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Abstract:
Amplification of a laser diode beam in a Raman amplifier is an important yet little studied process.
Characterization and optimization of a H2 Raman amplifier using a visible laser diode as the input
Stokes beam (signal) is the subject of this thesis. Experimental results demonstrate that the laser diode
is more than powerful enough to dominate the intrinsic quantum noise in the amplification process. The
experiments and associated theoretical model use two focused optical beams; a pump beam and an
input Stokes beam. Data collected under the usual conditions in which both the Stokes input beam and
pump beam focus in the center of the amplifier with identical Rayleigh ranges indicates that the laser
diode beam couples efficiently into the amplifier. Interestingly, however, the coupling efficiency can be
increased by more than 50% by focusing the laser diode beam significantly before the center of the
amplifier. The focal point yielding the maximum coupling efficiency depends on the pump power. At
low pump power coupling efficiency is largest if the laser diode and pump beams focus at the same
point. At higher pump powers, diffraction and transverse spatial gain narrowing have altered the
structure of the Stokes beam inside the amplifier so that coupling efficiency is maximized by focusing
the laser diode beam before the center of the amplifier. The experimental results are compared to, and
for the most part in quantitative agreement with, a three-dimensional theory of Raman scattering based
on a nonorthogonal-mode expansion. The experiments utilize a Raman amplifier with a signal input
derived from a laser diode; however, the theory is general enough to describe other types of amplifiers
and signal inputs. Based on the relatively wide-spread applicability of the theory, gain-guiding effects,
such as the enhanced coupling obtained by mismatching the foci of the pump and signal beams, are
expected to occur whenever the intensity of the pump beam is transversely non-uniform. 
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ABSTRACT

Amplification of a laser diode beam in a Raman amplifier is an important yet little 
studied process. Characterization and optimization of a Ha Raman amplifier using a 
visible laser diode as the input Stokes beam (signal) is the subject of this thesis. 
Experimental results demonstrate that the laser diode is more than powerful enough to 
dominate the intrinsic quantum noise in the amplification process. The experiments and 
associated theoretical model use two focused optical beams; a pump beam and an input 
Stokes beam. Data collected under the usual conditions in which both the Stokes input 
beam and pump beam focus in the center of the amplifier with identical Rayleigh ranges 
indicates that the laser diode beam couples efficiently into the amplifier. Interestingly, 
however, the coupling efficiency can be increased by more than 50% by focusing the laser 
diode beam significantly before the center of the amplifier. The focal point yielding the 
maximum coupling efficiency depends on the pump power. At low pump power coupling 
efficiency is largest if the laser diode and pump beams focus at the same point. At higher 
pump powers, diffraction and transverse spatial gain narrowing have altered the structure 
of the Stokes beam inside the amplifier so that coupling efficiency is maximized by 
focusing the laser diode beam before the center of the amplifier. The experimental results 
are compared to, and for the most part in quantitative agreement with, a three- 
dimensional theory of Raman scattering based on a nonorthogonal-mode expansion. The 
experiments utilize a Raman amplifier with a signal input derived from a laser diode; 
however, the theory is general enough to describe other types of amplifiers and signal 
inputs. Based on the relatively wide-spread applicability of the theory, gain-guiding 
effects, such as the enhanced coupling obtained by mismatching the foci of the pump and 
signal beams, are expected to occur whenever the intensity of the pump beam is 
transversely non-uniform.



CHAPTER I

INTRODUCTION

The work described in this thesis pertains to the characterization and optimization 

of a specific type of optical amplifier. As implied by the name, an optical amplifier 

increases the power of an input optical beam, called the signal. The first extensive 

studies of optical amplifiers took place in the early 1960’s, when the laser was invented. 

Today, optical amplifiers remain the subject of vigorous research. A recent literature 

search of the on-line data-base UnCover1 found more than 750 journal articles, published 

in the last eight years, with titles pertaining to “optical amplification”. Given the large 

amount of research that has been done on optical amplifiers, one might be tempted to ask: 

What aspects of optical amplifiers have not yet been studied? As part of this thesis, a 

previously unexplored method, based on optimization of the spatial characteristics of the 

signal, to increase the efficiency of an optical amplifier is discussed and experimentally 

demonstrated. The spatial properties of the signal are distorted by the amplification 

process, so the efficiency of the amplifier is found to increase if the spatial properties of 

the input signal are tailored to match the distortion caused by the amplification.

A Raman amplifier, an amplifier utilizing Raman scattering, was used in our 

studies. As they are not immediately relevant, the details of Raman scattering will be 

given later. For now we can consider a generic optical amplifier. Indeed many of the



results obtained from our Raman-scattering experiments can be applied to other 

amplifiers. Essentially two different optical beams are used in our experiments: A pump 

beam and a signal beam. The signal to be amplified, called the Stokes beam because its 

wavelength equals that of a Stokes-shifted pump beam, has a wavelength of 683 nm and 

is thus red in color. As with all amplifiers, energy must be supplied to support the 

amplification. The energy needed for the Stokes light amplification comes from the 

pump beam, which has a wavelength of 532 nm and is therefore green. Photons at the 

pump wavelength are absorbed and Stokes photons are generated via an interaction with 

the Raman medium, H2 gas in this case. The conversion of light from one wavelength to 

another is perhaps the most common usage of Raman amplifiers.2'4 Most simply, the 

experiments and theoretical models discussed herein relate to shining a very bright green 

light and a relatively dim red light into a cell of H2 gas and measuring the characteristics 

of the bright red light that comes out. There are, however, important and sometimes 

subtle details of the amplification process that proved to be fertile ground for study.

The input Stokes beam in the experiments is from a wavelength-tunable laser 

diode. At the time of our original experiments only one published study4 on the 

amplification of a laser diode beam in a Raman amplifier could be found; however, the 

authors reported that the amplification was very inefficient, i.e. the measured Stokes 

output energy was orders of magnitude less than that predicted by a well-accepted theory. 

With the lack of data proving that efficient amplification is possible and given the 

importance and widespread use of laser diodes, it was clear that our first experiments 

should be dedicated to characterizing the amplification process. The primary goal of these
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early experiments was to measure the efficiency of the amplifier. Another goal was to 

study the role of quantum noise in the amplification of an input signal.

The Stokes output from a Raman amplifier is not simply the amplified Stokes 

input. It also contains a quantum noise component that is independent of the Stokes 

input.5'8 . Two interpretations exist for the origin of the quantum noise8: One

interpretation attributes the existence of the noise to polarization fluctuations in the 

Raman medium. The other interpretation ascribes the origin of the noise to fluctuations 

of the vacuum field. The interested reader is directed to Ref. 8 for a more detailed 

discussion of these two interpretations of the origin of quantum noise. The noise 

component has the same wavelength as the signal Stokes beam and is coincident in time 

and space with the signal Stokes beam so it is difficult to filter the noise out from the 

signal Stokes beam. Little can be done to alleviate the noise, since calculations and 

experiments have shown that the noise in a Raman amplifier is near the quantum 

limit,6’7’9 meaning that the laws of quantum mechanics would be violated if less noise 

were present in the amplification process.

The total Stokes output from the amplifier is a linear combination of the noise and 

the amplified Stokes input. For the purposes of accurate signal amplification one desires 

the amplified input to be much larger than the noise, i.e. the output signal-to-noise ratio 

should be large. As stated earlier, little can be done to reduce the noise, so the output 

signal must be made larger. Increasing the gain of the amplifier by increasing the power 

of the pump beam can dramatically increase the power of the Stokes output beam, but the 

noise also increases accordingly so, in general, the signal-to-noise ratio is not enhanced.



The most straightforward way to increase the signal-to-noise ratio is to increase the power 

of the input Stokes signal since this increases the Stokes output power without affecting 

the noise. However, our numerical modeling and experiments show that there is another, 

more efficient, way to increase the signal-to-noise ratio. This method requires that the 

spatial characteristics of the input Stokes beam be optimized and gives a signal-to-noise 

ratio larger than was previously thought possible, on the basis of plane-wave theories.10,11 

To understand this method the mechanics of amplification must be explained further.

Raman amplifiers are a subset of a larger class of amplifiers known as gain-guided 

amplifiers. In such an amplifier, the gain modifies the spatial structure of the signal. The 

signal grows most rapidly where the gain is the largest, for example. By definition, all 

amplifiers have gain; however, not all amplifiers are gain guided. Mechanisms or devices 

other than the gain, e.g. lenses or mirrors, can be the dominant influence on the signal’s 

spatial properties. In our experiments the gain is provided by the pump beam. Therefore, 

the Stokes beam grows only where it spatially overlaps the pump beam inside the Raman 

medium. Efficient use of a Raman amplifier, or any other gain-guided amplifier, dictates 

that the pump and input signal (Stokes) beam overlap as much as possible. However, if 

the beams focus or diffract or have nonuniform transverse intensity profiles it may not be 

clear how to optimally overlay the beams.

Let us consider in detail the case in which the pump and input Stokes beam 

profiles are focused Gaussians. This scenario is relevant to our experiments as well as 

many experiments discussed in the literature.3,4,10'13 The intensity distribution of each 

beam perpendicular to the propagation direction has a Gaussian profile. It is common to
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focus the pump beam because the efficiency of the conversion of pump light into Stokes 

light depends on the intensity of the pump beam.11 In general, the more intense the pump 

beam is, the more efficient the pump to Stokes conversion is. In other words, all other 

conditions being identical, a focused pump beam propagating through the Raman medium 

will generate more Stokes light than an unfocused pump beam of the same power. 

Theoretical and experimental studies of gain-guided amplifiers have examined the case in 

which the pump and input signal focus at the same location in the amplifier.3,4’11"13’15"17 

This may seem like the best, most efficient way to couple the signal input into the 

amplifier but our experiments and numerical modeling indicate that this is not true. 

Oddly enough, maximum Stokes output is obtained by focusing the pump beam and input 

Stokes beams at different locations in the Raman medium. We were the first, to our 

knowledge, to demonstrate this efficiency increase obtained by arranging the pump and 

input Stokes asymmetrically.

Examining the roles that quantum noise and the role spatial characteristics of the 

Stokes beam play in the amplification process make up the bulk of this thesis. Quantum 

noise and the spatial properties of the beam are for the most part disparate issues. 

However, when one considers overall amplifier performance, they are related in the 

following manner: Quantum noise is an unavoidable fact of life in an amplifier. The best 

that can be done is to inject a signal into the amplifier that is high enough in power to 

dominate the noise. Then the amplifier output is the sum of two components, amplified 

signal and noise, with the former being much larger in power than the latter. So the key 

to overcoming the noise is to couple a relatively large signal into the amplifier. However,
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only that portion of the signal beam that couples efficiently into the amplifier and 

amplifies strongly is useful in dominating the noise. By understanding how the spatial 

characteristics of the Stokes beam are affected by amplification one can learn how to 

couple a Stokes input into the amplifier more efficiently. This makes it possible to 

increase the signal-to-noise ratio at the amplifier output without increasing the power of 

the Stokes input.

The remainder of this thesis is organized as follows: First, in Chapter 2, the three 

(space) dimensional theory of Raman scattering that is used to describe our experiments 

is presented. I have emphasized “three dimensional” theory of Raman scattering because 

it is common in the literature to use a plane-wave theory of Raman scattering.4"8,11,12 

However, most of the interesting features of the amplification highlighted in this thesis 

are directly attributed to the non-plane wave character of the two laser beams involved. 

Chapter 3 focuses on the properties of the basis modes used in the theory. In Chapter 4, 

the experimental apparatus used in our Raman amplification experiments is discussed. 

Chapter 5 contains the results of experiments done to characterize the amplification of ah 

input laser diode beam. The experiments measure the efficiency of the amplification 

process as well as the amount of quantum noise inherent in the amplifier. Theoretical 

predictions and experimental results relating to improving the efficiency of the amplifier 

by tailoring the input Stokes beam’s spatial characteristics are found in Chapter 6. 

Chapter 7 contains a summary.



CHAPTER 2

THEORY OF A GAIN-GUIDED AMPLIFIER

In this chapter the equations that describe the amplification process will be 

developed, starting with the equation of motion for the Stokes field. A rigorous 

derivation of the Stokes field’s equation of motion requires that the analysis start from the 

full set of quantum-mechanical equations of Raman scattering. This can and has been 

done.5,18,19 However, these equations would never show up again in this thesis so instead 

of a rigorous derivation starting from the full set of Raman equations a heuristic 

derivation starting from Maxwell’s wave equation will be presented. The essential 

“physics” is the same in either derivation but the heuristic approach is shorter and should 

be more transparent to those not well versed in the equations of Raman scattering.

Derivation of the Stokes Field Equation of Motion

Maxwell’s wave equation (in CGS units) describing the space and time evolution 

of the Stokes field, E (r ,t) , is . .

2 IVz -
=z atz

4IT
E ( ^ )  = 4 r & P ( r ,t )c dt

( I )
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where P(r,t) is the polarization of the medium oscillating at the Stokes frequency and c is 

the speed of light. Equation (I) is a common starting point for the mathematical 

description of many optical phenomena. It is derived (in MKS units) in Ref. 20, and 

follows from the macroscopic Maxwell equations20̂ 1 if the following assumptions are 

made: the medium contains no free charges or currents, there is no magnetization, and 

the electric field is divergence-free. Limiting the analysis to one polarization, x , 

breaking up the vector r into two orthogonal components, and separating the field and 

polarization into their slowly and rapidly varying parts gives

E(r,t) = xE(z,rT,t)exp[i(G)t -  kz)] + c.c.
P(r,t) = xP(z,rT,t)exp[i(rot -  kz)] + c.c.

where “c.c.” stands for complex conjugate and rT = x x + y y  is the transverse position 

vector. The assumption of a single polarization is valid for our experiments since both 

the pump and input Stokes beams are linearly polarized. No other approximations have 

been made in Eq. (2). However, as we will see shortly, writing the field and polarization 

as they are in Eq. (2) is convenient when modeling nearly-monochromatic light that is 

primarily propagating in the z-direction. Equation (2) is a commonly used ansatz in 

optics.

