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Abstract:
Theoretical and experimental details of initiating and amplifying a Stokes pulse using stimulated
Raman scattering in H2 are presented. Statistics associated with the spectral fluctuations of a Stokes
seed pulse have been measured and theoretically calculated. The spectral fluctuations are shown to
result from quantum noise associated with spontaneous initiation. These spectral fluctuations are an
example of an easily measurable macroscopic fluctuation of quantum origin. The effects of frequency
fluctuations on the generation of solitons in the nonlinear regime of stimulated Raman scattering are
calculated and measured.

A detailed derivation of the fully quantum mechanical stimulated Raman scattering equations is given
along with their solution for various approximations. The driven Maxwell’s equation for the Raman
system is derived from the system Hamiltonian. For treating the quantum initiation of stimulated
Raman scattering, the radiation field is expanded in localized coherent modes. The details of
calculating and using these modes to generate an ensemble of Stokes pulses are presented along with
specific examples and ensemble average statistics. The use of localized modes for treating the pulsed
cavityless Raman laser gives insight into the spontaneous initiation of Stokes pulses.

A numerical treatment of soliton initiation and formation in stimulated Raman scattering using a π
phase shift is given. The π phase shift is produced in the Stokes seed by modulating its envelope
through zero. It is found that by modulating the envelope slowly compared to the coherence decay
time, T2, a soliton pulse is initiated which narrows to be much shorter than T2 Our calculations also
confirm the prediction that solitons initiated using an off resonance seed decay during formation.

Solitons have also been observed in the pump and Stokes pulses from a Raman generator. It was
predicted that solitons would form in the generator due to random phase shifts caused by quantum
initiation. We have confirmed these predictions and measured the amplitude distribution of the
spontaneous solitons. 
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ABSTRACT

Theoretical and experimental details of initiating and amplifying a Stokes pulse using 
stimulated Raman scattering in H2 are presented. Statistics associated with the spectral 
fluctuations of a Stokes seed pulse have been measured and theoretically calculated. The 
spectral fluctuations are shown to result from quantum noise associated with spontaneous 
initiation. These spectral fluctuations are an example of an easily measurable 
macroscopic fluctuation of quantum origin. The effects of frequency fluctuations on the 
generation of solitons in the nonlinear regime of stimulated Raman scattering are 
calculated and measured.

A detailed derivation of the fully quantum mechanical stimulated Raman scattering 
equations is given along with their solution for various approximations. The driven 
Maxwell’s equation for the Raman system is derived from the system Hamiltonian. For 
treating the quantum initiation of stimulated Raman scattering, the radiation field is 
expanded in localized coherent modes. The details of calculating and using these modes 
to generate an ensemble of Stokes pulses are presented along with specific examples and 
ensemble average statistics. The use of localized modes for treating the pulsed cavityless 
Raman laser gives insight into the spontaneous initiation of Stokes pulses.

A numerical treatment of soliton initiation and formation in stimulated Raman 
scattering using a K phase shift is given. The tu phase shift is produced in the Stokes seed 
by modulating its envelope through zero. It is found that by modulating the envelope 
slowly compared to the coherence decay time, T2, a soliton pulse is initiated which 
narrows to be much shorter than T2 Our calculations also confirm the prediction that 
solitons initiated using an off resonance seed decay during formation.

Solitons have also been observed in the pump and Stokes pulses from a Raman 
generator. It was predicted that solitons would form in the generator due to random 
phase shifts caused by quantum initiation. We have confinned these predictions and 
measured the amplitude distribution of the spontaneous solitons.
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CHAPTER I 

INTRODUCTION

The first documented observation of a solitary wave was made in 1834 by a Scottish 

scientist and engineer, John Scott Russel1. The wave was generated when a canal barge 

abruptly stopped. From the turbulence a solitary wave formed which propagated one or 

two miles along the canal before being damped out.

At present there are examples of solitary waves or solitons in several branches of 

physics1. Solitons are localized disturbances which retain their shape as they propagate. 

Solitons result from a balance between the competition of two effects in a nonlinear 

system. The above example of water waves results from a competition between 

dispersion and the nonlinearity which arises when the depth of the water is comparable to 

the amplitude of the wave. The nonlinear equation governing wave propagation in 

shallow water is called the Korteweg de Vries (KdV) equation. Other equations which 

admit soliton solutions are the Modified KdV, sine-Gordon, and Nonlinear Schrodinger 

(NLS) equation.

The classic example of an optical systems which admits soliton solutions is Self 

Induced Transparency (SIT)2. For this example a coherent optical pulse propagates in a 

medium of two level atoms. The competition which allows soliton propagation in SIT is 

between absorption by the medium during the leading part of the pulse and amplification 

of the pulse by the medium during the trailing part of the pulse. SIT obeys the 

sine-Gordon equation and the nonlinear equations which govern Stimulated Raman 

scattering (SRS) can also be transformed into the sine-Gordon equation. Another
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example of optical soliton propagation in a nonlinear medium occurs in optical fibers3.

These solitons which are described by the NLS equation result from the balance between 

dispersion and an amplitude dependent nonlinearity.

The soliton in SRS is the only known example of a three wave soliton. The Raman 

soliton exists as a localized disturbance in two optical fields and a polarization pulse in 

the Raman medium. Solitons are initiated in SRS by placing phase shifts in an optical 

field before it enters the Raman active medium. There are two things about solitons in 

SRS that are o f particular interest. First the solitons are to some degree stable or, in other 

words, they do not break apart as they propagate. The second interesting feature is that as 

the soliton propagates it is able to drive atoms from a sparsely populated excited state 

into the heavily populated ground state. This effect occurs as the later half of a soliton 

pulse interacts with the medium.

The goal of this research was to obtain an understanding of the fundamental 

interactions involved with transient Raman scattering. The intention was to investigate 

the propagation of intense laser pulses and study the effects of phase shifts in a transient 

medium. Such studies are important to establish a pool of knowledge and techniques 

which can be of general use in the study of laser beam propagation in a variety of 

systems.

At the beginning of this research project the primary goal was to study the formation I

and propagation of solitons in SRS. The solitons had been predicted theoretically^ and I

had also been observed experimentally5. The first observations were accidental and the ;

origin of the solitons was not understood. Subsequent experiments to initiate Raman I

solitons using sudden phase shifts did not reliably generate solitons6. The primary goal of 

my research project was to demonstrate that solitons could be reproducibly generated in '

SRS. In addition we wanted to obtain an understanding of how a phase shift caused a j
soliton to form. The effects of phase shifts in coherent scattering processes has been
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virtually unexplored. In the Raman system the phase shift reverses the direction of gain. 

An understanding of this process may lead to new experiments in other systems.

Our experiments did in fact generate Raman solitons using laser pulses with phase 

shifts7. However, the amplitude of the generated solitons was found to vary greatly for 

identical experimental conditions. While investigating the cause of the amplitude 

variations, we discovered that the spectrum of light generated using SRS also had large 

fluctuations from pulse to pulse8. We have now determined that the spectral fluctuations 

were due to quantum-mechanical noise. Much of this thesis deals with the calculations 

and measurements of spectral fluctuations. We found that an understanding of these 

fluctuations was necessary to understand the statistics associated with soliton generation 

in SRS.

Other systems which have produced macroscopic fluctuations of quantum origin are 

the cavityless dye laser9 and superfluorescence10- These are both examples of 

nonoscillating optically pumped lasers. The dye laser uses a grating for one feedback 

mirror. As in stimulated Raman scattering, the macroscopic fluctuations in the dye laser 

appear as shot to shot spectral variations. The superfluorescence system consists of a 

pencil shaped two level medium which is initially completely inverted. Light pulses are 

emitted from both ends of the medium by the collective emission of all the two level 

atoms. Macroscopic fluctuations appear in the time delay between inverting the system 

and detecting the light pulses.

Quantum noise is present to varying degrees in all light. For some cases, such as a 

single mode laser operating well above threshold, the noise is very small compared to the 

average signal. On the other hand, thermal sources have noise which is as large as the 

average intensity. For most cases the variations in thermal light is so rapid that it cannot 

be resolved. Because quantum noise is always present, it is important to understand and 

characterize the noise for various sources. Since Raman scattering is an important
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method of shifting the frequency of a laser to obtain a light source at lower frequency, the 

spectral fluctuations which we observed will be important for many applications. It is 

often the case that understanding the light source used in an experiment is an important 

part of understanding the experiment.

The stimulated Raman scattering system is an example of single pass cavityless laser. 

Understanding quantum initiation and amplification in such a laser is helpful when trying 

to form a conceptual picture of how a quantized field interacts with an atomic system.

Because there is no cavity, the choice of modes for expanding the field is not obvious.

The research that we have done explores selecting a localized set of modes which evolve 

during amplification.

All lasers are initiated by spontaneous emission. Spontaneous emission results from a 

quantum mechanical fluctuation. For this reason I will often refer to the spontaneous 

emission as quantum initiation.

While our experiments were being carried out, it was predicted11 that in addition to the 

phase-shift induced Raman solitons, solitons resulting from quantum noise should also be
t

observed. These solitons are a macroscopic signal resulting from quantum noise. We

were able to observe these solitons and verify the theoretically predicted12 amplitude :

distribution. I

The Raman Scattering System i
i

In this section the experimental system used to perform SRS is described. The j

medium that was used for Raman scattering was H2 at 10 or 30 atm. The important j

energy levels are shown in Figure I. Level (I) is the ground state and level (2) is an . ■

electronic excited state. Level (3) is the lowest vibrational excited state. The levels ;

represented by the upper and lower dashed lines are virtual or dressed states. The virtual
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levels are generated by the fields which oscillate at angular frequencies^ and (O1- The 

field oscillating at (Op is the pump laser field which for our experiments was the output 

from a frequency doubled Neodymium Yttrium Aluminum Garnet (Nd=YAG) laser. The 

wavelength of this light is 532nm which is green. The field oscillating at (O1 is the Stokes 

field which grows up from spontaneous Raman emission. The wavelength of the Stokes 

light is 680nm which is red. When an H2 molecule is driven by an intense field at (0P, it 

will oscillate at (Op even though there are no nearby levels. This oscillation can be 

thought o f as arising from a superposition of level (I) and the upper virtual level. The 

virtual level exists to the extent that the molecule oscillates at (Op. Because the pump 

field is so far off resonance, it must be very intense in order to produce a significant 

oscillation at COp.

When deriving the equations governing SRS in Chapter 2 ,1 will allow for a possible 

detuning of the Stokes beam from level (3). This will be important when treating the 

decay of Raman solitons in Chapter 5. This detuning comes about from quantum 

fluctuations. Except for the detuning A,, the energy levels in Figure I have been drawn 

to scale.

As shown in the figure there are two possible time orderings for Raman scattering.

For the upper path, a molecule absorbs a pump photon and then emits a Stokes photon 

leaving the molecule in the vibrational state (3). The 1-3 transition is not dipole allowed 

making the decay of level (3) negligible for time scales which are shorter than or equal to 

the duration of the pump pulse. For the opposite time ordering, the molecule first emits a 

Stokes photon and then absorbs a pump photon to again end up in level (3). The coupling 

strength o f the two paths depends on the detuning of the respective virtual level from 

level (2). The upper virtual level is detuned by Ap and the lower virtual level is detuned 

by Ap 4- cop + CO,. Because Ap is so large, the lower time ordering cannot be neglected.

The inclusion of the lower time ordering does not significantly complicate the
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( 2 ) A

Ap

_  ^  _

Figure I Energy level diagram for stimulated Raman scattering, 

mathematical treatment.

There are several important time scales to consider when treating SRS. The slowest 

time scale is the decay of level (3) to level (I) which is on the order of milliseconds. This 

is such a long time that it can be considered infinite. The next slowest time scale is the 

duration of the pump laser pulse which is 20 to 30 nsec. The temporal shape of pulses 

with this duration are easily measured using a photo-diode and a 400MHz storage 

oscilloscope. Next on the time scale is the collisional dephasing rate (F) which is 

approximately l/(0.6nsec) and l/(0.18nsec) for hydrogen pressures of 10 and 30 atm 

respectively13. The fastest time scale is I/Ap which for our experiments is 0.037fsec.
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This is the time required for a molecule to realize that the pump is not on resonance with 

the 1-2 transition.

The characteristic decay time associated with the collective oscillation of the medium 

is l/T . The pump and Stokes fields drive the molecules into a superposition of levels (I) 

and (3), and to a very small extent level (2). The amplitude in level (3) is always much 

less than I. The superposition of levels (I) and (3) results in a quadrupole oscillation at 

CO3I = (O3 — CO1. The phase of this oscillation is determined by the phase of the pump and 

Stokes field. The collective oscillation of all the atoms gives rise to a macroscopic 

quadrupole oscillation. When a molecule undergoes a collision, its phase is either 

partially or completely randomized. When a molecule’s phase has been randomized, it 

no longer contributes to the collective oscillation.

Due to the large detuning Ap, the three-level system can effectively be reduced to a 

two-level system. The amplitude of the virtual states is always small and it comes to 

equilibrium very quickly allowing the tum-on effects to be neglected for the virtual 

states. This greatly simplifies the calculations by effectively reducing the system to a 

two-level problem14. The detuning A, can then be thought of as the effective two level 

detuning. This detuning turns out to be very important for studying soliton generation.

The pump field generates a small amplitude in the virtual states allowing light at the 

Stokes frequency to be emitted by spontaneous emission. This light will be emitted in all 

directions and a small portion of it will be emitted in the direction of the pump laser 

beam. This portion of the spontaneous emission will stimulate further emission at the 

Stokes frequency. If the length of the medium and the intensity o f the pump is large 

enough, the Stokes pulse will grow until portions of the pump pulse are completely 

depleted.

To perform SRS, the pump laser beam can simply be focussed into a long cell 

containing hydrogen. As will be shown, SRS is a nonlinear process requiring high
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intensities so focussing is usually needed. For gaussian-like temporal pulses, the very 

front and back of the pump will not be depleted due to the lower intensity in those 

regions. For our experiments roughly 80% of the pump photons were converted into 

Stokes photons.

To effectively increase the length of the Raman scattering medium, we used Multi 

Pass Cells15 (MFC). The MPC refocuses the pump and Stokes beams several times 

through the hydrogen cell. However, each focus is at a new location in the cell, so the 

system can be modeled as a single pass cell with many focuses. In addition to increasing 

the length of the medium, the MPC suppresses parasitic processes such as second Stokes 

scattering and anti-Stokes scattering because of dephasing in the cell windows.

Quantum Initiation of Stimulated Raman Scattering

In effect, a stimulated Raman scattering system is a single pass laser with several 

similarities to a laser that amplifies light which oscillates between two mirrors. Although 

the Raman laser does not use a population inversion in the usual sense, the Stokes pulse 

is initiated by spontaneous emission and is amplified to saturation similar to the initiation 

in a cavity laser.

In order to treat the problem of quantum initiation, the field as well as the molecules 

must be treated quantum mechanically16. For most optics problems, the semi-classical 

treatment, for which the medium is treated quantum mechanically and the field 

classically, is sufficient. In order to treat the field quantum mechanically, we must 

choose a set of radiation modes for describing the field. Once the modes have been 

chosen, quantum mechanics will tell us the probability distribution for the number of 

photons in each of the modes. In general, the number of photons in one mode will not be 

independent from the number in another mode.
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In order to treat a single pass Raman laser, Raymer et al.17 adapted a choice of modes 

based on the correlation function of the generated Stokes pulses. The resulting set of 

modes is referred to as the coherent modes. Although generating the coherent modes 

requires substantial numerical calculations, generating statistics using the coherent modes 

is simplified. The simplification results from the requirement that the level of excitation 

of each coherent mode is independent of the other modes. Because the modes are not 

correlated, ensemble members of the Stokes field can be generated by simply adding the 

modes together with random phases and statistically weighted amplitudes.

As a result of the quantum mechanical initiation process, macroscopic fluctuations can 

occur. A mode of the radiation field which grows up from spontaneous emission will be 

in a chaotic state until it saturates its energy sources.18 The statistics associated with 

chaotic states will be given in Chapter 3. The important feature of a mode in a highly 

excited chaotic state is that the range of possible energies or number of photons in the 

mode is very broad. This is to say that an ensemble of identically prepared chaotic 

modes will have a significant fraction of members containing only a few photons as well 

as members containing large numbers of photons. This broad distribution is the source of 

macroscopic fluctuations in a variety of experiments. Using the coherent modes 

description, the statistics of Stokes pulse energies have been predicted19. This 

distribution was also measured20 and good agreement was obtained. Our experiments 

involved measuring the spectral fluctuations in the Stokes pulses. Spectral fluctuations 

arise when more than one mode is excited into a chaotic state. A simple example of this 

effect is a pulsed laser which is allowed to oscillate in a few longitudinal modes. If the 

laser is operated below saturation each mode will be in a chaotic state. If the laser cavity 

has a high quality factor each mode of the laser will appear as a narrow peak in the laser 

spectrum. Since the energy in each mode is highly uncertain, the relative amplitudes of 

the peaks in the spectrum will be quite different from shot to shot21. This is an example
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of macroscopic fluctuations which arise from the spontaneous emission.

More dramatic spectral fluctuations can be produced if the quality factor of the above 

described laser is decreased. This will increase the width of the spectral peaks for each 

cavity mode. In fact, the width can become larger than the spacing between adjacent 

modes. For this situation, the spectrum will have more dramatic fluctuations because the 

spectral peaks from various modes will interfere with each other in a random way. Since 

the phase of each mode is random, on some shots two adjacent modes can interfere 

constructively and on others destructively.

For a single pass laser, such as the Raman laser, there is no cavity to choose the 

modes. To treat the problem we want to use the choice of modes which makes the 

calculations simplest. For the coherent modes choice, the spectrum of each mode is 

centered at the same frequency resulting in significant overlap of many modes. This 

large spectral overlap give rise to large fluctuations.

We used the coherent modes theory to treat the spectral fluctuations in SRS and good 

agreement with experiment was obtained22. The details of this calculation are given in 

Chapter 3. Our calculations generate ensemble members of output Stokes pulses which 

are used to generate statistics.

In order to treat quantum fluctuations, we must know how to treat the spontaneous 

emission process. There are two distinct ways to interpret spontaneous emission10,23’24 In 

one interpretation, vacuum fluctuations stimulate atoms to emit a photon. This 

interpretation arises when anti-normal ordering of the field operators is used. The other 

interpretation is called radiation reaction. For this interpretation, molecular polarization 

fluctuations drive a radiation mode which then couples back to the molecules causing 

them to emit photons. The coherent modes approach uses polarization fluctuations to 

initiate the Stokes pulse17' We have also applied the vacuum field approach and obtained 

similar results22.
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To give an intuitive picture of how spectral fluctuations arise from the vacuum field, 

we need to understand the spectrum of the vacuum field. The vacuum field is considered 

to be white noise meaning that it has a uniform spectrum. However if  one looks at the 

spectrum of a pulse of white noise it will not be uniform at all. The spectrum will be 

quite noisy with a characteristic frequency scale which is given by one over the temporal 

length o f the pulse. The average spectrum of several pulses would give the uniform 

spectrum of white noise.

Our SRS experiment8,22 with a pulsed pump laser amplifies a temporal segment of 

white noise. Thus when the spectrum of an individual Stokes pulse is observed, it will 

have fluctuations on the scale of one over the Stokes pulse length. Since SRS only 

amplifies a narrow range of frequencies, when the spectrum of many shots are averaged 

together the result will not be a uniform spectrum but rather an average spectral line 

shape.

Solitons in Stimulated Raman Scattering

Before describing soliton solutions I will describe what is meant by a general solution 

to the SRS system. The inputs to a Raman amplifier are arbitrary pump and Stokes 

fields. Before these pulses arrive, the molecules in the medium are assumed to be in the 

ground state. Given the temporal envelopes and phases of the input fields, a general 

solution would tell us the envelopes and phases of the fields at the exit of the Raman 

amplifier. Because SRS in an amplifier is described by a set of nonlinear differential 

equations, a general solution does not exist. The soliton solution is a special solution 

which is valid for a special class of input fields.

To help understand the nonlinear SRS process, it is useful to define three time scale 

regimes. When the envelopes of the fields vary slowly compared to the collisional
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dephasing time the system is in the steady state regime. The opposite limit where the 

field envelopes vary much faster than the dephasing time is called the hypertransient 

regime. Intermediate between these situations is the transient regime. While our 

experiments probe all three regimes, the most interesting is the transient regime.

In 1975, Chu and Scott4 considered a number of nonlinear wave-wave scattering 

problems using the inverse scattering transform. They found that the SRS equations 

admitted a soliton solution in the limit that collisional dephasing could be neglected 

(hypertransient regime). Damping can be neglected for pulses which are much shorter 

than the damping time. The form of the soliton solution is a hyperbolic secant for the 

pump field’s temporal envelope, a hyperbolic tangent for the Stokes field envelope, and a 

hyperbolic secant for the oscillation in the medium as a function of time. Because there 

are three quantities involved, the Raman soliton is referred to as a three wave soliton. 

Soliton formation with more waves has also been studied25-

We would like the solution for the fields to go to zero for times before the pulse 

arrives and after the pulse has passed. The tanh(f) solution for the Stokes field goes to ±1 

for t =  ±°<>. This boundary condition is not a significant problem as long as the Stokes 

pulse does not go to zero in the region of the soliton. For this case, the soliton solution is 

valid in the region of the soliton but does not hold in the temporal wings of the pulse.

In 1983, short pulses were observed5 in a Raman amplifier which was pumped by a 

CO2Iaser. These pulses were identified as the predicted Raman solitons. Although the 

original theoretical calculations by Chu and Scott had not predicted how such soliton 

pulses could be produced, the agreement between experimental data and computer 

modeling by Druhl26 using instantaneous K phase shifts in the Stokes seed indicated that 

the soliton like pulses were being initiated in the transient regime. Once initiated, the 

pulses narrowed due to damping until they were so short that damping could be 

neglected. Again one of the important features of the soliton pulses is that they are stable
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and do not fall apart during the formation process.

The hyperbolic tangent solution for the Stokes pulse crosses through zero at the center 

of the soliton. This zero crossing gives a tu phase shift between the front and the back of 

the Stokes pulse which led Druhl to use a TC phase shift in the input Stokes seed for 

modeling the soliton formation that was originally observed. The source of the phase 

shifts in the original experiments were not understood. Subsequent experiments6 in the 

Infra-Red (IR) in which a TC phase shift was induced in the Stokes seed failed to 

reproducibly generate soliton pulses. The difficulties in this experiment were attributed 

to problems with working in the IR. It is difficult to work in the IR because most 

detectors including the human eyes are not sensitive in this region.

To improve on the previous experiments, we used a visible laser to pump the Raman 

medium. To initiate a soliton to form in a Raman amplifier, a pump laser pulse and a 

Stokes seed pulse were combined and injected into the amplifier cell. The Stokes seed 

was produced in a separate Raman generator. Before entering the amplifier, a TC phase 

shift was produced in the seed pulse by passing it through a crystal whose index of 

refraction depends on the voltage applied across the crystal. The voltage on the crystal 

was abruptly changed when the seed pulse was half way through the crystal. This caused 

the latter half of the pulse to see a greater optical path length than the first half. If the 

change in path length is half of a wavelength, a TC phase shift results between the front 

and back of the pulse.

As with solitons in other systems such as water waves in a narrow channel and self 

induced transparency27, solitons in SRS result from the competition between two effects. 

The competing effects in the SRS system are forward Raman scattering before the phase 

shift and inverse Raman scattering after the phase shift. For inverse Raman scattering the 

pump pulse grows and the Stokes pulse is depleted.

The SRS equations can be transformed into the more familiar sine-Gordon equation.
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The sine-Gordon equation also governs self induced transparency in which a single 

optical field propagates in a medium of two level atoms. Using the sine-Gordon form, 

Steudel28 treated the initial pulse resulting from a Tt phase shift in the Stokes seed. His 

approximations are valid in the region before significant pump depletion occurs.

Meinel29 used the Backlund transformation to treat the problem of higher order solitons in 

both SRS and two-photon propagation. However no physical meaning has yet been 

associated with higher order solitons30.

Considerable theoretical work has been done on the problem of treating soliton 

propagation when the damping is small but not small enough to be neglected. Kaup31 

developed a modified inverse scattering transform to include weak damping in the SRS 

soliton propagation. Druhl and Alsing32 used a perturbative approach to include weak 

damping. In Chapter 5, a physical approach to the weak damping problem is presented 

which uses energy conservation to predict the width of the evolving soliton pulse. 

Numerical calculations have also been carried out for soliton generation using a Stokes 

seed which is off resonance33,34. This corresponds to a nonzero A, in Figure I. These 

calculations show that an off resonance seed causes the soliton pulse to decay during 

formation. Due to quantum fluctuations, seed pulses from the generator can be off 

resonance in the amplifier. Correctly predicting the statistics of soliton decay was one of 

the major goals of my research.

As mentioned earlier one of the properties of a soliton pulse is that it propagates 

without changing its shape. For any physical system which is governed by a set of 

nonlinear equations which admit a soliton solution, the nonlinear equations will, to some 

extent, be an approximation. During the formation of a Raman soliton, the soliton 

soliton is a poor approximation. Nonetheless, the forming pulse is often referred to as a 

soliton.

Due to the stability of the SRS soliton, Bowden and Englund11,35,36 predicted that
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quantum fluctuations dunng spontaneous emission in a Raman generator can lead to 

spontaneous soliton generation. These solitons appear as a macroscopic affect of 

quantum fluctuations. Experimental observations of spontaneous solitons are presented 

in Chapter 6.

The thesis is organized in the following manner. In Chapter 2 the equations needed to 

describe stimulated Raman scattering are derived in detail. The solution to these 

equations is then given for various approximations. Chapter 3 describes the use of 

localized modes for theoretically generating ensemble members of Stokes pulses from a 

Raman generator. Other methods of generating ensemble members are also used. 

Chapter 4 describes the experiment that we performed to measure statistics associated 

with quantum noise. A theoretical treatment of soliton generation in SRS is given in 

Chapter 5 and the soliton experiment is discussed in Chapter 6. Chapter 7 contains a 

summary of what we have accomplished.
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CHAPTER 2

DERIVATION AND SOLUTION OF SRS EQUATIONS

To describe Stimulated Raman Scattering (SRS) before pump depletion, two coupled 

differential equations are needed. One equation describes how the Stokes pulse evolves 

from one location in the medium to the next due to an oscillating polarization in the 

medium. The other equation describes how the medium responds to the driving pump 

and Stokes fields. The Raman scattering process converts photons from the input pump 

pulse to photons of lower frequency in the Stokes pulse. If a significant number of 

photons are taken from the pump pulse, the shape of its temporal envelope will change.

If this occurs a third equation is needed to describe how the pump pulse is depleted by the 

polarization in the medium and the Stokes field.

In this chapter the mathematics for treating the generation of a Stokes pulse from 

quantum noise and its subsequent amplification is developed. In the first section, the 

equation of motion for the polarization in the medium is presented. This derivation is 

outlined by Raymer and Mostowski16 but the treatment given here fills in a lot of steps 

and gives a more complete explanation of the approximations used. In the second section 

the equation governing the growth of the Stokes field is derived from the system 

Hamiltonian. This derivation was done independently and I have not found a similar 

derivation in the papers which I have read. Normally Maxwell’s equation for the field is 

used without being derived from the Hamiltonian. In the later sections, solutions to the 

SRS equations are presented for various approximations.

For the reader who is not interested in the details of how the equations are derived, the
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operator equations for the Stokes field and polarization in the medium are given in 

Equations 2.27 and 2.55. The properties of the Langevin noise operator are important for 

understanding quantum noise so reading should continue in the third section.

A Raman generator can effectively be divided into three regions. In the first region, 

which is the quantum initiation region, the Stokes field grows from quantum noise to an 

amplitude which is large enough that the fields can be treated classically. Tiie second 

region is the linear growth region where the Stokes growth can be modeled by two 

coupled lhiear equations and the pump can be assumed to be a prescribed input field. The 

linear region extends from the quantum initiation region to the location in the medium 

where the pump intensity has measurable depletion. The third region is the nonlinear 

growth region. In this region the dynamics of the pump field must be taken into account. 

Tliis adds a thfrd equation to the system and it becomes nonlinear. A  general solution 

exists for the quantum initiation and lhiear regions. However, a general solution for the 

nonlinear region exists only in the steady state approximation37. Two coupled equations, 

one for the medium and one for the Stokes field, are needed when modeling the Stokes 

evolution in the initiation and linear regions. To theoretically model the system in the 

nonlinear region, the results obtained by evaluation of the exact solution at the end of the 

linear region are used as inputs for numerical propagation through the nonlinear region.

The general solution to the linear equations properly accounts for the quantum nature 

of the Stokes light and the medium but cannot account for pump depletion. The 

nonlinear set of equations, which must be integrated numerically, are not well suited for 

treating the quantum initiation but they are appropriate for the linear region as well as the 

nonlinear region. Both methods are valid in the linear region so there is no problem 

changing from the quantum solution to the nonlinear equations in the linear region. If the 

quantum mechanical operators are replaced by c-numbers (classical variables) and 

appropriate fluctuating noise is used for the initial Stokes field, the nonlinear equations



18

can be used for the entire calculation"’38.

The equations of motion for the Stokes field and the Raman medium are derived using 

the Heisenberg equation of motion, taking the full quantum nature of the Stokes field 

account. The pump field will be treated as a prescribed input classical field which is 

valid before pump depletion because of the large number of photons in the pump pulse.

The hermitian conjugate of an operator which is normally designated by a dagger will be 

designated by a superscript For some operators, it is necessary to designate the 

positive or negative frequency components. This is done by including a superscript"(+)" 

or in parenthesis. The Hamiltonian for the system in the Hpisenberg picture is39

■
H(f) = I  I  Aco,.a (̂f) + Z  ZitOxtfx(rMx(r) - 1  ^(r) • E(zj, t) (2.1)

1 I

Iwhere the 0^(f) are atomic operators for the jth atom which at f = 0 are explicitly written j
38 îy(O) H z) ( / 1 • The annihilation operator, d x{t), is the operator for the radiation mode 

having angular frequency COx and which is quantized in a volume of length L and area A.
I

Periodic boundary conditions are assumed, and the label X designates both the 

wavelength of the mode and its polarization. The sum over X should be interpreted as a I
sum over modes having a frequency near the Stokes frequency. The dipole moment j

operator for the jth atom is p/(f). The first term in the Hamiltonian gives the energy j
associated with the free atoms, and the second term gives the free Stokes field energy.

j

The third term represents the dipole interaction between the atoms and the fields. The 

dipole operator for the jth atom is39

£ ' ( 0  = S 12^ 2C')+ S23O723C')+ £ 2 ^ .(0 + E 3Oy32W (2 .2)

I
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where H12 and (.I23 are the dipole matrix elements between levels I and 2 and levels 2 and 

3 respectively. For example the dipole matrix element between levels I and 2 is

H12 = e (11*12) . (2.3)

The total field operator, E = E p + E s, is the sum of the pump and Stokes fields. Tlie 

classical pump fields are given by

Ep(z,t)  = Ep(z,t)  exp[i((dpt -  kpz)] ep + Ep(z, t) cxp[-i(<opt - k pz)J Ep . (2.4)

The Stokes field is expressed in terms of the slowly varying envelope operators E*+)(z,r) 

and E^z . r )  using the definition16

£ s(z, t)  = E^(z ,0  exp[z(co/ -  ksz)] Es + E}s \ z ,  t )  exp[-/(to/ -  ksz)] Es (2.5)

where the (+) and (-) denote the positive and negative frequency components of the field. 

Note the slight difference in the type used to represent the various field quantities.

E(z,f) is the total field operator.

Ep(z,t)  is the total pump field.

Ep(z,t)  (E*(z, r)) is the positive (negative) part of the pump field. 

i s(z, t)  is the total Stokes field operator.

Ê +)(z, r) (E)-)(z,f))is the positive (negative) part of the slowly varying Stokes field
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operator.

