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Abstract
Coherent optical communication systems require
semiconductor lasers, which oscillate in a single
longitydinal mode with an extremely narrow spectral;widtﬁf
as serces for the transmitter and local oséillato:.
This thesis discusses the laser parameters whicﬁ aféecc

P

the spectral content of the output. It is shown that
iﬁcreasing/the photon lifetime in the regonator causes ‘the
spontaneous emission content in the output to decrease and
heﬁce, the longitudinal mode spectral width to decrease.
The theoretical aspects of external cavity feedback are
deveIdped. |
Experimental results are‘presehted(which demonstrate:
1. Varying longitudinal mode spectral width with‘varying
feedback levels. P
2. A semiconductor laser, with external grating feedbadk,

which oscillates in a single longitudinal mode-and is

tunable over a frequency'rangewof'approximately 1.8Thz.
: ) :
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1. INTRODUCTI‘ON

1.1 HISTORY OF COHERENT OPTICAL COMMUNICATIONS

Lasers, the prerequisite for the realization of
cbherent optical communication systems, were proposed by
Schawlow and Townes [1] in 1958. Sggsequenf?y, in 1960,
Maiman [2] succeeded in inducing stimulated emission of
photons in a ruby crystal coated oﬁ~two parallel faces with
silver. This was the first actual demonstration of a laser.

The early 1960's were host to a greét deal of research
in é%e areas of 'lasers and detection of optical 51gnals
ThlS research provided a stlmulus for research in the
éppllcatlon of lasers to communications. _

In 1965, Goodwin and Pedinoff [3] experimented with an

optical heterodyne system: They demonstrated "that the -t

sensitivity of the indium arsenide detector is improved in
excess of four ogders of magnitude’by the heterodyne E
system.". Goodwin (4,5] followed up on this work with a
3.39um heterodyne system in 1967, and a 10.6um CO, System in
1968. Due to their high power capabilities, the CO, systems
:were studied in detail in the late 1960's [6].

| The development of these long wavelength systems was

' quite successful. However, since the systems 1nvolved
’*écommunxcat1ons over atmospherlc llnks, the signals suffered
from turbulent“degradatlons which often rendered the signal

unsuitable for heterodyne detection [7]. Delange and

Dietrich [8] demonstrated that "neérly ideal performance ‘is

[
'



possible™ in an enclosed transmission path. I: was evident
that 1f a practical waveguide could be developed which would
. ‘ .

ensure little or no therference along the transmission

path,. the feasibility/of the link would be greatly

Increased.

Proceeding at tHe same time as the development of the

I8

'coherent systems was research on glass fibers as optical-

~”wavééuides. In 1966, the best fibers had losses greater

than 1000 dB/km. However, Kao and Hockman [9] at Standard

“h,

Telecommunications Laboratories in England speculated that

losses of 20 dB/km should be attailnable. It was felt that

such fibers would be viable for communication systems.

. The major breakthrough needed for useful fibey
transmission was announced by Corning Glass wOrksﬂ New York,
in 1970. Researchers Kapron, Keck, and Maurer [10] reported
fibers with 7 dB/km radiation losses. More recently, fibers
with losses less than 0.5 dB/km have been developéd (11].
Hence, the medium for viable optical communication'eiis;s
today. , .

Unfortunately, the operating wavelength of the COz
systems did not coincide with either the minimum attenuation
or dispersion regions of thevoptical‘fibers. A.unién of the
existing heterodyne_systems with the newly developed fibers
was not possible. ‘ | N

Extensive research was carried oﬁt on semicénductor

—

lasers in the 1960's and the characteristics of most of the

‘constituent materials were known by 1970 [12]). The fiber



optic communication systems developed during the 1970's were
y C A R L

operated i1nitially :n the 0.8-0.3%um region with research

advancing to the 1.3um and 1.55um regions where the fiber

dispersion is a minimum for the former and losses are a

-~

minimum for the latter.

The early semiconductor lasers were appropriate.for
Intensity Modulated Direct Detection (IMDD) Systems.
However, they were not sufficiently stable nor coherent to
be utilized in heterodyne/homodyne systems. For this
reason, IMDD systemgs were concentrated/on throughout the
1970's and advanced to the point where the systems were
app}oaching receiver noise limitations.

During the late 1970's, research on icoherent optical
systems which utilize semiconductor lasers and glass fiber
began to increase. The first demonstration of such a system
was in 1980 by NTT in Japan [13]. |

Research on coheréht optical communications remains
active today. A great deal of the recent work corcentrates

on improving the components of the system.

1.2 COHERENT COMMUNICATIONS / NARROW LINEWIDTH LASERS

| The following diséussion is meant only as an
introduction to why the tobic of external‘cavitf feedback
lasers.was deemed important td-study. It is not an
exhaustive introduction to coherent opticalycommunications.
The interested reader is invited to read an excellent
tutorial by I.W. -Staniey [14]: The following disgussion is -

Iy
2
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[N

‘ﬁ}"

derived from Stanley's tutorial. '/
In conventional optical communication systems, the
transmitting laser is simply tdrned off and on and the

receiver detects only the presence or absence of an optical

‘pulse. An analogy is often made between this intensity

modulation techhique and the transmission technigue of earlx
spark gap radio. Cohefent optical communication systems, |
however, utilize the phase information of the transmiptiﬁé
laser in order to benefit from the inherent increase in
system senkitivity. The increase in sensitivity, which is
discussed ié?detail bélow, 1s due to the presence of a local
oscillator field.

Consider Figufe 1-1 which shows a ;ransm{tted opticai
field being combiﬁed with a local oscillator field and the
Summed field being incident on the detector. Assume the
fields have identical states-of polarization and that the
summing process is 100% efficient.

The detector is sensitive to incident optical powerl
which is proportional to the square of the optical fiela.
Furthermore, the current output by the detector due to the
1nc1demt optlcal fleld is g1ven by -

&

_.ﬁgP _ B -
I hv . .(11)

&8

'where n is the quantum eff1c1ency of the detector, g is the

electronlc charge, P is the ‘power of the 1nc1dent fleld h

fis Planck s constant, and » is the frequency of the optical



Wt s i Field Combining Element

E E
? > D Detector
A

Y

El=Received Field
EL=Lotal Oscillator Field
D=Detected Field

Figure 1-1 Summation of Received Optical Field with the
Local Oscillator Field.

field. If the constant of proportionality between the power
and the square of the amplitude of the incident electric

field, E *, is taken as Ko, then

P =KjE, . (17;)

-

Combining Equafions -1 and 1-2 yields
\

' 2
K.nqE_-’
- -2 R (1-3)
hv ‘ o

Ga

which shows that the detector current is proportional to the
square of the total -incident field.

{
~



Now, the electric field incident on the detector face is

~

€D= ER cos(ch) + E;L cos(er_) (1-4)
where wp 1s the angular frequency of the local oscillator
field and wp 1s the angular frequency of the received field.
The circumflex above the field variable indicates absolute

A .
amplitude. Neglecting the high freguency components, which

are not passed by the detector, the square of the total

field is .

+‘E:REL COS(wR“mL)E . (1-5)

m
'}
N —
~~
&2 B
N
+
[£2 0%

L)

[

There are two cases which arise from Equation 1-5 .

o

1. Homodyne: uL—wR=O . ‘ﬁ? | .
2. Heterodyne: UL_Uﬁsz where wF 1s the intermediate
frequency. " ) ’ e
Case 1: Homodyne (Baseband filtered signal) e
L . . e %
The component of the :squared field which falls withim™ =
gy . . N - . s %
e N — 4 k4
the passband:;of the detector is ' oo Te A
£ =i o \2 -
i ‘ ’ ' R
"2 1 A2 a2 8 2y
T e ‘1_, .
) EDJ 5 (Eg + E[) + EGE . 1 ( 6’)

‘ . -

" In the case of modulation of the received field (ffequency,

1!

_phase, or_amplitudé), the. information in the received field

introduces time dependent changes to the E cos{w_t) term in

R
Equation 1f4i The net effect is that the last term in.

/ =
»



N\
=g

Equation 1-6 becomes time dependent and the resulting

t<

detector signal current at the information signal frequenc

i S - N : 2

2 ‘
Ep™ ZEgEL ' o0 (1-7)

2 &Y

where the peak values have been written in terms of Yms
I4 -

values using

The detector signal current becomes

: 2K .nqE_E ' :
0 R L
L= — - (1-9)
. v

Case 2: Heterodyne (Intermediate freguency filtered signal)

™ The component of ‘the squared field which-falls within

~the passband is g 5
) . | : (1-10)
Writijg squation 1-10 in rms terms gives
B2 -y7TEE . : (1-11)
D - RL * - . ,

The detector signal current becomes



/2 K _AqE
: g« o4 REL ‘ )
hv (1-12

-

The different factors of y2 which appear in the
detector current for the hetefodyne detection and homodyne
detection cases are responsible for the 3db differences in .
receivefﬂseqsitivity associated wit27the two different
modulation téchniques. As will be ‘shown,. it is the productl
of the trénsmittéd field and the received field whiﬁh cause
the reported [15] 15db to 20db improvemen£ 1n receiver

sensitivity over IMDD systems.

1.2.1 Detector Signal to Noise Ratio

The detector noise Imay be modelled by two terms. The
first term is quantum noise or shot noise aﬁd is
proportional to the received signal. The second term is
thermal noise (Johnson noise) and is independent of the
received signal.

The detector signal to noiseyratio may be written as

2R .
2 o
KIR*K, g

" SNR = (1-13)

‘where K, is the shot noise propoftionaliﬁ?ngﬁstént,‘Kz

represents the thermal noise term and R ig Ehe input

impedance of the receiver as seen 5y theﬁdeteétbr éiodé.
Writing the signal to noise ratio in terms-of the

received field yields
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T4
KE R
SNR = Z (1-14)
KK, E_ R+ K
1R .é
for the IMDD systems,
2keZE2R
L R
SNR = > (1-15)
ZKKlELERR- + K2
for the heterodyne systems, and
4K£iE§R
SNR = 75 (1-16)
AKKIELERR * K,

for the homodyne systems. K is given by

. 3
.2
Kqha
hv

- K = . (1-17)
¢

From Equation 1-14, it is seen that, in IMDD systems;
the acceptable minimum signal to noise ratio is limited by
the thermal noise term, K,. The thermal noise limitation to
the signal to noise ratio limits e maxiﬁum transmission
'distance, since signal aftenuation is proportional to fiber
1ength; Using coherent detectioh’schemes, Equatio&s 1-15 ;
and 1-16 show that the thermal noise limitation may be
overcome by increasiné tﬁe amplitude of the local oscillator
'signaliEL. The reéulting'incpgpse in‘signalito noise ratio
relates difbctly,tq an iﬁcreasevih receiver sensitivity
which‘iﬁ tutn‘relatés direc;ly,to an inc:eéée'in.thé maximﬁm

transmission distance.



The immediate advantage ef cohérent systems over  IMDD
systems lies En;the improved recelver sensitivity due to
overcaming thermal noise limitations. Another major
advantage is the tremendous aveiiable bandwidth,which may be
utilized. : oy

s ‘
1.2.2 The Idiportance of the Laser Linewidth

There are four major requirements te be met for a
successful coherent system which are not critically
. necessary for a eonventional IMDD system. The.requirements
are: | ' .

1. Facility for modulating the phase, frequency, ‘or
amplitude of the laser. -

2. A transmission path which maintains the tempo:%l and
spatial integrity of the phase.

3. A local oscillator at the receiver for heterodyne or
homodyne mixing and detection.

4. A narrow linewidth single longitudinal mode laser.

This thesis concentrates on techniques for achieving
narrow linewidth, 51ngle longltudlnal mode operation of a
‘semlconductor laser. | -

. The necessity for stringent spectral propetties’of the
laser is apparent when the_followihg is considered. In a
heterodyne system, the signal infovmation is mbdulated'onto:
an optlcal carrler which results 1n the 51gnal 1nformat10n‘

,belng present in the spectrum as bands on elther 51de of the'

vcarrler_frequency. Flrst of all, assume that the‘carr1e:

.
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‘reouenty is flxed Then o from Figure 1-2, it 1s.

-.”I i‘
‘flékb @f the 1nformatzon spectrum (and xos’ng t“e 51gnal)

&Qe lxnewldth of the laser must be con51depab y Jess *han

W o

té?%ﬁundamental fmequency (1e; 100Mhz),of"the 31gnal‘ :
B

'%2 Jacobseg'and Garret'[16] have determlned that the lase

llntéléth 1n Hz must be. less than 20%. of the 1nformatlon

)}
raté in bxts/sec“ Flgure 1—2 cgnceptuallyblllustrates the

Es

-above speci‘%catidﬁ.

».-
I »

F1gu:e 1-2 Slgnal Interference Effect of Excessive Laser
Linewidth >

L . . f

Ap 1.3um and a bit rate of 100Mb/s, the requirement for
the laser llnew1dth to be 20% of the bit rate means that the

fractiohal’ stablllty, Af/f 'of the laser must be about 1

-

s

<Y

@em that'in order to avoid suoerlmposxwg *he laser spectrum
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‘\pacf‘in'IO'. Results have been reported where the

fra&tionél'stability was about J part in 10'° [17].

A“relatgd requifement\és that the center frequency of

tbe l;ser"szt’remain constant. In a homodyne system, the

difieredce_of the transmi§ter and local bscil%ator center

T ff?quenciés must rémainbwithin the loékiﬁg bahdwidfh of the
system cong:olLing the local oscillator. Iﬁ\a hetercdyne
lsfstem[ the frequency difference must remain within the

ﬁ cpntrol”bépdwid;h.oﬁ the feedback loop whiéh controls the

. \
. local OScilla;or,

In summary, the two major requirements for the

I\ . ’ . L
semiconductor laser are that it exhibits a stable center
ffequency and a narrow spectral linewidth.

H

1.2.3 Object of the Thesis

The purpoge of the work reported ;n this thesis is tm
gain‘an understaﬁd&ng of the properties of semiconductor
lasers which affect the iaéer spectrum.

