111a.t.e the 

input intensity ratio as: 

8 
= Pav (pump) 

(P2(0) '.'.::'. 1rnw2) 
It should be noted that 8 is a function of pressure via eqn. 2 . .54., 

3.1.3 Duration of the Output 

(3.2) 

The duration (FWHM) of the pump pulse was found to be 15 n.s over the 

whole energy range. However, the duration (FWHM) of the backward Stokes 

output was found to depend on the pump energy. Table 3.1 illustrates the 

observed trend; that a.s the pump energy was increased, the duration of the 
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Pump Energy Stokes Duration 
( m.J) ( n.s) 
HU 11.5 
15.0 12 
21.7 15 
:32.8 15 
42.0 17.5 

58.1 19 
G5.G 20 

Table 3.1: contains the duration of the backward Stokes 011tput at various 
pump energies 

backward Stokes output increased from a value below that of the pump to 

a value well above that of the pump. 

This trend is consistent with the SRS being initiated at a fixed power 

level a.nd with the pump ha.ving a. Ga.ussia.n intensity profile. Thus this is 

another shortcoming of the square wave pulse approximation. For a. rela­

tively low pump energy, there will not be am plifica.tion over the fu II d 11 ration 

of the p11111p. As tire p11111p energy is i11crea.sed, tire duration over which sig-

nifica.nt gain is experienced becomes larger until the FWHM duration of the 
.. 

ba.cbvarcl Stokes 011t.p11t becomes eve11 lo11gcr than that of the pump. This 

is well illustrated in traces (h), (f) and (i) of fig. 3.2. In the first of these, the 

trace of the transmitted pump at a low pump energy indicates a small de­

pletion region ovenvhich high gain was experienced, whilst the second trace, 

which was obtained at a much higher pump energy, reveals that high gain 

was experienced over a. much longer period. In the la.st oft.he above traces, 

in which the backward Stokes output appears together with the transmit­

ted (depleted) pump at a. relatively low energy, the F\VJI M cl 11 ration of the 
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backward Stokes output is seen to be less than that of the pump. Trace (1) of 

the same figure is an illustration of the same effect in the forward direction. 

The characteristic sharp rise and fall-off following the pump [12, 34), of the 

Stokes output in either direction is evident in these and many of the other 

traces of figure 3.2. 

For the sake of simplicity, however, we assume that all the backward 

Stokes output is of the form of a square wave pulse of duration 15 ns, as in 

the case of the pump. 

3.1.4 Energy Conversion Measurements 

We first investigated the dependence of the backward Stokes output on pres­

sure. The total pump energy was fixed at 70.5 ni.J =? Pa.v ~ 4.1.M}F for 

this investigation. The results a.re displayed in figure 3.3 in which we have 

plotted the logarithm of the ratio of the measured output power to the ini­

tial Stokes noise versus the hydrogen pressure. From this figure it is evident 

that our measurements were restricted to the saturation/ depletion gain re­

gion of SRS. \i\1e were unable to fit the relevant equation for backward SRS 

(i.e. eqn. 2.7) to our experimental results. We did, however, fit the relevant 

forward equation, eqn. 2.37, for comparison. The fit seemed reasonable at 

higher pressures (i.e. P > 10 atm). However, when we used the relevant 

fitted parameters, obtained in this. exercise, to fit curves to our other experi­

mental results, the results were dismal. \Ve a.re therefore .u~rnble. to compare 

our experimental results with any of our theory in a consistent manner. 

Next we investigated the effect of pump energy on the backward Stokes 

energy. We repeated the measurements at three different pressures, namely 

41 a.tm, 31 atm and 21 a.tm. The results a.re illustrated in fig. 3.4 from which 
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Figure :J.:J: illustra.t.es the effect: of pressure 011 the backward Stokes output 
energy. The results were obtained with a. pump energy of 70.5 m..J. 
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Figure 3.4: illustrates the effect of pump energy on the ba:ckward Stokes 
output energy. The results were obtained with at hydrogen pressures of (a) 
41 atm (diamonds) (b) 31 a.tm (crosses) and (c) 21 atm (squares). 

it is seen that they follow the sa.me trends. The genera.I shape of both the 

above curves is reminiscent of steady state behaviour. 

3.1.5 Anti-Stokes and Higher Order Output. 

It was generally found that anti-Stokes radiation accompanied the Stokes 

output for our conditions (i.e. f = 300 mm focusing into the cell). When­

ever the forward scattered Stokes radiation became visible, it wa.s invariably 

partnered by an amount of anti-Stokes radiation when viewed at position T3 

in fig 3.1. It was also found that the anti-Stokes radiation was collimated 

in the same fashion a.s the pump i.e. no cones were evident. A trace of the 

anti-Stokes output in the forward direction appears in fig. 3.2 (cl). It has 
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been assumed in the pa.st that para.metric coupling in the backward direc­

tion is not possible [27]. From our theoretical considerations in section 2.4.2, 

this would seem to be the case. However, we found that at the higher pump 

energies the backward Stokes output was partnered by a diffuse anti-Stokes 

output. We a.re only a.ware of one other such observa.t.ion [54]. vVe diverted 

the anti-Stokes radiation into a spectrometer and measured an equal Raman 

shift of~ 4155cm- 1 in either propagation direction. Even more interesting 

was that the ba.cksca.ttered a.i1ti-Stokes radiation was not collimated (as all 

the other visible output was), upon exiting the cell. It was found that it 

was brought to a focus outside the cell at a position which was consistent 

with it having originated at the far end of the Ra.man cell. This accounted 

for the diffuse n<\.t.11re of the backscattered anti-Stokes output (when'it was 

observed). It was further found that the anti-Stokes output in both direc­

t.ions became more intense a.t lower pressures as expected for a para.metric 

process [21]. We did not obtain any quantitative measurements of the anti­

Stokes outputs. This very interesting observation warrants a. much more 

careful investigation. 

Since we do not have a. good understanding of the interaction region a.nd 

he11ce I.he ga.in involved, we ca.n 111a.ke no qua.ntita.tive t.heoretica.I ca.lcula.­

tions. However, .iu the light of the increase in output energy with decreasing 

pressure, it does seem likely that the anti-Stokes radiation in both directions 

is due to parametric coupling . 

Detection of higher order Ra.man effects was beyond our capabilities since 

we could not detect radiation in either the infra.red (2nd Stokes output) or 

the ultraviolet (2nd anti-Stokes output). There wa.s, however, some evidence 

that such processes were occurring. This can be seen from figure 3.5 in which 
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Figure 3.5: illustrates the relationship between the measured total out­
put energy (backward Stokes and all forward output including transmitted 
pump) and the input pump energy (solid line). The measurements were 
made a.t 41 atm (diamonds), 31 atm (crosses) and 21 atm (squares). 

the input pump energy is plotted together with the total of output energies 

at three different pressures. They a.re seen to overlap within error ( ~ 10%) 

for most pump energies except a.t the highest energies. A similar observation 

has been ma.de by Brueck et a.I. (26]. 

Although the backward anti-Stokes radiation could not be included (due 

to its diffuseness at the measuring site), it is unlikely that it was intense 

enough to account for the difference. It seems more likely that the backward 

Stokes radiation became intense enough to generate second Stokes radiation. 

This is obviously a tentative speculation which would have to be checked 

out more carefully. 
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Figure 3.6: illustrates the effect of hydrogen pressure on the backward 
Stokes output energy. The results with the present focusing conditions 
(! = 160 mm- diamonds) a.re com pa.red with the previous results obtained 

with an f = 300 mm focusing arrangement (crosses). 

3.1.6 Focusing Conditions 

We attempted to perform the same experiments under different. focusing 

condit.ions. Unfortuna.tcly dt1e t.o the constraint of a cell of fixed length, 

this proved a. difficult task. \Ve succeeded in repeating the measurements 

under tighter foct1sing conditions (J = 160 mm). The results are presented 

in figure :J.6, illustrating the effect of pressure for a. fixed pump power (Pav~ 

4.1.MlV as before), and figure :J.7 in which the effect of varying the pump 

energy a.t a fixe pressure of 41 a.tm is illustrated. In both cases the results 

a.re compared· with the previously obtained results. 
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Figure 3. 7: illustrates the effect of pump energy on the backward Stokes 
output energy for a. fixed hydrogen pressure of 41 a.tm. As before, the dia­
monds represent the present focal conditions (! = 160 mm) and the crosses 
represent the results with the previous focal conditions (! = 300 mm). 
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Figure 3.7 can be compared to the results obtained by Brneck et a.I. [26). 

They, however, used a broadband pump which thus explains their observa­

tion of more SRS output in the forward direction (due to the longer coher­

ence length for forward SRS, see eqn. 2.88), and so it is only the general 

trend of the rcirnlts which a.re cotupa.rablc. l'he effects of focusing a.re a.gain 

seen to play a crucial role. The parametric coupling with the anti-Stokes 

radiation is affected by the different focusing conditions, possibly account­

ing for the observa.tion. Figure 3.6 ma.y have a similar explanation, with the 

·added influence of the variable p1:es~ure also affecting the phase-matching 

of the parametric coupling. It is obvious that a thorough examination of 

all the output fields under various focusing condtions is necesssry to clarify 

the siti1ation. A more comprehensive theoretical model of the process with 

a focused geometry is also required. 