&?(z , t )  (^~\z, t))is  the positive (negative) part of the Heisenberg Stokes field 

operator.

operators because they can in general be different operators than those which appear in 

the Hamiltonian. The operators that appear in the Hamiltonian are Heisenberg operators 

and thus contain all of the time dependence of the field. Therefore when the equation of 

motion for the field operators is calculated using Equation 2.1 the field must be expressed 

in terms of the cavity mode operators.

The derivation in this section is similar to that given in reference 16. To obtain the 

equations o f motion for the atomic operators, the equation

At this point I will not write E*+)(z,r) and in terms of creation and annihilation

Derivation of the Medium Equation

(2.6)

is used where O is an arbitrary operator without explicit time dependence. Using

Equation 2.6 and noting that Gjim x Gjmk =  Gjik, the equations of motion for the three atomic 

superposition operators are calculated to give

(2.7)
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dt (2 .8)

ddn(f)
dt =  -z to23a;32(0 + ^ [(X23(Oy33Cr) -  Gj22(O) +.S2̂ 31(0 ] '  E(z;',f) (2 9 )

where CO,- = CO, -  COy- and the commutator, [a,a,y] = O has been used. It will be shown in the 

later part of this section that the Stokes field operator will be driven by a 13. To this end, 

Equations 2.8 and 2.9 are fonnally integrated and the results substituted into Equation 

2.7. It is interesting to note that equations of motion for the diagonal operators are not 

needed partially because the assumption that (a n) = I (which is valid even for complete 

pump depletion) will eventually be made and partially because of the effective 

elimination of level 2. The results of integrating Equations 2.8 and 2.9 are

{ MGaaCO-Oi1CO) -SLoiiCO} * E(z;, t')dt’ (2.10)

{ iWoisCO -  oizCOl + W % i(0}' E(z/,f')df' . (2.11)

Il



22

The initial conditions are that the system starts in the ground state and the initial atomic 

operators are Ô 1(O) = 12)(lj and Ô 2(O) = 13>(2|. When the integrals in Equations 2.10 

and 2.11 are performed and the results are substituted into Equation 2.7, only the terms 

that oscillate near CO31 need to be kept. TTie terms in the integrals containing have 

parts which oscillate at the frequency needed to drive the pump^Stokes transition. Tliese 

terms arise from combinations of Ep(zy, t) and Ep(z;, t') and also from combinations of 

E ^ z 7, t ) and Ê +)(z;, t ' )  plus terms with the opposite time ordering. However these terms 

only lead to a Stark shift and thus they can be discarded for this part of the calculation.

To see that they will lead to a Stark shift, note that each of these terms will generate a 

contribution that is proportional to the operator *6^(0 and thus could be accounted for 

by simply modifying CO31. The only remaining way to produce an oscillation at CO31 is with 

a combination of Ep(z,r) x E*+)(z ,f') or E(z,f') X E(+)(z,f) corresponding to the two 

possible time orderings shown in Figure I. Therefore, only these parts of the field will be 

kept when calculating G21 and G32. Rewriting Equation 2.10 and keeping only the terms 

which can drive the pump-Stokes transition, we obtain

oit(') = exp[z CO21Cf -  O] [Oj22Cf') -  o j,(O] {Ep(z;, t') exp[/(copf' -  kpz)] J 12 • ep

+E'+)(zy, f') exp[ - /Cm/' -  ksz )] (I12 • e jd f '  . (2.12)

To carry out the integrals in Equation 2.12, the Slowly Varying Envelope Approximation 

(SVEA) is used. The SVEA assumes that the envelopes of the fields vary much slower 

than the individual oscillation of the field. This is a very good approximation because the 

envelopes typically vary over nanoseconds and the oscillation times are typically 

femtoseconds. The SVEA is not enough justification by itself for simply pulling the field 

envelopes and the atomic operators out of the integral. The meaning of the lower limit of

!
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the integral must first be understood. The lower limit tells us something about the initial 

conditions of the system. In the real atom there is damping which would wash out any 

information about the initial conditions. However, the damping is not very important 

either because the amplitude of the oscillation of the atom at the driving frequency 

reaches semiequilibrium on a time scale of a few oscillations. This is because the fields 

are so far off resonance. The lower limit only determines the point about which O12i 

oscillates. Tlie time dependence of the slowly varying quantities in the integral and the 

damping can slightly change the point about which O12i oscillates; however, only the 

oscillating part will drive O131. Damping will be important in the equation of motion for 

the operator O31 because its magnitude will be limited by damping whereas the magnitude 

of O21 is limited by detuning. A mathematical justification of the SVEA is given in 

Appendix A. Making the SVEA and evaluating the integral in Equation 2.12 at the upper 

limit results in

(2.13)

And, similarly for oJ32(t), Equation 2.11 becomes

exp[i(G)pt - k pz)] 
(O )2 3 +  (Dp )

Ei,(z , t) P2S * £p

(2.14)
(O)23 -  to,)
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Next the rapid time dependence in Equation 2.7 is factored out by changing to the slowly 

varying polarization operator defined by

Q 1 (t) =  Oj31Cf) exp K  (cop -  cojf + i(kp -  ks)zJ ] (2.15)

Defining the effective detuning by

Ac = top -  to, -  CO31 (2:16)

and using Equation 2.7, the equation of motion for the slowly varying polarization 

operator becomes

= ^ e m + ! , + ! , (2.17)

where the two interaction terms are defined by

1I = -T e x p H  (to -  to>  + i{k -  ks)z] ] Oj21C?) P23 E(zJ,?) (2.18)

r J  = -C xp H  Hp -(Di)? + i{kp - k s)z1’\ ( 3̂2(0 Î iz * E(z , f) (2.19)
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Only the portion of the field in each interaction term, for which the rapid time 

dependence cancels, needs to be kept. Therefore, only combinations which result in 

EpO, f) x E<+)0 , 0  are retained. Substituting Equations 2.13 and 2.14 into Equations 2.18 

and 2.19, the interaction terms become

i
\ = - 2 [<4(o -  < ,e ) ]  EpO7, OEr7O7, o

(M-I2 • ep) (M23
(CO21- O p)

_ e j+ _(0i2 e j  (M23 * ep) I
(CO21+  coj

(2 .20)

a n d

I2= ^  [*„(<) -  ,) e ;v . o
(M23 • G,) (M12 * ep) +  (M23

(Cp23 -  CO,)
EP) (Miz-eOl 

(CO2 3 +  COp )  J(2 .21)

Because the Raman detuning is very much smaller than all other frequencies, the 

bracketed portions of Equations 2.20 and 2.21 are essentially equal. Hiis can be seen by 

noting that

Ap = CO2 1 -COp =  CO2 3 -CO, and CO21 +  CO, =  Co23 + cop (2 .22)

where Ap is the detuning of the pump frequency from CO21 . Defining the coupling

constant which tells how effective the pump and Stokes fields are at driving the 

polarization Qj(t) by

I
'n2

(M23 • G,) (Mi2' gp) [ (M23 ’ Ep) (Mn - G,) | 
Ap (CO21 + c o , )  J (2.23)
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we arrive at solution for the jth atom.

= - iQ ' i t )  4  + i K & & )  -  OjllCf)] Ep(z7, f)Er(zJ, f) (2.24)d t

The above equation can be simplified by assuming that only, a small fraction of the atoms 

are excited into state 3. With this assumption, the combination of diagonal operators is 

replaced with the unit operator. Calculations performed without this assumption show 

that on the order of one in a thousand atoms are excited to state 3. To obtain the 

polarization for the continuous medium, the medium is divided into slices with a

thickness much smaller than the wavelength of the fields but thick enough to contain 

many atoms. The location of each slice is labeled by z and the number of atoms in the 

slice z is N 5 = N A Az where N is the number density of atoms and Az is the thickness of 

the slice. The average polarization in a slice is defined by

Summing Equation 2.24 over all atoms in a slice, or more specifically, summing over the 

set {J}z and using the fact that Q i(t), EpCz7, t), and E j Cz 7, t) are nearly identical for all 

atoms in the slice, Equation 2.24 becomes

= G'CO (2.25)

d Q {z , t )
= -/<2(z,OAe -ZK1EpCz,OE^Cz^) (2.26)

dt

At this stage, the average operators are used so the average damping can be
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phenomenologically included. When damping is added, a Langevin noise operator must 

be added16

dQ (z , t )
dt = -d (z ,f)  (;'A. + n  -  f)+ f(z , f) . (2.27)

The properties of the Langevin operator, F (z,t),  will be discused later in this chapter.

To obtain the differential equation for the Stokes field, one normally uses Maxwell’s 

equations. In this section, the slowly varying wave equation for the Stokes will be 

derived using the Hamiltonian and Heisenberg’s equation cf. Equation 2.1 and 2.6. This 

derivation has been done independently from previous work. Since the Hamiltonian is 

expressed in terms of field operators for radiation modes which are quantized in a cavity, 

the Stokes field is most conveniently expressed in term of the same modes. In terms of 

positive and negative frequency components, the Stokes field operator is

Derivation of the Stokes Field Equation

(2.28)

where

E (s \ z , t )  = - z i / E  dl{t) exp (-z\z) = \ z , t )  I s exp[z'(to/ -  fc,z)] (2.29)

E^\z ,  t) = ie s X d x{t) Gxp(HcxZ) = E<+)(z, t) £, exp[-/ (co  ̂-  ksz)] (2.30)

i
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and where the polarization vector g is defined by

es = (KhckJLA)112 Er = Piz2E5 (2 31)

and to, is the central Stokes frequency. The wave number ^  is assumed to be the same 

for all modes near the Stokes frequency. Note that all of the time dependence is in the 

operators d ( t ) andd+(f) making them Heisenberg operators. To calculate Ef!(z,t), the 

equation for d %(t) will first be derived and then summed over X. The Heisenberg equation 

of motion for the operator dJJ) is

ih -   ̂= h'L ^ i d J t )  , d +%,(t) d x,(t)] -  E  [dx(t),\iJ(t) • E(zy, r)] . (2.32)

Using the commutation relations

{A%(t),dy(t)\ = 5 XX, , \d%(t) ,dv(tyi = 0 and [dx(t),<5.(t)] = 0 (2.33)

it can be seen that only the E {j \ z , t )  part of the total field operator contributes to the 

interaction tenn. Formally integrating Equation 2.32 and using Equation 2.29, the 

equation for the field operator becomes

= ^x(O)exp(-/coxf ) + | E e x p H V O  e x p H © ^ -? ')]  \J( t ' )‘ e s dt'  . (2.34)

The operator E iJXz, t) is formed by multiplying by Iesexp(z'V) and summing over X

i
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which gives

E f  {z, f) = z E es tix(0) expH (toxf -  Z:xz)]

+ ^e,E E exp[z/cx( z - z 7)] f  e x p H to ^ - / ') ]  M-yCfO .* e , . (2.35)71 y X Jo

Now that the equation of motion has been obtained, it is convenient to convert back to the 

slowly varying operators. Keeping only the oscillation near the Stokes frequency, the 

slowly varying operators for jj/(f) are defined by

MiCO = M-ywCf) exp|7(cd/ -  ̂ z7)] + |l7(+)(f) expH(to/ -  ̂ z7)] (2.36)

where to, is tire central Stokes frequency. Keeping the appropriate part of the dipole 

operator, the slowly varying positive frequency field operator becomes

Ew(z»f) = E z<fx(0) |31/2 exp[-z(rox-  to,)? + I i k x - k s) z \  +-(31/2 E
x H j

x f  exptz'coX? - 1') -  iks(z -  z7)] E  exp[-ztox(f - 1') + ikx(z -  z7)] |17W(?') • es dt'  (2.37) 
Jo x

where only the positive frequency part of (I7(Zl) has been kept because of tire Rotating 

Wave Approximation (RWA). The sum over j can be converted to a sum over slices 

using

E=> E E
i Wz-

(2.38)
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and the slice average positive frequency dipole operator is defined by

■ z l ™
(2.39)

Noting that (£> = kc, the equation for Ê +)(z, t) becomes

O = X  z'«x(0) (3V2expH((Ox-ro jr  + i (Ic -̂Jcs)Z]

/N Bv2 f t
+ - X Jo exp{z^[c(f - 1') -  (z - z')]} M.%', 0) • g,

x Xexp{-z^x[c(f - 1') - (z -z ')]}  dt' . (2.40)

The sum over X can be converted to an integral by letting the quantization length become 

longer than the pump pulse and then using

(2.41)

The integral over k will produce a delta function which is explicitly

L T eo 2L
—J dk exp{-z£[c (t - 1') -  (z -  z')]} = —  8 [ ( ? -0 ) - ( z - z ' ) /c ] (2.42)

To get a contribution from the delta function when preforming the integral over t', the 

argument of the delta function must go through zero for t' between zero and t. To satisfy
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tills condition, the limits on the sum over z' are

Z - C t  < z ’ < z (2.43)

Letting the variable z' become continuous and replacing the sum over z' using

N, E  => p J  dz’ (2.44)
Z - C f

where p is the lmear number density of atoms, the equation for Ê +)(z, r) becomes

E fW )  = E  Mx(O) (3I/2 expK(O)lv -  (D,)f + z(^ -  ks)z\

+
zpZLp1

E
e, i p(+)[z' , t - ( z - z ')/c] • e ^ z ' (2.45)

where t' ==> t - ( z  -  z')/c as requhed by the delta function. Now that the equation for 

Ê +)(z, t) has been found the slowly varying wave equation can be formed using

d Id
L s + c * J

E f ■’(z, t) = driving term (2.46)

To calculate the necessary derivatives, the following formula is helpful40
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d_
doc

■* =g(«) ■* = g («)J F(a,x)dx = J dF(a,x)

X =/(<*) a =/(<*)

|dg(cO
I da

F  [a, ̂  (a)] d/(a)
F  [a,/(a)] (2.47)

Using this formula, the z derivative of the field, operator is

 ̂= X i d x(0) p1/2 [z -  fcj exp [-z (tox -  tojf + Z1Ctix- ti> ] + x

Z

r ' - I '
[l^(z, f) ' C ,  -  |l^(z -  Cf, 0) - c ,  + I d ^ \ z ' , u ) • e s dz'>

du u  - ( Z - Z f) I c

XC J
(2.48)

and the time derivative multiplied by 1/c is

Id E T W )  
c dt S M t(O) SXpt-Z1(O)x-  COjZ + Z-Ctix- tiJ)z] +

z2Lpp'
X

#0= e,

Z '

- | l (+)(z -  Cf, 0) (-C) '  c , + f  d $ +Xz', u)
z- ct du u —t —(z —z')!c

(2.49)

Note that the free propagation terms exactly cancel which is what one would expect 

because free fields propagate without change. The tenns containing (l(+)(z -  Cf, 0) cancel 

and very conveniently the terms containing the integrals also cancel. Adding Equation 

2.48 to 2.49, the slowly varying wave equation becomes
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3_ 13_.
_dz cdt_

E(+)‘\ z , t )  =
z2Lpp

tic Zfit tW y - I
%

(2.50)

The second factor of P1/2 comes from changing 7S to Es.

To evaluate the driving term, we need to keep the part of Equation 2.2 which oscillates 

as exp(-z"(0/). The parts of the dipole operator which oscillate at the proper frequency 

can be determined by examining Equations 2.10 and 2.11. First note that the terms in the 

integrals in Equations 2.10 and 2.11 containing Cn(t'), G22IO* and a 33(t') can be 

combined with E$+)(z;, O  to produce an oscillation at oo,. However, because these tenns 

are proportional to zÊ +)(zy, t') it will only lead to change in the index of refraction and Can 

be accounted for by simply changing c to v. For hydrogen gas at the pressures that were 

used in our experiments, the index of refraction is nearly unity, so the approximation v = 

c will be used.

It can be seen from Equation 2.7 that C31(t) oscillates approximately as exp(z(031f). 

Combining &3l(t') with the part of tire pump which oscillates as exp(-i(opt'), an 

oscillation near exp(-zoo/') will be produced. This is the only combination which 

contributes to the dipole operator at the correct oscillation frequency. Substituting the 

631(0 terms from Equations 2.10 and 2.11 into Equation 2.2, the positive frequency part 

of (l'(0 which oscillates at the appropriate frequency becomes

t o = ^ { - ^ 3 - B > i2Jo exp[zco2i(f-f')] O73XOE*(zy, O e x p K (o y ' - kpzJ)] dt'

(̂ 12 y ^ 23̂  exp[-z(023( f - Ol % (OE*(z7, t )exp[-z{<£>/-kpzJJ d f j  ‘ 2̂ '5

Using Equations 2.15 and 2.36, the above equation is converted to the slowly varying
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operator equation

* y^2exp[z((o , + co21)r] &}{t')E*p{z], t') expH ((o, + t o ^ d i '

+  ' (2 '52)

Using the SVEA approximation, the slowly varying quantities are pulled out of the 

integral and it is evaluated at the upper limit. Taking the dot product with e, and using 

CO23 ~ <»* = Ap, Equation 2.52 becomes

(2.53)

Converting to slice average operators by summing over the atoms in a slice and dividing 

by the number of atoms, the positive frequency part of the polarization becomes

(2.54)

The constant K1 is defined in Equation 2.23. Substituting the positive frequency 

polarization operator into Equation 2.50, the driven slowly varying wave equation is 

obtained

d_ ld_
. dz c df_ zk2̂ ( z ,0E*.(z, 0 (2.55)
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The coupling constant K2 is defined by

K2 = 27cNA /̂zk1 . (2.56)

The sum over e, has been omitted by assuming that (J23 is parallel to JJ12.

This concludes the derivation of the fully quantum mechanical SRS equations. Before 

discussing their general solution, the properties of the Langevin noise operator must be 

determined. Also, the equations will become simpler when they are transfonned to the 

retarded time frame. The inputs to the equations are the pump and Stokes fields for all 

times at the entrance to the Raman cell, and the initial polarization of the medium. When 

this information is specified, the SRS equations will determine the Stokes field for all 

time at the exit of the cell provided that pump depletion has not occurred.

Properties of the Langevin Noise Operator

In Equation 2.27, a Langevin noise operator was included to maintain the operator 

properties of Q (z,t). The properties of the Langevin operator can be found by adding 

a random kick tenn in the Hamiltonian41. The kicks are assumed to be short compared to 

the time between kicks and they produce a random phase change in the molecules having 

the collisions. The random phase changes lead to a decay in the average polarization plus 

a random polarization proportional to the square root of the number of molecules which 

have been dephased. The Langevin operator is included to account for this random 

polarization which turns out to be what is needed to maintain the operator properties of 

<20, t). In particular we do not want the operator to be completely damped out. As I will 

show this leads to a decay in the number of atoms in the system. Many of the ideas used 

in this section are similar to those presented by Lax38. To characterize the Langevin
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operator, its second moments will be calculated in this section. To calculate the second 

moments of F{z, t), assume that the atoms in a particular slice of the Raman medium at 

location z have been driven into an arbitrary superposition of levels I and 3 and then the 

driving fields are turned off at time t=0. Because no population damping has been 

included in the derivation of <2(z, t), one would expect that the number of atoms in levels 

I and 3 would remain unchanged. Collisions will cause the coherence to decay but do 

nothing to the number density of atoms in each level. The operators which give the 

fraction of atoms in levels I and 3 which are C 11 and C33 which can be formed from 

Q{z, t)  and Q +{z,t)  using

6 . (2,0) 6 (z-,0 ) = ^ ^ £ 2  and ^

which implies

P P
(2.57b)

The operators C 11 and C 33 are defined analogous to Equation 2.25. Wlien the driving fields 

are turned off, Equation 2.27 becomes

dQ(z , t )
d t - (T  + iAe) $ + F ( z , t ) (2.58)

which is formally integrated to give
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Q(z,t) = 2 (>,0)exp[-(r  + zAe)f] +J^ F(zj')fixV[(T + iAe){t'-t)idt' (2.59)

Next the expectation of the product Q +(Z j l) and Q(z, t2) is calculated giving

(G +(z, h)Q (z', t2)) = (Q+(z, 0 )5  (z', 0)> C x p m f1 + f2)] Cxph-AeCf1 -  f2)]

+ Jo J0 <^+( ^ f,i)^(z ,»f,2) ) e x p [ (r - /A e)(f1, - f 1)] exp[(r + /Ae)(f2, - f 2)] dfV t'z . (2.60)

At this point it is clear why the Langevin operator is needed. Without it the number of 

atoms in the ground state decays as exp(-2rr) and if the reverse ordering is calculated 

one finds that the number of atoms in state 3 also decays as exp(-2Ff). The Langevin 

operator is added so that it exactly compensates for this unphysical decay and preserves 

probability.

Because the operators for different atoms are uncorrelated at f=0, the operators for 

different slices must also be initially uncorrelated. Using Equation 2.57 the initial second 

order moment of 5 (z , f) is

# ( z ,0 ) d ( z ' ,0 ) )  = (2.61)

where (a n(z,f)) is the number density in state I. For unequal times and the driving fields 

turned off, the second moment of Q(z, t) will have the form of

(2.62)



38

To determine the second order correlation for F(z, t), the form 

( F \ z , t y)F{z',t2)) = D S i t l - f2) 8(z - z ' )

is assumed and then shown to give the correct result when the constant D  is properly 

chosen. With this assumption, Equation 2.60 becomes

S ( U - h) -  u^ ’ ^  = ~ ~ ~ — exp[-r(r1 + f2)] exp[zAc(t, -  f2)]

+ exp[AcCf1 -  f2)] exp[-r(fj + f2)] F D(z, t'2) exp(2Tf'2) dt'2 (2.64)

where the assumption f2 > T1 has been used. The approximation that 

<<ju(z ,0»  = (an(z, f)) = I i s  now made and the assumption that D  is constant is also used. 

For the special case of f2 = tu equation 2.61 requires that g =* I and the above equation 

can be solved for D to give D = 2T/p. Equation 2.63 then becomes

+(z, f,)f (z', f2)) = ̂ 8 ( f j - ^ 8 ( z -  zO (2.65)

A similar result is obtained for the opposite ordering with die substitution a n  => ( J 33 in 

Equation 2.64. For diis case D  is assumed to be slowly varying compared to exp(2Ff') 

giving the antinormal ordered second moment of the Langevin operator

<F(z', t ' ) F \ z , t ) )  =  2 r ^ ( ^ 0 ) 8(z - z ' ) S ( t - t ' ) (2.66)
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Now that the Langevin operator has been determined, the linear- SRS equations can be 

solved.

Retarded Time Transformation

The coupled Equations 2.27 and 2.55 can be simplified by changing to the retarded 

tune frame. The variable transformation is defined by16

W  x = r - z /c  . (2.67)

This is an unusual transformation because % = z. The partial derivative with respect to z 

transforms as

d d dxd  d I d
' . (2-S8) 

and the partial derivative with respect to t transforms as 

d d^d drd dS=Sal+SS=S ' (2«)

Once this transfohnation has been made, the variable % will be replaced with z for 

simplicity. Tlie above transformation has a simple physical interpretation. An observer 

at location z who measures the laser fields as a function of time picks T = Oat the same 

place on the temporal pulse. This is not a relativistic transformation but rather a 

convenient choice of f  = 0.
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In the retarded time frame, the SRS Equations 2.27 and 2.55 become

d&(z,%)
d% ~Q (z»T) (r  + 1 Ae) -  i K1Ep (z, x)Ê +)(z, t) + F (z , t) (2.70)

and

dz /K2Q(Z5T)Ep(ZjX) (2.71)

This transformation greatly simplifies the solution to the SRS equations.

Linear Solution

The coupled Equations 2.70 and 2.71 with the conditions given in Equations 2.61 and 

2.65 have an exact solution. Note that the coupling is linear because the pump field is a 

prescribed input function which is not affected by the scattering process. The solution to 

these linear equations is 16

E^(ZjT) = E^(0,x) -  /K2Ep(X)exp(-Fx) d z ' Q \ z ' , 0)/0({(l - z ' / z )q (0 ,x)} m)

+  2k,k2zEp(x) f d x '  exp[-r(T -  x')] E*p(t')E?(0, t')Î p ^ p -  
Jo q(%^)

-/K 2Ep(X)J  ̂ d%' dz' exp[-r(x- x')]F\z' ,t')/0({(1 -z ' /z)q(x,x')}m) (2.72)

where the IJx) are modified Bessel functions and
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?(%„%) =  4k1k2z I Ep(Y) I2 dxf (2.73)

is the power of the pump laser field integrated from time Xa up to tune Xb. Note that the 

pump field does not depend on z because it is not being depleted as it propagates. The 

above equation has been written for Ae = 0. For the case of Ae #  .0 the Stokes field 

operator can be transformed so that Ae is eliminated in Equation 2.27.

Equation 2.72 is an important solution which has been used to understand many of the 

experiments involving SRS. It is a general solution because it can be integrated for an 

arbitrary initial Stokes seed and polarization. Once the initial conditions and the pump 

field is prescribed, the actual evaluation of this solution must be done on a computer.

The linear solution is only valid before pump depletion. The SRS equations with pump 

depletion included are presented in the next section.

The nonlinear SRS equations can be derived from the linear SRS equations by 

requiring energy Conservation. Since the nonlinear equations will be used when the 

Stokes field is large enough to begin to deplete the pump, the operator equations can be 

converted to c-number equations. In addition, the Langevin term can be neglected. To 

go from operator equations to c-number equations the operators can simply be replaced 

with their corresponding classical analogues. To make the c-number equations simpler, I 

choose to make the following identification between the classical and quantum variables

The Nonlinear Stimulated Raman Scattering Equations

Q(z,x) = — —  Q(z,x)  and E*(z, t) = 
Ki CO. (2.74)
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Using this transformation, Equations 2.70 and 2.71 become the semiclassical equations

^ £ a = - e ( z , t ) ( r + i A ) + E 1,(z,T)E;(z,T)

and

dE;(z,t)
----^ ----= K1K2S  (z,T)Ep(z, T) .

The energy conservation condition can be written as 

^(z,T)E*(z,T) + E,(z,T)E*(z,t) = tP(T)

(2.75)

(2.76)

(2.77)

where tF(T) is the power in the input pump pulse. Differentiating with respect to z and 

using Equation 2.76 and its complex conjugate we have

E:(z,T)
dE (z, t)

+ K1K2EXz, t)2 (z, t)} -Ep(zl1:) @ ! ^ + K ;K -E > ,z)e-(z,4 (2 .7 8 )

The left hand side of this equation is the negative complex conjugate of the right hand 

side so both sides are pure imaginary. Because Ep starts out being an arbitrary complex 

input field the only way the above equation can generally be satisfied is for the bracketed 

quantities to be identically zero which gives the third SRS equation
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(2.79)
dE (Z1zT)
----^ ---- = -K 1K2EXz, t ) 0  (z,T)

The set of Equations 2.75, 2.76, and 2.79 form the set of semiclassical nonlinear SRS 

equations. This system of equations is nonlinear because the pump field is now a 

dynamical variable and thus the Q equation contains products of dynamical variables.

No general solution exists for the set of nonlinear SRS equations. However, there 

does exist an interesting class of special solutions in the hypertransient limit where the 

pulses are short compared to the dephasing time of the medium. Because they are a 

special set of solutions, one would expect that they could only be realized by using a 

special set of initial conditions. As will be discussed in Chapter 3, the special conditions 

can be experimentally generated.

The Soliton Solution

For the linear region, a general solution was given in Equation 2.72. This means that 

for an arbitrary input pump and Stokes fields, the field can be evaluated at any z for all x. 

However, evaluation still includes integration over the initial conditions with the 

appropriate Green’s function. The soliton solution is an exact solution for a particular set 

of input pump and Stokes fields for the hypertransient regime where the duration of the 

fields is short compared to the collisional dephasing time. So if just die right fields are 

injected into a Rarnan amplifier, the fields at any location z can easily be evaluated. The 

form of the soliton solution is sech(x) for the pump field and tanh(x) for the Stokes field. 

It is not easy to generate this particular form for the input fields. However, due to 

damping, tiiese special temporal shapes can be approximated in the amplifier when a tu 

phase shift is present in the input Stokes seed.
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Before presenting the soliton solution, a variable transformation will be performed to 

simplify the differential equations. To account for detuning, new variables for the Stokes 

field are defined by32

<20, t) = exp [-z Ae t] (2.80)

and

Ee(ZjT) = AeCxp(Z-AeT) (2.81)

Witli this transformation, the SRS equations are transformed to

dxO,?)
9t

= -r%(z,T) + e p(z, t)a *(z , t) (2.82)

3Ae(z,T)
dz K1K2 %*(z,T)Ep(ZjT) (2.83)

and

dE^O.T)
----^ ---- = -K1K2 %(Z,T)Ae(ZjT) (2.84)

Tliis transformation makes the SRS equations appear to be on resonance. In fact, Innking 

at these equations, one might ask why a Stokes seed, which is off resonance, evolves any



45

differently than a seed which is on resonance. The answer lies in the fact that A (z, Q) has 

a phase which oscillates as exp(-z Acx). Therefore, the first part o f the Stokes field will 

generate an oscillation in the medium, which is not at the optimum phase, for the growth 

of the subsequent portions of the Stokes field. The exact soliton solution to the coupled 

SRS equations only holds for pulses which are short compared to F so that the damping 

term can be neglected, hi other words, the soliton pulse passes tlirough a slice of the

medium before significant collisional dephasing occurs. 

SRS equations is

In this limit a solution to the

Ep = E^sech(a) (2.85)

As = Epa exp(zh)tanh(a) (2.86)

X = - W  E2pa exp(-zb)sech(a) (2.87)

where

Ep0= amplitude of the soliton

T= characteristic width of the soliton

b = arbitrary phase between pump and Stokes and

“ = w  - W E p0(Z-Z0)K 1K2 . (28&)

This solution can easily be verified by noting that
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d  sech(qc)
= -  sech(a) tanh(a) —- and 

az
d  tanh(oo) 

dz
,2/ , d a= sech (a )—— .dz dz (2.89)

The soliton solution for the Stokes field given in Equation 2.86 does not allow for an 

oscillation at Ae. Tliis means that the soliton solution forces the Stokes field to be on 

resonance. The above solution holds for T = O; solutions have also been found which are 

correct to first order in F31,32. For these solutions the soliton narrows approximately as

where a is a constant depending on the width at z = O'. The amplitude of the soliton does 

not decay for this solution. The soliton solution will be revisited in Chapter 6.

If the slowly varying envelopes of the pump and. Stokes fields are restricted to vary 

slowly compared to the dephasing time (l/T), the solution to die system of nonlinear SRS 

equations can be greatiy simplified. If the field envelopes change slowly compared to 

(l/T), then die quadrupole oscillation in the medium Q{z,x) will always be nearly in 

equilibrium with the driving fields. This situation can be described intuitively as follows: 

the oscillation in the medium cannot remember far enough into the past to notice that the 

fields are not constant. This limit is called the steady state regime. Mathematically it is 

stated as

W = { z + a Y m (2.90)

Steady State Solution

(2.91)
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Applying the steady state condition to Equation 2.75, we have

FQ (z , x ) - E p(z, t)E*(z , t) . (2.92)

Note that Ac = 0 has been assumed. If Ac is not zero, the Stokes field will pick up an 

oscillation and if the period of this oscillation is not longer than the dephasing time, the 

steady state solution would not apply. Substituting Q(z,x) from Equation 2.92 into 

Equations 2.76 and 2.79, the SRS equations become

dE*(z,T) K1K2
IEp(Z5T ) I X M ) (2.93)

and

9Ep(z,T)
dz

K1K2
F IEc(Z5T )IX (2.94)

Multiplying the first equation by 2EC and the second by 2Ep, equations for the pump and 

Stokes intensities are formed which are

X ( z, t)
dz

2k1k2
- ^ p - I p(z,T)Ic(z,T) and dip (z, Tp

dz
2k,K2

~ T ~
Ip(Z5T)Ic(Z5T) . (2.95)

In the steady state regime, only the intensities are important so no transient asymmetry 

will be seen between the front and back of a partially depleted temporal pump pulse. Tlie
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steady state equation can be simplified by the energy conservation requirement 

lp(z ,t) + I> ,T ) = tF(J) •

Tliis requirement reduces the system of equations to a single differential equation for the 

Stokes intensity which is

^ I s( Z j T )  2  k , K 2
~ dz [tF (T )-I ,^ , T)] . (2.97)

Separating tlie z and T dependence and then integrating, we obtain

f^ (z’T) d \  r*
Ji5(OlT) I5.(Y(t) - I J " 2K,K2Jo dZ (2.98)

Performing the integral using the integration formula4

J: dx I
:— In

r a -X ^
x { a - x )  a \  x j

(2.99)

and evaluatmg at the limits gives

exp[-tF(f)K1K2z/T] Y (T )-Ij(ZtT) tF (T )-W -C )' 
L(0,T) . (2.100)
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Solving for ls(z,x) the steady state solution is obtained which is37

’ w o + m o - W T ) ]  Cxpr-Y(T)K1K2ZZii • (2-101)

Notice that the intensities at (z ,T0) only depend on the input intensities at (0,T0) where T0 

is any particular retarded time. The steady state solution is appropriate for many 

situations and it also serves as a simple slowly varying limit test for numerical integration 

which can treat more general problems.