Chapter 2 expl@res tﬁe theéretical origin of tHe
proﬁerties of,iaser épect;a. Chapter 3 ‘introduces the
concept of external cavity feedback and the effect which
external feedback has,dn the,laser spectrum. Chapte; 4
presents and discussesjthe experimental iﬁvestigation of the
properties Bf thﬁge external cavitiés. The three cavities
‘studied weréf - !

1. 'Short external cavity with a mirror.

2. Long external cavity with a grin rod lens and a mirror,’
Y

N -



3. Long external cavity with a grin rod léns and &
diffraction grating.

Finally, Chapter 5 concludes with recommendations for

furthering the study of external cavity feedback lasers at

the University of Alberta.



2. THEORY OF LASER LINEWIDTH

2.1 ELECTRON TRANSITIONS

One of thé BYpOthesgs'in the theory of quantum
mechanics 1is that each of the electrons in an atom exist in
one of a set of possible energy states. A narrow energy
region, occupied by a number of allowed energy.states, and
bounded by tegions essentiall} void of elec;ronic activity
(energy gaps), defines an energy band. Figure 2-1°
illustrates two such bands separated by an gnergy gap. At
at temperature of absolute zero, all energy states are
occupied up to an energy known as tﬁe Fermi energy level.
At temperatures above absolute zero, there is a well defined
probability that some electrons are thermallv evcited into
the band just above the Fermi energy level, known as the

céhduction band. The energy band immediately below the

Fermi energy level is termed the valence band.

A E.. : Conduction Band

— ——— ; _ - = Fermi Level

E. | : : Valence Band

T

~Fiqure 2-1 Energy Band Model of the Electrons in a Solid

14 @
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Transitions from one energy sState to another are
characte?ﬁzed by the absorption or emission of an amount of
energy equal to the energy difference between the two
states. If the transition is radiative (ie. the energy
transfer has been with an electromagnetic field), the
frequency of the radiation emitted or absorbedgis given by

Bohr to be .

o>
m

(2-1)

<
L}
7|

i1

where AE=E;-E" is the nominal energy difference between the
two states (typically the conduction and valence band edges)
,h is Planck's constant, and v 1s the frequency of the
radiation in Hz.
2.1.1 Spontaneous Tran;itions

An elecfiron may undergo a non—inducéd transition,.
referred to as a spontaneous transition, from a high energy
state to a lower energy state and, if the transition is
radiative, emit a photon a£ a freqUéncy given by Sohr's
rejation. N |

In an atomic system consisting of a large number of
atoms, Nn of which are in the excited state designated by
the quantum number m, the average number df these atoms
undergoing a transition to levél n per unit time is‘gi&en by"
[18:pp.124]

E.
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di

T -A N
d[ mn‘m (2_2)

where A,, 1s the spontaneous transition rate for the m-n

a

transition.

)

The spontaneous transition rate impl}es a finite
lifetime r.,, associated with the transition m=n. 7.,
represents the time required for the population to be
reduced to e”' times the original population.

Spontaneous emission is independént of direct
electromagnétic'field influences and hence is inéoheren{;
-there is no phasé correlation to transitions that have
occurred in the past or will occur in the future. Also,
spontaneous transitions are ‘strictly an emissive phenomena.
'"Spontaneous absorption can not occur. .

‘.

'2.1.2 Lineshape Function :

»

The;idea that spontmaneous emission is caused by a
transition between twéjiiates representing two energy levels
impaﬁés that the emitted radiation'is monochromatic “or, in.
other words, of single frequency. However, this is not
str%étly the case. Spectral analysis of the radiation
yiélds a frequency distribution of hdn-zero width.

The lineshape function representing the spectral
distribution of the radiation is denoted by g(v). It is,

Ky

.normalised so that ’ ) S Y

&
2



- g(v)dv = 1 (2-3)
Jo > : _

uy
|

where g(v) is a probability distribution function defining

the probability that a spontaneous transition between levels
m and n will release a photon in the frequency interval v to
v+dw. Ao example of a spectral lineshape function is

illustrated in Figure 2-2.

vooou+dy
'Figure 2-2 Spectral LinesKape Function

<

C e

-The spectral distribution characterized by g(v) is
divided into the two categories of homogeneous and
inhomogeneous broadening. | | o

\

Homogeneous broadenlng descrlbes the case where the
-spectral l1neshape funct1ons of the 1nd1v1dual atoms are
identical to the overall observed functxon’g(u). All

traﬁsitions interact with the same 'pool’ of electrons. It
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-

is caused mostly by the finite lifetime r of the excited
state. It 1s also affected by atomic collisions which
i;terrupt the relative phase between the atomic oscillations
and the field ;n the crystal. ’Homogeneously broadened
~lineshape functions are typically modelled by a Lorentzian

function of the type

1
2 ., 1
(mvg)™ * (77)

g(v) = 2 - (2“4)

which is the type of function illustrated in Figure 2-2.

* Inhomogeneous broadening describes the case where the
spectral lineshape fbngtions of the inéividual atoms are
different from the observed lineshape function, g(v), of the
system as a whole;ﬁ In this case, the dominant mechanism is
not khe finite lifetime of the‘éip}ted state. In gas
lasers, one govern;ng mechanism is Doppler éhifting due to .
"the velocify of the atoms in the gas: In crystal ﬂ

structures, inhomogeneous broadening may be due to crystalii
imperféctiohs causing atomic,neighbourhoods to vary. The
imperfections have a variable effectfon‘the spectral line
profiles of photons from different regions in thevcrysgal.
Under lasing conditions‘(Section 2,3), a medium which
is iﬁhomogengousl} broédeﬁed will b?have differently than a
medium which is homogeneously broadénedf‘ An ideal
homdgeneously.bréadened.medium will[suppéft'bﬁly one lasing
loﬁgitpdinal mode -que té’tﬁg_patticﬁpation of ali electrons

.A ‘. Y f -.. . K .
.in the single mode./ The presencg oF.;he s1ngle mode results-.
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in the onset of gain saturation at all freqguencijes. The

mode which initiélly monopolizes the available ga;;\will be

the mode which requires the least gain to induce lasing. A

N .
medium which 1s i1nhomogeneously -broadened can support o~

N

~—-

several longitudinal modes since gain saturation due to
oscillation gt one frequency does not necessarily affect the

available gain at another frequency.

2.1.3¢ Induced Transitions
When an atomic system is subjected to an

'eleéﬁr6%agnetid field, the field may induce the electrons to
change state. If the transition is from a lower enérgy
level to a higher energy level, the atomic system absorbé
energy from the field. If the opposite transition occurs,
the atomic'syétem emits energy to the field.

| Induced transitions are characterized by aystransition

rate w,;electrons/m® -sec given by [i8:pp.131]

3 . ,
co, ’
Cow, = g(v) (2-5)
- i 8nn3hv3cs

where the suscript' i indicates induced, c is the speed of
v , coA

iight in free space, p is the mode energy density

_ e ‘
(joules/cm®), n is the index of refraction in the medium,
éﬁd t, is the spontapeous lifetime of the excited state. It
is impértant to‘noté that w;“is proportional to ﬁhe hode
'qurgy-dégsity and is ;scaléd‘ gy the lineshape function

giv). g T - -
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displacement along the direction of propagation.

. 20

Induced transitions differ from spontaneous transitions
in two fundamental ways:

1. Induced transitions are both absorptive and emissive.

«

Spontaneous transitions are emissive only.

2. Induced transition rates.are proportional to the applied

)

fleld. Spontaneous transition rates are independent of

the applied field.

2.2 LIGHT AMPLIFICATION -

Induced transitiéns make the phenomenon of light
amplication possible under the broper conditions., A
monochromatic wave travelling through an atomic medium will
induce transitions Provided the wave frequency is within the
atomic resonance defined by the spectral lineshape function.

. The net energy transfer, P, between the medium and the
field (neglecting spontaneous»transitions) is
. . S (N‘ -'Esim hvv (2~6)
. v Ll n’ 1
where P/V is the net rate of energy transfer, per unit
volume-V, between the medium and the field.
Neglecting any dissipation,

-

dI ‘
‘(Nm N Jw hy

| L (2-7)

.

where I is the intengity of the field, and z is the
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It i1s apparent that the monochromatic wave will
1ncrease 1in intensity as it propagates, through the medium

whenever

vooNg TN O (2-8)

In semiconductor materials, the conventional gain
condition N,~N, > 0 is’governed by Fermi-Dirac statistics

and becomes [18:pp.477]

fC(E) 2 fVSE) ' (2-9)

where
f (E) = ! (2-10)
c (E—EF )/KT '
e ¢ + 1
and
f (E) = .‘1‘ . ' {(2-11)
v +(E-E /KT ‘
e v + 1

EC(E) repreéenfs the prgba?ilify that a state in the
conduction bangd is occupied. f,(E) represents the ;
‘probabiiityfthat the Eorresponding'state'in the valeﬁce band
is‘bccupied. ‘

Ep. and E .,
Fermi levels in the conduction and valence bands .

as shown in Figure 2-3, are known as quasi

.respectively. They are a steady state phenomena resulting

o
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f&om a pumping mechanism which excites electrons into the

conduction band.

9, o
o g :
o .
: ® jg """"" Erc
L2 o
_1_____cn..o
E~ -
F EFV Eg ___________ EF .
| SR
- 0O TlQD
o O_.______._ E
® R ) . Fv
) »
§ - *
oUnoccupied State (Holes)
® Occupied State (Electrons)

Figure 2-3 Quasi-Fermi Levels in the Conduction and Valence
Bands

N

g 3
2

~
Also, using the quasi Fermi levels, the range of

frequencies which are susceptible to gain then become

E E. - E /4 -
R g —. i ‘ (2-12)

These 11m1ts define the boundaries of the spectral 11neshape
function g(») as shown in Figure 2-4. (In llght of the-
previoug discusSion,.the liﬁeshape function 1s also known as
.thé éain cuéve ) |

For photon energies less than’ Eg _no electron =

tran51rlons can occur between states 1n conductlon and

valgnce bands. For photon energies greater than EHZ—BFV'
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q(/) ‘, Q.

Absorptive
‘Region

Transparent
Region

—

1

Eg EFC-EFV

h ) h

Figure 2-4 Boundaries of the Spectral Lineshape Function

the semiconductor extracts more radiative energy from the
field than it is capable of providing and hence, it is

absorptive.

2.3 ﬂASER OSCILLATION .

It has been stated that light amplification in a
-semiconductor material is possible provided an inversion
‘condition is met and the incident light frequency is within
the gain curve. U;iﬁgAféedback, it is possible to inguce
;elf-sustaining Qsciiiations in the medium. o

| A semiédnductor‘lasef‘may be fabricated by cleaving a
semiconductor crystal along two parallel blanés which are
orthogonal to the active :egioﬁ of the material. The active .
regioh is a junction betweén‘p—doped aﬁd n-doped
semiconductor m&tferials. The resulﬁing iﬁterfaces act as

mirrors and cauée_a portion of the emitted light to be fed
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back into the laser. In the event that the fed back light
i1s added in phase to the emitted light, oscillation is

possible.
. 14

To analyse the laser system, the following .parameters,

which are illustrated in Figqure 2-5, are necegsary:

ﬁ. r,,r; = amplitude reflectivities at the.two interfaces;
2. «a = intensity loss per unit length in the medium.
3. vy = intensity gain per unit length in the medium..
4. 7 = index of refraction of the medium.
5 1 = cavity'length.

- | ——

To=1 |. n, Mo =1 i
r | ra2

[¢d

Figure 2-5 Laser Cavity Model

Oscillation yill;be‘sustained.if a’ wave traVeiling
through the medium is equal in amplitude and phase (within

an integral multiple of 27) to itself upon making one round
trip through the cavity. 1In this case,the relationship .

- C ~23k, & ‘ S o
> rlrze(Y-a)z e Y o= S (2-13)

-
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¥ R must hold, where k,=27/A, 1s the wavenumber in the medium

J' ’ . - ¢ ‘ .

and A, is the wavelength in the medium. Solving for the

pﬁ‘xase and gain yields

mn tl
B (2_14)
k1 2
> ' 1

”whefe m=1,2,3... and

1
Yy =a - z'lﬂ(rlrz . (2-15)

Equations 2-14 and 2-15

respectively, are the phase
and galn conditions requ1red to sustain laser oscillation.

mhe allowable propagation constants k, are a dlscrete

set characterized by a round trip phase,

q)ll

in the cavity
of,an integral multiple of ‘2m

Figure 2-6 illustrates the
dllowed longitudinal modes supérimposed on the gain curve,
i ’

Sp=m27

. -
o me2 m-1 " m mtl me2
Flgure 2- by Solutlons to Phase Condition Superimposgdl on the
Gain Curve I¢ _
‘; ‘ » ‘ /‘:",

w

.25
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The gain of the medium due to inversion must compensate
for any distributed loss mechanisms in the cavity and the
energy lost to transmission out of the cavity. Fac:tors

+ .

governing the required gain are discussed in more .detail in

v
L4

Section 2.4.1

2.3.1 Fabry-Perot Resonator

The configuration of a semigonductor laser lends
readily to modelling the laser as a Fabry-Perot resonator
with an active medium.

The Fabry-Perot resonator was developed by Charles
Fabry and Alfred Perot in 1899. Tﬁe simplest form of the
. resonator is‘two plane parallel mifrors; with high
reflectivities,,separazed by a distance d.

The important parameters of a Fabry-Perot resonator
are: .

1. Finesse
2. Free Spectral Rénge‘
3. Resolution )

The resonator finesse is related to the g-factor of the
resonator. It is determined by the flatness of the mirrors,
stray light rejection, and mirror refle;tivity. The -
reflectivity is 'the aominant contributor to the finesse.
Therefore, an estimate of the fing;se\méy be détermined with

knowledge of the?feflectivity only. The finesse,' , is

given as [19:pp.309]
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F=3/F (2-16)
.
where
LY
P ()% (2-17)
l-r

F 1s the coefficient of finesse and r is the amplitude
reflectivity. -

The free spectral range (FSR) is the fundamental
frequency (or wavelenéth) that will con§tructively intgrfere

in the resonator. It is given by

Av = ) (2-18)

Al

i ’ ©(2-19)

The Fabry-Perot resonator causes constructive interference
of the fundamental or any of its harmonics of integef order
ﬁ. The FSR also represents the maximum freguency deviation
Av that a signaiﬁcémponent caﬁ'vary f%om a primary signal,
say vo, which interferes,ﬁith order n {(ie. m=n), and Se
distinguishable from the n+1 order of interfereﬁce of the
primary signal v,. Figure 2-7 illusf:ates the free spéctral

range.
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o _,

€< L —>
alfundamental T/2=C/L

-

Vg w+Av

-0 : Cs2L 2C/2L nC/72L (n+1)C/2L
v{Hz)

b)Primary signal v, and component wy+Avu.