We failed in our attempt to repeat the measurements with softer focusing 

(! = 500 mm) because the focal region was too dose to the exit window 

of the cell, which resulted in a hurnt exit window. lit order to properly 

investigate the effect of the focusing conditions, a cell of variable length is 

of para.mount importance. 

3.1. 7 Temporal Structure of the Output 

There is evidence of 11<1n9second timescale structure on the temporal traces 

of the various SRS outputs in fig. 3.2 (i.e. traces (i)-(.1)). This structure 

is comparable in form to the observations of Ka.chen et a.I. ['·16). Temporal 

'relaxation' oscillations of the output energy have been predicted [20) and 

observed [46]. However, the timescale involved was considerably smaller 

than that of our phe110111e11a.. Thus a comparsion with our observations was 
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not afforded. 

Since the observed phenomenon is at the limit of the resolution of our 

scope, we a.re not able to confidently interpret their significance. It would 

seem that a similar qualitative explanation to that proposed for the 'relax­

ation' oscillations is pla.usible. Hence the phenomenon may be the manifes­

tation of the exchange of energy between the pump and the various beams 

genera.ted by SRS. Once a.gain we find that in order to understand the pro­

cess, we require a better model of the intera.ction region and its dynamics. 

We discuss ways of achieving this irt tl~e concluding Chapter. 

If the observed nanosecond timescale phenomenon is indeed real, then we 

can expect that the linewidth of the Stokes outputs will be broadened \vith 

respect to that of any steady stat~ prediction. We discuss the results bf our 

investigation into the backward Stokes linewidth in the following section. 
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3.2 Linewidth Measure1nents 

3.2.1 Introduction and Aim 

The aim of this investigation was to measure the dependence on pump energy 

a.nd pressme of the linewidth of the backward sn.s at 683nm, resulting 

from a. variable pressure ll2-filled cell being pumped by a. Nd:YAG (5:3~nm) 

laser. The linewidth measurements were made with the use of a Fabry-Perot 

interferometer. 

The a.vaila.ble Fabry- Perot interferometer restricted the determination 

of the linewid ths to a method of electronic recording of the fringe system. 

A 1024 channel optical multichannel analyser (O.M.A.) was used to record 

the fringe system. It will thus be instructive to proceed with the t.h.eory of 

linewidth determination by this method. 

3.2.2 The Theory of the Fabry-Perot Interferometer 

General 

For spectroscopic purposes the geometric description of the Fabry-Perot 

interferometer is sufficient [5.5] and more .instructive than a complete cavity­

mode analysis describing the distribution of the field over I.he plat.cs. We 

concern ourselves solely with the transmitted intensity distribution. 

It is easy to show tha.t the transmitted intensity through the interferom­

eter is: 

[ 
T ]2 Ir = 1 _ H A( V•) (3.3) 

where T and R a.re respectively the transmitted and reflect.eel intensity co-



efficients, and A( 'I/;) is the Airy function: 

1 
A('l/;) = -~· --

1 + Fsin2
( *) (3.4) 

where F is the Coefficient of Finesse [56] or the contrast [.57] and is given 

by: 

and 

4R 
F= (1-R)2 

'I/; = </> + E = 211"( 2p.t cos B)/>..~ + E 

(3.5) 

(3.6) 

is the phase lag between successive beams for a cavity of refractive index 

• {l and length t. Here E is the additional phase lag due to reflections at the 
, 

surfaces. It can be seen from eqn. 3.3 that for no scattering or absorption 

losses in the cavity T + R = 1. Thus for this perfect case the transmitted 

intensity is just the Airy function itself. However, in real interferometers, 

. losses do inevi tibly a.rise (i.e. T + R < 1) and a.re taken into account by 

eqn. 3.3. 

To obtain a. good fringe pattern with maxima of high relative intensity 

(i.e. sharp fringes), high reflectivi ties a.re i'equ iJed. High reflectivi ties can be 

seen to give rise to la.rge values of F (for R = 0.85 =? F ~ 1.51) whieh in 

turn via. eqn. 3.4 can be seen to give sharp fringes. 

The Transmitted Fringe Pattern 

The intensity distrihu tion in the transmission focal plane (see fig. 3.8) is 

given by: 

(3.7) 
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Figure 3.8: The basic set-up for viewing the transmitted fringe pa.ttern of a 
Fabry-Perot interferometer 

where Io is the illumination in the focal plane in the absence of the interfer­

ometer. From eqn. :J.7 it is apparent that maxima occur for V' = 27rn' where 

n is an integer. The usual configuration of cylindrical symmetry about the 

optical a.xis of I.he a.rra.11gc111ent obviously results in a. fringe pa.I.I.em of con­

centric bright rings of angular radius() (see fig. 3.8) given by: 

Thus 

·'I 7r /I.I . 
V' = -,- cos(} + E = 27rn 

/\Q 

E 
2/tf cos B = ,\0 ( n - - ) 

271 

(3.8) 

·. (3.9) 

from which it. ca.n be seen that the pha.se change due t.o reflections does 

not affect the fringe pattern, but does cause a shift in the fringe positions. 

This is equivalent to a small shift in the interferometer spacing. This can 

obviously he ignored for high orders of interference, which is the case in 

most practical cases. Indeed for our purposes, this effect will be neglected 
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in the rest of the discussion. Consequently, 

47rpt 
'I/;= </Jn= 27rn = -- cos On 

Ao 

and hence, 

On = a.rccos ( nAo) 
2p,t 

(3.10) 

(3.11) 

From fig. 3.8 the radius of the circular fringes. can be seen to be f On where f 

is the focal length of the lens L 2 • For illumination with quasi-monochromatic 

light, the half-width of the fringes ~.t ha.If-intensity is given by: 

Fsin 2(</J1/2) = 1 
2 

(3.12) 

which for sufficiently large F enables the approximation of the sine by its 

angle, yielding: 

</>i = (1 - R) 
2 /R 

(3.13) 

Recall that for large F, the fringes a.re narrow a.nd hence </J1 is small a.nd 
. . 2 

the a.hove approximation is valid. Now since there is a 27r change of phase 

</> between successive orders, the reciprocal of the full fringe width a.t half 

maximum intensity (FWHM) e_xpressed as a' fraction of an order can be 

defined: 

Nn = 27r = 7r/R =~VF 
2</>1 1 - R 2 

2 

(3.14) 

a.nd is called the idea.I reflectivity Jfo.esse of the interferometer [55). This 

conveniently expressed ratio encapsulates the increase in fringe sharpness a.s 

the reflectivity increases. This quantity defines .the relative fringe width to 

be expected for ideally flat plates with the given reflectivity. In practice, 

plate imperfections a.s well a.s q1e wa.y in which the instrument is used, will 

alter this property of the instrument. 
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Free spectral range and Resolving power 

Consider the effect of the interferometer under illumination by quasi-mono­

chromatic light at Ao as well as at a slightly different wavelength of Ao+ 8A. 

Two distinct fringe systems will be formed. 

Assuming the sa.me refractive index for these two closely spaced lines, it· 

is apparent from eqn. 3.10 that for a fixed angle of incidence 0, these two 

wavelengths have a. difference of phase delay given by: 

8A I 8</> I= 47r1tt cos o2 Ao 
(3.15) 

where 8A/ A6 is simply the wavenumber difference of the two wavelengths. 
I 

vVhen the separation between the two wavelengths is increased, it will even­

tually reach the st.age where the n 1h orcle1' of interference. for Ao overla.)>s the 

(n + 1)1h order of interference for Ao+ 8,\. Obviously (from eqn. 3.12) when 

this happens, I 8</> I= 27r. Hence from eqn. 3.15, 

[ 8 ~] = (211.t cos (J)- 1 

Ao 2rr 
(3.16) 

For normal incidence (i.e. cos 0 1), this is defined as the Free Spectral 

Range of the inter~erometer: 

ti A 1 
f::::.ll.J.~r = 2 = -

Ao 2pt 
(3.17) 

This is just the wavenumber separation which for fixed 'plate separation, 

would result in the exact overla1> of successive orders of interference for 

two spectra.I lines thus separated. The usefulness of this quantity can be 

illustra.tecl a.s fc>llows: consider the wavenumber difference between two close 

lines, 

__ 8A_,f!</>, ... -1 /:::.1,, - --:-2 - -. ( 21d cos 0) 
Ao 27r ·. 

(3.18) 
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which follows from eqn. 3.15, but upon using eqns. 3.16 and 3.17 this yields: 

(3.19) 

and hence knowing the interval between the fringe patterns a.s a fraction of 

an order (i.e.j ~: I) enables the wavenumber difference to be found. The 

details of this method follow in a later section. 

