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Figure 3.4: Oscilloscope view showing the data obtain with the Fabry-Perot spec-
trum analyzer.

Besides measuring the Stokes power, the beam picko¤was also utilized to quan-

tify the SBS frequency shift. To do this, a Fabry-Perot spectrum analyzer scanner

was used to observe and to record the frequency shift, which is usually in the order

of GHz. The Fabry-Perot data is shown in Figure 3.4 for pump power above SBS

threshold. The SBS frequency shift can be measured by characterizing the output us-

ing the known free spectral range (FSR) of the spectrum analyzer. The Fabry-Perot

used for this research had a FSR of 8 GHz.

As demonstrated in chapter 2, we can estimate what the SBS frequency shift

would be for this experiment. Using equation 2.31 for a laser at 1.06�m, with silica

�ber of refractive index n = 1.45 and acoustic velocity of 5.96 km/s results in a SBS

frequency shift of �16.2 GHz. Since this shift is greater than the FSR of the spectrum

analyzer, we need to correctly determine which Stokes peak frequency corresponds to

which pump peak. The schematic representation of how this procedure is perform

is shown in Figure 3.5. Since the FSR of the spectrum analyzer is 8GHz, it can be
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Figure 3.5: Representation of the procedure used to measure the SBS frequency
shift.

seen here that the Stokes related to the pump is shifted by 14.1 GHz, which is the

SBS frequency shift of our system.

The last step of this experiment consisted of inserting a beam aberrator into our

system to determine if the long multimode �ber generates a backward propagating

Stokes beam within the LP01 mode regardless of the pump beam being coupled into

the �ber. The left side in �gure 3.6 shows the beam pro�le of the pump beam before

being coupled into the �ber and the right side shows the Stokes pro�le obtained

from the 62.4�m core multimode �ber after a single pass through the aberrator. By

comparing the two beam pro�les, it can clearly be seen that a Gaussian-like beam in

generated in the �ber. These results prove that when SBS is produced inside of a

long multimode �ber, a Gaussian-like beam is retro-re�ected by the �ber.

3.3 Conclusion

The results presented in this chapter are in agreement with previous experiments

carried out by various researchers through the course of several years.8;10;16 When SBS

takes place inside of a long multimode �ber the resulting Stokes beam will propagate

in the fundamental mode. It can be stated that a phase conjugate re�ection of
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Figure 3.6: Beam pro�le of aberrated beam (left) and the Stokes beam generated
before double-passing the aberrator (right).

the input beam was not produced by the long multimode �ber, that is, the SBS

medium. Instead, it was observed that SBS in the �ber produced a Stokes beam with

Gaussian-like pro�le independent of the spatial distribution of the pump beam. Thus,

when the aberrated pump beam is used to excite SBS in a long multi-mode �ber, the

SBS process has the e¤ect of cleaning up the beam aberrations to produce a clean

Gaussian-like Stokes beam.
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IV. Beam Phase Conjugation of Two Passive Channels

This chapter explores the properties of SBS, namely for the purpose of phase conju-

gating a beam in a multimode �ber. A brief review of past results and theory related

to this experiment is presented. Then, the experimental setup used to investigate this

property is explained followed by the results and how these compare to past results.

4.1 Background

Over the last three decades, optical phase conjugation (OPC) has been a major

research topic in the nonlinear optics �eld17. It provides a method by which beam

quality can be improved and by which power combining from multiple laser can be

combined.17;18

One method for beam combination suggests the use of a single master oscillator

in which the source is split into multiple beams that travel through di¤erent channels.

Each channel is individually ampli�ed and then combined to obtain a single beam with

an output equal to the combination of all the channels. This procedure proves to be

inadequate due to a phase delay created between the path length di¤erences between

these channels.6 When focusing the total output beam it is desirable to have each

individual beam match in phase in order to achieve maximum intensity in the far

�eld.

The nonlinear optics solution seeks to exploit the properties of SBS phase con-

jugation in a medium to eliminate the wavefront error produced by the di¤erences

in path length. This phenomenon has a unique feature by which any aberrations

imposed on the forward beam as it passes through a certain disturbing medium can

be removed as the beam is retro-re�ected from the PCM and retraces its path through

the same medium.