Substituting the positive-frequency components of the field and polarization from 

Eq. (2) into Eq. (I) gives

d
dt

E(z,rT,t) = -4jrk2P(z,rT,t) (3).



9

where V2 -  ^
Bx' By'

is the transverse Laplacian, and z is the primary direction of

propagation. The dispersion relation co = kc was also used in deriving the equation. 

Four terms involving derivatives, two on the right hand side (RHS) and two on the left 

hand side (LHS), have been omitted in Eq. (3) because they are assumed to be small

compared to the terms that remain. The term ^ - E ( z ,r T,t) has been dropped because it

is negligibly small compared to 2ik— E(z,rx,t) because the fractional change in

— E(z,rT,t) over one Stokes wavelength is small. Roughly speaking, the Stokes field is 
Bz

assumed - and experimentally measured - to amplify a Small amount over a distance of 

one Stokes wavelength.

The other three terms that were dropped when writing Eq. (3) contain time 

derivatives. Before discussing the omission of these time-dependent terms, it is necessary 

to analyze the time dependence of the two lasers used in our experiments. The Stokes 

input is derived from a continuous-wave laser diode while the pump laser is pulsed, with 

a Gaussian temporal-profile, on the order of 10 ns in duration. If one models the electric 

field of these lasers using an expression for electric field similar to that found in Eq. (2), 

one finds that the field amplitude, E(z,rT,t) (the tilda has been inserted to avoid 

confusion with the Stokes field that appears in Eq. (3)), is independent of time for the 

laser diode while the corresponding field amplitude of the pump laser is a Gaussian of 

order 10 ns in duration. For a pulsed pump beam, the temporal properties of the Stokes
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field amplitude, E(z,rT, t ) , and the polarization amplitude, P(z,rT,t), will be comparable

to those of the pump beam. Thus, the Stokes field amplitude and polarization amplitude 

are of order 10 ns in duration, and they change very little over one oscillation period of 

the Stokes wave (=27l/go), which is of order IO"6 ns. This fact allows one to neglect all but 

one of the terms involving time derivatives in Eq. (3). Writing the Stokes field and 

polarization as they are in Eq. (2), and assuming that the amplitude of each changes little 

over one Stokes wavelength in space or one Stokes-wave oscillation period in time is 

called the slowly varying envelope approximation.20

Equation (3) can be simplified further by making the transformation to a frame 

that co-propagates with the Stokes beam. The transformation is done by introducing the 

retarded-time parameter, x = t -  z / c .5 Expressing Eq. (3). in terms of the retarded-time 

parameter, x, gives the equation of motion of the Stokes field as

/
V2 -2 ik — E(z,rT,x) = -47tk2P(z,rT,x) (4)

where the derivative with respect to z is now taken while holding X constant. To model 

our experiments, it is preferable to solve Eq. (4) instead of Eq. (3) because the 

polarization, P(z,rT,x ) , has a particularly simple analytical form when expressed in terms 

of the variables z and x. As will be discussed shortly, the polarization is proportional to 

the intensity of the (pulsed) pump beam; thus, it is not surprising that the polarization is 

expressed most naturally in terms of retarded-time parameter x. The Stokes field is 

found by solving Eq. (4) with x being treated as a parameter rather than a variable. In 

other words, when solving Eq. (4), x is held constant while the Stokes field is calculated.
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The complete Stokes field is obtained when Eq. (4) is solved for all t. In this thesis we 

are interested in finding a semi-analytical solution to the Stokes field of Eq. (4) for any, 

fixed value of t. This semi-analytical solution describes the spatial characteristics of the 

Stokes field, and the spatial properties of the Stokes beam play a very important role in 

the phenomena studied in this thesis. Once the expression for the Stokes field is found 

for one value of t, it is simple to program a computer to map out the Stokes field for all 

values of t. Much of the rest of this chapter is dedicated to finding solutions to Eq. (4) 

for a single value of t. Mapping out the complete Stokes field by solving Eq. (4) for all x 

is of secondary importance and will not be discussed in any detail. In fact, x plays such a 

small role in this thesis that the notation for Stokes field and polarization will be 

simplified by dropping the x variable, i.e. the Stokes field will henceforth be represented 

by E(z,rT) while the polarization will be denoted by P(z,rT).

It is necessary to determine the polarization before Eq. (4) can be used to model 

the Stokes field. The polarization, P(z,rT), will be discussed shortly, but first a short 

pedagogical digression.

Raman scattering is a subset of larger field known as nonlinear optics.22 

Amplification of a Stokes input beam occurs as the result of an interaction between the 

pump and Stokes fields through a nonlinear response of the medium. Nonlinear 

interactions are typically only measurable when an intense light source, such as a laser 

beam, interacts with a medium. The medium is driven so strongly that its polarization no 

longer responds linearly to the applied electric field(s). To take into account this
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situation, one can write the polarization, V, as the following Taylor series expansion in 

the applied fields 22,23:

where 3  represents an applied electric field and the %(1) are constants that depend on the 

properties of the medium. The notation in this equation has been oversimplified. 

Rigorously the polarization is a vector, the terms on the RHS are tensoral components, 

the symbol 3  represents any vector component of any of the applied fields, and the 

variables can depend on space and time. Typically the higher-order nonlinear 

susceptibilties, %(1), decrease rapidly in magnitude with increasing “i” therefore the low- 

order terms dominate the polarization unless very intense light sources are used. Raman 

scattering is a third-order process22 with the polarization that drives the Stokes field given

where explicit space and time dependence have now been included and Eg(r,t) represents 

the pump laser field. There is a linear polarization, P(1)(r,t), that gives the usual index of 

refraction but it does not lead to Stokes amplification. Symmetry precludes the existence 

of a nonzero second-order polarization in a gas. Therefore, the lowest-brder polarization

A simple classical picture of the amplification process is: The pump field

oscillates at angular frequency COg and beats with the Stokes field oscillating at CO. The

jzj -  p(v + p(v + pw  = ^(1)3 + ^(2)33 + £ (3)3 3 3 +... (5)

by

(6)

that produces amplification of the Stokes field is P (3)(r,t).
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difference frequency (O)g - co) is resonant with the fundamental vibration frequency of a 

hydrogen molecule. Thus, the fields are able to efficiently drive the atoms of a molecule 

into oscillation at its natural frequency, (cog - to). The polarizability of a %  molecule 

depends on the separation of its two protons; therefore, the polarizability of a molecule 

also oscillates at (©g - to). When the vibrating molecule is driven by the pump field, a 

polarization oscillating at the Stokes frequency of to - (tog - to) = to is produced. This 

polarization drives the Stokes field. The astute reader will realize that that a vibrating 

molecule interacting with the fields can produce polarizations oscillating at frequencies 

other than the Stokes frequency. A more sophisticated model is needed to show that the 

Stokes polarization is dominant.5,22 None-the-less, the simple vibrating-molecule model 

demonstrates the basic mechanism of Raman scattering from a diatomic molecule.

The classical molecular vibration described above contributes to the polarization 

but it is not the total polarization. The total Stokes polarization must also account for the 

spontaneous scattering of pump photons that occurs in the amplifier and leads to Stokes 

light generation even without an incident Stokes field.5'7,24 Thus the polarization must 

also contain a term that gives rise to a Stokes field yet is independent of the Stokes field. 

The total polarization that drives the Stokes field and is inserted on the RHS of Eq. (4) 

is25

P (z ,rT) —» P (z ,rT)=  —^ g (Z 1F1)Ew(z ,r T) + Psfp(z ,r T) (7)
47tk

where the hats and extra notation indicate that the polarization and Stokes field are now 

quantum-mechanical operators. Including the effects of spontaneous scattering, an
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intrinsically quantum phenomenon, necessitated the jump from a classical analysis to a 

quantum analysis. The first term on the RHS in Eq. (7) arises from the beating of the 

fields with the molecular vibration and is equivalent to the polarization given in Eq. (6). 

As stated earlier Raman scattering is a third-order nonlinear interaction, meaning that the 

polarization is due to the product of three fields. The three fields are the Stokes field and 

the pump field (twice). The Stokes field is explicitly listed in Eq. (7) while the pump 

field contribution to the polarization is hidden in the variable g(z,rT) which is a focused 

Gaussian expressed as

where r = Irxl is the magnitude of the transverse position vector, kg = 27t/Xg is the pump

pump intensity. The variable Z0g is called the Rayleigh range and is a characteristic 

measure of the length over which the pump beam stays approximately collimated. 

Specifically, the cross sectional area of a Gaussian beam increases by a factor of two at a 

distance Z0g from focus. Figure I illustrates the shape of the pump intensity which is also 

called the gain profile, hence the “g” subscript on the variables relating to the pump field. 

The quantity G is a dimensionless gain parameter proportional to the pump laser energy 

(or pump field squared) and properties of the gain medium. With the effective cross- 

sectional area of the pump beam, Tt tog (z ), in the numerator, g(z,r) is proportional to the 

intensity of the pump beam which is characteristic of Raman scattering.11,22 The second

(8)

wave vector, and to2(z) = to2(0)[l + (z /  z0g )2] is the transverse radius (squared) of the
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term in Eq. (7) is a quantum operator representing the quantum fluctuations in the 

polarization of the medium.5 These quantum fluctuations lead to random generation of 

Stokes light.

Figure I Two views of a Gaussian beam. The left diagram shows the beam width at 
exp[-2] of its on axis value. The diagram on the right shows the full transverse intensity 
profile at a fixed z-value. The beam propagates in the z direction.

Putting all the pieces together by substituting the total Stokes polarization, Eq. (7), 

into the wave equation, Eq. (4), yields

The Stokes field and the polarization have now donned hats to denote them as quantum 

operators. Equation (9) is the key equation in this thesis. It describes the growth of an 

optical field in an amplifier under the influence of quantum noise, diffraction, and

Z d i*
Vy -2ik  — + ikg(z,r) Eh (Z1Tt ) = -47tk2Pstp(z ,rT). (9)

v
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nonuniform gain. The solutions to Eq. (9) are used to model the experimental results 

discussed in this thesis.

Let’s again look at the significance of the spontaneous polarization operator, 

PSp(z,rT) , by considering the case in which there is no Stokes input injected into the

amplifier. If PSp(z,rT) were not present in Eq. (9), then no Stokes output would be

predicted since all the remaining terms are proportional to the Stokes field. The Stokes 

field starts from zero, and there is no mechanism for the field to increase. However, 

experiments always measure a Stokes output, regardless of whether or not a Stokes input 

is injected into the amplifier.4,6,10,14’24 With no Stokes input, the Stokes field is initiated 

by spontaneous scattering. The concept of spontaneous scattering is most easily 

explained, in my opinion, by comparing it to stimulated scattering. In stimulated 

scattering, an incident photon is replicated through an interaction amongst the incident 

Stokes photon, the H2 molecule, and a pump photon. The energy for the new Stokes 

photon comes from the pump photon which is absorbed. The extra energy that remains 

when a pump photon is supplanted by a lower energy Stokes photon is taken up by an 

excitation of the molecule. A spontaneous-scattering event, on the other hand, produces a 

Stokes photon when no incident Stokes photon is present. Energy is again conserved 

through the absorption of a pump photon and the excitation of molecule.

25The method of solving Eq. (9) is rather involved, has already been published, 

and is not particularly physically illuminating. Therefore, only those features of the
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solution method that are directly relevant to this thesis will be discussed in any detail 

here. .

where Avis the amplifier bandwidth, t o  is the energy of a Stokes photon, c is the speed of 

light, the Ia1ntCz)) are photon creation operators, the sum over the indices n and I extends 

over all non-negative integers, and the (OJ1(Z5Tt )) are called the nonorthogonal modes. 

The implications of the term “nonorthogonal” will be discussed shortly. The normalization 

(term in square root) is chosen such that the eigenvalue of the operator an (z)al(z) is the

number of photons in the nonorthogonal mode Oj1(Z5T1) . This operator is analogous to 

the number Operator5N=Ut U , found in the theory of a quantum-mechanical simple

harmonic oscillator.26 Solving the wave equation by this modal ansatz has proven to be 

fruitful for several types of gain-guided systems ranging from laser diodes to x-ray laser 

amplifiers.27"32

As will be discussed shortly, it is often the case that most of the Stokes power is 

contained in the lowest-order mode <I>°(z,rT). This mode is of special importance and 

will be studied in detail in Chapter 3. Detailed knowledge of the other modes was not 

necessary to our studies, so only a brief overview of the general properties of these modes

Nonorthogonal Mode Solution to the Stokes Wave Equation

It is convenient to write the Stokes field as the expansion25

( 10)
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is given here. The amplitude of all the modes tends to be largest near the axis (r = 0) and. 

goes to zero far from the axis. The caveat to the last sentence is: some of the modes, 

those with nonzero superscripts, have zero amplitude exactly on-axis. All modes are 

radially narrowest in the plane z = 0, where the pump beam focuses. The radial width of 

the modes is a monotonically-increasing function of the distance from the cross section z 

= 0. Loosely speaking, the modes “diffract” in a manner similar to the pump beam. The 

mode superscript indicates the rotational symmetry of the modes. The superscript is 

proportional to the number of 2k phase-shifts that the mode undergoes as the azimuthal 

angle is varied from 0 to 2tu. The use of cylindrical coordinates has been assumed. The 

mode subscript, on the other hand, indicates the radial symmetry of the modes. In 

general, modes with numerical-small subscripts are radially narrower and their 

amplitudes, when plotted as a function of radial distance, r, have fewer inflection points 

than modes with numerically large subscripts.