As I {j</J I decreases, the fringe patterns of the two lines approach one an­

other a.nd eventually overlap. Of interest here is the point at which the two 

fringe patterns are just resolvable ,a.s this will be a measure of the resolving 

power of the interferometer given by A. where 6,\ is the wavelc11gth differ­

ence of the two lines. Various criteria. for resolution have been put forward, 

notably that for prisms and gra.ting instruments proposed by Lord Rayleigh. 
J 

Instead of a.rbitra.rily imposing this condition for this instrument, a some­

what simpler method will be employed. For two lines of equal intensity, 

the corresponding fringe systems a.re considered resolved if they coincide at 

their half-intensity positions (i.e. set I 6¢ I= 2¢1 in eqn. 3.15 ). For large F 
2 

this yields a peak-to-saddle ra.tio of 0.833: 1, compared to a. saddle intensity 

. 0.811 of the peak for the Rayleigh criterion [56]. 

Using this criterion and from eqns. 3.13&3.14, resolution of the two equal 

intensity lines is achieved if 

j 6¢ lmin= 2</>1 = 27r/Nn 
2 

(3.20) 

. Hence the resolving limit (minimum resolvable wavenumber separation) of 

the instrument is given (using eqn. 3.18) by: 

(3.21) 

which is just the free spectra.I range divided by the finesse. It should be 

noted, however, that this resolving limit is for perfect plates and vanishingly 
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small detector aperture etc. A discussion on choice of aperture can be found 

in ref [SS]. 

3.2.3 Analysis of Recorded Fringe Systems 

The analysis will concentrate on the particular area of interest, i.e. the de-

termination of the spectral linewidth of the source. Two approaches will be 

discussed, both of which a.re approximate methods. The first is. based solely 

on the ratio of fringe width to fringe separation. It does, however, require 

that the free spect.ral mnge of the interferometer be known. The second ap-

proa.ch depends on the determination of the para.meters of an Airy function 

which is fitted to the recorded profile. 

Determination of Frequency intervals 

Two closely separated lines A and B of wavenumber separation 6.K., will 

result in two fringe systems separated by a difference in order of interference 

on. This difference which may be a small integer plus a fraction is given by: 

. 811 
6.1>, = bn6.1"jsi· = -

2t 
(3.22). 

In order to relate this to the recordings, we must first look more closely at the 

phase dependence of the recorded patterns. For the intensity profile along 

a diameter we a.re particularly interested in the effect of different values of 

the fractional phase a.I. the centre of the pattern Ee(< 27r) for lixed plate 

separation and varying 0. Consider the phase at the centre ot the pattern: 

411'/tl ' . 
<Pc=--, = 27rn+ Ee 

"O 
(:J.2:3) 

It is obvious that in general the order of interference at the centre of the 

pattern is a. fraction. It can only be an integer when the optical pa.th dif-
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ference is a whole number multiple of half-wavelengths. For small angles 

of incidence e, the sma.11 angle a.pproxima.tion to cos e in eqn. 3.10 yields a 

phase of: 

</> = </>c(l - 02 /2) (3.24) 

where eqn. 3.23 ha.s been used. 

The squares of the angular radii of successive bright rings from the centre 

of the pattern are: 

82 - 2,,1,-l(,,1, - ) - 2c:c 
1 - 'I' e 'l'e </>1 - (2 + ) _ rrn Ee 

02 = 2</>-l(</>c _ </>
2

) = 2(Ec + 2rr) 
2 c (2rrn +Ee) 

(3.25) 

02 = 2</>-1(¢c - <f>3) = 2(Ee +4rr) 
3 c (2rrn +Ee) 

which a.re obtained from the conditions for maxima. </>1 = 2rrn, </>2 = 2rr( n-1) 

a.nd <f>3 = 2rr(n - 2) respectively. Hence it is evident tha.t the difference 

between the squares of successive angular radii are equal, with magnitude 

2 2 llrr 
((}. - (}. )·- ---

•+l 1 
· - (2rrn +Ee) 

(3.26) 

From this we can see that for a. fringe forming lens of focal length f, the 

difference of squares of the fringe diameters of the ith and ( i + 1 )th bright 

rings from the centre for spectral line A is given by: 

D
2 n2 1Grrj2 

a i+l -cr. ]Ji = (2 ) = ~a 
. 11"1ta. +o. Ee_ 

(3.27) 

8 ,2 
For large order of interference na, ~a reduces to :=.L-. Notice too that (using 

· Ra 

eqn. 3.25) for the fringe system of line A, the fractional order at the centre 

is given by: 

(3.28) 
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This ca.n be rewritten with the help of eqn. 3.27 to yield: 

= [aDf+t /~a] - i (3.29) 

The results simila.rly hold for spectral line B. 

(3.30) 

a.nd 

(3.:Jl) 

For closely separated lines, ~u and ~b a.re essentially the same and the 
, 

difference is neglected. 'J'hc act.11aJ order of interference at. the centre of the 

fringe pa.ttern is n-Ec/2Tr. Finally we obtain the order difference bn between 

the two lines: 

(3.32) 

which for lines producing pa.t:t.erns with overlapping fringes of the same order 

of interference (i.e. n 11 = 11b), yields 

(3.33) 

But from eqns. 3.29 & 3.:31 we have 

(:3.34) 
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which implies tha.t (bD[+ 1 ·- 0. D[+ 1 ) is a consta.nt which we ca.11 Oba.· Thus 

Oba a.nd ~' which ma.y be readily measured from recorded fringe pa.tterns, 

a.nd the difference in order of interference 

on= Oba 
~ 

(3.35) 

a.re easily found for fringe systems due to lines A a.nd B with overla.p of the 

same order. This qua.ntity can now be inserted into eqn. 3.22 a.t the begining 

of this discussion a.nd hence the wa.venumber separation of the lines obta.ined. 

If it so happens that a. portioii of the fringe pa.ttern not including the 

centre is recorded, or the centre ca.nnot be located, the a.bove analysis is not 

applicable. Approxima.te method$ a.re necessitated and it ca.n be shown that 

the fra.ctional order of interference can be a.pproximated by [55]: 

2aab on=---­
Wb_ + Wa+ 

(3.36) 

where a ab is the separation of the a.djacent fringes of the two systems and Wa+ 

and Wb_ a.re the fringe separations of successive fringes of the same system, 

as illustrated on figure ~U). The derivation of this rcla.tionship appears in 

Appendix C. It is ea.sy to obta.in an accuracy in this wa.y of 1 in 103 in the 

determination of on [55]. 

Vl/e now describe how this method can be a.pplied to a.n unresolved fringe 

profile. 
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Figure :J.9: Illustration of the quantities used in the approximation of the 
order of interference when fringes off centre ha.ve been recorded. 
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Figure 3.10: The un1:esolved fringe resul~ing from the overlapping of t\vo 
fringes separated by ~E · 
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Consider two fringe systems, a.rising from two monochroma.tic spectral 

lines of wa.venurn ber sepa.ra.tion 6,,,,, with the centres of their recorded fringes 

separated by sa.y 6.c Consider the case when these two fringes are not 

resolved (i.e. 6,,,, < 6,,,,min)· The observed single fringe with full width at 

half maximum c/2 (note 6.E < c/2) can be seen as being due to a. line of 

wavelength Ao and width 6,.1,, where Ao is the average wavelength of the 

two spectral lines (see figure 3.10). The a.ssumpt.ion has been ma.de that a 

quasi-monochromatic line of width 6.1;_, at /\0 can be approximated by two 

monochromatic lines of sepa.ratioii 6.11. about Ao. This approximation is 
' 

easily shown (by su1111ning the two resulting profiles) to he valid for narrow 

lines i.e. linewidth less than 6.1•min of the interferometer. This then validates 

the use of the the half height. loc<ttions as the positions used in the lin-ewidth 

calculation (i.e. A and J3 in figure 3.9). 

Na.tura.lly this will he a.11 overestimate of the linewiclth a.s this analysis is 

based on the fringes being just unresolved. Obviously if two spectra.I lines 

a.re close enough so that their respective fringe patterns a.re not resolved, 

thus having the appea.ra.nce of having a.risen from a spec,tra.I line of the av­

erage wavelength, then their separation should be less than the minimum 

resolvable wavelength of the instrument (see fig. 3.10). This limit is, how­

ever, as mentioned earlier extremely dependent on the correct set-up of the 

interferometer as well as on the ca.ptme of the profiles. Broadening of the 

fringes can be effected by incorrect focus or misalignment ~)f the image form­

ing lens system, a badly adjusted interferornet.er or ina.q;ura.te centering of 

the linear array detect.or a.long a dia.rnet.er of the fringe system. 

108 



Fitting an Airy Function to a Recorded Profile 

An Airy function can be fitted to a recorded fringe system whenever the in­

tensity profile along a. diameter of the fringe pattern has been recorded. The 

fitted Airy function enables the linewidth of the source to be determined. 

The method involved will follow the discussion of the fitting procedure. 

Equation 3.7 is the ha.sic function to be fitted. However, various modifi­

cations to this function a.re necessary for fitting to a given recorded profile. 