Several experiments have been developed regarding the characterization of this

SBS property. Basov et al was the �rst person to successfully correct the phase delay

between channels by separating a single laser source into two beams.19 These were

then later recombined into an SBS cell. The SBS cell acted as a PCM and the phase

4-1



conjugate output beam traveled backwards through the same path, thus correcting

the wavefront error.

Three important results were stated from his research. One of them stresses

the importance of combining all the channels into the same SBS medium. This is

due to the random SBS generation from thermal noise in a medium. Inducing SBS

inside two separate mediums would produce a random relative phase between them

such that no phase conjugation would be observed. The second statement relates the

SBS frequency shift, �B, and the allowed path length di¤erence, �L, to the relative

phase error, �, after the second pass through the aberrator as

� = �B�L (4.1)

The relative phase error requires accurate control of the optical path di¤erence

between the channels to obtain piston correction.

In another subsequent research developed by Moyer et al, SBS was investigated

with the purpose of combining multiple laser beams5. The source in his experiment

consisted of a frequency tripled Q-switched Nd:YAG laser. As shown in �gure 4.1, the

research approach to studying SBS as a PCM resided in using what he called clipper

mirrors to spatially split the source into two semicircular beams. Each beam was

then �xed to travel through its own individual channel. Two mirrors were positioned

in what is called a trombone arm, capable of moving in one dimension such that one of

the channels path length could be varied in such a way that the phase delay between

paths could be increased or decreased.

The principal diagnostic tool used to detect for piston error conjugation was the

lateral shearing interferometer (LSI), shown in the center of �gure 4.1. The LSI in

this con�guration consisted of two uncoated wedges arranged nearly parallel to each

other. Figure 4.2 shows a schematic representation of the setup using the LSI for

the two semicircular beams. The two inner re�ections from the LSI are tiled next to

each other such that the interference pattern of these beams can be observed. The
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Figure 4.1: Optical layout for overlap-coupling experiment developed by Moyer et
al.5

interference in left side is due to the �rst beam re�ecting of the two surfaces in the

LSI. The right side of the interference is due to the two re�ections of beam two from

the LSI. The middle region represents the mutual interference pattern between beams

1 and 2. As the trombone arm is displaced, the fringes in this middle region move

as a result of changes in path length between the two channels. As the phase delay

is varied, the right and left side of the interference pattern remain the same since a

beam, no matter which path it takes, interfering with itself will always give a steady

interference.

In this investigation, as well as in several others, the SBS phase conjugating

mirrors used consisted of using cells �lled with liquids or gases under high pressure17.

These expressed that when using an SBS cell, the system was very sensitive to mis-

alignment and requires the beams to be overlapped in a common focal volume within

the medium. In contrast, when optical �ber is used as the SBS medium, these align-

ments problems are eliminated because the beams are enclosed inside of the core in a

�ber such that the beams are overlapped in a long interaction length. This de�nite
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Figure 4.2: Lateral shearing interferometer (LSI) for two semicircles that travel
through di¤erent channels. The interference produced using the LSI is
the diagnostic tool to determine piston error conjugation.

advantage of using optical �bers as SBS phase conjugating mirrors motivated research

in this area.

A recent experiment concerning the use of short multimode �ber was developed

by Willis.6 Figure 4.3 shows the experimental setup for testing short multimode �ber

as a possible PCM.

In this experiment, a Nd:YAG Q-switched laser was used as the laser source.

The separation mechanism of the beams consisted of four right angle prisms arranged

fairly similar to that shown earlier by Moyer et al. The �rst right angle prism is used

as a picko¤ which spatially separates the beam into two portions. After the beams

traveled di¤erent paths, they are tiled side by side and coupled into a short (<10m)

600�m core multimode �ber. Unfortunately, as the Stokes made its way back, the

results from the LSI made using microscope slides were somewhat inconclusive and

another test was perform to determine the coherence of the beams as they left the

�ber. In short, it was determined that in fact the Stokes beams leaving the �ber

were coherent and that phase conjugation was possible for short multimode �ber.

