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CHAPTER 1

INTRODUCTION

The field of nonlinear optics has always had the potential to impact other

areas of physics. The science of imaging has reaped the greatest benefit of these

techniques to date. The natural progression into other research domains consists

of replacing conventional reflectors with their phase-conjugate counterparts. This

simple idea lead to the work presented in this dissertation. Both semiconductor

laser physics and nonlinear optics are relatively mature fields that have plenty of

issues left to resolve. Their cross-fertilization enhances not only the rich physics

to be found, but also the potential for device application.

Photorefractives

The two fields of semiconductor lasers and nonlinear optics are about the

same age. Although the possibility of utilizing the higher order nonlinear effects

of materials had been suggested for some time (for example, Gabor's holograms)

it was not until the high intensities provided by the laser were available that sig-

nificant research could be done. Then the field exploded with investigations into

the second, third and higher order effects[l]. The laser also made practical holog-

raphy possible [2]. That the former could be used for the latter was discovered

almost by accident. Streaks in lithium niobate, thought to be optical damage

caused by high laser light intensities, turned out to be the photorefractive effect

[3]. This discoloration was due to an intensity dependent component of the index

of refraction. Almost immediately this property began to be investigated as a

potential mechanism for optical data storage.

Around the same time that the field of optical memory began to blossom

investigators started to exploit the third order optical susceptibility (X(3 )) of



nonlinear materials [4,5]. It was found that through four-wave mixing in ap-

propriate nonlinear materials the phase conjugate of an incident beam could be

returned. This process became known as optical phase conjugation or real-time

(dynamic) holography. The latter term is in contrast to static holograms recorded

on film. The process is actually quite similar.

When it was realized that diffraction gratings could be written in XM, or

photorefractive, media, the process of photorefractive phase conjugation was de-

veloped [6,7]. The significant feature of this phenomena is that there is a ?r/2

phase shift between the index gratings and the scattered beam. Thus energy

could be transferred between beams, and oscillation with gain could take place.

Additionally, photorefractive phase conjugators can be self-pumped [8]. A single

laser beam can write the grating, and, through either internal or external reflec-

tion, scatter off of it. The need for counter-propagating pump beams, as with

X(s) materials, is eliminated. In those, the beams are coupled through a nonlin-

ear polarization. In photorefractive media, the beams are coupled through scat-

tering off refractive index gratings, creating an effective X01). The experiments

presented in this dissertation use Barium Titanate (BaTiO3 ) as the nonlinear

medium. Many other nonlinear materials, slich as LiNiO3 , BSO, or SBN, would

exhibit similar effects. The phase conjugation is treated as to be completely

general; the results are applicable to any other material.

Semiconductor Lasers

Shortly after the development of the first lasers, lasing in semiconductor

materials was achieved [9-121. The first diode lasers were simple devices requiring

significant cooling and large current densities. This field progressed rapidly and

by the time optical phase conjugation was being researched laser diodes were

commonplace. Their appeal is enormous; they are relatively inexpensive, easy

2



to manufacture, small, compact, and energy efficient (efficiencies of greater than

60% have been attained). And for the scientist they are rich in physics. As a

result, laser diodes have not only become a common device in many everyday

applications (e.g. CD players), their operation continues to be an area of active

research [13, 141.

Optical Feedback

The great efficiency of semiconductor laser allows for lasing with relatively

low cavity reflectivities. In fact, the Fresnel reflection off the laser facet is fre-

quently sufficient. This is the case for the HLP1400 laser diode used in all of

this dissertation's experiments. The semiconductor material used in laser diodes

is optically nonlinear. The high gain, low reflectivity, and nonlinearity of these

devices makes them extremely susceptible to optical feedback. This property

can be detrimental to diode laser operation. It can also be used to control the

behavior of these lasers with respect to frequency control, stability, linewidth

and other considerations [15-19].

With the advent of nonlinear techniques, phase-conjugate mirrors were used

to replace conventional reflectors in laser cavities. The success of these efforts

spawned the field of phase conjugate resonators [20-25].

Semiconductor Lasers with Phase-Conjugate Feedback

The natural extension of the latter two fields was to investigate the ef-

fects of phase-conjugate feedback into lasers, particularly semiconductor lasers.

The research has consisted largely of two areas: Optical feedback from a phase-

conjugate mirror [26-31], and optical feedback from four-wave mixing in another

semiconductor laser [32-34]. The latter topic is somewhat removed from the

issues considered here. To date there have a number of experiments and cal-

culations conducted, however, there has been no systematic study performed.
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This dissertation is an attempt to put previous work in context, conduct new

and significant research on the subject, and examine some of the commonly used

assumptions.

Coupled Cavities

One of the primary motivations for this work was its extension to phase

locking semiconductor lasers. The coupling of cavities, indeed oscillators, is a

mature field that still receives a great deal of attention, especially with respect

to laser diodes [37-45]. Several attempts have been made to couple lasers via

nonlinear optical techniques [46-501. Of particular interest are the efforts to

phase lock diode lasers in this manner [51-541. Experiments performed by the

author prior to this work consisted of reproducing and extending that research

[55]. During the course this research a number of questions arose that had not

been addressed in previous work. They all related to one fundamental question:

how does the impact of phase-conjugate feedback differ from feedback from a

conventional mirror? The more important aspects have been studied for this

dissertation.

Introduction to the Chapters

Throughout this work the effort has been made to distinguish between con-

ventional feedback, Ideal phase-conjugate feedback and self-pumped phase con-

jugate feedback. Conventional feedback is the result of a reflection off a plane di-

electric mirror. Ideal phase-conjugate feedback considers the theoretical best case

of phase-conjugation. This can be thought of experimentally as phase conjuga-

tion due to XP3 ) four-wave mixing. The distinction is made because self-pumped

phase conjugation is not Ideal. These concepts are modeled in Chapter 2, where

the experimental geometries are introduced. They are: the Conventional Exter-

nal Cavity Laser (CECL), the Phase-conjugate External Cavity Laser (PCECL),

4



representing the Ideal case, and the Unidirectional Ring External Cavity Laser

(URECL), which is the self-pumped geometry used for the experiments. In this

chapter effective reflectivities and rate equations are derived for all three. Also

included are the assumptions and approximations used throughout the disserta-

tion.

In Chapter 3 the static behavior of the phase-conjugate external cavity is

presented. It begins with a description of the experimental set-up. The bound-

ary conditions for the phase conjugate cases are derived. This is of critical

importance for understanding the process and its potential applications. Exper-

imental evidence is used to support these findings. The quality of the coupling

is presented. Linewidth narrowing is modeled and demonstrated. Finally, the

multimode spectra of the free running and external cavity lasers are discussed.

Chapter 4 deals with the phenomena of coherence collapse. The experimen-

tal data is presented, clearly showing the onset of dramatic linewidth broadening

due to optical feedback. External cavity mode suppression only seen with a

phase-conjugate external cavity is demonstrated. The pertinent rate equations

are given and compared. The chapter closes with suggestions as to future mod-

eling.

Although whether one considers the system as a laser with feedback or a

coupled cavity is purely conceptual, the distinction is made in this work when

the nature of the feedback is considered independent of its effects on the laser.

This occurs in Chapter 5, where the beam quality aspects of the self-pumped

phase-conjugate external cavity laser are investigated. The time dependence

of the reflectivity is noted and shown to be different than that of the beam

quality. The beam quality of the ring PPCM, conventional mirror, and static

hologram is measured. A series of images is presented that dramatically show

this phenomenon, along with other interesting features of the device.

The conclusions are presented in Chapter 6. The dissertation ends with a

discussion of potential follow on research.

5



CHAPTER 2

GENERAL ANALYSIS OF THE THREE GEOMETRIES

In this chapter the external cavity semiconductor laser geometries used in

the experiments will be introduced. The first section will discuss the rationale for

choosing the unidirectional ring passive phase-conjugate mirror external cavity

semiconductor laser (URECL). The next three sections present the derivation

of the effective reflectivities for the different geometries. Following this is a

comparison of the three cases. Then the rate equations are introduced for the

conventional external cavity semiconductor laser (CECL), formed by the laser

and a plane dielectric mirror, the "Ideal" phase-conjugate external cavity semi-

conductor laser (PCECL), formed by the laser and an ideal, that is, theoretical

phase-conjugate mirror, and then the URECL. This will place the device in con-

text with previous work and provide a basis of understanding for the experiments

that follow.

Choice of the Phase-Conjugate Reflector

This work features the unidirectional ring passive phase-conjugate mirror.

The choice of this device was no accident; it was driven by several important

considerations. The irst was ensuring the generality of the work produced. The

research leading up to this dissertation was directed towards the coupling of

semiconductor lasers via the techniques of nonlinear optics. This technique is

attractive for laser phasing because of the potential for aberration correction.

Photorefractive methods are also self-aligning to some extent.

6



To date the most successful approach for coupling has been to employ a

photorefractive crystal as the nonlinear medium, specifically Barium Titanate.

This perovskite has become the workhorse of the phase-conjugation community.

Its inclusion in this work was natural. At low powers in the near infrared there

isn't anything that works nearly as well.

Phase conjugation in BaTiO3 can be achieved in several fashions but self-

pumped configurations are the most common [6]. This is because the photore-

fractive coupling coefficient of the crystal is large. Self-pumped phase-conjugate

mirrors can originate from a single pump beam, such as the Cat mirror [7] and

the Ring passive PCM [56], or they can originate from two beams, such as the

Double Phase-Conjugate Mirror 157] or the Bird-wing mirror [58]. Ideally, for a

nonlinear coupling medium, one would like a black box that returns the phase

conjugate of whatever is incident upon it. Allowing for some gross alignment,

this is virtually the case for the DPCM. It shows the greatest potential for laser

phasing, of any geometry. In that device, two independent pump beams are

crossed in the crystal, and couple into one another via the photorefractive effect.

This provides a mechanism for injection locking. The URECL mimics a DPCM

in that respect, except that only a single pump beam is used. Thus its study

falls under the self-imposed guidelines of applicability for laser phasing.

A ring geometry was chosen for its ease of use. It is simple to align, allowing

for a quick set-up. Additionally, ring PPCM's have become quite generally used

in research on photorefractive phase conjugation. Despite this, untested assump-

tions about its behavior continue to prevail. So this and related work [59] has

application outside the realm of coupling lasers because it sets several inferences

on a sound footing.

The ring was constrained to be unidirectional so that phase and intensity

instabilities (that plagues photorefractives) would not be an issue. Most of these
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fluctuations arise from grating competition [60]. In a typical photorefractive

device any two coherent beams can write a grating hologram [6]. So formed,

these gratings can couple. The interaction is unstable in time thus their reflection

or transmission strength will fluctuate. In the unidirectional ring PPCM, as in

its cousin the DPCM, the beams are constrained so that only a single grating is

written. Consequently, the reflection intensity is stable [61].

Other geometries were considered and a four-wave mixing mirror was set

up and investigated. Unfortunately, the reflectivity of this device was quite low,

less than 0.1%. This would have prohibited most of the experiments that were

planned. This device is likely to suffer from grating competition as well, making

it unsuitable for a wide range of experiments.

Effective Reflectivity for the Conventional Mirror

The differences in the external cavities are due to the nature of the reflected

light. For the bare external cavity, i.e., one possessing no gain medium, we can

consider the exit facet and external reflector an effective mirror. The effective

reflectivity, r.f, is then a function of r2, r3, (the amplitude reflectivities of the

exit facet and external mirror, respectively), and the phase delay betweer, them.

This is shown conceptually in Fig. 2.1 [621.

To determine the effective reflectivity of the CECL consider Fig. 2.2. The

electric field inside the laser is composed of E, and E,, incident and reflected

fields, respectively. If E, is expressed as a function of E,, the following is attained:

E,e'"r = E, [r2 -trr3e-" -t~r~r2e-' -.. ] (2.1)

where r is the round trip time in the cavity and w is the laser frequency with

feedback. t 2 , r2, and r5 are the Stokes parameters for dielectric mirrors. This

is the source of the minus (-) sign in the equation; it represents the ?- phase
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r1 r., t2 r3
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rff= rff (r 2 ,r 3 ,T)

r1 reff
(b)

Fig. 2.1. Schematic of effective reflectivity.
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Ring

(C)

Fig. 2.2. Schematics of the three geometries: (a) CECL, (b) PCECL, and (c)
URECL.
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shift upon reflection off a dielectric surface of greater refractive index than the

incident medium. Thus both r 2 and r 3 are negative. The increasing terms scale

with additional reflections around the external cavity. In general the amount of

light that actually couples into the gain region of the laser must be taken into

account. This is called the coupling factor "f." Although this term is added

empirically later, I have left it out here to simplify the equations for comparison

and analysis. To solve for reff, take the ratio of E, and Er

Er - -er er2r t 2 r2r 2 e -2i.r (2.2)
E r2  r2 r 2  -

If this expression is summed

reff = r 2 [1 -- r• r 2 r3e-wT)inJ (2.3)

or

reff = r2 (1 2 1- (2.4)

It follows immediately that

r 2 + r - 2r 2r3 coswr1
Irefficonv:N - l-2r 2 r3 cosrrU r + r2(r52 3 25

By squaring this quantity we get the power reflectivity. A complete discussion

of the figures with varying parameters is included later in the chapter.

It is often the convention to include only one feedback term for low external

reflectivity [15]. This is easily derived from Eq. (2.2) by simply truncating the

expression after the first term

r[ff = "2 1 •3iwr 1 (2.6)
r2 J

which reduces to

2 22 2 4 2

Irefflconv:l = Ir2 + r3 + 2(r2r 3 - r 2 r 3 )cosLr - 2r2r3 + r2r , (2.7)
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the amplitude reflectivity. Again the power reflectivity can be obtained just by

squaring this term.

Effective Reflectivity for the Ideal Phase-Conjugate Mirror

The Ideal phase-conjugate mirror has a slightly different behavior. By defi-

nition the Ideal PCM reflects the phase conjugate of the light that is incident. To

be complete, I allow the reflected light to accrue phase in the nonlinea, medium

[63]. In the conventional case, the path length in the external cavity impacted

the phase of the returned light. This is not true for the Ideal PCM. Its phase is

determined by the cavity boundary conditions (see Chapter 3) not its physical

location. It does not reverse time as much as it undoes effects of the time delay.