Figure 2-7 Free Spectral Range of a Resonator

i

The longitudinal modes of a semiconductor laser are
separated by the free spectral range of the laser caviﬁy.
' The resolution 47 the Fabry-Perot resonator is defined

as the minimum separation of two components (ie. minimug Av)

that can be detected. .The resolution is given by
\

[19:pp.310]

C " (2-20)
A\v_min T .

From equations 2—18'aﬁd 2-20, .it is seen that the
finesse is equivalent to the ratio of the free spectral

. range to the resolution; \ .
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Avmin

F =

- (2-21)

@

Figure 2-8 is a plot of the free spectral range and

resolution versus cavity-length 1. The resolution is

plotted for finesses egqual to 100 and 50.

2.4 LONGITUDINAL MODE SPECTRAL WIDTH

e,

The line width-of the laser is definggl here to be the

full width half maximum (FWHM) wavelength spread of a single

longitudinal mode. Figure 2-9 illustrates the FWHM of such

longitudinal modes are:

1.

2'

'a longitudinal mode.

The‘primary factors which govern the linewidth of the
A

The photon lifetime in the resonator.

Degradation of coherence due to spontaneous emission.
Intensity to phase noise conversion.

Self pulsation orlmoddlation of the laser.

Mode partitibn noise.

The photon lifetime in the resonafo: is dependant on

the resonator type and quality.: The semiconductor laser

Fabry-Perot resonator.

‘used for the experimental work can;be modelled as a

\

£
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Figure 2-8 Fabry-Perot ResOnatof:'Free Specpfal¥Range and
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FWHM

i

m-2 m-1 m’ m+1 m+2

Figufe 2-9 Full Width Half Maximum of a Longitudinal Mode

2.4.1 Photon Lifetime

The photon lifetime in .the cavity is equivalent to the
decay lifetime or the time it takes an electromagnetic field
to decay to e”' times its original value. 1In a simple
Fabry—Peroé resonator, the photon lifetime tcvis the time

;required for a field to decay to e"' of its original value

s

and is related to the cavity parameters by ‘f
) - } n -
. t = (2-22)
¢ C[a— %ln(rlrz ]

where c is the free space veloéityvof light. The photon

lifetime arises ffom,ﬁhé'single pass losses
(o= + tngg, r, 08 - ’
a- 7 ‘gglrz)z ; - $2f23)

which occur in a time
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¢ = 2% (2-24)
The photon lifetime and FWHM are related by [18:pp.107]
. 1 . ’ ~

A"l/z > 7t * (2-25)

Equat;on 2-25 shows that an increase in the photon
lifetime results in a decrease in the iongitudinal mode
width. An increase in the photon lifetime can be échieved
by either increasing the cavity length 1 or increasing the
reflectivities of the resonator mirrors. Photon lifetime is
discussed in more detail in conjunction with spontéheous

transitions in Section 2.4

2.4.2 Linewidth Degra&gtion;ﬁue To Spontaneous Emission
Spontaneous transitions interrupt‘the phase of the
‘cavity field. This phase intérrdption ménifests itself as a

limiting factor on attempts to decreaée the FWHM of the

longitgdinal modes.
Schawlow: and Townes [1] and later, using a different

L 4

model, Henry [20], derived the expression

- Cae thvO(Avl/Z) | NZ . (2_26)
SV | P (N, N,

where Ayg 1s the FWHM of the longitudinal modes, vo is the -

Fongitudihalﬁmode cent;é frequehcy, Av,,; 1is the FWHM of the
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resonator, P 1s the mode power, and (N,-N,), is the
threshold inversion density. The expression indicates an
inverse P relatronshfp for the linewidth. Eventually, due
to the increase in N, with P, the FWHM approaches a constant
and Secomes insensitive to further increases in optical
pover.. This residual linewidth, which is illustrated »in

Figure 2-10, is due to the spontaneous transitions in the

cavity.

Y

Figure 2-10 FWHM vs Optical Power

o

7

—_—
- s —_—

Tipical~Values for spbnténeous emigsion limited
linewidths are 2x10"Hz for HeNe lasers and 1.5x10*Hz for
GaAs lasers [18:pp. 334] The large difference is due mainly

" to the photon lifetime differences in.the two lasers.

. ". . .
2:4.3 Linewidth Enhancement Factor
)

Further to the der1vat10n of the basic relatlonsgfp for

lxnewldth Henry [20] 1ncluded an addltlonal term
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‘'which accounts for changes in the complex susceptibility of
the semiconductor medium with réspect to changes in the

carrler density. An' is the change in the real part of the
index of refraction which is due to the presence of fewer

-

electrons for "resonant” interaction with the field. an'' is

the change in the imaginary bart (gain) of the index of

.

refraction due to a change in the electron inversion T
density.

The overall 1iney§dth Av 1s altered by a according to
2
2% = by (l+a ) (2-28)

'@here/;:o 1s the original line width derived by Schawlow and

Townes. } -

For semiconductor lasers, a is typically 3-to 6 [20].

It represents a significant ‘increase in linewidth over the

linewidth predicted by the SchawloQ—Towges fbrmula.‘

N -
T‘ Ts -

’2.5’INTERDEPENDANCE BETWEEN PHOTON LIFETIME AND SPONTANEOUS

-

Pl

EMISSION« |
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2.5.1 Rate Equation Model
Themgross dynamics of a semiconductor laser can be
understood by the use of a simple model and a series of

.~

associated rate eguations.

‘Figure 2—11 1s a four level model of a laser.
. : N LeVel-ﬁ%
\ i,N,/T, |
Level 2
Rz \LNZ/TI. \Lw:Nz TwlNl )
Level 1

N,/ ;
i' ' Level 0

—’/) Figure 2-11 Simple R iffLeVel Model of a Laser .- />

X

Level 3 represents all energy levels into which electrons
~are pumped. Level 2 is the excitea state of interest. 1In
general, the spohtaneous transition rate from level 3 to
level 2, N;/7,, occurs much faster than any other transition
into or out of level 2. For this reason, the pumping’may bi
thoﬁght of as being directly into level 2 and therefore,
levei‘B may be;nég¥¢ctéd; Laai; | represents the relaxed
state. Levgis 2 and'3 participate in the radiativé emission
processes._ Level 0 is the ground state and is the electron
", source. is-the rate of pumplng of electrons into the
excited states.
| A .set of coupled éifferentiél’equations or-rate

¥

equations can be written which describe the dynamics of the
AU R ° k . b

~
x
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electron populations at the various energy levels and the

energy density in the laser cavity. The rate equations are
— dN2= e i&~ - A
It 2 T wi(‘Z ‘l)t ’ {(2-29)
dN N N
1 : 1 2 .
= N_~ - — 4+ -
dc wi NN T S . (2-30)
1 2
and
dp\) o\)
w ”1(N2—N1)c hv - ;:‘,“ (2-31)
where w,, the induced transition rate, 1s defined v

Equation 2-5. Note that (N,-N,), is the threshold inversion

density and is constant when the laser current exceeds the
threshold current. The subscript t is used to designate the

threshold. All equations are functions of time. Under

”

steedy state conditions,

dN dN dp
2 1 v
dt dt aw -0 (2-32)

and therefore - b ,

{ _ N2 = (R2 - wi(N2 - Nl)t)r2 s | (2-33)

o
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- \V“.‘é%if?\:
RN
NN .
N -'wi(N2 ‘ Nl)trl + N, ;; ’ (2-34)
and
Py = N wyhve (2-35)

K
+

where AN,=(N,-N,),. Equations 2-32 to 2-35 are utilised in

the following sectioh,. N,
\‘ A\\ \
2.5.2 Linewidth Degradation Ratio® o
The linewidth degradation ratio \\ ‘ »
\ [ 3
\\ & ‘
€ ) k N
» N 2 —— \ .A- ( 2 - 3 6 )
- g \ y
wi ANF 2 M\ . «\\ )
5\

\
is here introduced. It is the ratio of the rat&&pf
S\

spontaneous transitions’ t
. §
N '
2 . N
— (2-37)
5 _
to the rate of induced transitions
A ) \;ﬂwé> ’ \
> wiANt . : B o " (2-38)

{

«_'It is apparent from Section 2.4, which deals with the effect
that spontaneous emission has on the laSér linewidth, that

minimizing § will result in a narrower saturated linewidth.
y .
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\
.

Equation 2-36 indicateé four parametét%éxhich, 1€
possible, ﬁéy be varied in order to minihi;éﬁ§. Tﬁe excited
carrier lifetime 7, 1s a fixed physical property and is aoi
readily altered. In an éfficient laser system, an increase
in AN, can only be attained by a corresponding increase in
N, (N,=0) and therefore, increasing AN, has no effect on §.
Finally, since w, is propartional to the mode energy density
(Equation 2-5), w; may Se increased by increasing the - -
pumping. However, increasing the pumping also causes a”
proportional increase in N, and therefore has no effecg on
C ¢ ) '

: \ ‘ :
In order to decrease §{, w; must be increased while
simultaneously not incurring a proportional increasg to Nz‘
~at a fixed pumping rate R,.
2.5.3 The Reiationsgip Between Photon Lifetime and the
Steady State Properties of the Laser-
‘Iq terms of‘inversion density; the required gain fdr

laser oscillation may be expressed as [18:pp.133];

i ANtCZg(\J) ‘ o ‘ .
vy SRR
lwhich.shows that the inversion density, AN, is directly
proportional to the gain. This eXpression may be writtén as
“l' )

Y = 8N H, | ;o (2-40)
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where

-\ SE . (2-41)
1 2 2 0

b 8mn v 1 ' : '
2

(Equation 2-39 is derived specifically for gas lasers.

" However, it is useful to make the following points.)

» EQuation 2-22 may be written as

[t

) Vv

=af1—zn(r1r2). (2-42)

— - (2-43)
Finally, eguating 2-43 with 2-40 yields

(2-44)

AN =

»
amy

which shows that the threshold inversion density, AN,, is
‘inversely pfopoftional to the photon lifetime t_..

‘Since, at steady state, the rate of electron

. transitions ,N,/r,, out of -the lasing system mustrequal the

rate of electrons entefipg the lasing system, R, (which
'remains constant), the populafion of the relaxed state, Ng¢,,
nemains cdnstant."Therefore,;Nz decreases with increasing
t.. From éqﬁation'2-33, éince R, is constant and AN,

decreases , wﬁ'must'increase to satisfy a decrease in N,.

»
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_Returning to Equation 2-36 and noting that in an efficient
laser system N./AN, =1, 1t 1s observed that an 1ncrease in
the photon lifetime results in a decrease in the degradation
ratio, §, due to the increase in w,. Since w, increases

.yhen the photon lifetime“is increased, the ratio of the rate
of spontaneous transitions to the rate of induced
trahsitions 1s decreased. Theréfore, since ‘the saturation
linewi?th is proportional to the spontaneous content of the
laser output, the saturation linewidth is decreased by
increasing the photon lifetime.

A more qualitative poipt'of view 1S to examine the
total electron movement into;and out of the excited state

N,. ?he moveaent of electrons‘into the excited s{;te is

constant and is eqgual to R, electrons/cm’ sec. The movement

of electrons out of the excited state is
w AN +;— . : (2-45)

Neglecting the spontaneous transitions, N,/7,, leaves

o
RZ"miANt . (2-46)
If w, is increased, by incregsing the photon lifetime,

AN, must decrease: in order to satisfy BQuatidn (2-45). AN,

[
/

may be decreased by ofther decreasing N, or increasing N,.
The-following arguement proves that N, must remain constant,

and therefore, AN, can only be reduced by reducing N,.
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Consider Figure 2-12.

Simplified
R Laser ‘
2
Model

lNl/Tl |
Level 0

Figure 2-12 The Four Level Model is Represenmted by a Box

The detailed level model is replaced by a box [él], ‘The
rate of putting electrons into the box is R, and the rate of
.taking electrons out 6f the box is N,/r,, where R, and N,/7,
are i1dentical to the similar variables in the detailed
multi-level model. At steady state,

R, = NI/T1 . (2-47)
Since 7, is a physical constant, and R, remains constant, N,
must also remainiconstant. - Therefore, the population of the
excited'state N, decreases to accomodate the decrease in the
reqqired‘thre&hold @nversion density AN, .‘Figure 2-14 is a
flow-chart which shows the chain 6f events following aﬁ
increase in the photon lifetime.

In summary, an increase in the photon lifetime results

in\\



Increase in photon lifetime

X

Decreased cavity losses Increased energy density

R

Decreased required gain Increased induted transition rate

v N

v

Decreased inversion density

L1

. Decreased excited level population

Decreased spontaneous emission

Decreased saturation linewidth

~

L'S

Figure 2-13 Chain of Events Caused by an Increase in the
Photon Lifetime :

0
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1. a lower threshbld inversion density, AN, , due to a
decrease in the required medium gain and
2. a lower spontaneous emission limited linewidth due to a
decrease 1n the population of the excited state.
Also, the 1increase in photon liéetime 1s associated with an
increase in the cavity resolution whichi in turn enhances
"phase discrimination and narrows the FWHM.
A decrease\in the longitudinal mode linewidth of a
semiconductor laser via an increase in the photon lifetime

of the resonator cavity is the object of the experimental

investigation of the thesis.



3. EXTERNAL CAVITY FEEDBACK
3.1 EXTERNAL .CA\ﬁ TY MODEL .
An external cavityris created by placing a reflective
object such that it causes a portion of the'electromagnetic_
wave emitted by the laser to be fed back into the active
region.
| The coupled cavity system is studied using the model

illustrated in Figure 3-1.