The generalised Airy function used for profile fitting takes the following 

form: 

. Is 
Afit(x)=b9 + ¢> 

[1 + Fsin 2 { 2c cos(R1(x +cs))}] 
(3.37) 

The argument x refers to the position on the recording (e.g. pixel n ... umber 

in the case of recording by a. linear photo-diode a.rra.y). This is converted to . 

B, the argument of the cosine in cqn. 3.7 by the factor R1 which depends 

on the image forming lens as well a.s properties of the recording device (e.g. 

length of the array). The factor Cs denotes a centre shift. ensuring that the 

ceiltre of the fitted function coincides with that of the recorded profile. The 

coefficient of finesse F remains as in eqn. 3.7 and <Pc is as defined in eqn. 3.23, 

this being proportional to the number of half wavelengths in the cavity. 

The intensity sea.Jing factor Is normalises the peak transmitted intensity 

of the fitted curve to correspond to that of the recorded profile. Fina.lly 

the parameter b9 takes excess background intensity, inherently present in 

recorded il1tensity distribt1tions, .into account. 

A x2 - fitting procedure enables an Airy function to be fitted to a recorded 

profile by treating these para.meters as variables. Not a.11 of the para.meters 

need be treated as variables for optimization. The choice of which para.me-
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ters to treat a.s variables depends on a detailed knowledge of the experimental 

set-up. 

The intensity scale factor is readily estimated directly from the record­

ing as is a.n approximate ba.ckgrciund reading b9 • The coefficient of finesse 

F is calculated directly from eqn. 3 .. 5, although the fringes produced with 

this value of F will be narrower than the recorded fringes. There a.re two 

reasons for this, the first of which is due to instrumental limitations such 

as the previously discussed plate· imperfections. A more reliable estimate 

may be achieved by considering the. quoted plate flatness, usually quoted 

a.s 1\jm. There are various wa.ys of ta.king this into account in a modified 

instrumental finesse N 1 . It is generally accepted that for the best results the 

reflectivity linei;r;e Nil should he in the range of m/2 t.o mf'l a.s determined 

by plate flatness specifications [5.5]. The modified instrumental finesse N1 

depends heavily on the type of plate imperfections. The resulting instru­

ment profile may then be incorporated into the fitting procedure by utilising 

a series representation of the Airy function (see Appendix E), which allows 

for convolution of the Airy function with Lorentzian and Gaussian functions. 

The second factor contributing to the broadening of the fringes is the fa.ct 

tha:t the ra.dia.tio11 pa.ssi 11g t. h rough the interferometer is not monoch roma.tic 

but instead has some spectra.I distribution. Hence, in principle, allowing 

the para.meters describing the convolution with Lorentzian ancl Gaussian 

distributions to be variables in the fitting procedure will enable the spectral 

width of the incident radiation to be determined. 

The pa.ra.meter </>c ca.n obviously be calculated knowing the plate sepa­

ration a.nd the wavelength of the spectra.I line under consideration. If the 

pla.te sepa.ra.tion (or wavelength) is not a.ccura.tely known, this q11a.11tity ca.n 
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be treated as a variable in the fitting procedure. The same applies to R1 

which is generally difficult to determine accurately. Some considerations in 

the determination of this quantity appear in Appendix D. The centre shift 

C8 ca.n also be left to vary unless the exact location of the centre is known. 

We now present a. discussion on the details of the set-up which we used, 

followed by the presentation of our results. 

3.2.4 Experimental Determination of Linewidths 

Experimental Set-up Requirements 

The signa.l (Nd:YAG or SRS) is in the form of a parallel coherent beam of 

diameter,...., 7mm. This is expa.nded over the usable apertme ( <P,...., 40mm) of 

the Fabry-Perot interferometer by means of a Galilean telescope, which could 

also provide the necessary cone of rays for the interference. It was necessary 

to record a. portion of the resulting fringe system ( 4- 7 fringes) using a.linear 

photodiode array of length 25m.m, and an O.M.A. From these recordings, 

the linewidth of the relevant signal could be determined. This necessitated 

the expansion of the fringe system image after exiting the interferometer. 

All manipulations to the fringe system after exiting the interferometer as 

well as the recording of the fringe system had to be carried out in ·a light­

proof box. Details of the <levelopement of each of these facets of the set-up 

will be discussed in turn. The set-up for the recording of the fringe system 

is schematically represented in figure 3.11. 

• The Galilean Telescope 

The incoming beam is expanded from,...., 7mm, diameter to"" 40mm di­

ameter. To achieve this, a. Galilean telescope was used since it contains 

no internal focal points as well as allowing the necessary expansion to 
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Interferometer · h filters ft 

Fringe Recording Apparatus 

d:YAG laser .532nn---,-. --------------.-...,. 

Figure 3.11: Schema.tic representation of the Fringe Recording Apparatus 
used to record the fringe pa.I.tern from a Fabry-Perot interferomct.cl-. The 
detailed positioning of the lenses appears in the figure in Appendix D. 

be achieved in the short.est possible distance. The expansion provided 

by this arrangement is given by: 

MP=-h 
.f1 

(:3.38) 

Where MP is the transverse magnification of the lens system. Vlith 

lenses .f1 = -25mm and .fi = 300mm (see fig 3.11) this gives a more 

than sufficient expansion of MP = 12. The two lenses are mounted on 

an optica.I bench with at least one of them being i'11ovable. This was 

used to achieve the necessary plate parallelism as discussed in detail 

in the following section. 

• Image Formation and Expansion 

'J.'h is wa.s a.ch ievcd by a. sim pie telescopic arrangement. which was nee-
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essarily mounted in a. light-proof box. The light-proof box was of 

length 500mm, which put constraints on the lenses that could be used 

to achieve the requisite ima.ge formation a.nd expansion. These lenses 

had to be of high quality to provide a good image. A high quality 

camera. lens (!0 '.::::'. 58mm) was selected to form the image. In order 

to decide on the second lens to be used in the telescope, it was first 

necessary to have a.n idea. of the size of the image of the fringe system 

formed by the ca.mera. lens. To make an estimate of this, consider the 

development in Appendix D~ ~allowing the same argument, it is pos­

sible to estimate the radius of the i 1h bright fringe of the image formed 

by the camera. lens (i.e. a.t k.'.:::'. 60nun and no lens fe)· 

Ydi '.:::'.· 1[(1- 1 )R' + kJIBi (3.39) 

Where k and R' a.re defined in Appendix D. To estimate the ra.di us 

of the i1h fringe from the centre requires knowledge of the angle (Bi) 

of the cone of rays responsible for the appeara.rice of this fringe. For 

large orders of interference n, Ee can be neglected in eqn. 3.2.5 and n 

can be replaced by 2Jtt/ A0 (from eqn. 3.23) to yield'for small angles 8i: 

(3.40) 

With a. plate separation of t '.:::'. lOcm and the signal (Nd:YAG a.t 

A0 .532nm) passing through the cavity with I'· = 1, the angu­

lar deviation of the i 1h fringe from the optical a.xis can be estimated. 

For the fourth bright fringe this yields: 

Yd,1 '.::::'. 0.5mm (3.41) 
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where R' ~ 5000mm has been used. To record only the first four 

fringes with the detector requires a. magnification of Af P ~ 50. This 

is given by MP = .!!. for a. lens with l + ! = 1
1 [.58]. Choosing a.. 

~ ti. tt v e 

lens with le ~ 6mm. yields a. focussed irna.ge a.t v = 300mni for a.n 

'object' (ima.ge of the fringe systenl. formed by the camera. lens) a.t 

tt ~ le from the lens. Hence these lenses will suffice for the required 

telescope. A 6mm microscope objective (i.e. a.s the le ~ 6mm lens) 

wa.s mounted on a. micro-t1:avel plate to ensure that the image wa.s 

formed on the detector plail~' Fine control in the vertical direction 

enabled 11s to ensure that the horizontal diameter of the fringe system 

was coincident with the detector arra.y. 

• The Light-proof Uox 

As mentioned earlier, all rnanipula.tion of the fringe system exiting the 

interferometer had to be carried out in a. light-proof box. It. is impor­

tant to minimize the stra.y light reaching the detector and thus adding 

to the 'noise' which would reduce the ima.ge clarity. A light-proof 

box was designed and construeted to meet a.11 the a.hove-mentioned 

experimental requirements. The box was about 500mm long and in­

corporated an optical bench on whiCh the lenses oft.he image forming 

telescope wei·e mounted. The linear photo-diode array detector was 

mounted a.t the far end of the light-proof box and was l~.terally move­

able. The linear photo-diode a.nay wa.s positioned: on the horizontal 

dia.111etcr of the fringe pa.ttern and the la.tera.I a.cljust.a.bilit.y ena.hled I.he 

fringes far from the centre to be recorded. A schematic representation 

of the light-proof box appears in the set-up dia.gra.111 figure 3.11. 
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Obtaining Plate Parallelism 

Initial rough alignment was achieved by allowiJ1g the unexpanded laser beam 

· to enter the interferometer directly. Non-parallelism of the plates is indicated 

by the distinctive cornet's tail (59] due to multiple reflections of the beam 

in the mirror cavity. Rough plate pa.ra.llelisrn was obtained by adjusting the 

plates so that the comet's ta.ii disappeared. 

