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ABSTRACT

A theory is presented for an injection seeded Raman amplifier which includes the
total Raman susceptibility. Calculations indicate that the imaginary part o f the Raman
susceptibility leads to gain and gain guiding while the real part o f the Raman
susceptibility leads to index guiding. Both the gain and index guiding affect the spatial
structure o f the amplified Stokes beam. When the input Stokes beam is tuned to the blue
(red) side o f the Raman resonance, the amplified Stokes beam is focused (defocused) due
to the real part o f the Raman susceptibility. The calculations also indicate the peak
Stokes output from the Raman amplifier occurs when the input Stokes is tuned to the blue
side o f the Raman resonance. Experimental results are presented that measure the
amplified Stokes beam’s spatial structure. The results from this experiment confirm the
prediction o f a narrower (wider) Stokes beam when the input Stokes is tuned to the blue
(red) side o f the Raman resonance. The narrower amplified Stokes beam when the input
Stokes is tuned to the blue side of the Raman resonance results in the amplified Stokes
beam experiencing an increased gain. This increased gain that occurs on the blue side of
the Raman resonance is confirmed by an experiment.

I

C H A PTE R I

IN TRO D U C TIO N

Raman Scattering
Raman scattering1"3 is an inelastic scattering process in which a photon is
scattered off a Raman active medium. Because the scattering process is inelastic, the
scattered photon can either deposit some o f its energy in the Raman active medium which
results in a red shifted scattered photon or extract some energy from the Raman active
medium which results in a blue shifted scattered photon. The red shifted scattered photon
is often referred to as a Stokes photon while the blue shifted scattered photon is referred
to as an antiStokes photon.
A schematic energy level diagram for a typical Raman scattering process is shown
in Fig. I. The energy level labeled 11) is the ground state of the Raman active medium,
the energy level labeled 12) is usually the first excited electronic state, and the energy
level labeled 13) can result from a vibrational or rotational excited state o f the Raman
active medium. A pump photon with energy h a p , where <up is the frequency o f the

pump photon, is scattered off the Raman active medium leaving the Raman active
medium in the excited state 13). The energy o f the scattered photon can be found from
conservation of energy to be ^icos = ficop —hcon where ho)l3 corresponds to the energy
difference between levels |l) and |3) shown in Fig. I and Q)s is the frequency of the
scattered photon. The frequency of the scattered photon has been red shifted and the
scattered photon is referred to as a Stokes photon.
Scattering can occur either by spontaneous scattering or stimulated scattering.
Spontaneous scattering occurs when just a pump photon is incident on the Raman active
medium. A single Stokes photon is created at the frequency u) , after the scattering event
has occurred. Stimulated Raman scattering occurs when both a pump photon at the
frequency o

and an input Stokes photon at

0)

s are incident on the Raman active

medium. Two Stokes photons at the frequency cos come out after the scattering event. In
the case o f stimulated Raman scattering, the input Stokes photon is amplified by the
scattering event.
A simplified schematic of an experiment which studies stimulated Raman
scattering is shown in Fig.2. A high power laser- provides a source o f pump photons for
the stimulated Raman scattering. Input Stokes photons can be generated for example by
spontaneous emission or by a tunable laser diode centered at the frequency <z>s . The input
Stokes photons are combined at the beam combiner with the pump photons and sent
colinearly through a Raman active medium. The amplified Stokes and residual pump are
separated by a dispersive element such as a prism.

The Raman active medium used for all the work in this thesis is diatomic
hydrogen. The H2 is contained in a cell at high pressures. The state labeled 11) in Fig. I
is the ground state o f the H2 molecule while the state labeled 12) is the first excited
electronic state and is 11.2eV above the ground state. The state labeled 13) is the first
excited vibrational state and is 0.5 lev above the ground state. The source o f pump
photons in the experiments to be discussed in this thesis come from a frequency doubled
Nd:YAG laser at a wavelength o f /t^=532nm which corresponds to an energy for the
pump photon of 2.33eV. The scattered Stokes photons are at a wavelength o f 2,=683m n
which corresponds to an energy for the scattered Stokes photon o f 1.82eV.

Background
Laser induced Raman scattering was first studied in 19624 and ever since has
provided a productive area for research. Raman scattering is used in spectroscopic
systems3,5 where the frequency shift of the scattered.light, which is characteristic of the
scattering medium, is used to identify the scattered Raman scattering is also used as a
way to shift frequencies o f lasers by integer multiples of the frequency Ui136,7 (shown in
Fig.I). More recently, Raman scattering has been used to study temporal solitons8 14. It
was found that the Raman solitons occur spontaneously and the origin o f this phenomena
is a result o f quantum fluctuations8,14. The quantum fluctuations or quantum noise were
shown to be at the one photon per mode noise limit for a phase insensitive optical
amplifier15,16. The noise limit of one photon per mode implies that the quantum noise can

easily be dominated in a Raman amplifier by using an input Stokes signal o f only a few
photons.
More recently, work has focused on looking at the full three dimensional aspect of
the Raman amplifier.. The focused nature o f the pump beam and transverse variations in
the gain are taken into account in a theory which utilizes a nonorthogonal modal basis
expansion to describe the amplified Stokes field17"22. The initial nonorthogonal modal
theory describes the energy output o f the Raman amplifier19 but fails to correctly predict
the spatial structure o f the amplified Stokes output. Modifying the wave equation to
include the effects of index guiding and using a similar nonorthogonal modal expansion
to describe the amplified field correctly predicts the measured spatial structure of the
amplified Stokes output23. Including the effects o f index guiding also leads to the
unintuative prediction that the peak Stokes output does not occur when the input Stokes
signal is tuned to the Raman resonance but rather occurs when the input Stokes signal is
timed to the blue side of the Raman resonance24. Investigating the index guiding effects
in a Raman amplifier is the main thrust o f this thesis.

Gain and Index Guiding
Gain19,20,25 and index23,24,26 guiding are two effects which influence the spatial
structure of the amplified Stokes beam as it grows in a Raman amplifier. In fact, gain and
index guiding will occur whenever a gain profile that is nonuniform in the transverse

direction is present. The work done in this thesis with Raman amplifiers will carry over
into many other types o f optical amplifiers.
Gain guiding, as the name implies, is related to the gain o f an amplifier. The
origin o f the gain in the Raman amplifier can be traced back to the imaginary part o f the
Raman susceptibility1. Most theories which have described Raman amplifiers to this
point have only included the imaginary term o f the Raman susceptibility8'22. However,
the Kramers-Kronig relationship1 tells us that if we have an imaginary part o f the Raman
susceptibility then we must also have a real part o f the Raman susceptibility. The real
part o f the Raman susceptibility affects the index o f refraction1 that the amplified Stokes ■
beam experiences and leads to index guiding. Because the real and imaginary parts o f the
Raman susceptibility are intertwined by the Kramers-Kronig relationships, gain and index
guiding are intertwined and their effects must be studied together.
Gain guiding affects the spatial structure o f the amplified Stokes beam as follows.
The gain profile in a Raman amplifier is proportional to the pump laser intensity and has
a gaussian profile. The input Stokes grows faster at the center o f the gain profile where
the gain is larger than at the wings. Because the center o f the Stokes beam grows more
rapidly than the wings, the amplified Stokes beam narrows.
Index guiding also affects the structure o f the Stokes beam and acts as follows.
The real part of the Raman susceptibility leads to an index of refraction which has a
nonuniform transverse profile. A lens can be modeled by a nonuniform transverse index

o f refraction. Therefore, we can say that the real part o f the Raman susceptibility creates
an effective lens which will change the spatial structure o f the amplified Stokes beam.
To understand the spatial structure o f the amplified Stokes beam, the Raman
susceptibility must be included in the wave equation that describes the Raman amplifier.
No noise term will be included in this wave equation since we are modeling an injection
seeded Raman amplifier where the input Stokes signal is large enough to dominate the
effects o f quantum noise.
The wave equation is solved in chapter 2 by two different methods. The first
method involves expanding the amplified Stokes field over the Gauss-Laguerre basis27,28.
The Gauss-Laguerre basis turns out to be a nice basis to work with because the input
Stokes field is a focused gaussian and can be described by only the lowest order GaussLaguerre mode. The input mode is coupled to several modes in the Raman amplifier via
the Raman gain and this allows the output o f the Raman amplifier to have a different
spatial structure than the input Stokes signal. The output of the Raman amplifier however
is described by many modes and this makes the Gauss-Laguerre basis awkward for
describing the output o f the Raman amplifier. The second method o f solution which will
also be presented in chapter 2 involves expanding the amplified Stokes field over a
nonorthogonal modal basis17'22. The nonorthogonal modal basis is a natural modal basis
for describing the output o f the Raman amplifier. In the high gain limit, the amplified
output Stokes field can be described by a single nonorthogonal m ode19. However, the

input to the Raman amplifier which is a focused gaussian must now be expanded over the
more complicated nonorthogonal modes.
The numerical results from solving the wave equation are presented in chapter 3.
The effects o f gain and index guiding on the spatial structure including the phasefronts
are studied in this chapter. Surprisingly, the numerical results indicate that tuning the
input Stokes signal to the blue side o f Raman resonance can be used to increase the
output o f the Raman amplifier. A brief discussion on improving the performance o f the
Raman amplifier by modifmg the phasefronts o f the input Stokes beam to better overlap
the phasefronts supported by th Raman amplifier is-presented.
Three experiments, presented in chapters 4,5,and 6, use a tunable laser diode as a
source o f input Stokes photons. The first experiment, presented in chapter 4, shows that
the input Stokes signal can effectively couple to a Raman amplifier. This experiment will
show that only a few photons in the input Stokes are needed to dominate the quantum
noise (spontaneous emission). The second experiment, presented in chapter 5, involves
imaging the amplified Stokes beam at the exit o f the Raman amplifier. The experimental
results are not explained by previous work that only considered gain guiding but rather
are in agreement with the predictions o f gain and index guiding. Finally, the last
experiment, to be considered in chapter 6, examines the Stokes output energy as a
function o f detuning. It is found that the peak Stokes output occurs when the input
Stokes signal is tuned to the blue side of the Raman resonance in agreement with the
predictions o f the theory which includes both gain and index guiding.

8

Chapter 7 contains concluding remarks on how index guiding affects the growth
of the amplified Stokes beam in a Raman amplifier. Possible future experiments are also
mentioned.
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Figure I Schematic energy level diagram for Raman scattering
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Figure 2 Simplified experimental setup to study stimulated Raman scattering

CHAPTER 2

THE WAVE EQUATION AND METHOD OF SOLUTION

Introduction
The mathematical formalism developed in this chapter allows us to numerically
look at solutions to the wave equation that describes the Raman amplifier. First, the wave
equation that describes the Raman amplifier is presented. The nonlinear Raman
susceptibility is presented next. The nonlinear Raman susceptibility results Rom the H2
molecule being driven by the beating o f the Stokes and pump fields during the scattering
process. Next, some limiting case solutions to the wave equation are studied. These
solutions aid in understanding how the real and imaginary parts o f the nonlinear Raman
susceptibility affect the amplified Stokes field. Finally, two different methods of solution
to the wave equation are presented which depend on modal expansions o f the Stokes
field. As mentioned in the first chapter, expanding the Stokes field over a GaussLaguerre basis allows one to describe a gaussian input in terms o f a single mode. Also,
more complicated inputs to the Raman amplifier are more easily described in terms o f the

orthogonal Gauss-Laguerre basis than the nonorthogonal modal basis. While the GaussLaguerre basis is useful for describing the input into the Raman amplifier, the
nonorthogonal modal basis is useful for describing the Raman amplifier output because
only one nonothogonal mode is needed to describe the amplifier output in the high gain
limit. Since the choice of basis is not obvious, the solution to the wave equation using
both a Gauss-Laguerre basis and a nonorthogonal basis is presented .later in this chapter.