A
—_—
y
S
-
W

mn, r n, r My rs

Figure 3-1 Compound Cavity Model

-
r+, r,, and r; are the amplitude reflection coéfficients at

the ihterfaces.,

3.1.1 Eigenfrequenciés of a Compound Cavity Resonator
The laser and external cavities may be modelled as
Fab:y?Perot Interferometers and as‘such, have free spectral

fahges given by

LT ~ (3-1)
FSRy = Znp E :
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and

FSR - L. (3-2)
e

The ratio of the free spectral ranges 1is

FSR
2'-

L
FSR_ g
e

(3-3)

If the ratio L/nl is equal to an integer, it is apparent
that -the eigenfrequencies of the two cavities will
periodically be equal.

For example, consider a laser cavity with n1=500um and
an extefnal cavity 2000um long so that- L/nl=4. The free
spectral range of the laser cavity, FSR1l, is 300Ghz. The
free spectral range of the external cavity, FSRe, is 75Ghz,

Figure 3-2 shows eigenfrequencies of both cavities.

»

a) L 1 % 1 1 !
0 300 600 .~ 300 1200 18500 6Hz
R . Q .
b) Ll 44 11t b3 b Lt 11

] 200 600 900 1200 1500 6Hz
a) M1=500un FSR=300GHz “
b) L=2000un FSR=75GHz

L/ M=%

Figure 3 2 Elgenfrequenc1es q__;hg_Laser and External
Cav1t1es
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The eigenfrequencies are periodically equal with the period
equal to one laser cavity free spectral range.

The situation where L/nl 1s not equal to an integer 1is
somewhat more complicated but is gtill well behawved. The

’

following statement holds true for all cases.

I1f, in a compound cavity where L>7l, an in%eger, X, can
be found which satisfies the relationship

Lx

el ) . {(3-4)

14

where m 1s also an integer, and if x is the smalléét integer
which satisfies the relationship, then x is the period of
alignmeﬁt, in free spectral ranges of thé small cavity,
between eigenfrequencies which are supported in both
~cavities. In the_casé where L/nl is 'irrational, the two
cavities will have no eigenfrequenciés in common, |
Consider a cavity with n1=500uT; Table 3-1 contains
the external cavity'lengths corresponding to the row and
,coiumn values of x and m. The underlined external cavity
lengths are unique‘in that they do not occur with a smalle:‘
alignment ;atio x. For exampie, when L=625um, the
eigenfrequencies of the two cavities will be equivalen;

every fourth eigenfréquehcy of the small cavity.

3.1.2.Representation of Compound Cavity Resonance
The condiéiop_for sustained oscillation in the coupled -

~cavity in Figure 3-1 is given by Olsson and'Tang [22] to be
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e A e
x\m 1 2 3 4 5 6 7 8 g 10
i
1 500 1000 1500 2000
2 500 750 1000 1250
A
3 500 666.7 833.21000 /f
4 500 625 750 875 1000 '
5 500 600 700 800 900 1000
Table 3-1 Compound Cavity Alignment
‘ 1+ e-jZROL
(y=a)e _ 253 : . _
e -2k ¢ ~J2C L (3-5)
re (rz t e ) 0
This reduces to the standard oscillation equation
T ()t _ 1
rlrze

when r,=0.

Equation 3-5 takes into éccount the multiple
reflections in the external cavity. It méy be.derived:
simply by replacing r; in Bqﬁation 3-6 with>thé expressioni
for the effective rgflectivity'from a Fabry-Perot cévity

»

—ngoL

m

R s Tl (3-7)
eff E -32k.L

1 L + r,r e 0

, 273
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where E. and E, are as shown in Figure 3-3.
— L—>
E,—
. b K,
Figure 3-3 Fabry-Perot Resonator Effective Reflec;ivity
In general, the ‘effective reflectivitf 1s complex. It

. greatly affects the phase and gain conditions of the
solitary laser (a laser without external Cavity‘feedback).
Equation 3-5 was first introduced by Olsson and Tang in
1981. They demonstrated the effect that the feedback had on
the threshold'géin of the laser and briefly, the effect it
had on the spectrum of the laser. In 1983, Osmundsen and
Gade [23] presented a detaiied analysis of Olsson and Tang's
"secular equation” (Equation 3-5). This analysis is the key
to understanding the basic effects of optical feedback in a
semiconductor laser. The following analysis is based upon

the work of.Oshundsen ahd Gade.

' 3.2 COMPLEX FEEDBACK PARAMETER

Osmundsen énd Gade introduce the Ebﬁblex feedback "
parameter z. The complex feedback parameter enables the
final phase and gain condifions to be represented as the sum /

of the sOlitary,laser'OSCfllating condition plus an

additional term due to the feedback.
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The complex feedback parameter z is defined here as

Spp— (3-8)
reff

which 1s equivalent to ,

. -j2k L .

1 + r.r,e 'O)

SR A (3-6)
z ~J2k L

r2+r3e

\

where ry is the Fabry-Perot reflectivity.

The laser equation now becomes

+32k 8 , ' ,
‘ ST Lze (3-10)

s

*»
‘\

In general, z is a complex number and may be represented as

'

?
z = |zled? : (3-11)
b
where -
2 , 2 2
2 r2(1 + 2r2r3cos(2kOL) + r2r3)
|z]° = = = - (3-12)
T, + 2:2r3cos (ZKOL) + Ty
' - 2,»’1
, and
- e '
§\ _ ian‘lc_ r2r3§in(2k0L) ) ) Tan-l(— r3sip(2k0L)‘ ). v ‘(3-13)
z ; 1l + r2r3cos(2k0L) r, + t3cos(2k0L)

. 14
Similar to Equatién“(2-13), which describes-the

solitary laser,‘Equation 3-10 can be separated into gain ahd
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phase conditions.

For oscillations to be sustained:

) -
'. The round trip phase delay must be an integral mul:tiple
of 2n. " The phase condition is -
4
¢ = m2n - 2k 2 - (3-14)
z 1 .

2. The round trip gain mist be unity. The gain condition

1s
Y = a - L-in ror, + - tajz]| . €3-15)
2 172 £ . : i

. In the case where the external cavity reflectivity, r,,
is 0 (no feedback), the phase and gain conditions reduce to

the normal solitary laser feedback equations.

-

' The phase, ¢,, represents.the additional phase due to

the external cavity and (1/1)1n|z| is the excess gain

required for iaser oscillation. ¢, and |z| are . periodic
functions of the external cavity phase ¢o=2koL; For a fixed
external cavity length L, a thange in ¢, of 27 represents a
shift of one free spe;tral ranée in the eigenfrequency of
the’éxternal cavity. For this reason, ¢, and |z| méy be
tﬁouggéggf as aléo having a periodicity of one free épectrAl
’rapgéwgf the .external cavity. | |
Figures 3-4 and 3-5 are plots of One‘period-of"¢,’and 

|z| respectively. 1In each case, curves are plotted for

ektefnal‘cavity reflectivities, ry, of .51, .256, .128, .and



.064 as a parameter.

51

The laser facet reflectivity, r, is

fixed at 0.5 . These particular values are derived from

experimental data.

magnitudes of both ¢

As the reflectivity increases, the peak

. and |z| also increase.



52

*7 43j3weaed ¥7eqpaay x3|dwod 3yl 0 3seyq- §-¢ aanb1 4

(1d/suoippd) QO~]Hd"

2 S Sl T4 t §L° S° Se° . ci..l)

e \

) .‘ “. | e
L .,W s
= , ] |
FWMNNMHHHP||IIIIII £ o
I NG I = —eo
komm..u m_.mll.\\\\

7 B

1E°

6€ -

ISVHG ALIAVD TIWNNILXT SA Z ‘40 ISVHJ

180 "~

o

1>

(1d/SUP1IPOY) Z-[Hd



53

*2 4333weded 3OeqpPa’dy x| dwod 34l icC wv:ﬁ:mwz. G-¢ aunbiy4
{

. (1d/SUBIpPDY)  O=IHd

2 SL "1 S T ot St S 52 04
3 | b
: b9Q" t a
=i prr—— e g
- 66 'l
|
f \ . .
—1- - 86 'z
< -
— - I e 68 'E
w S
_ . >
| 86y ©)
P |
.ﬂ N
i
- —- —_—— B el ST S 66°S
4 ——— - g : 66 ‘9
i
2
e —t- - ) P e - 68 "¢
#, % | ' .
i . A ; . . 1 L~
. I - \\me ‘8’
. & . .
- p

> e — e
A th\,

3SVYHE ALIAYI IVNM3LINZ SA 7 40 3ANLINAVW




54

3.2.1 Solutions to the Phase and Gain Conditions

The phase condition, Eguation 3-14, may be written as

\ 0, = 21 - 5 43716

Z

where

1s the phase in the laser cavity.
{

i
v Since

= 2k L (3-18)

4
the ratio of the phase in the laser cavity to the phase in

the external cavitylis

9

0 . L . (3-19)

Combining Equations 3-16 and 3-19, the phase condition .
‘ S s : :

becomes

nt - (3-20)

Furthermore,

N

it ] ) . ) , N . . \4



{(3-21)

where

ng
®rhs w2 L o

(3-22)

? rhs is a linear function of the external cavity phase ¢,.
Although the solutions to the phase conditioh will be a
set of discrete wavelengths, corresponding to a set of
discrete phases, the functions |z|, ¢,, and ¢ hs May be

thought of as being functions of a continuous variable ¢,.

The points ¢rhs=0 correspond to

o, = m2w 0 (3-23)

which are solutions_to the solitary laser phase condition.
‘Figure 3-6 illustrates'¢rhs for several solitary laser phase
solutions in the vicinity of the gain curve. The figure
. shows both the gain curve g(») and ¢4 - Hence, the .
ordinate (not illustrated) is both radians (¢rhs}‘ahd
inversé frequency (g(v)). Differentiating Equation 3-19

yields

Ao .
9L (3-24)
Awl nL

—

'

Now, if the phase in the laser cavity shifts by 27 (one free
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Figure 3-6 ¢ vs ¢,

spectral range), .then the phase in the external cavity will
shift by
L
beg = o°f 2n . © (3-25)
O

{

The phase shift indicated by Equation 3-25 is equivalent to

a change in frequency of

af = T FSR, - ' (3-26)
. . \
In the case where L/nl is an integer, the free spectral
range alignment coefficient of the resonators is equal to
one, and the ¢, and $ s CUrVes will ‘be coincident when the
$rns CUrve intersects the ¢, axis.
Figure 3-7 shows the function 0 po+ fOr m=n,

superimposed on the function ¢,. (Four ¢, curves are shown
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cortesponding to external cavity reflectivgties of .51,
.256, .128, and .064.) All intersections of the two curves
are solutions to the phase condition. The combound
resonator is capable of supporting longitudinal modes

/
corresponding to the graphical solutioms, providing the

excess gain can be accomodated by the laser medium.

TN

<
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The following points can be made from Figure 4-7:
1. The solutions to the phase conditien are situated in the
neighbourhood %f solitary laser longitudinal modes.
2. The number of solutions depends on the maximum magnitude
~of the ¢, curve. Strong feedback (large r,) causes
multiple solutione to the phase condition. The number
of solutions can' be decreased by decreasing the external
cavity effective reflectivity. e
“3. The number of solutions also depends on the slope of the
¢fhs_curve. The number of solutions can be decreased by
decreasing the.length'of the external cavity.
With a proper combination of external cavity length aﬁd
effective reflectivity, khevcompound resonator can be made
to oscillate in a single longitudinal mode at eachveolitary

laser mode solution.

In addition'te causing oscillation in only one external
cavity mode, it is also desirable to-decrease the spectral
linewidth of the radiation emitted from tﬁe compound
_resoﬁatot (Section' 2.4). |

For a,fixed L, EQUatfons (2-22) and (2-25) indicate
that decreasing the spectral linewidth requires increasing
‘the feedback by increasieg r,. This will.increase the
maximum value of ¢, and, as a result, the number of
solutions. to the phase condltlon w1ll also 1ncrease.

For a fixed r3,. decrea51ng the spectral 11new1dth
requ1res 1ncrea51ng the external cav1ty length L. -This w111

decrease the slope on the linear curves and again will
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increase the number of solutions to the phase condition.
Maximizing the photon lifetime and obtaining single
external cavity mode oscillation are conflicting objectives

and a compromlise must be made.

3.3 STRONG f’EEDBACK EFFECTS

To limit the phase solution‘to a single intersection at
each solitary laser longitudina}*mbde, it has been
demonstrated by Goldberg et al [24] that the external cavity
reflectivity musf pe of the order of 10°*.

However, in contrasﬁ to the weak feedback theory, Wyatt
et al [17] reported an operatidnél grating feedback system
in which the external qavi;y reflectivitykis of the ‘same
order of magnitude as the laser facet reflectivity. This is
strdné feedback and, as indicated in Section 3Lé for a Fabry
Perot reflector, shoula result. in multiple éolugfons to the
external cavity phase‘conditjon. “
| Sato et al. [25]) proposed an explanation‘for the single
mode oséillation under strong mirror feedbaék conditions,

The explanation is based updﬁ coup%{ng 5etween‘efternal
cavity modes. A detailed analysis of tﬁé nature. of the
couplingfinvolves quantum mechanical pertufﬁafion theory and
is béyohd the- scope of this thesis.  ?he results of Sato's
work are presented hére for, completeness.

Sato eﬁ alvdevelop a modézcoupling equaﬁion and, due ﬁo

.

the difficulty of obtaining an exact solution for

w

multi-longitudina%>modes, treat two longitudinal modes .in
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the external cavity.