The Galilean telescope was then inserted into the set-up, providing an 

expanded beam through the interferometer. At this point it was necessary 

to ensure that the bea.m passed through the centre of the lenses comprising 

the Galilean telescope, for all lens positions. With the telescope providing a 

converging bea.m, the alignment was adjusted so that the familiar fringe pa.t-
J 

tern was obtained. Whilst the moveable lens \va.s being adjusted to provide 

an increasingly para.Ile! bea.m, the image was observed. The. op ti ca.I align­

ment of the beam through the Galilean telescope was then adjusted until 

the centre of the fringe system remained in a fixed position as the beam 

entering the interferometer was ma.de to vary from converging to diverging. 

When this was observed to be the case, we were sure that the necessary 

alignment of the telescope had been achieved. 

Now for a fully expanded parallel beam travelling normally through the 

interferometer, deviation from plate-parallelism is indicated by the a.ppea.r­

ance of equal inclination (or Haidinger) fringes [55]. The followii1g method 

was devised to overcome the physical difficulties that were experienced in 

applying the standard method of achieving plate parallelism [55, .59]. 

A near-parallel beam was ma.de to pass through the interferometer. 

By appropriately adjusting the interferometer, the equaJ inclination fringes 
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(symptomatic of non-pa.rallclisrn of the plates) were ma.de to disappear, leav­

ing a. uniform illurnina.tion exiting the cavity. The telescope was adjusted so 

that the beam entcriHg the intcl'fero.rneter ranged from converging to diverg-

. ing. When this operation is performed (starting with a. converging beam), 

the fri11gc pa.ttcrn should slowly cxpa.11d wit.bout distortion, with its cent.re 

remaining fixed. The plates should be uniformly illuminated for a paral­

lel bea.m. As the beam becomes diverging, the area. of uniform illumination 

·should shrink (remaining centred and undistorted), accompanied by the suc­

cessive appearance of the bright rii1gs. of the fringe pattern. The observation 

of this scenario indicated that parallelism of the Fabry-Perot plates over the 

whole aperture ha.cl been achieved. 

Image formation on the detector 

The a.hove adjustments were carried out with the light-proof box in position. 

This prevented any slight disturbance of the interferometer upon positioning 

the box. The camera. lens was positioned a.s close to the. exit window of the 

interferometer as the light-proof box would allow. The focused image wa.s 

observed a.nd the f = 6mm lens position roughly its focal length a.way from 

this image. As mc11t.io11cd earlier, this lens was mounted on a microctra.vel 

plate for adjustment a.long the optical a.xis while a.s well as having vertical 

control to ensure that the lens wa.s centred on the optical a.xis. The resulting 

image was focused by eye on thedetector. The box wa.s then sealed up and 

the fringe pattern was recorded a.t increme11t.ed posit.ions of this lens (Jc)· 

The lens was then fixed at the position which resulted in the best recording. 

The alignment of the fringe system on the detector wa.s crucial. Adjustments 

to the height of the lens ensured that the horizontal dia111e1.cr was recorded. 
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Additional adjustments to the moveable lens (/e) a.bout the vertical a.xis were 

necessary to ensure that the focal plane a.nd the detector plane coincided. 

This wa.s the most difficult pa.rt of the set-up to realise as we had no fine 

control over this adjustment. 

Linewidth Calculations 

The set-up to record the fringe pattern resulting from the backwards Stokes 

output is illustrated in fig. 3.1, where the fringe recording apparatus is de­

picted in fig. 3.11. Before we ca.n proceed with the results of the investi­

gation, we must first discuss the details of the calculation of the linewid th 

from a profile. 

The linewidt.h of t.hc single longit.11di11al mode Nd:YAC: laser uscd'a.s t.hc 

pump for SRS is known to be very small: 

b.li'. < 0.001 cm- 1 (:3.42) 

from coherence length measurements [60]. Thus we have that I'1 < lOf, so 

tha.t we may be a.pproa.ching the limit of the applicability of the theory on 

input bandwidths (see page 53). From eqn. 3.21 and eqn.,3.17, the theoret­

ical minimum resolvable wavelength of a given Fabry-Perot interferometer 

is: 

1 
b.l~min = ---

211.tNn, 
(3.43) 

The interferometer used here is quoted to have a. reflectivity of R = 0.8.5 

and hence a. reflectivity fi11essc of Nn ~ 20. J\s mentioned in section 3.2.2 

on page 101 and section 3.2.3 on page 110 this holds for perfectly flat plates. 

When the pla.te fla.t11css of /\/20 is ta.ken into a.cco1111t, a n1odificd i11st.111nent 
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finesse can be obtained. This is quoted by the manufacturers as Ni = 10. 

Thus for p. = l (air filled cavity), the minimum resolvable wavelength sepa­

ra.t.ion is a.chievcd for la.rg<~st. possible plate sepa.ra.tio11 / .. For this instrument 

tma.x '.::::'. lOcm. Hence 

fl.1~min '.::::'. 0.005cm- 1 (3.44) 

for the interferometer used here.·. Note that for this plate separation 

(3.4.5) 

The method outlined in section 3~2:3 can now be used to calculate linewidth 

from the recorded fri11ge profile. Initially an Airy function wa.s fitted to 

the recorded fringe system. The reason for this was that the method to be 

used for the lincwiclth ca.lcula.tious requires knowledge of the free spectral 

range of the instrument. This in turn is dependent on the plate separation 

t. which we were unable to determine a.ccnra.tcly enough by direct rnca.sure­

ment. However, by trea.ti11g the parameter ";c in eq11 .. :3.:37 a.s a. va.ria.ble 

enabled the plate separation to be determined from the fitted value of this 

para.meter. The para.meter R1 was also allowed to va.ry, because of the diffi­

culty involved in accurately determining its value (see Appendix D). These 

two para.meters a.re the most important para.meters for fit.ting the curve to 

the recorded profile. The other four para.meters were estimated from the 

individual recordings and kept a.s constants. A range for the two variable 

para.meters was estimated based on rough measurements. 

The plate separation t. was measured with a. vernier caliper to be: 

l = J0.50crn. 

The background and sea.led height para.meters b9 and I,, respectively, were 

estimated from a. plot of the recorded profile. These obviously varied for 
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ea.ch profile being fitted. We also estimated the position of the centre of 

the profile from a. recording in which it was included. Using the quoted 

reflectivity of the plates, R = 0.8.5, the coefficient of finesse was obtained as 

F = 151. However, we used the manufacturers quoted value of N 1 = 10 to 

calculate F = 41, using eqn. 3.14, for this coefficient and hence took plate 

imperfections into account. \Ve a.Isa implemented a. series representation of 

the Airy function with two fort.her variables which allowed for broadening 

by Gaussian and Lorentzian functions (see Appendix E). 

A function minimisation procedure (based on x2 calculations) called MI­

NUIT [61 J wa.s used to lit the theoretical curve eqn. 3.37 to the recorded 

fringe system. 

From the pa.ra.mcter pt, the pla.te sepa.ra.tio11 wa.s found to be {sec et1n. 3.23): 

t = 10.574cm 

This in turn yields the free spectra.I range (eqn. 3.17) for this case: 

-1 
b.1~fsr = 0.0473cm 

(3.46) 

(3.17) 

The method for determining the linewidth as outlined rn section :J.2.3 on 

page 10.5 ca.n now be applied. 

The linewidth of the Nd: Y AG pump laser wa.s found to be 

b.1~ = 0.0109 ± 0.0009 cm- 1 

This is seen to be much larger than the theoretical m1111mum resolvable 

wavelength sepa.ra.tion given by b..~min = 0.0047cm,- 1 . This difference can 

be attributed to the previously mentioned sources i.e. incorrect focus or mis­

alignment of the image forming lens system, poorly adjusted interferometer 
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or inaccura.te centering or the linear array detector a.long the horizontal <li­

agona.I of the fringe systern. Also in the discussion relating to fig. :uo it wa.s 

shown tha.t the method applied, results in a.n overestimate of the linewi<lth. 

It should be noted that the method of fitting a series representation of the 

Airy function, including the freedom of broadening due t.o the finite spec­

tra.I width of the radiation (as outlined in Appendix E) is limited by the fact 

that the recorded pea.ks a.re in genera.I not of uniform intensity (see figs. 3.14 

and 3.15) and a.lso because the further broadening due to possible misalign­

ment cannot be di sen ta.Hgled. N a.t ttr~.lly, if none of the above-mentioned 

problems occurred, we would expect that the measured linewidth would be 

a.t the calculated limit. We therefore confine our linewidth eva.lua.tions to the 

method of' section ;~.2.:_L The fit.ting procedure will only he used to Ohta.in 

a more accurate estimate of the plate separation a.s well as for ill11stra.tive 

p11rposcs. 