Wave Equation
In the work done in this thesis, we are interested in describing the Raman
amplifier in the steady state paraxial limit. The three dimensional wave equation that
describes the Raman amplifier is written

V 2TEs{z,rr ) - 2 i k s — E s{z,rT) = ~ - ^ ^ - X N L \ E p\ E s(z ^ t )

where

=
a 2

+

2.1

is the transverse laplacian, Es(z,rT) is the slowly varying Stokes

field, ks is the Stokes wavevector, o)s is the frequency o f the Stokes field, c is the speed
o f light, X nl is &e nonlinear Raman susceptibility and Ep is the pump field. The wave
equation is derived in appendix A. The fully transient equations that describe the Raman
amplifier are presented in appendix B along with a link to the above wave equation in the
steady state limit.

The Nonlinear Raman Susceptibility
The nonlinear Raman susceptibility, X nl>is responsible for the Raman gain, gain
guiding effects, and index guiding effects. The nonlinear Raman susceptibility in
vibrational Raman scattering from diatomic hydrogen results from an induced dipole
moment of the H2 molecule due to the beating o f the pump and Stokes field1. In this case
we can let the vibrational frequency, <uv, o f the H2 molecule define the Raman resonance.
In appendix C the H2 molecule is modeled as a damped driven harmonic oscillator with a
resonant frequency co v. This model yields a nonlinear Raman susceptibility that can be
written

X

L

N
Z

nl

O'
l6mo).

2.2

+ z-

4 J

where N is the number density OfH2 molecules, a is the molecular polarization, m is the
reduced mass of the H2 molecule, A = cov -{cop - ( V s) is the detuning away from the
Raman resonance, and y is related to the collisional dephasing rate, T , by the
relationship T = y / 2 .
A definition is made for the Raman susceptibility %R such that

One can write the Raman susceptibility from Eq.2.2 and Eq.2.3 as

2.4
V

4

Approximate Solutions To The Wave Equation
Before the solution to the wave equation, Eq.2.1, is presented in its full detail,
some approximations are made to simplify the wave equation. Two objectives are
reached in studying the simplified wave equation. The first objective is to cast the Raman
susceptibility in terms o f the parameters that are used in the literature such as ks, the
Stokes wavevector, g(z,rT), the gain profile, A , the detuning, and F., the collisional
dephasing rate. The second is to obtain an understanding of how the Raman
susceptibility influences the Stokes field.
The Raman susceptibility for a molecule can be written as Z r =

~ zZ" where

the real and imaginary parts o f the Raman susceptibility are defined in Eq.2.4. The
constants in Eq.2.4 are determined by requiring that the Stokes growth predicted by the
wave equation (Eq.2.1) be equal to the Stokes growth given in Refs. [29,30], The results
in Refs. [29,30] were derived under the assumption that no index guiding occurred
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(%' = 0 ) and diffraction o f the Stokes field was negligible ( V 7
2Es(z, rr ) ~ 0). With these
approximations the wave equation (Eq.2.1) can be written

Inco2

2.5

which has

■Z"z

E ,(z) = ^ ( 0 ) e

2.6

as the solution for the field. Squaring the field leads to the Stokes intensity and the
Stokes intensity is written

4

7,(z) = /,(0 )e IcsC1

- 2.7

On the other hand, Refs.[29,30] show that the Stokes intensity is

r2
Is(z) oc

2.8
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comparing Eqs.2.7 and 2.8 we obtain -

F2
Atvco1 s
Z = g -^—

■ Combining this result

with Eq.2.4 allows us to write the Raman susceptibility as

AF
•+

2.9

z-

A2 + F 2

where the gain g -> g(z, rT) has been included to allow for the spatial variation o f the
gain profile.
Some insight into the effects of %' and

x" can be gleaned by solving the wave

equation under the assumption that the diffraction o f the Stokes field is negligible,

f 2TEs(z,rT) « 0). The wave equation is written

dEs(z,rT) _ I tvcd2s
dz

2.10

iksc2

The solution to Eq.2.10 is a simple exponential

E,(z,rT) = E,(Q,rT)e *

^

2.11

where Es(O5Pr) is the input Stokes field. From Eq.2.11, the imaginary part o f the Raman
susceptibility, %'■', leads to gain (absorption) if %” < 0 (%" > 0). Also from Eq.2.11 the
real part of the Raman susceptibility, % ', leads to a phase shift. The transverse variation
in the real part o f the Raman susceptibility which results from the gain profile results in a
phase shift that varies in the transverse direction. This phase shift can be thought o f as
caused by an index o f refraction and is analogous to a phase shift resulting from a field
passing through a lens. The real part of the Raman susceptibility can be thought of as
creating an effective lens that can focus or defocus the Stokes beam and this leads to
index guiding.

Solution To The Wave Equation
\

The wave equation is solved using a modal expansion o f the Stokes field. The
question o f which basis to use for the expansion o f the Stokes field is a difficult one.
Ideally, the Stokes field would be described throughout the Raman amplifier by a single
mode of the basis chosen. A Gauss-Laguerre basis24’27 allows the input to be written as a
single mode. The susceptibility couples this single input mode to several higher order
modes with the same cylindrical symmetry as the gain but with different radial profiles.
Coupling a single input mode to several modes at the exit of the Raman amplifier allows
for the changes in the spatial structure of the amplified Stokes. A second more
complicated basis that can be used to describe the Stokes field in a Raman amplifier is the
nonorthogonal modal basis17"22. This basis has the nice property that only the lowest

18

order nonorthogonal mode is needed to describe the output o f the Raman amplifier19.
However, the gaussian input signal must be expanded over the more complicated
nonorthogonal basis. Solutions to the wave equation using both a Gauss-Laguerre and
nonorthogonal basis are presented in this section.

The Gauss-Laguerre Basis
Using the wave equation (Eq.2.1) and the Raman susceptibility (Eq.2.4), the
Raman amplifier is described by

\% ( z ,r r)-2 z & ,

+ # , 2 0 , fr)

v A2 + E 2

EA
Es(z >rT) = O
A2 +E 2

z-

2.12

The wave equation includes the real and imaginary parts of the Raman susceptibility with
A , the detuning from the Raman resonance and E , the Raman linewidth31, explicitly
included in the wave equation. The assumption that the spontaneous emission is
negligible has been used and therefore no terms are needed in Eq.2.12 to account for the
spontaneous emission. The validation o f this assumption will be discussed more in
chapter 4.
The focused nature o f the pump beam is taken into account in the gain profile. In
this work we will consider a focused gaussian gain profile 19’24’27’32
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g (z ,r )

4G

-Ir1Ializ)

2.13

where G is related to the plane wave gain coefficient33, kg is the pump laser wavevector,
the gaussian beam waist is cog(z) = OJg(O)^l + ( z / z Q)2 , r is the magnitude o f the
transverse radius vector rT, and

Z0

is the Rayleigh range o f the focused gaussian profile.

The gain profile has rotational symmetry about the z axis and, therefore, it will be
convenient to work in cylindrical coordinates.
The wave equation is similar to a wave equation solved by Perry et.al.27 and the
details o f their solution are presented in Ref. [27]. A brief outline is presented here with
the changes needed to account for %' and the consequent index guiding effects. The
Stokes field is expanded over a complete set o f orthonormal Gauss-Laguerre modes

U1p(z, rT). The Gauss-Laguerre modes are the solution to Eq.2.1 when the Raman
susceptibility is set equal to zero. These modes solve the wave equation for free space
propagation and are referred to as the modes of free space. The Gauss-Laguerre modes
are defined in appendix D along with plots o f some lower order modes.
The Stokes field is written as an expansion o f the Gauss-Laguerre modes as

2.14
pJ
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where Vjj (Z) are the field expansion coefficients. Substituting E q.2.14 into Eq.2.12 and
using the orthonormal properties o f the Gauss-Laguerre modes yields the following set of
linear coupled differential equations in z for the field expansion coefficients

2.15

dz

where

I
E2
G1'J =p'-p 2 U 7 + E 2

EA
- z -

A2 + E 2

\d(p \ rdr{ U1
p! (z. rT)g(z, rT)Ulp (z, rT)]

2.16

Substituting the focused gaussian gain profile from Eq.2.13 and noting that the
integration over (p results in non zero terms only when Z= / ' , the following expression
for G1', „ is obtained

2/z

r

U2+r

zA2 + r

- 2 /(p '- p ) ta n " ' {z! z0) (-,I

^P',P (/^)

2.17

where the parameter /U = Xp I (Xp + Xs) is defined as the mode filling factor with

Xp( Xs) the, pump (Stokes) wavelength and Q1
plp (ju) is. a polynomial in powers o f /i and

is defined in appendix E. The fact that only nonzero terms result from I = V can be
argued on the physical grounds that the modes which describe the Stokes field must have
the same angular dependence as the gain.
The important substitution o f variable

6) = tan-i(z / Zg)

2.18

is made to fold out the focusing nature o f the problem. The equation for the field
expansion coefficients becomes

=

2.19'

where

: jUG

Y2

2.20

The solution for the field expansion coefficients is

K

w

= Y

a^M

G - , e,

2.21

where the matrix elements A p
1i p (ju, G; 0, Gin) are defined in appendix E, Gin defines the
input of the Raman amplifier, and G defines the location in the Raman amplifier. The
field expansion coefficients, V p
1 (Gm) , are used to represent the input Stokes signal. When
the Raman amplifier is seeded with a gaussian input signal, only the p=l=0 element of

Vp (6 m) will be nonzero and the input Stokes power will be proportional to

(Gm)|2 . In

this case the sum in Eq.2.21 will drop out.
Because only the p=l=0 element is needed to describe the input mode, the GaussLaguerre modes are a convenient choice for the Stokes field expansion. However, the
coupling element G1
pi

couples this single input mode to several output modes for each

individual I. The fact that many modes can couple together allows the amplified Stokes
beam to have a different combination of spatial modes than the input Stokes signal and
hence the amplified Stokes can have a significantly different spatial structure than the
input Stokes signal. Notice however, that since the gain does not couple the input field to
modes with different angular indices (“1” values), it is necessary to solve the above matrix
equation for 1=0 only.

The Nonorthogonal Basis
The wave equation presented in Eq.2.12 and the gain profile presented in Eq.2.13
are again the starting point. However, instead o f expanding the Stokes field over the

Gauss-Laguerre basis, it is now expanded over a nonorthogonal basis17"22. The solution
presented here is very similar to the solution presented in Ref. [19] and only a brief outline
o f the solution is presented here to show the changes needed to include the real part o f the
Raman susceptibility which allows for index guiding effects. The Stokes field is written
as an expansion over the nonorthogonal modes as

2.22

=
’

n,l
}

where a n
l {z) is the amplitude o f the nonorthogonal mode <&nl (z,rT) . The nonorthogonal
modes are required to satisfy the eigenvalue equation
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The nonorthogonal modes are written as a summation over the free space Gauss-Laguerre
modes. The summation in this case is only over the radial indices o f the Gauss-Laguerre
modes because the gain profile has rotational; symmetry and only the 1=0 angular indice
has the proper rotational symmetry to match the gain profile. The nonorthogonal modes
are written
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#L(f,rr) = Z % f^ (z ,r r )
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P

where bln p are the free space mode coefficients. Maldng the change o f variable

0 = tan-10 / z 0) and using Eq.2.23 and Eq.2.24, the equation o f motion for the free
space mode coefficients becomes

a :,'

2.25

where

+r

A2 H-E2

2.26

where Qlp, p{jS) is defined in appendix E.
Equation 2.25 can be transformed into an operator equation by defining the vector

blr which represents the free space mode coefficients {blnp} and writting K p1r as a matrix
K 1. The operator equation becomes

<9

K=o

2.27
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where H 1
p, p = 2 p 8 p, p . The solution to Eq.2.27 is

/

2.28

where 2!n satisfy the eigenvalue equation

(k '+Hf)*:=

2.29

The details o f the solution to Eq. 2.29 are presented in Ref[19]. Finally, the
nonorthogonal mode can be written

=

) X .»