The modes are not arbitrary solutions to Eq. (10), rather they are required to satisfy 

the non-Hermitian eigenvalue equation

/  9  A 4ik
Vt -2 ik — + ikg(z, r) ^  (z, rT) = X1n ■ 2 . #1  (z, rT) 

dz J KgWg(Z) (H)

where I 1n is an eigenvalue which gives the growth rate for the mode O1n(Z5Er) . The LHS of 

Eq. (11) looks very similar to the LHS of the Stokes wave equation, Eq. (9), and indeed a 

term such as the LHS of Eq. (11) is generated when the modal solution, Eq. (10), is 

substituted into Eq. (9). However, the RHS of Eq. (11) does not appear naturally when 

the modal solution for the Stokes field, Eq. (10), is substituted into the wave equation, Eq.
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(9). Equation (11) is an additional requirement on the modes {oJ,(z,rT)} that simplifies

the mathematics involved in finding the solution to the wave equation, Eq. (9). The 

modes generated by the eigenvalue equation have been called the natural modes of the 

amplifier, in part, because in many experiments the vast majority of the Stokes power is 

contained in only one nonorthogonal mode. The mathematical and physical advantages 

obtained by requiring Eq. (11) to hold do not come for free, however. Equation (11) is a 

non-Hermitian eigenvalue equation so there is no guarantee that the eigenmodes are 

complete.13,28,30,31 Therefore, it may not be possible to construct the total Stokes field as a

sum over the modes j<t>j1(z,rT)}. The non-Hermitian character of Eq. (11) arises because

the system (amplifier) is open and can exchange energy with the environment.31 The 

amplifier is open and does not conserve energy in that Eq. (9) does not account for energy 

lost by the pump field as the Stokes field amplifies. As is done in the literature,14,25,28,30 we 

sidestep the difficult issue of mode completeness by assuming that the modes are complete 

enough to describe a “realistic”30 Stokes field in the amplifier. Evidence that this is indeed 

the case is twofold: The nonorthogonal-mode theory is in good agreement with our

experimental data and numerical calculations that computed Stokes output without using 

the nonorthogonal-mode expansion are in agreement with the nonorthogonal-mode theory 

for the parameters we tested.

The last paragraph points out some of the possible difficulties with using a 

nonorthogonal-mode basis for the Stokes field. However, variants of the nonorthogonal- 

mode expansion have been used to describe laser diodes,27,29 x-ray amplifiers,28 and
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unstable resonators30 because the approach simplifies the calculations and seems to describe 

physical reality. Another very nice feature of the nonorthogonal theory is that at high gains 

(high pump laser energy) the Stokes output can be described by a single mode. This will be 

justified below.

Another consequence of the non-Hermitian nature character of Eq. (11) is that the 

modes are not orthogonal to each other, i.e.

; = SliiB1lim *  i (U )

where (Bn,„)2 is greater than or equal to unity and is referred to as the excess spontaneous 

emission factor.32 However, there is another set of modes, called the adjoint modes and 

denoted b y {^ (z ,r T)} , to which the modes {<!>!,(z,rT)} are orthogonal. This 

biorthogonality relationship is given by

j d2rTT#̂ (z,rT )<$>!, (z,rT) = SjlSmjn. (13)

They are called the adjoint modes because they are the eigenmodes of the Hermitian adjoint 

of the term in parentheses on the LHS of Eq. (I I). Physically, the adjoint modes correspond 

to the nonorthogonal modes propagating backward through the amplifier. The set of adjoint 

modes are also not orthonormal. They satisfy an expression analogous to Eq. (12),

Id2ErxP^(ZjFt)xPiJ1(Z^t ) = Sl jBjim *  I. (14)

The adjoint modes have been mentioned here, and Eqs. (13) and (14) have been cataloged 

for two reasons: First, as will be described later, the lowest-order adjoint mode is the 

optimal amplifier input. Second, the adjoint modes will appear in mathematical expressions 

presented later.
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In the complete theoretical solution to the Stokes wave equation, the nonorthogonal 

modes themselves are written as a linear combination of Gauss-Laguerre or ffee-space

modes.13,25 The ffee-space modes, j u I1(Z5Tt)j ,  are solutions to the (Hermitian) ffee-space

wave equation33 „

f  d
Vt - 2ik—

V dzy
Uj1(Z5Fx) = O (15)

and as such form a complete, orthonormal set. Equation (15) is simply Maxwell’s wave 

equation governing the ffee-space propagation of a slowly-varying field amplitude. The

slowly-varying Stokes amplitude, EH (z,rT) , would evolve in accord with Eq. (15) if

there were no gain or quantum noise. This can be seen by setting g(z,rT) and Pjp(Z5Fx)

equal to zero in Eq. (9). The ffee-space modes are commonly used in optics with the 

lowest-order free-space mode being the usual focused Gaussian. The nonorthogonal modes 

are expressed as linear combinations of the ffee-space modes with the coefficients of 

expansion depending on the gain.25 As the amplifier gain goes to zero, each nonorthogonal 

mode smoothly transforms into a single free-space mode, i.e. the nonorthogonal modes are 

the ffee-space modes at zero gain. Thus, at low gains the nonorthogonal modes are 

approximately complete and orthogonal. Throughout this thesis the nonorthogonal modes 

will be compared to the ffee-space modes. Specifically the two bases’ lowest-order modes, 

O q(Z5Ft ) and U q(Z5Ft ) 5 will be compared. The mode U q(Z5Ft ) serves as a convenient 

and meaningful reference because the input Stokes beam is constructed as U q(Z5Ft ) and at

low gains O q(Z5Ft)= U q(Z5Ft ).
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Output energy is the key Stokes parameter that is measured in the experiments 

discussed in this thesis. Theoretically, the energy is calculated by integrating the Stokes 

power over time. This time integration is done numerically on a personal computer. The 

power, P(z), in the Stokes field at the cross-section z is obtained by integrating the intensity 

operator over transverse coordinates. The result is

P(z) = ^  J d2r T ̂ e h  (z , rT ).e (+) (z , rT

= Avha  Z  (z)ap (z)) J d2rT Op (z, rT) 0% (z, rT) ■
h.p .w  ( 16)

= A yt o S  (B1njp)2I e x p ^ 1n + ^ ) ( e - e ^ - l }

+ Bljp(a^(e,)a1(8j)exp[(x1n+ ^ ) (e -6 ,) ]

where the many calculations necessary to transform the LHS into the RHS are found in Ref.

-I Q

25. In Eq. (16) the transformation z —> 0 = arctan(z /  z0) has been made, the variable

Gi locates the amplifier entrance, and the correlation (an (Gi)Sp(Gi)) is related to the

external Stokes input into the amplifier. The parameter 0 represents a scaled propagation 

length. Physically, one expects the Stokes field to amplify most rapidly as it propagates 

through the region where the pump beam is most intense, i.e. near z/zq ~ 0. In contrast, 

the Stokes field grows very slowly in the regions far from the focus of the pump beam 

where z/z0 is large. The parameter Gin Eq. (16) is the mathematical manifestation of 

these physical intuitions. The output power given by the last equality in Eq. (16) has two 

distinct contributions. The upper term is the amplified spontaneous scattering while the

lower, proportional to (anf (Gi Iap(Gi)), represents the amplified input. The upper term is
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nonzero even if there is no Stokes input. The existence of the upper term is directly 

attributable to the inclusion of the spontaneous polarization operator, PSp(z,rT) , in the wave 

equation.

Asymptotic Solutions to the Stokes Wave Equation

Equation (16) appears to be quite complicated, and indeed it must be evaluated 

numerically for all but the simplest cases. However, for some experimentally important 

cases it simplifies considerably. One simplification occurs at high gains while another 

simplified form of Eq. (16) is valid at low gains. Thus, to model our experiments it is not 

necessary to ever directly solve Eq. (16); instead these two simplified, approximated forms 

can be used in conjunction. We will now detail the approximations that can be made to 

caste Eq. (16) into simpler and hopefully more intuitive forms, starting first with the high 

gain regime.

It has been demonstrated14,25 that only one nonorthogonal mode (l=n=p=0) is 

necessary to describe the Stokes growth at high gains in a Raman amplifier, whereas many 

free-space modes would be needed to do the same. This is an important point. Even 

though the pump and input Stokes beams are Gaussians, i.e. the lowest-order free-space 

mode, the spatial structure of the Stokes output beam is not necessarily a Gaussian of the 

same width as the input. The amplification not only increases the number of Stokes 

photons, it alters the spatial structure of the Stokes beam. Thus, it is incorrect to consider 

the Stokes output as simply an enlarged or magnified Stokes input as some widely-applied 

theories do.10,11’24 The free-space modes form a complete set so it is possible to describe the
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. Stokes output in terms of them, but many modes must be Considered and the modes are 

coupled. On the other hand, the nonorthogonal modes are constructed in such a way that 

only the lowest-order mode, O q(G5Tt ) , is needed to reproduce the Stokes output at high 

gains. Partly due to this fact, the nonorthogonal modes are sometimes considered to be the 

natural modes of the amplifier. The characteristics of the total Stokes output at high gains 

are embodied in Oq(GjFt ) . Stated from a more mathematical point of view, the growth rate 

of Oq(GjFt ) given by Re(Ig) in Eq. (16) is much larger than the growth rates of the other 

nonorthogonal modes so little error is incurred by simply neglecting these other modes. 

Neglecting all high-order modes in Eq. (16) gives the high-gain output Stokes power,

P(G) = AvM ){(B°0)2 + BjiQ(a“t(G1)a“(Gi))}exp[2Re(^00)(G-Gi)] (17)

which is the Stokes power in the cross section, 6, in a high-gain amplifier. The “-1” has 

been neglected since the exponential is assumed to be large. The first term in {} 

represents the quantum noise “input” while the second term represents the external input. 

Both inputs are amplified exponentially with the same growth rate.

Equation (17) was derived under the assumption that the power in the lowest- 

order nonorthogonal mode is much larger than any other mode. The dominance of 

Oq(G5Ft ) at higher gains is demonstrated in Fig. 2. The normalized growth rates of a few 

of the highest-gaining nonorthogonal modes are shown over a range of gains. The highest- 

gaining modes all have the same rotational symmetry as the pump beam, hence only the 

superscript 1=0 modes are shown in Fig. 2. Consider the following calculation that uses 

numbers realistic to the experiments discussed in this thesis: Assuming G = 6 and
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0 - 0 ;  -2 .4 ,  Eq. (17) and Fig. 2 indicate that the power in the lowest-order adjoint mode is 

~ exp [16] whereas the power in the next highest-gaining mode is ~ exp [5]. Clearly, 

neglecting all modes except the lowest-order mode in Eq. (17) is justified in this case.

Now for the simplifications of Eq. (16) valid at low gains. The final expression in 

Eq. (16) was obtained by assuming infinite limits on the transverse integrals and therefore 

represents the total Stokes power. As will be discussed later, the Stokes beam is much 

narrower (spatially) at high gains than at low gains. In fact, the beam is so wide at low 

gains that it is partially blocked by an aperture used in the experiments. One can view this 

as an annoyance or as a method to measure the transverse width of the Stokes beam 

indirectly. We, of course, chose the latter point of view, but either way you look at it Eq. 

(16) must be modified to account for the aperture. The low gain Stokes power in a finite 

transverse plane limited by an aperture in the output plane is

P(G) = Avftco s  {(exp[2 RefX11 ) ( 6 -  6,) ] - 1)+ ( l?  (9, Ja1n (6,)) exp[2 R efl11 )(G -  G1)]} x 

J d2rT|Un(G,rT)|2
aperture

(1%

where we have utilized the fact that at low gains the nonorthogonal modes, {<!>!, (0,rT)} , 

become the free-space modes, (U 1n(O1F7)) , which are uncorrelated and orthogonal to each 

other. Again it is straightforward to segregate the terms into amplified input and 

spontaneous scattering. The term proportional to (E1J(Oi)S) (Oi)) corresponds to amplified

input while the term proportional to (exp[j—I) relates to spontaneous scattering.



26

G

Figure 2 Normalized growth rates some of the highest gaining modes. The data has 
been normalized by dividing by G. At high gains the lowest-order mode grows much 
faster than any other mode. All growth rates shown have superscript 1=0.

It is pedagogical to compare and contrast this low-gain expression with the general 

nonorthogonal-mode expression for total Stokes output power, i.e. the last equality in 

Eq.(16). For the present purposes it is not important that Eq. (18) is simply a low-gain 

approximation to Eq. (16). Instead, look at the exercise as being a comparison of predicted 

Stokes output when nonorthogonal modes are used to that obtained if an uncoupled,

orthogonal mode basis {u'n(0,rT)}could be employed. The intent is to compare the form 

of Eq. (18) to that of Eq. (16) in order to highlight some of the salient features of the
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nonorthogonal modes. Let the aperture in Eq. (18) be of infinite width to facilitate fair 

comparison of the two expressions. The ffee-space modes are normalized so the last 

integral in Eq. (18) is unity for an infinite aperture. The first important difference is that the 

summation in Eq. (18) is over two indices whereas three indices are summed over in the 

nonorthogonal-mode expression for power, Eq. (16). This is because the free-space modes 

are orthogonal and there is no cross-correlation between photons in the different modes. 