In the following chapters, procedures for evaluating the solutions to the SRS equations 

will be developed and the results will be compared to experimental data. For treating the 

formation of solitons from a TC phase shift in the Stokes seed, the n o n lin e a r  SRS equations 

must be integrated numerically.
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CHAPTER 3

THEORY OF QUANTUM INITIATION AND AMPLIFICATION

In this chapter, the details of quantum initiation and the subsequent amplification 

through the linear regime will be discussed. First, quantum initiation in general for the 

Raman system will be discussed. In the following two sections, the theoretical and 

numerical details of generating coherent modes are discussed. Next, the method used to 

propagate the fields through pump depletion and the results at the end of depletion are 

presented. Finally, the c-number approach to calculating an output Stokes field will be 

discussed.

Quantum Initiation

There are two distinct ways of treating the quantum initiation of the Stokes pulse.

One method is the c-number11,38 approach which replaces the operator equations with 

classical variables including a randomly fluctuating Langevin force. The second method 

is the coherent modes approach17. For this method, the field operators are used to 

calculate the two-time correlation function from which individual Stokes pulses can be

generated; Although the two methods are very different, the final results appear to be ;
I

identical. In order to treat quantum initiation, one must begin with the quantum SRS ■

equations. The solution given in Equation 2.72 can be used or the differential equations I
can be integrated numerically starting with the initial condition of no photons in the

!i
Stokes field. Due to the quantum nature of the initiation process, the output Stokes field '

will be different each time it is calculated. To simulate the initiation process, computer I

J
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generated random numbers will be used. Average properties of the Stokes field can be 

calculated by generating an ensemble of pulses and averaging the data from the members 

together. If average quantities are desired before pump depletion, they can be calculated 

directly using the coherent modes approach.

The reason that the Raman scattering and related processes generate large fluctuations 

in the macroscopic fields is that there is a free phase that must be picked by the 

spontaneously emitting atoms. The pump field has a well defined phase but the phase of 

the Stokes field is completely random from shot to shot. Once the phase of the Stokes 

field has been picked it determines the phase of the quadrupole oscillation in the medium. 

If one thinks in terms of the wave function for a given mode of the field, there is no 

coherent driving force to lock the phases of adjacent number state contributions. As a 

result, each number state contribution to the wave function for the electric field has a 

random phase. This is part of what is needed to produce a chaotic state of light. 

Spontaneous emission does in fact produce chaotic states of light which have the 

following distribution of number states18

P(«) (l+ rc)1+n (3.1)

where n is the ensemble average number of photons in the mode. Two examples of this 

distribution are shown in Figures 2 and 3 along with coherent states having the same 

average number of photons. The photon number probability distribution for coherent 

states is
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p('0 = ~-jexP(-n) (3.2)
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R H D T D N  N U M B E R
Figure 2 Photon number probability distribution for a coherent and chaotic state having 
an average of nine photons. Chaotic state is approximately a decaying exponential and 
the coherent state is approaching a gaussian distribution.
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The number state contributions to a coherent state are all phase locked, meaning that they 

all have a phase of zero at some time which could be labeled t=0. Note from Figure 3 

that even for large values of n the number of photons in a chaotic state can vary wildly 

which would result in wild fluctuations in measurements of the energy in the mode. This 

large uncertainty can also lead to large fluctuations in the spectrum when more than one
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significantly excited mode is present in a Stokes pulse. This is because the relative 

phases of the modes are random and thus they will beat together in a random way to 

produce spectral fluctuations when the Fourier transform is taken.

c o h e r e n t  s t a t e  
d i s t r i b u t i o n

c h a o t i c  s t a t e  
d i s t r i b u t i o n

P H O T O N  N U M B E R
Figure 3 Photon number probability distribution for a coherent and a chaotic state having 
an average of 100 photons. Even for highly excited modes the number of photons in a 
chaotic state can have a large range of values. Ilie  coherent state distribution becomes 
narrow compared to the average number of photons.

In order to carry out a calculation to generate a member of the output Stokes field, one 

needs to decide what to specify for the initial conditions for <2(z,0) and Es(0,x) and for 

the magnitude of the Langevin fluctuations. The choice will depend on whether in the 

final result one calculates normal ordered quantities or antinonnal ordered quantities. 

Since detectors measure intensity, which is a normal ordered quantity, one should use 

normal ordering. The ordering is important when calculating low level intensities where
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a difference of one photon is significant. However, at the end of the Raman generator, 

the fields are quite large and thus classical so that the difference between the two 

orderings is expected to be extremely small. For normal ordering, one can use the square 

root o f ( e +(z,0) <2(z,0)>, <ri+(0,T) ri(O1T)), and (F \z ,x )  F(z,x)) to determine 

the magnitude of the fluctuations. The reverse operator ordering is used for the 

antinormal ordered approach.

When using normal ordering, there is no contribution from the vacuum field but there 

are contributions from Q(z,0)  and F(z, x). The initial linear number density can be 

expressed as (Q +(z ,0) Q(z,  0)). However, for times large compared to 1/T, the 

contribution from Q(z,0) decays as can be seen from Equation 2.72. This is unphysical 

because one would expect that an initial polarization fluctuation in the medium would be 

amplified as the laser pulse passes, leading to a substantial Stokes field for most of the 

pulse duration. This problem arises because of the way we have phenomenologically 

included damping. To maintain consistency, a Langevin term is added. For normal 

ordering, (F+(z, t) P1(ZtX)) is found from Equations 2.65 and 2.66 to be proportional to 

the linear number density of the atoms in the ground state. This "large" Langevin force 

generates a contribution in the last term o f Equation 2.72 which properly accounts for the 

initial polarization fluctuations plus the polarization fluctuations occurring after T = 0. On 

the other hand if one chooses to use antinormal ordering, there is no contribution from 

(Q (z,0) Q +(z , 0)) but there is a contribution from the vacuum field. In addition, the 

expectation value from the Langevin force, (P(z ,x)  P +(z,x)), is now "small" and 

proportional to the linear density of atoms in the excited state 13). This Langevin force 

preserves the number of atoms in state | 3> in the absence of driving fields. Since the 

fraction of atoms in state | 3) is quite small, one would expect that the contribution from 

the Langevin term would also be small.

When performing a c-number calculation, it is advantageous to use antinormal
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ordering because as we will show the Langevin tenn can in fact be neglected. This has 

also been verified by Englund36. Omitting the Langevin tenn greatly decreases the 

computing time because this tenn contains a double integral. To show that the Langevin 

tenn can be omitted when using the antinormal ordered approach to calculate large field 

amplitudes, we perfonned the c-number calculation without the Langevin force and then 

compared the results with those obtained from the nonnal ordered coherent modes 

theory.

We initiate Raman scattering by including random noise in the initial Stokes field. 

Since the final Stokes field is much larger than the initiating noise the first of the four 

terms in Equation 2.72 can be ignored leaving only the third term. To generate an 

ensemble member, the operators were replaced with c-number variables. As with the 

coherent modes approach, this equation is only valid in the linear regime before pump 

depletion. The fields resulting from the c-number analog of Equation 2.72 are used as the 

inputs in the semiclassical nonlinear equations for propagation through depletion.

Coherent Mode Expansion

In order to perform a fully quantum mechanical calculation, the radiation field must 

somehow be broken up into modes. There appears to be an infinite number of ways to do 

this. For example, one could begin with modes defined using periodic boundary 

conditions and then make an arbitrary rotation in Hilbert space. We want to choose the 

mode expansion which makes the calculation simplest. The coherent modes expansion 

simplifies the calculation by requiring that the modes are completely independent17.

Before describing the coherent mode theory in more detail, a few points should be 

made about the theory. For a given location in the Raman medium, the coherent modes 

are identical for all shots. Therefore the magnitude of the complex degree of coherence43



has a maximum value of one for the individual modes. Fluctuations occur because of 

variations in the level of excitation and phase of each mode from shot to shot. Quantum 

initiation is included through both a Langevin noise operator associated with collisional 

damping and by an initial polarization in the medium. The initial polarization is included 

because the atomic coherence operator does not commute with the atomic inversion 

operator. Therefore, one cannot specify both that the system starts in the ground state 

and that the initial polarization is zero. As a possible physical picture, imagine that one 

measures the polarization of an ensemble of single hydrogen molecules which are 

prepared in their ground state. Each molecule would have a finite polarization with an 

average order of magnitude of <? aQ. However, if  the polarization of a sample of 

hydrogen gas is measured, the magnitude of the resulting polarization per atom would be 

proportional to V/V /N due to random orientations. This simple model gives the correct 

magnitude of the fluctuating polarization which initiates the stimulated emission. For 

combination of normal and antinormal ordering, the spontaneous emission can be 

attributed to a combination of vacuum field fluctuations and polarization 

fluctuations.10,23,24

An appealing feature of using the coherent modes approach is that the q-number 

equations are not replaced with stochastic c-number equations. Instead, the operator 

equations are used to calculate the two-time coherence function which depends only on 

expectation values of the system and Langevin operators. Once the correlation function 

is calculated for a given gain and location in the Raman generator, it is used to generate 

the temporal coherent modes. Next, a particular realization of the electric field is formed 

by adding these modes together with random phases and gaussian amplitude statistics'

This can be done many times to generate an ensemble of temporal Stokes pulses. Since 

this is the last stage of the calculation before depletion, it is easy to generate a large
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ensemble which can be used to calculate statistics.

The two-time correlation function for a single transverse Stokes mode is defined in 

terms of the normal ordered field operators as

G-Ct1, t2) :
2ntiox (3 .3 )

Note that the coherence function and thus our choice of modes depends on the location z 

where the modes are evaluated. When the solution to the linear SRS equation given in 

Equation 2.72 and its complex conjugate are substituted into the above equation, the two 

time correlation functions becomes

___ I  IYn Ivn &

g C-Ti ^ 2)  =  e ^ ( T 1) B p ( T 2)  e x p  [ - T C t 1 +  T 2) ]

X { / / ^ / / ^ ' ' ^ V , 0) ! ^ " ,0)) J0Ue (TllO)(I-ZVz)]") M b (T21O)(I-Z-Vz)]'").

+ K2K) E ll(I1)ICr (Z2) f Vt', f ' d l ' ,  C d - ’ C d z " expV-nCT, -  T11) +  (T2 -  T12)])
v 0 «/0 Jo Jo

X <F+(z,,T,1)F(z",T,2)>I0(:[? (T1,T,1) ( l - z 7 z ) ] 1/2)I0(to(T2,T,2) ( l - z ,7z)],/2)} (3.4)

where T2 > T1 has been assumed and the integrated pump intensity from T6 up to Ta has 

been written as

9 ( W , )  =  4 k 1k 2z J  I EpCOI W (3 .5 )
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Using Equations 2.61 and 2.65, the correlation function becomes

CK9K̂  . 2 IVz
y  = Ep(T1)Ep(T2) exp[-E(T) +T2)] ^([^(^,O) (I - z 7 z )]m)

x  ^ { [ q  (t2, 0) (I - z Vz)] m ) d z ' + 2E f ^ T 72 f * dz'  exp(-2ET/2)
Jo Jo

x  I0( ^ ( t1, t'2) ( 1 - z7z)]1/2)10([? (t2, t'2) ( 1 - zVz)]1/2)} . (3.6)

To evaluate the integrals over z', the following integration formula is used42

[  du U  I,,(MM)Irt(Pu) = { « !,,(Px)En(CW) -  ^Tn(Ca)En(Px)) (3.7)
J O  CC — p

where the derivative of the modified Bessel function of order zero is given by

EoM = I iW  - (3.8)

To get Equation 3.6 in the desired form, the following variable transformation is made

du and w(z' = 0) = I u(z' = z) = 0 (3.9)

Evaluating the z '  integrals and normalizing the correlation function so that G(XcfTc) = I 

where Tc is the center of the laser temporal pulse, the two time correlation function is
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/ ( t 1,-c2) + 2 r  Tre 2r^ c tzW
- VO (3.10)

where

/(T „T2) = to(t„0)]1/2/,([^Ct1, 0)],/2) Z0Cto(T21O)],/2) - ( l  2) ,

S(Tz) = to(T„TzB ly2/ l(to(t1, t /)],/2) / 0(to(t2,t')]!/2) - ( l  ^ 2 )  . . (3.11)

The symbol (I <-» 2) indicates interchange of t , and T2 and the condition that T2 > T1 has 

been replaced by the condition that Tis the smaller of T1 and T2. Since the overall 

amplitude of the correlation function is not of particular interest here, there are only two 

free parameters to choose once the pump field has been prescribed. The first parameter is 

the gain times the length of the medium which is (4 k, k2 z) and the second parameter is 

the Raman linewidth (F). Tlie Raman Iinewidth can be calculated from the pressure of 

the hydrogen in the Raman cell. The experiments that were done used pressures 

between 10 and 32 atmospheres of ZZ2. The collisional dephasing rate was measured by 

Bischel13 and found to be 52.2MHz per amagat.

Since the temporal pulse shape from our laser is nearly gaussian and the pulse is single 

mode, we approximated Ep(x) by a normalized gaussian times an amplitude E0

Half Max (FWHM) of 26nsec. This leaves the quantity P = Ak1Ic2E0Z as an adjustable 

parameter. The value of (3 was determined by varying it until the calculated average gain 

narrowed linewidth agreed with that obtained experimentally. In the coherent mode

(3.12)

Experimentally the 1/e width a  of the temporal intensity is 15nsec giving a Full Width
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theory, the average linewidth is found by evaluating the coherence function at equal 

tunes. However, experimentally we measured the linewidth after pump depletion and the 

coheient modes theory is only valid before depletion. If the linewidth does not change 

significantly through depletion (as we will show is the ease) our method for obtaining P 

is valid. We found that P=IOOOO (which corresponds to a normal steady state peak gain 

of Gss E= AkJc2ZEl(Xc) I ir  = 38) gave good agreement with the experimental linewidth of 

approximately 210MHz.

Once the two time correlation function is determined from the Heisenberg equations 

of motion, we need to relate it to an orthonormal set of temporal modes. To accomplish 

this, the field operators and E ^  are expressed as an expansion in coherent modes

(3.13)

where b* is the creation operator for the nth coherent mode and E ^  is given by the 

hermitian conjugate of Equation 3.13. Do not confuse the £+ with the <  operator for 

cavity modes. The coherent modes, T„(T), are localized modes which are not confined to 

a box. Unlike cavity modes, the coherent modes will evolve in z. The simplifying 

feature of using coherent modes is that the level of excitation of one coherent mode is 

independent of the level of excitation of all other coherent modes. This would not be the 

case if the radiation field was expressed in the cavity mode basis. For the cavity mode 

expansion, the Stokes field would become a complicated superposition of correlated 

modes. Because the coherent modes are independent, their level of excitation can be 

calculated one at a time. When the pump begins to deplete, the coherent modes become 

correlated because they compete for pump photons. In other words, all the modes cannot 

decide to be highly excited on the same shot.
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Below pump depletion, the Raman equations are linear and the coherent modes evolve 

independently. Since the phases of the modes are statistically independent, the cross 

terms will drop out when Equation 3.13 is inserted into Equation 3.3 to relate the 

coherent modes to the correlation function. With the definition Xn = (ana,), the 

correlation function is

G(TpT2) = I  ^ , X g jl( T 1)X gjl( T 2)
n

(3.14)

Using the orthonormality of the modes, Equation 3.14 can be converted to the integral 

equation

G(T,T')xg,XT'MT' = \ , X g , , ( T ) (3.15)

This integral is well defined for a pulsed laser because G (t, T + A) => 0 as A =» °o. To 

solve this integral equation for the temporal modes, G(Tp T2) and xg„(T) were converted to 

discrete functions of time and the integral was replaced by a sum. The resulting 

eigenvalue equation was then solved on an AT&T 6300 plus micro computer using a 

standard routine from Argonne National Lab. We divided time into 89 steps and the 

resulting eigenvalue problem took about three minutes to solve. The solution vectors are 

the desired temporal modes and the corresponding eigenvalues give the average level of 

excitation of the mode. A list of the first fifteen eigenvalues are given in Table I and the 

first three modes are plotted in Figure 4.

Qualitatively, the modes look very much like harmonic oscillator wave functions. In 

analogy, with harmonic oscillator wave functions, the higher order modes are weighted



62

0,4

L J
O

t  0,2
_ l
CL
X
C

0
0
L U
N1  1

<E -0 .2  
X  
C L  
□
Z

- 0 . 4

Figure 4 First three temporal modes generated using coherent modes theory. The modes 
resemble harmonic oscillator functions. Higher modes are weighted more on the 
temporal wings. The input gaussian pump pulse was centered at t=0.

more on the temporal wings. Tliis will become important when the fields are propagated 

through depletion. Tlie characteristic ratio Tolgz  which indicates the number of 

significantly excited modes is also shown in Table I.

A mode that grows from spontaneous emission without saturation will have a chaotic 

number state distribution with random phases between the number states. The chaotic 

state arises because populating a mode by a process without a preferential phase is 

analogous to a two dimensional random walk problem. For the random walk, the most 

probable final position is the starting point. Because the amount of phase space increases 

with the distance from the initial state, which is the ground state, the probability 

distribution for | b„\ is

T I M E  ( n s )
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Y a l g z n K

1.9 I 0 .587
2  0 .2376
3 0 .9 9 4 (- l)
4  0 .4 2 8 (- l)
5 0 .1 8 9 (-1 )
6  0 .860 (-2 )
7  0 .4 0 1(-2)
8 0 .191 (-2 )
9 0 .935 (-3 )

10 0 .468 (-3 )
11 0 .239 (-3 )
12 0 ,125 (-3 )
13 0 .663 (-4 )
14 Q.360(-4)
15 ___  0 .199 (-4 )

Table I Statistical weights for the 15 dominant coherent modes. The value of Talgz  
indicates the number of significantly excited modes.

The above equation is not valid for weakly excited modes. For weakly excited modes, 

Equation 3.1 must be used. To generate the complex fields for a member of the 

ensemble, the modes are added together each with a random phase uniformly distributed 

between 0 and 2tc and with an amplitude distribution given in the above equation. Do not 

confuse this distr ibution with the probability distribution for the number of photons 

which is P( I £ |2). The photon number distribution has the form of a decaying 

exponential for highly excited modes.

To generate random amplitudes for | bn |, we calculated the required mapping which

(3.16)
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turned out to be

I K  I= V - ^ lIn(I--X) (3.17)

where x i s a  random number with constant probability density between 0 and I. Thus the 

computer picked an x  and the calculated | b„ \ was used as the amplitude of the nth mode. 

At this point, we have a prescription for generating an ensemble of pulses before 

depletion without ever converting the q-number equations to c-number equations.

Numerical Procedure for Coherent Modes Calculation

To numerically calculate the coherent modes, the continuous variable T must be

replaced by a discrete set of XifS and the continuous functions G(Tv T2) and Xgji( T )  are 

replaced by discrete functions. The integral in Equation 3.15 is replaced by a sum and 

thus the integral equation becomes a matrix eigenvalue equation which can be solved 

numerically.

A computer program named GBUILD.BAS which calculates the discrete two-time 

correlation function was written using QUICK BASIC 4.0. This program and others used 

to generate the coherent modes are listed in Appendix B. In this program, the temporal 

input pump profile is assumed to be gaussian. The information which must be supplied 

to the program is:

Characteristic width of the pump envelope

Range of T  for which the correlation function is to be calculated

Temporal location of the center of the pump pulse



65

Raman linewidth in rad/sec at Half Width Half Max (HWHM)

Raman gain in the form of 2 a/ K,.K2Z 

Number of discrete steps of t,-

The eigenvalues and eigenvectors of the correlation matrix were found by using routines 

from Argonne National Labs which are called by the program named EIGCALL.FOR. 

The vectors are stored in the file VECT.DAT and the eigenvalues are saved in 

EVAL.DAT.

Once the eigenvalues and eigenvectors are calculated, they are used to generate an 

ensemble of fields at the end of the linear region. Each member of this ensemble is used 

as an input seed for the nonlinear propagation through depletion. A three hundred 

member ensemble was used for calculating the average two time spectral correlation 

function. The ensemble members were generated and analyzed fifteen members at a 

time. A batch file named LOOP.B AT was used to run the various necessary programs.

A flow chart of the procedure is shown in Figure 5. The final results are saved in the 

three files: COR.DAT, C0R1.DAT, and C0R2.DAT. These files have three columns of 

numbers. The first column labels the frequency, the second column is the spectral 

correlation function and the third column is the average spectral line. Tlie file 

COR I .DAT contains the spectral data before depletion. The spectral data after depletion 

is saved in COR2.DAT and the data after being convolved with an instrument function is 

saved in the file COR.DAT.

Numerical Propagation Through Depletion

For both the coherent modes and c-number calculations, each member of the ensemble 

of Stokes pulses that was generated using Equation 2.72 was used as a Stokes seed to
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ru n  FIELDS EXE t o  g e n e r a t e  
a s e t  o f  15 S t o k e s  s e e d s  

s a v e  s e e d s  in STDIN.DAT

u s e  GBUILD.BAS to  
c a l c u l a t e  G m atr ix  

s a v e  in file GMAT.DAT

s e t  p a r a m e t e r s  in CNTR.DAT 
and

ru n  t h e  p ro g ram  LOOP.BAT

ru n  ENSCOREXE t o  c a l c u l a t e  
t h e  s p e c t r a l  c o r r e l a t i o n  f o r  

com parison with experim ent,  
s a v e  r e s u l t s  in COR.DAT

run  CONTRLEXE t o  c h e c k  
t o  s e e  if c a lc u la t io n  is done 
if n o t  increm ent c o u n t  by 15

ru n  C0NVLUT.EXE t o  convolve 
s p e c t r a  with in s t ru m e n t  
function, s a v e  r e s u l t s  in 

BP,CP,DP, . . . P P

F o u r ie r  t r a n s f o r m  o f  t h e  15 
s h o t s  b e f o r e  d ep le t io n

ru n  BlFFT EXE t o  t a k e  t h e

o u r i e r  t r a n s f o r m  o f  t h e  s e t  
o f  S to k e s  p u ls e s ,  s a v e  in 

________BP,CP,DP,. . .  PP

ru n  BFFT.EXE t o  c a l c u l a t e

ru n  ENLSRS.EXE t o  p r o p a g a t e
t h e  s e t  o f  S t o k e s  s e e d s  

t h r o u g h  pump deple tion .

ru n  ENSCORLEXE TO CALCULATE
t h e  s p e c t r a l  c o r r e l a t i o n  

func tion  b e f o r e  deple tion . 
s a v e  r e s u l t s  in CORlDAT

ru n  ENSC0R2.EXE t o  c a l c u l a t e  
t h e  s p e c t r a l  c o r r e l a t i o n  
fu n c t io n  a f t e r  d ep le t ion ,  
s a v e  r e s u l t s  in C0R2.DAT

u s e  C0MB0.EXE to  
find eigen v a lu e s  and v e c t o r s  
s a v e  in VECS.DAT 8, EVALDAT

Figure 5. Flow chart showing the order in which the various programs are run 
for generating an ensemble of theoretical spectra.
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produce a member of the ensemble after depletion. The ensemble average intensity of 

the Stokes seed was scaled to be approximately 1% of the pump intensity. This insured 

that the modes had not yet begun to compete for pump photons. However, at this energy 

the coherent modes have on the order of IO12 photons justifying the use of the 

semiclassical equations. The same pump pulse that was used to generate the coherent 

modes was used as the initial Ep for the depletion program. This leaves the length of the 

nonlinear region as the one remaining parameter to adjust. By comparing with the 

experimentally depleted temporal pump pulses, the gain distance was adjusted to give the 

observed amount of depletion or equivalently the correct Stokes pulse duration.

To perform the nonlinear calculation the program ENLSRS .FOR was used. The 

program is listed in Appendix B. rHie original version of this program was written by Kai 

Druhl and many modifications were made to adapt it to our needs. Figure 6 shows the 

retarded time frame coordinate system and the boundaries where the initial conditions are 

specified for the nonlinear integration. A program very similar to ENLSRS .FOR which 

is named NLSRS.FOR was used to perfonn the amplifier calculations which will be 

discussed in Chapter 5. For this case, the input fields were measured by splitting off a 

portion of the pump and Stokes pulses before they entered the amplifier.

The initial conditions are the pump and Stokes fields for the range of time of interest 

along the line z=0, and the polarization in the medium along the Ime T = 0. In Figure 6, a 

sketch of the input pump is shown along the line z=0 and the output pump is sketched 

along a line representing the end of the Raman medium. For our calculations, the initial 

polarization was set to zero along the line T  = 0. The line T  = O corresponds to the time 

just before the pump pulse arrives for all locations in the medium. Lines of constant t are 

represented by the diagonals in Figure 6. Infonnation from the initial conditions along 

the solid line boundaries of the cross hatched region is propagated through the cross
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max

Figure 6 Retarded time coordinate system for the nonlinear integration. The diagonal 
lines are at constant t. The input and output pump envelope are sketched at the entrance 
and exit of the cell.

hatched region to the dashed line boundaries. The notch in the cross hatched region 

represents the step sizes dz and dx. Infonnation from the three comers of the notch are 

used to calculate the fields and polarization at point P.

The integration algorithm is diagramed in Figure 7. The first part of the integration 

propagates the polarization (Q) up the z=0 axis. Physically, this corresponds to 

calculating the polarization in the first slice of the medium produced by the unchanged 

input fields. Tlie value of the fields and polarization at z=0 and T = O are used to estimate 

the polarization at the half step point (I) and the full step point (2). Next the input fields
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and the estimated Q at point (2) are used to propagate Q from point (I) to point (2).

Using this procedure an underestimate of Q during the first half step will be 

approximately canceled by an overestimate during the second half step and vice versa. 

This proceduie is repeated to calculate Q at point (3) and the rest of the points along the X 

axis.

f i e l d s  p r o p a g a t e  along z

Q p r o p a g a t e s
along t

Figure 7 Diagram of the integration procedure. Error along the first half step is 
approximately canceled along the second half step.

Once Q has been determined along the X axis, a second integration routine is used to 

propagate the fields through the medium to a larger z. To calculate the fields and Q at 

point (c), the value of the fields and Q at point (a) are used to first estimate the fields at
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points (b) and (c). Next the fields and Q at point (e) are used to estimate Q at points (d) 

and (c). Tlie estimated value of Q at (c) is then used to propagate the fields from (b) to 

(c). The resulting fields at (c) are then used to propagate Q from (d) to (c). We have 

found that this routine is very reliable as long as the time step is short compared to the 

coherence time of the medium and the z stepsize is short compared to the e folding length 

of the fields. For the soliton calculations, the temporal stepsize had to be made quite 

short due to the rapid change in the fields. In fact, for the 100 atmosphere calculations, 

the temporal stepsize was continually adjusted by the computer so that the points were 

dense in the soliton region.

The input parameters for the program NLSRS .FOR are saved in the data files 

PULSE.DAT and AUTO.DAT. The parameters that need to be specified are:

Raman linewidth in rad/sec HWHM

Raman gain or equivalently the lengtli of the nonlinear region

Scale factors for the pump and Stokes pulses

Time range over which to do the calculation

Step size in time

Step size in space

File names for the input and output fields 

Effective detuning Ae

Once these parameters are set, the program will propagate a set of 15 Stokes seeds 

through pump depletion. A  fast Fourier transform program named BFFT.FOR is used to 

calculate the energy spectrum from the resulting set of 15 temporal pulses. The output of 

the transform is expressed in GHz because the input temporal data is expressed in 

nanoseconds. The program uses frequency and not rad/sec.
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In order to compare the theoretical spectral results with experimental data, the 

frequency resolution of the Fabiy Perot interferometer must be taken into account. This 

is done by perfonning a convolution of the instrument function with the theoretical data. 

The energy spectrum after convolution, U (v), is computed from the initial energy 

spectrum, U'(y), using

where F is the finesse or resolution of the Fabry Perot interferometer. Experimentally, 

the finesse of the interferometer that was used to measure the Stokes spectrum was 

determined by using a helium neon laser. When measuring the finesse, mirrors were used 

which had specifications at the helium neon wavelength which were identical to those for 

the Stokes mirrors at the Stokes wavelength. The measured finesse using the helium 

neon laser was 75 which is the number that was used in the convolution program.

The first test of the theory was to see if the energy spectrum of individual shots had 

qualitatively the same shot to shot variations as those observed experimentally. The 

single shot experimental data will be presented in the next chapter. Two examples of the 

theoretically generated Stokes energy spectrum are shown in Figures 8 and 9. When the 

spectra from 300 members of the ensemble were averaged together, the expected gain 

narrowed linewidth was recovered. The gain narrowed linewidth is shown as the dashed

curve in Figures 8 and 9. As will be shown later, experimental shots can be found which

(3.18)

Theoretical Results
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look qualitatively like those from theory. For some shots, the spectrum consists of 

predominantly one peak like that shown in Figure 8. For other shots the spectrum has 

multiple peaked structure like that shown in Figure 9. It appears that given a theoretically

(Z)

- 3 0 0

F R E Q U E N C Y  ( M H z )
Figure 8 Theoretically generated sample of a single shot Stokes spectra. The theory can 
generate near transform limited pulses which are much narrower than the ensemble 
average.

generated spectrum, a similar experimentally generated spectrum can be found with 

approximately the same shape if one looks through enough shots. The width of the 

spectrum shown in Figure 8 is much narrower than the average linewidth. hi fact it is 

nearly transform limited which means that the pulse had minimal phase variations under 

the pulse envelope. The characteristic width of the spectral peaks is given by the Fourier 

transfonn of the temporal pulse envelope.
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- 5 0 0 - 3 0 0

F R E Q U E N C Y  ( M H z )
Figure 9 Example of a theoretically generated single shot Stokes spectra with multiple 
spikes. When an ensemble of spectra are added together, the gain narrowed line shape is 
obtained.

The gain narrowed linewidth is detennined by the average linewidth of the Stokes 

field in the quantum initiation region and the total gain that this spontaneously emitted 

light experiences as it is amplified by stimulated emission. Spectral components which 

are on resonance will experience more gain than those which are off resonance and thus 

the spectrum will narrow. The ratio of the linewidth after gain narrowing to that of the 

spontaneous emission is given by14

WfIWi = V ln(2)/ln(/VF,) = Vln(2)/gz (3.19)
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where P1 and Pf are the initial and final Stokes powers and gz is the Raman gain times 

the length of the medium. Note that this gain narrowing factor is very insensitive to the 

measured final Stokes power. For example, a factor of two uncertainty in the final power 

leads to a 1% uncertainty in the narrowing factor. Using an initial Stokes power of 

P1 = #0)172 which corresponds to one half of a photon per mode weighted by the Raman 

linewidth, the gain narrowing factor in our experiment was predicted to be 1/6.85 

resulting in a gain narrowed linewidth of 219MHz at 32atm. The gain narrowed 

linewidth will be discussed further in Chapter 5 in the section on soliton decay.

In order to make a quantitative comparison with experiment, the two frequency 

spectral correlation function was calculated using the set of 300 theoretically generated 

ensemble members. The spectral correlation function is defined by

the ensemble. Computer programs named ENSCOR1.BAS, ENSCOR2.BAS, and 

ENSCOR.BAS were used to calculate the spectral correlation function before depletion, 

after depletion, and after convolution respectively. A comparison with the 

experimentally measured spectral correlation function will be made in Chapter 4. 