2.30

P

The Stokes field is written as a superposition o f the nonorthogonal modes. The
nonorthogonal modes have been calculated above. Next, the expansion coefficients ( a 'n )
need to be calculated. Substituting the field expansion (Eq.2.22) into the wave equation
leads to the equation
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2.31

The solution to Eq.2.31 is

IcsO2(sZ)

<

2.32

where a ‘n(0) is the projection o f the input Stokes signal on the (ff nonorthogonal mode.
The amplified Stokes field is finally constructed from Eqs.2.22, 2.30, and 2.32.
Armed with the solution to the wave equation we are now ready to study the
effects o f index guiding in a Raman amplifier.

CHAPTER 3

MODE STRUCTURE OF THE AMPLIFIED STOKES FIELD

Introduction
The effects o f gain and index guiding on the amplified Stokes beam in a Raman
amplifier are numerically studied in this chapter. The wave equation presented in chapter
two is solved using both the nonorthogonal modal expansion and the Gauss-Laguerre
modal expansion. These two different methods o f solution yield the same results, as
expected.
The wave equation was solved in chapter two for the limiting case o f no
diffraction, and we saw how the imaginary part o f the Raman susceptibility led to gain
and the real part of the Raman susceptibility led to a phase shift that is associated with an
index o f refraction. In the next section, physical arguments are made to describe how the
gain leads to gain guiding and how the index o f refraction leads to index guiding. Next,
the phasefronts o f the amplified Stokes field are studied along with the spatial structure of
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the amplified Stokes field. Finally, some comments about enhanced coupling into a
Raman amplifier are presented in terms o f the mode structure and detuning.

Physical Arguments For Gain And Index Guiding
Gain guiding works to narrow the amplified Stokes beam in the following way.
For a focused gaussian pump beam, the center o f the gain profile, which is proportional to
the pump intensity, amplifies the center o f the signal more than the wings because the
gain is larger near the center o f the gain profile. Because the center o f the amplified
Stokes grows more than the wings, the amplified Stokes beam narrows.
Figure 3 is a graphic representation o f gain guiding. The dot-dashed line
represents a gaussian gain profile with a maximum gain o f 2.5. The dashed line is the
input signal and has a maximum intensity o f I and the full width at h alf maximum
(FWHM) is shown. The amplified field is found by multiplying the input signal times the
exponential o f the gain (exponential growth). The amplified field is shown as the
solid line in Fig.3 and the FWHM is labeled. Note that the FWHM o f the amplified field
is narrower than the FWHM o f the input signal. The exponential growth used to generate
the amplified field for Fig.3 is a good model for the amplification in a Raman amplifier.
A review o f a focusing lens will help in the physical explanation o f how index
guiding works. Figure 4 shows a plane wave impinging on a lens from the left. The
optical path length which is a product o f the length which the light travels multiplied by
the index o f refraction o f the material through which the light travels is larger at the
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center o f the lens than at the wings o f the lens. The phasefront is retarded more near the
center o f the lens because the light travels through a larger optical path length than the
wings.. This is why the phasefront appears curved after the lens. As the beam propagates
further, diffraction causes the phasefront to change as shown in Fig.4.
The phase shift o f the amplified Stokes field in a Raman amplifier is proportional
to the real part o f the Raman susceptibility as was seen in Eq.2.16. The real part o f the
Raman susceptibility is written %’ - g(z, rT)j

A2 + T 2J

. The gain profile is proportional

to the pump laser intensity and is a gaussian. When the input Stokes is detuned to the
blue side o f the Raman resonance so that A =Z0, the real part o f the Raman susceptibility
causes the Stokes field to see an optical path length similar to that shown in Fig.4.
Hence, when the Stokes seed is detuned to the blue side o f the Raman resonance, the
amplified field experiences an effective lens caused by the phase shift related to the real
part of the Raman susceptibility. The ability o f the Raman medium to focus the Stokes
beam is referred to as index guiding.

Mode Structure O fT he Amplified Stokes Field
The phasefronts and spatial structure o f the lowest order nonorthogonal mode and
gaussian input Stokes signal are studied in this section for two cases. The first case
occurs when the input signal is tuned exactly to the Raman resonance, A = O, and
therefore the Raman susceptibility is purely imaginary which leads to gain without any
index guiding effects. This case will allow us to understand how gain guiding effects the
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nonorthogonal mode. In the second case, A ^ 0, and the Raman susceptibility contains
both an imaginary and a real term. In this case the Raman susceptibility leads to an index
o f refraction which gives rise to index guiding. Thus, in the second case both index and
gain guiding are considered.
Unless otherwise noted, the following parameters which describe the Raman
amplifier are used in the calculations for this chapter. For parameters that are typical of
Raman amplifier experiments, the difference in the phasefronts would be difficult to
show in the figures. Therefore the waist and wavelengths were chosen so that the
differences between the phasefronts can easily be seen in the figures. This makes the
physical explanation o f the mode structure and coupling easier to understand. The
Rayleigh range was set at V2 cm for both the pump and input Stokes signal. A gain of
G=3 and a pump beam waist o f Gig (0) = I cm were used. The Raman linewidth was set at
3000MHz and the detuning used was A = OMHz for the on resonance case and
A = +300 MHz for the off resonance cases. The entrance to the Raman amplifier was
a tz / z 0g = - 2 .
Figure 5 shows the phasefronts for case I in which A = 0. The solid line shows
the phasefronts for the lowest order nonorthogonal mode while the dashed line shows the
phasefronts for the gaussian input Stokes mode. The phasefronts are plotted at various
locations in the cell defined by z/z0g with the gaussian input signal mode focusing at
z/zog=0. For z/zog<0 notice that the curvature o f the phasefronts indicate that input signal
is focusing while for z/z0g>0, the curvature o f the phasefronts indicates that the input
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signal is diffracting. This is not surprising since the input Stokes signal is a focused
gaussian..However, the phaseff onts o f the nonorthogonal mode are much more
complicated and very different than the gaussian input Stokes signal. The phasefronts for
case I result from competition between gain guiding and diffraction, as discussed below.
Notice that the phasefronts o f the nonorthogonal mode and gaussian input Stokes signal
are poorly matched. This indicates that the Raman amplifier is not being used
efficiently30,35. Gain guiding has the effect o f narrowing the Stokes beam as it grows in the
Raman amplifier. However, as the Stokes beam becomes narrower it wants to diffract
faster. The competition between gain narrowing and diffraction cause the nonorthogonal
mode to have phasefronts which are swept back from the input signal gaussian mode
indicating a higher rate o f diffraction for the nonorthogonal mode which is compensated
by the gain narrowing.
Figure 6 shows the spatial structure o f both the nonorthogonal mode (solid line)
and the gaussian input signal mode (dashed line). The nonorthogonal mode is narrower
than the gaussian mode because o f gain guiding. It is interesting to note that this result
holds throughout the Raman amplifier which may seem surprising because we would
expect the narrower nonorthogonalmode to diffract faster than the gaussian mode. The
nonorthogonal mode stays narrower because gain guiding can compensate for the
diffraction.

Figure 7 shows the index effect when the input Stokes signal is detuned to the
blue side o f the Raman resonance. As before, the dashed line is the phaseffont of the
gaussian input Stokes signal and the solid line is the phaseffont o f the nonorthogonal
mode when the detuning is set equal to zero. The dot-dashed line is the phaseffont o f the
nonorthogonal mode when the input signal is detuned to the blue side o f the Raman
resonance. When the input Stokes signal is detuned to the blue side o f the Raman
resonance, the index guiding effect changes the phaseffont much like a focusing lens.
The phaseffonts are swept back less when the input Stokes signal is tuned to the blue side
of the Raman resonance than when A = O indicating focusing is occurring. The fact that
the index o f refraction is trying to guide the Stokes beam gives rise to the term index
guiding.
Figure 8 shows the index effect when the input Stokes signal is tuned to the red
side o f the Raman resonance. The dashed and solid lines are the same as in Fig.7. The
dot-dashed line is the phaseffont when the input Stokes signal is detuned to the red side
of the Raman resonance. The phaseffonts on the red side of the resonance are swept back
more than when A = O indicating defocusing is occurring.
The spatial structure o f the nonorthogonal mode at z/zog=0 is shown in Fig.9. The
dashed and solid lines are the same as in Fig.6 and are shown again for reference. The
dot-dashed line shows the intensity profile o f the amplified Stokes when the input Stokes
signal is detuned to the blue side of the Raman resonance. The dotted line is the intensity
profile when the input signal is detuned to the red side of the Raman resonance. When

the input Stokes signal is detuned to the blue (red) side o f the Raman resonance the
Stokes profile is narrower (wider) than when the input Stokes signal is tuned to the
Raman resonance and these results are consistent with the phaseffont picture. The use o f
index guiding to enhance the output o f the Raman amplifier is discussed in the next
section.

Enhanced Performance o f a Raman Amplifier
Efficient coupling o f an input signal into an optical amplifier requires that the
input signal mode strongly overlap the dominant amplifier mode which has the highest
growth rate19’30,35. When the structure o f the input signal mode, including the
phasefronts, exactly matches the dominant amplifier mode, all o f the input signal is
available to gain at the highest growth rate. However, if the pump wavelength is different
than the signal wavelength or nonlinear effects are occurring such as gain and index
guiding in the optical amplifier, it may not be clear how, or even if, the input signal mode
can exactly overlap the dominant amplifier mode. If, for example, the phasefronts o f the
input signal mode and dominant amplifier mode are not matched, interference effects can
lower the coupling between these two modes thus diminishing the amplifier performance.
Manipulating the structure o f the input signal mode to match the amplifier mode can
increase the output of the amplifier by forcing the input signal to overlap the dominant
amplifier mode.