There is no time dependent phase because be the incident wave is reconstructed

at every point by the reflected wave. Of course, this is only true if the delay time

is less than the coherence time of the laser. The external cavity modes of the

PCM will depend on the four-wave mixing phase-matching conditions and gain

of the nonlinear media, not the resonator length. This has been established for

phase-conjugate oscillators [20-25].

In the same manner as before consider the fields E, and E, in the coupled

cavity (Fig. 2.2b). If E, is expressed as a function of E. then

Eeit e"' [E, r 2 + Et2r 3 e"pc _ Et2r2 r3 + ... - .-. , (2.8)

-o is the initial phase of the beam at the laser. tpc is any accrued phase due to

the nonlinear interaction. This term is included to keep the expressions entirely

general. Note that there is no wT term. For this analysis the cavity length must

be shorter than the coherence length of the laser. r3 is positive in this case

because there is no phase shift upon reflection. The laser does not know where
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the mirror is in space [64-66]. Take the phase out of the amplitude expression

explicitly and solve for reff

Aeo = r2 [ + - .... .. , (2.9)

I (r2

re[ = - = r2  +r2r3) r2r3)A ir 2 0 0

+ r2 r1 (e+(tp-2o) - (r 2 r3) (2.11)

2=Ir(1 2 )2- + r (1 - r 2)

I = (1 - r2r2)2"12 °3

2r 2r3(1 - r2)(1 - r 2) cos(4•pc - 20o) 1/2

+(1 - 32 r 2) 2  (2.12)
"2 "3

To get an expression for the single round trip simply truncate Eq. (2.9) after

one reflection term to find

reff -•A =r2 1+-e (2.13)

Ireff IPC:1 = 2 + r2 + r4r2 - 2r2r2

+ 2r 2r3 (1 - r2) cos(c]pc - 20o)1/2. (2.14)

The phase terms were included in the phase conjugate case to keep it general

in nature and to compare with the literature. In fact, those phase terms must

disappear due to boundary conditions. The phase is required to be

4pc - 2Do = 2nir. (2.15)

This happens because the PCM chooses where it wants to phase conjugate. There

is no node or anti-node as in a conventional mirror [64-66]. Thus the point of

reference, for lack of a better term, can be anywhere within the interaction region
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of the medium and the PCM will pick the point which satisfies the boundary

conditions. For purposes of analysis choosing the external phase equal to zero

will suffice.

In general, the epoch angle of the phase to will be zero since there is a

longitudinal node at each laser facet. But temporal instabilities could change that

condition. For the semiconductor laser, which is a nonlinear and photorefractive

medium, this is quite possible. The ideal phase conjugator does not just add a

phase of 2nir to the wave, it adjusts so that the accrued cavity phase is zero.

Naturally, the conventional cavity is under no such restraint.

Effective Reflectivity for the Unidirectional Ring

The Unidirectional Ring PPCM is a hybrid device, acting like a cross be-

tween a phase-conjugate mirror and a diffraction grating. (This mirror should

not be confused with the unidirectional ring resonator [671.) Given its impor-

tance to this work, a short discussion on the physics of the device is warranted.

A wave-mixing diagram of the mirror is shown in Fig. 2.3a. It consists of a

single-crystal Barium Titanate, two conventional dielectric mirrors, a Faraday

optical isolator, and a half-wave plate. The isolator keeps the device unidirec-

tional and the half-wave plate keeps the polarization horizontal for maximum

photorefractive coupling [6]. Note: the beam labels used here may differ from

common usage, though there is no accepted standard. Light from the laser en-

ters as Beam 1. It passes directly through the crystal, is turned by M1 and M2,

and then is redirected to cross with itself in the crystal. This is now Beam 3.

Beam 2 is formed by the asymmetric photorefractive scattering of Beam 1 in

the BaTiO3 [8]. It fans out towards the optic or c-axis. Beam 1 can write a

continuum of photorefractive gratings with this fanned light. If Beam 3 is inside

the angle formed by the c-axis and Beam 1, it can reflect off those gratings. The

14



_ _ _ _ _ _ _ _01

Mal

(a)

grating

W4-

(b)

Fig. 2.3. Unidirectional ring PCM diagrams: (a) PCM and (b) photorefractive

grating.
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light that is reflected in the direction of the laser, counter propagating to Beam

1, will satisfy the phase matching conditions for four-wave mixing and will be

enhanced via constructive interference. The other gratings will be washed out

due to destructive interference. This all takes place during the "rise time" of the

URECL. Once the fanning has ceased it is in the steady state [6]. The grating

schematic is shown in Fig. 2.3b.

This is how a DPCM is formed as well, except that the beams to be mixed

can come from two different sources (or a single source split before entering

the crystal) that enter opposite faces of the crystal [57]. Without the isolator

the process would proceed somewhat differently, the ring would be bidirectional,

and there would be grating competition between multiple gratings [60,68]. The

unidirectional ring, as well as the DPCM, has only a single grating in the steady

state [61].

Let 00 be the initial phase of Beam 1 and 'R be the phase accrued in the

crystal. The four-wave mixing phase matching condition can be written

k + k 4 = k 2 + (2.16)

where ki is the k-vector of the ith beam. Phase conjugation demands that

e'PI e'P" = ••P2 ••P3 . (2,17)

where Pi is the total phase of the ith wave. If d is the distance from the laser to

the crystal, and D is the distance around the ring, then

P, = Oo + Ik"- dI + k. -f, (2.18a)

P2 =-o + Ik dl + (2.18b)

"A = 3 o + lk " dl + JkDJ - k F (2.18c)

P)4 = A2 +A - P1, (2.19)
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P4 =Oo + kdJ + IkDI - k +OR, (2.20)

where r' is the position vector measured from some arbitrary point. It is clear

that phase delay information has been retained and that phase conjugation, in

the standard sense, has not taken place. The accrued phase is unspecified and

must be determined by the boundary conditions. If the beam travels back to the

laser it is easy to see that it will pick up another Ik. d in phase. The round trip

time r now corresponds to the total length from the laser to crystal through ring

and back to the laser. It acts as an externaJ ring cavity.

The €0 will drop out of the equations since it isn't conjugated. OR will keep

adding to each team.

A comparison with Kerr media, or X(-), four-wave mixing might be helpful.

As shown in Fig. 2.4 there are two counter-propagating pumps, Beams 1 and 2.

If they are degenerate, as is typical, their phases cancel and the phase conjugate

of Beam 3 is returned as Beam 4. No phase information of the pump beams is

retained [69]. In contrast, the UR keeps the phase of its single pump.

With this understanding the effective reflectivity of the URECL can be de-

rived in the same fashion as for the other mirrors. Figure 2.2c shows a concep-

tualization of this external cavity. Writing Er as a function of Ei

Eeiwt = Eieiwt [r2 + t 22r3ei(wr-OR) _ t2r 2 r e2i(wr-) +...] . (2.21)

Note that r3 is a positive quantity. Reflection off the Bragg angle of a grating

yields zero phase shift. By again taking the ratio of Er and Ei the following is

obtained
- =e, f = - + 2r e 2 i(w-R) + ... - .... (2.22)

Eir2 r2..

This reduces to

r 2 + r 3 e-i(w R (2.23)re -1 + r 2 r 3 e-i(wr-R)'
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4"

Fig. 2.4. Four wave mixing in Kerr type media.
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and finally,

I r + r + 2r273 COS -R) 1/2

eff rng:N 2 1+223 c+r (2.24)

The single round trip can be easily calculated. Simply truncate Eq. (2.20)

to yield

E, r [1 + •2 e+, (2.25)

and then

~2 + 2 ~2
IffIring: r 2 - 2r

-- 11/2.

+ r2' r32+ 2r2r (I -- r22)cos(wr7-. ) O (2.26)

The boundary conditions for four wave mixing demand that the reflected

wave reconstruct itself after one round trip, just as in the Ideal PCM. As men-

tioned, the reflection off a diffraction grating at the Bragg angle yields zero phase

shift. But the crystal will set the phase delay to be such that

Wr - DR= 2n~r, (2.27)

to satisfy the boundary conditions. The grating will write, inside the crystal, at

the physical location where this will happen. Any other gratings will suffer from

destructive interference. The beam still retains its original phase information so

the laser will be able to pump external cavity modes, i.e., the laser knows the

spatial location of the mirror. The modes are ring cavity modes; they lase at

A, = c/L. (2.28)

Since the response time of Barium Titanate is slow at 830 nm, the gratings

can exist in the crystal after a change in lasing or even after it is no longer

being pumped; they form a hologram [2]. (They'll easily last overnight.) For
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the experimental conditions, the medium took about two minutes to begin to

respond to a new frequency or power level. During the intermediate time the

gratings behaved like a static hologram (as opposed to the dynamic holography

of phase conjugation). So although the device will set the feedback phase as a

phase conjugator, it can act as a conventional ring cavity as well. If a grating is

written with a moderately high power pump beam (several millwatts), and the

power is reduced to less than one percent of that, the gratings can last for many

minutes, essentially providing feedback that is conventional or phase conjugate

depending on whether the phase matching conditions are still met. This will be

addressed in later chapters.

This quality makes the self-pumped photorefractive mirrors unique; the

DPCM is similar. This may lend itself usefully in the coupling of lasers, par-

ticular with respect to the problem of "overcoupling" [45].

Comparison

Figures 2.5 through 2.14 plot the effective power reflectivities of all three

geometries. The first set of figures, 2.5 through 2.9 plot the values of Rfr versus

RPtx where Rff is the effective reflectivity and Rxt is the power reflectivity of

the external reflector. The feedback phase is set to zero for this set. For each

set of five plots, the first three compare the single round trip (1RT) case with

the multiple round trip (NRT) case. The next two compare the the different

geometries versus one another, NRT and 1RT respectively.

One interesting feature for all of the curves is that the single round trip

has a different functional form than for the multiple round trip. This is not

generally considered in the study of feedback into semiconductor lasers. So while

for low values of the curve the numbers match correspond, the functions are not

behaving the same way. This could impact dynamical studies of the system, as

well as other complex analysis.
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Fig. 2.5. Effective versus external reflectivity. R2 = 0.9. (a) All cases 1 RT, (b)
all cases NRT. Solid line - CECL, dashed line - PCECL, and dotted
line - URECL.
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Fig. 2.6. Effective versus external reflectivity. R2 = 0.32. (a) All cases 1 RT, (b)
all cases NRT. Solid line - CECL, dashed line - PCECL, and dotted
line - URECL.
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Fig. 2.8. Effective versus external reflectivity. R2 = 0.01. (a) All cases 1 RT, (b)
all cases NRT. Solid line - CECL, dashed line - PCECL, and dotted
line - URECL.
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Fig. 2.9. Effective versus external reflectivity. R2 0.0001. (a) All cases 1
RT, (b) all cases NRT. Solid line - CECL, dashed line - PCECL, and
dotted line - URECL.

29



1.0-

0.8-

t:0.6-

OA

0.2-

0.0-

0.0 0.2 OA 0.6 0.8 1.0
R ext

(C)

1.0-

0.8-

0.6-

OA

0.2

0.0 -

0.0 0.2 0.4 0.6 0.8 1.0
R ext

(d)

1.0-

0.8-

0.6-

OA

0.2

0.0-

0.0 0.2 0.4 Ret 0.6 0.8 1.0

(e)

Fig. 2.9. Continued ... (c) CE CL, (d) PCECL, and (e) UREOL. Solid line -

NRT, chain dot line - 1 RT.

30



0.7

0.6

0.3

0.4-

0.0 0.2 0.4 0.6 0.8 1.0
R ext

-- (a)

1.0-

0.8-

0.6-

0.4-

0.2-

0.0- I IIII
0.0 0.2 0.4 0.6 0.8 1.0

R ext

(b)

Fig. 2.10. Effective versus external reflectivity. R2 = 0.32, phase = 7r/2. (a)
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Fig. 2.12. Effective reflectivity versus wr. R2 0.01. (a) 1 RT and (b) NRT.
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Fig. 2.13. Effective reflectivity versus wr. R2 = 0.1. (a) 1 RT and (b) NRT.
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Fig. 2.14. Effective reflectivity versus external phase. R2 = 0.1. (a) PCECL and
(b) URECL.
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Its also clear that the approximation becomes better for low values of ,.

Considering the equations, this makes sense. But, again, this is not typically

taken into account in the literature, even though laser diodes are frequently

coated for high or low reflectivity.

The CECL has a minimum reflectivity which edges back towards zero with

decreasing R2. This is due to destructive interference. As will be seen, the

URECL and Ideal PCM would suffer from this as well if they could meet the

appropriate phase conditions.

Keep in mind that all cases are covered in the models. In practice, the Ideal

PCM and Unidirectional Ring (UR) PPCM will always have a set phase. This

concept, too, is not usually considered in the study of feedback. In general, for

the conventional case the phase is set to maximize the coupling. With the phase

conjugate cases there is no choice.

For the case of -0 = 0 or 7r, the Ideal phase conjugate mimics the behavior

of the UR. This is as expected as the equations reduce to one another.

Figure 2.10 sets the delay phase at 7r/2 with R2 = 0.32. Note that the

URECL and the CECL are identical. All three are identical for the single bounce

case. This points to another problem with the approximation. Figure. 2.11 sets

the phase at ir for the same reflectivity. Its clear that the CECL and the URECL

are quite similar, only out of phase by •r.

Figures 2.12 and 2.13 plot Rjr versus phase length delay. Obviously, the

Ideal PCM is unaffected. The UR and conventional case are the same curves

shifted by 7r. Please note that the behavior of the UR in this case is as a static

hologram. When it acts as a phase conjugator it will be unaffected by delay

length change in the steady state, as shown in Fig. 2.14. Figure 2.14 also plots

the Ideal PCM versus change in phase, just to complete the model. But in reality,

only the 2n~r phase point can be reached.
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In the longitudinal mode the differences between the three geometries are

subtle. No information as to the aberration correction qualities of the mirrors

is provided in the model, since this is a function of the transverse modes. This

issue is treated qualitatively in Chapter 5. A rigorous study of the transverse

mode structure is beyond the scope of this work; indeed it would be a thesis in

itself.

A general note about all the graphs. This use of the single round trip

approximation may often be experimentally justified, but its indiscriminate use

is unwise. As the plots show, the magnitude of r2, as well as r3 , dictates the

validity of using that approach. The literature is not always clear in this respect.