Several problems with this method were underlined by Willis when the Q-

switched laser was implemented for this experiment. This pulsed laser lead to pulses

of very high peak power which in turn made it di¢ cult to couple the light into the
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Figure 4.3: Experimental setup of a short multimode �ber as a PCM by Willis et
al.6

�ber without damaging it. Because of this, another experiment concerning multi-

mode �bers as a PCM was developed by Grime10. In his experiment, a similar two

passive channel setup as that previously used by Moyer and Willis was developed

using a single-frequency CW laser as the input source. Additionally, the �ber length

was increased, in km, in order to reach SBS threshold using a CW source. In the

end, it was shown that phasing of two beam paths was achieved even when a spatial

conjugate of the beam was not produced due to the length of the �ber, which was

shown in chapter 3 as well as by several others researchers to produce a Stokes beam

with fundamental �ber mode LP01 for long lengths of �bers.16

The property of SBS in multimode �bers has been demonstrated to change

depending on the length of the �ber in use. Short multimode �ber produces a phase

conjugate of the pump beam coupled into the �ber. However, there is some debate

over whether SBS in long multimode �ber produces a phase conjugate of the pump

beam. In chapter 3, it was shown that SBS in long multimode �ber produces a Stokes

beam that has a spatial distribution of a Gaussian-like beam, meaning that the LP01

�ber mode is excited inside the optical �ber.
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The length at which this property changes from one to another is also debated.

One expression for the maximum �ber length in which phase conjugation can be

observed is21

L � 6r
1=2
0 c�

�!(NA)
(4.2)

where

L = maximum length of �ber

r0= allowable non-phase-conjugation fraction

NA = numerical aperture

c = speed of light

�! = Stokes frequency shift

According to the author, by taking r0 = 0:1 and NA=0:2 and using a pump

wavelength of 1064nm, the maximum allowable length of the �ber for SBS phase con-

jugation should be no more than 0.5m. Another estimate developed earlier suggests

that the allowable length of the �ber is given by22

L � 10Mc

�!(NA)2
(4.3)

where

M = coe¢ cient dependent on the mode distribution of the pump

This M coe¢ cient has an order of magnitude of around 10. This suggests that

the maximum �ber length for phase conjugation should be around 10 times greater

than that obtained with equation 4.2. This would result in a �ber of no more than

� 5m.

It is important to keep in mind that these values should better be used just as

reference. In the research implemented by Willis, it was found that a multimode

�ber � 10m in length produced the phase conjugate of the pump beam.
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In this research, a similar investigations performed. However, in this case, the

LSI and the experimental setup is implemented in such a way that the boundary

regions between the self interference of beams 1 and 2 together with the mutual beam

interference can be prominent allowing for a better distinction of fringes. By doing

so, it is shown that the beam cleaning properties of long multimode �bers, prevent

the phase conjugate of the pump beam to be excited inside the �ber.

4.2 Experiment and Results

To analyze the phase conjugation properties of a long multimode �ber, the

setup shown in Figure 4.4 was constructed. For this part of the experiment, we

utilize the same laser source described in the previous chapter. It consisted of an

NPRO with a two pass Nd:YAG ampli�er which provides a maximum output power

of �1.4W. To control the output obtained from the two pass ampli�er, a half wave

plate and polarizer are placed in the beam. By rotating the wave plate, the amount

of transmitted power can be varied. After this, a beam expander is placed in the

system. This aids in the process of spatially dividing the beam. Then the LSI is

placed where the Stokes re�ection is to be analyzed. The beam is then divided into

to halves or semicircles of equal power. The right half of the beam travels through a

straight channel and the path length is unchanged during the entire duration of this

experiment. The left side of the beam however is picked o¤ using a right angle prism

and travels through a separate channel. This channel has a movable piezo electric

stage that allows for path length variation on the order of a few wavelengths. After

both of these halves have gone through their respective channels, the two beams are

tiled side by side and coupled in the 62.5 �m core multimode �ber.