The differential equations for the modes are

E, + 32 - w)E + T E +T,E =0 (3-27)
and ) v .
52 + j(Qz - m)E2 + r22E2 + r21E21= 0. ‘ (3-28)

where , and Qz are the'angular frequencies of the electric
fields'E, and E;. w is taken as the average of 2, and .,
i, a’ndbl‘22 are related to the mpde losses and I',; and\tz,
ére the coupling coefficients béthen the modes E, and Ez.
The relationships between the differential»phase, aAQ,

and gain, AF,vof thé two modelled modes and the mode
coupling, Iy, are illustrated in Figure 3-8. 1In Fhe
figure, AQ, is fhe difference between the phase of the t&o
modes when the coupliﬁg . is equal to zero. |

~The important feature of the figure_is that above a
critical yalue of the coupling I',;, the differgnce"in mode
losses AT is iné;eased while the frequency difference AQ

goes to zero. ,Eésentially, a single longitLdinal mode

results.
.- { N .
In\;Le case 'of strong optical feedback where several

d

~‘longitudinal ‘modes Satisfy the'phaSe condition and where the .
differential gain- between adjacent modes is not large enough

J

for the cavity' to make a selection, the single mode

T . . N
;\ T, ’
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oscillation is considered to be a result of strong coupling
. *

between external cavib& modes.. This theory may provide an
explanation for the results of Wyatt et al [17] and Fujita

et al [25] where single external cavity mode oscillation

‘under;itrong grating feedback has been reported.

3.4 SELECTION OF A SINGLE LONGITUDINAL MODE

The ex Sernal cavxty is capable of alter1ng the

—~——

longitudinal mode‘character1st1cs of the solitary laser.

The external mirror used in the model offers ‘NO means, other

:than relylng upon the degree of homogeﬂjafy in the gain

medlum, by which a partlcular longltudlnal mode can be

selected while dlscr1m1nat1ng against’ all others his

selectlon osg;be‘done by u51ﬂ% a dlffractlon grating in the



63

Littrow configuration as the feedback elemen:t. The two
properties of the grating which are impor:tant to the ability
to discriminate against longitudinallmodes are the
dispersion and the resolution.

Figure 3-9 is a model of the external cavity using a

diffraction grating in the Littrow configuration.

Lens Princlple Plane

Diffraction
6rating

Source Plane '

Figure 3-9 Diffraction Grating in the External Cavity

‘

Péint S is the laser. PoiAﬁs 1., 1,, and -1, are the
images of the laser éfﬁer being reflected by the diffracﬁion‘
grating. The image locations are wavelength dependent.

Each image is due to a different iongitudinal moae._

In thé Littrow configuration the first oréef

diffraction is reflected back along the 1nput beam axis.

The grat;ng equatlon becomes’

@A = 2d sing . | o (3-29)

¢

where m=1 for the first order, d=line spacing} and ¢=angle
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of dispersion with respect to an axis normal to the grating.

The grating dispersion 1s

'Y >

d 1 :
Lo - (3-30)

The longitudinal mode 1image displacement along the

laser face is of interest. The displacement is given by
ax = fho (3-31)

where f is the focal length of the lense and A¢ is the
spatial angular, separation between solitary laser'
longitudinal modes after being dispersed by the grati 8

Furthermore, the grating resolution js given as [27}/

a8 e (3-32)

. where A6 is indicated in Figure 3-10 and n i's the number of
e§rating lines illuminated, The product, nd, is equal to the
spg% size on thg.gratin;} ‘

Similar gg equation 3¥¥1, the spot size on the laser.face is

given by
. as'= fa8 . o ’ | (3-33)

A grin (graded indéx of refraction) rod lens was

utilized in the experimental work. Determination of the
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. Diffraction
° 417 Grating

Figure 3-10 Diffraction Grating Resokq;&on
difffacted.beam image size -and positior on the laser face
requires the use of ABCD matrix ray propagation. techniques.
Figure 3~-11 is an enlarged illustration of the optical path

from the laser through the grin rod lens.

-

SRIN-ROD LENS .

ar s

Figufe53r%1

Laser - GrinuRdH Lens Optical Path

3 . A

y and y' are the ray displacementsfrom the optical axis and
. ‘ N ¢ op |

slope respectively. The optical"patp is divided4into,twb
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sections. The first section is the gap between the laser
and grin rod lens and the second section is the grin rod

lens. The ABCD matrix for the first section is

e
The ABCD matrix for the grin rod lens ‘is N
— ' ] !
k ’ / k ~ K o
cos( 2 l) sin( ——%«1> ' J
k k, '
' | . (3-35)
k k k
- 2 31n( 2 l) cos( —2 1) .
k k k% -
_ L
where k, is a lens constant, k is the propag'atii c‘o‘nstant‘, -

and 1 is the length of t rod.‘ ~For propagation from the

[A B}J [A 8] ]:A B_:, - , |
; T ' T (3-36)
C D C D . : '

~ sys . - JLENS‘ ¢ D o

The matrix eguation can be solved to determine the spot size

laser through the grin rod lensf"the’ma-trix'é uation becomes

-

illuminating .the grating by Zsolving for the distance d which -

yields a slope' equal to zero at the exit of the grin rod
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lens. To determine the diffracted beam image size and >
g

o~
40cat10n)on the laser face, the above process must be
reversed ' The beams are propagatéd through the optical path
at displacements and‘slopes given by the grating dispersion

and resolutibn equations.

* -

In order to ensure only a single‘longitudinal mode 1s

being fed back into the active region the spacing. between

!g?v.‘,§POES'should be greater than the dimensionof the act1ve

< el : -

. 7 regifon in the direction of the dispersion.

o Ta ey . -
. =

. . \

- . . -

3.5 applicability of Pfesent Feedback Theory to the
Diffraction Gratxng Case , T : : 7N

It is important to note thét the complex feedback

theory of Osmundseg and Gade and thevmode coupling theory of
e Sato have been developen using mirror;feeabacf'. To date, an“
“analys1s of the appl1cabll;ty of thése;tbeorles to the
’ dlffnactlon grating feedback case has nét been publlsbezn

Eurthermore, no paper has yet been°publbshed which

/ _
v, o«

reconc1les these two sggmlngly confllctlng theorles. ‘

‘¥ - ) - . :
: S, ; .



4. EXPERIMENTAL INVESTIGATION OF FEEDBACK TECHNIQUES

4.1 APPARATUS
Figure 4-1 1s a block diagram i1llustrating the
- configuration of the equipment used in the experiments.

Figure 4-2 shows the actual experimental setup..

Ramp Laser/Cooler Signal
Generator. Amplifier Oscilloscope Driver Generator

I ] I ]
1 I '
TN 1 S S

—

Detector h\t.erfcromct.er Collimating Cellimating Feedback
‘ Objectlive Optics Element
Collimator
» a Pinhole Laser /s Feedback
N R Screen Cooler Path g
’ Optlcs )

dpt,lcal Path

Electrical Connection

- Figure 4-1 Block Diagram of Experimental Apparatus

S

N

4.1.1 Opt1cs
The feedback optlcs and colllmatlng object1ve (1OX
microscope ob)ectlve)'are mounted on Optikon MR50.16 three
dimensional cfanslation stageé.with 20um per small division
',micfometers, wh1ch have an average’ accuracy glven by the
. .manufacturer, of Bum The laser is mounted on a comblnatlon
fof an: Optlkon three dlmen51cnal MPSO 16 translatlon stage,

':an in- house'deSLgned and built tllt stage, and an Optlkon

B )

par
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Figure 4-2 Photograph of Experimental Apparatus

TRB0S rotational micrometer. This combination of

; positioning“devices«provided adequate positioning freedom

) -

for the laser. ' v L L

The. 10X collimating objeétive is a standard micrcscoée
.'obje;tive eoated;for the,visiblg region. IL is mounted on
the kyz (3 dimensional) stage wiﬁh a stgndafd”objéctiv;

mapnt. In addition, anvé§§ension tube is inserted between

,'..;". 8 "- o : & ‘ v - .
the objective and the objective mount to pravide clearance
over the laser mount. Only coarse 6, adjustments were

©

poSéible by rotatind;the«objg¢tive°mount on ‘top of the xyz
stage. 6, adjustmehté werg'made bf placing péperkshims

between-the objective mount and the xyz stage.

r
" ~
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The Fabry-Perot Interferometer 1is a Burleigh

Instruments Model RC-110 sScanning interferometer. It is
driven by a Burleigh Instruments RC-44 ramp generator. The
plane mirrors are coated for the 1.3um to 1.5um region with

reflectivities > 97.5%. The instrument finesse is estimated
to be approximately 50. The output from the interferometer
1s collimated by a Burleigh Instruments Model RC-41

collimating lens system. . .

A2

The detector and amplifier are a United Detector Model

351 unit, modified to provide pre-amp output to an
oscillosccpe.

The feedback optics are described in Section 4.4

4,1.2 Laser Driver and,Cooler

Figure 4-3 shows the laser and cooler mount. _

The laser driver 1s a controllable current source with
a current range of 4 mA ‘to 25 mA. The drive{ has a

modulation 1input which allows the current to be varied

veriodically. To assist align@ént of the feedback, the

current source was driven with a 5hz, 350mV triangular wave

»

with a -500mV offset. The quiescent current was set at the -

laser'dri§er to bé 13mA. Applying .the biased triangular

" wave resulted in a sweep from 7mA to 12mA. The Chr;entf

Aranéé»begins mA below threshold and ehd§~at 1.4 times the

'‘n

threshold current. All current values are approximate.

The coolef is a Melcor Model FC 0.6-18-06L
. —_— B
thermoelectric cqpl%r, It is driveﬁ'by a pulse width

-



Figpre‘4f3 Laser and CoolervMbunp ‘ =
o 'mddﬁlatibn control cir;:_“cuit.~ The laser mount pemperaturikis
contrqlled to appfoxiﬁately 15°C. | X
4‘ LASER CHARACTERIZATION | . ?
| ~ The la;ér uséd f@r the piperimgntal“anélysﬁs was a
1; ‘V~Mit§uQish} Mo@él ML730é DH;Buried;Cféscent InGaAsP
Eém;gggductor»laser‘which emits radiafion,in tﬁe 1. 3um
W‘ ;‘Qegion;:w | |
= Thﬁ*folJ6wihg qharatteristics of the lasé;'weré
.measured;{:° ‘,w' | o o '.} - L

’ - IR v ) ’
: 9_: 1. thi,-l Power vs Laser Current

2. Laser Spéttrum vs Laser Current . K

7
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4.2.1 Optical Power vs Laser Current p

Figure 4-4 shows the'optical power as a function of the
laser current. |
| The Qperating temperature of ‘the la;er was
approximately 15°C. The threshold current of'the laser is
determlned from Figure 4- 4 to be 8. SmA

Due to the mecHanical construction of the detector
mount, it was not possible to position the detector close

enough to the laser to ensuré all the radiation was

captyred. The curve lqbelleai"Mitsubishi Data" in Figure

4-4 was obtained by laterally shifting the Power vs. Current, =

curve, supplied by Mitsubishi, to co1nc1de thh the measured

LY

8.5mA threshold current. The M1tsublsh1 curve is used in

subsequent sections for transmission loss estlmatlons‘ln the

‘feedback path. L .

_ The slope of the power vs current curve for I>Ith

deflnes the external quantum efflclency whlch is glven as

- T ¢ S )

T

where e is the electronic charge,-and AP/Al is the slope for

.

°

4.2.2 Laset Spectrum L : ) . "'*

Flgures 4- 5 to 4- 10 show the'laser spectrum for a

-

current;rgngemof {OmA to 20mA » _" éﬁ;

- - »

AR
a,;{-

-



2000} 3. 1mW

Lab
Measurement

" Mitsubishi
Data

100041.53mW’

Amplifier Output

600
o 400, ;
B ) . //’ [
~200fp o
| - e
4

. " e - ST T — ——es : 1% " i A
274 6 8710 12 14 16. 18 20 22" 24

g e s¥ T - -Laser Curreht‘(mA)

M - . . T e AT . o

.3 . Figure 4-4 Optical Power vs Laser Current - * . .~ ',

e
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The spectra were measured with a McPherson Model 270,

.35m, Monochromator. The monochromator parameters for

LXS

. -

aigures 4-5 to 4-9 are: T . e FU K
1. 50pwm entrance and_exit slits |
2. 600 iines/mm diffraction grating
3.7 2¢Angstrom resolution
%‘ blaze wavelength
All spectra indicate the laser'osciliates in the
fundamental. transverse mode. B o .

The longitudinal modé spacing is measured to be 8.2A.

The laser exhibits the most_pronounced single lomgitudinal

" mode oscillation at I=13.01mA.

The side mode suppre551on rﬁpro of the laser spectrum

o

'15 deflned as, the ratio of the xnten51ty of the major'

long1tud1nal mode to the 1ntens1ty of the‘longltpdlnpl mode
from the remaznlng modes which has the maxzmum intehsity.

“The 51de mode suppre551on tatio from F1gure 4 6 is 5. 3/1,‘

.

F1gure 4-10 shows the domlnant 1ongxtud1nal mode ofe

¥ «

laser at 1-13 OlmA The monochromator slit w1dth 1s set

25um yleldlng a theoretlcal 1nstrument resoLutlon of 1A

-)

The FWHM 11new1dth=1s mea5ured to: be,@pproxzma ely 2A

Y
% "

4.3 EXTERNAL CKVI?Y&FEC';”/IVE 'REFLECTIVITY .. .

An'estimatien-éf the external eaQity refleetivity is

. necessary to obtaxn “an estlmation of. the level of. feedbackﬂ‘

Flgure 4- 11 shows the feedback optxcs of the long

‘external eav1ty. The externa1 cav1ty cons1sts of all the

-8

e 47




.thiCS'situéted to-the'fight:of‘the center Xxyz translatipnai.v
v-hlstagéf(thé-laSer mopnt);{ The photograph'is~§f thg'gratihg-
' ﬁeedback,"Ho&eQer, the mirror, fof‘the loﬁqwéxtetnal cévity’
'withvmi;rorvfeedback wasvtaped bnto tﬁe‘bétk of the gratjng
mounting piaté ‘ Except for the gratlng and mlrror,.the |

-éequ1pment and layout of the two long external cav1t1es was

1dent1cal.