Fundamental Assumptions for the Derivation of the Rate Equations

The clearest way to place the URECL in context is to compare the rate

equations and effective refiectivities of the three external cavities. By taking the

same approach to the modeling of all three, their differences and similarities will

become evident. For the rest of this section the following assumptions are made

[70], experimental considerations]:

The laser light is considered planar. In actuality, the HLP 1400 laser diode

used in this experiment has a gaussian profile. This approximation is frequently

made as it simplifies the theory. In the interactions regions of both the diode

laser and the nonlinear medium, the beam waist is much greater than the inter-

action length, a reasonable justification for the approximation. Previous work

approached in this fashion agrees well with the data.

The laser operates in a single transverse mode. For the Hitachi HLP 1400

laser diode this is true until the laser is run at above twice the threshold current.

For these experiments this limit is never reached.

The laser runs single longitudinal mode. This is exactly the case for the

free running laser for more than a few percent above threshold. Although not
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all of the experiments with feedback were performed in this regime, this at least

provides enough insight to get a grasp on the laser dynamics. kdditionally, for

the experimental observation of dynamical behavior (Chapter 4), single mode

operation is achieved through the use of an etalon in the external cavity. The

full multimode solution is, in principle, soluble, but beyond the scope of this

work.

The electric field is sinusoidal inside the laser proper. This is not strictly

true, as the gain medium is nonlinear. But it is a close approximation. The

nonlinearity of the medium is contained in the "anti-guiding" factor a, which is

the ratio of the real and imaginary parts of the susceptibility. Its importance is

evident in the rate equations.

The feedback terms are added phenomenologically. Although they can be

derived from first principles it becomes rather messy for more than one term.

Additionally, the current convention is to use this successful technique.

The coupling constant is defined empirically and is considered constant in

time. This is not strictly (for any real media) true. For Barium Titanate at 830

nm the rise time to steady state of the photorefractive grating is on the order of

twenty minutes, for these experiments. Most of the experiments are done on a

time scale that is slow compared to the rise time so this assumption is a good one.

Further, the rate equations themselves are evaluated only in the steady state. A

complete study of the dynamics, including transients, would have to include the

time dependence. This is presented in Chapter 4. The coupling coefficient, C,,

can be rigorously derived [40,70]. But it is a difficult calculation for even the

single round trip case, so in practice it is never done. The only suspicious terms

in the coefficient are the variables f and rd. f is the fractional amount of light

that is coupled back into the gain region of the laser. It can be emp'rically

derived; this is shown in Chapter 3. rd is the round trip time in the laser cavity
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and it corresponds to a photon lifetime, thus its inclusion is necessary even

in the phase conjugate case.

The anti-guiding factor, a, is defined as:

Re{An) (2.29)
Im{An}'

the ratio of the real and imaginary parts of the change in refractive index. For

my plots, I used a = -4 1711. Other works suggest a range of values values [14,

72-74]. This question has not been entirely resolved.

Rate Equations with Conventional Feedback

The above approximations are generally made in the literature, although

their justification is usually assumed. They have been included for simplicity

and universality. The approach taken follows that of Dente, et al. [74].

The rate equations for the conventional external cavity semiconductor laser

(CECL) can be written

[ 1 1]E(t)+ C I E(t -_T) + C2 E(t - 2r) +..., (2.30)

1r(t) = R - N _ G(N)IE(t)12 . (2.31)

where E(t) the the total electric field inside the laser, w(N) is the frequency of

the laser with feedback, r is the round trip time in the external cavity, r, is the

photon lifetime in the laser diode, N(t) is the carrier number, R is the pump

rate, r, is the carrier lifetime, G(N) is the carrier dependent gain. Cm is the mth

coupling coefficient, which is measurement of how well the light that has made

m round trips couples back into the gain medium of the laser. These equations

can be derived from first principles [70].

The first term on the right-hand side of 2.26 is just the electric field rate

equation for the free running laser [701. The feedback terms are added phe-

nomenologically as in Mork [751 and Park [62]. The carrier number equation is
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also standard. The effect of the external cavity on the carrier number is expressed

through its dependence on the gain and electric field.

The coupling coefficients are gleaned from Eq. (2.2) and correspond to the

reflectivity terms [15]. Thus

CM = f (1 - r2)r 3 (r 2 r3 ) _,, (2.32)
rd r 2

where f is the coupling factor mentioned earlier. It can vary between 0 and 1.

Its value is limited by the beam quality of the laser and any aberrations to the

beam. f is derived and measured in Chapter 3. The time dependent phase and

the phase delay is left in the electric field. For generality any phase terms that

are affected by phase conjugation are explicitly kept in the coupling coefficient.

(There are not any for the conventional case.) A further notational shorthand is

C = -K(r~r3 )m-l, _ =f (1 - r2)r3  (2.33)
rd r 2

Substitute this expression into 2.26 along with the following

E(t) = A(t)e(i')e'ft = A(t)eIwr, (2.34a)

E(t - mr) = A(t - m")eiO(tmr)eif(t-mr)

= A(t - mr)eiw(t-m), (2.34b)

N(t) = No + n(t), (2.34c)

G(N) = Go + gn = G(N - Nth), (2.34d)

w(Y) = + on = S1 + Il--Ign (2.34e)
2'

where A(t) is the time dependent electric field amplitude, $I(t) is the time depen-

dent phase of the laser, Q is the free running angular frequency, No and Go are
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the steady state values, n and g are the time dependent fluctuations off steady

state, and Nth is the threshold value. Note that

0(t) = (W - S)t,

- mr) = (w - )- ( - f)mr,

q,(t)=,-=,,AW. (2.35)

where Aw is the frequency change of the laser due to feedback. Substitute these

values in, and let

1 = , (2.36)
2 T

to get the result

Aei4o() "t + i(4 + n)A(t)ei'4(t)eif't

z i S + fn + 2gn) A(t)ei'O(t) eiflt

00

C .C.A(t - mr)ei0(teiatei0(mr)e-imfnr. (2.37)

In steady state

A(t) =o,

A(t) = A(t - mr) = A =_ constant,

gn - gno = AG,

On -# /3no. (2.38)

where AG is the change in gain due to feedback. Again substitute these values

and separate the equation into its real and imaginary components:

1gno = ,cRe j1- r2r3 e-WT (2.39)
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AW = e-no - Kcm (2.40)A w = l~ o -- •I 1 -- r2r s w-- - i r "

These reduce to

AG = 2K COSwT - r 2 r 3  (2.41)
2r 2 r 3 COS-WT + r2r3

AW -- I[a cos -ar2r3 + sinwr] (2.42)

1 - 2r2r3 COSWT + r 2r2 (

By keeping only one feedback term the work by Dente, et al. [741 can be

reproduced. Rewriting Eq. (2.30) and keeping only round trip in the external

cavity yields

[w() + 1G(N) - 1] E(t) + C, E(t - r). (2.43)A~t) IT

A glance at Eq. (2.6) identifies

C, = I (1-r)r3 -. (2.44)
Td r 2

Substituting this into Eq. (2.43), along with Eqs. (2.34) - (2.36), produces the

dynamical equation

A(t) + i(n2 + ý)A(t) = i(Q + fln)A(t)

+ 2gnA(t) + KA(t -,r) exp(-io(t - r) - /flr), (2.45)

which reduces, in the steady state, to

AG = 21 cos wr, (2.46)

Aw = aK COS wr + K sin wr. (2.47)

This is essentially the result of Dente, et al. This type of equation is typically

used in the literature for modeling feedback.
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The solution for the carrier number equation, Eq. (2.31) is simply achieved

by making the previous and following substitutions:

N = no + n(t),

R = R0+NoI
Iro

G(N) = Go + gn, (2.48)

and solving

A(t) =Ro +(Go +gn)JA(t)[2  n (2.49)

This equation contains no specific dependence on the feedback. In fact, it

would be the same for the free running case. The effects of the coupled cavity are

contained in the terms for the gain and the electric field. It will not be necessary

to reproduce this equation in the upcoming sections.

Rate Equations with Ideal Phase-Conjugate Feedback

The solutions for the PCECL are attained in the same fashion as the conven-

tional case. The rate equation with feedback is written the same as Eq. (2.30).

I rewrite it here as

E(t) (iw(N) + IG(N) - 1 ) E(t) + CIE(t -T) + C2E(r - 2r) +. (2.50)

In this instance the coupling coefficients will have a different form, to reflect the

phase conjugator. The coupling coefficients are taken from Eq. (2.10)

C. = f(1-r2)rs (_r2rm ),n-Ie +,(* 2*o) ODD m,
'rd r2

f _ r2
'Td r2 2 )3(-r2rS)m1 EVEN mn, (2.51)

or

Cm. c(-r 2 r 3 )"-le+i(4p-2#o) ODD m,

Cm = ic(-r 2 r 3 )m- EVEN m. (2.52)
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Note the phase differences compared to the conventional case. The inclusion

of f"/rd warrants further comment. At first thought, one might consider f = 1,

since the Ideal PCM will perfectly recreate the output of the laser. However, it

can do no more thaa return the original beam quality. If this is poor it will not

couple back into the laser gain medium as well as single-mode aberration-free

light and thus f can be less than one.

Although the phase delay is "conjugated out," the photon still has a lifetime.

The inclusion of 7; 1 has become the convention [15]. It occurs in the general

theory of using Maxwell's equations for the coupled cavities and is determined

by the boundary conditions [401.

The response time of the nonlinear media is considered instantaneous. This

allows us to use a constant Cm and keeps the equations completely valid for both

the transient and the steady state cases, unlike the URECL as will be discussed

later.

As with the conventional case substitute Eq. (2.34a), (2.34c) - (2.34e) into

Eq. (2.50) along with Eq. (2.52). In order to allow for the phase-conjugate process

use the following in place of Eq. (2.34b)

E(t - mr) = A(t - mr)e"(')e't° = A(t - m,)e-"w. (2.53)

Note now that there is no phase delay in the external cavity. This is by definition

of the phenomenon. The result is the following rate equation

,4(t)e")ein* + i(1) + $)A(t)e"tO(ef'lt = [i O + if~n + !gn] A(t)E@('t)e'Ot

+ #cA(t - r)e'*()eifte+i(,C2o) - ,cA(t - 2r)cr(')eOtr2r3

*+..- . .... (2.54)

Note that in the steady state

A* (t - mT) = A(t - (m + 1)r) = A(t) = A = constant. (2.55)
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After canceling terms, separating real and imaginary components, and solving in

the steady state Eq. (2.54) reduces to

AG = grt 2x (cos(Op . - 200) - ,2,3)AG = gno = - 1r2 2 ,(.6
--•2 r3

S22(2.56)

W r2 2 [acos(Op, - 20o) - ctr2 rs - sin(Opc 246o)]. (2.57)

As expected this has the same form as the conventional case. There is no

time dependent phase delay. Keep in mind that due to boundary conditions the

phase shift for the Ideal PCM must equal zero. This will be shown in detail in

Chapter 3. The general case is given here for the sake of comparison to previous

work [58].

To find the expression for the single round trip merely keep only the first

feedback term in Eq. (2.50)

A(t)e'#(')e'' + i( nfl)A(t)e(')eio

[if + ifln + 1gn A(t)

+ xA" (t - ,T)et) e tei(P-2o) (2.58)

Using the above assumptions this reduces to

AG = -21ccos(4pc - 20'o), (2.59)

Aw = -atecos(Op, - 2o0) + rsin(tpc - 20o), (2.60)

which agrees with the derivation of Agrawal and Klaus [58].
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Rate Equations with Feedback from the Ring

The rate equations for the URECL are solved in the same fashion as for the

other two cases. Begin with the standard Eq. (2.30)

(t) iw(t) 1 G(N) - ) E(t) + CE(t - r) + C2 E(t - r) +.... (2.61)

Now the coupling coefficients, from Eq. (2.21), take the form of

C. r22) r- s(r 2 , 3 )Mle+,. (2.62)rdt r2

Again the substitutions given in Eq. (2.34a) - (2.34e) are used. The phase delay

information is retained, just as in the conventional case.

E(t - mr) = A(t - mr)e'#(`-'')ein(`-'')

= A(t - mr)eiw(t'-) (2.63)

After all the substitutions are made Eq. (2.61) becomes

Aw(t)e"()oe'"" + i(•, + f)A(t)e"(t) emlt

[ [fl+3. " +gn] A(t)
2

+(2.64)

This reduces in steady state to

A" I
AG = -2Re r(-2r3)m -,I-e" tC-''', (2.65)

1

Aw =-fn +,,I,,,{ _(-r,'r)'-" l -"m" e•m (2.66)
1

After further algebra the end result is achieved

+ cos(wT-kR)+r 2 r3  ) (.7AG = -2r. 1 O(r R + r2• •i r,: 2 (2.67)
12r 2r 3 cos(w - OR) + r
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1+ 2r2r3 cos((wr - •'o) + r2r2

x (a cos(wr - OR ) + ar2 r3 + sin(wtr - •R)). (2.68)

A comparison with Eqs. (2.41) and (2.42) shows the similarity between the two

cases. However, note the sign differences due to the phase of the amplitude

reflectivities.

The single round trip case can be easily derived from Eq. (2.64). The rate

equation becomes

tem{ ein, + i(4 + fn)A(t)e'#(t) esnt

S(ifl + ifin + Ign) A(t)e'#(t)e'nt

+ ice' A(t - T)e#(t -t) em{(t -), (2.69)

which, in the steady state reduces to

AG = -2rcos(wr -- OR), (2.70)

Aw = -arccos(wr - OkR) - icsin(wr - OR). (2.71)

Figures 2.15 and 2.16 plot both the complete and single round trip solutions

for all cases. The differences are slight for the reflectivities shown. As t ext or

r2 is increased, they are more pronounced. However, it is interesting to note,

that the curves are quite similar for changes in external phase. This is because

although the phase conditions vary between the cases, the terms are consistent

for AG and Aw in the individual cases, thus the behavior observed. The minima

of the curves indicate the frequency that the laser with feedback will shift to.

The important point is that for the PCECL and URECL the steady

state solutions are actually single valued due to boundary conditions.
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Fig. 2.16. Change in gain versus change in frequency. R?3= 0.0001. (a) CEOL,
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Summary

Three different geometries have been introduced. They are the Conventional

External Cavity Laser (CECL), the Ideal Phase Conjugate External Cavity Laser

(PECL), and the Unidirectional Ring Passive Phase Conjugate External Cavity

Laser (URECL). The physical differences between them have been discussed.