Experimentally, only the spectral correlation after convolution with the Fabry Perot 

instrument can be easily observed. However, the other theoretical correlation functions 

give insight into the amplification process. The theoretically generated spectral 

correlation function before and after convolution with the Fabiy Perot instrument

(3.20)

where U (v) is the single shot energy spectrum and the brackets denote an average over
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function are presented in Figure 10. As will be discussed in Chapter 4, the theoretically 

generated spectral correlation function agrees quite well with experiment. The features 

of the correlation function will be discussed in the next section.

C Y  0.5

- 4 0 0 -200
F R E Q U E N C Y  D I F F E R E N C E  ( M H z )

Figure 10 Autocorrelation calculated from coherent modes theory with infinite 
instrument resolution (solid curve) and with a Fabry Perot resolution of 14.3MHz FWHM 
(dashed curve). The instrument resolution obscures the shoulder which is generated in 
the nonlinear regime. The dashed curve is also shown in Chapter 4 for comparison with 
experiment.

Discussion on Propagation Through Depletion

At this point, the theory appears sufficient to explain the experimental observations.

In addition, the theory gives some insight into how the power spectrum evolves
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through depletion. At this time, we are not able to observe experimentally the 

amplification through depletion due to the weak intensities. To investigate the 

propagation of the fields through depletion, two sets of Stokes seed ensembles were used. 

The first set was generated from coherent modes by adding together the 15 largest 

statistically weighted modes. The second set was made up from the 3 largest modes. The 

set using 15 modes gives a slightly better and presumably correct result.

First results before and after depletion using 15 modes to generate a 300 member 

ensemble will be presented. Figure 11 shows the results for the average linewidth.
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Figure 11 Ensemble average power spectrum calculated using 15 temporal modes for 
300 ensemble members before pump depletion (dashed curve) and after pump depletion 
(solid curve). Pump depletion leaves the average linewidth unchanged as the 
uncorrelated wings of the Stokes pulse are amplified.
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There is essentially no change in the linewidtli through depletion. This is consistent with 

the simple gain narrowing result because after growing 13 orders of magnitude from 

quantum noise the last order of magnitude has little gain narrowing effect. Two 

examples of the Stokes temporal pulses after depletion are shown in Figures 12 and 13.

T I M E  ( n s )
Figure 12 Temporal Stokes pulse corresponding to Figure 8. This pulse must be near 
transform limited because of its narrow spectrum. A spontaneous soliton pulse is 
forming at the trailing edge. Tliis particular soliton dip has little effect on the spectrum 
because it involves only a small fraction of the pulse energy. The nonnalized pump 
intensity had a peak value of 0.0376 (1/nsec) for comparison.

These are the same pulses which were used to calculate the spectra in Figures 8 and 9. 

Note that the temporal pulse becomes much longer through depletion, growing from 

roughly Snsec before depletion (as seen from the width of the predominate mode in 

Figure 4) to 12nsec after depletion. For the linewidth to remain unchanged through
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depletion, the average time scale for fluctuations in the Stokes pulse must remain fairly 

constant. Since the final Stokes pulse has only minor amplitude fluctuations it must have 

large phase variations to maintain the line width.
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0
20 2 5  30 3 5  40  4 5

TI ME ( n s )
Figure 13 Temporal Stokes pulses corresponding to the spectrum shown in Figure 9. 
The pulses for single and multiple peaked spectra are quite similar.

The spectral autocorrelation functions before and after depletion are shown in 

Figure 14. This autocorrelation function has two characteristic widths associated with it. 

The broad overall width is the result of the ensemble average line width of the pulse and 

the narrower central width is indicative of the frequency width of the individual peaks 

which make up the various spectra. The width of the individual spikes cannot be 

narrower than the Fourier transform of the Stokes pulse. The correlation function for a 

gaussian power spectrum is VTbroader than the spectrum. The gain narrowed linewidth
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is very nearly gaussian and even though the individual frequency spikes are not gaussian 

we would expect that the characteristic width of their contribution to the correlation 

function would be approximately V2 broader than their width.
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Figure 14. Autocorrelation calculated from coherent modes theory before pump 
depletion (dashed curve) and after pump depletion (solid curve). The central portion 
narrows through pump depletion because the temporal Stokes pulse becomes longer. The 
characteristic width of the uncorrelated background and the widths of the central peak are 
shown before and after pump depletion.

Before depletion, the average duration of the Stokes pulse (the average temporal 

Stokes pulse is given by the diagonal of the G matrix) was 4.7nsec and its Fourier 

transform was 95MHz. This predicts a width of 134MHz for the central peak in the 

correlation curve. We also expect the width of the background of the autocorrelation 

function to be VFwider than the average line width which is 224MHz both before and 

after depletion. This predicts a width of 317MHz for the background. Iftwo gaussians,
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each with an amplitude of one half and having widths of 95MHz and 317MHz, are added 

together, the correlation curve is very nearly reproduced as shown in Figure 12. This is 

reminiscent of the correlation function of continuous wave chaotic light for which the 

central peak is twice as high as the uncorrelated background.
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Figure 15 Sum of two gaussians of equal weight, one representing the correlation due to 
the overall background and one representing the correlation due to a transform limited 
pulse (solid curve), and the autocorrelation function before depletion (dashed curve).
This is consistent with autocorrelation function of chaotic light for which the central peak 
is twice as large as the uncorrelated background.

After depletion the Stokes pulse is longer and its transform is 60MHz. Multiplying 

by ^2 gives a width of 85MHz for the narrower of the two characteristic widths of the 

correlation function. The frequency widths for the central peak before (134MHz) and 

after (85MHz) depletion and that of the background (317MHz) are marked in Figure 11 

for comparison.



The shape of the correlation function before depletion indicates that the pulse is 

fairly coherent and the width of the average spectra is largely due to the transform limit 

of the Stokes pulse which is 95MHz. As the Stokes pulse grows through depletion, the 

temporal wings are amplified. Fluctuations in the temporal wings are amplified thus 

preserving the spectral linewidth.

When generating Stokes ensembles using coherent modes theory, the higher order 

modes place fluctuations in the temporal wings even though their amplitudes are 

relatively small. To demonstrate this a second ensemble was generated using only the 3 

most highly excited modes. Before depletion the average linewidth was quite close to the 

15 mode calculation. However, after depletion, the spectral wings are clearly reduced. A  

comparison of the linewidth after depletion using 3 and 15 modes is shown in Figure 16. 

Although the higher modes have smaller statistical weights as listed in Table I they are 

largest in the temporal wings where the lower modes are small. As seen in Table I, the 

average excitation of the fourth mode is more than an order of magnitude smaller than 

that of the first mode yet it still has a significant effect on the lineshape as the pulse is 

depleted.

In addition to spectral fluctuations some temporal Stokes pulses have a sharp dip 

after depletion and the pump pulse has a corresponding spike. An example can be seen in 

the trailing edge of the Stokes pulse shown in Figure 12. This type of feature has been 

studied earlier35,36 and has been shown to be a forming soliton. The nonlinear equations 

have soliton solutions in the limit of no collisional damping (F = 0) . The soliton 

fonnation is initiated by a near n  phase shift in the Stokes pulse at the start of depletion. 

The phase shift originates in the quantum initiation region. The second coherent mode 

has a TC phase shift at X = 2nsec as seen in Figure 4. In fact, all but the first mode has one 

or more phase shifts. However when the modes are statistically added together with 

random phases, the result is usually a phase drift instead of an abrupt phase shift.
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Figure 16 Ensemble average power spectrum calculated using only 3 temporal modes for 
300 members before pump depletion (dashed curve) and after pump depletion (solid 
curve). Without the weaker modes to place fluctuations in the Stokes wings, the 
spectrum becomes narrower through depletion.

Nonetheless on occasional shots a sharp phase shift is generated in the linear growth 

region and a soliton pulse is initiated. The statistics of the pulses have been calculated35 

and measured12. Similar phase shifts or phase waves have been predicted to occur in 

superfluorescence.44

C-Number Calculation

Although the coherent modes approach provides a convenient and somewhat intuitive

way of modeling Raman generation, the alternate c-number calculation was also
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performed for comparison. To use the c-number approach, the field and atomic operators 

in Equation 2.72 are replaced by c-number variables and the Langevin noise operator is 

replaced by a classical randomly fluctuating variable. As discussed in Chapter 2, when 

performing the c-number calculation it is advantageous to use antinormal ordering for 

determining the initial conditions and conelations. For antinonnal ordering, the 

Langevin term is small and thus was omitted in our calculations. Also, for antinormal 

ordering, stimulated Raman scattering is initiated by including random noise in the initial 

Stokes field. The solution for the Stokes field operator given in Equation 2.72 has four 

terms. Since the final Stokes field is much larger than the initiating noise, the first term 

can be ignored. The second tenn does not contribute for antinormal ordering. Wlien the 

Langevin term is omitted only the third term remains. To. generate an ensemble member, 

the operators were replaced with c-number variables and Equation 2.72 was evaluated at 

the end of the linear growth region. As with the coherent modes approach, Equation 2.72 

is only valid in the linear regime before pump depletion. Therefore, the resulting field 

from the c-number analog of Equation 2.72 was used as the Stokes seed in the 

semielassical nonlinear equations for propagation through depletion41.

The input vacuum noise field was created by summing up a set of sine wave modes 

with random phases. The vacuum field should contain all frequencies; however, only 

those near resonance will experience gain. The frequency spacing of the noise modes 

was chosen by the resolution of the system. Experimentally, our pump beam was 

approximately gaussian with a FWHM of 26nsec. Taking the Fourier transform 

produced a frequency spectrum with a 1/e width of 20MHz. Tims a 20MHz spacing of 

the modes resulted in a finer spacing than the resolution of the system, making for an 

effective zero spacing. By using 159 modes centered about the Raman resonance, the 

initiating Stokes noise covered approximately twice the Raman linewidth.

Starting with this noisy input field, the Stokes field was evaluated with the same gain
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that was used in the coherent modes approach. With this gain, the Stokes noise grew by 

12 orders of magnitude. This is consistent with starting with ftto/2 in each optical mode, 

weighted by the Lorentzian Raman linewidth, and then amplifying to O.OlmJ pulse 

energy. As in the coherent modes approach, the final two orders of magnitude of 

amplification through depletion were done using the nonlinear SRS equations.

The final linewidth and spectral correlation function generated using this approach 

were essentially identical with those calculated using coherent modes. A comparison of 

the correlation functions are shown in Figure 17. Also, the single shot spectra showed 

similar fluctuations, with many of the narrower peaks approaching the transfonn limit. 

Comparing this approach with the more exact theory of coherent mode representation, we 

found that the two theories gave essentially identical results, despite the lack of any 

Langevin contributions in the c-number calculation. We expect this is true because the 

collisional noise just rerandomizes the initiating quantum noise. Thus, this experiment 

cannot determine the effect of the collisional noise on an individual shot. The lack of 

dependence of the statistics on the Langevin noise term is somewhat unfortunate because 

this experiment cannot test the validity of the Langevin approach.

As a third and simpler theoretical approach, we generated large amplitude noise to use 

as a seed for propagation through depletion41. This noise was generated by again adding 

together closely spaced sine waves but weighted by the gain narrowed linewidth instead 

of the full Raman linewidth. This eliminated the linear growth region and started the 

calculation at the onset of pump depletion. The average temporal profile of the Stokes 

seed was assumed to be the same as that produced using the c-number equations before 

depletion. For this reason, the c-number equations had to be integrated first; however, 

infonnation about the individual fluctuations is not carried over from the c-number 

calculation. We called this the gain narrowed noise approach.

Using the gain narrowed noise as the Stokes seed, we again obtained the large spectral
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F R E Q U E N C Y  ( M H z )
Figure 17 Comparison of the correlation function calculated using coherent mode theory 
(dashed curve) and using semiclassical theory with random Stokes noise (solid curve). 
The two methods give essentially the same results despite the lack of a Langevin noise 
term in the semiclassical approach.

fluctuations after depletion. The resulting spectral correlation function shown in Figure 

18 was also very similar to that obtained using the coherent modes approach and thus in 

agreement with experiment.

From the gain narrowed calculation, we conclude that the observed spectral 

fluctuations are a result of amplifying a random temporal segment of chaotic light. These 

fluctuations tell us little about the fluctuations added to the pulse by collisions as the 

pulse is amplified. However, it may be possible to see the effects of collisional noise if 

the output from a Raman generator is split and then amplified in two separate amplifiers. 

A correlation in the spectra from the two amplifiers should be affected by the different
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Figure 18 Comparison of the autocorrelation function between coherent mode theory 
(clashed curve) and that calculated using the gain narrowed noise approach. The close 
agreement suggests that the details of the Stokes initiation and growth through the linear 
regime have little effect on the final statistics.

collisional noise which is added in the two amplifiers.
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CHAPTER 4

QUANTUM FLUCTUATION EXPERIMENT

This chapter discusses the experimental details of the soliton generation experiment 

and the analysis of the resulting data. First, the theory of operation of the pump laser is 

presented. The details of the optical layout and the alignment of the multi pass cell and 

Fabry Perot interferometer are explained. The methods used to collect and analyze the 

data for this experiment are presented. Finally, the comparison between theoretical 

results is discussed.

Pump Laser

To pump the Raman cells, the 532mn second harmonic beam from a Molectron MY34 

Nd=YAG laser was used45. The optical layout of the laser is shown in Figure 19.

The back mirror is flat and the front mirror has a radius of curvature of approximately 

10m. The resonator is stable because of thermal lensing produced in the laser rod by the 

flash lamps. The laser oscillates predominantly in a single longitudinal mode. The single 

mode operation is accomplished using a combination of an intracavity etalon and the 

subcavity optic which is less than 1% reflecting. Wlien the flash lamps begin to fire, a 

high voltage signal is applied to the Pockels Cell (PC). Light coming from the gain 

medium passes through the polarizer which transmits the horizontal polarization. This 

light then passes through the PC becoming nearly circular polarized and reflects off of the 

back mirror. After passing through the PC again, the light becomes nearly vertically 

polarized and most of the light is dumped out of the cavity by the polarizer. rHie rejected
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Figure 19 Diagram of the optical components in the pump laser. Single mode oscillation 
is accomplished using an etalon and a subcavity optic.

light impinges on a photo diode. When the intensity of the light becomes strong enough, 

the diode triggers the PC which then triggers a rapid drop in the high voltage to the PC 

allowing the light to recirculate. Before the PC triggers, a small amount of light 

recirculates in the cavity providing weak feedback through the gain medium from both 

the back mirror and the subcavity optic. Tlie weak feedback, which lasts for many round 

trip times, allows the light to sample the frequency selecting elements or cavity lengths. 

The frequency selecting lengths are:
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The overall cavity length

The spacing of the etalon

The distance from the front mirror to the subcavity optic

The gain is largest when each of tire lengths is an integral number of half wavelengths of 

the light. Tliis condition can only be satisfied by one of the longitudinal modes under the 

gain curve of the lasing medium. For most of the laser shots, one longitudinal mode 

dominates with only about 0.2% of the energy in a competing mode. It is interesting to 

note that this small contribution from a second mode can produce significant modulation 

by beating with tire dominant mode. This is shown in Figure 20 which is a temporal 

profile of tire second harmonic pulse. Occasionally, the laser oscillates strongly in two 

modes producing near complete modulation of the temporal pulse at the beat frequency. 

We have determined that when two modes oscillate, they are not adjacent cavity modes 

but are separated by a few fundamental modes.

As die temperature of the laser changes, the dominant mode changes abruptly. This is 

known as a mode hop. These thermally induced mode hops were observed to occur about 

once every two minutes. This presented great difficulty when performing measurements 

on the spectral fluctuations in SRS. The laser spectrum had to be monitored continuously 

and sets of data were taken in between mode hops. It should be possible to eliminate this 

problem using piezoelectric feedback to adjust the length of the laser to keep the cavity 

locked on a single mode.

Part of the light from the oscillator cavity is picked off by the polarizer and directed 

through the amplifier head. The output coupling of the cavity is adjusted by rotating the 

quarter wave plate. This alters the fraction of the light which is taken from the oscillating 

horizontal polarization and put into the vertical polarization which is coupled out of the 

cavity by the polarizer.
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T I M E  ( n s )
Figure 20 Temporal pulse shape from the pump laser at 532mn. The modulation in this 
pulse is due to approximately 0.2% of a second mode.

The intensity of the light from the oscillator is increased by approximately a factor of 

4 as it passes tlirough the amplifier. The energy in the 1.06|im light pulse is 

approximately 250mJ. Tlie frequency doubling KDP crystal converts 10 to 20mJ of this 

light to the frequency doubled 532nm output which is horizontally polarized. The 

frequency doubling KDP crystal has a fast and a slow axis which are used for phase 

matching. The angle of the KDP crystal is accurately tuned so that the 1.06pm light and 

the 532mn light travel at the same speed in the crystal so that they remain phase matched. 

The 1.06pm light is vertically polarized along the fast axis and the 532nm light is 

horizontally polarized along the slow axis. The KDP crystal is also temperature 

controlled in an oven for stability. For proper thennal lensing in the oscillator rod, the
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flash lamps must fire at 10Hz. Since it is not possible to take data at 10Hz, a dividing 

circuit was added to the laser which only allows the PC to fire at I - 10 Hz. Reducing the 

repetition rate of the output pulses prolongs the life of the laser optics.

Optical Layout

The optical setup for the spectral fluctuation measurements is shown in Figure 21.

RAMAN GENERATOR
SINGLE MODE 

NdiYAG LASER

MODE MATCHING 
LENSES 680nn

532nm

FABRY PEROT 
INTERFEROMETERS

TEK 2 2 3 0

RETICON
CONTROLLER PHOTO DIODE ARRAY

Figure 21 Block diagram of the optical layout for the quantum fluctuation experiment.

Because the 532nm pulse from the laser has some transverse spatial structure, it is 

focused through a pinhole for spatial filtering. A 2m lens is placed at the exit of the laser 

and a 0.024in tungsten wire die is placed at focus on an x-y mount. After the pinhole, the
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beam has a nearly gaussian spatial profile. A cross section of the pump spatial profile 

after passing through the pinhole and a delay Multi Pass Cell (MPC)13,46'47 is shown in 

Figure 22. The delay MPC will be discussed in Chapter 6.

T R A N S V E R S E  D I S T A N C E  ( m m )
Figure 22 Spatial profile of the pump laser beam after spatial filtering. This cross 
section was measured using a 1024 element photodiode array. Also shown is a least 
squares fit to a gaussian (dashed curve).

The Raman scattering was done in a 1.5m cell filled with H2 at either 10 or 32 atm 

pressure. The cell was centered between two mirrors which were separated by 198cm.

The laser pulse entered the input mirror through an off axis 4mm hole and came to focus 

near the center of the cell. A positive 15cm and a negative IOcm lens were used to adjust 

the location of focus and the confocal parameter of the input pump beam. These are the 

mode matching lenses in Figure 21. After focus, the pump beam expands until it hits the
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exit mirror which has a Im radius of curvature. This mirror refocuses the beam back into 

the center of the Raman cell but at a slightly different transverse position than on the first 

pass. The pump then diverges until it hits the input mirror which again focuses the beam 

at the center of the cell. In all, the beam makes 15 passes'through the Raman generator 

cell before it exits through another 4mm hole in the exit mirror. When properly adjusted, 

the reflections form a circular pattern of spots on both mirrors and each spot is nearly the 

same size. The location of focus is adjusted by varying the distance from the cell 

entrance to the matching lenses. The confocal parameter is adjusted by varying the 

spacing between the two mode matching lenses.

After making 15 passes through the generator MFC, approximately 80% of the 

photons from the ImJ pump pulse are converted into Stokes photons at 680nm. The 

Stokes pulse is separated from the residual pump pulse using a modified Pellin Broca 

prism. A small portion of the Stokes pulse was directed onto a vacuum photo diode for a 

temporal profile measurement. Approximately 80% of the remainder of the Stokes pulse 

was expanded using a negative lens and sent through a parallel plate Fabry Perot 

interferometer. The divergence of the Stokes beam was adjusted to obtain two orders o f 

rings.

Before sending the Stokes pulse through the interferometer a removable prism 

mounted on a relocating kinematic mount was removed to allow a beam from a 

Helium-Neon (HeNe) laser to pass through the Fabry Perot. The Stokes Fabry Perot 

mirrors have enough reflectivity at the HeNe wavelength to obtain a finesse of about 45 

which is sufficient for lineup. A diagram of the system is shown in Figure 23. The HeNe 

beam was expanded using a spatial filter and then collimated using a im  lens giving a 

spot size o f about 3cm. This large beam was used to set the parallel alignment of the
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interferometer mirrors which were flat to A/200. The mirrors are aligned with three 

piezoelectric crystals. The voltage on the crystals was adjusted so that the output fringe 

was as large as the input beam.

RAMAN GENERATOR HeNe
LASER

-IOOcn
20 c n

n o v a b l e
s c r e e n In

n o v a b l e  k in enat i c  
l e n s  n o u n t e d

n i r r o r

Figure 23 Optical layout of the Fabry Perot and alignment system.

When the mirrors were aligned, the removable prism was replaced and the Stokes 

beam passed through the interferometer. A Im lens was used to image the rings from the 

interferometer. The image was enlarged using a 20cm lens and focused onto a 1024 

element Reticon photo diode array. The array sampled a cross section of the rings which 

were displayed as a set of peaks on an digital oscilloscope.

The frequency resolution of the Fabry Perot was determined by using mirrors which
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were coated to reflect the HeNe wavelength at 632nm. The mirrors had the same flatness 

specifications and reflectivity as the mirrors used to measure the Stokes spectrum. 

Although the HeNe lases in three longitudinal modes the spectral width of a single mode 

is extremely narrow compared to the resolution of the Fabry Perot. By measuring the 

width of a Fabry Perot peak using the HeNe, the finesse was found to be 75. With a 

15cm mirror spacing and a Fabry Perot finesse of 75, the resolution is 15MHz FWHM.

Multi Pass Cell Alignment

Tp achieve sufficient Raman gain, multi pass cells were used for the Raman generator 

and amplifier. Typically when doing Raman scattering in the visible, MFC’s are not 

needed to obtain enough gain to deplete the input pump pulse. This is not the case when 

working in the infrared due to the larger value of Ap (see Figure I) for the infrared case. 

The power output of the laser that was used for our studies was significantly lowered due 

to the extra etalons required for single mode oscillation and MFC’s were required to 

obtain reliable pump depletion. Tlie use of MFC’s comes with the added benefit of 

suppressing all of the scattering processes that compete with first Stokes gain. This 

suppression is discussed further in Chapter 6. The disadvantage of using a MPC is a big 

increase in the difficulty of aligning the various laser beams through the MFC’s and 

adjusting the confocal parameter of the beams entering the cells.

Tluoughout this section, Figure 24 will be referenced. The first step to lining up a 

MPC is to approximately adjust the confocal parameter and location of focus of the input 

beam. It is important that the laser beam does not come to focus on either of the MPC 

mirrors because the coating on the mirror will be damaged (I determined this 

experimentally). The initial alignment should always be done with the laser attenuated. 

The beam parameters are adjusted by picking a trial distance, (D) and then varying the

95
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separation (T2) between the +15cm and -IOcm pair of mode matching lenses. The two 

lens system is mounted on the same magnetic base and one of the lenses is also mounted 

on a micrometer driven translation slide for easy adjustment. The spacing between the 

mode matching lenses is typically about 6cm. The turning mirrors, (M l) and (M2), are 

then used to direct the beam through the entrance hole in the input mirror (TM). The 

spacing (T2) is adjusted so that the location of focus is near the center of the cell. The 

confocal parameter of the beam depends on the radius of curvature of the MPC mirrors, 

(IM) and (OM), and the number of beam passes through the cell. Tlie Raman generator 

MPC mirrors had a Im radius of curvature and the beams made 15 passes through the 

cell, making 8 spots on each mirror. For a MFC, the mode matched confocal parameter b 

is given by47

b =V /(2R -Z ) (4.1)

where I is the mirror spacing and R is the radius of curvature of the minors. For the MPC 

used, this gave b = 38cm. The input and output holes had a 4mm diameter and when 

properly adjusted the input pump beam appeared to have a diameter of about 3mm.

Wlien the confocal parameter is properly adjusted, the size of all the spots are equal. Tlie 

confocal parameter is adjusted by first changing (D) without changing (T2) and then 

making fine adjustments to (T2) until the size of all the spots are as uniform as possible. 

This process is repeated for various spaeings (D) until the optimum setting is found. 

Before a fine adjustment of (D) can be made, the MPC mirrors must be aligned.

To set up the MPC mirrors, the input and output holes are positioned at the angles 

shown in Figure 24. The mirror (OM) is mounted in a rotational stage and its adjustment
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Figure 24 Alignment diagram for the mode matching lenses and the MPC mirrors.

is labeled (R) in the figure. The laser beam is directed through the input hole (position 0) 

and onto the position (I) using mirrors (M l) and (M2). The angular adjustments (x2) and 

(y2) are then used to direct the beam back to approximately position (2). The input 

mirror is then set using the angular adjustments (x l) and (yl) so that the beam hits 

position (3). As (x l) and (y l) are adjusted, a ring of spots will appear on mirror (OM). 

Adjust (x l) and (y l) so this ring is as round as possible. If there are more spots than 

desired, reduce the spacing between the mirrors using the translation slide (Tl). The 

rotation (R) can be adjusted so that the last pass exits through the hole.

The difficult part of the alignment is making the fine adjustments so that the beam
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does not clip on the input or output holes. The ring of spots must also be centered on the 

MPC mirrors to prevent clipping by the mirror holder. To center the ring of spots, use 

the following prescription:

1. If the ring of spots on the output mirror is too high or low, adjust the turning 

mirror (M l) using the (v l) adjustment.

2. If the diameter of the ring is too large or small, adjust (x l) and then readjust 

(h i) to make the ring circular.

3. If the ring is centered too far to the left (away from the exit hole), use (x2) to 

move the ring of spots a little further to the left. Next adjust (x l) to contract 

the ring pattern and bring it back onto the mirror. Make the ring round by 

adjusting (hi).

4. If the ring is too far to the right, use (x2) to move it further right then expand 

the ring using (x l) and make it round using (hi).

5. To vertically center the output beam through the exit hole, first center spot (15) 

between spots (I) and (13) using adjustment (Tl). Then adjust (R) so that the 

exit hole is vertically centered on the exit beam. The adjustments (R) and (Tl) 

will alter the ring pattern but now this can easily be corrected by adjusting (x2) 

and (y2).

After all of these adjustments, the input beam will probably not be centered in the hole 

in the mirror (IM). Place a fluorescent card behind (M l) and use (h2) and (v2) to
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iecenter the beam in the shadow of the hole. Next make the necessary corrections to 

obtain a round spot pattern. Eventually this procedure will converge on the proper 

alignment. The alignment will converge faster if  tire distance between (M l) and (IM) is 

shortened and/or the distance between (M l) and (M2) is lengthened.

When the ring of spots is properly adjusted, the mode matching lenses should be 

readjusted. The distance (D) can usually be changed without destroying the MPC 

alignment by placing a card with an "X" on it between (M l) and (M2). If the card is 

positioned so that tire beam is centered on the "X" before changing (D) and then 

recentered on the "X" after changing (D) by rotating the two lens system then the cell 

alignment should not be changed. When rotating the two lens system, make sure that the 

beam appears to go through the center of both lenses. It is possible to center the beam on 

the "X" without it passing through the center of the lenses. Tlris will distort the beam and 

change the alignment. Each time (D) is changed, readjust (T2) so that the spots are as 

close as possible to tire same size. It is advisable to mark the location of the base of the ;

two lens system each time it is moved. Try several positions until the optimum spot

uniformity is obtained. '
[

Detectors and Interfaciirg I
i

iI
To measure the Fabry Perot fringes, a 1024 element linear photodiode array was used. '

The spacing of the diodes was 25fi. The ring pattern was enlarged using the positive I

20cm lens shown hr Figure 23 so that each peak would be much broader than 25[i. The !

Reticon array is controlled by a controller board which sends a trigger signal and a scan S
j

signal to an oscilloscope. The scan signal results from sequentially reading the charge '

built up on each diode. The diode array must be triggered before the Stokes pulse arrives. ']

Tlris gives the array time to clear all of the diodes before the pulse to be measured arrives. j
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There is a 2msec window for the laser to fire. To properly time the clearing of the diode 

array and the firing of the laser, the lamps in the laser are triggered by the delayed output 

of a pulse generator. The nondelayed output triggers the Reticon array.

Because of the dividing circuit on the laser, not all of the lamp flashes result in a laser 

pulse. The lamps flash at IOHz and typically the Q-switching Pockels cell was allowed 

to fire on every tenth lamp flash. To prevent the Reticon array from triggering on the 

disabled flashes, a trigger gate was built into the dividing circuit which allowed the 

reticon trigger to pass only if the PC was going to fire on that shot.

A Tektronix 2230 digital storage oscilloscope was used to record the scan signal from 

the diode array. The oscilloscope was equipped with an IEEE 488 parallel interface card. 

The interface card has 26K of nonvolatile memory in which 26 spectral scans were 

recorded. An AT&T 6300 plus computer also equipped with an IEEE 488 interface card 

was connected to the oscilloscope. Spectral scans can be transferred from the 

oscilloscope to the computer memory through a direct memory access channel. 

Transferring a scan takes several seconds so it was faster to save scans in the scope 

memory and transfer them to the computer after a set of 26 scans had been taken. By 

saving the scans in the oscilloscope memory, it was easier to get 26 scans before the laser 

went through a mode hop.

Because we were interested in the spectral fluctuations relative to Raman resonance 

(ie Ac = 0), it was necessary that the laser frequency remain stable. To monitor the laser 

stability, a second Fabry Perot interferometer was used. It was found that the laser was 

stable to. IOMHz between mode hops.

Temporal profiles of the pump and Stokes pulses were recorded using Hamamatsu 

vacuum photodiodes. These detectors had a rise time of 0.Snsec which was adequate 

except for recording soliton spikes which had approximately lnsec duration. For these 

pulses, the instrument resolution had to be carefully considered. To prevent stray light
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from entering the diodes, beam tubes approximately IOin long were placed in front of the 

diodes. A diffuser, which consisted of a Iin plexiglass disk, placed immediately in front 

of the diodes was used to improve the linear response of the diodes. The plexiglass disks 

were etched with fine sandpaper on one side and pressed into the end of the beam tubes.

Data Analysis

An example of a typical spectral scan is shown in Figure 25.
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Figure 25 Raw spectral data from a cross-section of the Fabry Perot rings. The four 
largest spikes are the cross sections of rings for two orders. The spectral information is 
contained in the cross section of each ring.

Because of the Fabry Perot geometry, the scan is not linear in frequency. A ray diagram 

of the Fabry Perot is shown in Figure 26.
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Figure 26 Ray diagram for the Fabry Perot interferometer with a diverging input beam.

The distance from the center of the ring pattern is labeled by (r). For light to be 

transmitted, the effective distance between the plates (d) for light propagating at an angle 

0 must be a half integral number of wavelengths. For a given order (n), the transmission 

condition is

d
n \  _  nc 
T _ 2 v

(4.2)

For 9=0 the above condition gives

M nc 
2 ™2v0 (4.3)

where V0 is the frequency of light which will be transmitted when 0 = 0. Using L=d cos 0, 

the frequency of light that will be transmitted at an angle 0 is given by
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V = V0 CO8(0)" (4.4)

Using the small angle approximation, 0 is directly proportional to r. Defining the 

proportionality constant p. by

(4.5)

and replacing cosO by I + 02/2, the relation between frequency and ring radius is 

v = v0 + pr2 . (4.6)

The constant fx can be found from the free spectral range (FSR) which is equal to c/2L. 

For all the experiments, a spacing of 15cm was used giving an FSR of 1GHz. The Fabry 

Perot rings corresponds to consecutive orders of the same spectrum but appear to be one 

FSR apart in frequency. The constant |X is found using

v = v0 + |xr2 (4.7)

for the first order and

v + FSR = V0 + jxr2 (4.8)

for the second order. Subtracting, leaves (X as the only unknown giving
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FSR = n(r22-z-,2) (4.9;

where r, and Z2 are the radii of die two rings. Once die constant ji was determined, all of 

the spectral scans from a set of 26 shots were transformed by the computer to be linear in 

frequency.