The overlap o f the phasefronts o f the gaussian input signal mode and lowest order
nonorthogonal mode is poor as seen in Figs.5,7,and 8 when the input mode and lowest
order nonorthogonal mode focus at the same location with the same Rayleigh range. By
changing the position o f focus and Rayleigh range o f the input Stokes signal, we can
force the phasefronts to better overlap the lowest order nonorthogonal mode and hence
enhance the input coupling o f the Raman amplifier.
Figure 10 shows that by changing the location o f focus and Rayleigh range o f the
input signal mode, its phasefronts can better overlap the lowest order nonorthogonal
mode. The solid lines are the nonorthogonal modes phasefronts whose shape is
determined by the Rayleigh range and power o f the pump laser. We consider these
phasefronts to be fixed and show that by varying the characteristics o f the input .Stokes
signal can enhance coupling into the amplifier. The dashed lines are the phasefronts of
the input signal mode with a Rayleigh range and location o f focus the same as the pump.
The dotted lines are the phasefronts for an input signal mode with a Rayleigh range o f one
half that o f the pump and the focus shifted towards the front o f the Raman amplifier.
Notice that the dotted lines and solid lines match much better than the solid lines and
dashed lines. This indicates that the input signal mode with the shorter Rayleigh range
and shifted focus will better overlap the lowest order nonorthogonal mode and thus
improve the performance of the Raman amplifier..
Figure 11 summerizes a more detailed study of how the shift in location o f the
focus can affect the output o f the Raman amplifier. The dashed line shows the output of
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the Raman amplifier as a function o f the focal position of the input Stokes signal when
the pump and input signal have the same Rayleigh range. The output Stokes energy has
been normalized so that when the pump and input Stokes signal have the same Rayleigh
range the output Stokes energy is unity. When Zos=Zog the output o f the Stokes signal is
enhanced 5% by shifting the focus o f the input signal towards the front o f the Raman
amplifier by approximately one half a Rayleigh range. The solid line is the output Stokes
energy as a function o f the relative focus when the Rayleigh range o f the input signal is
one half that o f the pump. When the focus o f the input Stokes signal is shifted towards
the entrance of the Raman amplifier by approximately one Rayleigh range the output
Stokes is increased by over 20%. The output Stokes is further increased when the input
Stokes signal is tuned to the blue side o f the Raman resonance. The dot-dashed line is the
same as the solid line except that the input Stokes has been detuned to the blue side of the
Raman resonance. The output is enhanced by over 40% when the input signal has been
modified and tuned to the blue side of the Raman resonance. This implies that by
carefully setting up an optical amplifier, the output can be significantly increased without
changing the pump power.
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Figure 3 Plot to show how gain guiding works. The dot-dashed line represents the
gaussian gain profile, the dashed line represents the transverse profile of the input beam
and the solid line represents the transverse profile of the amplified beam.
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r

Optical Path Length

Figure 4 Plot to show the how a lens affects the phasefronts o f an optical field. The
bottom plot shows the difference in the optical path length for light traveling from Z=-Xll
to Z=Xll where t is the thickness of the lens at r=0.
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Figure 5 Plot of the phasefronts of the dominant nonorthogonal mode (solid line) and
gaussian input signal mode (dashed line) at various locations in the Raman amplifier. The
nonorthogonal modes are swept back from the gaussian input signal mode as a result of
gain guiding and diffraction. The phase overlap of the two modes is poor indicating poor
amplifier performance.
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Figure 6 Plot of the spatial structure of the dominant lowest order nonorthogonal mode
(solid line) and the gaussian input signal mode. The nonorthogonal mode is narrower
throughout the Raman amplifier due to gain guiding.
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Figure 7 Plot of the phasefront of the dominant nonorthogonal mode including index
guiding. The nonorthogonal mode for the on resonance case is shown as the solid line
while the gaussian input signal mode is shown as a dashed line. The nonorthogonal mode
including the effects of index guiding is shown as a dot-dashed line. The index effect
when the input signal is tuned to the blue side of the Raman resonance acts as a lens
which tries to focus the nonorthogonal mode and leads to less curvature of the phasefronts
in this case.
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Figure 8 Same as figure 7 except with the input signal tuned to the red side of the
Raman resonance. The index effect acts as a defocusing lens in this case.
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Figure 9 Plot of the spatial structure of the dominant nonorthogonal mode. The solid
and dashed lines are the same as in figure 6 and are shown again for reference. The dotdashed line shows the spatial structure of the nonorthogonal mode when the input is tuned
to the blue side of the Raman resonance and the dotted line shows the spatial structure
when the input signal is tuned to the red side of the Raman resonance. Tuning to the
blue (red) side of the Raman resonance causes the nonorthogonal mode to become
narrower (wider) than when the input signal is tuned on resonance.
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Figure 10 Plot of the phasefronts of the nonorthogonal mode (solid line), gaussian input
signal mode (dashed line) and modified gaussian input signal mode (dotted line). The
nonorthogonal mode and modified input signal match better than the nonorthogonal mode
and unmodified input signal indicating the modified input signal enhances the
performance.
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Figure 11 Plot of the normalized output Stokes energy as a function of relative focal
position of the gaussian input signal and pump focus. When Z0sZz0g= I , shifting the focus
by approximately one half a Rayleigh range yields a 5% increase in the output Stokes
energy. For z0s/z0g=0.5, shifting the focus of the input signal by approximately one
Rayleigh range increases the Stokes output by 20%. When the input is detuned to the
blue side of the Raman resonance, the Stokes output is increased by over 40%.
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CHAPTER 4

SEEDING OF A RAMAN AMPLIFIER WITH A VISIBLE LASER DIODE

Introduction
Recent experiments have demonstrated that only a few photons o f input into a
Raman amplifier were enough to ensure that the amplified signal was larger than the
amplified quantum noise36,37. However, in both o f these experiments,: as well as in most
other Raman experiments that use an input Stokes signal, the seed input was obtained
from a Raman generator. Since a Raman generator is initiated by spontaneous emission,
the energy38, frequency spectrum39, and spatial characteristics40 o f the seed fluctuate by
large amounts. These fluctuations can be avoided by using a tunable laser diode as the
source for the input Stokes photons for the Raman amplifier.
Uchida et. al.41 used an infrared laser diode to seed the 16 jum stimulated
rotational Raman scattering in a multipass cell (MPC) with Hz as the Raman active
medium. When the input Stokes signal was input into the Raman amplifier, a significant
enhancement o f the Stokes conversion, as well as a large reduction in the pump threshold

-U
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was obtained. Nonetheless, their results were surprising, as the measured coupling
efficiency o f 0.1-0.2% was much lower than the theoretical prediction o f 100%. They
attributed the poor coupling to diffraction losses inherent in the MPC structure.
In this chapter, data is presented from an experiment that uses a tunable laser
diode as an input Stokes signal for vibrational Raman scattering in H2 in a MPC cell at
visible wavelengths30. In this experiment we also find the enhancement in the Stokes
conversion and the reduction o f the pump threshold.. However, we measured a coupling
efficiency o f 65% which approaches the theoretical maximum.
The seeding experiment discussed in this chapter is an experimental technique
that will be used in the next two chapters to discuss the effects o f index and gain guiding.
This experiment is included in the thesis to show in detail how the seeding o f a Raman
amplifier works, to lend credence to the assumption made in the theory section that
indeed an input Stokes signal can dominate the quantum noise and hence the spontaneous
emission is negligible, and finally, to introduce key experimental apparatus that is needed
for the experiments that study the effects of gain and index guiding.

Experiment
The experimental apparatus for the injection seeding experiment using a tunable
laser diode as the source for the input Stokes signal is shown in Fig. 12. The frequencydoubled output at 532nm o f a pulsed, single mode, injection locked Nd: YAG laser was
used to pump the Raman amplifier. The temporal profile o f the pump laser was near

gaussian with a half width at half maximum (HWHM) o f 3.5ns. The pump beam was
mode matched into the MPC by use o f a two lens system.
A beam splitter (BI in Fig.12) placed before the MPC was used to direct part of
the pump beam onto a Pulnix TM-745 charge coupled device (CCD) camera which
monitored the pointing fluctuations o f the pump beam. The pixel cell size o f the CCD
camera, which sets the resolution o f the pointing fluctuation measurements, was 11

x

13 im .
A New Focus continuous wave tunable laser diode with a center wavelength of
683nm and an output power o f approximately 3mW was used as the source for the input
Stokes signal for this experiment. In addition to a mechanical tuning range o f ± 5nm, the
laser diode has an electronic tuning range o f O.OlSnm over an externally applied voltage
ramp o f -3 to +3 volts. The laser diode was isolated from the rest o f the experiment by a
Faraday isolator. The Faraday isolator prevented unwanted feedback from affecting the
performance o f the tunable laser diode. The power o f the input Stokes signal was
measured with a power meter located behind a calibrated beamsplitter (B3 in Fig, 12). A
beamsplitter (B4) directed part o f the seed beam into a temperature controlled high
finesse cavity42'43 (HFI). The details o f the HFFs used in this and the following
experiments are presented in the next section. The HFI used for this experiment42 had a
free spectral range o f 4.98GHz and a measured finesse o f 30,000 and was used to monitor
the relative frequency of the input Stokes signal. The remainder o f the input Stokes
signal was coupled into a single mode optical fiber which allows a convenient way to
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spatially filter the input Stokes signal. The input Stokes signal was then mode matched
into the MPC by the use o f a two lens system. A dichroic beamsplitter (B2 in Fig. 12) was
used to combine the 683nm input Stokes signal and the 532nm pump beam.
The MPC design was the same as that use in previous experiments29 with the
following changes: The mirror spacing was 1.98m, the mode matching confocal
parameter was b=2zo=45.6cm, and the number o f passes was 11. The Raman amplifier
for this experiment consisted o f a cell filled with H2 to a pressure o f 34atm. The
transmission after 11 passes was measured at 76% at the pump wavelength and 70% at
the Stokes wavelength. After leaving the MPC, the pump and Stokes beams were
separated by a Pelin-Broca prism. The output energy o f the pump beam was measured
with a pyroelectric energy detector. This permitted the cell transmission to be monitored
for each shot. The Stokes output was measured with a silicon energy detector. In front of
the Stokes detector was a narrowband filter centered at the Stokes wavelength to prevent
any scattered pump radiation from entering the detector.

High Finesse Interferometers
HFFs42,43 can be used to resolve narrow linewidths while large free spectral
ranges are maintained. However, the ultimate usefulness of these HFFs depends on their
frequency stability. Principle sources o f long term instabilities or drifts for HFFs are
spurious changes in mirror separation distance and fluctuations in the index o f refraction
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o f the medium between the mirrors. The principle source o f short term or shot to shot
instability is the electronics used to drive the piezo which scans the mirrors.
Stability o f the relative frequency measurement requires that the free spectral
range (FSR)5 given by

F S R = —^ —
2nd

4.1

where c is the speed of light, n is the index o f refraction, and d is the mirror spacing,
remains constant. Equation 4.1 shows that the free spectral range depends on the mirror
spacing d and the index of refraction n. As thermal fluctuations cause interferometer
components to expand or contract, the mirror spacing d will change. The index of
refraction of the air between the mirrors is affected by variations in pressure and
temperature, and this is discussed in Refs.44,45. As a numerical example, an isobaric
change in temperature of OT0C results in an apparent frequency shift o f 5OMHz when
633nm light is used. On the other hand, an isothermal increase in pressure o f 0.01atm
results in an apparent frequency shift of 1400MHz. Since the pressure and temperature of
the ambient laboratory air typically fluctuate by more than these amounts, it is imperative
that the HFI be enclosed in a sealed, temperature controlled vessel.
The mirrors are the most important part o f the interferometer. The finesse
the interferometer is related to the reflectivity o f the mirrors by the relationship

of
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~

4.2

I - R

where R is the reflectivity o f the mirrors. Mirror reflectivities o f better than 99.997% are
available which corresponds to 3 ^ >100,000. The mirrors used in the interferometer built
for the experiments described in this and the next two chapters has a reflectivity of

R>99.995%.

.