All of the standard assumptions made are presented and the quality of the ap-

proximations are justified. The effective reflectivities of the external cavities are

derived as well as rate equations for each case.

Tables 2.1 and 2.2 compare the rate equations and effective reflectivities for

all steady state cases. The phase differences are clear upon inspection. Both of

the phase conjugate cases have boundary conditions that must be met; the effect

of these is given in the table as well.

Table 2.1. Multiple round trips with boundary conditions imposed.

CECL PCECL URECL

2 12
+eff r2 + r - 2r2r3 coswT r2 +- r r2 + r31 - 2 2 r3 cosWr + r 2 r3 -- r2 r3 1+ r2r3

AG 2ir cos wr - r2r3 --2c -2K
1 - 2r 2 r 3 cos r + r2 r3 + r2 r3 1+ r2 r3

Aa ,coswr - ar 2 r, + sinwr -K _______1 - 2r2 r3 coswr + r2 r2 +23 1+ r+ r2 r3
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Table 2.2. One round trip with boundary conditions imposed.

CECL

reff r22+ r; - 2r• rs(1 -- r) cos wr - 2r] r2, + r4 r 2•

AG 2x coswr

Aw ai cos wTr + r sin fr

PCEL
r.,f Id r2+ +2r2 r.3(1--r )- 2r r2 +4 r

2 2 r2 3

AG -21c

AWO -ax

URECL

reff j2 + : + 2r2 r3 (1-- r22) _-2r 2 r,2 + r 4 r 21.

AG -2n

There are three main differences between the CECL and the PECL and

URECL. The first is that the phase of the reflectivity, and thus the !--edback are

different. This is due to the nature of the physical processes that produce the

returned light. This is shown quite clearly in the equations through the sign of

the terms and the phases in the exponent. Second, and most important is that

the boundary conditions insist that for the PCECL and URECL the delay phase

equal an integer multiple of 2fr.

The third difference, only briefly touched upon, is the beam reconstruction

qualities of the latter two systems. Any phase front defects or aberrations will

not only be uncorrected in the conventional case, they will be compounded. The

phase conjugators will correct for aberrations. This means that a cleaner signal

will couple back into the laser. This shows up in the transverse properties of the

beam, and so is not apparent in the equations presented in this chapter.
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CHAPTER 3

STATIC AND SPECTRAL PHENOMENA

Although the dynamic behavior of a laser diode with feedback attracts the

most interest, and will be treated in Chapter 4, the static characteristics of

the external cavity semiconductor laser are interesting in their own right. This

is particularly true for Ideal phase-conjugate feedback and feedback from the

Ring PPCM. Ideal is again capitalized to emphasize its theoretical nature. This

contrasts with the Ring PPCM, which is the actual experimental device. The

distinction is made because there is some confusion in previous work as to the

nature of the feedback from nonconventional reflectors. As shown in Chapter

2, the attributes of a self-purnped PCM are different from that of a four-wave

mixing PCM.

In this chapter some of those aspects will be addressed. The chapter begins

with a description of the experimental geometry that was used throughout this

work. A derivation of the boundary conditions for the phase-conjugate and

ring external cavities follows and is supported by the experimental data. This

information allows for a calculation of the coupling factor f. Linewidth narrowing

is then demonstrated and modeled. Finally, the multimode behavior of the laser

"diode is discussed and presented, for the free-running, conventional feedback and

ring PPCM feedback cases.

Experimental Geometry

The experimental configuration used in this work is shown in Fig. 3.1. At its

heart is a Hitachi HLP1400 semiconductor laser [761. This device is a double het-

erojunction, channeled substrate, planar stripe, gain-guided GaAIAs laser, with a
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Fig. 3.1. Unidirectional ring PPCM external cavity laser.
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nominal wavelength of 825 ± 25 nm. The actual lasing wavelength is determined

by the pump current and temperature of the laser diode. It has a maximum cw

output of 15 mW; the typical operating power was 5 mW. The laser is single

longitudinal and transverse mode when free running. The lasing threshold, as

later shown, is typically 50 mA. The maximum applied pump current was 90 mA,

although it can be driven at higher currents. In general the laser was operated

between 70 and 80 mA. The laser chip is mounted on a copper stem which also

serves as ground and as a heat sink. No attempt was made to tune the laser

frequency. The lasing frequency of the laser is very dependent upon tempera-

ture. No external cooling was employed. Temperature stability was provided by

mounting the device onto a copper heat sink. Over the course of the experiment

the lasers were fairly stable, i.e., they did not suffer from significant frequency

drift or mode hopping, and they remained single mode. When the laser did not

behave in this fashion the data was not used.

This laser was chosen because they are single mode, rugged and reliable. The

open air construction makes them well suited for laboratory work. Additionally,

they are commonly used by researchers in the field. Several laser diodes were

used during the course of the experiments and their individual characteristics

noted. Since the absolute wavelength was not a concern, interchanging lasers was

not a problem if done between different experimental runs. If a laser developed

problems during a run, it was replaced and that set of measurements was retaken.

As shown in Fig. 3.1 light from the rear facet suffers from a degradation

in beam quality caused by self-interference with reflected light off the stem (it

acts as a Fresnel biprism). One fringe was screened, collected with a lens, and

directed onto an Antel AR-S2 photodiode (response time 30 ps). This, in turn,

was connected to a Tektronix MDL2755 21 GHz spectrum analyzer. This device

has a maximum resolution of 1 MHz (for this experiment).
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The front facet light was sent to the phase conjugator. It was collimated

with an NRC FL-20 objective lens (NA = 0.5, FL = 8.6 umn). Then it passed

through a beam splitter (approximately 16% R). This beam splitter sent the

output from the laser to either a CCD camera, a power meter, or a set of Fabry-

Perot Interferometers, FP1, FP2, and FP3. FP1 was a plane-plane type with

a Free Spectral Range of 4000 GHz [77] and a finesse of 300. FP2 was also

plane-plane with a FSR of 16.5 GHz and a finesse of 300. FP3 was a spherical

confocal type with a FSR of 750MHz and a finesse of 100. The outputs of the

Fabry-Perot's were sent to a digital storage oscilloscope, where they could be

viewed or sent to a plotter.

Two types of power meters were used. The first was a NRC MDL 815-

SL digital power meter with a range of from 0.2 to 2000 mW. The second was

fashioned form a large area photodiode, bias circuit electronics, and voltmeter.

This was calibrated to the previous device.

The CCD video camera was used in the beam quality measurements and

will be described in Chapter 5.

The return beam was sent by a beam splitter to either a power meter or the

beam quality measurement device, described in Chapter 5. The reflectivity of

the ring PPCM could be measured by taking the ratio of the two power meters

coupled via the beam splitter.

After the beam splitter the light was sent through a fixed position 6X tele-

scope backwards to shrink the beam. This was to get the beam diameter small

enough to send through the BaTiO 3 and keep the overlap within the crystal good.

The beam diameter out of the collimation objective was 8.8 mm X 4.0 mm, the

long direction vertical. The beam was horizontally polarized in the plane of the

laser junction.

The output of the telescope was sent through an attenuator which consisted

of two polarizing cube beam splitters on either side of a half-wave plate that

57



could be rotated. The attenuation ranged from 0% to approximately 100%, the

former figure was too low to be accurately measured. However, the reflectivity

could be kept below the amount that has an effect on laser performance.

The polarizers deflect light with vertical polarization. The output of the first

polarizer was collected with an objective and sent to the monochromator via an

fiber optic input. Greater than 30% of this light passed through the fiber. The

monochromator was a Spex 1m Czerny-Turner type spectrometer with adjustable

entrance and exit slits. The diffraction grating was blazed at 500 nm and had 600

lines/mm. The exit light could be directed to either a CCD camera connected

to a video monitor for a real-time, low-resolution image, or to a photomultiplier

tube that fed a PC. The output could be displayed and stored.

The light then entered the Barium Titanate as shown. This photorefractive

element is a single crystal of BaTiO 3 approximately 6mm on a side. It was

grown by Sanders [781. The c-axis of the Barium Titanate is normal to one set of

faces. It is uncoated; the index of refraction is 2.365 so there are some reflection

losses. Experiments were carried out at room temperature. As a consequence

the photorefractive effect was relatively weak due to the low nonlinear coefficient

at the operating wavelength.

The crystal was aligned so that the c-axis was pointing away from the input

beam and so the light would be horizontally polarized in the nonlinear medium.

After exiting the it passed through a half-wave plate, was turned by two mirrors

and then sent through a Faraday Optical Isolator from Optics for Research,

model NIR-IO5. The half-wave plate rotated the polarization to match the input

polarizer of the isolator. The isolator was set to pass 830 nm light. The stated

isolation was > 99.9% extinction. The measured amount was > 98.0%. This

feedback contribution was found to be negligible after passing back through all

the associated optics; it did not have an effect on the experiments.
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After the isolator, the beam was sent back into the crystal. The beam was

returned such that within the angle formed by the c-axis of the crystal and the

pump beam. This is a necessary condition for phase conjugation as described in

Chapter 2. All beams were kept co-planar. The phase-conjugate return beam

then passed back through the described optics and experiments were performed.

Boundary Conditions for the URECL

In a conventional external cavity laser, the boundary conditions are set ar-

bitrarily. This is not the case for a phase-conjugate external cavity, either pho-

torefractive or Ideal. As described in the previous chapter, the four-wave mixing

phase matching conditions will determine the phase of the return beam [64-66].

These are, in turn, set by by the steady state coupled cavity parameters. The

PCM can meet two requirements: the phase-conjugate return beam is in phase

with either the light transmitted through or reflected off the rear facet of the

diode laser. In Fig. 3.2, E, is the light incident on facet 2 which has amplitude

reflectivity and transmittance r2 and t2 , respectively. Er and Et are the cor-

responding reflected and transmitted beams. E, has made one round trip in

the cavity and just reflected off facet 2. Likewise for E2 except that it has just

transmitted back into the laser diode. Now to satisfy the first requirement means

that

E, = AE 2 , (3.1)

where A is the appropriate amplitude coefficient. Thus

E =r2 - t2'r3E, e'*, (3.2)

or

e - 1, 2n•, n = 0, 1,25... (3.3)
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To meet the second requirement

Et = AE 2 , (3.4)

t2 Ei = -t 2r 2r3 Ee'4 ', (3.5)

so that

e'O=-1; 0=(2n+1)ir, n=0,1,2 .... (3.6)

This is exactly how the effective reflectivities were solved for. For either the

Ring PPCM or the Ideal phase-conjugate mirror the following expressions are

obtained.
2 + = 2nir, (3.7)

1 + r 2r 3

r2 - r3; =(2n + 1)r. (3.8)

1 - r 2 r 3

Note that for 4) - 2n7r the effective reflectivity is greater than the facet reflectivity

and for 0 = (2n + 1)ir it is less. In Fig. 3.3 the threshold gain is plotted against

reff for a small range. As reff increases, 9th decreases. So the PCM will always

set itg phase such that the threshold gain decreases; its phase will be effectively

zero for all cases. This is true for the ideal case as well. This can also be seen

by taking the derivative of the power reflectivity, Ireff 12, to find that it has a

max: -num at 2nir.

The evidence for this case can be seen in Fig. 3.3, which shows the light-

current (L-I) curves for both the conventional and ring feedback configurations.

The conventional mirror can be adjusted to either increase or decrease the effec-

tive reflectivity. For increased reff, the output power goes down, conversely for

decreased reff. This is accomplished by simply translating the mirror. Feedback

from the ring PPCM always decreases the facet output power, regardless of align-

ment. These phenomena are demonstrated with the L-I curves shown in Fig. 3.4.

Figure 3.4a shows the change in output power for the conventional case; it can

61



5"0
Threshold Gain vs R.ff

49-

-,48-

47-

46-

0.28 0.30 0.32 0.34Rd
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Fig. 3.4. L - I curves for external cavity lasers. (a) CEOL, and (b) UREOL.
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- increased output.
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either increase or decrease. Figure 3.4b is a typical L-I curve for the URCEL.

Increased power output from the external cavity facet was never observed. In

both cases the laser has multimode longitudinal modes. In the conventional case

the mirror was adjusted at 80 mA applied current. The ring PPCM gratings

were written at this same pump current. The measured error for these plots is

less than 0.5%

The total output power from both facets must be measured for a detailed

analysis of the L-I curves. But a relationship can be found to relate the individual

facet powers. It is given by [79]
P1  R1-i 2 _-R/ 2

P- - R= 1 2 -R 1 /2 " (3.9)
P2 R;2

where P1,2 is the facet output power and R1 ,2 is the power reflectivity for that

facet. If the P2 decreases while P1 increases then R2 must be increasing. Single

measurements done with the URCEL confirm this (see Table 3.1). In this case the

measured intensity from the back facet and from the front facet simultaneously.

P,1 is the rear facet. Due to the experimental arrangement I could not collect

all of the power exiting off the rear. The reflectivity was approximately 50%

(measured without the optical isolator for convenience). The trend, however, is

clearly indicated. This proves that the reflectivity is increasing, the result of a

2n7r phase shift. Additionally, the noise spectra data, Fig. 3.5, show an increase

in back facet output power for the URECL , as compared to free running, in

every case. (Further discussion of the noise spectra will be given in Chapter 4.)

Table 3.1. Change in facet output power normalized to free running.

P1  P2  R

Free Running 1 1 -
With Feedback 1.02 0.94 51%

As the current is increased from below threshold to maximum, the wave-

leng..h will change, thus the product wr for any mode will not be constant.
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Therefore the above discussion is strictly valid only at for a specific pump cur-

rent. For the CECL this means the phase for the modes will not be constant

throughout the L - I curve. For any point other than at 75 mA the external

cavity phase cannot be known. This will be further examined at the end of this

chapter.

Measurement of Effective Reflectivities

For small variations from P, and P2 one can assume that

P = PI + P2 ,

P = 2P1 = 2P2 = constant

when R, = R2, (3.10)

if the power goes as above. This leads to a solution for the change in effective

reflectivity

2

which is plotted in Fig. 3.6. From this the coupling coefficient can be determined.