Figure 4-11. Long Externai Cavity Opticgi'

To determlne the effectlve reflect1v1ty, estimates of
-"the transmlsszon losses through the gr:;wrod (graded 1ndex
of Eefractxon ) lens,_the transm1551on losses through the
neutral dén51ty fllters, and the dxffractlon grat1ng

' eff1c1ency are requlred
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Grin Rod Lens

Figure 4-12 is é plotbof the Power vs Current curve,
'obtained with the power measurements taken afher
transmission through the grin rod lens, along with the

. <

';Mitsubishi-supplied Power vs Current cufve"Eshifted to be
compat}ble with experimental threshold currént). -
For I>Ith, the ratio of the t@o curves is, on the
average, equal to 0.52.  Hence, the amplitude transmission

coefficient of the laser through grin rod lens optical path

is ¥0.52 or .72 .

Diffraction Grating Efficiency

‘The incident power and the power diffracted into the
zero and first orders werefmeasutéd‘for the two laser
currents- 25mA and 13.01 mA. Figure $?1 illustrates the
geometry of the experimental configuration.™S—-

Table 4-1 lists the data obtained from measurem;nts of
the grating efficiency. |

Coiumn 5 in fhexxgble is the ratio of the power
contalned 1n the flrst order diffracted heam to the power -
transmitted through the grin rod lens. The mean value of
.‘the ratio 15'0.545 . The grat;ng amplitude reflectivity into
| the first order is approximately v0.545 or 0.74 . |
Neutral~ﬁensity Filters‘

| A neutral den51ty fxlter is used for the purpose of

‘attenUatlng an opt1ca1 fleld Thevf1;ter rating is defined
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Dif fraction
6rating

‘% i , Transmitted Beam
.
-~

Laser 6rin-Rod Lens

i

Detector

First Order
Dif fraction

* Zero QOrder
Diffraction

. ‘# & \

Detector

Figure 4-13 Eﬁperimental Configuration for Grating
Efficiency Measurements

——— e . . e > s - = - - A . - " - — e - = = - e - — - = = = e - = -

Current Trahsﬂitteaﬂ0~0rder 1st Ogaer Ratio

(md)" T (mW) - (mW) (m#) 1st/T
Sepmmmmem e [ e . e
25 1.997 0.086 1.067 0.53‘

13.01 0.597 0.030 0.33% 0:56

Table 4-1 Diffraction Gratihg Efficiency Measurement Results

A

as thé negat%ve of ihe“loga:ithim to tbe baselfo of‘thg
ratio of’%hektraqgmitted optical power,to the incident
optical power. L ﬁ » ‘
| _Thevneﬁtral density filters used werg!Kodak ND 0.7\.

films;‘4The,ND 0;7 rating is‘fo;fthe“visible_regiqﬁ. Td‘
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determine the transmission loss thrﬁugh the filters in the
1.3um infrared region, Power vs Current measure&ents were -
made for a 1.3unLl;ser with and‘withopt two ND 0.7 neutral
density filters between the laser and the detector. Figure

4-14 is a plot of the curves obtained with and,without the

filters in place.

: Laser: BNR#6 -

o )

3 | .
€ 3.7fr-5- - - - - — - - [

- No ND Filters/,

i |

S : 1

crd - . -
D2 a |
S E

O ~ )

e !

o . ) 1 .

3 e e | 2 NQ,Eilters

3. |

[} 1

A i

100 120 140 160 180

Laser Current (mA)

A

Figure 4-14 Power vs Curgent Measurements for Neutral
Density Filter Analysis -

-

'For I>Ith, the,ratio of the two cUrves,;s}:on the average,

1/3.9 .rThe neutral density_§§£inguéf thejfilﬁs is



“1 1 -
ND :-flogﬁ 0.3 . - (4 2)

" The factor of 1/2 accounts for tawo filters beigg\gsed. The J

amplitude attenuation of one fiiter is 10 'S% W71
o

4
Effective Reflectivities »
Table 4-2 lists the effective reflectivities of the

3 . » . . . " e .‘/*23‘:"
long external -cavities utilizing grating and mirror

3
feedback. - .
GRATING (.74) MIRROR (1)
LENS (.51) = .38 - | .51 —
1 ND (.50) . 189 .26 ¢
2 8D (.25) - .094 128
3 ND (.13) L0490 .064
e i ccmmmmemem
é

Table 452 Estimated Effective Reflectivities
“The enéfiesTiﬁ the table which are‘in parentheses are ~

two way ampl?fhde transmlss1on losses. Entries wh@cp are

not. 1n parentheses are the effect1ve refleetlv;tles?for the

assoc1ated comblnatlon of lens, neutral dens1€y f1lters, and

craf1nn Ar mirrar phr nvnmn1n~ rha Anavn shidmh dim ek ERa
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-

intersection of the Mirror column and the 2 ND row isvthe
effective reflectiv{ty when the exlernal cavity fs made up
of the grin rod lens, two neutral Qensity filtegs, and the
m{rroi. (The grin rod lens is ineluded in.all entriee.)‘
¢
4.4 FEEDBAFK éxpznrna?Ts
0 .
The experiments(were conducted using the following
three feedback configurations: |
1. Short external cavity with mirror
2. Long external Eaviey Qith grin rod lens and mirror

3. Long external cavity with grin rod lens and diffraction

grating

4.4.1 Short External Cavity

4.4.1.1 Feedback Optics N '*v{

Figure 4-15 illustrates the‘geometry'ef the shortf
exteraal’cavity. . | o ; ,

The mirror was fabricated by silvering a bolishee
(A/10) end of a 2mm x 5in glass rod. The glass rod was
‘rlgldly mounted on top of the Xyz translatlon stage by us1ng
a plexlglass clamplnq device or1g1nally de51gned for. flbers.
Only course angular adjustments were possible. 6, |

_ adjustments were made by rotating the plexxglass block on
“top of the xyz translatlon stage..‘, adjustments were made

o

by pkac1ng paper shims between the plenglass block and the

/ﬂ///)n(translatlon stage.
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L

The external cavity length was found to yield the

largest spectral control at approximately 20um. Fine tuning
of the. external cav1ty length was limited by the accuracy of

the z translation stage.

4.4.1.zﬂgxperimentaliﬁesults. L

' Feedback Alignment ’ |

~Since the thtesholdccurtent is directly procortional.to
the laser:cavity lbsses; the'threshold cutrent ﬁill be*

e

reduced when the external cav1ty is. allgned The external

'.cav1ty effectzvely 1ncreases the laser facet reflect1v1ty

From Equatlon 2- 15, it is seen that 1ncreas1ng the
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reflectivity will decrease the cav¥ty losses. Figure 4-16

illustrates the\geometry of the experimental set up used

while aligning the feedback.

s

X10 Objectlve

A, Dt% l " O%Z

Laser Feedback
Optics

Pinhote
Screen

Figure 4-16 Optical Configuration Used for Alignment

MThelaser was dtiven with the triangular wave deScribedv
inisection 4.1.2 . Figure 4-17 .illustrates the expected
¢« change in;the detected .optical power, AP, due to a decrease
1n the threshold current, Alth, caused by feedback | Figure 4
—18 1llustrates an undes1red effect due to. the detectlon of
cadlatron qeflected back from the feedback path, but not
properly aligned to alter the threshold curfent. Tofprevent
1ncorrectly 1nterpret1ng the back reflected radiation as an
increase in opt1cal power. due to correct al1gnment the
‘output from the 1eft facet of the laser was focused onto a
100um - p1nhole and detected Wlth the /UDT detector.,'Any
tadlatlon whlch 1s not properly focused onto 3he p1nhole

would not contr1bute 51gn1f1cantly to the detected optlcal

’

N - :
power, 0 - L ey e
. , R .‘-.//.'b . av’ T ‘k /
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No Feedback

Optical Power

5 -

Laser Current

dFigure‘4 17 Expected Change 1n Detected Opt1ca1 Power Due”
to a Decrease in. the Threshold Current with Feedback

ngure 4-19 shows actual results after aligning the
mirror. Figu;e 4-20 shows the interpretation of Figure

4 19 g

d

The threshold current decreases from 8.8mA to 8.2mA

whlch 1s equ1valent to a 6.8% reductlon. It is also_ seen
¢ ' T ,
.that ‘the slope 1ncreases under feedback ‘indicating either"

‘an 1ncrease 1n the external quantum efficiency or detectlon

?f back reflected rad1at1on. s

3

- There are two observat1ons which: preclude the detectlon

.

':of back ' reflected rad1at10n as an. explanat1on for the‘v

1ncrease in the slope AP/AI ‘ R

Y

| 1. The detected" rad1at1on, below threshold 1s'equal;inf_7

-

- e

both the” feedbac%/;ﬁd—non feedback cases..
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Pinhole

‘Qpl}cal‘Power

/ Laser Current:

F1gure 4 18 Expected Change in Detected Optacal Power Due

o . ?

. 2;_ One exper;mental observatlon to be outllned shoub an

: actual anrease 1n the threshold current along w1th a.
decreasa 1n the slope AP/AI

Flgures 4 21 and 4~ 22eare composzte Power vs Current

,fvcurves/but together from data taken us1ng dlffereng

/

-

T feedback optlcs cons1st of the grln rod lens and the

'/

-od

‘fk combaﬁatlons of . the p1nhole and feedback

d/ Flgure 4-21 shows the change 1n detected optlcal power‘ff:'

,‘./y

when the plnhole 1s removed under feedback cond1t1ons. 'The-'
d1ffract1on bratlng. Note that below threshold there 1s av‘“
s1gn1f1cant 1ncrease in the detected opt1cal power when the

pxnhole 1s removed | Flgure 4 22 shows the change 1n

detected opt1ca1 power when rad1at1on 1s fed back 1nto the_
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Figure 4-19 Power vs Current W1th (upper curve) and Without
(lower curve) Feedback for Short External Cavity.
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Power
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7.2 8.3 * - - 12.3,
. Laser Current (ma) o
Figure 4-21 Change in Detected Optical Power ‘When Plnhole .
B

is Rémoved Under Feedback Cond1tlons - S

= . [

P

laser wlth the plnhole in place. The lower curve (no
[ g
’feedback) deflnes the basellne for compar1son.v ance the

.detected power does not lncrease below threshold when ,l'k

‘ radlatzon 1§/fed back 1?90 the laser, 1t is concluded that

the pinhole effectlvely fllters out the back reflected

radlatlon., It 1s unllkely that the change in AP/AI akOVe/'
:threshold 1sﬂcaused by back reflected radlat1on from the
°feedback oot1cs. o | | | |

e F1gure 4 23 shows Power vs Current curves for*

| ol. Upper curve - feedback adjusted (z translat1on) for =

m1n1mum threshold

2. Mlddle curve - no feedback

.
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F1gure 4 22 Chdng&k1n Detected Optlcal ‘Power When Rad1atmon

,'1§ Fed Back ipto the Laser w1th the Plnhole in Place.

The bottom curve shows' A

5 . Y
‘J . i .

~

3. Bottom curve - feedback ad]usted for max1mum threshold

The feedback 1s from the short external cavity w1th the

mxrror. e é} j.}“»;' UL

.q P B e ) P

L T . P N R P

¢ - t/"

1. The detected opt1cal power below threshold 1s eqmlvalent

. to the de%ected optncal power below thresholg rn the no

E - [
- feedback case. ’e-,f . ,:“ B
T Do ‘ : St
2, The threshold currené i's greater than the threshold
{ current - in the no feedback case“’nf': 'w"},» ";f-'4,74

Sa, >

R A
3, The slope AP/Af 1s less,than tha in’ the feedb ck case.
| 'y 3

Ah 1ncrease in the threshold currentgcomb1ned wrtH‘an

t % ; ‘Q -

appareht fecreaséwln the externai quan%um eff1c1eqcy can not
B [ . { i .
e A SRR R sl ey,
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Figure 4-23 - Power vs Current - Short External Cevity

Feedback

‘.‘\

be explained by the detection of back-reflected radiation.
In summary, the apparent changes in the external quantum '’
efficiency, whether an increase or a decrease, are not due

i
4

to the detection of back-reflected radiation. The changes

are conclusively rEal;aqd are caused by the external cavity

feedback: e | N

< o

Laser Spectrum

- 'Figure 4-24 shows the laser°spectrum.

)

-The spectrum was obtained after first adjusting the

’

feedback for mlnlmum threshold The plnhole was “then

removed and the 10x object1ve was refocused to colllmate the

kS

- laser output for the Fanry Perot Interferometer. The

Fabry Perot mirror spacing is 2. Smm g1v1ng a, free spectral

5
- S ,_,\
. v .
> R :

[T

o
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Figure 4-24 Spectrum - Short External Cavity Feedback

range of 60Ghz. Assﬁming a finesse of 50, the instrument
resolution is approximately 1.2Ghz.
The FWHM of the spectrum is measured from Figure 4-24

1

to be 3.8Ghz. \

4.4.2 Long External Ca§ity with Mirror Feedback
-4.4.2.1 Feedback Optics

Figure 4-11 il;ustrates the geometry of the external
cavity. ”

The laser radiation was collimated using a .235; 1.8mm
diameter, 4.4mm long giin rod lens. It is mounted with an
in;house designed andvfabticated holder attached to an :
extension tube and 'standard microscope objective holdeﬁ(w )

The entire assembly is attached to an xyz translation stage;

p.
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Only coarse 6, adjustments were possible by rotating the
objective holder on top of the xyz translation stage. 6,
adjustments were made by blacing paper sﬁ}ms betweep the
objective holder and the xyz translatioﬁ/stage. Due to the
lack of proper mirror pésitioning equipment, a custom
mounting stage which was fabricated for the diffraction
grating, was utilized for the mirror by taping the mirror
onto the back of the diffraction grating mounting plate.
The external éavity length was approximately 15¢m. Fine
tuning of the external cavity length wasAlimited by the

accuracy of the 20um/small division micrometer, given by the

manufacturer to be 3um.

4.4.2.2 Experimental Results
The external cavity was aligned for minimum threshold
using the alignment technique outlined in Section 4.4.1.2
Figure 4-25 shows the reduction in threshold current.
Figure 4-26 shows the analysis of Figure 4-25.
The threshold current isbreduced from 9.0mA to 8.4mA or
) 7%. ~ The discrepancy in threshold currents between Figures
‘9 and 4-25'is likely due to slight changes in the laser .
operating temperéture; The measurements were takenf on
' different days and the ambient room tempef;ture tended to
varyUOQer several degrees. The slopes, AP/AI for I>Ith, ate
0.7 for the short externélvgévity'case and 0.66 for the ﬁéng
external cévity éase. The external quantum efficienci7s ar;\x
approximately pquivalent in the noq-feedback cases., he
| 4

similarity in external quantum efficiency indicates
/-

.