The curvature o f the mirrors is important because it allows us to use a much
smaller spot size than conventional flat plate Fabry Perot (FPFP) interferometers. The
smaller spot size is due to the refocusing o f the beam on each pass. The smaller spot size
significantly reduces the problem of surface aberrations which limit the finesse of
conventional FPFP interferometers to about 100. The mirrors used in this HFI have a
radius of curvature o f lm .
Figure 13 shows a schematic of the HFI that was built to address the temperature
and pressure issues presented in Refs.44,45. The mirrors have a Im radius o f curvature
and a manufacturer quoted reflectivity o f 99.995% at 633nm. A 2.54cm outside diameter
by 2.54cm long piezoelectric transducer (PZT) is used to scan the mirrors. This is the
smaller PZT used in the fig. 13. The larger diameter PZT is used for temperature
compensation as discussed below. The spacer flange is made o f electrically insulating
plexiglass. Three small screws placed 120° apart are used to connect the spacer flange to
the spacer. The o-rings shown at the head o f the screw allow for movement o f the mirror
without undue stress when the PZT expands. The PZT tubes are seated in recessed

groves in the spacer flange and are separated by an aluminum spacer. The scanning
mirror is held in place at the front o f the spacer by the inner PZT. The Coming ultra low
expansion (ULE) tube contacts the PZT tube on the right hand side and sits in a recessed
groove on the flange on the left. The depth o f the recessed groove is chosen so the end o f
the ULE tube and the left hand mirror surface are in the same plane. This is important
because we want only the ULE tube spacing the mirrors. The spacer flange and flange are
held together by three nuts and bolts. The o-rings allow for motion o f the spacer flange
with respect to the flange caused by scanning the smaller diameter piezotube. The inner
tube is made o f aluminum and has an interference fit with .the o-rings on the outside of
the spacer flange and flange. The o-rings provide a first layer o f vibration isolation. On
the outside o f the inner tube is a layer o f sorbathane which provides a second layer of
vibration isolation. The vacuum tube has an interference fit over the sorbathane.
The HFI was designed to attack the problem o f thermal drift in the following way.
The small diameter and large diameter PZT tubes are made o f the same material. Any
expansion in one tube should be canceled by the same expansion in the other tube. The
only other relevant component left to consider in the thermal expansion is the ULE tube.
The ULE tube was chosen as the spacer material because o f its extremely low coefficient
o f thermal expansion a E, which for ULE is less than IO"9 (0C)"1. The HFI is evacuated
when in operation which alleviates any problems that arise due to pressure variations
The HFI is a nonconfocal cavity which is constructed o f two spherical mirrors of
radius Rm separated by a distance d, with d « R m. In general, the electric field inside the

cavity is expressed as an infinite set o f spatial modes. However, the HFI is most useful
when only one o f these modes, usually the lowest order or fundamental mode is excited.
Care must be taken when setting up the HFI so that these higher order spatial modes can
be suppressed. The higher order spatial modes will be suppressed when the cavity is
mode matched42. Mode matching is discussed in detail in Appendix F.
The high finesse interferometer discussed above and used in the experiments
discussed in this thesis has the following performance parameters. The measured finesse
was greater than 30,000 and the measured stability was better than 7MHz/Hr. The
measured stability o f the HFI is discussed in Ref.43.

Results
The results for the experiment with a nominal pump energy o f 153 /j,J are shown
in Figs. 14,15. The output Stokes energy is plotted versus the relative frequency o f the
input seed laser. Figure 14 is a plot of the raw data. The input pump energy was
measured at 153 /uJ with fluctuations as high as ± 15 / i / leading to large fluctuations in
the output Stokes power as the steady state Stokes power grows as an exponential o f the
pump energy. It was also found that the pump beam at focus fluctuates by as much as
± 50 /um in both the vertical and horizontal directions. In contrast, the input Stokes
signal fluctuated by no more than + 10 /um in both the horizontal directions. As the e"2
intensity radius o f the pump beam was 200 /um, pointing fluctuations also significantly
affected the Stokes amplification. When only those shots centered within Zl M /um x
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13 fjm window and whose pump energy is 153 + I / i / are included, the effects o f the
beam pointing and pump energy fluctuations are surpressed. Approximately 2% o f all
shots collected met these requirements, and these are plotted in Fig.15.
The data in Fig. 15 has been fitted to a gaussian using a least square fit. Using the
collision dephasing rate of F =5.OIx IO9GH z31, the plane wave gain coefficient of 2.5x10"
9cm/W34 and a pump energy o f 153 /uJ, a gain narrowed lineshape with a HWHM of
128MHz is predicted46. The measure HWHM linewidth o f 185MHz was predicted. The
linewidth as a function of pressure of Hi is studied more thoroughly in appendix G.
Linewidth measurements as well as output Stokes energy measurements were also made
at other pump energies ranging from 102 to 155

. This range o f pump energies was

chosen so that the steady state Raman theory would be applicable. Linewidths measured
at these other pump energies were found to be close to those measured at the pump
energy o f 153 /V .
In Fig. 16, the output Stokes energy for both seeded growth (+) and growth from
spontaneous emission (A ) have been plotted. The solid line is the predicted growth
when an input Stokes signal was used while the dashed line is the predicted growth from
spontaneous emission. A fully quantum mechanical theory was used for the spontaneous
emission prediction46. The input Stokes signal was measured at 30nW. However to
obtain a numerical estimate of the coupling efficiency we did a least squares fit of the
data to a straight line for the seeded growth in Fig. 16. The fit (not shown in Fig. 16)
yielded a slope o f (7.2± 3.8)xl04. We obtain the coupling efficiency be forming the ratio

o f the predicted seeded growth using a 3 OnW input Stokes signal with the least squares fit
to the experimental data. This was found to be 65(±45)% .
This experiment shows the key components needed for using a tunable laser diode
to seed a Raman amplifier. This experiment also shows that large coupling efficiencies
can be obtained and very small input Stokes signals can easily dominate the spontaneous
emission. In fact. Fig. 16 shows that with only a 3 OnW input Stokes signal the seeded
growth is 2.5 orders o f magnitude higher than the growth from spontaneous emission.
For this reason we can neglect the spontaneous emission in the wave equation.
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Figure 12 Experimental setup used to study the growth of an injection seeded Raman
amplifier.
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Figure 13 Schematic of the high finesse interferometer used in the seeding experiments.
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±50pm. A total of 1500 shots were taken.
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Figure 15 Same as figure 14 except the pump energy is 153±lpJ and the pump beam
pointing fluctuations within an Ilp m x B p m window. The solid curve is a least squares
fit to the data.
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Figure 16 Output Stokes energy as a function on input pump energy after input pump
energy and pointing fluctuations have been folded out. The solid line represents the
predicted growth of the Stokes field for an input Stokes signal and the dashed line
represents the predicted growth from spontaneous emission.

CHAPTER 5

SPATIAL STRUCTURE OF THE AMPLIFIED STOKES FIELD

Introduction

Understanding the spatial structure o f the amplified field in an optical amplifier is
critical in understanding how to optimize the performance o f an optical amplifier. The
two effects that are considered in this thesis which affect the spatial structure of the
amplified field in an optical amplifier are index and gain guiding. As stated earlier, index
. and gain guiding can occur whenever the amplified gain is nonuniform in the transverse
direction. Nonuniform gain in the transverse direction occurs when the amplifier is
pumped by a beam whose intensity varies in the transverse direction. A common
example for the Raman amplifier occurs when the Raman medium is pumped by a
focused gaussian beam. However, the pumping o f a optical amplifier by a focused
gaussian is a very ubiquitous situation in optics so the results shown here should have a
wide range o f application.

The gain and index guiding effects on the spatial structure o f the amplified Stokes
beam are experimentally studied in this chapter. The description o f the Raman amplifier,
which usually includes only the imaginary part o f the Raman susceptibility, does not
match the measured values o f the radius as the input Stokes signal is tuned across the
Raman resonance. Including the total Raman susceptibility, which allows for both gain
and index guiding, agrees with the experimental results and clearly demonstrates the need
to include index guiding when describing optical amplifiers.

Spatial Structure Experiment
. The experimental setup which allows the study o f gain and index guiding as a
function of the detuning A is shown in Fig. 17. The pump beam is provided by a
frequency doubled output at 532nm o f an injection seeded Nd: YAG laser. The output of
the Nd:YAG laser is reflected from an off axis spherical mirror to correct a slight
astigmatism47 present in the output o f the Nd:YAG laser. The beam is then spatially
filtered by a series of two pinholes47 (not shown in Fig. 17). The pump beam next passes
through a series o f two lenses which focus the pump beam at the center o f the Raman
amplifier. After the lenses, the pump beam impinges on a dichroic mirror labeled BI in
Fig. 17. Part o f the pump beam passes through B I and is incident on the silicon energy
detector which allows the monitoring of the pump energy for each shot o f the pump laser.
The rest of the pump beam is directed into the Raman amplifier.

The input Stokes signal is provided by a tunable laser diode (TLD) with a center
frequency of 683nm. The output o f the TLD is sent through a Faraday isolator which
prevents feedback from affecting the performance o f the TLD. The input Stokes signal is
next incident on a beam splitter B2. Part o f the input Stokes signal is sent via a single
mode optical fiber to a HFI which is described in the previous chapter. The HFI allows
us to accurately monitor the relative frequency o f the input Stokes signal with sub MHz
resolution. The remainder o f the input Stokes signal is launched into a single mode
optical fiber which provides a spatial filter for the input Stokes signal. The input signal
then passes through a series o f two lenses which allow the input Stokes to focus at the
center o f the Raman amplifier.
The input Stokes beam is combined with the pump beam at B I and sent
collinearly through a Raman amplifier which consists

O fH 2

at a pressure o f 65atm. The

higher pressure was used in this experiment because calculations indicate the shift away
from the Raman resonance is larger at higher pressures. Both the pump and input Stokes
signal make a single pass through a 141 cm long Raman cell with both beams focusing at
the center o f the cell. The measured Rayleigh range o f the input Stokes signal was
3 1.4cm and the measured Rayleigh range o f the pump beam was 27.4cm.
After exiting the Raman amplifier, the pump and amplified Stokes signal pass
through a lens with a focal length o f IOOcm which allows the Stokes beam at the exit of
the Raman amplifier to be imaged onto a CCD camera with a measured magnification of
1.6. After the imaging lens , the pump beam is blocked using a dielectric mirror which
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reflects the 532nm pump beam but allows the 683nm Stokes signal to pass. A narrow
band interference filter centered at 6 8Onm was placed behind the dielectric mirror to
block any 532nm light that may have leaked through the dielectric mirror. This method
o f separating the pump beam and amplified Stokes beam was found to be superior to
using a Pelin-Broca prism which introduced a significant astigmatism into the amplified
Stokes beam. After the narrow band filter, the amplified Stokes beam is incident on
beamsplitter B3. Part o f the amplified Stokes signal is sent to a silicon energy detector
which allows the energy o f the amplified Stokes signal to be monitored. The remainder
o f the amplified Stokes signal is incident on a Pulinx TM-745 CCD cam era. The CCD
camera allowed the monitoring o f the radius o f the amplified Stokes signal with the aid of
a commercially available beam profile program.
Data was taken as follows. The TLD was slowly tuned across the Raman
resonance. The pump energy, relative input Stokes frequency, amplified Stokes signal
energy, and amplified Stokes signal radius were monitored and recorded using a personal
computer for each shot o f the pump laser. The pump energy was set at 890 / a/ which
corresponds to a gain o f G=6.65 where a =2.95x10"9cm/W34 was used. The Raman
linewidth was measured at 2880MHz which agreed with the published value for the
Raman linewidth31 at the pressure o f 65atm which was used in this experiment.
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Results
Numerical calculations which solve the wave equation by expanding the Stokes
field over the nonorthogonal modal basis were performed for two cases. The first case
includes the imaginary part o f the Raman susceptibility only. In this case only gain
guiding is allowed to occur. In the second case the total Raman susceptibility is included
and both gain and index guiding are occurring. Figure 18 is a plot o f the radius calculated
for the amplified Stokes beam at the exit o f the Raman amplifier as a function of the
detuning A .
The dashed line is the result o f solving the wave equation for case I in which only
gain guiding is occurring. At A =0, the radius o f the amplified Stokes beam at the exit of
T2
the Raman amplifier is a minimum. At A =0, the gain ( g(z,rT) — ----- - ) is a maximum
A +F
and the gain guiding effect which acts to narrow the Stokes beam is the strongest. As A
is detuned away from the Raman resonance the gain decreases and the gain guiding
narrows the amplified Stokes beam less. A t large detunings , the gain goes toward zero
and the radius o f the Stokes beam approaches the radius o f the input signal.
The solid line in Fig. 18 is the result o f solving the wave equation when the total
Raman susceptibility is included in the wave equation. Both gain and index guiding are
occurring in this case. For A >0 ( A <0) notice that the radius o f the amplified Stokes
beam is smaller (larger) than gain guiding predicts. The additional narrowing of the
amplified Stokes beam results from index guiding. The index guiding is related to the