If both powers are known this is an accurate method of determining the effective

reflectivity at any point. This is particularly useful if the reflectivity is changing

with intensity, which for photorefractives it will. For many laser diode packages

the rear facet reflectivity is difficult or even impossible to obtain. As mentioned,

the HLP1400 suffers from self-interference in that direction, and its mounting

makes getting an objective lens close a problem. The coupling factor f can also

be determined from the front facet power by measuring the reduction in threshold

current. As shown by Seo 180], ref can be derived from the reduction in threshold

gain, which in turn can be measured by the decrease in threshold current.
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Fig. 3.6. Effective reflectivity versus change in output power. Free running
output power = 0.5.
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The threshold gain of a laser can be written

gh =,I = -- In (2,1)2 (3.12)

where 8 is a proportionality constant, Ith is the threshold current, L the length

of the diode laser, and r,8 and r2 the real effective and second facet amplitude

reflectivities, respectively. The change in threshold gain can then be defined as

6 = P(IF. - Ib) = - 1 n (v.) (3.13)L~ r2

where IFB is the threshold current with feedback. Let

AI = IFB - Ith, (3.14)

and
Vg . 1

L v. f-v 9 ' (3.15)

then

r Te = r2 ep 2 f (3.16)

here v. is the group velocity, fd is the mode spacing of the diode, and r, is the

photon lifetime in the semiconductor laser. For rp = 2.1 ps, fd = 135 GHz,

Ith = 50 mA (corresponding to the HLP1400), and r2 = 0.565 the change in reff

versus the change in threshold current is plotted in Fig. 3.7. Using the data from

Fig. 3.4, the values in Table 3.2 are obtained.

Table 3.2. Effective reflectives and coupling factors.

fd= 135GHz, rp = 2.1ps

URECL CECL (Inc) CECL (Dec)

Ith 50 mA 50 mA 50 mA
A 1 1.5 mA 1.0 mA 2.0 mA
r3 0.374 0.339 0.332

Power Method

reff 0.584 0.553 0.592
f 0.09 004 0.14

Current Method

reff 0.598 0.587 0.609
f 0.195 0.11 0.23
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Fig. 3.7. Effective reflectivity versus change in threshold current.
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As the results in that table indicate, the different techniques yield very

different values for the effective reflectivities. This is due to several reasons.

The assumptions that Po, is a constant for any given current is not exact.

Additionally, the phase conditions will change as the current is moved away from

80 mA. For the Ring PPCM, a multimode grating is written which can reflect

many discrete laser frequencies, each with the same phase. But the relative

intensities of the different wavelengths will change. For the conventional case only

general conclusions can be derived without further information. The phases of the

modes are completely undetermined for other than 80 mA pump current. These

values provide an upper and lower bound to the parameters. One interesting

point, though, in the case of increasing output power, using the change in current

method to determine reff would suggest an increasing, not decreasing reflectivity,

contrary to what one would expect. This, again, is due to the change in phase

with different frequencies. Below threshold, the laser sees an external reflector

of unspecified phase and thus can lase.

Coupling Factor

The coupling factor f can be derived from the expressions given for effective

reflectivity in Chapter 2. With this included Eq. (2.34) becomes

reff - r{1 ( 2f r2r3e-"( )" } (3.17)

Equation (2.21), the Ideal PCM effective reflectivity, becomes

r.ef = r2 1 (1 2) f [(r 2 r 3 ei(p-2o)I2m+1 + (r 2 r 3 ))} . (3.18)

And for the Ring PPCM

ff = r2 { 1 f ](3.19)
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When the boundary conditions are imposed in Eqs. (3.16) and (3.17) they are

found to be equivalent, and equal to the conventional case for wr = 2nir. For

comparison, the conventional case is evaluated at wr = 0 and ir yielding

r2 [r(1 - f) + f]r 3  (3.21)
re ff - - w=r --"1+ r2r3

reff = 2-" [2-f)+f W'T = 0, (3.21)
1 - r 2 r 3

PC indicates phase conjugate solution. These equations can be manipulated to

solve for f. This results in the following two equations for the conventional case

and for the phase-conjugate cases

"f ±(reff - r 2 )(l± = r 2 r 3 ) + wr = 7r (PC)
r3(1-r2)

- WT= 0. (3.22)

Equations (3.20) and (3.21) are plotted in Fig. 3.8 for a range of effective reflec-

tivities. Table 3.2 summarizes the values obtained using the above data. The

variance from the previous method reflects the problem with the theory discussed

previously. Unless otherwise noted f = 0.1 will be used in the rest of this work.

This falls comfortably within the calculations and is consistent with previous

work.

Linewidth Narrowing and Broadening

Line shape changes of an optical spectra are driven by the phase dynamics

of the laser. Optical feedback can provide line narrowing or broadening for a

semiconductor laser. In this instance the external cavity acts as a filter (or am-

plifier) for phase noise. The result is an increase or decrease in the self-coherence

of the laser source. This effect is well known and has been studied by many

authors [81-851. Line narrowing of a single diode laser due to phase-conjugate
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Fig. 3.8. Coupling factor "f" versus effective reflectivity.
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feedback has been observed by two other groups [27, 86]. In the first case an

anti-reflection coated laser diode was used. It emitted a broadband spectrum

without the feedback. The PCM just lowered the threshold gain for a particular

wavelength. In the second case Kerr type four-wave mixing produced the phase-

conjugate beam. The narrowing was independent of the distance between the

semiconductor lasers, as would be expected.

The amount of narrowing/broadening can be determined by defining a line-

width reduction factor F 2 (F is called the chirp reduction factor). This is simply

Af' (3.23)

where Afo is the linewidth of the free running laser and Af is the linewidth of

the laser with feedback. F can be derived from the relation between f] and w

F = d, (3.24)

where fl is the radial wavelength of the free running laser and W is the radial

wavelength of the laser with feedback [80].

Recall from Eq. (2.38) that, in the steady state, this relationship is

Aw = - = acoswr-- ar2rs + sin wT\

A1 -- 2r2r3 osr + r 212

where x= Dr, , (3.25)
r2 I'd

Sacoswr - ar 2 r 3 - sinwr (3.26)

\1-2r 2 r 3 costo + r 23
r2

thus

F = = -- (r)I [(1 - 2r2 r3 cosWT" + 22r3)(coswr a sinwr)

- (2r2r3 sin T)(c(Cos wr - r2r3 + sin wr)]

~i r2W + )2. (3.27)
× 71 - 2r2r3cosr+ 2
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Typically, this is evaluated at a specified value of wr. For wr = 0, 7r, the following

result is obtained

F=-•=1=F 1=rr) -:wr=O
Tw (1=F 2 r3)2

+ wr = 7r. (3.28)

From Eq. (2.53) F can be derived for the PCECL.

AW = [acos(Obc - 20o) -- arr3 - sin(bpc - 200o) (3.29)

which leads to the interesting result -

dw Fpc = - 1.(3.30)

There is no narrowing or broadening with the Ideal phase conjugate mirror!

This is to be expected. The Ideal PCM impacts the laser performance purely

through the change in effective reflectivity. Linewidth phenomena are driven by

changes in phase.

Line narrowing has been achieved using a four-wave mixing geometry [86].

Although phase-conjugation via four-wave mixing can be modeled by the Ideal

PCM, that particular experiment used non-degenerate four-wave mixing, as is

typical for semiconductor lasers [32-34]. Thus those results do not contradict the

above model.

For the URECL, Eq. (2.64) shows the steady state phase

r acos(wr - OR) + ar2 r3 +sin(wr - R)] (3.31)
Aw -- -L 1+ + 2r72r3 cos(wr - 'R ) + r~r2 (

so that the chirp reduction factor is given by

-= I 1 ,[ (1-+-2r 2 r 3 cos(wr-'P)

+ r2r,)(a sin(wr - OPR) - cos(wr - 'PR))

- (a cos(wr - R R) + ar2r. + sin(wr - OR))

x (2r2r3 sin(wT - OR))]

X 1. (3.32)
1 +2r2r3 cos(wr - O'R) + r2 r3
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If the boundary conditions are imposed this becomes

F,,[ -l+ (1+r2 rS)2] ' (3.33)

which is equal to the conventional case for wr = (2n + 1)7r, consistent with the

derivations so far. Figure 3.9 plots P for both geometries using the parameters

for this experiment (r - 5.3 x 10-9, rd = 7.4 x 10- s, f = 0.1, a = -4,

r3= 0.333, r2 = 0.565). There is a 7r phase shift with between the conventional

and ring equations which is consistent with previous calculations.

An interesting consequence can occur in the conventional case, but not with

the ring. As Eq. (3.26) implies there is the possibility of

IFI < 1. (3.34)

In this case, the laser will experience dramatic line broadening. If IFI = 0, it

will become infinite. On the other hand, the URECL will never experience line

broadening due to this effect. This phenomena is not to be confused with coher-

ence collapse, which results from frequency beating in the laser itself. (Indeed,

the URECL can experience coherence collapse. This is addressed in Chapter 4.)

The line narrowing/broadening presented here is caused by a reduction in phase

fluctuations due to the optical feedback. Figure 3.10 plots FP for small values.

If only a single round trip is considered the expression for line narrowing

concurs with the result derived by Agrawal [83]. Starting with Eq. (2.43) for the

steady state frequency change

Aw = x (acosw r + sin wr). (3.35)

Define

a=tanfl; coS#= (1+a 2 )-112 , (3.36)
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to obtain
dn

Fconv= cos# Z_ = 1 - ICT[Cos(Wr + 0)], (3.37)

which is Agrawal's result for linewidth change due to feedback. The factor cos

represents broadening in the free running laser due to antiguiding, not a consid-

eration for this work. (To be exact, my F divided by this factor equals Agrawal's

result for the laser with feedback.)

An inspection of Eq. (2.56) reveals, as for the multiple round trip case, that

for Ideal phase conjugation

Fpc = 1. (3.38)

Equation (2.67) gives the steady state solution for the URECL with one

round trip

AW = IC[aCOS(WT - OR) - sin(wr - OR)], (3.39)

solving for F as above yields

S= cos# = 1 + ric{cos[(Wr - OR) + A)]}. (3.40)

By imposing the boundary conditions the solution for the ring becomes

Fing = 1 + icr[cos(arctan a)]. (3.41)

Equations (3.35) and (3.39) are plotted against wr in Fig. 3.11. In that figure

r2 = .565, r3 = 0.010, r = 5.3 x 10-i , rT = 7.4 x 10-'2, a = -4, and f = 0.1.

These equations are only valid for small values of the product 1cr. Agrawal gives

an upper limit of 10 for this number. Te also mentions that the magnitude of

this approximate reduction is always less than the rigorous result [83]. The main

difference between including multiple round trips or a single round trips is in the

antiguiding factor a. In the former, a is included implicitly. For large F 2 , the

"phase" shift introduced by its inclusion is not as important. However, for small

PF, it does become significant and the latter approach was used for analysis.

78



1.41/1/
1.2- /

0. r2=0.565
S~r3=0.010

I I I I I
0 2 4 6 8 10 12

wr (rads)
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For small amounts of feedback, linewidth narrowing with the URECL has

been observed. The reflectivity of the Ring PPCM was difficult to measure at

these feedback levels, due to the limitations of the detectors. In Fig. 3.12, the

linewidth (FWHM) with feedback (Fig. 3.12a) is approximately 20% (THAT) of

the free running laser (Fig. 3.12b) for an external amplitude reflection of 0.045.

The calculated reduction is 27%. In Fig. 3.13 the measured value is 50%, the

calculated value 40%, for an external reflectivity of 0.0136. The error represents

the difficulty in measuring f, and the ill defined a. Note that the phase delay

was assumed to be zero for these values. (The spectra were taken with FP-2.)

The horizontal scale was not measured for these experiments. Later calibration

indicated a scale of from 75-100 MHz/Div.

In addition to line narrowing, frequency stabilization was observed. Though

not obvious from the above data, the spectra are stable: they do not shift in

frequency with respect to time. This will not be obtained for arbitrary con-

ventional feedback, special effort must be made for that. For phase-conjugate

feedback from the ring PPCM it will always be obtained because the external

cavity will be resonant, by definition, with the diode laser. This has been shown

to stabilize the frequency [87]. This is true for the static hologram as well since

any "jitter" off of the resonant frequency will not reflect unless it is within the

bandwidth of the photorefractive grating, which is - 1 Hz. (It can, of course,

hop to a different lasing line, but that is a different phenomena.)

Multimode Spectra

A full multimode analysis of a semiconductor laser with feedback would be

quite an undertaking and is beyond the scope of this work. However, there is a

consistent and distinct behavior for the different geometries. Some generaliza-

tions can be made to qualitatively describe what has been observed.

The spectra for the free-running laser, Fig. 3.14, are typical for semiconduc-

tor lasers. The spectra were taken at 5% above threshold current, 10% above,
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and then in increments of 10% until the current was 150% of threshold current.

The free running laser starts out multimode (Fig. 3.14a) and gradually becomes

single mode (Fig. 3.14g). The gain peak shifts with increasing current and the

gain curve appears asymmetric.

The CECL spectra are taken the same way (Fig. 3.15). The power reflec-

tivity, measured at 75 mA, was 4.5%. The laser starts out multimode and stays

that way due to the optical feedback. The mirror does not discriminate, all

wavelengths are reflected equally. But the longitudinal modes can have different

phase delays, specified by their frequency and the external cavity length. Exter-

nal cavity modes are also present with a spacing of c/2L, where c is the speed

of light and L is the length 6f the external cavity. The length of the CECL was

kept at half the length of the URECL so that the external cavity modes would

have the same frequency spacing. Note the structure of the spectra: the modes

seem to be alternating in intensity. This feature was common for any reflectivity.

When the external cavity mirror is adjusted at a particular pump current,

it sets the phase delay for each mode at that current only. As the current is

changed, the lasing frequencies can change. If only the relative intensities of

the modes shift, the phase delay wr will remain constant for each individual

mode. If the individual frequencies of the modes vary, then they will experience

a change in delay phase with every change in current. Either way, each line of the

multimode spectra will have a different phase delay for conventional feedback.

The URECL spectra were recorded in a similar fashion (Fig. 3.16). The

power reflectivity, measured at 75 mA, was 5%. This is about 40% above current

threshold. Again the laser is multimode throughout. In this case the mirror is

a phase conjugator or static hologram, as discussed. As the current changes,

the gain peak shifts. The intensity of the modes taper off from the highest gain

lasing mode with no evidence of alternating intensity peaks (or other structure).
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Fig. 3.14. Free running laser. (a) 105% current threshold, (b) 110% current
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This feature is consistent for all reflectivities, although more side modes may be

present. External cavity modes are present, corresponding to the c/L spacing of

the ring cavity (see Chapter 4).