/

.//

at the
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Figure 4-25 Power vs Current With (upper curve) and Without
(lpwer curve) Feedback for Long External Cavity With'Mirror

Feedback.

- Proportional to Power

7.2 8.4 9.0 ) 12.3
’ Laser Current (mA)

) :
. ’ v S : :
Figure 4-26 Analysis of Figure 4-25 Py
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difference in threshold current is probably due to

temperature differences and not due to extraneous feedback

(ie.ffom the 10X objective).

Laser Spectrum

Figure 4-27 shows two free spectral ranges of the laser

‘spe¢£rum measured by the Fabry-Perot Interferometer. fTﬁg

' . laser current is 25mA. The feedback path is blocked. It is

important to note that the grin rod lens is positioned

A

~260um from the laser and may have unwantéd feedback;effects

on the‘lasef as outlined in Section 4.5 . The interferometer

v

mirror spacing is ~140um giving a free spectral range of

|
|

1.1Thz. The instrument resolution is ~20Ghz. The‘FWﬁM,of
the dominant longituainal mode is measured from Eiéure 4-27
to be ~21Ghz. - o,

Figures 4-27 to 4-31 demonstrate consistency with the
theory proposed by Osmundsen and Gade 123] and outlined in
Chapter 3. .

Figure 4-32 illustrates a concept which wili be dsed to
evaluate Figures 4-27 to 4-31. 7 ‘

The upper and lower envelopes of the spectra, as

defined in Figure '4-32, indicate the effect that thé;varying

levels of feedback have on the laser. Osmundsen and Gade

[23] demonstrated that under strong feedback, the phase
condition would be satisfied for a continuum of external
cavity modes ranging across the entire_frequenty-rangev

between longitudinal mode solutions of the solitary laser.
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FiQﬁre 4-27 No Feedback

v

Figure 4-28 Feedback / No Neutral Density Filters

-

Under strong”feedback, the'expected speétrum is similar to-

Figure 4-32A. The amplitude of the bottom envelope will be
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 Figure 4-30 Feedback / Two Neutral Density Filters

}ncé%ased due to the distribution of energy into external

-5¢avity modes which are removed £rdm:the.5011tary laser

101
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-A. Strong Feedback

. 7 N\
- ; \

f ﬂ\iu

280 \

B. Weak Feedback

Figure 4-32 Sgettral Envelopes ‘l

3

v, modes.’ The amplitudé of the;upper envelope will be
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decreased due te the finite amount of energy available for
distribution amongst the competing loeéitudinal modes [26].
As the attenuation in the feedback path is increased,
the number of solutions to the phase conditon will'dec?ease.
Only external cavity modes in the vicinity of solitary laser
modes will participate~in the lasing. In this case, the
expected speetrumvwill'be similar to Figure 4-32B. The
emplitude of the bottom envelope will decrease due to the °

absence of lasing modes between the solitary laser modes.

The amplitude of the upper envelope will increase due the

o

"~ distribution of the available energy ;nto a fewer number of
longitudinal modes. Furthermore, the decrease in the number .
of external cavity modes, with increesing-attenhetionﬂin the
feedback path, causes the FWHM frequency range in the

vicinity of the solitary laser longithdiﬁal modes to
. - - W .

decrease.
The changing envelope amplitudes and longitudinalvmbde,;
P

FWHM with changlng feedback ‘levels are readily observableeﬁh# &
Q’ﬁw :

Figures 4-27 to‘4 31, ;‘" ' i e

(blocked) and zero attenuation in the feedback path e
respectlvely Figures 4-29 to 4-31 were obtained with one;fﬁj
dtwo, and three neutral den51ty fllters (ND 0.3 1. 3um) 1n the

" feedback. path respectlvely. Table 4-3 summarizes theo
resUI£s obtained from Figu:es_4—27'to 4-31; The

reflect1v1t1es, r,,jlisted in Table 4-3, were déterhiqed_in,

Sectlon 4.3 l‘
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Figure ND Filters r, FWHM (Ghz) Ratio i
““““““““““““““““““““““ i
4-27 0 0 21 x 44
4-28 0 51 5 41 9.7 e
4-29 . .256 36 , . 15.2
4-30 2 . 128 | 26 25

04

4-31 3 .064 21 * {/}0. '

- - —— o —————— = ————— — ——

* Approximately equal to the resolutlon of the
interferometer. Lo C g

Table 4-3 Summary of Long External Mirror Cavity Results

~The maximum feedback case, shown in Figure 4-28, yields
the maximum FWHM and the minimum envelope ratio E,/E,. As
the'attenuat;on is increased, the FWHM décreases and the
envelope ratio increases. ' " |

The number of-solutions to the phase condition may‘be

estimated.for different values of external cav;ty
reflect1v1ty. Figure 4-33‘shows a hypothetrcal graphi;ai
‘solutjon to the phase condition. For weak feedback,
solutions to. the phase condltlon w1ll occur over a reglén'

centered- about the mode solutions to the. sol1tary laser

phase condltlon.
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Figure 4-33 Solution Region of the Phase Condition

The solution region A¢, will be apprcximately

Ao = 2°z max
%0 de, 7de,

where ¢,m,x is as given in Figure 3-3, and

T

dq)o L

108

(4-3)

_(4-4)

1s the slope of the line defining ¢rhs<>¢' goes through one

perlod every 27 radlans w1th 2 solutions. to the phase

cohdltlon per period.

of solutions, S, is given by

-~

Therefore,,an estrmaterof the number
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S = - o (4-5)
For an external cavity length of 15cm, a laser cavity
length of 300um, and laser index of refraction of 3.5 [28],
‘ fhe slope’A¢,/A¢o is‘determinedJ from Equation 4-4, to be
©.007. |
"

Table 4-4 lists the number of Solutioné as a function of the

external cavity reflectivity, ;.

- - ————— v - ———— = " ——— i~ ————— = e Em A = - - ——— — a— — -

L, ¢, Solutions
)}

.51 ' .32 29

.256 J11 ‘ 10

.128 .05 5

.064 | .02 . 2

S L A e G5 e e —— - —— - ———— ——— g —— - —— - — —gh - -

Table 4-4 Solutions to the Phase Condition

Data from»Tables‘4-3'andv4r4_areipiotted in Figure 4-34

as a function of the external cavity‘reflectivity, rss
v .
The FWHM decreases proportlonately wlth decreases 1n_
) u\ . '

_the effectlve reflect1v1ty for T3<, 25 ; There 1s‘good

1nd1cat10n that the FWHM can be further reduced w1th



(3]
o
T

FWHM
(measured)

Number of Solutions

[
o
T

Solutions
(estimated)

0 i L i . ’1 i I

wf

01 .2 .3 .4 s
"~ External Cavity Reflectivity (r

Fxgure 4-34 Relatlonshlp Between Solut1ons to the Phase

Cond1t1on and FWHM :
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‘-{!:
(f*torrespond1ng further reductlon in the effective 4

”éflect1v1ty However, measurements ‘were limited by the

b

géutlon of the'Fabry—Perot Interferometer" It was not
ble 'to 1ncrease the 1nterferometer mlrmor spac1ng due

the multx-longltudlnal mode full width pf ;he laser
ctrum be1ng broader than the free spectral rangé of the
‘ngﬁ ferometer. For r;>.25, the FWHM tendsqto saturate.
The 'dtmratzon is based upon 1 data poimt and may not be
rellable. owevgr it 1s reasonable to expect the FWHM‘to
vsaturate in ghe v:glnlty where r,arz since tHBe number of |

solutlons to ‘the phase condltzon remalns constant for r,>r2

vGoldberg et al [24] found that attenuation in,the

“
ﬂ

order of 10°°. was. necessar} Lo cause single external cav1ty
mode osclldatzon resultzng in llhewldths in the order of
JOOKhz (The-longrtudlnal.mode FWHM of the solLtary laser
used .in their'experiments was ~17Mhz.). 1In the experimental
work presented here, ‘the laser spectrum Aappears to revert
back to the solitary laser spectrum as the attenuation
‘approaches 10'2; However, for linewidths below -the solitary
laser 11new1dth the measurements were limited pfﬂthe

-resolutron of the Fabry-Perot Interferometer. g{,

| Although the experimental work, with the 1339 external
' cavity ;1th mi: ~tor feedback did not appear to yield 51ngle
external cayity mode oscillation, the data obtained are, in
general, consistent with theory'put forth by OsmundSehdand |

Gade [23].



109

» ;) K%
4.4.3 Long External Cavx;y WIth Diffraction Grating Feedback

)

4.4.3.1 Feedback Optics o

Figuré 4-11 illustrates the geometry of the external

e

‘. cavity.

The grin rod lens and mount are described in Section
T 4.?.211 . The diffraction grating has 1200 lines/mm and is
blazed for 0.75um. It ie oriented with its iines parallel
.to the.jdnction plane to fully utilize the advanﬁages of the
. small dimension of fhe active ;egion which are:
1. Illumination of the maximum number of grating lines.
2. The active feéion'aperture is smallest in the vertical
ﬂ;irection, enhancing selection of a minimuﬁ wavelength
range from fhe dispersed radiation from the g{ating.

The gratin; is mounted on a pesitioning device which
provides y,z,0,,and Aey'movements;"The.angular_motion about
the y axis is fdifferentiated from pure angular rotetion by
the A prefix since the motion.is provided by a tilt stage,
iﬁstead of a proper rotational micrometer. The preeision of
the rotational micrometer utilized for 6, positioning is

&

‘approximately .25°,

4.4.3.2 Experimental Results

. 2 - .
The external cavity was aligned for minimum threshold

using the alignment technigue outlined in Section 4. 4.1 ,
Flgure 4-35. shows the reduction in threshold current

F1gure 4-36 shows the analy51s of Flgure 4-35, The

A
~threshold current is reduced from €.8mA to 8.3mA or 5. 7% .

(

]
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Figure 4-35 Power vs Current With (upper curve) and Without
(lower curve) Feedback for Long External Cavity with Grating
Feedback. ' ’

Propbrtional ﬁo Power

7.2 8.3 8.4 12.3
Laser Current (mA)

Figﬁte 4-36 Analysis of Figure 4-35
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Rotating the diffraction grating resulted in a periodic
change in the laser output intensity with grating position.
Figure 4-37 shows the amplifier output as a function of

grating angle.

th
o
75t
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£ 65t
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60 | 1 | : - l |

37.5 . S 38.0 . 38.5

Grating Position (degrees)

Figure 4-37 Detector Output as a Function of Grating Angle

The abscissa sc;le could only be estimated due to the low
pré;ision of the rotational micrometer. The abscissa
increment between successive intensity peaks is
approximétely .05°., It is possible to verify the accuracy
of this figure as it shbuld be equivalént to the’caiculated

“angular separtion, between successive longitudinal modes,. of
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the diffwaction grating.

T%e,giffraction grating parameters are m=1, d=1/1200
mm, and A=1.3um. From equations 3-28 and 3-29, the angular
separation for AA=8.2& is .045°. The experimentally
_estimated value for the grating angular separation of .05°
is in close agreement with the theOreticai value of .045°.
The resolution of the grating and the imaging 6% ;he
radiation returned from the grating must also be estimated
to ensure that the grating and lens will adeQuétely Separate
the longitudinal modes. Each selected mode should affett
the laser without interference from adjacent‘modes.

'The manufacturer's specifications for the grin rod lens

are:
1. Quadratic constant = ,327
2. 'Numerical aperture = .46

3. Piameter = 1.8mm

4. Length = 4.4mm

5. Working éistance (collimated output) =260um

Using the above parameters and solving the ABCD matrix
equation (Equation 3-40), given in section 3.4, for y,
(Figure 3—11) yields a spot diameter on the grating of
'3.2mm. 3.2mm is an unreasonable value for the épot'size
since the grin rod lené‘diémeter is only I.Bmm; The ABCD
matrix for the grin rod lens is not valld in this case. The
. spot. size was estlmated from exper1menta1 work to be

approximately 750um. Substituting a spot size of 750um’into

equation 3-31 yieLds the FWHM anguiarwdivérgence of the
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dispersed rays to be ~.3°.

The estimated grating resolution of .35 is very poor.
At a diffracted mode angular spacing of .05°, the diffracted
~beam from one mode will easily overlap four adjacent
longitudinal modes. Due to the poor reliability of the ABCD
transfer matrix for the grin rod lens, it is difficult to
determine spot sizes and relative positioning on the laser

face. However, due to the indicated ovérlap in the
diffracted beams, the resultant spots on the grating face
will overlap significantly. It is'expecfed that this would
increase the difficulties in obtaining single longitudinal
mode oscillétion due to the partial feed back of adjacent
,‘léngitdainal modes . ) .

However, it i§ evidentgthat the observed periodic
change in the output intensity with grating rotation is due
to the feedback from consecutive longitudihal'modes. The
laser appears to be responding favourably to the feedbaqk
~ even though the estimation of the gratjng resolution
indicates_the optics are not thimum;

The peak indicated aévA in Figure 4-37 corfesponds to
the maximum observed‘threshold reductién of 5.7%. bFigure
4-38 shows.thg thresholdg reduction for the peak indicated‘as
B in.Figurg 4-37. Figufe 4—39.is ﬁhe‘analysis of Figﬁrev .
4-38. The thréshold reduction is from 8.8mA to 8.5mA or.
3.4%. For the‘casg of peak B (Figure 4-37), the grating is
 4tuned such that the feedback wavelength‘is.situated nears the
| iong wavelength edgé of the gain curve.. I . 5

Y
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Figure 4-38 Power vs Current With (upper curve) and Without
(lower curve) Feedback for External Grating Position B.
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Proportional to Power
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Figure 4-39 Analysis of Figure 4-38 .
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Laser Spectrum
Figure 4-40 shows the spectrum of the laser when the

feedback 1s aligned for minimum threshold.

oW w.&&&;- b lad i A e

!