Photons in different nonorthogonal modes are correlated, however. In fact when using 

nonorthogonal modes it is not possible to ascribe a photon to one mode and not another.31,34 

The other important difference is the existence of mode-overlap integrals, Bp n, in Eq. (16).

No mode overlap integrals exist in orthogonal mode expression, Eq. (18), because the 

modes are orthonormal. Much add has been made over the meaning of the mode overlap

integrals in the nonorthogonal-mode theory.30"32 Specifically, let’s consider the (B1n n) that 

multiplies the noise or amplified spontaneous-scattering term in Eq. (16). This is the term 

that is independent of the Stokes input, (a’J (Gi)R1n(Gi)), into the amplifier. Notice that 

prefactor multiplying the corresponding noise term in the orthogonal mode expression is 

unity. This implies that, in an orthogonal-mode basis, the amplifier noise acts as if one 

noise photon is input into the amplifier and subsequently amplified (the exponential 

accounts for the amplification). The important point is that the effective noise input is one 

photon per orthogonal mode. Based on general theoretical grounds all phase-insensitive, 

fully-inverted two-level amplifiers, e.g. the Raman amplifier discussed here, are expected to 

have an effective input of one photon per mode.7,9,31,32 However, in the nonorthogonal-



28

mode expression for the output power, Eq. (16), the effective noise inputs, (Bji n)2, are

greater than unity. Thus, it is said that the amplifier has excess noise or excess spontaneous 

emission.25,30"32 For several years there was concern that an amplifier with excess noise 

violated the laws of thermodynamics until Haus and Kawakami32 put the issue to rest when 

they showed that the excess noise is actually an artifact of the mathematics of 

nonorthogonal-mode solution. Careful analysis shows that the nonorthogonal-mode theory 

does not predict more than one photon per orthogonal mode effective noise input.

One more equation needs to be derived before concluding this section. All three 

equations giving the output Stokes power, Eqs. (16) - (18), have terms such as 

(a'J(Gi ̂ j1(Gi)) which is the number of photons input into the mode O1n(G5T1) in Eqs. 

(16) - (17) or the number of photons input into U1n(G5Tr) for Eq. (18) . However, only 

the total power of the input Stokes beam is measured in the experiments. It is necessary 

to relate the total power to the individual mode creation operators (aJJ (Gi)} . This is

accomplished by projecting the input Stokes field, Eh (Gi5Tt ) , onto the basis of amplifier 

modes, i.e. the modes.that are chosen as the basis modes for the Stokes field. The amplifier 

modes are the nonorthogonal modes, (O 1i1(G5Tt )] , in Eqs. (16) and (17) but are the free- 

space modes, (U 1n(G5Tx)] , in Eq. (18). For the case of nonorthogonal amplifier modes, the 

creation operators, (aJJ (Gi)] , are obtained with the aid of the biorthogonality condition, Eq.

(13). The result is



29

&?(&) = d2rT vP r o i ,F1OEw  (G1 ,rT) (19)

where the ( vF1n*(Ov Tt )]  are the adjoint modes discussed earlier and E h (OijT7) is the

total input Stokes field. The creation operators associated with the orthogonal modes 

used in Eq. (18) are obtained by making the simple substitution xF —> U in Eq. (19).

At high gains, Eq. (17) indicates that the Iowest-order nonothogonal mode is 

dominant. In this regime it is necessary to consider only the portion of the input Stokes 

beam that couples into the lowest-order nonorthogonal mode. Equation (19) indicates 

that the coupling into 0^(8,rT) is determined by the spatial overlap of the total input 

Stokes field with the lowest-order adjoint mode, xFq0(GjTt ) . It is clear that Oq(GjTt ) and 

xFq0(GjTt ) play an important role in the nonorthogonal-mode theory. The properties of both 

of these are discussed in the next chapter.
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CHAPTER 3 

MODE STRUCTURE

One of the defining features of the nonorthogonal-mode theory of a gain-guided 

amplifier is that at high gains the amplifier output can be described by the lowest-order 

mode, <$>o(z,rT) . In other words, the growth rate of <$>o(z,rT) is so large that the output 

power contained in all the other modes is negligible. Thus, all the characteristics of the 

total Stokes output are embodied in a single mode. For coherent, monochromatic light, 

two parameters that define a beam are its transverse intensity distribution and its wave 

fronts or radius of curvature. In this chapter the transverse intensity distribution and the 

wave fronts of <E>o(z,rx) and the lowest-order adjoint mode, tPo(z,rT) , are examined. 

However, at high gains, studying the properties of 0 °(z ,rx) is akin to examining the 

characteristics of the total Stokes output. When the experiments are discussed later on, it 

will be more clear as to what pump-laser energy qualifies as “high gain”. For now, let it 

be sufficient to say that much of our data is collected in the high-gain regime.

Mode Transverse Width

The transverse width of <l>°(z,rT) varies as function of the amplifier gain. At low 

gains <I>o(z,rT) ~ U°(z,rT) , where U°(z,rT) is the usual focused Gaussian, but as the gain
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increases 5>o(z,rT) becomes spatially narrower than U q(Z5Tt ) .. It retains its near Gaussian 

shape, however. This narrowing is known as transverse gain narrowing and can be 

understood in the following way: The gain is largest on-axis (Tt=O); thus, the Stokes field 

grows more rapidly on-axis than it does off-axis. Hence the mode narrows as it propagates. 

This phenomenon is not unique to Raman amplifiers, it is expected to occur in any amplifier1 

that utilizes a spatially-nonuniform gain mechanism. A direct measurement of the 

narrowing has been carried out by LaSala et al.35 for a tree-electron laser and. by Duncan et 

al.36 and Logl et a lu for a Raman amplifier. Some of our experimental results also contain 

evidence of gain narrowing. We found that at low gains part of the output Stokes beam was 

blocked by a circular aperture used in the apparatus, while at high gains none of the Stokes 

beam was blocked, indicating that the Stokes beam is narrower at high gains than low gains.

An example of the transverse narrowing is shown in Fig. 3 where the intensity 

distribution of 0 °(z ,rT) , with U q(Z5Tt ) included for reference, is plotted as a function of 

r /  (o(z). Recall that a cylindrical coordinate system is being used so r is the transverse

distance. The waist, G)(z), measures the beam radius of |Uo(z,rT)|2 at exp[-2] of its on-axis 

(r=0) intensity. Since r /  co(z) is a function of z, Fig. 3 is valid everywhere in the amplifier 

indicating that Oq(Z5Tt ) is always narrower than U q(Z5Tt ). The ratio of widths stays 

constant over the entire length of the amplifier, contrary to the behavior of light beams in 

free space. In free space, diffraction causes the beam that focuses most tightly to eventually 

grow larger than the beam that does not focus tightly. In an amplifier, the strong on-axis 

gain keeps the Stokes beam narrow, narrower than could occur in free space. The plot was
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generated using a gain of G = 6.4 (Eq. (8)) which corresponds to the maximum gain used in 

any of the experiments discussed in this thesis.

•  0.6

Figure 3 Transverse intensity distribution of dominant nonorthogonal mode and lowest- 
order free-space mode. The nonorthogonal mode is narrower due to gain narrowing. At 
zero gain the solid line overlays the dashed line but as the gain is increased the 
nonorthogonal becomes steadily narrower.
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Radius of Curvature

It is also found that gain guiding causes the nonorthogonal modes to have a radius of 

curvature that can be significantly different than that of the ffee-space modes. The Stokes 

beam narrows because of transverse gain narrowing; hence, it diffracts differently than it 

would in free space. An example of wave-front modification due to gain guiding, the term 

used to describe the collective effects of gain narrowing and diffraction, is shown in Fig. 4. 

The wave fronts (lines of constant phase) are plotted for both 0 °  (z, rT) (solid fine) and

Uo(z,rT) (dotted line) in the region near focus where Iz/ Z01« I . In this region, the wave 

fronts of U 0(z,rT) are essentially flat. Therefore, any deviation of the wave fronts of 

O0 (z, rT) from flatness is an indication that gain guiding is occurring.

While Fig. 4 shows the nonorthogonal modes only in the region near focus where 

l z / z o l«  I, Fig. 5 shows the wave fronts of O0(z,rT) over several Rayleigh ranges. For 

reference, the wave fronts of U 0(z,rT) are also shown. As was the case in the focused

region, the wave fronts of the nonorthogonal modes appear to be swept back towards the 

negative z axis compared to the ffee-space modes. It should be pointed out that in the 

generation of Figs. 4 and 5 the wavelength of the Stokes light was assumed to be much 

longer than was actually used in the experiments. This was done only to visually enhance 

the differences between the various wave fronts shown in Figs. 4 and 5. The wave-front 

distortion still occurs when the correct Stokes wavelength is used; it is just difficult to see 

the effect when plotted on scales similar to those used in Figs. 4 and 5.

(
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Figure 4 Wave fronts for the dominant nonorthogonal mode, 0 °(z ,r T) ,  (solid line) and 

lowest-order free-space mode, Uo(z,rT) ,  (dotted line). The curved wave fronts of the 
nonorthogonal mode indicate that gain narrowing is occurring.

The adjoint modes, especially the lowest-order mode, xF00(z,rT) , play an important 

role in the theory described in Chapter 2. Equation (19) indicates that the spatial overlap 

of the total external Stokes input with xF00* (z,rT) determines the amount of Stokes light 

that couples into the highest-gaining mode,Oo(z,rT) . As will be discussed in Chapter 6, 

optimal coupling into the amplifier occurs if the external Stokes input is constructed as an 

adjoint mode. The structure of this mode is now discussed since the development of
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Figure 5 Nonorthogonal mode and Gaussian wave fronts. Same as Figure 4 except plot 
extends over several Rayleigh ranges.

an intuitive feel for the theory and its modes is desirable. The transverse intensity 

distribution of xF00Cz1Ft ) is identical to that of O0(z,rT) ; thus Fig. 3 is applicable for both 

modes. However, the wave fronts of the two modes are quite different. xF0(Z1F7) 

corresponds to O0(Z1F7) traveling backwards through the amplifier and as such its wave 

fronts can be obtained by letting z -> -z in Figs. 4 and 5. However, for clarity the wave 

fronts of xF0 (Z1F7) are plotted separately in Fig. 6.
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The purpose of this chapter was to catalog some of the properties of <E>o(z,rT) and 

xP00Cz1Tt ). The implications of their respective structures will be examined in more detail 

later on when enhanced input coupling is discussed. Now, however, discussion of the 

nonorthogonal-mode theory and its modes ceases. We move on to a consideration of the 

apparatus used to collect data in our amplifier experiments.

gaussian
adjoint

f/GJo

Figure 6 Wave fronts of the lowest-order adjoint mode,xP0(Z1Tt ) , and lowest-order free- 
space mode, U °(z,rT) . Constructing the Stokes input as an adjoint mode gives optimal 
input coupling.
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CHAPTER 4

EXPERIMENTAL APPARATUS

The experimental apparatus used in our Raman amplification experiments is shown in 

Fig. 7. The apparatus was used in two different sets of experiments discussed in Chapters 5 

and 6. Aside from a few small changes, the apparatus was the same for both experiments. 

Some of the parameters, such as Rayleigh range of the beams, are significantly different 

between the two sets of experiments; therefore, some of the experimental details are purposely 

omitted from this chapter. The necessary and experiment-specific details will be listed when 

the experimental results are discussed in the following chapters.

The pump laser or gain profile is provided by the frequency-doubled output at 1  = 532 

nm of a pulsed, single-mode, injection-seeded neodymium-doped yttrium aluminum garnet 

(Nd: YAG) laser. The temporal profile of the pump beam was near Gaussian with a measured 

half-width at half-maximum (HWHM) of 3.5 ns. Spatially, as the beam exited the laser it was 

astigmatic and had a transverse intensity distribution similar to an Airy pattern rather than the 

desired and manufacturer-specified Gaussian profile. The central part of the pump beam was 

similar to a Gaussian, but the periphery of the beam contained concentric bright rings 

indicative of the beams diffraction from a circular aperture37 somewhere in the laser. 

Correction of the astigmatism was accomplished by reflecting the beam off a spherical mirror
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at an oblique angle (see Appendix B for details). The Airy profile was converted to nearly 

Gaussian by (twice) spatial filtering the beam, i.e. focusing the beam through a circular 

aperture of appropriate diameter. After these corrections the transverse intensity distribution 

of the pump beam was near Gaussian.

TUNABLE 
LASER DIODE

FARADAY
ISOLATOR

683 nm
HIGH FINESSE 

INTERFEROMETER
OPTICAL

FIBER

EXIT
APERTURE RAMAN AMPLIFIER

CCD
CAMERA

SILICON
DETECTOR

SINGLE MODE 

Nd:YAG LASER
683 nm

532 nm

532 nm

Figure 7 Experimental apparatus used for experiments discussed in this thesis.

The Nd: YAG pump beam impinges on a beamsplitter B I shown in Fig. 7. Part of the 

pump beam is sent to a pyroelectric energy detector (not shown) to monitor the input pump 

energy into the Raman amplifier. The rest of the beam is sent through a two-lens telescope
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which adjusts the position of focus and Rayleigh range, Zog, of the pump beam. A 

beamsplitter B2 directs part of the pump beam onto a CCD camera. The CCD camera was 

used to monitor the pointing fluctuations of the pump beam. The pixel size of the CCD 

camera, which sets the resolution of the pointing-fluctuation measurements, was 11 pm x 13 

pm. For comparison, the diameter of the pump beam was typically about 300 pm (FWHM) at 

the camera.