In the Barium Titanate crystal there is a collection of gratings; one grating

for each lasing frequency in this geometry. If, as the current is varied, only

the relative intensity of the modes change, the phase delay for each mode will

remain constant at the value determ'ned by the grating determined by the grating

(2nar). If the frequency of the individual modes change, then the PCM will act as

a static hologram. (Remember: BaTiO3 is too slow to account for quick changes

in frequency.) However, since no new gratings will be written the laser modes

will be driven by the phase matching conditions of the static gratings. Thus the

phases will not be free to vary arbitrarily, and will be equal to 2n7r, just as for

the phase-conjugate case. Unlike the phase conjugate case, there will be a phase

bandwidth for each mode. In BaTiO3 , the allowable phase mismatch is on the

order of 1 Hz.

The structure that is exhibited by the CECL and absent in the URECL can

be simply explained. The external cavity will impart a different delay phase to

each longitudinal mode since wr will be different for each. If the main peak of the

spectra has a phase wr then the delay phase of the other modes can be expressed

as

Wn T = wTo r + nAwr, (3.42)

where n is any integer, wn is the radial frequency of the Nth mode, r the round

trip time in the external cavity, and Aw is the radial frequency spacing of the

laser. The peak with the greatest intensity is assumed to have 2nir phase delay.

The optical feedback allows other modes to lase that normally would not. How-

ever, the losses will be different for each mode [70). The coupled external cavity

can be thought of as an effective facet with a phase dependent loss. If this is
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modeled by a cosine function and the expression in Eq. (3.42) is its argument,

then the intensity of the longitudinal modes will vary as

I (W 7 ) ~ g(W" T) Cos'(. T), (3.43)

where g(wnr) describes the gain curve. In principle one could measure the mode

spacing and delay time and fit the model to this. Unfortunately this requires a

knowledge of the product wr to better than one part in twc thousand. Fortu-

nately, the external cavity is long enough to support almost any mode spacing

chosen. Thus if

AWT = sor, (3.44)

where the arbitrary constant a is fitted to the data, Fig. 3.17a is obtained. This

plot demonstrates how well this approximation works.

For the ring PPCM the boundary conditions require that the phase delay

be equal to 2nxr. Thus the additional modes will have no frequency dependent

facet loss and the intensity will go as

I(w, r) - f(w• r) cos' (2n7r). (3.45)

This is shown in Fig. 3.17b.

In Figs. 3.18 and 3.19 further confirmation is presented. Figures 3.18 and

3.19 both show the longitudinal spectra of a semiconductor laser with phase-

conjugate feedback. The difference between the two is that in the former case

the alignment of the beams is intentionally skewed so that the four beams are no

longer co-planar. Thus the return beam will have an additional phase component

as can be seen from the the analysis in Chapter 2. The return beam will not be

phase conjugate to the pump beam, as the phase conjugate beam would be out

of the plane. The laser sees reflection off a static hologram that is out of phase.
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The alignment in the latter case is quite good. Phase matching is preserved

and the results indicate uniform phase delay for all longitudinal modes.

This theory has serious limitations: gain competition, mode spacing shifts,

mode coupling and other effects are ignored. A full dynamical treatment, allow-

ing for a change in pump current, would have to take those factors into account.

But the 2nir phase delay concept for the ring PPCM is shown to be viable, and

this phenomenological explanation may suffice for other properties as well.

Summary

In this chapter the static properties of the Ideal PCM and the Ring PPCM

external cavities have been examined and compared to the conventional external

cavity. Following a detailed description of the experimental set-up the boundary

conditions for the PCECL and URECL were derived. These cavities were found

to have a 2n~r phase delay. This was supported by an examination of the L-I char-

acteristics of the URECL. The effective reflectivities were discussed in depth and

the coupling factor f was defined and derived. The chirp reduction factor F was

derived for all cases, with the interesting result that F = 1 for the PCECL. The

linewidth reduction factor was compared for all geometries. Linewidth narrowing

compared well with the data (further supporting the 2n~r phase delay theory).

Multimode spectral phenomena were displayed and an empirical explanation of

their behavior provided.
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CHAPTER 4

DYNAMIC PHENOMENA: COHERENCE COLLAPSE

Coherence collapse is the term used to describe the dramatic linewidth

broadening of a semiconductor laser due to optical feedback [88]. In this chapter

the first evidence of this phenomena with a phase-conjugate external reflector is

presented. The discussion begins with a description of the experimental geome-

try and technique. This will be followed by the presentation of the data, clearly

showing coherence collapse for the semiconductor laser with feedback from the

ring PPCM. Then some data demonstrating external cavity mode suppression

at low levels of phase-conjugate feedback, a result previously unseen for even the

conventional case, will be presented. The chapter will close with a discussion

of the rate equations for the conventional external cavity laser (CECL), Ideal

phase-conjugate external cavity laser (PCECL), and the unidirectional ring pas-

sive phase-conjugate external cavity laser (URECL).

Experimental Set-Up

The experimental geometry used for this study was essentially the one de-

scribed in Chapter 3. The diagnostics consisted of the spectrum analyzer (SA),

monochromator (MONO), and Fabry-Perot 2 (FP2) as shown in Fig. 4.1. The

Fabry-Perot has a free spectral range of 16.5 GHZ. An etalon was inserted be-

tween the attenuator and crystal to ensure that the laser ran in single longi-

tudinal mode. This is important because coherence collapse is a single mode

phenomenon. The round trip length of the external cavity was 169.5 cm. The
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maximum power reflectivity of the ring PPCM was typically 14.5%. The atten-

uator is capable of nearly 0-100% transmission but the power meters are only

able to discern to the microwatt range. This, coupled with the background lev-

els, made low reflectivities Ilifficult to measure. The configuration allowed for

the simultaneous recording of the noise spectra, the FP2 spectra, longitudinal

spectra, and the F-P spectra.

Experimental Technique

The laser was operated at a constant pump current throughout each run.

Several runs were performed and the data was easily reproducible. The gratings

would be written at particular intensity (corresponding to a particular pump

current) for 15-20 minutes with the attenuator set for maximum through-put.

Then it would be turned down to the desired reflectivity and the data taken.

The crystal would again be illuminated at previous writing intensity while the

data was recorded and preparations made for the next point. This was done to

insure that the gratings remained constant in strength and frequency throughout

the experiment.

Resuits

The effects of the self-pumped phase conjugate feedback are seen in Fig. 4.2,

the FP2 spectra, Fig. 4.3, the noise spectra taken from the spectrum analyzer,

and Fig. 4.4, the monochromator (longitudinal mode) spectra. For these experi-

ments r3 varies from 0 to 5.2 x 10-2.

The onset of coherence collapse is clearly seen in Fig. 4.2. The vertical scale

is in linear arbitrary units and is consistent throughout. The free running laser

is plotted in Fig. 4.2a. The laser is stable and single mode, with no observable

external cavity modes or longitudinal sidebands. As soon as feedback is observed,
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Fig. 4.2b, lasing at the relaxation oscillation frequencies takes place, 4.4 GHZ on

either side of the main lasing mode. The feedback is to low to accurately measure

at thin point, except to say that the external amplitude reflectivity, r3 < 0.0141.

This corresponds to a coupling coefficient x = 2.3 x 10" sec'. Although the

reflectivity is increased (Fig. 4.2c), it is still to low to be measured. Suffice it

say that it is still below 0.0141. But even a small increase gives rise to higher

intensities at the relaxation oscillations.

As the external reflectivity is increased to 0.0265 (Fig. 4.2d) the main lasing

peaks are beginning to broaden. Pc = 4.31 x 10" sec-' at this point. A slight in-

crease in r3 has a significant impact (Fig. 4.2e, rs = 0.0300, ic = 4.9 x 108 sec- 1).

When the reflectivity has reached 0.0316, x = 5.1 x 108 sec 1 (Fig. 4.2f), the

linewidth of the laser has greatly broadened; the main lasing peak is barely dis-

cernible from the undamped relaxation oscillations. The arrows point to struc-

ture within the peak that although observable is beyond the resolution of the

instrument. At r3 =x 0.0458, x = 7.5 x 103 sec- 1 (Fig. 4.2g) the lasing mode

is so broad that it can be seen, but not resolied by the instrument. Finally, as

seen in Fig. 4.2h complete coherence collapse has taken place. The reflectivity is

0.0520; ic = 8.5 x 108 sec'. Any further increase in the feedback level has no

discernible effect on the FP2 spectra.

The noise spectra are revealing as well. The vertical scale is in decibels.

Until the external reflectivity reaches 0.0265 (Fig. 4.3b) the spectra of the laser

with low feedback (Fig. 4.3a) is indistinguishable from the free running laser.

In the former case, external cavity modes corresponding to 169 MHz are just

visible. This is slightly more than would be calculated, 177 MHz, for a cavity

of this length, 1.695 m. This relates to the error in estimating the optical path

length of some of the optics.

The initial modes that appear are unstable in intensity, bouncing up and

down in time with no apparent pattern. They occur at the frequencies expected
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for the external cavity (given the above caveat). Suppression of alternate modes

can take place as the reflectivity increases. This takes place just before stable,

normally spaced modes appear and is discussed later in the chapter.

An increase of the external reflectivity to 0.0300 brings about discernible

modes at the ring cavity spacing c/L (Fig. 4.3c). The modes are noisy, as can

be seen. This was not always the case, sometimes they were quite distinct.

They become somewhat clearer with an increase of rT to 0.0316 (Fig. 4.3d). At

r= = 0.0458 there is a gentle rise in the baseline of the spectra (Fig. 4.3e). This is

an indication of increased power output from the rear facet. As seen above, this

is at the coherence collapsed state. A further increase in reflectivity increases this

rise (Fig. 4.3f). Coherence collapse is now complete (r3 = 0.0520). Additional

increase in feedback cause a continued rise in the baseline and a blurring of the

external cavity modes.

The longitudinal spectra undergoes little change throughout this process. It

begins single mode and stays that way. Even the slightest amount of feedback

causes the line to jump. The free running spectra is shown in Fig. 4.4a. The

slightest amount of feedback causes the laser line to jump as shown in Fig. 4.4b,

corresponding to Fig. 4.2b above. The remains stable in both frequency and in-

tensity at this reflectivity and above until the external reflectivity reaches 0.0265.

Then it jumps again as seen in Fig. 4.4c. It is still stable in intensity and there is

no jitter. This is the wavelength at which the photorefractive gratings were writ-

ten. Any further increase does not cause a shift or hopping. The laser remains

at the wavelength. No instabilities are observed. The slight sidebands towards

the blue do not grow throughout the coherence collapse process.

Discussion of the Coherence Collapse Data

The behavior of the URECL corresponds exactly to what is now commonly

called coherence collapse: small amounts of feedback cause a dramatic linewidth
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broadening in a single mode laser [74]. As the Fabry-Perot spectra show, the

relaxation oscillations become undamped. Since the laser is a nonlinear medium

they can beat with the lasing line and the external cavity modes. In principle

the beat frequencies can be measured [74]. The structure visible in the frequency

peaks strongly suggest that such beating is going on within the laser.

The observation of external cavity modes illuminate the difference between

a self-pumped PCM and an Ideal PCM; they would not be present in the latter

case. Their onset occurs after the relaxation oscillations become undamped.

Thus this phenomena should still occur in the PCECL as long as the external

PCM can reflect at the relaxation oscillation frequency.

The longitudinal spectra corroborate an problem mentioned earlier in Chap-

ter 3: the nature of the coupling at extremely low reflectivities. Previously this

gave rise to error in the calculation of the coupling factor f. Here it is a demon-

stration that crystal is behaving, initially at least, as a static hologram. The

ring PCM can only reflect at certain discrete wavelengths that will support the

initial boundary condition. There were no other wavelenigths present during the

writing phase at the higher intensity. The phase matching conditions are not

relaxed.

Even when the laser operates at the grating writing wavelength it can still

act as a static hologram. The time scale of phase fluctuations in the laser diode

is on the order of microseconds. This is seven orders of magnitude faster than

the response time of Barium Titanate. If this was not so there would be no line

narrowing (Chapter 3). The consequence for coherence collapse is that although

the phase delay of the cavity may not be arbitrary, it acts in every other respect

as a conventional external cavity. So the similarity to previous work is not

surprising [74].

Unlike the PCECL, the URECL, static hologram or not, retains phase delay

information. It has been suggested [74, 91] that the process of coherence collapse
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is dependent on the product Ir•, where P is the coupling factor and T is the delay

time. The values for K derived in this experiment are an order of magnitude less

than that of earlier work (741. The external cavity length used here is an order

of magnitude longer. This suggests just such a correlation.

Increasing the reflectivity past the coherence collapsed state was difficult

because the maximum power reflectivity of the ring PCM was only 14.5%. If the

ring was allowed to be bidirectional, this could be increased to approximately

50% power reflectivity. For conventional lasers single mode behavior will return

at high reflectivities. Some signs of this were apparent with the ring. As seen in

Chapter 3, the multimode longitudinal spectra would tend towards single mode

as the feedback level was increased. Occasionally, but not routinely, external

cavity modes would re-appear out of the noise as the reflectivity was increased.

No indication of linewidth narrowing, or even a reduction in linewidth from the

coherence collapsed state was ever observed, though, again, this could be due to

the limitations of the reflector.

It has been suggested that chaos plays a role in the onset of coherence

collapse [74]. In that work, the route to chaos was chartered as "f, - f2 -

chaos," where f, is the relaxation oscillation frequency, and f2 was loosely

defined as corresponding to a beat frequency within the laser. The structure

observed in our spectra fits with that behavior. If, indeed, there is a route to

chaos mechanism for conventional feedback, feedback from the ring should be

susceptible to it as well. This mechanism may be quite different for an Ideal

PCM [63]. Although in that work it was shown that instabilities due to the

undamping of the relaxation oscillations can take place, there are no external

cavity modes, thus no beating with them.

This point warrants further consideration. Conventional wisdom has held

that coherence collapse is caused by the frequency beating (within the gain
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medium) of the lasing line, external cavity modes, and the relaxation oscillators.

This is chaotic, thus the linewidth will be broadened due to phase instabilities.

The problem cannot simply be solved by increasing the signal-to-noise ratio. The

theory proposed by Agrawal and Klaus suggest there may be a different mecha-

nism. It is not clear that this is coherence collapse. Further work in this area is

ongoing.