real part o f the Raman susceptibility and is proportional to g(z, rT) — — — At A >0
A2 + r 2 '
(^

index guiding acts as a focusing (defocusing) lens which focuses (defocuses) the

amplified Stokes beam to a smaller (larger) spot size.
Figure 19 shows the correlation o f the change in radius o f the amplified Stokes
beam as a function o f detuning as the solid line with the change in the real part o f the
Raman susceptibility. The real term o f the Raman susceptibility, which leads to index
guiding, is shown in Fig. 19 as the dashed line. The strength o f the index guiding is
proportional to the magnitude o f the real part o f the Raman susceptibility. The minimum
radius for the amplified Stokes beam occurs when the real part o f the Raman
susceptibility is a maximum, at A = 1440MHz. When A >0 the real part o f the Raman
susceptibility acts to focus the amplified Stokes. For A <0 the real part o f the Raman
susceptibility acts to defocus the amplified Stokes beam. At A < -1200MHz, the Stokes
radius has become large enough so that only a small percentage o f the amplified Stokes
overlaps the gain profile and hence the Stokes experiences a very weak gain.
Figure 20 is a plot o f the normalized Stokes energy as a function o f detuning A .
The + ’s represent experimental data taken by scanning the TLD across the Raman
resonance. The dashed line is a least squares fit to the data and the solid line is the
theoretical result from solving the wave equation. The on resonance case occurs when
A =OMHz. Notice that the peak Stokes output is shifted to the blue side o f the Raman
resonance. The shift results from focusing o f the amplified Stokes due to index guiding.
The peak Stokes output occurs at A =230MHz and results from competition between an
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increase in gain due to a narrower Stokes beam which is caused by index guiding and a
loss in gain due to the detuning24. This will be studied in more detail in the next chapter.
The Raman resonance at A =OMHz was determined experimentally as follows.
The shift in the peak Stokes is a function o f the gain o f the Raman amplifier24. As the
gain is lowered, the index effect has a smaller focusing effect on the amplified Stokes
beam and hence the increase in the gain due to a narrower Stokes beam overlapping a
more intense part o f the pump beam becomes negligible. At low gains the peak of the
Stokes output occurs at A « 0 MHz. Experimentally, the gain was lowered by lowering
the pump energy and the TLD was swept across the Raman resonance to find A « 0 MHz.
An experiment is presented in the next chapter which will show the detuning which yields
the peak Stokes output as a function of gain.
Figure 21 shows the radius of the amplified Stokes beam at the exit o f the Raman
amplifier as a function o f the detuning. The solid and dashed lines are the same as in .
Fig.18 and the + ’s are the experimental points. The detuning range was limited in the
experiment to approximately I OOOMHz where the gain was large enough for the CCD
camera to measure the amplified Stokes beam. Beyond this detuning range, the gain was
too small so that the CCD camera could not measure the amplified Stokes beam. Each
experimental point consists o f an average o f at least 25 pump shots within a frequency
window o f 40MHz. The measurements clearly indicate that both gain and index guiding
are needed to account for the change in the Stokes radius in the Raman amplifier as the
detuning is varied:

The experimental results show that the radius o f the amplified Stokes beam
decreases as the input Stokes signal is detuned to the blue side o f the Raman resonance.
This result does not agree with the predictions o f theories which include only the
imaginary part o f the Raman susceptibility and allow only for gain guiding. When the
total Raman susceptibility is included which allows both gain and index guiding in the
theory, the theory accurately predicts the results.
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Figure 17 Schematic of the experimental setup which is used to measure the radius of
the amplified Stokes at 683nm as a function of the detuning from the Raman resonance
of the input Stokes signal.
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Figure 18 A plot of the radius of the amplified Stokes beam as a function of detuning
A. The dashed line represents the case where only gain guiding was included. The solid
line represents the case where both gain and index guiding were included. The radius of
the solid line reaches a minimum at A= 1400MHz while the minimum of the dashed line
is A=OMHz.
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Figure 19 The solid line is the same as in Figure 18. The dashed line represents the real
part of the Raman susceptibility. Notice that the minimum radius of the amplified Stokes
beam occurs when the real part of the Raman susceptibility is a maximum. For A>0
(A<0) the real part of the Raman susceptibility acts as a focusing (defocusing) lens.
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Figure 20 A plot of the normalized Stokes output energy as a function of detuning from
the Raman resonance. The + ’s correspond to experimental data, the dashed line is a
gaussain least squares fit to the data, and the solid line is the theoretical predictions from
solving the wave equation using a nonorthogonal modal expansion for the Stokes field.
The on resonance case (A=OMHz) was determined by lowering the gain which causes the
peak Stokes output to move toward A=OMHz. Notice that the peak Stokes output is not
at A=OMHz but is shifted towards the blue side of the Raman resonance by A=230MHz.
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Figure 21 A plot of the radius of the amplified Stokes beam at the exit of the Raman
amplifier. The dashed and solid line are the same as in figure 18. The + ’s represent
experimental measurements. The experimental measurements are in agreement with the
predictions of the wave equation when the total Raman susceptibility is included in the
wave equation allowing for gain and index guiding.
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CHAPTER 6

FREQUENCY ASYMMETRIC GAIN PROFILE IN A SEEDED RAMAN
AMPLIFIER

Introduction
As alluded to in the previous chapter, the peak Stokes output o f a Raman
amplifier does not occur at the Raman resonance but rather when the input Stokes signal
is detuned to the blue side o f the Raman resonance. In the simplest sense this phenomena
can be explained as follows. The real part o f the Raman susceptibility, which depends on
the pump intensity, manifests itself as a index o f refraction and can be thought o f as
creating a lens which can focus or defocus the amplified Stokes beam depending on .
which side o f the Raman resonance the input Stokes signal is tuned to. The focusing
effect was measured in the previous chapter. On the blue side o f the Raman resonance,
the amplified Stokes beam will be focused to a smaller spot size, which leads to higher
output Stokes energy. This is because the smaller Stokes' beam experiences a higher gain
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as it spatially overlaps a more intense part o f the pump beam which is proportional to the
gain.
The output Stokes energy is numerically and experimentally studied as a function
o f detuning from the Raman resonance for a large range o f gains. The peak Stokes output
o f the Raman amplifier occurs not at the Raman resonance as might be expected but
occurs when the input Stokes signal is shifted to the blue side o f the Raman resonance.
This result is not explained by the previous theories o f Raman scattering that include only
the imaginary part o f the Raman susceptibility and only allow for gain guiding. This
result however is predicted when the total Raman susceptibility is included in the wave
equation which allows for gain and index guiding.

Frequency Dependence O fT he Stokes Output
In this section the output Stokes energy is calculated as a function o f the detuning
o f an input seed for typical experimental parameters appropriate for vibrational Raman
scattering in H i with a pump laser at 532nm, and a input Stokes signal tuned near the
Raman resonance at 683nm. It should be noted that the parameters used in this section
correspond to the experimental parameters that will be discussed later in this chapter.
Also, the parameters used in this chapter are different than those used in the previous
chapter. The length of the gain medium is 141cm, and the Rayleigh range o f the focused
gaussian pump beam is 30cm. The input to the Raman amplifier is at z--70cm which
corresponds to <9,„=-1.17 and the output is at z=70 which corresponds to 0=1.17. The
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plane wave gain coefficient a =2.94x10"9cm/W34 and the Raman linewidth of
f =3200MHz31 are used for the following calculations.
Figure 22 shows a plot o f the output Stokes energy as a function o f detuning for
G=O.5, G= I, and G=4. The dashed line is the predicted Stokes output energy as a
function o f detuning when the real part o f the Raman susceptibility is not included in the
wave equation. The solid line represents the predicted output Stokes energy as a function
o f detuning when the total Raman susceptibility is included in the wave equation. The
output Stokes energy is normalized to the maximum output Stokes energy when the real
part of the Raman susceptibility is not included in the wave equation. For G=0.5
including the real part o f the Raman susceptibility makes little difference in the output
Stokes energy. However at G=I the peak Stokes output energy is shifted to the blue side
o f the Raman resonance by 186MHz. At G=4 this effect is even more pronounced with
the peak output Stokes energy shifted to the blue side o f the Raman resonance by
306MHz and the peak Stokes energy is increased by 25% compared to the peak Stokes
energy predicted when only the imaginary part o f the Raman susceptibility is included in
the wave equation. The focusing effect, which was studied in the last chapter, is
responsible for this shift in the peak Stokes output energy. The increased peak Stokes
energy on the blue side of the Raman resonance can be explained by realizing that the
focusing effect causes the amplified Stokes signal to spatially overlap a higher gain in the
Raman active medium.

The gain narrowing o f the Raman linewidth has been studied in the literature and
allows us to compare the linewidths calculated in this thesis with previous results. The
HWHM linewidth predicted by Ref.46 is

Av =

T

^ 4 ju G 0 - l

6.1

where the results o f Ref.29,33 have been used to rewrite Eq.6.1. For G=5 and ju = 438,
Eq.6.1 predicts a HWHM of 438MHz. Figure 23 is a plot o f the calculated normalized
Stokes energy as a function o f detuning for G=5. The circles denote the calculated values
for the Stokes energy at different detunings. The solid line is a least squares fit to the
' calculated data. The HWHM of the least squares fit is 453MHz which compares
favorable with the result from Eq.6.1.
Figure 23 shows, as a function o f gain, the detuning from the Raman resonance
that leads to the maximum output Stokes energy. This plot emphasizes the dramatic shift
from the Raman resonance that is caused by the index guiding. The detuning at which the
peak Stokes output occurs reaches a maximum at about G=4 and then starts to fall off as
the gain is further increased. This reversal at high gain can be explained as follows. The
focusing caused by the real part o f the Raman susceptibility on the blue side o f the Raman
resonance causes the Stokes beam to spatially overlap a higher gain region. However
once the Stokes beam is narrow compared to the pump beam, the entire Stokes beam
experiences essentially the on-axis gain. Further increase in G has little effect on the
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Stokes field. On the other hand the Stokes (frequency) gain profile, due to the imaginary
part o f the Raman susceptibility, becomes narrower without bound as G is made larger.
The net result is that at large G the index guiding which leads to larger Stokes output
energy at high detunings can no longer compensate for the spectral gain narrowing and
the peak location starts to move back towards the Raman resonance.