Figure 4.5 depicts the beam pro�le before each side is spatially separated into

the two channels. The right half goes through the �xed channel while the left side

is diverted to pass through a second channel, which contains the embedded movable

stage. Figure 4.6 shows the resulting beam as viewed after each beam traveled its own
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Figure 4.4: Schematic representation of the experimental setup to investigate the
SBS phasing properties.

path. Here they are recombined and aligned such that the two halves are positioned

side by side before coupling it into the �ber.

To make sure that the LSI orientation is adequately positioned so that the

fringes from the two re�ections show horizontal fringes, an HR mirror was added to

the end of the two paths, where both channels are tiled next to each other. Figure 4.7

shows the two re�ections from the LSI separated such that no interference is observed.

The two re�ections are then moved such that there is an interference pattern created

by the overlap of the two beams re�ected from the LSI. The interference pattern

obtained is shown in Figure 4.8. The left and right sides of the two re�ection are
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Figure 4.5: Beam pro�le before being separated into two channels.

Figure 4.6: Beam pro�le after beam goes through separate paths and then rejoined.
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Figure 4.7: Two re�ections from LSI.

Figure 4.8: Self-interference between the two re�ections from the LSI.

superimposed to create the self interference of the beams seen here. The right side

shows the self interference of the beam traveling through the �rst channel while the

left side shows the self interference of the beam traveling through the second channel.

Then, the two re�ections are brought together to form the interference pattern

created by the combination of beams 1 and 2. This is shown in Figure 4.9, where the

three regions of interference can be clearly depicted. Since we are using a conventional

mirror, the pro�le shows that there is no continuity throughout the three regions.

Because the fringes of the self interference of beams #1 and #2 are not aligned to the

mutual interference created by both beams, which is located at the central region of

the beam pro�le, then the beams are shown to be unphased.
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Figure 4.9: Interference showing that the beams are not in phase.

Once the LSI was characterized, the HRmirror was replaced with the multimode

optical �ber used in chapter 3 for the SBS beam cleanup properties. Enough power is

then coupled into the �ber to reach SBS threshold. Once attained, the Stokes re�ec-

tion propagating from the optical �ber was analyzed with the Fabry-Perot spectrum

analyzer to assure that there was a frequency shift. The resulting Stokes beam is

shown in �gures 4.10 and 4.11. These two re�ections are then examined using the

LSI. The result of the beam viewed through the LSI just after exiting the �ber is

shown in Figure 4.12. The two re�ections from the LSI reveals that the two semicir-

cles of beams have been cleaned and now exhibit a pro�le of a Gaussian beam. Even

when the pump beam exhibited a pro�le with two beams side by side, SBS in the

�ber generated a Stokes beam with no spatial divisions. From the results obtained in

chapter 3 and the evident Stokes output, it can be said that when the SBS threshold

is reach inside long multimode �ber, beam cleanup occurs and the generation of the

LP01 mode is obtained. This becomes more evident in the 3D plot depicted in Figure

4.11. When the two beam are combined to observe the interference properties of the

Stokes, the attained interference fringes shown across the three regions were in fact

continuous throughout the three boundaries. This demonstrates that the backward

moving Stokes immediately exiting the �ber is phased. Because the beams are phased

as they leave the �ber, no phase conjugation is expected to occur after the second

pass through the system.
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Figure 4.10: Two re�ections from the Stokes beam just after exiting the �ber. Here,
the two beam re�ections appear to be the fundamental mode LP01.

Figure 4.11: 3D pro�le of the two re�ections of the Stokes just after exiting the
�ber. The beams are now continuous and the division between the
beams has dissappeared due to beam cleanup.
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Figure 4.12: Interference pattern showing that the two sides of the beam are phased.
The re�ections that create this interference come from the two re�ec-
tions of the Stokes beam inmediately after exiting the �ber.