After being scaled, only one of the peaks was retained. Because the inner ring has 

better frequency resolution than the outer ring, its cross-section was used. A  

cross-section of the ring contains the spectral information of the light pulse. Thusi the 

above procedure allowed us to make a spectral measurement on each pulse.

The spectral correlation function was found by integrating the product of each 

spectrum with itself but shifted by Av. A computer program similar to the one used to 

calculate the theoretical correlation function was used to calculate the experimental 

correlation. The program for calculating the experimental correlation was slightly more 

complicated because die experimental data points were not equally spaced due to scaling. 

Thus, the program had to interpolate between points. Li addition to the correlation 

function, the average linewidth was also calculated.

The temporal profiles of some of the Stokes pulses were recorded using vacuum 

photodiodes as discussed earlier. Because of the short duration of the pulses (~ 20nsec), 

a digital storage oscilloscope cannot be used. To record these pulses, 500MHz (TEK 

7834) analog storage oscilloscopes were used. To get the data in digital form, the 

oscilloscope screen was photographed and the trace on the photo was digitized. The 

digitizing was done using an HP7470 plotter with a digitizing sight. A digitizing 

program stepped the sight by equal increments in the x direction and the computer mouse 

was used to center the digitizing sight on the photographed trace. When the sight was 

properly positioned, a key on the mouse was used to enter the point and the x position of
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the sight was automatically incriminated.

Temporal profiles of the Stokes pulse were used to calculate the Fourier transform 

lhnit of the pulses. To calculate the transform, the square root of the intensity profile was 

used as the input to a fast Fourier transform routine which was taken from Numerical 

Recipes**. The complex output from the program was multiplied by its complex 

conjugate to obtain the spectrum of the Stokes envelope.

Experimental Results

The Stokes pulse grew from spontaneous emission and at the exit of the generator 

Multi Pass Cell (MPC) had fully depleted the central portion of the pump laser pulse. A 

typical Stokes pulse had a two to three nanosecond rise and fall tune and a FWHM of 

12nsec. A typical experimental Stokes pulse from the generator looks much like the 

theoretical pulses in Figures 8 and 9. The experiments for comparing with the coherent 

modes theory were done with 32atm of H2 in the Raman cell. At 32atm the collisionally 

broadened Raman linewidth is 1.5GHz FWHM13' Due to gain narrowing, we expect that 

for large gain the linewidth will be reduced by a factor given by Equation 3.19.

The measured power spectrum from two shots are shown in Figures 27 and 28.

The predicted gain narrowed linewidtli is also shown for comparison. Tlie location of the 

gain narrowed line was visually centered about the measured power spectrum. As can be 

seen from the data in Figure 27, the power spectrum observed on some shots is 

considerably narrower than the predicted gain narrowed profile. In fact, the width of the 

spectrum shown in Figure 27 is 60MHz (FWHM) which is close to the transform limit of 

the Stokes temporal pulse. A similar effect has also been observed in an infrared 

cavityless laser49. Figure 28 is an example of a shot which is far from transform limited 

This shot must have contained significant phase or amplitude variations to generate the
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Figure 27 Experimental example of a single shot Stokes spectrum consisting of one near 
transform limited spike (solid curve) Tliis spike is substantially narrower than the gain 
narrowed linewidth (dashed curve).

complex spectral structure.

A qualitative comparison between experiment and theory can be made by 

comparing spectra of individual shots. The two experimentally generated spectra shown 

in Figures 27 and 28 look much like the two theoretically generated spectra that were 

presented in Figures 8 and 9. From these examples, it appears that the theory can 

generate spectra similar to those produced in the experiment.

For calculating statistics, 44 single shot power spectra were recorded. The average 

spectrum obtained from these shots is shown in Figures 29 along with the predicted gain 

narrowed lineshape. Although the experimental curve still has some statistical variations 

due to the small ensemble used, the gain narrowed linewidth appears to be recovered.
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Figure 28 Experimental example of a single shot Stokes spectrum with several narrow 
spikes (solid curve). The predicted gain narrowed linewidth (dashed curve) is shown for 
comparison.

In order to make a quantitative comparison with theory, the two-frequency spectral 

correlation function was calculated from the experimental data using the definition from 

Equation 3.20. The experimental correlation function is shown in Figure 30 along with 

the correlation function generated using coherent modes theory. To within the accuracy 

of our experiment, the correlation functions agree quite well.
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Figure 29 Experimental power spectrum resulting from the averaging of 44 shots (solid 
curve). Note that this ensemble average has a width that is comparable to the predicted 
gain narrowed linewidth (dashed curve).

The soliton experiments were all performed at IOatm pressure. The effects of 

quantum fluctuations are not as dramatic at IOatm because the gain narrowed linewidth is 

closer to the transfonn limit of the Stokes pulse. However, the quantum fluctuations at 

IOatm can easily be seen. If the rings from the Fabry Perot interferometer are focused on 

a screen, they appear to vibrate due to the shot to shot spectral fluctuations. At IOatm the 

spectrum usually consists of a single near transform limited peak whose location is 

different for different shots. Occasionally, a double peak spectrum is formed and on 

other shots the spectrum is clearly broader than the transfonn limit. For the soliton 

experiments, only the near transform limited Stokes seeds were used. The distribution of 

the central frequencies of the seeds has a significant effect on soliton generation which
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F R E Q U E N C Y  D I F F E R E N C E  ( M H z )
Figure 30 Autocorrelation from experiment (solid curve) and autocorrelation calculated 
from coherent modes theory including instrument resolution (dashed curve). The small 
difference may be due to the small experimental ensemble used.

will be discussed in Chapter 5. Two examples of the Stokes spectrum at IOatm are 

shown in Figure 31. These results show that the Stokes seed can be significantly 

detuned. The detuning for these two examples is comparable to the HWHM of the gain 

narrowed linewidth which is also shown in Figure 31.

At this point in the research project, the spectral fluctuations in the Stokes beam 

appeared to be understood. We then returned to the original goal of using the Stokes seed 

from the generator to initiate solitons in a Raman amplifier.
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Figure 31 Experimental examples of Stokes spectra generated at lOatm. Normally the 
spectra consists of single peaks which are detuned from resonance. The detuning for 
these examples is comparable to the gain narrowed linewidth.
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CHAPTER 5

THEORY OF SOLITON GENERATION AND DECAY

Studying the fonnation of solitons in a Raman amplifier was the initial goal of this 

research project. Although solitons had been observed earlier, they could not be 

reproducibly generated5,6. This research did not lead to the generation of reproducible 

Raman solitons; however, it did lead to an understanding of the fluctuations in the 

amplitudes of the solitons. The observation of the solitons was limited by the response 

time of our detectors and the rise time of the oscilloscopes. Even though the width of the 

solitons that we could observe was limited, we were able to study the formation of the 

solitons and see that they traveled slower that the speed of light as predicted by the exact 

soliton solution7. The name soliton is used loosely to refer to a peak which is fonned in 

the depletion region of the pump pulse by a phase shift in the input Stokes field. The 

peak is only a true soliton in the limit that it is much shorter than the collisional 

dephasing time of the medium.

Tliis chapter deals with the numerical study of the generation of Raman solitons. The 

fonnation of a soliton using Tt phase shifts in the Stokes seed is discussed. A physical 

picture of how the soliton narrows during formation and then propagates with little 

change after it becomes very short is given. For comparison with experiment, a 

distribution of soliton amplitudes is calculated. The experiment will be discussed in the 

next chapter.
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Forming a Soliton with Phase Shifts

To experimentally generate a soliton in a Raman amplifier, a near transfonn limited 

pump pulse was injected into the amplifier with a Stokes seed which had an abrupt n 

phase shift near the middle of the pulse. The Stokes seed was produced in a Raman 

generator and thus had some random phase modulation due to quantum Initi^tinn 

Between the generator and the amplifier a n  phase shift is electrooptically produced in 

the seed. In order to describe theoretically the soliton formation, I assumed that the 

Stokes seed had no phase modulations (except for the desired n  phase shift). I will 

discuss the effects of the spontaneously generated phase modulation in the latter sections.

A TC phase shift can be produced by modulating the envelope of the Stokes field 

through zero. We call this an Amplitude Modulated Phase Shift7 (AMPS). Such a 

modulation can be generated using a Pockels cell and polarizers. A mathematical 

description of the phase shifter is given in Appendix C. The AMPS was produced by 

switching the Pockels cell over a time of a couple of nanoseconds. Because the phase 

shift is produced as the envelope crosses through zero, the phase shift occurs very quickly 

compared to the dephasing time of the medium.

As in other systems with soliton solutions, the Raman soliton is a result of two 

competing effects. For the Raman soliton, the competition is between normal forward 

Raman scattering before the phase shift and inverse Raman scattering for a short time 

after the phase shift. It can be seen that a K phase shift reverses the direction of the 

Raman gain by examining Equations 2.75, 2.76, and 2.79. The early portion of the pump 

and Stokes field envelopes, Ep and E,, are chosen to be real and positive. With this 

choice, the slowly varying polarization, Q, that is generated in a slice of the medium by 

the early fields will also be real and positive. Therefore, during the first part of the pulse
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the derivative of the pump envelope will be negative meaning that the pump is being 

depleted and the derivative of the Stokes envelope will be positive corresponding to gain. 

A diagram of the change in the pump and Stokes fields is shown in Figure 32. To help

pump l o s s

pump l o s s

z + dz

Figure 32. Diagram showing the differential change in the pump and Stokes fields. The 
gain is reversed for a short time after the phase shift.

explain the gain reversal in the retarded time frame, imagine one observer in a slice of the 

medium located at z and another observer located at z + dz. Both observers are 

measuring the envelopes of the fields as they pass. The observer located at z + dz starts 

his clock (which measures t) a time dzlc later than the observer located at z. In the 

retarded time frame, a temporal pulse which is not driven will look exactly the same to 

both observers and be centered at the same x. When the z derivative of the pump pulse is
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negative for a given portion of the temporal pulse, the amplitude of that portion is smaller 

a tz  + dz than at z. When the Stokes envelope changes sign due to the n  phase shift, the z 

derivative of the pump becomes positive and the z derivative of the Stokes pulse envelope 

becomes negative. The sign change also reverses the polarization driving term in 

Equation 2.75 which after a short time reverses the sign of Q. When Q changes sign, the 

z derivative of the pump again becomes negative and thus the pump experiences loss for 

the latter portion of the pulse.

In the early part of my research project, I carried out extensive numerical modeling of 

soliton formation using TC phase shifts.. These calculations were predominantly done 

using a collisional dephasing rate, (T), appropriate for IOOatm of pressure. In the next 

section, the results of these calculations will be presented. Because of the slow response 

time of our detection equipment, the soliton experiments were limited to IOatm pressure. 

The lower pressure results in a broader limiting soliton pulse width. Numerical 

calculations using IOatm will be presented in the latter sections of this chapter.

Theoretical Soliton Generation at 100 Atmospheres

The numerical calculations at IOOatm were perfonned using a computer program 

similar to NLSRS.FOR. For the high pressure calculations, the number of points along 

the temporal axis was continually altered during the integration. For these calculations, 

soliton pulses were generated with approximately IOpsec duration. The initial pump and 

Stokes pulses were longer than lOnsec. If the temporal mesh points are equally spaced 

and if we want at least 10 points on the soliton pulse, then a total of 10,000 mesh points 

are needed. To avoid this problem, mesh points were added when needed and deleted 

when the envelope varied slowly. The computer added a mesh point when the slope 

change between pairs of points surpassed a critical value. The value of the fields at the
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added point was determined by averaging two quadratic fits. One of the quadratics was 

fit to two points to the right and one to the left of the point to be inserted and the other 

quadratic was fit to one point to the left and two to the right. This method of inserting 

points proved to be stable and produced believable results. As the pulse propagates 

through the medium, the temporal location of the soliton moves to later times because the 

soliton travels slower than the speed of light. Therefore the region of high point density 

also had to move towards the back of the pulse.

The temporal input pump and Stokes fields before the phase shift were given by

Ep = 4.57 x  106(V/m) exp[-(T/15nsec)2/2], E, = Ep/28 (5.1)

I

I

The input Stokes intensity after passing through the AMPS phase shifter is shown in 

Figure 33. The numerically calculated pump intensity is plotted in Figure 34 as a 

function of T (solid lines) for three locations in the Raman cell. These calculations were 

made by using an AMPS activated over IOnsec as shown in Figure 33. Also shown in 

Figure 34 are the initial pump intensity and the pump intensity which evolves when no 

phase shift is used (dashed curves). With the AMPS, the pump is depleted and the Stokes 

intensity grows on either side of the forming pulse. As the Stokes grows, it maintains its 

initial it phase shift between the leading and trailing sides. Because no Stokes seed is 

initially present at the center of the AMPS, the pump does not deplete there and a pulse is 

formed in the pump beam. Numerical calculations were also performed by using a 

Stokes seed intensity with the same intensity modulation produced by the phase shifter 

but with no phase shift. For this case a pulse started to form, but its amplitude decayed 

rapidly.
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Figure 33 Stokes seed intensity with the AMPS used in the calculation. The n phase 
shift occurs rapidly at the center of the hole. The dashed curve shows the Stokes pulse 
before the AMPS.

.
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Figure 34 Pump pulse that evolves with (solid curves) and without (dashed curves) an 
AMPS in the Stokes seed at z = 0.1, 0.15, and 0.35 m. Also shown is the input pump. 
The pump first depletes where the product of the pump and Stokes fields is the largest as 
shown in (a). This leaves a pulse whose width is characteristic of the PC switching time. 
The pulse narrows because of steady state gain (b). The pulse becomes much narrower 
than the switching time (c). The peak amplitude is unchanged due to photon 
conservation.

In Figure 35 the difference between pump intensities with and without the AMPS has 

been plotted as a function of propagation distance through the Raman cell. The initial 

pulse develops with a width that depends on the time over which the AMPS was applied. 

The pulse then narrows and its width at each position in Figure 35 has been plotted as 

(x ’s) in Figure 36. The pulse width narrows rapidly near the location in the cell in which
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full pump depletion occurs. As will be discussed later, the width narrows very slowly as 

(1/V7) in the later stage of evolution, so 1/w2 was plotted in Figure 37 to show this 

dependence explicitly. The slowing of the narrowing rate as z increases demonstrates 

that the system is approaching the soliton solution. While the exact soliton solution 

exists only in the limit that damping can be neglected, we find that at a distance of 0.75m 

the pulse width has narrowed to approximately lbpsec which is considerably shorter than 

the damping time T2 of 60psec. Thus, at this distance we expect that the solution will be 

close to the exact soliton solution as is shown in the next section. All our calculations 

assumed exact resonance (A, = 0. For this case, the peak intensity of the forming pump 

pulse is the sum of the initial pump and Stokes intensities at the location of the peak.

20 22 24 26 28 30
Time (nsec)

Figure 35 Difference between the pump pulse with and without an AMPS in the Stokes 
seed. The pulse first forms with a width that depends on the duration of the AMPS and 
then narrows rapidly. When the pulse width becomes narrower than the dephasing time 
(l/F), its width changes slowly.
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Figure 36 Pulse width from numerical calculations (x’s), pulse width predicted by steady 
state theory (solid curve), and exponential narrowing predicted by steady state theory 
after pump depletion (dashed curve). The steady state theory works well when the width 
is much larger than the damping time.
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Figure 37 Reciprocal of the pulse width squared from numerical calculations (x's), 
steady state prediction (dashed curve), and hypertransient prediction (solid curve). 
Surprisingly, the hypertransient prediction works well even when the pulse width is 
comparable with the damping time. A tz = 35cm the FWHM is 22psec compared with 
the damping time of 60psec. The steady state prediction narrows too rapidly because it 
assumes that all the energy stored in 0  is lost; thus, it does not allow for energy transfer 
from Q to the fields.

Energy Flow Between Fields and Q

In this section, a discussion is presented on the details of energy flow in the forming 

pulse after full pump depletion has occurred between the forming pulse and the wings. 

From this point to the end of the cell, the undepleted temporal wings have little effect on 

the central pulse, so we assume that they have been removed. In Figure 38, the pump and 

Stokes intensity at a particular z where the pulse width is comparable with the 

polarization decay time of (1/F) has been plotted. The polarization Q produced by the 

fields at this z has also been plotted. We have divided the pulse into three characteristic
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regions and will discuss them in order. The first region extends from the leading edge of 

the pulse to the point at which the actual phase shift in the Stokes field occurs. The 

second region extends from the phase shift to the point at which the polarization first 

goes through zero. The third goes form this point to the trailing edge.

2= 25

- 1 /e  decoy time

25.25 25.35 25.40

Time (nsec)
25.45 25.5025.20 25.30

Figure 38 Pump and Stokes intensities (solid curves) and polarization Q (dashed curve) 
in the three characteristic regions at z = 0.35m. In region I normal Raman scattering 
occurs. In region II inverse Raman scattering occurs, and in region III oscillations 
between normal and inverse Raman scattering develop.

In region I normal SRS is occurring. The pump and Stokes fields are establishing a 

polarization Q in the medium as described by Equation 2.75. If we choose the sign of the 

fields to be positive, then a positive Q will be generated. The Stokes field will be 

amplified and the pump field depleted as described by using Equations 2.76 and 2.79. In 

the early portion of region I, the pump has been nearly depleted, leaving the product of 

Ep and Ej small, thus establishing a small Q. As we move across region I, the product
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Ep x Ej grows, producing a large Q that is more effective in driving the Raman process. 

At the trailing edge of region I, Ep x Ej decreases and goes to zero. The Q reaches its 

maximum before the phase shift when

EQ = T0EpEs . (5.2)

The energy released in the Raman transition in region I is being stored in the polarization 

Q that is continuously losing energy to collisional dephasing characterized by T.

In region II inverse SRS is occurring. The Stokes is negative, while the pump and Q 

are still positive. From Equation 2.75 it follows that Q is now being depleted both by 

damping and by the driving fields. In this region, molecules from the sparsely populated 

vibrational state are being driven into the highly populated ground state. Tlie energy 

released in this process is used to drive photons from the Stokes to the pump beam. At 

the boundary between regions II and III, all the energy that was stored in Q that was not 

lost through dephasing has been returned to the fields. The combination of pump 

depletion in region I and pump gain in region II causes the pulse to drift toward larger x, 

and thus the pulse propagates more slowly than the speed of light in the medium.

Oscillations can develop in region HI similar to those described in reference 50. At 

the beginning of region III, normal SRS occurs because both Ej and Q are negative. 

Oscillations are produced when the pump beam is depleted before Q is damped.

Although Ep is completely depleted, both Es and Q are nonzero and continue to drive Ep 

negative producing inverse SRS. A negative Ep and Ej drive Q back up through zero.

Our numerical calculations show that these oscillations are eventually damped out.

The shape of the temporal Q envelope changes considerably from the steady state to 

the hypertransient regime. Figure 39 shows the polarization Q at several locations in the
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Figure 39 Polarization Q at various locations in the Raman cell. A tz = 0.2m, (Hs 
characteristic of steady state evolution, as it nearly follows the product of the driving 
fields. A tz = 0.75m, Q has its characteristic soliton shape. In the later stages Q changes 
slowly.

cell from z — 0.2m to z — 0.75m. Atz = 0.2m, the Q is characteristic of steady state; thus, 

its amplitude at each T follows the product of the driving fields. As z increases and the 

pump pulse narrows, the amplitude of Q greatly decreases and region HI moves to the 

back of the pulse and eventually disappears. A tz = 0.75m, the pulse is much narrower 

Uian Uie dephasing time, so nearly all the energy stored in g  in region I is recovered in 

region II. Tlie pulse shape for Uie fields fit the exact soliton solution very well at z = 

0.75m, as shown in Figure 40. In this hypertransient regime, Q(t) is proportional to the 

integral of the product Ip x Is from the beginning of the soliton up to time T.

Approximate solutions that are correct to first order in F in the transient regime were 

found by Kaup, using the inverse scattering transform, and also by Druhl. These 

approximations compensate for lost Q by exponentially scaling the t  axis. However, Q
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Figure 40 Numerical calculation of the pump pulse (solid curve) and corresponding 
exact soliton solution (dashed curve) at z = 0.75m.

still has the form of a hyperbolic secant and thus never changes sign. Therefore, these 

approximations for Q can work well only for z large enough that region III is 

unimportant.

Pulse Fonnation and Narrowing

The forming pump pulse and the Stokes hole decrease in width because of energy loss. 

Damping is essential in forming the pulse as it provides a way to dissipate energy 

released in the pump-Stokes transition. Since the energy loss depends on Q, we should 

expect the narrowing rate to be quite different for Q's characteristic of steady state and 

hypertransient evolution. Since we were interested in the effect of applying an 

Amplitude Modulated Phase Shift (AMPS), the difference between Ip’s calculated with 

and without the AMPS was numerically calculated.
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When the soliton pulse begins to fonn, the pulse envelope will change slowly 

compared to the decay time I/!^therefore, the steady state approximation will be initially 

valid. We would therefore expect that the width of the forming pulse could be 

understood using the steady state solution. The steady state solution for the Stokes 

intensity is given in Equation 2.101 and the solution for the pump intensity can be found 

using Equation 2.96. If the AMPS is applied slowly enough compared with 1/F, the 

pump pulse depletes in the wings before the steady state approximation breaks down.

For this situation, the steady state solution37 reduces to

4 (z ,t )
_____________ 4 ( 0 ,0 _____________
I +  4 ( 0 ,0 /4 ( 0 ,0  exp[2K,K24 (0 , %)z/r\

(5.3)

when 4 ( 0 ,0  »  4 (0 ,0 - If we assume that 4 ( 0 ,0  is constant in the region of the phase 

shift and assume that at the center of the AMPS 4 (0 ,0  can be approximated by 

4 (0 ,0  = 4 ( t  -  T 0) ,  then the HWHM of the evolving pulse is given by

4 ( 0 ,0
4 (0 ,0

exp[-2K1K24 (0 , T ) z / I ] (5.4)

The steady state prediction for the pulse width is shown as the dashed curve in Figure 38. 

The steady state approximation works well until Fw = 0.6 where the effects of transiency 

become important. Tlie surprising point here is that a larger damping leads to a slower 

narrowing rate. The reason is that the energy loss rate depends on FQ2 and the steady 

state polarization is proportional to 1/F. The exponential decrease in width is plotted as 

the dashed curve in Figure 36.

The evolution of the pulse width in the transient regime can be understood through
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effective energy loss from collision^ dephasing. Once a molecule’s phase has been 

randomized by a collision, its energy on the average can no longer be extracted by the 

fields; thus, it no longer participates in the Raman process. Consequently, energy is 

constantly being removed from the evolving pump pulse through Q.

To obtain an equation for the pulse width as a function of z, I will first find the relation 

between the energy stored in the fields and Q. Suppose that we sit at a location z in the 

cell and describe the fields that enter and leave the slice of medium located between z and 

dz. Before the soliton pulse arrives, Ep and Q are zero and E,(z, t) = Ep(0, i)  +  E /0 , t). A s 

the pulse passes, energy is transferred back and forth between the fields and Q. Some of 

the energy is lost because of damping. Long after the pulse has passed all the energy that 

was stored in Q has been either returned to the fields or lost. The total energy lost is 

equal to tire difference between the energy in the fields entering the slice at z and leaving 

a t z + d z .  Energy can be removed from the fields by converting pump photons into 

Stokes photons. Tlrerefore tire remaining energy in the fields which pass the point z is 

proportional to the number of pump photons entering the slice which is proportional to 

Ep. We refer to the energy that can be liberated in the pump-Stokes transition as the 

available field energy. Since the peak amplitude of the soliton pump pulse will remain 

nearly constant for all z after pump depletion, removing energy from the pump pulse 

must result in reducing the width of the pulse. The rate at which energy is lost will be 

calculated and then related to the rate at which the pulse narrows.

In order to relate the energy taken from the fields to the energy lost by Q, we need to 

know the relation between the energy in the fields and the energy stored in Q. To find 

this relation, we first turn off the damping and then set the difference between the field 

energy entering and leaving the slice from Tz = -<x> to T equal to the energy stored in Q (t).
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For a small excited state population, q 2  is proportional to the excited state population, 

which is proportional to the energy stored in the differential slice. The energy in the 

differential slice can be expressed as

dUq = K ' Q 2(z ,x)dz . (5.5)

The energy in the fields that passes a given z from t '  = - o o  to t can be expressed as

(5.6)

Next, the ratio of the proportionality constants KtK'  is found by relating the energy taken 

from the fields to the energy put into Q with the damping turned off. The change in CZp 

from z to z + dz is found by differentiating Equation 5.6 to obtain

_ dz
dz = K d z  j  2Ep (z , x')

dEp( z , t y
dx' (5.7)

Using Equation 2.79, the rate of field energy loss is 

dUp n
—  = - r K l K f o  E /z ,  t')E,(z, x')<2 (z, x') d i '  . (5.8)

Using Equation 2.75 with F and Ae set to zero, we get
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(5.9)

Evaluating the integral and using 2 (t = -°o) = 0, the field energy lost in the differential

Setting dUp = -d U q, the desired relation is obtained

K'/K = K 1K 2 . (5.11)

To calculate the narrowing rate, a functional form for E1p(^z) is assumed which is 

used to find Q (z, t). Using this Q, the total energy damped in the slice for -r = -e° to is 

found. This energy loss gives the rate of narrowing. We choose an. approximate fonn for 

the pump pulse such that the area under the pulse is proportional to its characteristic 

width (w) which depends on z:

slice is

dUp = - K  K 1K 2Q ( z , t )2 dz (5.10)

Ep(Z1T) = E0/ [ t/w(z)] (5.12)

Using photon conservation, the Stokes field becomes

E /z , t) = E0{ I - /  2[tAv(z)]}1/2 (5.13)

The total remaining available field energy at a point z is

j
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(5.14)

where

Af ~  j  f 2(x)dx (5.15)

Up can be differentiated to find the available energy lost in traversing the slice. Next we 

calculate Q(X) in the slice. Using Equations 5.12 and 5.13 in Equation 2.75 in integral 

fonn gives the Q in the slice:

<2 = E o exp[-r(T -  x')] f(x'/w) [I - f i x ' Iw)) mdx' . (5.16)

At this point, we limit ourselves to the hypertransient regime so that for times during 

which the fields are appreciable exp[-r(T -  t')] «  I. This means that the pulse is short 

compared 1/F. We effectively neglected damping to approximate Q, but now we use this 

Q to calculate the energy lost to damping. Differentiating Equation 5.16 and keeping 

only the contribution due to damping,

d
.dx_

dU,(z,T) = 2r<2(z,T) dQ(z,x)  
dx .

dz (5.17)

where d Uq(z, x) is the loss in the differential slice located at z integrated from -o o  to x. 

Using dQldx  = -TQ  and integrating over the duration of the pulse, the total energy lost in 

the slice is obtained. Making the substitution x = x/w and x'  = x7w, the energy lost to
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damping in a differential slice is

dU q{°°) = - I K T E l A q w 3(z) dz (5.18)

where

(5.19)

Setting the energy lost equal to the change in available field energy found by 

differentiating Equation 5.14, a differential equation for the width as a function of z is 

obtained. This differential equation is integrated to give

The important point from this result is that I Zw2 is increasing linearly with z.

Our numerical calculations show that the fields approach the soliton solution in the 

limit of large z. In Figure 40 the numerically calculated pulse and the exact soliton 

solutions for the pump has been plotted at z = 1.5m. At this stage the numerically 

calculated pump pulse has evolved to a shape that is very close to a Sech2(T). The Q pulse 

shown in Figure 39 is also approaching the Sech2(T) form. To obtain a value for AqIAft 

fix)  = sech(x) was used in Equation 5.20 which gave AqIAf  = I . With this value of AqIAft 

Equation 5.20 is plotted in Figure 39 as the second solid curve. It is surprising how early 

in pulse formation this narrowing rate holds. At z = 30cm, the pulse width is still about

(5.20)
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one half of the dephasing time; nonetheless, it fits the approximation very well.

The calculations at IOOatm gave insight into how the soliton pulse formed. The 

experiments were done at IOatm and calculations at this pressure are presented in the next 

section.

Computer Modeling Off Resonance

As was discussed in the last section of Chapter 4, quantum fluctuations in the 

generator will cause the Stokes seed to be off resonance in the amplifier. Using 

numerical calculations, Drahl33 found that if a soliton was initiated using an off resonant 

seed the amplitude of the soliton would decay during formation. We performed 

calculations with various detunings to determine the amount of decay for a given 

detuning. We also performed numerical calculations to determine the statistics of the 

Stokes seed detunings. The goal of these calculations was to determine the probability 

distribution of soliton amplitudes which can be measured experimentally.

To model soliton generation off resonance, experimentally measured pump and Stokes 

temporal intensity profiles were used as the initial conditions for the nonlinear 

propagation programs. Hie field envelopes were taken to be the square root of the 

intensity profiles except for a sign change in the Stokes envelope dire to the n  phase shift. 

The results of these off resonance calculations are shown in Figure 41 for detunings of 0, 

17.9, and 35.7 MHz. The input pump pulse is also shown for comparison. These results 

confirm DruhTs predictions for soliton decay. In addition to these detunings, calculations 

for several other detunings were done. A plot of the amplitude versus detuning is shown 

in Figure 42.
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T I M E  ( n s )
Figure 41 Solitons generated with detunings of 0, 17.9, and 35.7 MHz. The input pulse 
is shown for comparison. For zero detuning the soliton overshoots the pump by the 
amplitude of the initial Stokes seed.

To detennine the probability distribution of soliton amplitudes, we must know the 

probability distribution of Stokes seed detunings. We originally believed that this 

distribution would simply be the gain narrowed linewidth. Tlie most probable detuning 

would then be zero and the larger the detuning the lower the probability. Using this 

assumption, the probability distribution of soliton amplitudes was calculated. Tlie 

resulting distribution did not compare well with the measured soliton amplitude 

distribution which will be discussed in Chapter 6. The distribution was too flat showing 

too many low amplitude solitons which indicated that the actual distribution of Stokes 

seed detunings was nanower than the gain narrowed linewidtli.
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Figure 42 Fractional soliton amplitude resulting from detuning of the Stokes seed. This 
plot was used to map the distribution of detunings onto a distribution of soliton 
amplitudes.

Gain Narrowing and the Phantom Linewidth

If the ensemble average Stokes linewidth is measured in the spontaneous emission 

region, one would expect to obtain the Lorentzian Raman spectrum. If the pump pulse is 

20 to 30 nanoseconds long and IOatm pressure is used, the average spectrum will not 

depend on the pulse length. Tliis is because the pulse length of the spontaneous Stokes 

light is much longer than the initial coherence time. For this case the Raman coherence 

time (1/F) is O.Gnsec. For an example of the opposite limit, a IOOpsec pump pulse from a 

mode locked laser could be used. The average Stokes spectrum for these pulses would be
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dominated by the Fourier transform of the average Stokes temporal pulse because it 

would be shorter than (l/F).

For our experiments with 20 to 30 nanosecond pulses the Stokes spectrum can gain 

narrow until it becomes limited by the Fourier transform of the pump pulse. Ifpump 

depletion occurs before this limit is reached, the transform of the pump will not 

significantly affect the Stokes linewidth. The Fourier transform of our pump pulse was 

approximately 12MHz and the gain narrowed linewidth at IOatm is approximately 

70MHz. Thus, the spectrum of the pump is not limiting the Stokes linewidth.

The profile of the Stokes pulse in the spontaneous emission region looks like that of 

the pump. However, it will grow fastest at the peak of the pump temporal pulse and at 

the beginning of pump depletion it will be much shorter than the pump. As the pulses 

propagate further through the medium, the length of the Stokes pulse becomes larger. 

Once the center of the pump is depleted, the center of the Stokes pulse stops growing and 

the wings begin to fill out. The amount of pump pulse depletion and the length of the 

Stokes pulse can be varied by changing the input pump pulse energy. Changing the 

Stokes pulse length also changes the Fourier transform of the Stokes pulse envelope. For 

our experiments, the Fourier transform of the Stokes pulse varied from 40 to 60 MHz.