Experiment
The experimental apparatus to probe the effects o f pump energy and detuning on
the Stokes output is shown in Fig.25. The experimental apparatus is similar to that o f the
previous chapter up to the beam combiner BI shown in Fig25 and Fig.17 and this part of
the experimental description will not be repeated here. The experimental set varies after
B I and is described below.
After the beam combiner BI the input Stokes signal and pump beam travel
conlinearly through the Raman amplifier. The Raman amplifier consists o f H i at a
pressure o f 70atm. The Raman amplifier is a 141cm in length and the pump and Stokes
make a single pass. The Rayleigh range o f the both the pump and input Stokes signal was
30cm.
The pump and amplified Stokes pass through two Pelin-Broca prisms that
separate the pump and Stokes beams. The Stokes beam is split at beam splitter B3 with
part o f the beam traveling to a Si energy detector and part o f the beam traveling to a
photomultiplier tube (PMT). The PMT is calibrated to the absolute energy o f the Si
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energy detector with the aid o f neutral density filters. This detection scheme allows for a
large dynamic range o f output Stokes energy to be measured.
Data is collected as follows. A t a particular pump energy, the TLD is scanned
across the Raman resonance. As the TLD is scanned the input pump energy, relative
input Stokes frequency, and output Stokes energy is recorded via a personal computer for
each shot o f the pump laser. A total o f 1200 shots are collected at each pump energy. A
scan across the Raman resonance at a reference pump energy is run after each different
pump energy. The scan at the reference pump energy allows monitoring o f the HFI to
ensure that it is not drifting during the experiment.

■ Experimental Results
Figure 26 shows the results o f a scan across the Raman resonance for a pump
energy o f 545 jjJ (G=3.44). The + ’s correspond to the experimentally measured output
Stokes energy as the TLD was swept across the Raman resonance. The zero detuning
point was determined from the data shown in Fig.27. The solid line is the calculated
output Stokes as a function o f detuning which results from solving the wave equation and
the dashed line is a least squares fit to the data. The linewidth from the least squares fit is
551MHz while the linewidth from the calculations is 591MHz. These linewidths can be compared to the gain narrowed linewidth predict by Eq.6.1 which is 542MHz. The
measured and calculated linewidth compare favorably with the gain narrowed linewidth.
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Figure 27 is a plot o f the detuning that gives the maximum Stokes output as a
function of G. The + ’s represent experimentally measured values while the solid line
represents the theoretical calculations. Because the frequency measurement is a relative
measurement, all the data is shifted to match the theoretical curve in Fig.27. This is how
the zero detuning was determined for the experimental frequency measurements shown in
Fig.26 and for the experimental results presented in the previous chapter. For G in the
range 0 to 4 the detuning which gives the peak Stokes output increases as the gain
increases. For G>4 the detuning which gives the maximum Stokes output begins to fall
off as discussed previously in this chapter.
The experiment clearly shows that substantial index guiding is occurring in a gain
guided Raman amplifier. Index guiding effects can cause some rather unexpected results
such as the shift away from the Raman resonance by over 3 OOMHz for the peak output
Stokes energy. The fact that index guiding is occurring in a gain and index guided
Raman amplifier implies that the spatial structure o f the amplified Stokes signal results
from a complicated interaction o f the Stokes field with the pump beam through the
Raman susceptibility and index guiding effects need to be carefully considered in optical
systems.
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Figure 22 Normalized Stokes energy as a function of detuning from the Raman
resonance for G=0.5, G=I and G=4. The solid line represents calculations done with %'
included in the theory while the dashed line represents calculations done with %' not
included in the theory. The output for each gain has been normalized so that the peak
output Stokes energy is unity when %' is not included in the theory. For G = I, the output
Stokes has been shifted up by I and for G=4, the output Stokes energy has been shifted
up by 2. As G is increased, the peak of the output Stokes energy shifts in frequency and
increases in magnitude.
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Figure 23
Normalized Stokes output as a function of detuning from the Raman
resonance for G=5. The circles represent numerical calculations while the solid line is
a gaussian fit to the calculated results. The output Stokes energy is a gaussian and the
linewidth compares favorably to the gain narrowed linewidths of previous work [15].
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Figure 24 The detuning from the Raman resonance that gives the peak Stokes output
energy as a function of the gain G. The maximum detuning of 306MHz is reached for
G=4. At higher gains, the pump induced focusing, which leads to larger Stokes output
at high detuning can no longer compensate for the spectral gain narrowing and the peak
Stokes energy starts to move back towards the Raman resonance.
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Figure 25 Experimental apparatus used to study index guiding effects in a gain-guided
Raman amplifier.
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Figure 26 Normalized output Stokes energy as a function of relative seed frequency.
The + ’s are experimental points for a gain G=3.44. The dashed line is a gaussian least
squares fit to the data points. The solid line is the prediction from solving the Maxwell
wave equation using a Gauss Laguerre expansion for the Stokes field. The maximum
output occurs when the input seed is tuned over 300MHz to the blue side of the Raman
resonance.
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Figure 27 Detuning which gives the maximum Stokes output as a function of gain. The
+ ’s are the measured shift of the peak Stokes output while the solid line is the prediction
from solving the Maxwell wave equation by expanding the Stokes field over a Gauss
Laguerre basis. At low gains the effect of index guiding is minimal and the maximum
Stokes output occurs at a detuning of zero. At higher gains the peak Stokes output is
shifted to the blue side of the Raman resonance.
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C O NCLUSIO N

Summary
In chapter two, a model for the Raman susceptibility was presented which led to
an equation for the Raman susceptibility. The Raman susceptibility was included in the
wave equation and the wave equation was solved by expanding the amplified Stokes field
over two different bases. Two different bases were used in the Stokes field expansion,
and the choice o f the basis depends on whether one wishes to describe the input Stokes
signal or the amplified Stokes signal in terms o f a single mode. The nonorthogonal
modal expansion is useful for describing the amplified Stokes field with a single mode
but describing the input Stokes signal is not easy. The Gauss-Laguerre basis needs'many
modes to describe the amplified Stokes field but only a single mode is needed to describe
the input Stokes signal. The Gauss-Laguerre basis is much easier to use to describe more
:
complicated input Stokes signals such as a input Stokes signal with a phase shift that can
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be used to look for dark soliton solutions. The reason for this is the orthonormal
properties of the Gauss-Laguerre modes which do not hold for the nonorthogonal modes.
It was argued that the imaginary part o f the Raman susceptibility leads to gain and
gain guiding while the real part o f the Raman susceptibility leads to an index o f refraction
and index guiding. Both gain and index guiding affect the spatial structure o f the
amplified Stokes beam. The gain guiding acts to narrow the amplified Stokes beam while
index guiding can either narrow or widen the Stokes beam. The spatial structure o f the
amplified Stokes beam results from a complex interplay o f the gain and index guiding
and the detuning A . The phasefr onts o f the amplified Stokes field are very complicated
as seen in chapter three and an understanding o f these phasefronts can be used to enhance
the performance of the Raman amplifier.
Index guiding effects complicate the use o f the Raman amplifier. The maximum
gain is no longer at the Raman resonance as one would expect but rather occurs when the
input Stokes signal is tuned to the blue side o f the Raman resonance, This result was not
predicted by previous work in gain guided amplifiers where only the imaginary part o f the
Raman susceptibility was included in the wave equation. The shift o f the peak output
Stokes energy from a Raman amplifier is attributed to the fact that the index effect
focuses the amplified Stokes beam when the input Stokes is tuned to the blue side o f the
Raman resonance. The focused Stokes beam experiences a higher gain because the
smaller spot size overlaps a more intense part o f the pump beam and hence experiences a
larger gain. The focusing o f the Stokes beam caused by the real part o f the Raman
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susceptibility was measured in another experiment. The results o f this experiment
contradict the predictions o f previous theories o f Raman scattering where only the
imaginary part o f the Raman susceptibility was included in the wave equation. The
experimental results were in agreement with the predictions o f the wave equation when
both gain and index guiding were included thus showing again the need to consider index
guiding when working with optical amplifiers.

Future
As is the case in science, this research has answered questions about the. spatial
structure o f the amplified field in a gain and index guided optical amplifier and opens the
door to several other questions. One particular question I would like to present for future
work is the possibility to use gain and index guiding to create bright or dark spatial
solitons in a gas, something which to my knowledge has not been mentioned in the
literature.
The photoreff active effect48,49 has been used to modify the spatial structure o f a
beam propagating through a crystal. This effect can be used to compensate for the effects
o f diffraction and allow the beam to propagate without changing its radius. The gain and
index effects can also be used to compensate for diffraction in a Raman amplifier.
However, no amplifier parameters have been found yet that lead to an amplified Stokes
beam which propagates with the gain and index effects exactly compensating for
diffraction.
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APPENDIX A
THE WAVE EQUATION
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The wave equation which describes the growth o f the Stokes field in a Raman
amplifier is derived in this section. The derivation is short but it is nice to include so that
the approximations that are made are readily seen.
The starting point for the derivation o f the wave equation are M axwell’s equations
which are written in cgs units as

V ■Es = ^n p

VxEs = -

c dt
AT

v % a,=

c dt

Ds=(\ +4nxL)Es+47uxNL

where Es (Ep) is the Stokes (pump) electric field, Bs is the Stokes magnetic field, Ds is the
Stokes electric displacement field,/? is the electric charge density, c is the speed of light,

Z l is the linear Raman susceptibility and %NL is the non linear susceptibility. Taking the
curl o f the first equation listed in Eq.A. I and using the fact that V( V -E) = 0 which
results from the first equation listed in Eq.A. I when p=0 allows us to write

V 2E

I d 2E

4 tv

d 2E

4k

I

2

d 2E

A.2
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The field is assumed to travel in the +z direction. The laplacian is broken up into two

d1

d1

pieces and is written V2 = V2 + — T where V2 = — T
a 2

cF

^ is defined as the transverse

laplacian. The field in Eq.A.2 is written as Es (r,z1) = ^- Es(z,rr )el{al~kz) + c. c. where
Es(z,rT) is a slowly varying envelope, co is the angular frequency that the field is
oscillating a t , and k is the wavevector o f the field. Using this ansatz, invoking the slowly
varying envelope approximation, -■

« Jc

^ and realizing that

2

— (I + 47r%L) = k 2 allows Eq.A.2 to be written

V 2TE(z,rT) - 2ik

dE(z,rr )

Akco'
'X

nl

A.3

The transverse laplacian in Eq.A.3 allows for the transverse variations o f the field. The
second term in Eq.A.3 tells how the field grows as it propagates in the z direction and the
last term allows for the gain and index guiding effects.
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APPENDIX B
TRANSIENT STIMULATED RAMAN SCATTERING EQUATIONS
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The equations which describe transient stimulated Raman scattering for plane
wave excitation in the retarded time frame are13

^-Er =-PQE,

B.1

OZ

^rE ,

= +PQ'E p

B.2

- ^ g ' = - ( r + , A ) G '+ g %

b

.3

where Ep (Es) is the slowly varying envelope o f the pump (Stokes) field oscillating at
frequency cop (cos), r is the retarded time given by r = f - z / c , z is the location in the
Raman amplifier and A is the detuning given by A = <yv -{a>p -COs) where a>v is the

Raman.transition frequency. P = —— is a constant where c is the speed o f light and a is

16%-

the plane wave gain coefficient. Q is the coherent Raman polarization oscillating at the
frequency co v. The nondepleted pump approximation is made throughout the work done

in this thesis. This approximation sets ~~Ep = 0.
The correspondence between the wave equation and the coupled differential
equations which describe stimulated Raman scattering is straight forward to see.
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Equation B.3 is solved for Q* in the steady, state approximation ( - ^ - = 0 ) and then
dr

substituted into equation B.2. This yields the equation

^
a

J T -z A
+A%

LeJ -E,

B.4

The transverse lapacian is added to Eq.B.4 to account for diffraction o f the Stokes beam.
This term does not show up in the coupled differential equations because the coupled
differential equations describe plane wave propagation.
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APPENDIX C
THE NONLINEAR RAMAN SUSCEPTIBILITY
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The non linear Raman susceptibility in vibrational Raman scattering in H 2 results
from an induced dipole moment o f the H 2 molecule due to the beating o f the pump and
Stokes fields1. In this case we will let the vibrational frequency, a>v, o f the H 2 molecule
define the Raman resonance. For the beating o f the pump and Stokes field to drive the
induced dipole moment o f the Hh molecule, the difference between the pump and Stokes
frequencies must be approximately equal to the resonant frequency o f the Hh molecule,