With results expressing that the Stokes beam right after propagating out of �ber

is in fact phased, the backward moving beam is then allowed to travel through the two

channel system once more, where each side of the beam retraces its own path back to

where the beam was originally spatially divided. By using the second LSI embedded

in our optical system, we obtain the results shown in Figure 4.13. Because of the

movement sensitivity of the system and the need for more precise way of alignment

the equipment for this experiment, it was di¢ cult to obtain a more de�ned beam as

that obtained in �gure 4.9. Nevertheless, the results show well de�ned boundaries

between each region. The three boundary regions are shown in detail. The left side

is self interference of beam #1.The right side shows self-interference of beam #2. The

mutual interference of the beams is depicted in the central region. The fringes are not

continuous across the regions as it was the case for �gure 4.12. This demonstrates that

the beams are not phased after exiting the �ber and retracing their own path. This

proves that a phase conjugate re�ection of the pump beam is was not emitted from

the �ber. Additionally, when the piezo electric stage is varied to induce a di¤erence

in path length, the interference from the central region of the beam pro�le, where the

fringes arise from the mutual interference, was the only interference being a¤ected.

Figure 4.14 shows how by changing the path length in the order of wavelengths, the

fringes can be aligned across the three regions. By using equation 4.1, it would be

expected that with an SBS shift of �16GHz and a maximum piston correction error
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Figure 4.13: Data from the lateral shearing interferometer showing discontinuity
throughout the three regions.

of 0.1 waves, the maximum path di¤erence should be of 0.19cm when phasing of the

two beam paths occurred. Experimentally, it was observed that the cyclic nature of

this optical path length di¤erence (OPD), � � 0; 1; 2:::, was manifested by moving

the piezo-electric stage by �0.4�m or for an OPD of �0.8�m. This demonstrates

that phasing of the two beam paths is not achieved. Figure 4.15 shows that for small

vibrations, the mutual fringes in the central region are washed out as a result of the

small variation in path length needed to obtain continuity across the fringes from the

three regions.

4.3 Conclusion

In this chapter the phasing properties of SBS were successfully investigated.

The optical �ber was observed to act as beam cleanup device for a beam spatially

divided into two equal halves. This result agrees with that obtained in chapter 3 were

the Stokes beam traveling in the backward direction propagated in the LP01 mode.

This demonstrated that regardless of the pump beam being coupled into the �ber, the

resulting Stokes produced a Gaussian beam pro�le. This result only states that long
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Figure 4.14: From discontinuity to continuity

Figure 4.15: LSI data showing no fringes in the mutual interference region due to
vibrational disturbance.
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(� km) multimode �ber does not exhibits the properties of a real PCM. As shown

by Willis, multimode �bers do in fact behave as a PCM but only for multimode �ber

of lengths of approximately less than 10m.

Since the backward propagating Stokes beam is phased right after exiting the

�ber, as it propagated through the two channel system once more, the beams became

once again unphased. This also suggested that phase conjugation for the pump beam

did not occur for long multimode �ber, otherwise the results from a two pass through

the system would have exhibited a phased beam only after the two passes through

the optical system.
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V. Lateral Shearing Interferometer Testing

In this chapter, di¤erent con�gurations for the LSI will be presented as well as certain

advantages and disadvantages that each device exhibited. There where a total of four

built LSI systems for the sole purpose of studying the phase conjugation properties

of SBS as originally developed by Moyer et al.5 The LSI systems consisted of a

combination of 3 optical devices, which included wedges, optical �ats, and microscope

slides.

5.1 Two Microscope Slides

Microscope slides are the most easy and inexpensive way of building an LSI. A

standard microscope slide is 75 x 25 mm and about 1.0 mm thick. They provide a

versatile way of building an LSI because if mounted into a clamp, the microscope slide

can be rotated and tilted in various ways allowing for a range of motion not possible

with other optics. In the research performed by Willis, using two microscope slides

proved to be a di¢ cult diagnostic tool to understand. Nevertheless, the LSI displayed

the continuities and/or discontinuities of the three interference regions, although the

boundaries were not easily detectable.