At IOatm most of the Stokes pulses were near transform limited and the location of 

their central frequency fluctuated in such a way that the average linewidth was the gain 

narrowed linewidth. If an ensemble of 50MHz pulses are added together using the 

70MHz gain narrowed linewidth as the probability distribution of their central 

frequencies, the result will be a spectral width of Wid = 'V502 + 702 = 86 which is broader 

than the gain narrowed linewidth. To obtain the gain narrowed linewidth, a gaussian 

distribution of central frequencies with a width of 49MHz should be used. This narrower 

distribution reduces the probability of having a large detuning and gives more large 

amplitude solitons. We have named the probability distribution of central Stokes
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frequencies the phantom linewidth.

To investigate the distribution of central soliton frequencies, an ensemble of 880 

Stokes seeds were generated4' using the c-number approach discussed in Chapter 3. The 

spectrum of each member after depletion was calculated by taking its Fourier transfonn. 

The central frequency for each member was then calculated along with the standard 

deviation which is given by

U(v) ( v - v c U(v)dv (5.21)

where Vc is the central frequency. The value of C2 indicates how close the pulse is to 

being transform limited. Tlie average spectrum of all 880 shots was also calculated to 

make sure that the gain narrowed linewidth was recovered. The average spectrum had a 

FWHM of 74.4MHz. The central frequencies were sorted into 5MHz wide bins. The 

number in each bin was plotted and fit to a gaussian which turned out to have a FWHM 

of 54.9MHz. To determine the transform limit, the transform of 10 shots were averaged 

together to obtain a FWHM of 50.8MHz. If the phantom linewidth description is correct, 

the width of the transfonn limit and the width of the distribution of central frequencies 

should add in quadrature to give the average line width. Using the above numbers, 

V54.92 + 50.82 = 74.8 is in very close agreement with the average linewidth.

The next step is to determine the distribution of soliton amplitudes from the 

distribution of detunings. The extent of the soliton decay does not depend on whether the 

detuning is positive or negative so the distribution of detunings can be taken as the 

positive frequency half o f the gaussian
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p( 4 )  = -7=-exp(-A*/a2) (5.22)
m/%

where a  is the characteristic width of the distribution of detunings. The probability of 

being detuned between A, and Ac Ae was found by integrating the gaussian from 

Ac to Ac +(/Ac. This integral gave an error function which was evaluated using a 

subroutine from Numerical Recipes™. The integral was used because dAe could not 

always be assumed infinitesimal. The resulting area was mapped onto an equal area 

under the amplitude probability distribution curve. The width of this area was found by 

mapping Ac and Ac +(/Ac into soliton amplitudes using the curve in Figure 41 and then 

the amplitude was found by requiring the two areas to be equal. Note that the maximum 

soliton amplitude in Figure 41 is smaller than one because the response time of the 

detectors has been included.

The probability distribution of soliton amplitudes based on the phantom linewidth is 

shown in Figure 43. This distribution is still flatter than the measured results giving too 

many small amplitude solitons. In the experiment, the spectrum of each Stokes seed was 

monitored. If the seed had multiple peaks or was considerably broader than the transform 

limit, the resulting soliton pulse was not counted in the statistics. If the distribution of 

central frequencies for the near transform limited pulses is narrower than phantom 

linewidth (which is made up of the central frequencies of all shots) then a narrower 

distribution of detunings should be used. To test this theory, the distribution of central 

frequencies was again calculated from the 880 member ensemble but only those members 

with a O2 below a cutoff value were kept. A table of the results are given in Table 2. For 

comparison a transform limited pulse has O2=O-OOl. Using a cutoff of a 2=0.002 the 

distribution of central frequencies is approximately 40MHz. The distribution of solitons 

based on this subphantom width is also shown in Figure 43.
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Figure 43 Theoretical distribution of soliton amplitudes based on the phantom and 
subphantom linewidths. The distribution based on the subphantom width gives fewer 
small amplitude solitons.

When the amplitude distribution is calculated, it has a sharp peak at the maximum 

resolvable amplitude. We do not expect to see this in our experiment because the 

maximum resolvable amplitude varies from shot to shot depending on the amount of 

pump depletion. For this reason the probability of seeing a soliton with a fractional 

amplitude above 0.7 was lumped into a block. The resulting distribution agreed very well 

with the experiment which will be discussed in Chapter 6.
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Cutoff a 2 % Remaining HW l/e (MHz) FWHM (MHz)

0 .001 0 .68
0 .0015 34.5
0 .0 0 2 56 .7
0 .0 0 3 7 5 .2
0 .0 0 4 82 .7
0 .005 87 .3

C O 100

19.5 32 .4
2 3 .7 39 .4
2 8 .0 4 6 .6
30 .0 4 9 .8
31.1 51 .8
3 3 .2 5 5 .2

Table 2 Widths of the distribution of central frequencies for various O2 cutoffs. Tlie 
shots which are closer to being transform limited are form a narrower distribution of 
central frequencies.

Stimulated Raman Scattering in a Multi Pass Cell

The nonlinear SRS equations derived in Chapter 2 assumed plane wave fields. Thus, 

we would not necessarily expect them to apply for finite diameter laser beams due to 

diffraction. However, it has been shown that without depletion the nonlinear Equations 

2.75, 2.76, and 2.79 are appropriate when the pump beam is restricted to a single TEM00 

transverse mode. The input laser beams to the amplifier in the soliton experiment were 

predominantly TEM00. In the amplifier the central portion of the pump pulse is fully 

depleted so one might expect that the plane wave equations would not apply. Before 

doing the soliton experiments we first tested the validity of the plane wave equations for 

treating pump depletion in a MPC amplifier. The details of applying the theory of the 

MPC are presented below.

To scale the nonlinear equations to account for focussing, we use the steady state 

gain for a single focus. For a focussed single mode laser, the Stokes power in steady
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state wiH grow as exp(Gssf) where the cumulative gain coefficient Gss f is given by51'52 

^  ^aPptair1(ZZd)
(&,+%,,) (5 2

where Pp is the pump laser power, a  is the plane wave gain coefficient, I is the length of

the gain medium, and Xs and Xp, are the wavelengths of the Stokes and pump beams in 

the medium. For a plane wave laser, the cumulative gain coefficient Gss pw is given by

where Ip is the pump intensity. Thus, we find that the effect of the focussing can be 

applied to the transient plane wave case by defining an effective area given by

G, = o/p/ (5.24)

_  Z (\ + Xp) 

c//_4tan_I(Z/d) (5.25)

so that a pump intensity given by

(5.26

will give the same total gain over a length I as a pump beam focused with a confocal. 

parameter b in a cell of length Z. To account for the multiple passes, the gain need only 

be increased by
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T ( l - ( T 2R ) y ( l - ( T 2R)) (5.27)

where R is the reflectivity of the MPC mirrors, T is the transmission of one of the Raman 

cell windows and s is the number of passes.

Thus by using the plane wave equations and the effective area given by Equation 

5.25 and the enhancement given by Equation 5.27, one can calculate the nonlinear growth 

of the Stokes beam and depletion of the pump in a MPC.

Due to dispersion in the MPC windows and in the hydrogen, four wave mixing 

processes such as anti-Stokes and second Stokes scattering are suppressed. In addition to 

not being phase matched, much of the light from these higher order processes will pass 

through the multi pass cell mirrors. For single pass Raman scattering, these higher order 

processes greatly complicate and compete with the growth of the first Stokes pulse.

,!
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CHAPTER 6

SOLITON GENERATION EXPERIMENT

In this chapter the various experimental details of the soliton generation experiment 

will be discussed. Most of the experimental problems were similar to the quantum 

fluctuation experiment except there were more multi pass cells to line up and mode 

match. An additional complication was operating and timing the phase shifter. To 

monitor the temporal inputs and outputs, three fast Tektronix 7834 storage oscilloscopes 

were used. One digital storage oscilloscope monitored the output of the photodiode array 

which recorded the spectrum of the Stokes seed. This oscilloscope was interfaced to a 

computer to record the spectra.

Optical Layout

A diagram of the soliton generation experiment is shown in Figure 44. The 

experiment was laid out on three NRC optics tables. The laser and its alignment optics I
were set up on a 3ft x 9ft table. The Raman generator Multi Pass Cell (MFC), pump ■

delay MPC and the Fabry Perot interferometer were set up on a 4ft x IOft table. The
I

phase shifter and amplifier were set up on a third table which was 4ft x  8ft. A cleanup

aperture which is not shown in Figure 44 was located between the laser and the pump j

beam splitter. A two meter lens at the exit of the laser focused the pump beam through a ;

0.022in tungsten wire die for spatial cleanup. The mode matching lenses for the

generator and delay were located approximately 2m from the aperture and before the

pump beam splitter. The beam splitter was approximately 50/50. As shown |
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schematically in Figure 44, the Raman cells were simply placed between the MFC’s 

mirrors. At the exit of the generator and delay MFC’s, a one meter lens was used to 

collimate the beams. Eighty percent of the output Stokes intensity from the generator 

was split off, expanded, and passed through the Fabry Perot interferometer to monitor 

spectral fluctuations. The remaining Stokes light was passed through the phase shifter. 

After inducing the phase shift, the Stokes light was combined with the split off pump 

pulse using a dichroic mirror. The combined collimated beams were then mode matched 

to the amplifier MFC. The output from the amplifier was dispersed using a modified 

Pellin Broca prism and a small part of the pump and Stokes pulses were sent into two 

vacuum photo diodes.

The pump delay MFC was set up to have the same optical path length as the generator 

so that the pump and Stokes pulses would overlap at the beam combiner. Because of the 

large transiency in the generator at lOatm, the Stokes pulse is generated towards the back 

of the generator pump pulse. To compensate for this, an additional delay was added in 

the amplifier pump pulse. Tliis delay, which consisted of two prisms and is not shown in 

Figure 44, was located between the delay MFC and the beam combiner. Attenuators for 

the pump pulse were also placed before the beam combiner. Typically a 50% attenuator 

was used for the pump, and the Stokes seed was attenuated to ~1% of the pump.

Lineup of the amplifier MFC was done using the pump pulse. Once the mirrors were 

aligned, the Stokes seed was put on top of the pump. The Stokes was first lined up on the 

pump immediately after the beam combiner using a black anodized screen. The screen 

was viewed through a 95% pump reflector so that the Stokes spot could be seen. A 

Stokes turning mirror located just before the beam combiner was used to put the Stokes 

on top of the pump at the entrance of the amplifier. Fine adjustment of the Stokes 

alignment was done by watching the overlap with the pump spots on one of the MFC 

mirrors.
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Figure 44 Experimental apparatus used to study the soliton initiation and decay. A Tt 
phase shift is put on the Stokes beam input to the amplifier. The soliton pulse is observed 
at the output of the amplifier.

Generating Electrooptic Phase Sliifts

In addition to the 532nm output of the laser, there is also a residual 1.06p output. Part 

of this output was split off using a 4% reflector and sent into a laser triggered spark gap 

for triggering the Pockels cell. Between 70 and 90 psi of N2 was used to hold off the 

spark between pulses. The pressure was varied to make small adjustments in the timing 

of the phase shift. The electrodes of the spark gap were separated by approximately
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limn.

To induce a phase shift,, the half wave voltage was applied to the Pockels cell. The 

half wave voltage is the voltage necessary to increase the optical path length by a quarter 

wave along the slow axis and decrease the path length by a quarter wave along the fast 

axis of the KDP Pockels cell crystal. The half wave voltage for the Pockels cell was 

3600 volts. A schematic of the Pockels cell electronics is shown in Figure 45. A 

regulated high voltage power supply was used to charge up a length (LI) of 50£2 RG-214 

cable through a IOOMQ resistor. The cable (LI) was connected between the resistor and 

the input electrode of the spark gap. Tlie output electrode of the spark gap was connected 

to the Pockels cell by a length (L2) of cable. A long cable (L3) was connected to the 

output of the Pockels cell and ended with a 5 0 0  terminator.

Between pulses the power supply charges up the cable (LI) to 7200 volts which is the 

full wave voltage. The field in the cable (LI) can be modeled as a standing wave. When 

the spark gap triggers, the wave traveling towards (L2) passes through the spark gap and 

the wave traveling in the opposite direction reflects off of the resistor without inverting. 

The result is a voltage pulse twice the length of (LI) at the half wave voltage. The length 

of (LI) was adjusted so that the voltage pulse was 70nsec long. The rising edge of the 

voltage pulse reached the Pockels cell before the Stokes pulse. The length (L2) was 

adjusted so that the falling edge of the voltage pulse reached the Pockels cell coincident 

with the center of the Stokes pulse. The timing was fine tuned by adjusting the pressure 

in the spark gap housing. The actual amplitude was not critical. If the voltage was a little 

large or small, the leading half of the Stokes pulse was attenuated with its phase 

unaltered. The length of the terminating cable was long enough so that any reflections 

would not reach the Pockels cell until after the Stokes pulse had passed.

One of the difficulties in generating solitons reproducibly was accurate Pockels cell 

timing. The timing jitter from the spark gap was typically 3 to 5 nsec. Minimumjitter
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Figure 45 Pockels cell triggering diagram. The 1.06(1 laser output triggers a spark gap 
which sends a high voltage pulse to the Pockels cell. Timing is controlled by varying the 
cable lengths and the pressure in the spark gap.

was obtained when the focus of the 1.06(1 pulse hit the tip of the input spark gap 

electrode. A small gas flow through the Pockels cell housing purged the debris blown off 

by the laser.

The angle of the Pockels cell must be aligned so that when the high voltage is off, the 

laser pulse passes with its polarization unaltered. To set the alignment, the spark gap was 

blocked and the exit polarizer was rotated by 90%. The Pockels cell was then adjusted so 

that no Stokes light passed through the exit polarizer.
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Amplification in a MPC Without Phase Shifts

Before making careful measurements of induced solitons, accurate measurements of 

Stokes seed amplification were made. Tlie results of these measurements were compared 

with those from numerical integration of the plane wave nonlinear SRS equations. Since 

we did not want a phase shift in the Stokes seed, the Pdckels cell was not activated for 

these measurements.

As shown schematically in Figure 44, the temporal pulse shapes of the input pump and 

Stokes beams as well as the output pump and Stokes beams were simultaneously 

monitored. The detectors were Hamamatsu biplanar photo tubes with 3 OOpsec rise time 

and IbOpsec fall time. These signals were recorded on a 400MHz storage oscilloscope 

and then photographed and digitized manually with an x-y plotter and digitizing sight.

The spatial profiles of the pump and Stokes input beams were measured using a 1024 ,
i

element photo diode array. A typical example of the spatial profile at the beam combiner I
for the pump beam was shown in Figure 22 and for the Stokes beam is shown in Figure j

46. Also shown is a theoretical least squares fit gaussian profile. We found it relatively ;

straightforward to mode match these beams to the amplifier MFC. ;

Unlike the generator Raman cell, the amplifier cell had Brewster’s angle windows. I

The pump beam was used to check the reflectivity of the MPC mirrors and transmission j
i

' I

of the Raman cell Brewster windows at 532nm. For the Raman amplifier MFC, we

measured a reflectivity of the MFC mirrors of R=99.7% per reflection and a transmission \

of the Brewster windows of 98.7% per window. j

In addition, the spectral lineshape of the input Stokes beam was monitored with a :
. I

Fabry Perot interferometer with a plate spacing of 15cm and a finesse of approximately >

70. Our experimental setup allowed us to monitor the power spectrum of each Stokes j
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Figure 46 Spatial profile of the Stokes pulse from the Raman generator. Also shown is 
the least squares fit to a gaussian (dashed curve).

pulse with a resolution of approximately 15MHz. At a pressure of IOatm of H2, it was 

found that many of the generated Stokes seed pulses will consist of a single near 

transfonn limited spike. However, approximately 10% of the pulses have a more 

complicated spectrum consisting of two separated spikes. Some of the spectra had a 

broad shoulder or were clearly broader than the transform limit. These shot to shot 

variations depend on the initiating quantum fluctuations and also depend on the Raman 

bandwidth as well as the total gain. Using the Stokes spectral monitor, we were able to 

avoid those shots with the more complicated spectral lineshape.

The MPC design used was based on 2.5cm diameter mirrors with Im radius of 

curvature and dielectric coating for maximum reflectivity (99.7%R) at the pump
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wavelength (532nm) and (99-5%R) at the Stokes wavelength (680nm). The reflectivity at 

the second Stokes wavelength (947nm) and first anti-Stokes wavelength (434ran) was 

less than 20%. As shown schematically in Figure 44, the mirrors each had a 4mm 

diameter hole to allow for the input and output of the beams. The mirrors were spaced at 

1.925m which led to a 13 pass geometry. An analysis of the crossings inside the MPC 

showed that the laser pulse is short enough so that the beam never overlaps itself since 

the crossings occur between passes which are separated by four passes. Thus the 

complications due to these crossings encountered in previous experiments53 with CO2 

lasers were not a factor in the present experiments.

To study the growth of the Stokes beam and the resulting depletion of the pump, we 

simultaneously measured the temporal pulse shapes of the input pump and Stokes beams 

as well as the output pump and Stokes beams as shown schematically in Figure 44. Hie 

results of these pump depletion measurements are shown in Figure 47 where both the 

input and output pump temporal profiles are shown. We see that for various input pump 

and input Stokes energies, the amount and shape of the pump depletion can vary 

considerably. In particular we see that the pump depletion at the peak of the pump 

intensity can be partial as in Figure 47a or complete, as in Figure 47c.

The measured input and output Stokes beams are shown in Figure 48. These results 

show that the shape of the input Stokes can have a significant effect upon the shape of the 

pump depletion. For example, the Stokes input shown in Figure 48b is considerably 

narrower in time than in Figure 48a and consequently leads to the narrower depletion 

profile seen in Figure 47b. The overall scale factor for the experimental output pulse was 

determined from the theoretical output pulse and was found to be consistent with Stokes 

energy measurements.
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Figure 47 Pump pulse shapes. Experimental (solid curve) and theoretical (dashed curve) 
temporal pulse shapes for the pump input and pump output showing various degrees of 
pump depletion. Experimental energies of the input pump were (a) 0.05 ImJ (b) O.lOmJ 
and (c) 0 .21 mJ. The percentages of the expected intensity which gave the best theoretical 
fit to experimental data were (a) 92% (b) 92% and (c) 90%. The excellent agreement 
indicated that the scaled plane wave theory works surprisingly well for stimulated Raman 
scattering in a MFC.
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Figure 48 Stokes pulse shapes. Experimental (solid curves) and theoretical (dashed 
curves) temporal pulse shapes for the Stokes input and Stokes output. The Stokes input 
pulses (the curves at lower power) were used as input for the theoretical calculation. The 
labels (a), (b) and (c) refer to the same shots described in Figure 47 for the pump 
depletion.



151

-1 5 0  -1 0 0  - 5 0  0 50
FREQUENCY (MHz)

Figure 49 Spectral lineshape of Stokes input. Experimental (solid curves) spectral 
profiles measured with a Fabry Perot. Also plotted are the Fourier transfonns (dashed 
curves) of the input Stokes temporal profiles shown in Figure 48. These show that the 
input Stokes pulse was near transfonn limited for the shots studied.
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The spectral profiles for the above three shots are shown in Figure 49 as the solid 

curves. Also shown by the dashed lines is the Fourier transform calculated from the 

Stokes input temporal pulse shape plotted in Figure 48. We see that the input Stokes 

pulse for these shots was near transform limited and did not exhibit any multi-structure 

spiking due to quantum fluctuations seen previously.

Using the MFC, we found no evidence for second Stokes emission, backward Stokes 

emission or anti-Stokes emission. We estimate our detection sensitivity at 10"9J. Since 

our Stokes output is typically IO 4J, this means that these emissions have an intensity 

which is less than 105 of the Stokes beam. The absence of these emissions was 

mentioned at the end of Chapter 5.

We want to compare the observed Stokes growth and pump depletion with the plane 

wave, transient Raman Equations 2.75, 2.76, and 2.79 scaled to account for the focussing 

in the multi pass cell. For these calculations we used a computer program similar to 

ENLSRS.FOR which is listed in Appendix B. The plane wave gain coefficient a  was 

taken from Bischel and Dyei-54 as a  = 2.5 x 10-9cm/W. The Raman linewidth, T, used 

was r=488MHz (FWHM)13 appropriate at IOatm (9.34 amagats) pressure O f  H2. The cell 

length /-1.93m  and the confocal parameter &=38cm.

The results of the numerical integration are shown in Figure 47. The theory (dashed 

line) is plotted on top of the experimental data. The experimental temporal input pulse 

shapes shown in Figures 47 and 48 were used as theoretical inputs for the pump and 

Stokes. Tlie overall timing of the pulses used in the calculation was that measured for the 

shot except that slight changes in the location of the input Stokes of ~500psec were done 

in two cases to account for inaccuracies in the experimental digitizing technique. The 

only free parameter used in the theory was the input pump intensity which turned out to 

be approximately 90% of the expected value given by Equation 5.26 in each case. The 

specific values of the percentages which gave the best fit are listed in the figure caption.
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The major sources of uncertainty in the comparison come from the value of a  which was 

measured to an uncertainty of ±16%55 and from the accuracy of our energy detectors 

which are expected to be accurate to ±5%. Thus we expect our overall accuracy to be in 

the range of ±17%. As expected the overall gain predicted by the scaled plane wave 

theory agrees with the experimental measurements within our experimental accuracy. 

However, we see that the amount and shape of the pump depletion is also predicted quite 

accurately by the scaled plane wave theory. This agreement in the pump depletion 

regime may be related to spatial averaging from the multiple foci o f the Multi Pass Cell 

(MPC).

The absence of second Stokes emission, backward Stokes emission, and anti-Stokes 

emission is due to the low gain per pass in the MPC and the dispersive effects in the H2 

gas. Perry et al.56 have shown that for a focus in a single pass cell, the ratio of anti-Stokes 

to Stokes energy is very dependent on the confocal parameter of the focussed pump beam 

and dispersion in the medium. Basically, they found that dispersion can lead to a phase 

mismatch over the confocal parameter which can prevent significant emission due to four 

wave mixing. Extrapolating their results for scattering in H2 to our confocal parameter of 

38cm, we expect that the anti-Stokes output will be < IO'3 of the Stokes output intensity 

for a single focus. When the gain is distributed over 13 passes in a MPC, the ratio will be 

even smaller. Since the anti-Stokes intensity scales as the pump intensity squared57, the 

ratio will be < IO"5. Dispersion in the cell windows and losses in the MPC mirrors will 

reduce this ratio even further. A similar ratio is expected for second Stokes emission due 

to four wave mixing. Thus, it is not surprising that for our experimental situation, we see 

no evidence of these emissions since the level expected is less than our detection 

sensitivity. Backward Stokes emission is also expected to be small since the laser pulse 

length (~20nsec) is shorter than the total cell propagation time (~50nsec), so that gain for 

the backward Stokes emission is significantly smaller than in the forward direction.
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Thus, only forward Stokes emission occurs to a significant degree. Finally, it should be 

noted that this technique is limited to laser intensities low enough so that the Raman gain 

is distributed over the multiple foci in the MFC.

Soliton Generation and Decay

In the previous section, it was shown that the plane wave SRS equations are 

appropriate for single mode amplification through pump depletion in a multi pass cell. 

For the soliton generation experiment, the theory and experiment are the same except the 

input Stokes pulse now contains a TC phase shift. We find that, as expected, a soliton 

pulse is initiated every time a TC phase shift is placed on the input Stokes beam and, as 

with the previous experiment in the IR, the amplitude of the soliton pulse varies 

considerably shot to shot. An example of a pump pulse containing a soliton peak is 

shown in Figure 50. Due to the resolution of our detectors and oscilloscopes this soliton 

peak is too narrow to accurately compare with theory.

Although the amplitude of the peak in Figure 50 cannot be accurately measured, it is 

clear that the location of the soliton peak is behind the initiating phase shift. Tliis 

demonstrates that the soliton is drifting towards the back of the pulse as it propagates. 

Tliis was predicted by the exact soliton solution given in Equations 2.85, 2.86, and 2.87.

A physical discussion of the slower than the speed of light soliton propagation was given 

in Chapter 5.

Since the soliton pulse narrows with increased pump depletion, the pump energy was 

experimentally attenuated to -IOOpJ at the input to the Raman amplifier so that the 

expected soliton pulse would be nearly resolvable with our detection system which had a 

resolution of ~1.2nsec (FWHM). The Stokes beam had an energy of ~2|aJ at the input to 

the amplifier. For the data shown, the electrooptic T t phase shift was fired at 32nsec ■
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Figure 50 Experimental example of a soliton induced by art phase shift. The Stokes 
seed is also shown to indicate the position of the phase shift. This soliton pulse is too 
narrow for an accurate amplitude measurement but, it clearly shows that the soliton is 
traveling slower than the speed of light.

which resulted in the formation of the soliton pulse near 33.Snsec in the center of the 

pump depletion. We found that every time we fired the Pockels cell, a pulse similar to 

that shown in Figure 51 was formed. However, we found that the amplitude of the 

soliton pulse varied considerably shot to shot similar to the variations shown by the 

theoretical curves in Figure 41.

Calculations similar to those used in the previous section were performed using the 

input fields for the shot shown in Figure 51. The result of this calculation for zero 

detuning is shown as the dashed curve. The Tt phase shift location was taken to be 

32.25nsec which is close to the experimentally measured value of 32nsec. The input
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Figure 51 Typical experimental pump output from the amplifier showing the soliton 
pulse (near 33.5nsec) fonning in the middle of the pump depletion. The input pump is 
shown for comparison. Note the experimental pulse (solid line) does not reach full 
amplitude as predicted by the theory for the on resonance case (dashed line). The 
theoretical soliton pulse is slightly above the pump due to the intensity in the input Stokes 
beam.

pump energy was taken to be a free parameter and the best fit was obtained with a pump 

energy of 87% of the measured pump energy which is within our expected uncertainty of 

±17%. As can be seen in Figure 51, the calculated fit to the pump depletion and soliton 

location is very close to the experimental pulse except that the amplitude of the soliton 

pulse does not match for this calculation which assumed exact resonance (Ae = 0).

To generate statistics for comparison with the theoretical soliton amplitude 

distribution presented in Chapter 5, 240 shots, which had approximately the same level 

of pump depletion as the shot in Figure 51, were recorded. The fractional amplitude
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distribution of the evolving soliton pulses for these shots is plotted in Figure 52. The 

shots were grouped into bins of size of 0.04MHz and were plotted as a histogram as 

shown.
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Figure 52 Experimentally measured distribution of induced soliton amplitudes. The
theoretical prediction is also shown (dashed curve). To obtain this good fit, a CT2 cutoff of 
0.002 was used.

Overall it appears clear that the observed frequency variations caused by quantum 

fluctuations are the significant cause of soliton decay. It would have been instructive to 

know what fraction of the shots were not used because their spectrum was too broad or 

double peaked. We estimate that roughly one third of the shots were discarded. Tlie 

theoretical curve in Figure 52 was generated by discarding 43.3% of the theoretically 

generated shots. If fewer shots were discarded, the theory would give more small
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amplitude solitons. Therefore our estimates would predict somewhat more soliton decay 

than is observed. The final point is that, as we predicted, the theory predicts that 

quantum fluctuations have a large enough effect to give the observed soliton decay.

Spontaneous Soliton Generation

In addition to the solitons generated using induced Tt phase shifts, we have observed 

soliton pulses occasionally when we did not fire the phase shifter. We believe these are 

the spontaneous solitons predicted by Englund and Bowden.35’36 The phase shifts that 

lead to spontaneous solitons originate from the initiating quantum fluctuations.

To see that phase shifts can result from the initiating noise, the coherent modes 

description is helpful. The first (on average most liighly excited) mode does not contain a 

TC phase shift but all other modes do. The modes have a Tt shift whenever their envelope 

passes through zero. For example the second mode shown in Figure 4 has a phase shift 

located at approximately 2.5nsec and the third mode contains two phase shifts. Recall 

that the amplitude of the modes are added together to generate a Stokes seed for 

propagation through the nonlinear amplification region. Because the modes are 

statistically excited, for some shots the second or even the third mode could be dominant. 

However, the occurrence of a near perfect n  phase shift is rare. The modes are added 

together with a complex random phase. If one looks in either the real or the imaginary 

quadrature, the field envelope will often cross through zero. On the other hand it will be 

rare to find the envelopes in both quadratures crossing through zero at the same temporal 

location. Wlien the zero crossings occur at slightly different times the result is a near n 

phase drift. Our numerical calculations have shown that a phase drift will result in a 

soliton-like pulse with a reduced amplitude. The faster the phase drift, the larger the 

soliton amplitude.
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It should be possible to predict the amplitude distribution of spontaneous solitons 

using the coherent modes theory. This would probably be a difficult problem because of 

the large amount of phase space available. Even if only the first three modes are 

considered, the level of excitation of each mode had a broad probability distribution and a 

random phase.

Calculations performed by Englund and Bowden used the c-number approach and 

large ensembles to generate a theoretical amplitude distribution. Their results are shown 

in Figure 53 for three values of the pressure dependent Raman linewidth. These results 

show that large amplitude solitons (or equivalently near perfect K phase shifts) are rare. 

Phase drifts occur more often resulting in more small amplitude solitons.

Figure 53 Tlieoretical distribution of spontaneously generated soliton amplitudes for 
three values of F. These results were calculated by Englund. Tlie Raman linewidth for 
the middle curve is closest to that used in our experiment.
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The experimental setup that was used to observe spontaneous solitons was vety 

similar to that used in the quantum fluctuation experiment discussed in Chapter 4. The 

major difference was that the temporal profile of the residual pump pulse from the Raman 

generator was monitored instead of the output Stokes pulse. The input temporal pump 

pulse was also monitored along with the spectrum of the Stokes pulse.

An example of a spontaneous soliton is shown in Figure 54 along with the input pump 

pulse. For compiling statistics 1000 shots were observed. Out of 1000 shots, we 

observed 99 solitons with fractional amplitudes that ranged from 0.03 to 0.82. Every shot 

with a soliton was photographed, several of which were digitized. The digitized input 

and output pump pulses were then scaled such that the temporal wings of the output pulse 

matched the input pulse. The average scale factor for the shots that were digitized was 

also used as the scale factor to calculate the fractional amplitude for the shots that were 

not digitized. From the digitized data, the scale factor was found to have an uncertainty 

of 9%. Only solitons that occurred in the region between the temporal halfheights of the 

undepleted output pump signal were recorded. The fractional height of a soliton was 

defined as the height of the soliton measured from its base divided by its maximum 

possible height as determined from the input pump. The soliton shown in Figure 54 had 

a fractional amplitude of 0.48. The distribution of fractional amplitudes for the 99 

solitons observed is shown in Figure 55 in a histogram.

As can be seen from the distribution in Figure 55, most of the solitons observed did 

not have large amplitudes. As noted above, recent measurements with solitons initiated 

with TC phase shifts have shown that soliton decay can occur from frequency shifts in the 

Stokes beam. Since the Stokes beam coming from the Raman generator is driven by 

quantum fluctuations, we expect the growing Stokes beam to have shot to shot variations 

in frequency. Tliese frequency variations and their relation to quantum fluctuations have 

recently been reported. However, the probability distribution shown in Figure 55 is
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Figure 54 A typical spontaneous soliton in the depletion region of the output pump pulse. 
The input pump is shown for comparison. Also note the large asymmetry between the 
front and back of the pump pulse due to transiency.

dramatically different from the distribution of soliton amplitudes measured with 

electrooptically induced K  phase shifts in the Stokes seed. This indicates that these 

spontaneous solitons are initiated from a distribution of phase shifts as suggested by 

Bowden and Englund. Note that the height scale starts at 0.2 in Figure 53.

The data shown in Figure 55 was taken for shots with a depletion region larger than 

approximately IOnsec but smaller than approximately 20nsec. Since the soliton’s 

halfwidth is dependent on the amount of depletion, we expect narrower solitons in the 

shots with long depletion regions than in those with short depletion regions. In computer 

simulations of spontaneous solitons where we used a small seed with a K phase shift, 

solitons in the back part of the depletion region had wider halfwidths than those in the
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Figure 55 Experimentally measured distribution of spontaneous soliton amplitudes. The 
smaller amplitude solitons are more probable as predicted by the theory.

front. This trend was observed qualitatively in our data.