External Cavity Mode Suppression

A curious phenomena was observed during the experiments: at extremely

low reflectivities alternate external cavity modes would be suppressed. This

behavior was seen repeatedly and occurred with the URECL, not the CECL.

The absence or presence of the etalon made no difference so it is not necessarily

a single mode phenomena. The mode suppression was seen in both the transient

case and steady state. The former is shown in Figs. 4.5a and 4.5b. In that

experiment the spectral behavior of the URECL was tracked as the gratings

built up in the crystal. The laser started out free running and ended up in the

steady state feedback condition. As the gratings became strong enough to reflect,

external cavity modes would appear. At first they were unstable as described

above. During the transition from unstable random modes to stable normally

spaced modes, mode suppression would occur. This is at an amplitude reflectivity

of 0.017 and is shown in Fig. 4.5a. A slight increase to 0.024 results in normal

behavior, although the intensity of the initial modes remains high until more

feedback is provided (Fig. 4.5b).

If the gratings have been previously written the same behavior can still be

observed. This is seen in Figs. 4.6a and 4.6b. In that case a static hologram has

been written in the crystal. By adjusting the attenuator, the mode suppression

can be produced at a reflectivity of 0.014. Below a certain minimum reflectivity
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(Fig. 4.6a) modes are suppressed. An increase to 0.017 in feedback leads to

normal spacing (Fig. 4.6b). In this case, and it was unusual, every third mode

experienced gain and the intermediate modes were suppressed. In general only

alternate modes were suppressed for both the static hologram and the PCM.

In the first case the crystal was acting as a phase conjugator. In the second

case as a static hologram. The behavior of both was the similar. Frequency

suppression was never observed with the conventional reflector. This supports

the assumption that the static hologram will only reflect a beam that matches

the phase matching conditions set when the gratings were written. If it did not, it

would just act like a conventional mirror and this behavior would be unexpected.

Even if the specific phenomena shown in Fig. 4.6 is considered an anomaly,

alternate mode suppression was fairly common. Reflection gratings [6] in the

crystal are ruled out because the frequency spacing does not correspond. There

is no obvious mechanism that would cause low feedback levels to mimic halving

the length of the external cavity. At present there is no theory to explain this

behavior; further work is ongoing.

Rate Equations: Multiple Round Trips

The effects of optical feedback on semiconductor laser have attracted con-

siderable attention [15-19]. Of particular interest are the instabilities that arise

from such conditions [74, 88, 89-93]. In the next sections the methods of previous

analysis are followed [62-63, 74].

The dynamic rate equations for the CECL, PCECL, and URECL can written

down from Chapter 2. Instead of solving for the steady state all the dynamic

phase terms are kept. With this substitution Eq. (2.33) becomes

1 00

A = gnA(t) -l. (r 2 r 3 )m-lA(t -mr)cos(e(t- mr) -(t) -mfrT), (4.1)
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S-- •ag--[A~t)I- E(r2r3)-A(t-rmT)sin(4(t-mTr)- 4(t)-mflT). (4.2)
1

The equation for the carrier density, Eq. (2.45), is unchanged

i = R - (Go + gn)IA(t) 12 
- n__.) (4.3)Iro

The equations for the PCECL can be attained the same way. In this case the

boundary conditions are explicitly included in the equations. From Eq. (2.50)

00

2 (r)gnA(t)-+,Z(_r2 rs)m,_A(t - mT). (4.4)
1

1 (4.5)
2

The carrier density is unchanged and given in Eq. (4.3). Finally, Eq. (2.60)

leads to the result for the URECL. The inclusion of the boundary conditions in

this case leads to an interesting result. When the ring PPCM acts as a phase-

conjugator, the return phase is set at 2nwr, where n is an integer. In that case

the rate equations become

1 00

S= gnA(t) + cZ(r2r 3 )m-'A(t - mT), (4.6)
1

2gn. (4.7)

As expected, the phase conjugate cases do not contain any phase information

beyond phase shifts in reflectivity due to fresnel reflection. But the nature of

this process is different for the PCECL and URECL. The former is actually

undoing any external cavity phase effects.

When the ring PPCM acts as a static hologram, it can only reflect frequen-

cies that match the boundary conditions. Thus the return phase must be equal

114



to 2pi, where p is any integer. This can be expressed with the dirac delta as

follows:

Ai = •gA(t) + • • (r 2 rs)0-A(t - mr) cos(4(t - mT) - - mflr + m4R)
A ~~~~m =1 n~)+I . 3nMT+MR

x 6(0(t - Mr) - •(t) - mfr - +moR - 2pr), (4.8)

.1 00

-- •agn - rZE(r 2 rs)'1A(t - mr) sin(O(t - mr)
1

- 0(t) - MOlT + m4iR)

x 6(0(t - mr) - ,r) - mOr + mOR - 2pr). (4.9)

The bandwidth of the hologram is implicitly assumed in the delta function.

As it is on the order of several Hz for BaTiO3 , the use of the delta function in

this case is justified. Again the carrier density is given in Eq. (4.3).

Rate Equations: One Round Trip

The single round trip approximation falls directly out of the above equations;

simply keep only one feedback term. For the CECL this reduces to

A= 2gnA(t) - ,oA(t - r) cos(ot - r) - j6(t) - Oir), (4.10)
2

agn -A(t - r) sin(0(t - r) - 46(t) - Oir), (4.11)

A(t)

and the carrier density has the same form as before. These equations are in

agreement with previous work [74]. The PECL rate equations take the following

form
.1

A = -gnA(t) + #cA(t - r), (4.12)
2

= agn. (4.13)
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This also agrees with previous efforts [63] except that the boundary conditions

are not defined in the earlier work. When the PCM of the URECL acts as a

phase conjugator, the rate equations reduce to

A 1 gnA(t) + xA(t - r), (4.15)

6=agn. (4.16)

In a similar fashion to the round trip case, the rate equations for the URECL

with a static hologram are

1
A = -gnA(t) + nA(t - r) cos(k(t - r) - O(t) - 11T + 0R)

2

x 6(A(t - r) - 0(t) - flr + OR - 2p-x), (4.17)

1 = agn -- r A(t)- sin(Ob(t - r) - q$(t) - Orll + q5R)

2 A(t) -()-l+R

x 6(,O(t - r) - 0(t) - fr + OjR - 2p~r). (4.18)

Discussion of the Rate Equations

The differences between the rate equations was examined in Chapter 2; a few

further comments are warranted here. The phase-conjugate terms become single

valued. This would be true even if the boundary conditions were not imposed

[63] because the phase of the feedback would not be arbitrary. (As shown in

Chapter 3, the laser sets the boundary conditions.) The ring and Ideal PCM's

are not identical, even when the ring is acting as a phase conjugator. This is

one of the subtle differences between self-pumped and externally pumped PCM's

that show up in the phase. The integer value of 7r for the static hologram does

not need be equal to that which wrote the grating.

The implication for laser coupling is significant. Unlike lasers coupled via

conventional optics, those coupled with self-pumped PCM's will have as specified
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phase. However, they will still have a dependence on the length between the

resonators, so not all problems plaguing coupled cavities [45] can be cured with

passive phase conjugation.

Summary

In this chapter the experimental demonstration of coherence collapse due to

feedback from a ring PPCM has been shown. The behavior is seen to be quite

similar to the case of conventional feedback. The observation of mode suppression

at low was discussed. The rate equations for all geometries were presented and

compared. The hybrid nature of the URECL is seen in the equations.
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CHAPTER 5

BEAM QUALITY ASPECTS OF THE URECL

There have been a number of experiments performed on the aberration cor-

rection properties of phase conjugators. Early work featured kerr media devices

and this work continues [94-95]. As soon as photorefractives were used to gen-

erate phase conjugate beams their ability to correct for aberrations became an

issue [7, 52, 96-98]. Although problems remain, as this work shows, photorefrac-

tives have been employed in devices for beam cleanup [99, 100]. To date, no work

has been done on the PCM as an element of an external cavity. This chapter

investigates these aspects.

The most striking difference between the Conventional External Cavity

Laser (CECL) and the Unidirectional Ring External Cavity Laser (URECL) is

the latter's ability to correct for aberrations in the beam. In this respect, the

URECL behaves much as a Phase Conjugate External Cavity Laser (PCECL)

would be expected to act. This profoundly affects any device application for

which an

external cavity laser might be employed. Thus a discussion of the beam

quality is imperative. The modeling of this behavior is quite complex. This

chapter is only intended to examine several pertinent issues, so the results will

be purely experimental and the discussion empirical. The work presented here

looks at properties that would have an impact on cavity coupling and, by analogy,

laser coupling. Following a discussion of the set-up and technique the quality of

the return beam is compared for a conventional mirror and ring PPCM. Time
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dependent effects are considered and turn out to be extremely important. The

output of the the laser with feedback is documented. The return beams are

compared to the conventional case. Finally, the buildup of the phase-conjugate

return is chronicled with video.

Experimental Geometry #1

The first experimental set-up shown in Fig. 5.1. This was used to collect

the quantitative data presented first. It is essentially the same as the previous

geometries. In this configuration, an aberrator can be inserted before the crystal.

Several types of aberrators were tried, finally a thin piece of polypropelene was

selected. (The same material as might be found in a clear plastic bag.) The

aberrator was chosen so that it would distort the phase front of the beam while

having minimum impact on the intensity. There was still a significant reduction

in intensity, however. This was due to absorption and scattering by the plastic.

The beams were analyzed in a different fashion than from before. In the first

set of measurements, the return beam was deflected by the beam splitter and set

to a second 50/50 beam splitter. The throughput was sent to a power meter. The

reflected beam was focused through a slit on route to a second power meter. The

width and height of the slit (essentially a rectangle) were set to correspond to the

minimum focused spot size for a gaussian beam of the incident dimensions. The

height and width of the beam incident on the lens are 8.8 mm vertical and 4.0

mm horizontal. This requires a slit size of 141 microns vertical and 311 microns

horizontal, respectively. The intensities off the beam splitter were measured and

the intensity of the focused beam was divided by that of the unfocused beam.

This ratio was called the beam quality, it can range from zero to one.
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Time Response

The time response of the media is shown in Fig. 5.2. Both the reflectivity and

the beam quality are plotted against time. Throughout this work, the claim for

a steady state coupling constant was made due to the slow response of Barium

Titanate at this wavelength. . This is clearly seen in Fig. 5.2. Measurements

taken on short time scales, a few seconds, will experience virtually no change in

reflectivity as the gratings grow. After 15-25 minutes, there will be no change in

reflectivity on this time scale and longer. The error in measurement is to small

to show up on this scale.

This type of measurement has been taken before [101]. What has not been

considered was the time response of the beam quality. The implicit assumption

was that it tracked the reflectivity. Note that the beam quality initially lags the

reflectivity. Indeed the reflectivity is at almost half its maximum value before

the beam quality begins to rise. After four minutes this condition reverses itself

and the beam quality now leads the reflectivity for a few minutes until they both

begin to taper off to tneir steady state values.

After ten minutes the beam quality starts to drop off even as the reflectivity

is slowly increasing. It is not clear why the beam quality should decrease. The

light from the gratings no longer scatters entirely into the phase-matched direc-

tion. It seems that as the gratings get strong enough some light can be scattered

into the higher order diffraction terms. Additionally, the writing beams and grat-

ings are multimode, thus nondegenerate four-wave mixing can take place. The

different modes can diffract off other gratings if they satisfy the phase matching

conditions. This scattering will be weak compared to the degenerate case, but

can take place.

The above behavior was fairly typical for all the runs performed. This

indicates that for any application in which rise time is important it is not enough
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to just consider the reflectivity. Changes in the steady state can not be treated

as mere permutations. They can lead to a new set of parameters as the coupling

can change as well.

Beam Quality

Beam quality is the unit of interest for the first part of this chapter. Whether

considering the coupling of a laser to itself via an external cavity, or the coupling

of independent resonators, the beam quality is of primary importance. It has

already been implicitly considered in this dissertation by the empirical coupling

factor f, derived in Chapter 3. The work presented here attempts to explain

why f is less than one.

The ring PPCM compares well to the conventional plane mirror in terms

of beam quality as seen in Fig. 5.3. This data was taken by simply adjusting

the attenuator and recording the values. For the conventional mirror the steady

state is instantly attained. For the unidirectional ring PPCM the gratings were

allowed to write for 20 minutes and then the attenuator was quickly turned down

as the data was taken. A slight increase in beam quality seems to be effected with

increasing reflectivity, however, this increase was within experimental error. The

beam quality of the PCM is always slightly higher than for the dielectric reflector.

The ring is known to have poor beam quality compared to other phase-conjugate

devices. Additionally, the ring cannot return better beam quality than the laser

emits. With no intentional aberrations and good quality optics, the conventional

case only suffers from divergence. The PCM should correct for this, but do no

better. Thus a large increase in beam quality is not expected.

The good beam quality throughout the reflectivity range argues that the

ring PPCM keeps the return phase constant regardless of the incident light. If

this were not so the gratings would reflect light off axis and the beam quality

should be quite poor.

123



0.48-

0.46-

0.44-

0.42-

m0.40- ••

0.38-

0.36-

I I I II

0.04 0.06 0.08 0.10 0.12
Reflectivity

Fig. 5.3. Beam quality versus reflectivity. Squares - conventional mirror, and
circles - phase conjugate mirror.
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The aberration correction, or beam cleanup, properties of the ring PPCM

are evident in Fig. 5.4. In that case the ring was allowed to act as both a phase

conjugator and as a static hologram. The conventional data was taken simply by

inserting the aberrator in the beam path as shown in Fig. 5.1, and reading the

data. It will not change in time. For the phase conjugate case, the aberrator was

put in front of the crystal and the gratings were allowed to write until maximum

reflectivity was attained. The reflectivity was set by the attenuator. For the

static hologram, the gratings were allowed to write at a specific reflectivity and

then the beam was aberrated. The values were measured and the aberrator

removed before the gratings could adjust and rewrite.

Due to the aberrator itself, the reflectivity is lower than before, with a

maximum of just over 5%. Not as much light will get through to write the

grating or reflect off of them, or the conventional mirror. The conventional case

suffers from a significant decrease in beam quality; it is reduced an average of

50%. The phase conjugator does a good job of preserving beam quality. That

parameter is reduced by about 20%. The reduction for the static hologram is

measured between that of the phase conjugate without aberration and the static

hologram with aberration. The reduction in beam quality is 48%, which is in

line with the conventional case. This is expected, as it acts only as a reflection

grating. The aberrator not only degrades beam quality, it prevents the beam

from being phase matched to the ring PPCM.