During the course of our research, several problems were encounter when using

two microscope slides as the LSI device for this experiment. The �rst one comes

from the fact that microscope slides are not �at. This creates the problem of not

being able to properly identify if the plates are parallel or not solely by observation.

Figure 5.1: Interference pattern obtain from a LSI consisting of two microscope
slides as performed byWillis.6 Notice that the boundary regions cannot
be easily distinguished
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Figure 5.2: Interference pattern observed when a microscope slide was used to build
the LSI. Notice that the boundaries between the regions are di¢ cult
to identi�ed as this was the case in previous experiments.

Figure 5.3: The two re�ections of an LSI consisting of two microscope slides. In-
terference shown here may be developed as the beam is transmitted
through the ampli�er.

Another problem arises from the unevenness of the slides. It was observed that when

the two re�ections from the LSI were viewed separately, vertical interference fringes

were visible. Figure 5.3 shows this interference pattern. These vertical fringes did

not indicate beam phasing and added to the confusion of the already unclear data

produced by this LSI. The fringes arise as a result of the overlap of the beams from

the two re�ections of the microscope slides surfaces. The two re�ections from the

same microscope slide cannot be separated. Additionally, when the two beams that

were tiled next to one another were not su¢ ciently parallel to each other, the vertical

fringes were observed to vary in resolution.
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Figure 5.4: Interference pattern between the two optical �ats as an LSI. The
boundaries are not easily distinguishible.

Figure 5.5: Interference of two re�ections from a single optical �at was used as a
LSI.

5.2 Two Optical Flats

Results obtained from the LSI composed of the two microscope slides suggested

that a device consisting of a more even surface might improve the quality of the LSI

beam pro�les. By using the same principles once again, two optical �ats of 25.4 mm

in diameter and 4.2 mm of thickness were aligned. The results are shown in �gure

5.4. The data collected from two LSI showed a signi�cant improvement to that of

the microscope slides. First of all, a better separation of the fringes can be detected,

allowing the user to somewhat determine the boundaries of each region.

When the two re�ections from the LSI were separated it was observed that

both of these optics showed an interference pattern. This was as a consequence of
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Figure 5.6: LSI interference using an optical �at.

the re�ections from the two surfaces of a single optical �at. It was then that the idea

to use a single optical �at as the LSI unfolded.

5.3 Single Optical Flat

By testing the viability of using two optical �ats as an LSI, it was discovered

that a single optic would give better results than the combination of two of them.

Instead of using two surfaces from two di¤erent optics, it was shown that a single

optical �at was capable of exhibiting very clearly de�ned data. As shown in picture

4.6 from chapter 4, the three regions consisting of self interference of beam 1,2 and

mutual interference are clearly visible. Notice that the data obtained with this LSI

shows in detail the boundaries of each region.

By switching from using two optical �ats to just one, it is possible to eliminate

unwanted re�ections, discarding the potential of not properly ignoring the re�ections

caused by the outer surfaces. Figure 5.5 shows the data obtained by re�ecting a test

reference beam into the LSI without aligning the optical �at. Notice that the fringes

across the two re�ections are inclined by a certain degree. By simply rotating the

optic, the fringes also rotate in such a way that the fringes are perfectly horizontal.

In this research, it was found that the degree of �atness of the optical �ats in used

were not as negligible as it was anticipated. The surfaces where not parallel with

respect to one another which would be expected from an optical �at. This meant

that it was necessary to determine by trial and error the location where the incident
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Figure 5.7: LSI built with two wedges.

beam on the LSI proved to yield better results. This usually consisted of rotating the

optic and changing the angle between the incident and the re�ected beam in such a

way to obtain an angle that was as small as possible, which usually resulted in greater

separation of the beams re�ected from the surfaces of the optical �ats.

The best advantage provided by the optical �at is that because of the �xed

distance between the two surfaces, it was possible to readjust the interference pattern

in a matter of seconds and each time obtaining a result that is not a function of the

plate separation. The optical �at worked just as if the LSI consisted of two optical

pieces built into one. In the experiment developed by Moyer et al, two wedges were

used such that the two re�ection from each wedge could be separated by a determined

distance to prevent them from combining with the inner re�ection and as a means to

obtain an additional beam for diagnostics. The wedges were also considered for this

experiment and are addressed in the next section.