G2u 2 UZR @

Figure 4-40 Laser Spectrum - Long External Cav1ty with
Grating Feedback \

Approximately two free speetral'renges of the Fabry-Perot
uInterferometer are shown. The laser‘current is 13.01mA.
The Fabry-Perot Interferometer mirror spacihg is ~120um
whlch g1ves a free spectral range of ~1. 2Thz.
The 51de mode suppression ratlo from F1gure 4-40 15',
36:1 or 15. 6db The side mode suppre551on ratio in the
‘non feedback case is determlned from Flgure 4- 6 to be
5 1-1 or 7. 1db The external cav1ry results 1n an
improvement to the~51de'mode suppression ratio of 8.5db.
Figures 4443 te 4-43 Show-the'tenihg effect onithe

spectrUm as the grating is rotated. The figures Show the



Q
tuning of three separate longitudinal modes located near
centre of the gain curve. The laser was similarly tuned

-twelVe different longitudinal modes over a range of ~984&

1.8Thz.

283nS

Figure 4-41 Spectrum Tuning - Grating Position m-1

Longithdinal Mode Linewidth

Flgure 4-44 shows approximately three free spectral

116
the

or

ranges of the Fabry- Perot Interferometer output.' The mirror

'spac1ng is 3mm which gives a free spectral range of 50Ghz,

*The 1nstrument resolution is approximately 1Ghz. The FWHM"

'5frequency spread of the long1tud1nal mode 1s measured from

Figqure 4- 44 to be 15.8Ghz. A FWHM Qﬁ 15. 8Ghz is broader~

‘than the expected llnew1dth of the solltary laser

"long1tud1nal modes wh1ch is in the megahertz range'[17,24].

N 3
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‘ Figure 4-43 Spectrum Tuning - Grating Position m+1

{ ' From the results of Section 4.@#?, it was expected that '

hd plaéihg_neutral density.filteré in the feedback path would
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Figure 4-44 High Resolutlon Spectrum Measurement / FWHM
~16Ghz ‘ ,

decrease the FWHM of the longitudinal mode. However, as the
neutral density filters were placed in the feedback path,
Vtwo problems occurred.
éiret, the laser tended ﬁcwards multi-longitudinal mode

oscillation.-. With the Fabry-Perot Interferometer adjusted
for max1mum resolution, the correspondlng small free
spectral range caused overlapp1ng of adjacent orders and
reselted in the FWHM'appear1ng to broaden. Attempts to
retune the laser'were hindered due’an inability to align. for
m1n1mum threshold wh11e observ1ng the spectrum. |

“ The second problem preventxng ‘the FWHM from respondlng
as expected to 1ncreased attenuatlon in the feedback path is '
shown 1n Flgures 4~ 45 and 4 46 Flgure 4-45 shOws the

z spectrum w1th three neutral densxty filters in the feedback
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Figure 4-45 Spectrum Obtained With Three ND Filters in the
Feedback Path and also With the Feedback Path Blocked
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F1gure 4- 46 Spectrum After a Mxnor Adjustment to Pos1t10n
of the Gr1n ‘Rod Lens. :

path.ﬂ'(TheAFabry-Pérot'Interfefometer mirror spacing is-

~125um.) Thg spectrum'in.Fiéu:e 4-45 did not éhange when
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the feedback path was blocked. Evidently, reflections from(//
the AR coated grin rod lens are causing tuning‘pﬁfﬁhe laser.
Verificationrof grin rod tuning is shown in Figure 4-46

where a slight (much less than 10um) adjustment is made to

the z drive of the'grin rod lens m;unt. This caused the

‘spectrum to change significantly.A'(Actually: the tuning is

caused by weak fkedback from a short external cavity.)

4.4.3.3 Extraneous Feedback
In addition to the feedback from the grin rod lens,
extraneous feedback was also observed originating from the
optics on the output side or the laser. Figure 4-47 shows

- two laser spectra. , . .

Figure 4- 47 Extraneous Feedback Effect of Fabry Perot
Interferometer - _

/

The.only differencefrn‘theisetup berween-the?uppér_and lower'

.
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curves is anvangulér shift of the Fabry—Perot‘Interﬁerometer
with respect to the optical axis. The figures show a
signifjcant change in:the spectrum. The side mode
suppression rat;o is 3.7/1 in the-upper curve and 1.7/1 in
the lower curve. The agpérentrlateral shift bgtweén the two
spectfa is due to thé optical path length change ééused by\
rotating the interfe;qmeter about an axis vertical to its

optical axis. N

-~

In summary, the exfraﬁéous feedback from the grin rod.
lens made it not possible to verify the theory of Osmundsen
and Gade usiné grating feedback. Howeveg, the laser did
behave favourably to external grating feedback. It was
possible to select a sinélé.iongitudinal mode with an
assoéiated improvement in phe side mode suppression ;atio.

a

In addition the laser was’ readily tuned by rotating the

£

grating. .

LAY
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. ‘ . 5. CONCLUSION e

| . The experimental results obtained from inveé{ig}tions
o%zthe three external cavities:

1. short.external cavity with a mirror,

2. :long external cavity with a mirror, and m

3. long external cavity with a diffraction grating

ndrcate very p051t1vely that the spectrum of the laser may

4

ey

be,influenced and controlled with external feedback. The

results of Section 4.4.2, which are in agreement with the

- weak feedback theory put forth by Osmundsen and Gade [231,

ey

in conjunction with the demonsration of single longitudinal
mode selection and tuning in Sectlon 4.4.3, indicate that it
is fe351ble to proceed to develop a single longltudlnal mode
narro% llnew1dthlﬁaser using external cav1ty techniqgues.

The discrepancy ralsed by successful results reported
for both strong and weak feedback remains unresolved. There
is opportun1ty for a research program aimed at defer rmining

\

the reasons why both strong and weak feedback yield

successful results. Furthermore, both weak and ‘strong’

where the external reflector consists of a diffraction’/ °

feedbacﬁ theories should be formally extended to the ca?evaa
gratlng Successful resulés_using a diffraction gratingﬂare
presented in this thesis as well a§-in published papers

[17,30]; ‘However, no theoretlcal analyses have been ' .

~ published which address the case where the external

L

reflectoégﬁs'a‘dijfractionLgrating.

(( C 122
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“In the continuing work on this project it is important
to implement several changes to thé experimental apparatus
and procedures prior to undertaking an attempt to achieve
narrow linewidth, single longitudinal mode oscillation of a
semiconductor laser. The laser 1is extremely seps&tive to
perturbations 1in ﬁhé external cavity. This.extreme
sensitivity places very stringent requirements on the

. . O
mechanics of the compound cavity system. Many resources are

gererally dedicated towards obtaining a high éegree of

mechanical stabilit& and precision [29].

The following points andlrecommendations, which arise
from codrrespondence with an expert in the area of external
cavity feedback (Appendix A) and from the author's
experience, should be\inc;rporated into suBSequené attempts,
by persons whose long term objectives'fequire such a device,
to develop a narrow linewidth laser using external cavity
techniques: .

1. Directly pursue the configuration used by Wyatt et al.
_#n their successful e%ternal cavity feedback
experiments.. (No verification of the strong feedback
theory put forth by Sato et al. [25] and discussed in
Section 3.3 was obtained. However, according to Wyatt
vand‘Sato, compound cavity systgmé with strong feedback
are more Stable:than weak feedback systems and henée,
aré more attractive.)

2, Utilize the long external cavity with diffraction

grating.
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The external cavity collimating lens must be
anti-reflection coated and of such type that it may be
located several millimeters away from the laser (ie.
X320 .5 NA microscope objective) to minimize extraneous
feedbackrinfluences.

Isolate all observation optics from the laser.

Use beam dividing devices (couplers or cube beam
splitters) to allow simultaneous observation of optical
output éower, the lasefgspectrum, and the spectral
linewidth,

Develop a technique for observing the feedback image on
the laser face [30] to assist alignment.

Implement a high resolution technigue for measuring the
laser spectrai width [31].

Use piezoelectric positioning devices for all optiés
whiéh are to be uséé for tuning the laser.

Use optical mounting equipment which allows the

necessary dégrees of freedom for positioning without

A 4 -

* sacrificing'rigidity and precision.

A narrow linewidth, sihgle longitudinal mode,

semiconductor laser is a necessary prereguisite for an

economical coherent optical communication system. Such

lasers have been developed in laboratories throughout the

world, The same laboratories are prioceeding with

experimental coherent optical communication systems and are

significantly further advanced than any similar projects,

known to the author, which are being undertaken in Canada.

¢ F
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It is very important that the coherent optical
communications project be placed into an atmosphere of
strong theoretical knowledge, solid experimental background,

and substantial financial resources if it is to succeed.
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Appendix A: Correspondence with Dr.R.Wyatt from BTRL.

Following 1s a letter received from Dr.R.Wyatt at
.
British Telecom in Ipswich, England. His letter is in
response to a solicitation for assistance which was sent by

the author in May, 1985, )

British Telecom Res. Labs
Martlesham Heath

IPSWICH

IPS 7RE UK

5/6/85

Dear Mr. Anderson,

Thank-you for your recent letter re: external cavity
lasers and line narrowing; I will try to answer your
gueries,

All lasers used for external cavity work have had AR
coatings, with reflectivities in the 1-10% range variously.
A very small number of uncoated lasers have been tried -
these were much more critical to align, but could still be
make to work. The coated lasers, when run above threshold,
would have & multi-longitudinal mode spectrum, with maybe
3-7 modes, so single-mode operation of the basic laser. is
not a§ all necessary, provided feedback is high enough (see
later). ‘ o - '

. . a 3
. As far as differences between lasers are concerned, we
have used altogether probably 50 lasers, of various types;
buried crescent, DCPBH, and ridge guide, all at 1.5um,

Line narrowing is successful witb‘all lasers, but
better transverse mode stability (DCPBH) gives more stable,
less critical output. So, no selection is necessary, other

than fundamental .transverse mode operation. '

.4 ASs far as your experiemental configuration is concered,
I"Esid recommend a much higher NA objective -~ we typically
-use a X20/.54 NA, AR coated for 1,5um. We have not got
consistently good results with X10 objectives. Attenuation
- should be unnecessary, if alignment is correct ~try aligning

1307
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for minimum threshold, you should(get down below 15mA
easily. Isolatlon/attenuatlon between laser and
interferometer will also help stability. Temperature
control is not necessary, few °C is OK, and current control
to few mA is all that's needed.

Osmundsen and Gade's work does not apply to our
situation. We have a grating cavity; they were con51der1ng
only a plane mirror, and the selectivity of our grating is
high enough to select one mode.

I hope these points help - if you want more
information, please call/telex, and keep me informed.

Yours,

Richard Wyatt

L
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Following is the body of the letter which Dr. Wyatt's

letter was in reply to.
Dear Drs. Wyatt and Devlin,,

I am presently a_graduate student at the University of
Alberta. My thesis project is to demonstrate and understand
frequency control of semiconductor lasers using external
gratlng feedback technigues. I will greatly appreciate your
3551stance with some questions which I hav?

..5

«

_ “To date, I have experimented with two 1.3um lasers with
no success. The first laser was a rud1mentary gain guided
device w?%h A.R. coating on one facet. This laser was
inherently unstable and I was not particularly surprised
with the poor results. - The second laser 1s of the double
channel,planar buried heterostructure (DC-PBH)
configuration, produced by Fermionics Corporation in
Chatsworth, Callfornla.;lf

This laser appeapsasto be qulte stable with orly a minor
noise component at. 758&Mhz, at 30 mA {Threshold = 13 mA).
However, the spectrum does not respond to increasing current
as expected. The laser does not tend ‘towards oscillation in
. one’ longltudlnal mode as the current increases, but instead,
it continues to support .five modes. It also does not
respond favourably to feedback. I am able to influence the
different longitudinal modes by rotatlng the grating.,
‘However, I am not, able to select a single long1tud1nal mode
w1th the assoc1ated hlgh s1de mode suppre551on.

- -

My first setfbfquestithfare;“
. . , : '

Out of a- group of 100. lasers of the type whlch you use  in

your systems (Electron;c Letters: Feb. 1983, Jan. 1985), how

~many would you expect to respond satlsfactorlly to external
feedback’ R . _

Do you have a set™ of crlterla for selectlng a laser based
‘upon its propertles wlthout feedback7 : :

v : . AR ~,;‘ v ~ ?.‘w ; _
Is the anti- reflect1on coatlng a- cr1t1cal requ1rement" The

work of ‘Goldberg et .al (IEEE J.Q.E.  Vol.18, Aprll 1982,
Pp. 555) 1mpl1es A. R coatzng is not essent1al %

.
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My experimental configuration consists of a X10 .25 NA
microscope objective for colllmatlng the output beam onto a
1200 lines/mm grating. A pair of crossed polarizers with a
half wavelength retarder for variable attenuation are
inserted in the external cavity. (I have experimented with
cavity lengths of 20 to 50 cm.). The spectrum is monitored
with a scanning Fabry-Perot interferometer. There is no
isolation between the interferometer and the laser. The
temperature and current are feedback controlled. Neither
exhibits large fluctuations over time. However, I do not
have the equipment to measure very small fluctuations. I
can only assume that the control is adequate.

My\secqnd set of questions are:

Do you have an explanation for the behaviour of your lasers
under strong optical feedback? You are not using any
attenuation, other than losses in your cavity. The work of
Osmundsen and Gade (IEEE J.Q.E. Vol.19, March 1983, pp.465)
indicates that, under strong feedback, the multi-external
cavity modes supported will’'result in line broadening.

Is it extremely important to have high precision. current and -
temperature control? I realize this is important for fine
tun1ng, but is it ﬁecessary for "first order" observations?

o

The answers to these gquestions will be invaluable. I
feel I am following correct procedures. However, I am not
able to -achieve the desired results. 1 suspect my problem
"is that I do-not have a laser that will respond favourably
under feedback conditions. The answers to my questions will
enable me to procede with more insight than I have in the
past. ,

‘ Thank-y0u for your assistance.

'Sincefely,“

Rod Anderson