Results of the Investigation 

Ea.ch recording consisted of the capture of 30 profiles, ea.ch :of which consisted 

of the first .5 - 7 fringes, by the O.M.A. Not all of the thirty profiles of each 

recording were equally good. There was in fact a. great deal of varial~ility 

from shot to shot. For the purposes of measurement, it was decided that 

only the best profiles of each recording would be analysed. The significance 

of this will now be discussed. 

Included ill ea.ch recording were a. variety of different profiles. These 

ra.Hged from profiles which ha.d f'a.r broader fringes tha.11 the 'good' profiles 

and were generally more 'messy', to profiles which exhibited distinctly mul­

timode type fea.tu res (i.e. two superimposed fringe systems). Examples of 
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Figure 3.12: contains a. reproduction of 'broad messy' profile. 

these types of profiles are reproduced in figure 3.12 and figure 3.13 respec­

tively. 

These 'rnultirnode' ·shots a.re, by and Ja.rge, not associated with spurious 

multimode firings of the laser. It is supposed that they a.re in fa.ct a.n in­

herent feature of tra.nsieut SRS in which more than one Stokes mode can 

experience appreciable gain. This would also qualitatively explain the nu­

merous 'broad - 11111 ltimode' profiles since the various Stokes modes would 

experience different relative gains from shot to shot (see figure 3.13). As 

mentioned in the previous section on page 95, a further' po.ssible explana­

tion could be due to the nanosecond temporal structure of the output (see 

fig. 3.2 (i), (j) a.nci" (k)), with its concommitant frequency broadening. This 

phenomenon will therefore ha.ve to be invcstiga.ted more ca.refully. 
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Figure 3.13: contains reproductions of two 'multimode' type profiles. The 
profile on the left exhibits well resolved fringes, while in the profile on the 
right the overlapping fringe systems a.re just resolved. 
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In each recording, the profiles were therefore classified as 'good' or 'messy 

· - multimode'. The best profiles of the 'good' shots were then used to obtain 

the linewid th of that recording. Generally, the calculated linewidths of the 

'good' shots varied by 10 - 15%. An example of a 'good' profile appears in 

fig. 3.14. The ratio of the 'good' profiles to the total number of profiles in 

each recording showed no clear dependence on either the pump energy or 

the hydrogen pressure. The ratio which varied from 0 - 80% of the profiles 

being classified a.s 'good' showed. no correlation with the conditions. 

\ 
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Figure 3.14: contains a. portion of a. 'good' profile, from which linewidth 
measurements were obtained, together with a. fitted Airy function. 

We did not attempt to measure the separation of the modes in the mu!-

timode profiles for two reasons. The first rea.son being that it was not clear 

that the two fringe patterns were of the same order. Secondly, as is evi-
( ... 

<lent from the two reproductions in figure 3.13 the sepa.ra.tion of the modes 

was quite va.ria.ble. It should therefore be borne in mind that the linewidth 

results presented here represent the best case scenario. 

A further odd observation was tha.t of the rapid decrease of the fringe 

intensity towards the outside of the fringe (i.e. a.way from the centre) in 

some shots. \1Ve were unsure what ca.used this phenomenon, which is well . . 

illustrated in figure 3.1.S, a.s there was no correlation wi~h t.he pump energy 

or hydrogen pressure. \Ve were a.hie to obtain three to five mea.sures of the 
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Figure 3.15: contains a. reproduction of a profile which exhibits a rapid 
decrease in the fringe profile towards to outside of the profile 

linewidth from ea.ch profile, depending on the relative intensity of the fringes 

a.cross the profile, by the method outlined in section 3.2.3. 

After recording the profile of the pump laser, we commenced with the 

investigation into the Jinewidth of the backscattered Stokes output. We first 

looked a.t the effect of varying the pump energy at fixed pressures as well as 

the effect of varying the pressure. 

The results a.t fixed pressui·es of 41 a.nd 21 atm, plotted in fig. 3.16, 

show no clear dependence of the linewidth on laser energy within the 10% 

uncertainty of the results. 

Although we have been unable to fit our relevant theoretical equations to 

any of our results, we ca.11 still make a qualitative comparison of the results 
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Figure 3.16: con ta.ins a. plot of the results of the investigation into the effects 
on the backward Stokes linewi<lth of the pump energy. The results were 
obtained a.t fixed pressures of 41 a.tm a.nd 21 a.tm. 
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of fig. 3.16 with fig. 2.4. For an intensity ratio of the order of that in our 

case, the bottom portion of the linewidth curve (b) in fig. 2.4 extends much . 

further a.loHg the gain a.xis. Thus for the appropriate gain it seems ph1.usiblc · 

. that there would be no dependence on the pump energy. 

Assuming that the pump had no effect on the best linewidth, we pro­

ceeded to investiga.te the effect of pressure on the linewidth. We recorded 

profiles a.t various pressures foi· three distinct pump energy regions, namely: 

(1) threshold, (2) depletion and (3) saturation. These three pump regions 

a.re defined in terms of the temporal 'intensity trace of the transmitted pump. 

They a.re illustrated in some of the traces of figure 3.2. The threshold re­

gion ( 1), is characterised by very small distortions to the peak of the trans­

mitted pmnp a.s ilh1stra.ted in traces (a.) and (b). The depletion region (2) 

is characterised by a marked dip in the profile of the transmitted pump as 

illustrated in traces ( e) and (i). Finally, the saturation region (3) is charac­

terised by a. flattened transmitted pump profile as illustrated in trace (g). It 

should be stressed that the labels: threshold 1 depletion and saturation, do 

not hold their usual meaning from SRS gain considerations. 

In figure 3.17 the results of this investigation a.re plotted. A definite 

rela.tionship bet.ween the linewidth of the ha.ckwa.rd Stokes output a.ncl the 

hydrogen pressure is seen to exist. Again we ca.n compare these results with 

the trend ill11stra.t.ccl in fig. 2.5, so tha.t for a. much larger input. intc11sit.y 

ratio, we might expect the dip region to extend well into our pressure range. 

The fact that our measnred linewidth is broadened at lower pressures is, 

however, unaccounted for in th.is comparison. 

We now present our concluding chapter in which the significance of our 

results is discussed. 
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Figure 3.17: is a. plot of the linewidth in units of the Ra.man linewidth as a. 
function of pressure. 
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Chapter 4 ',, 

Discussion and Conclusion 

Unfortuna.tcly it seems tha.t the regime to which we were experimentally re­

stricted, does not correspond with the area covered by the presented theory. 

We are therefore not able to quantitatively explaiIJ the origins of 'predom­

inantly' backward SRS in our observations. On the positive side, this indi­

cates that a more comprehensive model is required to describe the compli­

cated interaction involved. This is only possible by making use of computer 

simulations. 

Two different possibilities explaining the suppressed forward SRS gain 

have been proposed [21, 27, 41). Trainor et al. [21] and Perry et al. [27] 

proposed that anti-Stokes coupling in the forward direction was the cause 

of the suppressed forward Stokes emission. In a comp1iter simulation in 

which this anti-Stokes coupling wa:s included, Zaporozhchcnko et al [41] 

found that this ha.cl a negligible effect. They essentially coi1cluded that the 

observed enhancement of the backward Stokes emission was as a result of 

the complexities introduced by focused propagation through the medium. 

Although the importance of focusing can not be overstated, it seems that 

the mere presence of the correct focusing conditions alone are unable to 
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account for this effect.. It is 11 nclear from the presentation of Zaporozhchenko 

et a.I. how they incorporated the maximising of the gain with respect to the 

momentum mismatch. This places doubt on the method in which the anti­

Stokes radiation was taken into account. 

Our experimental resuHs seem to illustrate the importance of the anti­

Stokes coupling in the forward direction. This explanation is, however, not 

without its faults, specifica.lly the very interesting observation of anti-Stokes 

radiation in the backward direction. The nature of the process giving rise 

to this anti-Stokes emission is unciea.r and warrants further investigation. 

The way in which focusing has, thus far, been taken into account in the 

computer simulations, is approximate. A more complete treatment is the 

decomposition of the fields into coupled Gauss-Laguerre mode equations [29]. 

This treatment has already provided interesting predictions (some of which 

have been experimentally verified [27]) in the case of forward SRS. The 

applicability of this method to backward SRS should be investigated. 

Once a better model of the interaction region has been formulated, a 

more relevant comparison with our experimental work would become possi­

ble. In pa.rtiCHla.r, the effects of focusing and the observed temporal strnc­

ture could be clarified. Because of the limitations of our equipment, the 

experimental work itself would also have to be repeated., 

An investigation into the effects of focusing will require a. high pressure 

cell of variable length. The temporal investigation of the output will require 

a much 'faster' oscilloscope. The energy conversion experiments require 

1nore sensitive eq11ip111ent so tha.t the whole SH.S ga.i11 CllJ'VC ca.11 be investi­

gated. This should be accompanied by a. more careful analysis of possible 

higher order Ilarna.n emission. 
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In order to investigate the predictions of our model of the Stokes linewidth 

in the presence of a depleted pump, we would have to ensure that we were 

opera.ting in the steady state. More sensitive spectral analysis equipment 

would also be desira.ble. The variability of the measured Jinewidths for the 

'same' conditions needs to be clarified by investigating the output linewidths 

in both the steady state and tra.nsient regimes. The role of the observed 

temporal structure of the SRS output in this regard may then also become 

clear. 