5.4 Two Optical Wedges

As stated before, the original LSI as described by Moyer consisted on the use of

two wedges. The experimental data obtained during his investigation showed clearly

de�ned boundary regions. This approach seemed to be the most e¤ective device in

obtaining detailed information about the interference fringes from the LSI. The only
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disadvantage is that the plates need to be aligned and the plate separation had to

be kept constant manually. An advantage of using wedges is that the interference

pattern can be split, rotated and adjusted in any way by just adjusting the distance

and orientation between the plates. During the course of this research, a limited

amount of wedges were available and this approach could not be implemented.
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VI. Conclusion and Recommendations for Future Work

6.1 Conclusion

In this research the beam cleanup and phasing properties of a long multimode

optical �ber as a PCMwere investigated and characterized. Two di¤erent experiments

that complemented each other were studied in this thesis. The �rst part of this

research consisted in coupling an aberrated beam into a multimode �ber. By doing

so, it was demonstrated that the backward moving Stokes is the fundamental �ber

mode LP01 as a consequence of SBS in the medium regardless of the pump beam

spatial distribution.

The second part consisted of building two separate optical paths for each side

of the beam. These paths were built using right angle prisms to spatially divide a

beam into two equal semicircles. Each beam traveled its own path toward the optical

�ber. One path remained �xed while the other contained an embedded movable stage

by which the optical path length could be increased or decreased on the order of a

few wavelengths. This di¤erence in path length created a phase delay or piston error

between the beams.

To properly characterize the piston error and the phase conjugation properties

of SBS in this �ber, a LSI was utilized. Generally, it consists of two parallel plates

that create an interference pattern from the two re�ections of the two inside surfaces

of the plates. The �rst spatial distribution analyzed was the Stokes beam just after

exiting the �ber as it traveled in the backward direction. When observed using

the LSI as the diagnostic tool, it was revealed that the left and right side of the

beam phased. Additionally, it was noted that the beam had a Gaussian-like spatial

distribution which was predicted by the �rst part of this research when the beam

cleanup properties were studied.

The two sides of the beam then traveled back through their individual paths and

reached the second LSI in the system, The LSI data revealed that the interference

fringes across the three regions were not continuous thus the two beams were not

phased. The interference fringes produced by the mutual interference of the beams
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from both paths could be varied as the movable stage was displaced. By adjusting

the path, variations in the relative phase delay between the two beams were created

and observed with the LSI as the shifting of fringes in the central region.

6.2 Recommendations

Several ideas concerning the work developed in this research arise as the outcome

of the results obtained. Because phase conjugation of a pump beam for a long length

of multimode �ber has been disproved, particular questions remained. This research

determined that phase conjugation does not occur in long multimode �ber, in this

case of 4.6km, then what is the maximum length at which these �bers stop behaving

as a PCM? As seen earlier, the �ber length at which the Stokes beam changes from

a conjugate beam to an LP01 is not clear.

Research should be developed concerning the di¤erent lengths of �ber suggested

by papers for a multimode �ber to behave as a PCM. By doing so, an investigation of

PCM in multimode �ber can be implemented beginning with the largest and smallest

value obtained from several investigations. From this absolute length di¤erence, the

gap could be reduced by reducing the limits at which phase conjugation shifts to beam

cleanup. The method could be analogous to implementing the bisection method for

a given range. In this way, the value could be approximated experimentally in order

to at least obtain a more con�ned range at which this shift is believed to occur.

Concerning the future of this research, an approach to develop this concept

further would involved implementing the use of �ber ampli�ers in both paths. The

LSI con�guration should remain fairly similar such that each boundary region can

be easily determined. The acquisition of very precise mounts would guarantee that

the Stokes beam observed from either LSI could develop fairly accurate spatial beam

pro�les. In this research, several problems occurred with forcing each side of the

Stokes beam to retrace its own path individually.
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