A commercial continuous-wave, tunable laser diode with a nominal wavelength of 

683 nm and an output power of approximately 15 mW provided the Stokes input into the 

amplifier. In addition to a mechanical tuning range (meaning that the frequency is adjusted 

with an Allen wrench) of approximately ±8,300 GHz (±13 nm), the laser diode has a tuning 

range of approximately 60 GHz (0.1 nm) over an externally-applied voltage ramp of -3 to +3 

volts. The laser diode is optically isolated from the rest of the experiment by a Faraday 

isolator, thereby increasing the frequency and output-power stability of the laser diode. Part of 

the beam is directed into an optical fiber by the beamsplitter B3. Light coming out of this 

optical fiber is then directed into a high-finesse interferometer38 which is used to monitor the 

relative frequency of the laser diode. The high-finesse interferometer has a free spectral range 

of 23,600 MHz and a measured finesse of approximately 30,000 giving a resolution of better 

than I MHz. It has a measured frequency drift of less than 7 MHz/Hr. The beam exiting the 

laser diode is of poor spatial quality, i.e: its intensity profile is not smooth or symmetric. The 

beam’s profile is conveniently transformed into a Gaussian by coupling the beam into a single

mode optical fiber. The fiber is a waveguide that supports propagation of a Gaussian beam
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only. Upon exiting the optical fiber, the beam passes through a two-lens telescope and an 

optical delay line. The telescope varies the Rayleigh range of the laser diode Stokes input. 

The optical delay line is used to vary the position of focus without affecting the beam’s 

Rayleigh range. The pump and laser diode beams are combined at the beam combiner B4 and 

directed into the Raman cell. Both beams are linearly polarized, parallel to each other.

The Raman cell is metal cylinder 141 cm long with glass windows on each end filled 

to high pressure with H2 gas. Concave mirrors placed at each end of the Raman cell cause the 

beams to refocus and make many passages through the Raman cell. Forcing the beams to 

make several passages effectively increases the length of the Raman medium without 

increasing the length of the Raman cell. After making a prescribed number of passes, the 

beams exit through a small hole in the output mirror. This hole is labeled “exit aperture” in 

the figure and its diameter was varied in some of the experiments. Some of the experiments 

were done with only a single pass through the Raman cell. Figure I  then applies if the mirrors 

are removed from each end of the cell.

After exiting the multipass cell, the beams were focused by a lens to ensure all the 

Stokes light arrived at the detectors. The pump arid Stokes beams were separated using 

consecutive Pelin-Broca prisms located approximately 2 meters apart. Beamsplitter B5 

directed part of the Stokes beam onto a silicon energy detector while the remainder of the 

beam was incident on a photomultiplier tube (PMT). The output of the PMT was connected 

to a transient digitizer. The digitized output was then transferred to a personal computer via a 

general purpose interface bus (GPIB). Since only the total energy of a Stokes pulse is desired,
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the digitizer output was integrated over time by the computer. This integrated output of the 

PMT was calibrated against the absolute energy readings of the silicon detector with the aid of 

calibrated neutral density filters. Narrowband filters (not shown in Fig. I), which have 

passbands centered at the Stokes wavelength (± 5 nm), were placed in front of both the silicon 

detector and PMT to attenuate any scattered pump fight or room fight that may affect the 

readings.

The data were collected in the following manner: The laser diode frequency was 

slowly scanned across the full Raman fine shape via a voltage output from the computer. A 

slow frequency drift made it difficult to hold the laser diode frequency exactly at Raman 

resonance and necessitated repetitive scans of the laser diode’s frequency over the Raman line 

shape while the experiment was in progress. The laser diode frequency, input pump energy, 

output Stokes energy from the silicon detector and from the PMT/digitizer combination, and 

the location of the centroid of the pump beam were monitored for each laser shot.
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CHAPTER 5

SEEDING EXPERIMENTS

Data presented in this chapter give an overview of the performance characteristics of 

a Raman amplifier seeded with a laser diode. Surprisingly, given the ubiquity of both 

Raman amplifiers and laser diodes, we were among the first to seed a Raman amplifier with 

a laser diode. Therefore, it seemed, clear that the first order of business was to characterize 

the process. The goal of these first experiments was to determine how efficiently the 

amplifier could be seeded. Efficiency was a concern because only one other group that we 

know of had reported using a laser diode to seed a Raman amplifier, and they found the 

seeding to be inefficient. Uchida et al.4 had successfully used a laser diode to seed a Raman 

amplifier operating at infrared wavelengths but measured only 0.1 - 0.2% coupling 

efficiencies; i.e. the output Stokes energy was 500 to 1,000 times less than that predicted by 

well-established Raman theory. The low coupling efficiency implies that only a small 

fraction of the input laser diode beam interacted with the pump beam in the medium and 

was subsequently amplified. Uchida et al.4 did not comment on the reasons for the poor 

coupling, but we speculate that at least part of the very low coupling efficiency is due to the 

difficult nature of accurately lining up far-infrared beams in a multipass cell. We performed 

experiments similar to those of Uchida et al using visible-wavelength beams and found a 

coupling efficiency of approximately 60%.16 These early seeding experiments



demonstrated that a laser diode beam could be efficiently coupled into a Raman amplifier; 

however, they did not probe the very high and very low pump-energy regimes. Previous 

experiments and analyses of Stokes growth initiated from spontaneous scattering24,25 have 

shown that the most interesting data, i.e. data that deviates from the predictions of oft- 

employed plane-wave theories of Raman scattering,5,10’11 comes from these two regimes. 

Therefore, experiments were done to characterize the amplification process in all 

experimental regimes, including the “interesting” ones at very high gains and very low 

gains. These are now discussed.

The experimental details relevant to this experiment and not discussed in Chapter 4, 

where the apparatus is described, are as follows: The multipass cell was configured so the 

beams made 11 passages through the cell before departing through the exit aperture. Cell 

pressure was set to 34 atm of H2. A telescope conditioned the pump beam such that it 

focused in the center of the amplifier with a Rayleigh range of 22 cm. The separation of the 

curved mirrors outside the cell was adjusted such that the pump beam was the same on each 

pass, i.e. on each pass the pump beam focuses in the center of the amplifier with a Rayleigh 

range of 22 cm. Keep in mind, however, that the multipass cell is not a resonator; the 

beams from separate passes do not travel along the same path.

Stokes Growth Initiated by Spontaneous Scattering

We first study the case in which there is no Stokes input into the amplifier. In this 

case, the laser diode is turned off and the output Stokes field, is initiated by quantum noise. 

When no input Stokes light is present it is common to refer to the Raman cell as a generator
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Pump Energy (J)
Figure 8 Output of a Raman generator (no laser diode beam input) as a function of 
pump laser energy for two different exit apertures. The +’s (x’s) correspond to an 
aperture with a diameter of 3.97 mm (5.97 mm). The lines are the predictions of the 
nonorthogonal-mode theory.

rather than an amplifier. The growth of the Stokes beam in a Raman generator is shown as 

+'s and x's in Fig. 8. The two sets of data were collected under identical conditions except 

that the multipass-cell exit aperture had a diameter of 3.97 mm for the +'s and a diameter of 

5.96 mm for the x's. For comparison, the Gaussian pump beam had a full width at half 

maximum of approximately I mm at the exit aperture. The lines are fits of the 

nonorthogonal-mode theory to the data. Only one parameter was varied in obtaining the 

theoretical plots. The dimensionless gain parameter, G, that appears in Eq. (8) can be 

decomposed into G = OcPp / Xg where Pp is the peak power of the pump beam and Xg is the
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wavelength of the pump field. The plane-wave gain coefficient, a, contains all the relevant 

information about H2 medium, but its value is not accurately known. Therefore, its value 

was taken to be a free parameter and was varied until the solid lines in Fig. 8. matched the 

data. The lines were generated by setting a  = 2.1 x IO9 cm/W, which is within the 

published range of a  = (2.5 ± 0.4) x IO 9 cm/W (Ref. 39).

+ <t>=3.97mm (expt.)
x <t>=5.96mm (expt.)
—  4>=3.97mm (theor.
—  <t>=5.96mm (theor.

10

Pump Energy (J)
Figure 9 An expanded view of the low pump energy range of Fig. 8 indicates that the 
output Stokes beam is spatially broad and is partially clipped by the small exit aperture.

In Fig. 8, Eq. (17) was used to calculate the Stokes energy for high pump energies 

(>70mJ) while Eq. (18) was used for the lower pump energies. Because of its large growth
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rate, it was necessary to include only the lowest-order mode at high gains while many 

modes (n<85 and 1<20) were needed in Eq. (18). It is interesting that the theoretical lines 

are smooth and continuous even though different formulae, one valid only at high gains and 

one valid at low gains, are used to construct the solid lines. Apparently there is no need to 

use the full nonorthogonal-mode expression for output Stokes power, Eq. (16), even at 

middle gains. The theory discussed in Chapter 2 does not account for multiple passes 

through the Raman amplifier. To account for the multiple passes, simply multiply (G-Gi) in 

Eqs. (16) - (18) by s , where s is the effective number of passes the beams make through the 

amplifier.24 The quantity s is the total number of beam passages multiplied by a factor 

which takes into account optical losses due to incomplete reflections from the mirrors and 

incomplete transmissions through the cell windows. In our experiments the number of 

beam passages through the cell was 11 while the effective number of passes was 9.5.

For pump energies greater than approximately 70 ml and less than 180 ml, where 

the amplifier begins to saturate because the pump photons have been depleted, the output 

Stokes grows as an exponential in the pump energy regardless of the aperture size. In this 

range of pump energies the data shows some scatter but, in general, there is no measurable 

difference in Stokes energy between the large-aperture and the small-aperture data. This 

type of growth is predicted by plane-wave theories of Raman scattering5,10,11 as well as the 

nonorthogonal-mode theory. However, to predict the Stokes growth for pump energies less 

than 70 m l it is necessary to employ a theory, such as the nonorthogonal-mode theory, 

which takes into account the three-dimensional nature of the amplification process.
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Figure 9 shows that the Stokes energies measured with the small aperture installed 

are consistently less than those measured with the large aperture in place. It is apparent that 

at low gains the Stokes beam is spatially large and is partially clipped by the exit aperture. 

The Stokes beam is initiated by spontaneous scattering into all directions but narrows as 

only the Stokes light that is collinear with the pump beam grows significantly. At low 

pump energy, the Stokes beam does not have a chance to narrow before it reaches the exit 

aperture. A more mathematical explanation for the wide Stokes beam can be obtained by 

considering the following model of spontaneous scattering. The spontaneous Raman 

scattering can be calculated by assuming the Raman medium is a fully inverted twoTevel 

amplifier.6 The inversion occurs between the pump level and the J = I, V = I level in Fig. 

A l. The noise in such an amplifier is one photon per mode; that is, the spontaneous 

scattering initiated output behaves as if one photon per mode were input into and amplified 

by a noiseless amplifier.6"9 Thus, to model the spontaneous scattering in the amplifier it is 

assumed that each of the infinite number of spatial modes (the free-space modes, for 

example) that couple to the pump beam and experience growth are seeded by one noise 

photon. The total output Stokes energy is finite, however, since the infinite number of input 

noise photons considered to have seeded the amplifier are not measurable. A mathematical 

manifestation of the immeasurability of the input noise photons is the "-I" which occurs in 

the expressions, Eqs. (16) and (18), that describe growth from spontaneous scattering.

It is rarely necessary to consider growth in all the spatial modes since only a finite 

number of these modes couple strongly to the pump and experience significant growth. In 

our experiments the pump laser is spatially Gaussian; hence, the low-order Stokes modes
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that are spatially similar to a Gaussian tend to have the largest growth rates. Also, the exit 

aperture utilized in the experiments partially filters out the higher7order modes, which tend 

to be spatially broader than low-order modes, further reducing the effect of the high-order 

modes on the output Stokes energy. At larger pump energies the Stokes beam grows 

predominantly in a few low-order modes which are spatially narrow, hence the high-gain 

Stokes energy is independent of aperture size.

Figures 10 and 11 illustrate how the number of modes included in the theory affect 

the theoretical Stokes output energy. First consider Fig. 10, in which the 5.96 mm aperture 

Stokes output energy given by Eq. (18) is computed using 1,700 modes (85 low-order radial 

modes and 20 low-order angular modes), 200 modes (10 low-order radial modes and 20 

low-order angular modes), and the lowest-order mode. The radial modes are indexed by "n" 

while the angular modes are indexed by "I" in Eq. (18). The graph shows that at low pump 

energies many modes contribute to the output Stokes energy. At higher pump energies, 

however, the difference between 1,700 modes and one mode is very small indicating that 

the Stokes field grows predominantly in the lowest-order mode. Figure 11, obtained by 

integrating Eq. (18) at G=0.3 (33 mJ pump energy) as a function of the number of radial 

modes, shows the effect of aperture size on the predicted output Stokes energy. All data in 

this figure were calculated using 20 angular modes. High-order angular modes weakly 

couple to the pump beam;13 therefore, including more angular modes increases the output 

Stokes energy little. Notice that the Stokes energy increases nearly linearly in the number of 

radial modes for the infinite exit aperture. With the finite apertures, on the other hand, the 

Stokes energy is a slowly increasing function of the number of radial modes and appears to
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Figure 10 Output Stokes output as a function of number of modes used in the theory. 
At relatively large pump energies the Stokes field grows predominantly in only one 
mode, while at low pump energies many modes are populated.

be converging to finite values. Limited computing power prevented us from including more 

modes in the calculations. The calculations indicate that the number of modes that need to 

be included in the theory to properly model an experiment depend on experimental 

parameters.