Although it is evident from thi~· discussion that the dynamics of the SRS 

process under focused conditions is as yet unclear, it can be concluded that 

a much better understanding of the process has been obtained. The fa.ct 

that the la.ser only beca.me available towards the end of the research period,_ 

made it very difficult to perform an exhaustive comparison of the results 

with the theory. It is therefore entirely possible that important correla.tions 

may have been missed. 

Finally the use of stimula.ted Ra.man scattering as a means of provid­

ing a pump beam for CARS work, by frequency shifting the oi.1tput of the . 

Nd: Y AG laser, can be discussed. The results of the energy conversion mea­

sureinents a.re positive in this regard. However, the fact tha.t the linewidth 

of the Stokes emissio11 is subject to extreme variability, is ca.use for concern. 

It seems likely that if the process can be confined to steady state opera­

tion, then the resulting Stokes emission in the backward direction would 

constitute a suitable pump for CARS work. 
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Appendix A 

The Slowly Varying 
Amplitude Approximation 

V•./e begin by considering only spatial propagation and we therefore assume 
J 

that there is no time dependence. \ll/e further simplify matters by assuming 

plane waves propagating in the z-direction. Hence the field may be written 

as: 

Ew(z) = eE(z)ei(kz-wt) (A.l) 

More generally, the fidd may be split into components parallel and perpen­

dicular to the propa.ga.tion vector /~. This enables the wave eq11atio11 to be 

split into two equations, one for ea.ch component. 

2 '1 2 
2 - w - L 1rW -NL 

\7 E1- + ~(s_.E)i_ = ----;:_2"P1-

(A.2) 

VVhere the vector identity 

ft x (ft x ii) = ft(ft.fi) - \7 2 (£ 
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with V .(V x b) = 0, ha.s been used. Now since we have confined our con­

siderations to plane wa.ves propagat.ing in the z - direction, only the first of 

the above eq11a.tio11s rerna.i11s to be satisfied. In this ca.se we have that: 

(A.3) 

It should be noted that we have neglected th~ tensorial nature off, (resulting 

in ~: (f.Eh = k 2 ), which is consistent with isotropy or propagation a.long a 

symmetry a.xis of the medium. 'Ne expect the relative amplitude change over 

a. wavelength to be small since the nonlinear susceptibility is much smaller 

·than its linea.r counterpa.rt.. Hence we a.ssume 

l
fJ2E(z)I lkfJE(z)I 

fJz2 ~ Dz 
( A.4) 

which is the slowly varying amplitude approximation. This results in spatial 

propagation being described by: 

(A.5) 

Where f5NL(z) = e pNL(z)ei(kz-wt), 

It should be noted that for backward travelling waves the relevant equa­

tion becomes: 

0 . . (21l'W2
) NL( ) -· Eb( z) = -i -- P z 

fJz k c2 
(A.6) 

which is obtained from the genera.I wave equation simply by changing the 

propagation vector to -f. 
In genera.I the field a.fllplit.udcs will not be independent of time. We llla.y 

treat temporal propagation in an analogous fashion. The equation describing 
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temporal propagation after the slowly varying amplitude approximation has, 

been invoked .is [2]: 

1 a . .(27rw2
) .,--;-E(t) = i. --

2 
pNL(t) 

vat . "~ c . 
(A.7) 
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Appendix B 

Gaussian Beam Propagation 

A full trea.tment of this topic is given in ma.ny texts on la.sers and nonlinear 

optics [62, 63]. 

We a.ssume a.zimutlrn.lly symmetric fields propaga.ting in the z-d'irection 

in a. homogeneous medium. 

J~(:i;, y, z, t) = Re[J~(t, z)ei(wt-kz)J (B.l) 

In the slowly varying amplitude a.pproxima.tion, the solution for a. single field 

component is found to be: 

E(r, z) = Eo~e-i[kz-O(z)]-1·2 [1/w2 (z)+ik/2R(z)J 
· w(z) 

where the para.meters a.re: 

O(z) = tan- 1(z/z0 ) 

R(z) = z(l + (z0 /z)2
] 

7fW2 
zo = _._o 

,\ 

(B.2) 

(B.3) 

The coefficient of r0 describes the pha.se varia.tion compared to the pla.ne 

wave solution. The coefficient of r 2 can be written as il>,/2q(z) where /c = 

27r / ,\ a.nd hence 

l l i>-. 
=---

q(z) R(z) nu2(z) 
(D.4) 
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which is the funda.rnenta.I Gaussian beam solution in terms of which the 

propagating beam can be desribed. The first term, R(z), can be identi­

fied with the spherical wavefront radius and it evolves according to the the 

appropriate relation in eqn. B.3. Notice that since the second term in equa­

tion B.4 is the only one in the solution, eqn. B.2, which is not complex, the 

intensity profile can be writ.ten as: 

2r2 

I(r) = l(O)e--;-;;-2 (B.5) 

Thus it is evident that w ca.n be used to define the beam spot size, since at 

r = w, the beam intensity has fallen to 1/e2 of its on axis value. The beam 

can therefore be considered to be contained within this area .. The spot size 

ra.dins u1(z), evolves according to the appropriate relation in eqn. B.3~ F'rom 

this it is seen that w( z = 0) = w0 is the minimum spot size of the beam. It 

is known as the bea.m waist and is located at the in the focal plane of the 

beam. 

The quantity zo is known a.s the Rayleigh range a.nd js a. measure of the 

extent of the waist region i.e. w( z = z0 ) = ./2 'ivo so th a.t the beam a.re a 

at z = zo is twice that a.t the beam focus. The quantity 2z0 is commonly 

refered to a.s the confocal para.meter of the beam. 

In the far field it is easily shown that the beam is asymptotic to the cone 

of ha.If apex angle 

Cl' = tan-I (-,\-) ,...., _,\_ 
1l"Wo 7rwo 

(B.6) 

which defines the bea.m divergence and illustrates the phenomenon of beam 

diffraction. We now discuss the propagation of a. Gaussian beam through 

optical elements. 
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For a beam propagating through a system described by the geometrical 

ma.trix element 

[ ~ ~] 
it can be shown that the complex beam para.meter is transformed according 

to 

Aq1 + B 
(j2 = 

Cq1 +D 
(B.7) 

Thus the focusing of a Gaussia1~ beam can now be treated. A beam en­

tering a lens of focal length .f, at its waist wo, will be focused down to a 

bea.m of waist wb. The spot size of the focused beam is described a.long the 

propa.ga:tion direction by: 

(B.8) 

Thus the cross-sectional a.rca. of the foC11sed beam is given hy: 

A(z) = nv'2(z) (B.9) 

The new hea.nt wa.ist, loca.tcd a.I. z = l, is given by: 

12(1) - /2 - ( >..f ) 
2 

1 
w · - Wo - rrwo 1 + (f /zo)2 (B.10) 

which defines the Rayleigh range of the focused beam according to eqn B .3. 

Thus the Rayleigh range or the confocal para.meter can be seen as a measure 

of the the focusing conditions of the beam (i.e. tighter focus=> smaller waist 

=> smaller confocal para.meter => quicker cross-sectional growth). 

More generally for a. bea.m of divergence <.t a!ld spot. size w, incident on 

a. lens of focal length .f, the new waist radius can be shown to be [<33]: 

(U.11) 
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which reduces to the previous case when w = w0 . If, however, the new beam 

radius need not be known in terms of the the original beam's parameters, 

then we can simply use the relevant equation for w2(z) in eqn. D.3 with the 

appropriate focused beam parameters. 

(D.12) 

where Wof is the beam radius at the waist which is located at z = l and Zr 
. . 2 

is the Rayleigh range of the focused beam i.e. Zr = 7ft~o/. Thus this relation, 

eqn. B.12, cannot describe contimied propagation of the beam beyond the 

lens. 

Focusing can thus be ta.ken into account m our simple 1-dimensional 

model by dividing the power in each signa.l by the bea.m cross-sectional 

area., eqn. B.9, using either eqn. B.8 or eqn. B.12. 
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Appendix C 

Approximate Spectral Line 
Separation 

'• 

The purpose of this appendix is to justify the approximation lea.ding to 
J 

eqn. 3.36. References a.re ma.de to fig. 3.9 which schema.tica.lly represents 

the situation. In equation :J.19 it was shown that if we could find I~: I then 

the wavelength scpa.ra.1.ion of the two lines could be found. In equa.tion :J.22 

this was shown. to be equal to 8n, the difference of order of interference, 

which was shown to be given by eqn. 3.35: 

on= Oba 
6 

where eqns. 3.34 & 3.27, 3.:Jo defrne Oba a.1id 6 respectively. 