Due to the finite rise time of our oscilloscope, the above noted differences in 

halfwidths of the spontaneous solitons slightly modifies the distribution. The heights of 

the narrower solitons are diminished more than the wide ones. Naturally, the finite rise 

time of the oscilloscope also skews the measurements of the halfwidths of the solitons. 

Yet we were still able to observe large variations typically ranging from 1.1 to 1.7 nsec.

The existence of a soliton is due to the repletion of the pump, which comes about 

when the Stokes field has a K phase shift. Stokes pulses without tu phase shifts are 

typically near transfonn limited with a smooth single peak. Clearly, the power spectrum 

of a  pulse with a TC phase change in it has to have more structure than one without. As
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expected, the Stokes power spectrum of each shot with a spontaneous soliton was 

observed to have more structure than most of those without solitons. Some of these 

spectra showed distinctive double peaks. Conversely, a few shots with considerable 

structure on the Stokes power spectrum did not exhibit solitons. One possible 

explanation for this could be that the initiating quantum phase wave was complex or did 

not yield an abrupt TC shift.

Out of the 1000 shots recorded, we observed only one shot with two spontaneous 

solitons. Since we saw single solitons in approximately one in ten shots, we expected to 

see double solitons in approximately one in one hundred shots, or ten from our sample of 

one thousand shots. Thus our data indicates that the presence of one soliton may inhibit 

the formation of another. To test this conjecture we ran a computer simulation with the 

semi-classical equations for two closely spaced K phase shifts in a Stokes seed. After 

amplifying the Stokes seed by approximately the same amount as spontaneous emission 

is amplified in the Raman generator, we found that no solitons resulted when the two
I

phase shifts were closer than 2.4nsec. However, when the phase shifts were separated by
!

3nsec, the two soliton pulses appeared to evolve independently. Thus the interaction I

between closely spaced solitons may explain the dearth of shots with multiple solitons.
j

We have also observed spontaneous solitons in a cell of 30atm H2. However, due to I

the finite response time of our oscilloscope, we chose to present the data from the 

experiment using IOatm H2 which produced broader solitons. ■
.I
I
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CHAPTER I  

CONCLUSIONS

Iii addition to achieving our original goals, this research project produced several 

unexpected results. Results included the verification of predicted novel quantum and 

nonlinear optics effects. Other results were more applied and added to the understanding 

of frequency down converting using SRS which is an important method of tuning a laser.

Another important result is that all of us involved in this research learned a great deal 

about the field of quantum and nonlinear optics and have had an enjoyable time doing it.

To begin the list of conclusions, the spectral fluctuation results will be reviewed.

Spectral fluctuations in the Stokes field were discovered during the testing of a computer 

controlled scanning Fabry Perot interferometer using a collimated input Stokes beam 

geometry. It had been predicted33 that solitons would decay if the Stokes seed was off 

resonance. We had planed to scan the Fabry Perot across the gain narrowed Stokes line 

to produce Stokes seeds which could be slightly off resonance as well as an on resonance.

It was expected that the output intensity from the Fabry Perot would trace out a nice 

gaussian shape as the mirror spacing was scanned. When the experiment was done, the 

peaks were easily seen but they were extremely noisy. In fact for some shots, very little

light came through the interferometer even when it was tuned to the center of a peak. I
;

Even with what we have since learned about fluctuations in the Stokes spectrum, the 

scanning Fabry Perot approach to studying soliton generation should be profitable.

However, one would have to live with large fluctuations in the seed intensity. !

Subsequent experiments using a Stokes pulse from a Raman generator and increased :

i
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hydiogen pressure clearly demonstrated that the Stokes spectrum had large shot to shot 

fluctuations. For these experiments a diverging beam geometry was used so that the 

spectrum of each pulse could be measured. One of the more challenging parts of the 

research project was understanding and quantitatively describing these fluctuations. 

Because the laser used to pump die single pass Raman laser was found to be stable except 

for occasional mode hops, we believed that die fluctuations were arising from the 

quantum initiation of the Stokes pulse.

Usually, quantum initiation problems are treated using cavity or periodic boundary 

conditions. Although there is nothing wrong with using cavity modes for treating a 

single pass laser, this choice is not very intuitive. The results from our research show that 

the more intuitive choice of localized coherent modes17 are appropriate for treating Stokes 

pulse initiation and amplification for cavityless SRS. Calculations based on the coherent 

modes theory did indeed show that the observed spectral fluctuations were of quantum 

origin.

Further calculations using c-number evolution equations and weak random noise to 

simulate the vacuum field also produced the observed spectral fluctuations41. Tliese 

calculations were used to generate statistics for Stokes pulses from a Raman generator.

To determine these statistics, an ensemble of 880 single shot Stokes pulses were 

calculated and then spectrum was found by Fourier transformation. For each member, 

the central or average frequency was calculated along with the width or standard 

deviation. There were two important findings from these calculations. First, a histogram 

of the location of the central frequencies had a width which was narrower than the gain 

narrowed linewidth. We refer to this width as the phantom linewidth. When the 

phantom linewidth was added in quadr ature with the Fourier transform of the average 

Stokes pulse envelope, the gain narrowed linewidth was obtained. The second important 

result was finding the distribution of central frequencies for pulses which were near
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single peaked. When a histogram of central frequencies was compiled using only Stokes 

pulses whose spectrum consisted of predominantly a single spike, the width was less than 

the phantom linewidth. Near single peaked spectra have a small standard deviation 

which was used for sorting them out of the 880 member ensemble. TMs result was 

important for predicting the statistics of soliton decay.

The spectral fluctuations studies gave insight into when quantum fluctuations will be 

important in the Stokes spectrum. If the spectrum of the pump laser is broader than the 

gain narrowed linewidth, the quantum fluctuations will be indistinguishable from 

fluctuations in the pump laser. If a narrow band pump is used but the duration of the 

Stokes pulse is so short that its transform limit is narrower than the gain narrowed line 

width, there will be no room for quantum fluctuations. On the other hand, if the Stokes 

pulse is so long that its transform limit is much narrower than the gain narrowed 

linewidth, quantum fluctuations will be present but they may not be resolvable. This is 

because the characteristic frequency scale for the spectral fluctuations will be given by 

the transform limit of the pulse envelope. Thus if the pulse envelope is too long, the 

spectral fluctuations will be faster than the response time of the detectors. The spectral 

fluctuations should be most dramatic when the gain narrowed linewidth is a few times 

broader than the transform limit. This allows room for the fluctuations but not for so 

many fluctuations that they tend to average out.

Before going on to the soliton results, there is one final conclusion from the numerical 

calculations. The average spectrum of the Stokes pulse does not change through pump 

depletion. Tliis is true even though the envelope of every Stokes pulse changes 

considerably as the pulse is amplified through depletion. The pulse duration increases by 

roughly a factor of three and due to saturation and the pulse envelopes becomes smooth.

In spite of these changes, the phase variations in the pulse prevent the average linewidth 

from narrowing through depletion.
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All of our experiments and calculations used a single transverse or spatial mode. 

When higher transverse modes are considered, large fluctuations in the spatial beam 

profile result. These fluctuations have been recently studied by Raymer et al58.

The initial goal of reliably generating solitons in SRS was partially fulfilled. Soliton 

pulses were produced in a Raman amplifier but their amplitude varied from shot to shot. 

This was not disappointing because the variations gave us another tool for studying 

quantum fluctuations. We believe that given a spectrally stable Stokes seed source, 

solitons could be reliably generated. What was important for us was being able to 

understand the soliton amplitude fluctuations and predicting the distributions of soliton 

amplitudes.

When we began our study of soliton formation in SRS it had been predicted that Tt 

phase shifts in the Stokes seed would lead to soliton formation. Earlier experiments had 

used fast Pockels cell switching to stretch the seed pulse by a half wavelength. One of 

our early findings was that by using an amplitude modulated phase shifter, as described 

in Appendix C, the Pockels cell could switch slowly and still produce an abrupt it phase 

shift. Tliis further simplified the experiments because the voltage supplied to the Pockels 

cell did not need to be accurately adjusted.

The exact soliton solution predicts that the speed of the soliton will be slower than the 

speed of light in the medium. Our measurements clearly show that the location of the 

soliton pulse drifts toward the back of the input pump pulse. Tliis drift shows that the 

gain was reversed so that molecules were indeed being driven from the sparsely 

populated vibrational state back to the ground state.

Due to quantum fluctuations, the Stokes seed will have phase variations across its 

temporal pulse which produce the observed spectral fluctuations. Tlie spectral 

fluctuations cannot be produced from amplitude variations because the Stokes intensity 

is stable from shot to shot except for an occasional spontaneous soliton. The phase
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variations lead to a detuning of the Stokes seed causing varying degrees of soliton decay 

as the solitons form in the amplifier. We measured the distribution of soliton amplitudes 

and also theoretically calculated the same distribution. The first calculations, which used 

the gain narrowed linewidth to predict the distribution of detunings, failed to agree with 

experiment. This gave clear evidence that gravity waves were influencing the 

spontaneous initiation of the Stokes seed. Further calculations using the phantom 

linewidth gave somewhat better agreement but still predicted too many small amplitude 

solitons.

When the soliton decay experiment was performed, the spectrum of the input Stokes 

seed was monitored. Those pulses which had a multiple peak or were clearly broader 

than transform limited spectra were discarded. When the theoretical predictions of the 

Stokes seed detuning distribution were again calculated by discarding the multiple 

peaked and broad spectra, the width of the distribution was narrower than the Phantom 

linewidth. Using this detuning distribution, the soliton decay distribution was found and 

it fit the experimental data quite well. The good agreement is strong evidence that 

quantum noise is the predominant cause of soliton decay in SRS.

The final important result of this research was the verification of the predicted 

spontaneous soliton. Theoretically, the spontaneous solitons are initiated by quantum 

noise during the initiation of the Stokes pulse. We observed these solitons and measured 

their amplitude statistics. Because only a small fraction (roughly one in ten) of the shots 

contain spontaneous solitons, 1000 shots were observed for compiling statistics. This 

was still not enough to get a smooth distribution but the distribution that was obtained 

qualitatively agreed with the predicted results. The spontaneous soliton is another 

example of a macroscopic fluctuation which is a result of quantum noise.

This research left some unanswered questions for further study. We would like to 

measure and calculate the amount of noise which is added to a weak Stokes seed as it is
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amplified in a Raman amplifier. For the experiments that have been carried out, it is not 

possible to distinguish the initiating quantum noise from the noise added by collisions 

and spontaneous emission in the amplifier. An experiment is planned which will split a 

Stokes pulse from a Raman generator and use it to seed two identical amplifiers. Ifthe 

seed is extremely small the spectral fluctuations in the Stokes pulses from the two 

amplifiers will be uncorrelated. On the other hand if the seed is much larger than the 

noise added in the amplifier, the fluctuations will be completely correlated. Studying the 

transition between these two limits will add understanding to the noise added during 

amplification.

The theory of using localized radiation modes for describing pulsed and cavityless 

systems also needs to be further developed. It has recently been pointed out58 that the 

creation and annihilation operators for the coherent modes only approximately satisfy the 

normal commutation relations. For our calculations, this was not a problem but it does 

point out that the coherent modes expansion may be a poor choice for other systems. A 

thorough understanding of localized modes will make the interaction of pulsed light with 

quantum systems more intuitive.
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SLOWLY VARYING ENVELOPE APPROXIMATION
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In Chapter 2, the Slowly Varying Envelope Approximation (SVEA) was used to pull 

slowly varying functions outside of integrals containing an oscillating exponential. The 

following is a mathematical justification of this approximation. As an example, consider 

the driving tenn D  with the following fonn

D  =J^ f i t ' ) exp(z'tofVt '  (A.

where the function/(f) is slowly varying compared to the oscillating exponential. 

Typically,/(f) varies on the time scale of nanoseconds and the oscillation period is on the 

order of a femtosecond, making the SVEA a very good approximation. To show this, the 

function/(f) is expanded in a Taylor series as

(A .2).

Inserting Equation A.2 into AT, the driving term becomes 

D = X - ^ j  t ,n exp(i(x)t')dt' (4.3)

Using the integration formula #521 from CRC StandardMathematical Tables42, the 

integral is replaced by a sum to give
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D — \ n nh'"~r )
"=Ofil  Ie x p (Z C O fy)  I  ( - I ) ' ' ----------------------------

I V=ov (n -/OICzcor-1J
044)

Separating the r — Q and r — I terms, tliis sum can be written as

D  =Cxp(ZCOfy)I  E  b„
'/zl(zco)

K t m- 1
(n -  l)!(z'co)2

+ X b
«=2 "r=2 (n -r)!(zco)''+'j 0

(A .5)

which can be written in terms of the function/and its derivatives as

D = expo-copj/cr / ( Q i ZyCfy) i j  (-i)"/'(fy)| r 
i f® (z co)2 (z'co)3 »=3 (zco)"+1 J 0

(A.6)

When the slowly vaiying envelope approximation is made only the first teim is kept. To 

see that this is by far the largest term examine the ratio of the second teim to the first and 

die ratio of the third tenn to the second which are

R f i t ' ) and R32 = f i t ' )
(/4.7)

Because the function/which represents the envelope function varies on the time scale of 

nanoseconds and CO is on the order of 1/femtosecond, R21 and R32 will be on the order of 

IQ-6Justifing the SVEA. Typically, only the part of D  which oscillates at CO which
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corresponds to the upper limit is important. The lower limit will give a tenn which 

oscillates at the wrong frequency to drive the transition. Evaluating at the upper limit and 

using Equation A.2, we have

D (A .8)

This result is equivalent to pulling the slowly varying function outside of the integral and 

evaluating the integral at t' = t.
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APPENDIX B 

COMPUTER PROGRAMS
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Figure 56. Computer program Gbuild.

REM ******************p r o GRAM GBUILD************************ 
REM THIS PROGRAM GENERATES THE TWO TIME CORRELATION 
REM MATRIX THIS PROGRAM WAS WRITTEN USING QUICK 
REM BASIC VERSION 4.0 
REM
******* ****H=***Hi ******************* ***************************

DECLARE SUB POLINT (XA#(), YA#(), JE!, NI,
Y#, DY#, C#(), D#())

REM
**************************************************************
REM
REM INPUTS
REM THE FUNCTIONAL FORM OF THE PUMP PULSE 

SIG = 15.61: REM CHARACTERISTIC PUMP WIDTH 
DEF FNEL (X) = EXP(-(X - TC) A 2 * TSIG)

REM
REM THE TIME RANGE OVER WHICH TO EVALUATE
REM THE CORELATION

TS = 15: REM START TIME G(TSjTS)
TE = 45: REM TO END TIME G(TEjTE)
TC = 30: REM TEMPORAL CENTER OF PUMP PULSE PULSE

REM
REM THE RAMAN LINE WIDTH

GAM = 4.92: REM HWHM rad/sec = 4.92 for 10 atm.
REM
REM THE RAMAN GAIN COEFICIENT

SMU = 100: REM (2 SQR(K1 K2 L))
REM
REM THE DIMENTION OF THE TWO TIME CORRELATION MATRIX 

NN = 89: REM NUMBER OF POINTS
REM
REM THE PARAMETERS USED IN THE INTEGRATION
REM SUBROUTINE POLINT

EPS = .00001: JMAX = 20: K = 5: KM = K + I
REM THE PARAMETERS USED TO DECIDE IF ELEMENTS OF THE 
REM CORELATION MATRIX ARE TOO SMALL TO WORY ABOUT 

EPS2 = .00001
REM THE TIME RANGE OVER WHICH INTEGRATION IS DONE 

TRNG = 50
REM
***************************************************************
REM OUTPUTS
REM THE CORRELATION MATRIX WHICH IS SAVED IN A FILE 
REM WITH THE NAME WHICH IS INPUT ON THE NEXT LINE 

INPUT "NAME OF FILE TO SAVE MATRIX IN"; NAM$
REM THE MATRIX IS NORMALIZED SO THAT ITS LARGEST
REM ELEMENT IS I
REM
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Figure 56. Continued.

***************************************************************
REM DIMENTION ARRAYS 

DIM GT#(NN, NN)
DIM D#(10), C#(10), XA#(5), YA#(5), S#(21), H#(21)

REM
**********************************************************.„„.*,,.*
REM OUT PUT THE AVAILABLE MEMORY LEFT

PRINT "AFTER DIMENSIONING ARRAYS FRE(""), FRE(O),
FRE(-l)
REM
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ * * * ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^

REM DEFINE FREQUENTLY USED VARIABLES
GMAX# = 0: REM GMAX# IS THE LARGEST ELEMENT 
TSIG = I /  (2 * SIG a 2)
MU = SMU * SMU 
TGAM = 2 * GAM
NORM = MU /  SIG /  SQR(3.14159): REM 2 K l K2/SIG/SQR(PI) 
DT = (TE - TS) /  NN '

REM DEFINE FREQUENTLY USED FUNCTION
DEF FNXPO# = EXP(-GAM * (T l + T2) * 1#)

REM
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ * ^ ^ ^ ^

REM CALCULATE DIAGONAL ELEMENTS OF THE MATRIX 
150 FOR M = 0 TO NN - I 

T2 = M * DT + TS 
T l = T2 + .0001 
XPO# = FNXPO#
AXP# = -GAM * (Tl + T2)

GOSUB 700 
GOSUB 500 

TA = T l 
TB = T2 

GOSUB 400
TMPR# = (FT# * XPO# + INTVAL#) /  Q# /  Q#
GT#(M, M) = NORM * FNEL(Tl) * FNEL(T2) * TMPR#

REM PRINT DIAGONAL ELEMENTS AND FIND THE
REM LARGEST ELEMENT

PRINT "M,N fGT(MlM)", M, GT#(M, M)
IF GT#(M, M) > GMAX# THEN GMAX# = GT#(M, M)

NEXT M
REM
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

REM CALCULATE SMALLEST ELEMENT SIZE TO BR RETAINED 
GMIN# = GMAX# * EPS2

REM
***************************************************************
REM CALCULATE ELEMENTS IN THE UPPER RIGHT TRIANGLE 
200 FOR NMS = I TO 2 * NN - 3

FOR M = INT((NMS - I) /  2) TO 0 STEP -I
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Figure 56. Continued.

N = NMS - M
IF N > NN - I THEN EXIT FOR 
T2 = M * DT + TS 
T l = N * DT + TS 
XPO# = FNXPO#
AXE# = -GAM * (Tl + T2)

GOSUB 700 
GOSUB 500 

TA = T l 
TB = T2 

GOSUB 400
TMPR# = (FT# * XPO# + INTVAL#) /  Q# /  Q#
GT#(M, N) = NORM * FNEL(Tl) * FNEL(T2) * TMPR# 
PRINT "M,N,GT(M,N>", M, N, NMSj GT#(M, N)
IF GT#(M, N) < GMIN# THEN EXTT FOR 

NEXT M \
NEXT NMS

REM
*****=k*********************************************************
REM FILL OUT LOWER TRIANGLE OF THE SYMETRIC MATRIX 
REM AND SAVE THE MATRIX 

OPEN "O ', #3, NAM$
J = O
FOR M = 0 TO NN - I 

FOR N = 0 TO NN - I 
J = J + I 
IF N  < M THEN

GOUT = GT#(N, M) /  GMAX#
PRINT #3, J, GOUT 

ELSE
GOUT = GT#(M, N) /  GMAX#
PRINT #3, Jj GOUT 

END IF 
NEXT N
GOUT = GT#(MJ M) /  GMAX#

NEXT -M 
PRINT "DONE"
END

REM
***************************************************************
REM CALCULATE THE INTEGRATED POWER IN THE 
REM PUMP PULSE FROM TA TO TC 
400 REM ****SUB Q****

X# = (TA - TC) /  SIG 
GOSUB 1000

ERFC1# = ERFCC#
X# = (TB - TC) /  SIG 

GOSUB 1000
Q# = SMU * SQR(ERFCC# - ERFC1#) * .707106781# .
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Figure 56. Continued.

RETURN
REM
***************************************************************
REM CALCULATE THE CONTRIBUTION FROM THE
REM INITIAL POLARIZATION
500 REM ****SUB F****

TA = Tl 
TB = 0

GOSUB 400 
Q10# = Q#
TA = T2 

GOSUB 400 
Q20# = Q#
X# = Q10#

GOSUB 3000 
111# = BESS 1#
X# = Q20#

GOSUB 3000 
112# = BESS1#
X# = Q10#

GOSUB 2000 
101# = BESS0#
X# = Q20#

GOSUB 2000 
102# = BESSO#
FT# = Q l0# * 111# * 102# - Q20# * 112# * 101#
RETURN

REM
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

REM CALCULATE THE INTEGRAND FOR THE LANGEVIN INTEGRAL
600 REM ****SUB G****

TA = T l 
TB = TP 

GOSUB 400 
Q10# = Q#
TA = T2 

GOSUB 400 
Q20# = Q#
X# = Q10#

GOSUB 3000 
111# = BESS1#
X# = Q20#

GOSUB 3000 
112# = BESS1#
X# = Q10#

GOSUB 2000 
101# = BESSO#
X# = Q20#

GOSUB 2000
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Figure 56. Continued.

102# = BESSO#
G# = Q10# * 111# * 102# - Q20# * 112# * 101#
RETURN

REM
***************************************************************
700 REM *****SUB INTEGRAL*****

IF T2 = 0 THEN ESTTVAL# = 0: RETURN 
TL = T2
TZR = T2 - TRNG 

GOTO 710
IF T2 = 19 * DT THEN 

FOR KJW = I TO 40 
TP = KJW * TL /  40 

GOSUB 600 
ARG# = TGAM * TP 
FX# = G# * EXP(ARG# + AXP#)

NEXT KJW 
END IF

710 H #(l) .= I
FLG$ = ""
FOR JQ = I TO JMAX 

GOSUB 4000 
IF JQ < K THEN 720 
REM PRINT "GOING TO POLINT;

CALL POLINT(H#(), S#(), JQ, K, SS#, DSS#, C#(), D#Q)
REM PRINT SS#, DSS#
IF ABS(DSS#) < EPS * ABS(SS#) THEN FLG$ = "S": EXIT FOR 

720 S#(JQ + I) = S#(JQ)
H#(JQ + I) = .25 * H#(JQ)

NEXT JQ
IF FLG$ = "" THEN PRINT "TOO MANY STEPS"
INTVAL# = SS#
RETURN

REM
******* ******************************
REM RETURNS THE VALUE OF THE ERFC FUNCTION
REM EVALUATED AT X#
lOOO REM *****SUB ***********

Z# = AB S (X#)
T# = I /  (I + .5 * Z#)
W# = T# * (-.82215223# + T# * .17087277#)
TMPR# = -1.13520398# + T# * (1.48851587# + W#)
U# = T# * (-.18628806# + T# * (.27886807# + T# * (TMPR#)))

TMPR# = 1.00002368# + T# * (.37409196# + T# * (.09678418# +
U#))

ERFCC# = T# * EXP(-Z# * Z# - 1.26551223# + T# * (TMPR#)) 
IF X# < 0 THEN ERFCC# = 2 - ERFCC#
RETURN
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Figure 56. Continued.

REM
***************************************************************
REM RETURNS THE VALUE OF THE FUNCTION Io 
REM EVALUATED AT X#
2000 REM ***BESS0***

IF ABS(X#) < 3.75 GOTO 2010 
AX# =. AB S (X#)
Y# = 3.75 /  AX#
W# = Y# * (.02635527# + Y# * (-.01647633# + Y# *

.00392377#))
U# = Y# * (-.00157565# + Y# * (.00916281# + Y# *

(-.02057706# + W#)))
TMPR# = .01328592# + Y# * (.00225319# + U#)
BESS0# = (EXP(AX#) /  SQR(AX#)) * (.39894228# + Y# * (TMPR#))

GOTO 2020
2010 Y# = (X# /  3.75) a 2

W# = Y# * (.2659732# + Y# * (.0360768# + Y# * .0045813#))
U# = Y# * (3.5156229# + Y# * (3.0899424# + Y# * (1.2067492#

+ W#)))
BESS0# = 1# + U#

2020 RETURN 
REM

i ***************************************************************
REM RETURNS THE VALUE OF THE FUNCTION Io 
REM EVALUATED AT X#
3000 REM ***BESS1***

IF ABS(X#) < 3.75 GOTO 3010 
AX# = ABS(X#)
Y# = 3.75 /  AX#
W# = Y# * (-.02895312# + Y# * (.01787654# + Y# *

(-.00420059#)))
U# = Y# * (.00163801# + Y# * (-.01031555# + Y# * (.02282967#

+ W #)»
TMPR# = -.03988024# + Y# * (-.00362018# + U#)
BESS1# = (EXP(AX#) /  SQR(AX#)) * (.39894228# + Y# * (TMPR#))

GOTO 3020
3010 Y# = (X# /  3:75) A 2

. W# = Y# * (.02658733# + Y# * (.00301532# + Y# * .00032411#))

U# = Y# * (.87890594# + Y# * (.51498869# + Y# * (.15084934#
+ W#)))

BESS I #  = X# * (.5# + U#)
3020 RETURN 
REM***************************************************************
REM USES THE TRAPISOID RULE TO PREFORM THE INTEGRAL 
4000 REM ***SUBROUTlNE TRAPZD****
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Figure 56. Continued.

IF JQ = I THEN 
TP = TZR 

GOSUB 600
ARG# = TGAM * TP
FO# = G# * EXP(ARG# + AXP#)
TP = TL 

GOSUB 600 
ARG# = TGAM * TP 
FTL# = G# * EXP(ARG# + AXP#)
IF FTL# * EPS < FO# THEN PRINT "DECS. TZR FOR T2=" T2 
S#(JQ) = .5 * (TL - TZR) * (FO# + FTL#)
IT = I 

ELSE
TMN = IT
DEL = (TL - TZR) /  TMN 
TZ = TZR + DEL * .5 
SUM# = 0 
FOR J = I TO IT 

TP = TZ 
GOSUB 600 

ARG# = TGAM * TZ 
FX# = G# * EXP(ARG# + AXP#)
SUM# = SUM# + FX# .
TZ = TZ + DEL 

NEXT J
S#(JQ) = .5 * (S#(JQ) + (TL - TZR) * SUM# /  TMN)
IT = 2 * IT 

END IF 
RETURN

REM
************5k**************************************************

REM THIS SUBROUTINE TAKES THE LIMIT OF THE INTEGRATION 
REM FROM THE TRAPASOID INTEGRATION ROUTINE

SUB POLINT (XA#0, YA#(), JE, N, Y#, DY#, C#(), D#())
JS = JE - N  
NS = N
FOR I = I TO N 

C#(I) = YA#(I + JS)
D#(I) = YA#(I + JS)

NEXT I
Y# = YA#(NS + JS)
NS = NS - I
FOR M = I TO N - I

FOR I = I TO N - M
HO# = XA#(I + JS)
HP# = XA#(I + M + JS)
W# = C#(I + I) - D#(I)



188

Figure 56. Continued

DEN# = HO# - HP#
IF DEN# = 0 THEN PRINT "ERROR" 
DEN# = W# /  DEN#
D#(I) = HP# * DEN#
C#(I) = HO# * DEN#

NEXT I
IF 2 * NS < N - M THEN 

DY# = C#(NS + I)
ELSE

DY# = D#(NS)
NS# = NS# - I 

END IF
Y# = Y# + DY#

NEXT M 
END SUB
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Figure 57. Computer program Control.

REM **************** CONTROL PROGRAM *******************
REM THIS PROGRAM KEEPS TRACK OF THE NUMBER OF ENSEMBLE 
REM MEMBERS THAT HAVE BEEN GENERATED.
REM WHEN THE DESIRED NUMBER OF MEMBERS HAS BEEN 
REM GENERATED. THIS PROGRAM GOES INTO AN INFINATE LOOP. 
REM TO CONTINUE THE COMPUTER IS RESET.
REM THIS PROGRAM WAS WRITTEN USING QUICK BASIC 4.0 
REM ****************************************************
REM
REM INPUTS
REM THE TOTAL NUMBER OF MEMBERS CALCULATED AND THE 
REM TOTAL NUMBER OF MEMBERS LEFT TO CALCULATE ARE 
REM SAVED IN THE PROGRAM "CNTR.DAT"
REM ****************************************************
REM OUTPUTS

OPEN "I", #9, "CNTR.DAT"
INPUT #9, NESS. NESL, TXT1$
INPUT #9, NDONS, NDONL, TXT2$
INPUT #9, NORDER, TXT3$

CLOSE 9
PRINT "NUMBER OF SMALL SHOTS DONE", NDONS 
PRINT "TOTAL NUMBER OF SHOTS DONE", NDONL 
IF NDONL = NESL THEN

PRINT "LARGE ENSOMBOL COMPLETED"
PRINT "RESET COMPUTER TO CONTINUE"

100 GOTO 100 
END IF
OPEN "O", #9, "CNTR.DAT"

PRINT #9, NESS, NESL, TXT1$
PRINT #9, NDONS, NDONL, TXT2$
PRINT #9, NORDER, TXT3$

CLOSE 9 
END
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Figure 58. Computer program Fldens.