The theory and experiment shown in Figs. 8 and 9 are in close agreement except at 

low pump energies. Both the data and the nonorthogonal-mode theory exhibit the 

characteristic "hump" because of the extra spatial modes at low pump energies, but it is
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Figure 11 Theoretical output Stokes energy as a function of the number of radial modes 
included in the theory. Data for the three different apertures indicates that as the aperture 
size increases, so too must the number of modes include in the theory.

more pronounced in the data. Interestingly, however, the ratio of theoretical Stokes energy 

with the large aperture in place to the theoretical Stokes energy with the small aperture 

installed is nearly the same as the corresponding experimental ratio. For example, at 20mJ 

pump energy the theoretical ratio is 1.42 while the experimental ratio of large aperture 

output Stokes energy to small aperture output Stokes energy was 1.34. We do not have a 

complete explanation for the discrepancy between the theory and experimental results but 

suggest it may be due to one or more of the following reasons. First, at low gains Stokes 

light scatters in all directions. Some of this light may reflect off the multipass cell mirrors.
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cell windows, cell walls or other optical elements and enter the PMT. The theory does not 

account for this light. Black anodized, hollow inserts were placed in the cell to test the 

hypothesis of light scattering off the shiny internal walls of the Raman cell. Internal threads 

were cut into the inserts to further reduce the amount of reflected light. Data collected with 

the inserts in place were nearly identical to that collected without the inserts indicating that 

the anomalously high Stokes output was not due to Stokes light scattered from the cell 

walls. Including more modes in the nonorthogonal-mode theory would increase the 

theoretical Stokes output energy. However, Figs. 10 and 11 imply that this effect would 

probably be small. Another consideration, as pointed out by Logl et al14 who also found a 

discrepancy between theory and experiment at low gains, is that the nonorthogonal-mode 

theory is a paraxial theory which cannot properly describe the Stokes light that scatters in all 

directions at low gains. However, by collecting only the Stokes light which is on-axis or 

nearly so, we claim it is justifiable to use a paraxial theory to model our experiments.

Externally Seeded Stokes Growth

We now turn our attention to the experimental data obtained when the Stokes seed 

was injected into the Raman medium. The laser diode beam shown in Fig. 7 focused in the 

center of the amplifier and had a Rayleigh range equal to that of the pump beam (22 cm). 

All experiments that utilized the Stokes seed were done with the small aperture (diam. = 

3.97 mm) in place. All other apparatus was identical to that used to obtain the generator 

data. The slow frequency drift of the laser diode made it difficult to hold the frequency on 

Raman resonance. Therefore, the data were collected as the laser diode was repetitively
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tuned across the Raman lineshape. The resulting data, Stokes energy versus relative laser 

diode frequency, are shown in Fig. 12. The measured lineshapes were found to be of 

Gaussian shape in accord with Raman theory5 but were found to be wider than theory. For 

example, at a pump energy of 140 pJ and a Stokes input power of 178 nW the 

experimentally measured linewidth is (252±6) MHz (HWHM) while the theoretical 

linewidth predicted is 174 MHz (HWHM).

1 .5 x 1 0

+  + A  $

0 .5

- 5 0 0-1 0 0 0
Relative Seed Frequency (MHz)

Figure 12 Output Stokes energy as a function of relative seed (laser diode) frequency. 
The solid line is a least squares fit to a Gaussian. Theory also predicts the lineshape to 
be Gaussian.
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Part of the discrepancy is due to the fact that the theory does not take into account 

the pump linewidth which is approximately 30 MHz (HWHM). Including the finite 

linewidth of the pump broadens the predicted Stokes linewidth, but only slightly. The 

source of the remaining discrepancy is unknown at this time. Later, in Figs. 13 and 14 the 

output Stokes energy vs. pump energy for two different values of input Stokes energy is 

plotted. In these plots only the data points which were collected when the input Stokes 

frequency was at or very near exact resonance are displayed. We have implicitly assumed 

that the output Stokes energy is largest when the laser diode is tuned to Raman resonance. 

Kevin Repasky et a/.40 have since demonstrated that the maximum Stokes energy occurs 

when the laser diode is tuned slightly off-resonance. A Stokes beam with a wavelength 

different from its resonant value leads to a complex Raman polarization. If the Stokes 

wavelength is shorter than its resonant value, the physical manifestation of this complex 

Raman polarization is a field-dependent index of refraction that effectively focuses the 

Stokes beam on-axis where the pump is most intense. These index-guiding effects are 

small enough, however, that it is not necessary to consider their effects in when analyzing 

the data presented in this chapter.

Figure 13 shows the output Stokes energy vs. pump energy for input laser diode 

powers of 178 nW (circles) and 2.3 nW (triangles). For the pump energies used in this 

experiment, the spatial structure of the laser diode beam is similar to that of the lowest-order 

nonorthogonal mode. Therefore little error is incurred by assuming that all of the input 

beam couples into the lowest-order nonorthogonal mode. Injecting 178 nW into the lowest- 

order mode makes negligible the effect of spontaneous scattering on the output Stokes
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energy. In this case the amplified input is much larger than the amplified spontaneous 

scattering in all the other modes and the amplifier output grows as an exponential for all 

pump energies until the amplifier saturates. Injecting only 2.3 nW into the amplifier, on the 

other hand, is not sufficient to dominate the amplified spontaneous scattering for all values 

of the pump energy. At higher pump energies, where only one spontaneously-seeded mode 

contributes significantly to the Stokes output energy, the externally seeded lowest-order 

mode is dominant. However, at low pump energies many spontaneous-scattering seeded 

modes contain significant power and the externally-seeded mode is "washed out" by noise 

The dashed lines in Fig. 13 show the amplification of the input Stokes beam as 

predicted by the nonorthogonal-mode theory. The effects of spontaneous scattering were 

not included in the calculation of the dashed lines. The amplified spontaneous scattering 

was calculated as it was in Figs. 8 and 9; Eq. (18) was used for low gains while Eq. (17) 

was used at high gains. Even in the presence of a seed, the total output Stokes power is the 

linear combination of the spontaneous-scattering initiated Stokes field and the amplified 

input. The solid lines in Fig. 13 represent the total Stokes output power: amplified input and 

amplified spontaneous scattering. Since the amplified input and amplified spontaneous 

scattering add linearly and the data are plotted on a logarithmic scale, including the effects 

of spontaneous scattering on the 178nW seeded data changes the output Stokes energy 

negligibly. At 2.3 nW seed power, however, adding the amplified spontaneous scattering to 

the amplified input increases the output energy by a noticeable amount at low pump 

energies.
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•  178nW input 
A 2.3nW input

Pump Energy (J)
Figure 13 Data points represent the experimental data obtained with two different seed 
laser energies. The dashed lines are the predicted growth if the amplifier were noiseless, 
while the solid lines represent the total predicted Stokes output.

Comparison of Seeded Growth to Spontaneous Scattering Initiated Growth

The data and theory from Fig. 9 (small aperture) and Fig. 13 are combined in Fig. 14 

to facilitate comparison of the growth from spontaneous scattering to externally-seeded 

growth. From this plot, one can estimate the amount of spontaneous scattering that is 

effectively seeding the amplifier by taking the ratio of externally-seeded Stokes energy to 

the spontaneous-scattering seeded Stokes at a particular pump energy. For example, at a 

pump energy of 100 ml taking the ratio of either the 2.3 nW or 178 nW seeded Stokes
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energy to the spontaneously initiated Stokes energy yields an effective spontaneous 

scattering input of 0.04 nW. This means that to attain an amplifier signal to noise ratio of 

unity at 100 m l pump energy it is necessary to inject approximately 0.04 nW seed power 

into the lowest-order mode. It should be pointed out that this method of estimating the 

amount of spontaneous scattering is inaccurate for the experimental regimes  ̂ such as the 

low-gain regime, in which the externally-seeded Stokes growth takes place in only one 

mode while the spontaneous-scattering-initiated growth occurs in many modes, each having 

a different growth rate.

In summary of this chapter, we have studied the growth of an input Stokes beam in a 

Raman amplifier configured in a multipass cell. Results from a Raman generator were also 

included. Generator data indicate that at low pump energies the Stokes beam is 

significantly wider than the pump beam, but at higher pump energies the Stokes beam 

narrows. The amplifier experiments show that for a relatively large input seed power.(178 

nW) the output grows as an exponential in the pump power indicating that quantum noise 

was not affecting the amplification process. At lower seed power (2.3 nW) the amplifier 

output grows as an exponential only at high pump power. At low pump power, the simple 

exponential behavior did not occur because Stokes output was a combination of amplified 

input and amplified spontaneous scattering, hi general, the external Stokes seed more easily 

dominates the spontaneous scattering at high pump energies than at low pump energies. 

This is because many spatial modes contribute to the total noise output at low gains whereas 

only one noise mode is significant at high pump energies. All the experimental results,
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except those obtained with the generator operating at low gains, were found to be in 

quantitative agreement with the nonorthogonal-mode theory.

•  178nW input 
A 2.3nW input 
+  no input

Pump Energy (J)
Figure 14 Small aperture data from Fig. 8 is combined with seeded amplifier data from 
Fig. 13. The graph shows that it is much easier for the laser diode input to dominate the 
noise at high gains.
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CHAPTER 6

ENHANCED INPUT COUPLING

Data presented in the last chapter indicate that it is possible to seed a Raman 

amplifier with a laser diode. A very low power (order I nW) input is sufficient to 

dominate the noise. However, the experiments did not utilize the laser diode in the most 

efficient manner possible. It is possible to get more Stokes light from the amplifier 

without increasing the power of the laser diode input or the energy of the pump laser. In 

other words, the input coupling efficiency of the laser diode beam was not maximal in the 

experiments described in the last chapter. Input coupling efficiency is here defined to be 

a normalized ratio of the output Stokes energy to the input Stokes power at a fixed pump 

energy. It is a measure of the input beam’s ability to induce amplification of itself. In 

this chapter we discuss a straightforward method to increase the input coupling efficiency 

over that obtained in the experiments of Chapter 5. Careful control of the spatial 

characteristics of the input Stokes beam is the key.

One of the features of the nonorthogonal-mode theory is that at high gains only 

the power in the lowest-order mode <$>o(0,rT)is  important. Other modes amplify but 

their growth rates are significantly smaller than that of Oq(G5Tt ) , so including the power 

contained in these modes makes a negligible change in the total output Stokes power. To 

maximize coupling efficiency, all of the Stokes input should be coupled into the lowest-
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order nonorthogonal mode. Input light that couples into other modes is essentially wasted 

because of the low growth rates of these modes. This is evident in Eq. (17) where the 

only amplifier input even considered is (a^ (Gi)Ug(Gi)), the external input into the 

lowest-order mode. Now the only question is: How does one deposit as much of the 

Stokes input power as possible into Oo(6,rT) ? Equation (19) indicates that the input

beam couples efficiently into <I>o(6,rT) if the input field, E(_)(Gi,rT) , is constructed such 

that its spatial overlap with the complex conjugate of the lowest-order adjoint mode is 

maximal. This overlap is maximal when E(-) (Gi ,T1.) =  vF00(Gi, rT) . For a fixed total 

input power, constructing the input proportional to tF00(6,rT) results in more initial power 

being deposited in Og(G,rT) than if the input itself were constructed as O q(G1Tt ) .30"32 

The following derivation demonstrates this.

Theoretical Analysis of Input Coupling

Consider a high-gain amplifier whose Stokes power is given by Eq. (17). Assume 

that the external input is powerful enough that quantum-noise effects are negligible so the

term (Bg 0)2 in Eq. (17) can be dropped. Then, for a given pump energy and amplifier

length the Stokes power is proportional to (a0̂  (Gi)^0 (Gi) ) . The numerical value of this

term depends on the total power and spatial structure of the external Stokes input. Only 

the effect of the spatial structure of the input Stokes beam on the output energy is desired 

here, so the total external Stokes input power is assumed to be constant regardless of its
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spatial structure. The input power, P(Gi), is arbitrarily, but conveniently, chosen to be one 

photon per unit time, i.e.

(20)P(Gi) = — Jd rT(E( )(Gi,rT)E(+)(Gi,rT)} = toA v.

We now calculate the predicted Stokes output for a few relevant Stokes inputs subject to 

this constraint.

First, consider an adjoint-mode input such that

Eh (GjTt )
27tAv/zco

blT(8iM(GiTT) (21)

where S g t (G i )  is a photon creation operator for the lowest-order adjoint mode. Requiring 

that the total input power be one photon per unit time in accord with Eq. (20) yields

B ^bS'je,JbS(G1)) I (22)

where Bg0 is the adjoint-mode normalization from Eq. (14). Calculating the output

Stokes power requires that the adjoint-mode creation operators be expressed in terms, of 

the creation operator for the lowest-order nonorthogonal mode. Equation (19) 

accomplishes this projection yielding

(23)

Substituting this expression into Eq. (22) gives the number of photons injected into 

Oo(G,rT) when the external input is configured as an adjoint mode. The result is

(24)
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Now assume an input proportional to the lowest-order nonorthogonal mode. The 

input is then

Requiring the total input power to be one photon per unit time by substituting this into 

Eq. (20) gives

Therefore, the power deposited into the lowest-order nonorthogonal if the external input 

is itself a nonorthogonal mode is

Compare Eq. (24), the input into the highest-gaining nonorthogonal mode if the input is 

the adjoint mode, to Eq. (27). The factor Bq 0 is a real number whose value depends on 

the gain but it is always greater than or equal to unity; therefore, more power is deposited 

into <J>o(0,rT) if the input is configured asxF00(6,rT) than if the input itself is d>o(0,rT) . 

Shortly, this seemingly-strange phenomenon of adjoint-mode coupling will be discussed, 

but first the input coupling efficiency of a Gaussian, input Stokes beam will be computed. 

This is the type of input used in our experiments.