Other Considerations

As Fig. 5.1 shows, the geometry allowed for the measurement of spectral

data as well. In this respect the aberration had no discernible effect other than

to reduce the feedback intensity. The spectral structure would change with the

insertion of the aberrator, but no consistent behavior that indicated that distor-

tion of the wave front had any great affect. This is in keeping with the model
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developed in earlier chapters. The longitudinal behavior of the laser can be con-

sidered independent of the transverse structure, at least for the HLP1400. If the

laser had been induced to run in higher order transverse modes this certainly

would not be the case.. At any rate, the main effect of the aberrator was to

reduce the coupling factor f; not an insignificant result.

Experimental Geometry#2

The second experimental geometry, shown in Fig. 5.5, was designed to allow

video recording of the output and return beams of the external cavity. The slit

has been replaced by lens and a screen upon which the return beam was imaged.

This was recorded on video tape. A clock in the background kept running time.

Although the Fabry-Perot's could still be accessed on the output beams, they

were not for the reasons given above. Instead, the output was imaged on a screen

and could be recorded as well. (This was not done simultaneously, the camera

was moved as necessary). The resolution of the images has been degraded in their

transfer to print. They where originally recorded on video tape, then digitized

from that media, and printed on film. The film was not suitable for publication

so those images were digitized again and printed on paper. For most of what is

to be presented this is not a serious limitation as only the gross behavior is being

examined. However, the lack of resolution makes any quantitative measurements

difficult.

Beam Profile

The beam profile of the laser output was considered first. There was no

great effect observed on the output of the laser. Figure 5.6 demonstrates this.

Figure 5.6a is the beam profile of the laser without feedback. Figure 5.6b is of the

laser with feedback from the unidirectional ring PPCM. No change in structure
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Fig. 5.6. Output profile of laser. (a) Free running, and (b) with feedback.
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is seen. The resolution, as mentioned above, is poor. If it were better the only

difference that can be observed is a change in the speckle of the image. The

free running beam profile has a clear speckle to it. In the laser with feedback

the speckle is blurred and indistinct. This is due to the multi-longitudinal mode

structure and occurs with conventional feedback as well. This is the only clear

difference between the images.

The return beam is more interesting. In Fig. 5.7 the return from the external

cavity is imaged. (The horizontal lines are a product of the processing had have

no significance.) The conventional feedback, at a power reflectivity of 4.8%, is

shown in Fig. 5.7a. Feedback from the ring PPCM is shown in Fig. 5.7b at a

reflectivity of 5.0%. Note that the conventional case suffers from divergence, the

intensity is spread out, while the phase-conjugate beam has more of its intensity

centered. Keep in mind that the beam quality is about the same for both cases.

The conventional case also suffers from self-interference (Fig. 5.7c), shown at a

higher reflectivity (26%) to bring out the effect. This never happens with the

phase-conjugate light. Figure 5.7d maps the background without reflectivity for

comparison.

The buildup of the phase-conjugate return can be quite interesting. In

Fig. 5.8 the progression from no feedback to maximum is shown in 2.5 minute

increments. Figure 5.8a is just the background without feedback. The illumi-

nation of the crystal was started at this point. There is saturation due to back

reflections off the optics and the poor resolution available. After 2.5 minutes, the

buildup in phase-conjugate feedback is visible (Fig. 5.8b). Additionally, there is

a second return beam, which is not phase conjugate. Its existence is analogous to

previously observed cones of light emanating from the crystal [551. These occur

due to a relaxation of the phase matching condition given in Eq. 2.15. In that

case, when only two of the four wave vectors are specified, the other two beams
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Fig. 5.7. Return beam profiles. (a) Conventional, (b) phase conjugate, (c) con-
ventional showing interference effects, and (d) background.
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(a) (b)

(c) (d)

Fig. 5.8. Progres of phase conjugate buildup with off-axis beam. (a) Back-
ground, (b) 2.5 minutes, (c) 5 minutes, (d) 7.5 minutes.
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(e) (f)

Fig. 5.8. Continued - (e) 10 minutes, and (f) 12.5 minutes.
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are free to lase in any direction that preserves phase matching, and they will map

out cone of light instead of returning as a single point. That a second beam of

light should return instead of a section of a cone has been predicted [102, 103].

In both of those cases the second spot was a steady state phenomena, where the

transient data is shown here. In the former reference a ring PPCM was used,

but one of the mirrors was intentionally tilted to produce the effect. In the lat-

ter case, a different geometry was used, and the parametrs adjusted so that the

usual copu;ling would not experience high gain. This dissertation work found

the second spot to take appear for coplanar and otherwise optimal alignment.

After 5 minutes (Fig. 5.8c) the second beam has maximized in intensity.

The phase-conjugate spot has increased as well. Recall, its buildup time can

take many minutes. After 7.5 minutes (Fig. 5.8d) the second beam has almost

entirely faded and most of the light is directed back into the phase-conjugate

beam. As time progress, Figs. 5.8e and 5.8f the second been is gone. The beam

profile starts to grow asymmetrically, indicating a degradation in beam quality.

The above set of images clearly show why the fidelity will lag the reflectivity

and then taper off from a maximum (Fig. 5.2). In the early part of the buildup,

light is diverted into the second beam (or cone), so that while the reflectivity of

the device may be high, only a small portion of the light is directed back on axis.

The extraneous light collapses into the phase-conjugate beam as the gratings

experience preferential gain and become stronger, as discussed in Chapter 2.

That is why the second spot observed is only a transient. Eventually the gratings

are strong enough to diffract higher order modes out of the phase-conjugate

return and the beam quality begins to degrade.

A second run was conducted for comparison. In that experiment, the beams

were realigned in the crystals to create a new set of phase matching conditions.

The results are shown in Fig. 5.9, again presented in 2.5 minute increments. In
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that case no off axis beam appears. The phase conjugation process starts in

Fig. 5.9 with no feedback (only back reflections) and builds up nonuniformly.

The exact cause is not known, but it clearly degrades the beam quality. After 5

minutes (Fig. 5.9c) the- reflectivity is 3.2%. After 10 minutes (Fig. 5.9e) it had

doubled to 6.4%. By the end of the run (Fig. 5.9g) it had increased, at fifteen

minutes, to 10.2%.

The second run was presented to show that although the general trends

are consistent from run to run, the exact result is highly dependent upon initial

conditions. In fact, there was no measurable difference between the crystal ori-

entations in the crystal. Yet the behavior is quite different in each case. The

actual coupling process in the crystal is extremely complicated and dependent

on many factors.

This last discussion points a significant problem with photorefractives in

general, and specifically with regard to laser coupling. The material properties of

Barium Titanate have been extensively characterized yet are not well understood.

The photorefractive behavior varies greatly from crystal to crystal. Even with the

same crystal there can be difficulty in reproducing some results, while other data

are easily repeatable. The data presented in this dissertation has been limited to

what can be reproduced, except in this last case. Although photorefractives have

enormous potential, they will remain in the research lab until better understood.

Summary

In this chapter the beam quality aspects of the unidirectional ring PPCM

have been considered experimentally. The time response of the beam quality

was shown to lag the reflectivity. The beam quality of the ring PPCM was only

slightly better than that of the conventional mirror without an aberration, but it

was significantly better than the conventional case when the beam was distorted
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(a) (b)

(c) (d)

Fig. 5.9. Progression of phase conjugate buildup (a) Background, (b) 2.5 minutes,
(c) 5 minutes, (d) 7.5 minutes.
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(e) (f)

(g)

Fig. 5.9. Continued - (e) 10 minutes, (f) 12.5 minutes, and (g) 15 minutes.
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prior to reflection. This was true only if it had time to write new gratings in

the crystal, otherwise it acted as a static hologram, in which case beam quality

was comparable to the conventional reflector. The beam profiles of the laser

output and return beams were examed. The progression, in time, of the buildup

of the phase conjugate feedback was presented. The two runs shown explained

the behavior of the time response curve and also demonstrated the problematic

nature of photorefractives.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

The work presented was an attempt to conduct a systematic study of a

semiconductor laser with phase-conjugate feedback, that is, a phase-conjugate

external cavity semiconductor laser. The motivation was to place in context a

body of work that would define the problem, answer basic questions, and point

the ways towards meaningful follow up work. It has succeeded, in this respect, to

the extent that the unidirectional ring PPCM acted like a phase-conjugate mirror.

The possibilities and limitations of the device are more clearly understood, as

well as the pitfalls of using a photorefractive PPCM as a phase-conjugator.

Prior to this work, when phase-conjugate feedback into a semiconductor

laser was considered, the nonlinear medium has been either another diode laser

or Barium Titanate, used in a self-pumped configuration. This is due to the

higher powers needed to drive other media. The phase-conjugate aspects have

been casually assumed when photorefractive methods have been employed. As

shown, a self-pumped device can be considered to be phase conjugating only when

the phase matching conditions are met. Otherwise it is only a static hologram.

This doesn't devalue the device, rather it allows for greater comprehension of its

operation.

The most important result of this was establishing the return phase of the

ring PPCM through modeling and experiment, and the likewise modeling of the

Ideal PCM. That the return phase is exactly 2n7r may have been intuitive, but

prior woik was always kept general. This work shows that this needn't be done.
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In Chapter 2 the effective reflectivities and the rate equations for the CECL,

PCECL, and URECL were derived and compared. The differences in form due

to phase shifts between one case and another. Moreover, when the boundary

conditions are imposed, the steady state rate equations for the PCECL and the

URECL are single valued, in contrast to the CECL.

In Chapter 3 the boundary conditions (that are so significant) were derived

and substantiated with experimental evidence. Two methods of obtaining an

expression for the effective reflectivity from the data were considered. This in

turn allowed for a calculation of the coupling factor f. Linewidth narrowing and

broadening for all three cases was discussed and compared. Experimental results

were provided for the URECL which were in good agreement with the models

developed. The multimode spectra of the CECL and URECL were presented

and an empirical explanation of that behavior was shown to be quite plausible.

In Chapter 4 the phenomena of coherence collapse for the URECL was ex-

plored. Experimental evidence was presented that clearly demonstrated this

effect. External cavity mode suppression at low feedback levels was described.

Dynamic rate equations for the three cases were given. The comparison of them

neatly illustrated their differences and similarities.

In Chapter 5 beam quality aspects of the URECL were considered. It was

shown, as expected, to be better than the CECL. The difference between phase

conjugator and static hologram was demonstrated via comparison of the beam

cleanup capability of each. The laser output beam profile was seen to be only

marginally affected by feedback. The time lag of the fidelity of the ring PPCM,

an important device consideration, was measured and discussed. The beam pro-

file of the return beams were compared for conventional and self-pumped phase

conjugate were compared. The ring PPCM buildup over time was presented,

showing characteristics unique to that device.
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Future Work

Any good research will suggest further avenues of investigation. The exper-

iments and modeling done herein have provided a number of possible follow-on

efforts.

In the conventional arena two interesting experiments might be performed.

The first is to investigate the possibility of using an external reflector as an effec-

tive anti-reflection coating. There are many instances were a low facet reflectivity

is desirable. However, due to the small surface area of the emitting face of the

semiconductor laser, good quality AR coatings have been very difficult (and ex-

pensive) to achieve. Using a reflector, conventional or phase conjugate, might be

a convenient way to address this problem. The modeling suggests that essentially

zero reflectivity can be attained for the proper combination of phase delay and

external reflectivity.

Coherence collapse is another fascinating topic. In all previous experiments

the phase delay is kept constant. Varying the phase delay rather than the external

reflectivity is proposed. As mentioned in Chapter 4 there is some debate on the

influence of the product of nr on coherence collapse. This experiment would

settle that debate once and for all.

Further work on phase-conjugate feedback would be worth the effort; This

research has only touched on the possibilities. The first experiment should be to

augment the attenuator with an optical isolator. This would provide the oppor-

tunity to study the effects of very low feedback into the laser. (Unfortunately

for this work, the available instruments were not suited to this technique.) A

careful study of the transition to coherence collapse should be carried out, as well

as a comparison to conventional low feedback effects such as line narrowing and

frequency stability. Further investigation of mode suppression, including both

measurements and modeling, would fit in with this study.
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Use of a faster medium would permit a thorough investigation into the dy-

namic effects of phase conjugate feedback. Semiconductor materials are ideal

candidates for this, and certainly are the nonlinear materials of the future for

diode laser work. This would also allow an investigation of a four-wave mixing

geometry which could be compared to the Ideal PCM model in the present work.

The validity of neglecting the delay length of the external cavity could then be

verified.

There has been some recent work with double external cavities being used

for stability and other considerations. Some novel research might include sub-

stituting a PCM for one or both of the conventional mirrors. Since the double

cavity work is being done to better manage the diode laser instabilities for device

applications a PCM would have the added advantage of being self-aligning.

The use of holograms for optical storage has long been pursued. There is

potential for an URECL in these situations, especially one that is constrained

to be single longitudinal mode. In that case the ring PPCM would only provide

reflectivity for the correct frequency. This could be exploited for an optical switch

or memory device.

The full dynamic behavior of the external cavity semiconductor laser de-

serves more attention. The development of a full multimode model would be

quite useful and could verify some of the suggestions offered. This treatment

would include a complete gaussian transverse profile with multiple transverse

modes. It would take into consideration gain competition and mode coupling, as

well. The complete mathematical model could then be used to model feedback

effects quite accurately. This would require putting a time dependence into the

coupling constant x for photorefractives.

Chaotic effects are quite the rage, these days. It would be worthy investigate

the implications of using the multiple round trip equations in the considerations
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of chaos. This might shed some insight as to whether chaos is actually affecting

the laser, or is just a consequence of the equations.

The original intent of this research was to provide a background for laser

diode ,jupling via nonlinear optics. This work suggests that the use of a faster

media might be required for good coupling - this is a natural extension of the

work. Coupling via a DPCM, already demonstrated, might be greatly enhanced

through the use of optical isolators (to limit the feedback intensities) and an

etalon to force single mode coupling between the lasers. Coupling via a true

four-wave mixing geometry might be the preferred method, as Dente's work on

overcoupling suggests time delay effects have an adverse impact on the cou-

pling quality. These effects could, in theory, be removed with the proper phase-

conjugate device.

In summary, the field is rich with potential investigations. Most of the

proposed work is possible with only a small expansion of the current experiment,

and well worth doing.
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