Now writing 

yields the following for the difference in the order of interference~ 

t: 2(bJJf -a. Dl) 
un = ( 2 2 · ( 2 2) 

bDi -b ])i-1) + aDi+I -a Di 

2<T11b(aDi +1> Di) 
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where <:Tab = (bDi -a. Di) a.nd w = (Di - Di-1) as indiCa.ted in the figure. We 

now w:·ite: 

so that the difference in the order of interference becomes upon substitution: 

{m = . . 2aab(aDi +b Di) . 
[(,,w +1> w )(,,D.i +b D;). +a. w(aDi+1 -b Di) +b w(bDi-1 -u. Di)] 

Now the third term of the denominator can be rewritten as: 

Hence the la.st two terms in the denominator can be combined to yield: 

on = 2aab(aDi +b D;) . 
[(aw +b w)(,,D; +b Di)+ (aw -b w)~D] 

Now for 1·i11gs fa.r fro111 the centre we lta.vc: 

and hence 

so that div.iding by ( 0 w +b w)( 0Di +b D;) enables the binomial theorem to 

be a.pplicd, thus obta.ining for the difference in order of interference: 

Then ta.ki11g only the first term leads to the approximation of eqn. :J.36. 
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Appendix D 

Calculation of the Fitting 
Parameter Rf 

This appendix is concerned with the calculation of the para.meter !l f used 

in the fitting of an Airy function to a recorded pattern. The discussion is 

referred to the general set-up illustrated in fig. D.l. This parameter contains 

infor111a.tio11 a.bout the optical set-up involved in preparing the source (a.s-

surned to be a parallel beam) for entry into the interferometer as well as that 

involved in the formation of the image in the detector pla.ne. A geometrical 

optics approach will be pursued in these considerations. Rf also depends 

on the detector dimensions. 

Firstly it is necessary to know the radius of the converging/ diverging 

wave exiting the interferometer. To obtain a frii1ge pattern, the beam en­

tering the i11tcrfcro111cter 11rnsl. he either converging or diverging. This is 

achieved by having the beam expander slightly off the afoca.l configuration: 

d = !1 + h + .?; 

Where :i; is a measure of how fa.i· from a.focal the configuration is. The case 

where x. = 0 is the a.focal configuration in which a parallel input beam is 



Interferometer 
t .fo 0.M.A . 

.ft 

-Ji d 
k L 

. 2 

Figure D.1: Set-up illustrating quantities for calculation of R1. 

expanded but remains pa.raJlel at output. For the second lens h we have 

1 1 1 -+- = -
1l v h 

which can be rewritten as: 

1 1 1 

v h d-ft 

Here v is the position where the beam exiting the beam expander will be 

brought to a. focus. Hence we can make the identification: 

where R is the radius of curvature of the beam exiting the beam expander. 

1 1 1 l x 

R - v - h - h + :i: = h(.f2 + x) 

or 
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Note tha.t if :r < .0 (i.e. lenses closer tha.n a.focal) and jxj is small, then the 

exiting beam will be converging and vice versa. for :i; > 0. Thus the radius 

of curvature of the wave upon exiting the interferometer is: 

R' = R+ S 

where S is the distance from the exit of the bea.m expa.nder to the entrance 

of the ima.ge forming system. 

We now procede with the calculation of the size of the image of the 

fringe system on the detector.· 'l~he ra.y matrix approach will be applied. 

Consider the ith fringe of the transmitted fringe system. U pan exiting the 

interferometer, this fringe will be described by the vector: 

where Yi is the radius a.nd Oi the a.ngula.r radius of the ith fringe. At the 

detector this fringe will be descrihcd by: 

( Yd ) . 
(}d .. 

. I 

. The equation relating these two vectors is: 

) ( - 1
10 ~)(~)i 

) ( n; ( 
( 1 - f: )( 1 - t) - fa k( 1 - le) + L 

_1..(1 _ .k..)- J_ _l__ + 1 
le · lo lo le • 

Now notice that the radius of the ith fringe,is 

where R' is the rad.ius of the wavefront and e the angular radius of the fringe. 

Hence: 

[ . L. {. k . R' k} ( R' )]B 
Yd; = . ( 1 - le) ( 1 - lo) + · + L . I - Jo i 
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The dependence on the radii1s of curvature upon entry into the image form­

ing system, R', can best be illustrated by an example. 

e.g. Set:le = Gmm., lo= .58m.ni, k = 61lmm and L = '.372mm then, 

Yd; ::::: [-0.lR' - 3.SOO]Bi. 

Thus it is evident that when R' is of the order of 103 mm, it contributes 

"' 10% to the detected radius. However, a.s R' --+ oo (i.e. parallel beam 

through interferometer), it totally overwhelms the detected radius a.s ex­

pected. In this case only a. smali ·cone of rays is present in the beam and 

hence the transmitted intensity pattern is just that for nonnal illumination 

of the plates. 

Thus with a. definite converging/diverging beam, IR'I ::::: 103 mm .will be 

true and the major contribution to the image size is from the image forming 

system. This ma.y thus be selected to suit the requirements of the recording 

(e.g. the number of fringes on the detector area. etc.). 

To obtain the conversion factor R1 enabling the conversion of the mea.-

sured ra.cl.ius '!/d; to the a.rg11n1e11t B; of the cosine, we have 

{] . I.[ . L { . ~~ I k} ( R' )] 
u; = Yd; ( l - .fe) (1 - .fo )R + . + L 1 - lo 

Fina.Uy, recall fron1 eqn. 3.:37 that the radius measured from the recording 

is a pixel position :i: and hence must be converted to a. ra.dit1s Yrl in meters 

or mm,, This conversion must also be included in the parameter R1. Note 

that for a. linear arra.y detector of dimensions z m containing 1024 pixels, a 

length in pixels of :i: corresponds to an actual length or 

z 
Yd= :i:.102LJ m 



Hence O; = Rix where 

· ., · L · k 1 R' 
llj .= 10,.211 [(1 - ,;,, ){(1 - .fo )fl'+/;;}+ L(l - Jo )t1 

· For a radius of curvature ll' '.'.:::'. 6000 nwi => Yd; '.'.:::'. -41008i and with a 

detector of length z = 0.025 m, using the above example, we get a. collVersion 

factor of: Rr = 6 x 10-6 rnd.pixeI- 1 • 
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Appendix E 

Broadening of the Airy 
Function 

Jn this a.ppc11dix we ill11stra.te how broa.dc11ing by Ga.ussia.n or Lorentzian 
. . 

functions can be incorporated into the form of the Airy function. We do not 

go into detail, but only present the major results [55]. The Airy function 

which describes the output through a.n ideal Fabry-Perot. interferometer (see 

eqn. 3.7) can be written as a series: 

.. ( T )
2
(L-R)( 

00 

) I('l/,1
) =Io 1 _ R O + R) l + 2 ~Rm cos m:V; (E.l) 

This. rcprescnta.tic~n lends itself to simple convolution with both Ganssia.11 

and Lorentzian functions. Thus phenomena., described by these two fnnc-

tions, ca.using broadening of the ideal output can be taken into account. 

Phe110111c11a. such as pla.t.c i111pcrfect.io11s and 110n-mo11chro111atic sources can 

be treated in this way. 

The convolution of eqn. E.1 with a. Gaussian function of unit. area 

1 i!_ 
J(7/J)= -e- 0 2 

. a.yli (E.2) 

14() 



IS 

where 

J
I ( 00 ) 

2 2 2 • 
la(() = ;-; 1 + 2 2= Rme-a rr m cos 2nn~ 

Ji m=l 

I'= J, (_I__) 2 (J - R) 
0 

1 - R (1 + R) 

(E.3) 

This illnstra.tes tha.t the convolution simply results in the multiplication 

of ea.ch term by the Gaussian function 1
;:::e-a

2
7r

2
m

2
• Convolution with a 

ay7r 

normalised Lorentzian function 

(E.4) 

is 

( ] " r: )' _,.:) 

This i1111stra.tes that convolution with a Lorentzian broadening function is 

equivalent to a reduction in the reflectivity. It should be noted that 0£ is 

the halfwidth of the Lorentzian function in units of the free spectra.I range 

. i.e. 0£ = 21t1.11L \Vith 11L in cm- 1. 

The associative and commutative property of the convolution process 

enables the profile to be written down in the presence of both broadening 

functions as: 

(J~.6) 

Thus a. fit.ting routine which has two more va.ria.blcs, a.cco1111ti11g for the 

broadening phenomena. described by these two functions, may be applied 

with a.s ma.ny terms of the ser.iPs as the quality of the experimental data. 

requires. 
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(k) 

(1) 

Fig ure 0 .1: illu s tra tes a. selec ti o n o f te mporal traces whi ch a re co mbin at ions 
of va.ri o us of th e input and o upu t bea.rn s. 'vVe lis t th e co mbin at io ns in ea.ch 
trace , ide ntify ing t he left -ha.ud t race fi rs t. The foll ow in g la bels a. re used: P ­
incid en t pump , T - transmitted pump , B- ba.ckw a.rd Stokes, F - fonv a.rd Stokes 
and A- forward anti -Stokes. (a.)- (c) PT , (d) PA , (e)- ()l) PT , (i) BT, (j ) DF, 
(k) PB a.nd {l) PL•' 
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