A Gaussian, input Stokes beam is expressed as

(25)

(26)

(27)

(28)
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where Cgt (Gi )  is the creation operator for photons in the lowest-order free-space modes. 

Normalizing the input power in accordance with Eq. (20) yields

This result is to be expected, since by construction one photon is input and the free-space 

modes constitute an orthonormal set. Using Eq, (19) to project the free-space input onto 

the lowest-order nonorthogonal mode gives the number of photons that couple into 

Og(G5Fr) if the input is a Gaussian mode. The result is

The expressions found in Eqs. (24), (27), and (30) represent the amount of Stokes input 

that couples into the dominant amplifier mode for adjoint-mode, nonorthogonal-mode, 

and Gaussian inputs respectively. The expressions were calculated under the assumption 

of one photon per unit time total input power, but their ratios are valid at any input power. 

They are plotted as a function a gain in Fig. 15. For convenience all expressions (Eqs. 

(24), (27), and (30)) have been multiplied by the factor I / Bg 0 so as to normalize the

output Stokes power to unity for an adjoint-mode input. The Gaussian-mode input in Eq. 

(30) can have an arbitrary Rayleigh range and focal point, but in Fig. 15 it assumed that it 

has the same Rayleigh range and focal point as the pump beam. This is the scenario for 

our characterization studies presented in Chapter 5 and is evidently the arrangement used 

in the majority of amplifier experiments3,11,12’15"17 using a focused gain profile and a 

focused input.

(29)
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The rather peculiar phenomena of adjoint-mode coupling efficiency is 

consequence of the nonorthogonality of the basis modes of the amplifier. This “excess 

initial mode excitation”30 of <E>o(6,rT) by constructing the input as vF00 (6, rT) may seem

to violate conservation of energy, but it does not because the adjoint-mode input actually 

excites many amplifier (nonorthogonal) modes. If one calculates the total input power by 

assuming a zero-length amplifier (0=0;) in the general expression for Stokes power, Eq. 

(16), one finds that the cross terms between some of the many nonorthogonal modes 

excited by the adjoint-mode input are negative. In this way total input energy is 

conserved. At high gains, the high-order nonorthogonal modes initially populated by the 

adjoint-mode input do not significantly affect the Stokes output. Only the initial power 

deposited in the highest gaining mode, ®o(0,rT) , is important.

Using an adjoint-mode input to optimally couple into <I>°(0,rT) may seem strange

to those of us used to solving problems using orthogonal-mode bases, but the concept is 

mathematically self-consistent within the framework of the nonorthogonal-mode theory. 

Recall that a nonorthogonal-mode basis was employed to simplify the solution to 

Maxwell’s wave equation. Since the modes are eigenmodes of a modified wave equation 

(see E q.(ll)) and only one of these modes is needed to model the Stokes field in a high- 

gain amplifier, the modes are sometimes called the natural modes of the system. These 

are the attractive properties of the theory. The dialog about adjoint-mode coupling in the 

previous paragraph points out one of the difficulties of applying the theory. Namely, it is 

difficult to apply concepts and intuitions valid in orthogonal-mode theories to
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Figure 15 Relative Stokes output as a function of gain for three different inputs. The 
total power is the same for each input. The Gaussian input has the same Rayleigh range 
and focal position as the pump beam.

nonorthogonal-mode theories. Consider the important concept of a photon as an 

example. In the nonorthogonal-mode theory, the photon number operators for photons in 

different modes do not commute;31,34 therefore, it is not possible to consider a photon 

absolutely in one mode and absolutely not in another. The issue of adjoint-mode 

coupling is closely related to this concept.

Rather than addressing adjoint-mode coupling from a purely mathematical point 

of view, let us refer back to plots, Figs. 3 - 6, of the spatial structures of OgfG, rT)
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and vP00 (0, rT) found in Chapter 3. At negative-z values, where the amplifier entrance is 

assumed to be, the wavefronts of vFq0(G5Tt ) are strongly curved indicating that vPq0(G5Et ) 

quickly focuses towards the amplifier axis where the gain is largest. The wave vPq0(G5Et ) 

has the optimal shape to overlap the gain profile most efficiently. Focusing the input 

more strongly than vPq0(G5Et ) results in a large amount of the input beam diffracting out 

of the gain region before it has a chance to induce replication of itself via stimulated 

scattering. Focusing the input weaker than vPq0(G5Et ) leads to less diffraction loss but the 

input beam poorly overlaps the axial high-gain region near the amplifier entrance. Thus 

the effective amplifier length is reduced and the Stokes output power is lessened.

Transforming the laser diode Stokes input beam so that it has the same spatial 

structure as vPq0(G5Et ) would, in general, be difficult. The wave fronts of the adjoint 

mode are rather complicated. However5 the input heed look like vP0(G5Er) only at the 

amplifier entrance. This can be accomplished with a Gaussian input provided that the 

Gaussian is not required to have the same Rayleigh range or focus at the same point as the 

pump beam. Numerical calculations based on the nonorthogonal-mode theory, i.e. 

evaluating Eq. (19) for a variety of Rayleigh ranges and focal points, indicate that 

adjusting the Rayleigh range and focal point of the input beam can significantly alter the 

input coupling efficiency. To make an input Gaussian look like vP0(G5Er) 5 hence 

maximize input coupling, one should focus the input Gaussian before the center of the 

amplifier. Interestingly, one can find many published experimental and theoretical 

studies of gain-guided amplifiers with Gaussian beams,3’4’10"19 but I found none that
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considered the case in which the pump and input Stokes focus at different locations. 

Recall, that the pump and input Stokes beams used in our Raman scattering experiments 

discussed in the last chapter focused at the same location and had the same Rayleigh 

range. A common focus simplifies theoretical analysis and is perhaps necessary in some 

experiments but it is not necessarily the most efficient way to use a gain-guided amplifier.

Input Coupling Experiments

The experimental apparatus used to measure the input coupling efficiency as a 

function of Rayleigh range and position of focus is shown in Fig. 7 with the following 

modification: The curved mirrors bounding the Raman cell were removed, thus the 

beams made only one pass before exiting the cell. This allowed the use of much higher 

pump laser energies than possible if the multipass cell were used. The amplifier 

saturates, i.e. all the pump photons are converted to Stokes photons, when the product of 

the pump energy and the effective amplifier length reaches a certain value. A long 

amplifier, e.g. one configured in a multipass cell, saturates at a lower pump energy than a 

short, e.g. single pass, amplifier. The interesting gain-guiding effects that we hoped to 

measure required high pump energies so a single-pass cell was used.

The coupling experiments were carried out in the following manner. For each 

data set the pump laser beam was adjusted so that it focused in the center of a 141 cm 

long Raman cell with a Rayleigh range of 30 cm. The energy of the pump laser and the 

power of the laser diode were set to fixed values. More than one pump energy was used 

but the power of the laser diode was always 500 nW. As shown in the last chapter, 500
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nW is more than large enough to dominate the quantum noise in the amplifier. The 

telescope in the laser diode beam path was adjusted so that the Stokes seed had the 

desired Rayleigh range. Output Stokes energy was measured as a function of the position 

of focus of the laser diode beam. The corner cube shown in Fig. 7 allowed the seed 

beam’s position of focus to be varied without affecting its Rayleigh range.

Two different pump energies, (315 ± 2) p i and (790 ± 4) pJ, were used in the 

coupling experiments. These values represented the highest and lowest pump energies 

appropriate for our experiments and should show as much and as little gain-guiding 

effects, respectively, as possible. A significantly lower pump energy than 315 p i results 

in an output Stokes pulse with an energy too low to be accurately measured. Increasing 

the pump energy much beyond 790 pJ causes the amplifier to saturate and the 

nonorthogonal-mode theory no longer applies. Specifically, the assumption of a focused 

Gaussian gain-profile is no longer valid if the amplifier saturates.

Figure 16 shows the data for two different pump energies with the Rayleigh range 

set to nearly that of the pump beam. This is a rather common scenario, especially for 

amplifiers placed in a resonator, since beams with the same Rayleigh range, regardless of 

their wavelengths, will reflect off curved resonator mirrors in nearly the same manner.41 

Each data set is normalized such that unit output Stokes energy is obtained when the 

input Stokes beam focuses in the center of the amplifier. Also shown (solid lines) are the 

predictions of the nonorthogonal-mode theory obtained by numerically evaluating the 

amount of input power coupled into the Oo(0,rT) using Eq. (19). It is not necessary to
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Figure 16 Theoretical and experimental output Stokes energy as a function of relative 
focal position of the Stokes input. Negative focal positions indicate the input focused 
before the center of the amplifier. Both the pump beam and Stokes input beam had a 
30cm Rayleigh range.

calculate the Stokes output power because the growth rate of Oq(O1Ft ) is determined by 

the pump energy, which is constant, and is unaffected by the input coupling. Thus, the 

normalized output Stokes energy, as shown in Fig. 16, depends only on input coupling.

The data shown in Fig. 16 are in close agreement with the predictions of the 

nonorthogonal-mode theory. At low gain, the Stokes beam inside the amplifier is 

predicted to be a Gaussian, that focuses at the center of the amplifier with the same
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Rayleigh range as the pump beam. The Gaussian-beam Stokes input couples most 

strongly to the amplifier when it too focuses near the center. At high gains, however, the 

spatial structure of the optimal input,'Po°(0,rT) , differs significantly from that of a 

Gaussian beam that focuses in the center of the amplifier. However, a Gaussian beam can 

approximate xPq0(GjFt ) at the amplifier entrance if the Gaussian beam focuses early. This 

is borne out in the data where more than 50% increase in the input coupling efficiency, 

compared to focusing in the center, is measured when the input is made to focus 30 cm 

before the center.

Figure 17 helps explain the experimental results found in Fig. 16 by showing the 

wave fronts of the adjoint-mode and Gaussian inputs at the amplifier entrance. Each 

wave front is truncated at its exp[-2] intensity point, hence the variation in wave front 

width. The parameters used to generate the plots in Fig. 17 are consistent with the 

experimental parameters used to collect the high-gain data of Fig. 16. The number in the 

graph legend represents the offset, in units of z/z0, of the Gaussian beam’s focal point. 

For example, the data labeled “-2” represent the wave front, at the amplifier entrance, of a 

z0 = 30 cm Gaussian beam whose focal point is 60 cm before the center of the amplifier. 

None of the Gaussian wave fronts shown exactly duplicate the adjoint mode, but the wave 

fronts corresponding to focusing ~ 30 cm before amplifier center most closely 

approximate the adjoint mode. Next, we consider the possibility of further increasing the 

coupling efficiency by varying the Rayleigh range of the laser diode input as well as its 

position of focus.



70

propagation

adjoint

Figure 17 Wavefronts of adjoint mode and offset (z0 = 30 cm) Gaussian modes at the 
amplifier entrance. Each wavefront is truncated at its e[-2] intensity point. The numbers 
in the legend indicate focal point, in units of z0, relative to amplifier center. Negative 
numbers mean the beam focuses before the center of the amplifier.

Numerical modeling indicates that decreasing the Rayleigh range of the laser 

diode beam, as well as focusing it before the center of the amplifier, leads to coupling 

efficiencies larger than those obtained with the Rayleigh range set equal to that of the 

pump beam (z0g = 30 cm). Figure 18 shows the data with the laser diode-beam Rayleigh 

range set to 17cm. All other experimental parameters were the same as they were for the 

high-gain coupling experiment discussed earlier. Also shown are the numerical 

calculations (solid lines) and the Z0 = 30 cm data for reference. The striking features of
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the Zq = 17 cm data are that the maximum coupling efficiency is nearly a factor of two 

larger than that measured with the beam focused at the center of the amplifier and 

approximately 20% higher than the maximum coupling efficiency measured with Zq = 30 

cm. The Z0 = 17 cm beam most closely emulates vFoo(0,rT.). Our calculations indicate 

that it is not possible, without changing the pump beam or amplifier characteristics, to 

further enhance the input coupling efficiency of a Gaussian input beam beyond that 

obtained by focusing a Z0 =  17 cm beam, 30 cm before the center of the amplifier. Further 

enhancements of the input coupling efficiency requires modification of the input beam 

into a non-Gaussian profile.

Since the offset, Z0 = 17 cm, input Gaussian beam couples more strongly into the 

amplifier than does a Z0 = 30 cm beam, one expects that the Z0 = 17 cm beam more 

closely resembles the adjoint mode. Figure 19 displays the wavefronts of the adjoint 

mode and a Z0 = 17 cm Gaussian. As in Fig. 17, the wavefronts are calculated at the 

amplifier entrance and extend only to exp[-2] of the their on-axis intensities. The legend 

lists the focal point of the beam, relative to amplifier center, in units of z/z0, where Z0 =  

17 cm. The Gaussian input that is focused approximately 30 cm (z/z0 ~ -2) before 

amplifier center closely resembles the adjoint mode; hence, the input coupling is strong.

Figure 20 (21) summarizes the predictions of the nonorthogonal-mode 

theory at high (low) gain. The normalized Stokes output is plotted as a function of the 

Rayleigh range of the input Stokes beam and focal position of the input Stokes beam. 

The plot in Fig. 20 was generated with parameters used in the high-gain experiments 

discussed in this chapter: pump Rayleigh range = 30 cm, amplifier length =141 cm, and
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Figure 18 High gain Stokes output energy as a function of relative focal position. The 
17 cm Rayleigh range beam more closely emulates the adjoint mode, hence couples more 
strongly.