REM **************** PROGRAM FLDENS.BAS ******************** 
REM THIS PROGRAM GENERATES A SET OF TVPTCAT T V 15 
REM ENSEMBL EMBMBERS BEFORE DEPLETION TO BE USED AS A 
REM STOKES SEED IN THE NONLINEAR PROPAGATION PROGRAM
REM ********************************************************

DIM EI(90), FLD(2, 15, 100), B(90, 90), AV(90)
REM ********************************************************
REM
REM INPUTS
REM NUMBER OF SEEDS TO GENERATE -LOADED FROM 
REM "CNTR.DAT" THE NORMALIZED EIGENVALUES -LOADED
REM FROM "NEVAL.DAT" THE MATRIX CONTAINING THE
REM EIGEN VECTORS -LOADED FROM "VECTOR.DAT"
REM THE ORDER OF THE MATRIX -LOADED FROM "CNTR.DAT"
REM THE NUMBER OF MODES TO CONSIDER -G IVE VALUE
REM FOR "NV"

NV = 3
REM *********************************************************
REM
REM OUTPUTS
REM THE OUTPUT IS A TWO DIMENTIONAL ARRAY TYPICALY 
REM 15 X 89 CONTAINING THE SET OF 15 STOKES SEEDS 
REM THE SEEDS ARE SAVED IN THE FILE "STOIN.DAT"
REM *********************************************************

OPEN "I", #9, "CNTR.DAT"
INPUT #9, NESS, NESL, TXTl$
INPUT #9, NOONS, NDONL, TXT2$
INPUT #9, NORDER, TXT3$

CLOSE 9
OPEN "O", #9, "CNTR.DAT"

PRINT #9, NESS, NESL, TXT1$
PRINT #9, NDONS, NDONL, TXT2$
PRINT #9, NORDER, TXT3$

CLOSE 9
REM ***********************************************************

NN = NORDER: ENAM$ = "NEVAL.DAT"
BNAM$ = "VECTOR.DAT": NES = NESS 
RANDOMIZE TIMER

REM ***********************************************************
OPEN "I", #5, BNAMS 
FOR M = I TO NN  

FOR N = I TO NN
INPUT #5, DUM, B(M, N)

NEXT N  
NEXT M
OPEN "I", #2, ENAMS 

FOR I = I TO NN 
INPUT #2, EI(I)

NEXT I
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Figure 58. Continued

N2 = NN
FOR J = I TO NV

FOR NE = I TO NES
THA = 2 * 3.14159 * RND(I)
LM = EI(N2)

10 R l = RND(I)
WEI = SQR(-LM * LOG(l - R l))
FOR I = I TO NN

FLD(1, NE, I) = WEI * COS(THA) * B(I, N2) 
+ FLD(1, NE, I)

FLD(2, NE, I) = WEI * SIN(THA) * B(I, N2) 
+ FLD(2, NE, I)

NEXT I 
NEXT NE 
CLOSE 8 
N2 = N2 - I 
NEXT J
OPEN "O", #4, "STOIN.DAT"
FOR NE = I TO NES 

FOR I = I TO NN  
A = FLD(1, NE, I)
B = FLD(2, NE, I)
AV(I) = AV(I) + A A 2 + B A 2 
IF ABS(A) < IE-20 THEN A = O 
IF ABS(B) < IE-20 THEN B = O 

PRINT #4, A, B 
NEXT I 

NEXT NE
OPEN "O", #9, "TAVE.DAT"
FOR I = I TO NN 

PRINT #9, I, AV(I)
NEXT I 

END
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Figure 59. Computer program Bfft.

c THIS IS A FAST FOURIER TRANSFORM PROGRAM BFFT.FOR 
c IT IS OUTLINED ON PAGE 393ff OF 
c NUMERICAL RECIPIES
c THE TRANSFORM IS TAKEN FOR A BATCH 
c OF 15 ENSEMBLE MEMBERS
c

REAL*8 WR,WI,WPR,WPI,WTEMP,THETA 
COMPLEX CZ(514)
DIMENSION X(514),Y(514),Z(514)
DIMENSION DATA(4096),XP(-1600:1600),DR(-1600:1600), 

* DI(-1600:1600),AVE(-1600:1600)
CHARACTER *1 NAME(26)
CHARACTER *(l)ROOT 
CHARACTER *(2) FNAM
DATA NAME/’A ’/ B ’/C ’/D ’/E ’/ F ’/G ’/H ’/ I ’/ r / K ’/L ’,

’M 7 N 7 0 7 P 7 Q 7 R 7 S 7 T 7 U 7 V 7 W 7 X 7 Y 7 Z 7
MF=I
ROOT=’? ’

* ’THIS IS A FAST FOURIER PROGRAM, FOR A FORWARD
* TRANSFORM, ENTER I, FOR AN INVERSE, ENTER -I,
* AND TO STOP THE PROGRAM, ENTER 0. ’
* READ (*,*) ISIGN
* IF (ISIGN.EQ.O) STOP
* 5 FORMAT(A20)
* WRITE(*,*) ’KINDLY INPUT FILE NAME TO BE TRANSFORMED
* READ (*,5) FNAME
* WRITEC*,*)’DATA IS IN ONE REAL COLUMN=I,
* * TWO REAL COLUMNS=2, ONE COMPLEX =3 ’
* READ(*,*)NTYP
* WRITE(*,*) ’Number of data points? (Must be 2**n)’
* READ (*,*) NN
* WRITEC*,*) ’NUMBER OF POINTS TO SAVE ’
* READ(*,*) NSA
* WRITEC*,*) ’NUMBER IN ENSEMBOL ’
* READC*,*) NES 

ISIGN=I 
NTYP=2
NN= 1024 
NSA= 128
OPEN(17,FILE=’CNTR.DAT’,STATUS=’UNKNOWN’)
RE AD( 17, * )NES 
DO 400 IBIG=I,NES 
MF=MF+1
FNAM=NAME(MF)ZZROOT 
WRITEC*,*)MF,’ ’,FNAM
OPEN(UNIT=20,FILE=FNAm ,STATUS=’UNKNOWN’)
OPEN (UNIT = 10,FlLE=NAME(MF) ,ST ATUS=’ OLD ’)
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* OPEN(UNIT=St),FILE= ’TRA.DAT ’ ,STATUS=’ UNKNOWN’)
PI=3.14159

c This section for imaginary input.
IF(NTYP.NE.3) GOTO 65 
RE AD(10,*,END=55)(X(I),CZ(I),1=1,512)

55 NPTR=I
56 NPTR=NPTR+1 

IF(X(NPTR).EQ.O.AND.X(NPTR-1).EQ.O.)GOTO 57 
GOTO 56

57 NPTR=NPTR-I 
X M N=X (I)
XMAX=X(NPTr )
WRITE(*,*),XM N,XM AX’,XMN,XMAX
MPTR=O
NDEF=NN-NPTR
NL0=NDEF/2
NHI=NDEF-NLO
DEL=(XMAX-XMIN)Z(NPTR-I)
DO 60 J=1,NN 
IF(J.LE.NLO)THEN

DATA(2*J-1)=0
DATA(2*J)=0

ELSE
IF(J.LE.NLO+NPTR)THEN

MPTR=MPTR+1
DATA(2*J-1)=REAL(CZ(MPTR))
DATA(2*J)=IMAG(CZ(MPTR))

ELSE
DATA(2* J-1 )=0 
DATA(2*J)=0 

END IF 
END IF

60 CONTINUE
c This section for real input.

65 IF(NTYP.NE.2)GOTO 75
READ(10,* ,END=66)(X(I), Y (I),Z(I) ,1=1,512)

66 NPTR=I
67 NPTR=NPTR+1 

IF(X(NPTR).EQ.O.AND.X(NPTR-1).EQ.O.)GOTO 67 
GOTO 67

69 NPTR=NPTR-2
X M N =X (I)
XMAx =X(NPTR)
WRITE(*,*)’XMIN,XMAX’,XMN,XMAX
MPTR=O
NDEF=NN-NPTR
NLO=NDEF/2
NHI=NDEF-NLO
DEL=(XMAX-XMIN)/(NPTR-1)
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DO 72 J= I,NN  
IF(J.LE.NLO)THEN 

DATA(2*J-1)=0 
DATA(2*J)=0

ELSE
IF(J.LE.NLO+NPTR)THEN 

MPTR=MPTR+1 
DATA(2* J-1 )=Y (MPTR) 
DATA(2*J)=Z(MPTR)

ELSE
DAT A(2*J-1)=0 
DATA(2*J)=0 

END IF 
END IF

72 CONTINUE
75 IF(NTYP.NE.l)GOTO 100

READ(10*,END=80)(X(I),Y(I),1=1,512)
80 NPTR=I
81 NPTR=NPTR+1 

IF(X(NPTR).EQ.O.AND.X(NPTR-1).EQ.O.)GOTO 83 
GOTO 81

83 NPTR=NPTR-2
XMIN=X(I)
XMAx =X(NPTR)
WRITER,*)'XMIN,XMAX',XMIN,XMAX
MPTR=O
NDEF=NN-NPTR
NLO=NDEF/2
NHI=NDEF-NLO
DEL=(XMAX-XMIN)Z(NPTR-I)
DO 85 J=1,NN 
IF(J.LE.NLO)THEN

DATA(2*J-1)=0
DATA(2*J)=0

ELSE
IF(J.LE.NLO+NPTR)THEN 

MPTR=MPTR+1 
DATA(2* J -1 )=Y(MPTR)
DATA(2*J)=0

ELSE
DATA(2*J-1)=0 
DATA(2*J)=0 

END IF 
END IF

85 CONTINUE
100 XDEL=DEL

ZERO=X(l)/DEL 
CALL FOURl (DATA,NN,!SIGN)
DO 200 J=1,2*NN,2
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IF(J.LE,NN)THEN
K=(J+l)/2-l

ELSE
K=(J-l)/2-NN

ENDIF
IF(ISIGN.EQ.-1)DEL=1./NN

XP(K)=(DATA(J)*DATA(J)+DATA(J+1)*DATA(J+1))*DEL*DEL

ARG=2.*PI*K*ZERO/NN
DR(K)=(DATA(J)*COS(ARG)+DATA(J+l)*SIN(ARG))*DEL 
DI(K)=(DATA(J+l)*COS(ARG)-DATA(J)*SIN(ARG))*DEL 

200 CONTINUE 
XP(NN/2)=XP(-NN/2)
FNOR=I ./(NN*XDEL)
DO 300 KS=O,NSA-I 

K=KS-NS A/2
WRITE(20,*) K*FNOR,XP(K)
AVE(K)=AVE(K)+XP(K)
WRITE(30,*) K*FNOR,DR(K),DI(K)

300 CONTINUE
CLOSE (10)
CLOSE (20)

400 CONTINUE
OPEN(15,FILE=,DPAVE.DAT’,STATUS=’UNKNOWN’)
DO 500 KS=O,NS A -1 
K=KS-NSA/2
WRITEdS,*) K*FNOR,AVE(K)

500 CONTINUE
STOP 
END

SUBROUTINE FOURl (DATA,NN5ISIGN) 
REAL*8 WR5WI5WPR,WPI,WTEMP,THETA 
DIMENSION DATA(2*NN)
N=2*NN
J=I
DO 11 I=I5N,2

IF(J.GT.I) THEN 
TEMPR=DATA(J)
TEMPI=D ATA(J+1) 
DATA(J)=DATA(I)

DATA(J+1)=DATA(I+1)
DAT A(I)=TEMPR 
DATA(LfT)=TEMPI 

ENDIF 
M=N/2

I IF ((M.GE.2).AND.(J.GT,M)) THEN
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J=J-M 
M=M/2 

GO TO I 
ENDIF 
J=J+M

11 CONTINUE 
MMAX=2

2 IF (N.GT.MMAX) THEN 
ISTEP=2*MMAX
THET A=6.28318530717959D0/(ISIGN*MMAX)
WPR=-2.D0*DSIN(0.5D0*THETA)**2
WPI=DSIN(THETA)
WR=LDO
WI=O-DO
DO 13 M=1,MMAX,2 

DO 12 I=MjN jISTEP 
J=ThMMAX

TEMPR=SNGL(WR)*DATA(J)-SNGL(WI)*DATA(J+1)
TEMPI=SNGL(WR)*DATA(J+1)+SNGL(WI)*DATA(J)
DATA(J)=DATA(I)-TEMPR
DAT A( J+1 )=DAT A(I+1 )-TEMPI
DAT A(I)=DAT A(I)+TEMPR
DAT A(I+1 )=DATA(I+1 )+TEMPI

12 CONTINUE 
WTEMP=WR
WR=WR*WPR-WI*WPI+WR
WI=WI*WPR+WTEMP*WPI+WI

13 CONTINUE 
MMAX=ISTEP

GO TO 2 
ENDlF 
RETURN 
END
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Figure 60. Computer program Enscorl.

REM ***************** PROGRAM ENSCORl *********************** 
REM THIS PROGRAM CALCULATES THE FREQUENCY SPECTRAL 
REM CORRELATION FUNCTION FOR A SET OF TYPICALLY 15 
REM STOKES FIELDS BEFORE PROPAGATION THROUGH THE 
REM NONLINEAR REGION:TWO SIMILAR PROGRAMS CALCULATE 
REM THE CORELATION FUNCTION AFTER DEPLETION AND AFTER 
REM BOTH DEPLETION AND CONVLUTION. THESE PROGRAMS 
REM ARE "ENSCOR2.BAS " AND "ENSCOR.BAS".
REM *********************************************************

DIM A(2, 1030), B(1030), C(1030)
REM *********************************************************
REM INPUTS
REM THE PREVIOUSLY CALCULATED CORRELATION FUNCTION IS 
REM READ IN FROM THE FILE "C0R1.DAT"
REM THE SET OF 15 SPECTRA TO CALCULATE THE
REM CORRELATION FOR ARE READ IN FROM THE FILES "BP"
REM "CP","DP",... "PP"
REM *********************************************************
REM OUTPUTS
REM WHEN THE CORRELATION FUNCTION HAS BEEN UPDATED 
REM THE MODIFIED DATA IS SAVED BACK IN THE FTTE 
REM "CORl.DAT". BOTH THE CORRELATION FUNCTION AND 
REM THE AVERAGED SPECTRM ARE SAVED.
REM *********************************************************

OPEN "I", #9, "CNTR.DAT"
INPUT #9, NESS, NESL, TXTlS 
INPUT #9, NDONS, NDONL, TXT2$
INPUT #9, NORDER, TXT3$

CLOSE 9
OPEN "O", #9, "CNTR.DAT"

PRINT #9, NESS, NESL, TXT1$
PRINT #9, NDONS, NDONL, TXT2$
PRINT #9, NORDER, TXT3$

CLOSE 9
REM *********************************************************

PRINT "CAL. AUTOCOR. FOR SMALL ENS. # ", NDONS + I 
PRINT "PROCESSING FILE "
NES = NESS 
IF NDONS = 0 THEN 5

REM ***** IF THIS IS NOT THE FIRST SET OF 15 THEN INPUT THE 
REM ***** PREVIOUSLY CALCULATED CORRELATION DATA 

OPEN "I", #3, "CORl.DAT"
W = -I
WHILE NOT EOF(3)

W = W + I 
INPUT #3, B(W), C(W)

WEND 
CLOSE 3

REM ***** CALCULATE CONTRABUTION TO CORRELATION
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REM FROM EACH MEMBER
5 FOR I = I TO NES: REM LOOP OVER 15 SPECTRA 

NAM$ = CHR$(65 + I) + "P"
PRINT NAM$ + "
OPEN "I", #2, NAM$
J = O
WHILE NOT EOF(2)

J = J + I
INPUT #2, A (l, J), A(2, J)

WEND 
CLOSE 2
FDEL = (A (l, 2) - A (l, 1)> * 1000 
FSTP = I
NK = INT(J /  FSTP)

REM *****THIS SECTION CALCULATES < I (v) >
N Pl = I 
NP2 = I
FOR K = O TO NK

C(K) = C(K) + A(2, NP1)
NPl = NPl + FSTP 
IF NPl > J THEN EXIT FOR 

NEXT K
REM *****THIS SECTION CALCULATES < INTGRL( I(V) I(V+DV)) > 
REM LABELS THE FREQUENCY SPACING DV

FOR K = O T O  NK 
NPl = I
NP2 = K *  FSTP + NPl 

170 B(K) = B(K) + A(2, NP1) * A(2, NP2)
NPl = NPl + FSTP 
NP2 = K *  FSTP + NPl 
IF NP2 <= J THEN 170 
NEXT K

NEXT I
REM SAVE UPDATED CORRELATION FUNCTION IN FILE "CORl.DAT" 

OPEN "O", #3, "CORl.DAT"
FOR K = 0 TO NK 
PRINT #3, B(K), C(K)
NEXT K 
CLOSE 3
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Figure 61. Computer program Enters.

PROGRAM ENLSRS
%
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* THIS PROGRAM PROPAGATES A SET OF INPUT STOKES FIELDS
* THROUGH PUMP DEPLETION* *****************************************************
* INPUTS
* THE INPUT PARAMETERS ARE STORED IN THE DATA FILES
* PULSE.DAT AND AUTO.DAT. THE STOKES SEEDS ARE READ
* IN FROM THE FILE STOIN.DAT.
* THE INPUT PUMP WILL BE CALCULATED IN THE FUNCTION
* P WITH MINOR CHANGES THE PUMP CAN BE READ IN
* FROM A DATA FILE.
****
* MFLAG: SPECIFIES THE NUMBER OF COLUMNS THAT THE
* STOKES FIELDS ARE SAVED IN.
* TOS, TOP: DC SHIFT FOR THE INPUT STOKES & PUMP
* TC: TEMPORAL CENTER OF THE GAUSSIAN PUMP INPUT.
* TDMN, TDMX: TEMPORAL RANGE OF THE INPUT DATA
* NENS: NUMBER OF MEMBERS TO PROPAGATE THROUGH
* DEPLETION TYPICALY 15
* NDAT: NUMBER OF DATA POINTS TO READ IN FOR EACH
* STOKES SEED.
* TMIN, TMAX, DT: TEMPORAL RANGE FOR PREFORMING THE
* INTEGRATION AND THE TIME STEPSIZE.
* RPS, RPP: SCALE FACTORS FOR THE INITIAL FIELDS.
* C(I)= COUPLING CONSTANT ( I FOR PRESENT UNITS)
* C(2)= COUPLING CONSTANT (KAPPA1 * KAPPA2)
* C(3)= RAMAN LINEWIDTH IN RAD/ns HWHM
* C(4)= RAMAN DETUNNING
* The width of the initial gaussian pump is set in
* the function P.********************************************************
* OUTPUTS
* THE OUTPUT FIELDS ARE SAVED IN A FILE WHOOSE NAME
* IS READ IN FROM THE FILE PULSE.DAT. WHEN DOING
* ENSEMBLE CALCULATIONS ONLY THE COMPLEX STOKES
* FIELD IS TYPICALLY SAVED.********************************************************

*** STORAGE ALLOCATION
*

DIMENSION FAR(4,0:1024)
DIMENSION QAR(2,0:1024),TIME(0:1024) 
DIMENSION C(8),PTS(2,3,0:600),MAXPT(2)

*** INITIALIZATION 
*

NF=4
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NQ=2
OPEN(10,FILE=TULSE.DAT’,STATUS=’OLD’)

READ(10,*) MFLG 
READ.(10,*) TOS5TOP,TC 
READ(10,*) TDMn 5TDMX 
READ(10,*) NENS5NDAt  
READ(10*) TMIN5TMAX5DT 
READ(10,*) RPS5RPP

*

JlT=IFIX((TMAX-TMIN)ZDT)
DO 50 J=O5JlT

50 TIME(J)=FLOAT (J)*DT+TMIN
*

READ( 10,*)C( I ),C(2)5C(3)5C(4)
*
* CALCULATE INITIAL VALUES FOR FIELD STRENGTH
* REMOVE THE "*" TO INPUT EXPERIMENTAL PUMP 

OPEN(305FILE=’STOIN.DAT\STATUS=’OLD’)
* OPEN(40,FILE='PMPIN.DAT 5STATUS='OLD')
*

* LOOP FOR EACH ENSEMBLE MEMBER
* USE NENS=I TO RUN AN EXPERIMENTAL SHOT 

DO 4050 NES=I5NENS
1=0
TDEL=(TDMX-TDMN)ZNDAT

* FOR ENSEMBLE CALCULATION USE MFLAG=2
* FOR EXPERIMENTAL STOKES DATA USE MFLAG=I

IF (MFLG.EQ.2) THEN 
DO 1110 I=I5NDAT

PTS( 1,15I)=TDMN+I*TDEL 
READ(305*)PTS(152,I)5PTS(1535I)

1110 CONTINUE 
MAXPT(I)=NDAT

ELSE
1111

READ(305*5END=1112)PTS(1515I)5PTS(1525I),PTS(1535I)
* IF (PTS(l52,I).LT.O.) PTS(152,I)=0.

WRITE(*,*) PTS(1,1,1),PTS(1525I)5PTS(1,3,1)
1= 1+1
GOTO n i l

1112 MAXPT(I)=I-I
ENDIF

* REMOVE THE STARS TO INPUT EXPERIMENTAL PUMP
* 1115 READ(40*5END=1120)PTS(2515I)5PTS(2525I)
* IF (PTS(2525I).LT.O.) PTS(2,25I)=0.
* WRITE(*,*) PTS(2,15I)5PTS(252,I)
* 1=1+1
* GOTO 1115
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* 1120 MAXPT(2)=I-1
*
* THE f o l l o w in g  l o o p  u s e s  t h e  f u n c t io n  P t o  e v a l u a t e
* THE INITIAL PUMP AND STOKES FIELDS
* THE TIME T IS IN NANO SECONDS

DO 1138 1=0, JlT
T=TMIN+DT*FLO AT(I)
R2=T-T0P
FAR(2,I)=RPP*P(2,R2,PTS,MAXPT,TC)*
Rl=(T-TOS)
STP=RPS*P(1 ,Rl ,PTS,MAXPT,TC)
FAR(I1I)=STP
STP=RPS*P(3,R1,PTSjMAXPT,TC)
FAR(3,I)=STP
FAR(4,I)=0

1138 CONTINUE
*

* SAVE INPUTS FOR FIRST MEMBER IN THE SET
IF(NES EQ l  )CALL PLOT(JlT,FARjQAR,TIME)

*
** OBTAIN PARAMETERS FOR INTEGRATION IN Z DIRECTION
*

1150 NQU=O
OPEN(15,FILE=’AUTO.DAT’,STATUS=’OLD’)
READ(15,*) ZMINjZMAX,DNZ 
DZ=(ZMAX-ZMIN)ZDNZ 

1160 IC=O
*

* CALL PLOT(JlT,FAR,QARjTIME)
*

* THE SUBROUTINE SPDEAR PREFORMS THE INTEGRATION
*

1165 CALL SPDEAR(IC,FARjQAR,DTjZMIN,ZMAXjDZ,C,NF,NQ,TIME,JIT)

CALL PLOT(JlT,FAR,QARjTIME)
*
* IF FURTHER INTEGRATION IN NEEDED INPUT NEW Z
* PARAMETERS IF THE NEW ZMAX=O THEN THE GO TO
* THE NEXT MEMBER

IC=I
ZMIN=ZMAx  
RE AD( 15 ,* )ZMAX,DNZ 
1F(ZMAX.EQ.0.) GOTO 4050 
DZ=(ZMAX-ZMIN)ZDNZ 
GOTO 1165

*
4049 FORM AT(TjZ)
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4050 REWIND 15 
STOP 
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * _
********
*

Figure 61. Continued.

FUNCTION DERF(C,F,Q,NF,NQ,I)
* t h is  FUNCTION CONTAINS THE D.E.s FOR PROPAGATING THE
* REAL AND IMAGINARY PARTS OF THE FIELDS****

DIMENSION F(NF),Q(NQ),C(8)
*

IF(LEQ l)  DF=C(2)*(F(2)*Q(1)+F(4)*Q(2))
IF(I.EQ.2) DF=-C(2)*(F(1)*Q(1 )-F(3)*Q(2))
IF(I EQ S) DF=C(2)*(F(4)*Q(1)-F(2)*Q(2))
IF(I.EQ.4) DF=-C(2)*(F(1)*Q(2)+F(3)*Q(1))
IF(I.GT.4) DF=O
DERF=DF
END

****
FUNCTION DERQ(C,F,Q,NF,NQ,I)

* t h is  FUNCTION CONTAINS THE D.E.s FOR PROPAGATING THE
* REAL AND IMAGINARY PARTS OF THE POLARIZATION****

DIMENSION F(NF),Q(NQ),C(8)
*

IF(I.EQ.l)
DQ=-(C(3)*Q(1)-C(4)*Q(2))+C(1)*(F(2)*F(1)+F(4)*F(3))

IF(I.EQ.2)
DQ=-(C(3)*Q(2)+C(4)*Q(1))+C(1)*(F(4)*F(1)-F(2)*F(3))

IF(I.GT.2) DQ=O
DERQ=DQ
END

****
FUNCTION QINIT(LC)

* THIS FUNCTION ALLOWS FOR A NON-ZERO INITIAL
* POLARIZATIOIN
****

DIMENSION C(8)
*

IF(I.EQ.l) QINIT=O.
IF(I.EQ.2) QINIT=O.
IF(I.GE.3) QINIT=O.
END

****
FUNCTION P(NF,R,PTS,MAXPT,TC)

*
* THIS FUNCTION EVALUATES THE INITIAL FIELDS BY EITHER
* INTERPOLATING OR USING A GAUSSIAN FUNCTION.
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* THIS FUNCTION MUST BE CHANGED TO USE EXPERIMENTAL
* INPUT PUMP DATA.
****

DIMENSION PTS(2,3,0:600),MAXPT(2)*
IF (R.LT.O) THEN 

P=O 
ELSE

IF(NF. EQ. 2)THEN 
SIG=15.6146
P=EXP(-(R-TC)**2/(2*SIG*SIG))/SQRT(SIG*SQRT(3.14159)) 

GOTO 1160
* * * *

* f o r  e x p e r im e n t a l  p u m p  d a t a  r e m o v e  t h e  f o l l o w in g
* STARS AND STAR OUT THE ABOVE FOUR LINES
* P=O
* DR=PTS(NF, 1,2)-PTS(NF, 1,1)
* T=R-PTS(NF,1,0)
* NL=T/DR+.09
* IF(ABS(NL*DR-T).LT.DR*. I) THEN
* P=PTS (NP,25NL)
* GOTO 1150
* END IF
* IF(NL.LT.O) GOTO 1150
* YO=PTS(NF^jNL)
* YI=PTS(NFJ2JNL+1)
* P=(T/DR-NL)*(YI-Y0)+Y0
* 1150 CONTINUE
* GOTO 1160
*

END IF
*

IF(NF.EQ.1)NC=2
IF(NF.EQ.3)NC=3
P=O
DR=PTS(1,1,2)-PTS( 1,1,1)
T=R-PTS(IjIjI)
NL=T/DR+1
IF(NL.LT.O) GOTO 1160 

. YO=PTS(IjNCjNL)
Yi=PTSUjNCjNL+!)
P=(T/DR-NL)*(YI-Y0)+Y0 

1160 CONTINUE

*

END IF 
END
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SUBROUTINE PLOT (JIT,FAR,QAR,TIME)*
* THIS SUBROUTINE SAVES FIELDS IN A FILE WHOOSE NAME
* IS READ IN FROM THE FILE PULSE.DAT.

DIMENSION FAR(4,0:1024),QAR(2,0:1024),TIME(0:1024) 
CHARACTER FNAMEI * I ,FNAME2* 2 
READ(10,1180) FNAMEl
FNAME2=FNAME 1//’ Q ’

1180 FORMAT(IAl)
WRITER,1182)FNAME1,FNAME2 

1182 FORMAT (2X,2A4)
OPEN(20,FILE=FNAME1,STATUS=’UNKNOWN’)

* OPEN(21,FILE=FNAME2,STATUS=’UNKNOWN’)
DO 1200 J=O,JlT

WRITE(20,*) TIME (J),FAR(1,J),FAR(3,J)
* WRITE(21 ,*) TIME (J),QAR(1,J),QAR(2,J)
*

1200 CONTINUE 
CLOS E(20)
RETURN
END

*********************************************************
* THE FOLLOWING SUBROUTIND PREFORMS THE INTEGRATION*

SUBROUTINE SPDEAR(IC,FAR,QAR,DT,ZMIN,ZMAX,DZ,C,
NP,NQ,TIME,JIT)

****

DIMENSION F(4),FB(4),FIN(4),FOUT(4)
DIMENSION Q(2),QIN(2),QOUT(2)
DIMENSION FAR(4,0:1024),QAR(2,0:1024),TIME(0:1024) 
DIMENSION C(8)

*

**** INITIALIZATION
*

JlZ=IFIX((ZMAX-ZMIN)ZDZ)
* J1T=#STEPS

DT2=DT/2. I
DZ2=DZ/2. I

* ;
* IF IC.GT.O: THE FOLLOWING BLOCK IS SKIPPED. AND THE i
* CALCULATION BEGINS IN BLOCK 2000 WITH FAR AND QAR
* DEFINED IN THE PREVIOUS RUN
* i

IF(IC.GT.O) GOTO 2000
*
* ** INITIALIZE FAR AND QAR j
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Figure 61. Continued.

*
Z=ZMIN

%
DO 1030 1=1,NQ 
QAR(I,0)=QrNn\I,C) 

1030 CONTINUE
*

DO 1090 J=IJlT
*

DO 1040 I=IjNF 
F(I)=FAR(IJ-I) 

1040 CONTINUE

DO 1050 I=IjNQ 
QIN(I)=QAR(IjJ-I) 

1050 CONTINUE

T=TMIN+DT*FLO AT( J-1)

DO 1060 I=I NQ *
QOUT(I)=QIN(I)+DT2*DERQ(C,FJQIN,NFjNQjI) 
Q(I)=QINflHD^DERQ(CjFjQINjNFjNQjI)

1060 CONTINUE

T=TMIN+DT*FLO AT(J)

DO 1070 I=IjNF 
F(I)=FAR(IjJ)

1070 CONTINUE

DO 1080 I=IjNQ
QOUT(I)=QOUTfl)+DT2* DERQ(CjFjQjNFjNQjI) 
QAR(IjJ)=QOUT(I)

1080 CONTINUE

1090 CONTINUE

** * GENERAL INTEGRATION STEP FROM Z=DZ*(K-I) TO Z=DZ*K

2000 DO 2160 K =IJlZ
*
* INITIALIZE FAR AND QAR AT T=O

Z=ZMDSf+DZ*FLO AT (K-1)
T=O

DO 2010 I=IjNF 
FIN(I)=FAR(IjO) 

2010 CONTINUE
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Figure 61. Continued.

*
DO 2020 1=1,NQ 

Q(i)=QAR(1,0) 
2020 CONTINUE

*

DO 2030 1=1,NP

2030

FOUT(I)=FIN(I)+DZ2*DERF(C,FIN,Q,NF,NQ,I)
F(I)=FIN(I)+DZ*DERF(C,FIN,Q,NF,NQ,I)

CONTINUE

Z=ZMIN+DZ*FLOAT(K)*
DO 2050 1=1,NQ

QAR(I,0)=QINIT(I,C)
Q(I)=QAR(I1O)

2050 CONTINUE
*

DO 2060 1=1,NF
FOUT(I)=FOUT(I)+DZ2*DERF(C,F,Q,NF,NQ,I)
FAR(I1O)=FOUT(I)

2060 CONTINUE
*

* *** CHECK THE TIME MESH AND MODIFY IF NEEDED
*

* write(*,*) Z
*

* *** INTEGRATE SUCCESSIVELY FROM T=DT*(J-I) TO T=DT*J 

DO 2150 J=I1JlT
*

Z=ZMIN+DZ*FLOAT(K-l)
T=TIME(J)

DT=TIME(J)-TIME(J-I)
DT2=DT/2.

*
DO 2070 I=I1NF 

FIN(I)=FAR(I1J)
2070 CONTINUE

*
DO 2080 I=I1NQ 

Q(I)=QAR(I1J)
2080 CONTINUE

*
DO 2090 I=I1NF

FOUT(I)=FIN(I)+DZ2*DERF(C,FIN1Q1NF1NQ1I)
FB(I)=FTN(I)+DZ*DERF(C1FIN1Q1NF1NQ,I)

2090 CONTINUE

Z=ZMlN+DZ*FLOAT(K)
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Figure 61. Continued.

T=TlME(J-I)

DO 2100 1=1,NF 
F(I)=FAR(IJ-I) 

2100 CONTINUE

DO 2110 I= I,NQ 
QIN(I)=QAR(IJ-I) 

2110 CONTINUE

2120
*

DO 2120 1=1,NQ
QOUT(I)=QIN(t)+DT2*DERQ(C,F,QIN,NF,NQ,I)
Q(I)=QIN(I)+DT*DERQ(C,F,QIN,NF,NQ,I)

CONTINUE

Z=ZMIN+DZ*FLO AT(K) 
T=TIME(J)

DO 2130 1=1,NF
FOUT(I)=FOUT(I)+DZ2*DERF(C,FB,Q,NF,NQ,I)
FAR(IJ)=FOUt (I)

2130 CONTINUE

DO 2140 1=1,NQ
QOUT(I)=QOUT(I)+DT2*DERQ(C,FB,Q,NF,NQ,I)

QAR(IJ)=QOUt (I)
2140 CONTINUE

*
2150 CONTINUE

*

* * THIS WAS THE END OF INTEGRATION AT FIXED Z=DZ*K*
2160 CONTINUE

*

* * THIS IS THE END OF INTEGRATION UP TO Z=DZ*JIZ AND
* THE END OF THE PROCESSING BLOCKS 

RETURN
END



APPENDIX C

AMPS PHASE SHIFTER
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An amplitude modulated phase shifter uses two polarizers and a Pockels cell to 

attenuate the intensity of an input pulse to zero and then build in to its original level, but 

with a TC phase shift. The output intensity for a gaussian input pulse is shown in Figure 

33. For a horizontally polarized input beam the phase shifter consists of a Pockels cell 

which is sandwiched between two polarizers which are set to transmit horizontally 

polarized light. The input polarizer is to insure that the input beam has no residual 

vertically polarized component. The fast and slow axis of the Pockels cell are oriented at 

±45° from the horizontal. As the voltage on tire Pockels cell is raised from zero to the 

full wave voltage, the optical path length along the fast axis is decreased by a half wave 

length and along tire slow axis it is increased by a half wavelength. To show that this will 

result in an Amplitude Modulated Phase Shift (AMPS) consider the input field

Es = E 0Sm(^)Jc (CA)

where

<j) = kz -  (Of . (C.2)

After traversing the input polarizer and the Pockels cell the field can be expressed in the 

coordinate system which is rotated by ±45° as

E =
E 0

{sin(^) + s te) i '  +  s.in(<]) - sn) y "}, (C.3)

where s varies from O to I as the voltage is raised from O to the full wave voltage. The ' 

field after the exit polarizer will then be
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Eolll = E0 sin((J)) COS(J1TC) £ (C.4)

The actual TC phase shift occurs very rapidly at the point where j  = 1/2 even if the voltage 

rise time is slow.