The vibrating Hh molecule is modeled as a damped driven harmonic oscillator
with a resonant frequency cov that satisfies the equation1

—— X (z ,t)+ y — X(z,t)+co2vX (z,t)=

^
TM

C .l

where X(z,t) is the vibrational coordinate, y is a damping constant and is related to the
collisional dephasing, H by the relationship T = y / 2 , m is the reduced mass o f the Hh
molecule, and F(z,t) is the driving term.
The mechanism which is doing the driving is the beating o f the pump and Stokes
fields. Starting from the electric potential energy, an understanding o f how the beating o f
the pump and Stokes fields can drive the Hh molecule is found. The electric potential
energy density is w = — ^ lifl where s is the electric permitivity and E is the total
8# 1 1
electric field. The electric permitivity can be written as1
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£ = \+,A7rN{a0 + ^ ° d r,

C.2

where a Taylor series expansion has been used for the molecular polarization a and N is
the number density o f Hh molecules. Inplicit in this expansion is the steady state
aprroximation. The potential energy and force are related by a derivative and the force
per molecule can be written F(z, t) = — ^

*

. The total electric field

contains both the pump and Stokes fields and is written

E = ^ E p(z)e,a>pt + ^ E s(z)e“°sl + c.c. where c.c. stands for the complex conjugate and
will be used throughout this appendix. The driving force can now be written

F(z,t)--

I da
8 dr

i(a>p - w s)t

+ C.C

C.3

Only the terms which oscillate near the resonant frequency o f the H2 molecule are kept in
the equation for the driving force. This approximation can be made because the H2
molecule will react only near its resonant frequency a>v & CDp -COs and not to the other
driving frequencies which result from \E\2 .
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The equation o f motion (Eq.C.l) can be solved by assuming a solution o f the form

X { z ,t) = ^ X ( z ) e ,M +c.c.. Using this ansatz, E q.C .l, and Eq.C.3, one finds
co = cop - Cos and

■+ c.c.

4/Mar

CA

The polarization can be written with the aid o f Eq.C.2 as

P = sEs = (I + ATtNaa)ES + AttN-

ar

C.5

where

Pl =(l + ATtNa0)Es
C.6
P NL

The non linear polarization Pnl

as

ArX (z )E s, can be written with the aid o f Eq.C.4
CKa
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X2
N <3%
^ nl (z >O —'
Sm
0> Wy "((Dp

^

+ c.c.

C.7

A Stokes photon is emitted when the polarization oscillates at Os and it is for this reason
that only the terms which oscillate at cos are kept in the above equation. Writing the non
linear polarization as Pnl ( z , t) = —Pnl (z)e16>J + c. c. allows use to write

2

N
Sm I a r

■ JV Z ,'

X

+zy(# - w j

Using the relationship .Pnl ( z ) =

X

nl

Ep

E s

C.8

and defining the Raman susceptibility as

C.9

Za = Zjvr-

one can write the Raman susceptibility from Eq.C.8 and Eq.C.9 as

N
+ z-

Zr
A2 + ^ V
4

•

2

A2 A

4 J

C.10
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where the substitution A = <yv - (cop - cos) has been used. A is the detuning and tells
how far away from the Raman resonance the pump and input Stokes are.
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TH E GAUSS-LAGUERRE M ODES
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The Gauss-Laguerre modes are the solution to the wave equation in free space
which is written using the slowly varying envelope approximation as

V 2tE ( z , r T )

-

2 ik

dE^ ^

=O

D .l

where E(z,rx) is the slowly varying envelope o f the electric field. Because the GaussLaguerre modes solve the wave equation, they are also known as the modes o f free space.
The Gauss-Laguerre modes are commonly used in optics and the solution to equation D .l
is available in the literature. The Gauss-Laguerre modes are written in cylindrical
coordinates as

U'Ar,<p,z) = -

2p\

K
r v a r i
CO

Z2

i
' I r 2'

K

g V " '

±ltp+——

( 2 p + / + l ) t a n " 1( z / z 0 )

D.2

O)2

where p is the radial indice and I is the angular indice as will be seen in the figures, co is
defined as the spot size, k is the wavevector, Zq is the Rayleigh range, L1 are the
associated Laguerre polynomials, and R is the phasefront radius given by

R = z 0[ ( z / z 0) + (z0 /z )]

D.3
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The Gauss-Laguerre modes are directly used in the Gauss-Laguerre modal
expansion and are indirectly used to make up the nonorthogonal modes. A understanding
o f what some of the lower order modes look like help give a physical feel for the modal
solutions o f the wave equation based on the Gauss-Laguerre modes.
Figure D l shows the lowest order or -L00 mode. This mode is a focused gaussian
and is used to describe the gaussian input Stokes signal into the Raman amplifier. Figure
D2 is the L 20 mode. This mode still has rotational symmetry but the radial structure has
change from that of the U° mode. Fig DB is the L 02 mode. Notice the only the angular
structure has change from the L 0 mode. Finally, figure D4 is the L 2 mode.

no

F igure D l The U00 Gauss-Laguerre mode. This mode is used to describe a focused
gaussian beam.

Ill

Figure D2 The U20 Gauss-Laguerre mode. The p indice referres to the radial structure
of the mode.

Figure D3 The U02 Gauss-Laguerre mode. The I indice referres to the angular structure
of the mode.
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F igure D4 The U22 Gauss-Laguerre mode.
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In this appendix the method used to calculate the matrix elements

A lp, p (/u, G; 6, Ojn) is given. Since the gain will not couple different I values, I is simply a
parameter in the following equations. The matrix elements o f A 1
p, (//, G\ OyOin) are
found from the matrix A(/j., G; 0, Om) which is formed by

G; % 2 J = [/+

)

E .l

where the matrix elements o f U are defined by

' p'.p

E.2

and the matrix elements o f H are given by

Also needed in Eq.E.l are the matrices D and S. These matrices are found by
diagonalizing the matrix K+iH such that

S -'(A T fiH )S = D

BA

116

where the matrix elements o f H are given by equation E.3 and the matrix elements o f the
matrix K are given by

E.5

where G is the gain and Q 1
p, p is defined in below.
The Q 1
p.

(/L i)

is a complex polynomial that has been given in the literature. For

sake o f completeness it is repeated here. The Q 1
p, p (/i) polynomial is in general terms
written Qshq where h > q as

h\q\
_(h + ^)!(g + ^)!_

^ y T4 + Sn '

h + s ' { q - m + s)\
\m + h - q ) ( q - m ) \

(I-/,)""+*-*

E.6
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The nonconfocal cavity of the HFI is constructed o f two spherical mirrors of
radius Rm separated by a distance d with d « R m. In general the electric field inside the
cavity is expressed as an infinite set o f spatial modes. However, the HFI is most useful
when only one of the modes, usually the lowest order or fundamental mode , is excited.
Care must be taken when setting up an HFI so that the higher order spatial modes can be
suppressed. The higher order spatial modes will be suppressed when the HFI cavity is
mode matched. In the simplest sense, mode matching means providing the cavity with
the input beam whose phasefronts exactly match the mirror curvature. The input beam
phasefronts will match the mirror curvature when the input beam Rayleigh range matches
the Rayleigh range o f the nonconfocal cavity.
The Rayleigh range o f the HFI, denoted by

Z0c,

is given by

F .l

where d is the length o f the cavity and Rm is the radius of curvature o f the mirrors. Figure
F l shows a simplified experimental set up that will allow the Rayleigh range of the input
beam to match the Rayleigh range of the HFI cavity. The input beam will be centered in
the HFI and have the same Rayleigh range as the HFI when di, d2, and f are chosen such
that the following two equations are satisfied

where

Zof is

the Rayleigh range of the light that is exiting the fiber, f is the focal length of

the lens shown in figure F I, di and

are shown in figure F I, and Zqc is the Rayleigh

range o f the HFI cavity given by equation F.2.
Alignment o f the cavity involves launching the input beam along the cavity axis
with the beam waist at the center of the cavity. The waist needs to be approximately
within 10 0 //m of the center o f the cavity, and the input needs to be within approximately
2mrad o f the cavity axis to be aligned. Figure F2 shows the apparatus setup used to align
the HFL The HFI is positioned in the beam so that the mirrors are approximately
centered on the waist. The HFI is held in a mount that allows both angle and position
adjustments in the horizontal and vertical directions. A back reflection from the front
mirror o f the cavity is adjusted to overlap the input beam. This will roughly align the
HFL Once the cavity is roughly aligned and mode matched, finer adjustments can be
made. The mirror in figure F2 is mounted on a kinematic mount to allow viewing o f the
output beam with either a camera or photodiode.
-

In figure F3a the cavity is poorly aligned. As the vertical and horizontal tilts are

adjusted the cavity comes into better alignment. Figure F3b shows the intensity pattern

120
starting to collapse in the video image. The fundamental mode is starting to appear as the
left hand peak in the oscilloscope. As the cavity is adjusted more, the intensity pattern
continues to collapse, and the fundamental mode becomes more dominant. This is shown
in figure F3c. Finally in figure F3d a well matched cavity is shown. Note the circular
pattern o f the video image and the single strongly peaked mode on the oscilloscope.
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LENS

CAVITY

FIBER OPTIC

Figure F l Experimental setup for mode matching the input beam with the HFL
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Figure F2 Experimental apparatus used to align the HFL The fiber optic and lens are
held in a fiber coupler.
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Figure F3 Video image and corresponding oscilloscope trace showing the mode
structure at various stages o f alignment.
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APPENDIX G
RAMAN LINEWIDTH

The Raman linewidth F is a critical parameter used throughout this thesis. An
accurate value o f F is crucial for comparing the theoretical and experimental results in
this thesis. The Raman linewidth is presented in the literature and in this appendix we
experimentally confirm the predictions o f the literature and provide an accurate method to
experimentally measure F .
The experimental setup which allows us to measure the Raman linewidth as a
function o f the pressure of the H2 is the same as in figure 23. However in this experiment
the pump energy is kept high so that the PMT is not needed. Data is collected as follows.
The TLD is swept across the Raman linewidth and the pump energy, relative input Stokes
frequency, and output Stokes energy is recorded for each shot o f the pump laser. Twelve
hundred points were collected at each pressure and then the pressure o f the H2 was
changed and another twelve hundred data points taken.
The data was fitted to

_

CO

1

=

,

G .l

where Es(out) is the measured output Stokes energy, Es(in) is the input Stokes energy, gz
is related to the gain G, and co is the Stokes frequency using a least squares fit to find a
value for the Raman linewidth. The results are shown in figure G l . The + ’s are
experimental values and the solid line is the theoretical predictions. The experimental
values match the theoretical predictions.
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The Raman linewidths for the experiments were measured this way and the results
o f this measurement were used in the calculations.
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Figure G l Plot of the linewidth, F, as a function of the cell pressure. The solid line is
the predicted value of the Raman linewidth from R e O I. The +’s are experimentally
measured values of the Raman linewidth.

MONTANA STATE UNIVERSITY LIBRARIES

3 1762

9