G = 6.4. The plot corroborates the finding that focusing the input into the center of the 

amplifier is not optimal. For comparison, Fig. 21 shows the predicted Stokes at a much 

lower gain of G = I. This number represents (approximately) the lowest gain for which 

the single-mode theory of Eq. (17) is applicable. Notice for this lower gain, coupling is 

maximal when the pump and input Stokes beam have nearly the same Rayleigh range and 

focal point.

In summary of the coupling experiments, it was shown that efficient coupling of a 

Gaussian beam input into an amplifier with focused a Gaussian gain-profile requires, in
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general, that the pump and input Stokes beams do not focus at the same location. 

Experiments utilizing a Raman amplifier operated at high gains demonstrated that the

propagation

adjoint

Figure 19 Wavefronts of the adjoint mode and offset Gaussian modes at amplifier 
entrance. Same as Fig. 17 except Gaussian beam has z0 = 17 cm. An input Gaussian 
focused approximately 30 cm before the middle of the amplifier very closely duplicates 
the adjoint mode. Hence, its input coupling efficiency is largest.

most efficient input coupling occurs when the Stokes input has a shorter Rayleigh range 

than the pump and focuses well before center of the amplifier where the pump beam 

focuses. At low pump laser power, on the other hand, maximum coupling occurs when 

the pump beam and Stokes input beam focus at the same location. These results are all in 

accord with the nonorthogonal-mode theory of a gain-guided amplifier. The theory
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predicts that at low gains the Stokes beam inside the amplifier is a Gaussian, but at higher 

gains competition between gain narrowing and diffraction causes narrowing of the beam 

and distortion of its wave fronts. Since the amount of distortion depends on the pump 

laser power, the Rayleigh range and position of focus of the input beam that maximizes 

the coupling efficiency also depends on pump laser power.

Figure 20 High gain (G = 6.4) normalized Stokes output for a matrix of input-beam 
Rayleigh ranges and focal positions. The plot clearly demonstrates that focusing the 
input into the amplifier center is inefficient.
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Figure 21 Low gain (G = 1.0) normalized Stokes output for a matrix of input-beam 
Rayleigh ranges and focal positions. Coupling is maximal for input beams that focus 
near amplifier center.
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CHAPTER?

SUMMARY

The work described in this thesis relates to the characterization and optimization 

of a gain-guided amplifier. First, a theoretical model of a gain-guided amplifier was 

developed. The model starts from Maxwell’s wave equation. A modal solution to the 

equation is assumed. In addition to satisfying the wave equation, the modes are required 

to be eigenmodes of a non-Hermitian eigenvalue equation; hence, the modes are not 

orthogonal to each other. Often, when modeling the Stokes field it is necessary to 

consider only the lowest-order nonorthogonal mode because it has the highest growth- 

rate. In this case, the characteristics of the entire Stokes field are embodied in a single 

nonorthogonal mode. This mode narrows with gain because of transverse gain 

narrowing. Gain guiding causes the wave fronts of the lowest-order nonorthogonal mode 

to be different than those of wave traveling through free space.

Seeding experiments using a laser diode for the Stokes input demonstrated that a 

very low power input (order I nW) could dominate the spontaneous-scattering noise in a 

Raman amplifier. The experiments were found to be in quantitative agreement with the 

nonorthogonal-mode theory except at low gains, where the experiments measure more 

Stokes output energy than is predicted. The theoretical model uses no free parameters; all 

parameters used were within their published error bars. These experiments utilized a
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focused gaussian pump beam and an input Stokes beam that focused in the center of the 

amplifier. Mutual focal points of the beams is common for the theoretical and 

experimental amplifier studies found in the literature.

Based on our theoretical analysis using the nonorthogonal-mode theory, however, 

it was determined that input coupling efficiency is maximal when the input Stokes beam 

focuses before the center of the amplifier, where the pump beam focuses. Further 

enhancement is predicted if the Stokes input is allowed to have a shorter Rayleigh range 

than the pump beam. The theory predicts the spatial structure of the input Stokes beam 

that couples most strongly into the amplifier. The input Stokes beam with the optimal 

spatial structure is called an adjoint mode. The spatial structure of an adjoint mode is 

rather complicated, and it would be difficult to experimentally construct an adjoint mode 

in free space. However, a Gaussian-beam Stokes input can mimic an adjoint mode at Jthe 

amplifier entrance provided the beam’s Rayleigh range and focal point are properly 

adjusted. Experiments corroborated the theoretical analysis. At high gains, the input 

coupling efficiency was found to increase by focusing the laser diode, Stokes input beam 

well before the focus of the pump beam. To our knowledge no one had exploited this 

tactic before.

The experiments in this thesis were performed using a gaseous-medium Raman 

amplifier. Raman amplifiers are not rare but they are not “everywhere” so if our findings 

only applied to Raman amplifiers only a relatively small number of scientists or engineers 

would find them relevant. However, the theoretical analysis that described our 

experiments applies to a general gain-guided amplifier with a focused-Gaussan gain-
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profile, which is fairly common. For these amplifiers, our demonstration of efficient 

adjoint-mode coupling applies directly. If one relaxes the requirement of a Gaussian 

gain-profile and generalizes to all gain-guided amplifiers, a very large class of amplifiers 

is encompassed. Issues such as'adjoint coupling and gain-dependent spatial structure play 

a large role in the operation of all these amplifiers. Therefore, I am excited that the 

general concepts, if not all the details, studied in my thesis are relevant to a large number 

of optical systems.
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Some of the details of the Raman scattering process are briefly discussed in this 

appendix. In particular, the relevant energy levels of the H2 molecule and its transition 

selection rules are presented.

The term “Raman scattering” refers to an inelastic photon-scattering event, i.e. 

energy is either taken from or deposited in the Raman medium. In general, the scattering 

can utilize, vibrational, rotational, and/or electronic transitions in the atoms or molecules 

of the medium. All the experiments discussed in this thesis exploit a vibrational 

transition. The relevant %  energy levels are shown in Figure A l. The nomenclature to 

the right of the levels gives the rotational and vibrational quantum numbers. The 

uppermost and lowermost levels shown represent different electronic states of the H2 

molecule, the molecular states of these levels are listed on the left.42 The diagram is not 

to scale as evidenced by the energy spacings listed on the far right.

‘ The scattering process can be envisioned as occurring in the following manner. 

Due to degeneracies, the fine spacing of the rotational levels, and the thermal energy 

available at room temperature, most 66% (Ref. 43) of the molecules are initially in the 

ground electronic state with J = R v  = O. An incident pump photon is “absorbed” raising 

the energy of the system to the pump level. The system relaxes to the J = I, v = I level by 

emitting a Stokes photon via stimulated scattering if other Stokes photons are present or 

via spontaneous scattering if there are no other Stokes photons. The term “absorbed” is 

used loosely here. The pump level is not resonant with any H2 levels; stimulated 

scattering is occurring, not stimulated emission. The transition just described has the 

selection rule AJ=O, Av=L The nomenclature for such a transition is Qoi(I) where the
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“Q” symbolizes AJ=O, the first (second) subscript represents the initial (final) vibrational 

quantum number, and term in parentheses is the rotational number of the initial state. 

The general selection rules for Raman scattering, a two-photon process, are43 AJ = ± 2, 

Av = 0 or Al = 0, ± 2, Av = I.

(Ia p d O 1Z+
U

Pump level

J=O,v = 2

J = 2 ,v = l
J=I1V=I
J=O1V=I

J= 2,v= 0
J=Lv=O
J=O1V=O

9 2 ,000  cm"1

4 ,155  cm"1

I
Figure A l Energy levels and a vibrational Raman transition of a H2 
molecule.
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The theoretical model of Stokes amplification in a gain-guided amplifier assumes 

that the pump laser or gain has a focused-Gaussian profile. According to manufacturers 

specifications, the Nd=YAG beam used in our experiments should have a Gaussian 

transverse profile. In reality, however, the beam exiting the laser has a bright center spot 

with concentric bright rings around the center indicating that the beam is diffracted by a 

circular aperture somewhere in the laser cavity.37 In addition the beam was astigmatic, 

i.e. after propagating through a lens the beam did not focus to a single spot. Instead, as 

the beam moved away from the focusing lens it would focus to a line image then a short 

distance away it would focus to another line image perpendicular to the first. For 

example placing a i m  focal length spherical lens near 532 nm output of the laser caused 

the beam to focus to a horizontal line 106 cm from the lens and a vertical line 114 cm 

from the lens. We were not able to determine which laser component(s) caused the 

astigmatism, but technicians at Spectra Physics - the laser manufacturer - said that it was 

likely caused by the Nd=YAG rods within the laser. Upon the recommendations of the 

technicians, we decided to correct the astigmatism outside the laser rather than try to 

optimize the laser cavity.

Well-known methods exist for correcting or “cleaning up” the circular rings on a 

laser beam. However, these methods assume that the beam is stigmatic i.e. not 

astigmatic. Therefore, to use these methods it was first necessary to correct the beam’s 

astigmatism. An astigmatic beam is not rotationally symmetric about its axis of 

propagation. Converting an astigmatic beam into a rotationally-symmetric Gaussian
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beam requires that the beam experience an optical component which does not treat the 

light in a symmetric manner. If properly aligned, the asymmetry of the optical component 

compensates for the asymmetry in the beam. The net result is a stigmatic or symmetric 

beam. Perhaps the most straightforward example of such an optic is a cylindrical lens. In 

its simplest form a cylindrical lens is, aptly, a cylinder. Light incident on the side of the 

cylinder is focused in one direction only. For example, parallel rays incident on the side 

of the cylinder focus to a bright line, rather than a point, on the opposite side of the 

cylinder. As stated earlier, when our Nd:YAG beam is focused by a ordinary spherical 

lens it focuses to a horizontal bright line then to a vertical line a short distance later. 

Inserting a properly orientated cylindrical lens after the spherical lens causes the beam to 

focus in a single spot. The horizontal component of the beam “sees” a different focal 

length than does the vertical component. Presumably a cylindrical lens could have been 

used to correct the astigmatism, and preliminary experiments confirmed this assertion, 

but in the end, an off-axis spherical mirror was used.

Consider the spherical mirror shown in Fig. BI. Neglecting spherical aberrations, 

rays parallel to each other and to the axis of the mirror focus to a point image on the axis 

a distance R/2 from the front of the mirror where R is the radius of curvature of the 

mirror. However if the incident rays are parallel to each other but make an angle <j) with 

respect to the mirror axis, two mutually perpendicular line images are formed as 

illustrated in the figure. Perhaps the geometry will be more clear if we examine the 

drawing in Fig. BI more closely. The mirror is symmetric about the line labeled “axis”
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which is in the plane of the paper. The incident light rays are parallel to each other, make 

an angle <|) with respect to the mirror axis, and are in the plane of the paper. Due to the

Figure BI Hlustration of the focusing properties of a concave spherical mirror. When the 
rays are not parallel to the mirror axis two mutually perpendicular line images are formed 
rather than a single point image.

symmetry of the mirror these assumptions do not degrade the generality of the following 

analysis. The incident rays bounce off the mirror surface and begin to focus. The rays 

converge to form a bright line parallel to the paper’s normal. This is shown as H in the 

figure. A distance later the rays converge to a bright line perpendicular to the first line 

image. This second line image is denoted by V in the figure. The incident rays contained 

in the plane of the paper or in planes parallel to the paper converge to form the line image
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at H while the incident rays in plane perpendicular to the plane of the paper converge to 

form the line image at V. The different focal lengths are given by 44 

^ _  Rcos(J)
h -  — r ~

_  R ^
2 cos (J)

where the focal lengths are measured from the front surface of the mirror. Since there are 

different focal lengths, the mirror introduces an astigmatism on an incident collimated 

beam. It can also be used to compensate for an astigmatism already on the beam.

A convex spherical mirror (R = I m) was used in the following manner to correct 

the Nd:YAG beam’s astigmatism: The mirror was placed at a location where the

intensity profile of the beam about its axis of propagation was nearly symmetric. Recall 

that even an astigmatic beam can have a symmetric intensity profile at a single location. 

The mirror angle was then varied until the beam was no longer astigmatic. Placing a 

charge-coupled camera (CCD) near the beams focus was found to be a sensitive measure 

of the beams astigmatism. The. mirror angle was adjusted until the beam focused to a 

single circular spot. Had the mirror been placed at a location where the incident beams 

intensity profile was not symmetric it would be possible adjust the mirror angle until a 

single focused spot was obtained, but the spot would be elliptical rather than circular.45

Once the beam was stigmatic it was straightforward to remove the diffraction 

rings on the beam using a technique known as spatial filtering. Think of the beam as 

Gaussian with extra structure on it. The diffraction rings are an example of “extra 

structure”. When focused by a spherical lens, the Gaussian component of the beam



I

v focuses tightly on-axis while the extra structure tends to focus further from the axis of the

beam. Thus the structure can be removed from the beam by placing a circular aperture in 

the focal plane of the lens. The Gaussian component of the beam propagates through the
1V

, aperture while the extra structure is blocked by the aperture. The size of the aperture is

( critical. If it is too large, the extra structure slips through the aperture. If it is too small,

{ the aperture restricts the passage of the Gaussian beam and diffraction occurs manifesting

itself in diffraction rings. In our case, it was necessary to spatially filter the beam twice 

before a Gaussian profile, or a beam profile close enough to a Gaussian, was obtained.

The extra components needed to convert the Nd:YAG’s output beam into a 

Gaussian beam are orientated as follows. The R = I m  concave mirror used to 

compensate for the beam’s astigmatism is placed a short distance from the Nd=YAG 

output. A distance later a spherical lens focuses the beam through a spatial filter 

(aperture). A second lens and spatial filter immediately followed. All of these 

components are located between the Nd=YAG pump laser and the pump beam telescope 

shown in Fig. 7.
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