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ABSTRACT

Partially coherent interaction of the feedback light with the field in the laser cavity is
affirmed with the fiber Bragg grating (FBG) stabilized 980-nm pump lasers, on the
contrast of normally accepted totally incoherent state of operation in the “coherence
collapse” regime. Coherence parameter Y was defined in this paper to identify the
fraction of feedback light working coherently. It is shown that y can be determined by
fitting the measured power-difference versus pumping-rate curve to the simulation results.
Experiments confirm that coherence parameter y decreases while the distance between the
FBG and the laser facet increases, and vice versa. While, if the device is kept operating
in the “coherence-collapse” regime, y would not change with the amount of feedback.
This work will be help to improve the performance of the high power FBG stabilized

980-nm pump laser.
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CHAPTER 1 INTRODUCTION

1.1 Semiconductor laser

Lasers are devices that generate and amplify coherent radiation at frequencies in the
infrared, visible or ultraviolet region of the electromagnetic spectrum. Lasers emit light
in a very narrow wavelength band, and this spectral purity is one of the most important
properties of the devices. Although lasers come in a great variety of forms and may emit
light at widely different wavelengths, they all consist of the same essential elements.
These elements are: (1) a gain medium, through which the electromagnetic radiation can
be amplified; (2) a pumping process to excite atoms or molecules of the gain medium into
higher energy levels; and, (3) a set of partial feedback elements that allow a beam of
radiation to either bounce back into the gain medium or to exit the laser as output. A
semiconductor diode laser is a laser whose gain medium is made of direct band gap
semiconductor materials.

A semiconductor laser consists of a single crystal of direct band gap semiconductor
material. To date, most laser diodes have been made using GaAs, Ga;.xAlAs or
In; xGa,As;.yPy, but other materials will no doubt eventually be used to obtain emission at
different wavelengths. The most basic structure of the laser diode is a p-n junction [1].
When this p-n junction is forward biased, the holes in the p-type region are injected into
the n-type region, while electrons in the n-type region are injected into the p-type region.
When an electron meets a hole, they combine emitting a photon of energy nearly equal to

the band gap energy. The region where these activities occur is called the active region.



The wavelength of emission of a diode laser depends mainly on the type of
semiconductor material that it is made of. However, this lasing wavelength can vary
slightly with operating temperature and current of the laser. Furthermore, if the p-n
junction is made from a quaternary crystal, the diode laser has an emission wavelength
which is set by varying the fraction x and y.

Ohmic contacts are made to both p- and n-regions to permit the flow of electrical
current, which is the energy required to produce the inverted population in the active
region. The directivity of the output from the semiconductor is not sharp. The output
spreads out by as much as 30 degrees. This is because the light is emitted from the active
region, a very small area whose sizes are less than 2-3 pm. The intensity of the emitted
light is a function of injection current and it is found that this intensity increases rapidly
above a certain current Iy, while below Iy, it is rather weak. Iy, is the starting current for
laser oscillation and is called the threshold current. The partially reflecting end faces of
the laser diode, formed by cleaving the laser chip along a crystal plane, provide an optical
feedback that leads to the establishment of one or more longitudinal modes. Longitudinal
modes of the laser are centered at frequencies where a half-integral number of
wavelengths equal the length of the optical cavity. Thus, mA/2 = nL, where L is the
length of the laser, n is the index of refraction of the laser material, and A is the .
wavelength of emitted light. The separation in frequency of these longitudinal modes are
given by the free spectral range (FSR) of laser cavity, FSR = ¢/2n,L. where ny is the group
index of refraction. Normally, a laser will oscillate on a number of modes. To achieve

single longitudinal mode operation, additional arrangement must be made to suppress all



but the preferred mode of the laser. Such specialized devices include DFB, DBR laser,
and short external cavity laser. DFB and DBR lasers are out of vision ofthis research.
We will talk about diode lasers with external cavity in this thesis.
1.2 Diode lasers with external cavity

The effects of reflection which feed light back into semiconductor lasers have been
studied extensively. It is often beneficial to operate laser diodes with optical feedback, as

provided, for example, by an external mirror according to Fig. 1.1.

Fig. 1.1 Semiconductor laser in external feedback configuration

This external mirror may serve for the selection of a distinct longitudinal mode ofthe
Fabry-Perot laser in order to get better side-mode suppression [2], Ifthe longitudinal
mode selection is provided by a grating reflector, the external feedback may be used for
tuning the wavelength [3] [4] or for a considerable linewidth narrowing [5], An external
cavity may also be useful for reducing the laser chirp [6]. With the process ofintegrated
optics, laser diodes together with external cavities may be also integrated [7], yielding a

potential for economic production of external cavity devices.
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Fig.1.2 Schematic arrangement of a laser diode cavity with external optical feedback

Due to the presence of an external cavity, the phase condition which chooses the
longitudinal modes and the loss condition which defines the threshold of the modes have
to be modified to the laser, so will the lasing frequency and the threshold gain.

Assuming the polarization of the reflected light is identical to the polarization of the

emitted light, the required gain in an external cavity laser for threshold is changed [8] to:

2nyR,
L

gc = gth—| Ce I cos(¢ext) (11)

with the phase of the reflected light ¢, , = 2zvr,,, , where v is the optical frequency and

ext 2
Text iS the external roundtrip time delay. g denotes the threshold gain without external

feedback. |C, is the coupling coefficient from the laser to the external cavity (C.= (1-
«/Rle )/ ZJE,— ) for Fabry-Perot lasers with facet reflectivity as shown in Fig. 1.2. n is

the coupling efficiency from the laser to the external cavity. Depending on the phase §ex
of the external reflected light the required gain for threshold is either reduced or
increased. The maximum threshold gain reduction occurs if ¢ex: is an integer multiple of
2m.

Possible modes of the laser with feedback are characterized by the threshold gain and
the phase condition, requiring an effective round trip phase change of A¢p = 0 (or

multiples of 2m). For deriving this round trip phase, a change in threshold gain yielding a



change in the refractive index through the linewidth enhancement factor a has to be taken

into account, yielding finally [9]:

A =—QITei(v )+ CsinNTA, +arctanar)) 1.2)
oW

with €1 - the round trip time of the solitary laser and Vth - the lasing frequency without

external optical feedback. C denotes the feedback parameter:

c=77772|Ceej v wz (1.3)

For C < 1, the round trip phase change A<>1 is monotonic with respect to the optical
frequency as for the solid curve in Fig. 1.3 yielding a single zero for Ai>I- Whereas for C
> 1, the A(>1 versus v-characteristics may have several zeros, so that eventually several

cavity modes around vih may start lasing.

Fig. 1.3 The round trip phase change A<pI versus optical frequency v with and without optical feedback. The
phase condition for the compound cavity is satisfied for A¢1=0

In conclusion, the feedback sensitivity of laser diodes is governed essentially by the

feedback parameter C. For a given laser, (facet reflectivity R and round trip delay T),



low external cavity reflectivity Re and a small round trip delay Text are required for getting
low C. That is the reason why tunable lasers are achieved through short external cavity
[3].

Due to optical feedback, the spectral width may be influenced considerably. Many
researches have been done over the past two decades on this topic [5] [10-13]. Under

weak or moderate levels of feedback,

V S (1.3)

where Avo is the linewidth of the solitary laser without feedback. According to K.

Petermann [8], the linewidth depends on the feedback phase #ext, and Avmin= Avo/(1+C)2,

Avmax = Avo/(1-C)2. Even the very low feedback with C « 1 may yield a very large

linewidth broadening. This linewidth broadening is actually the splitting from a single
external cavity mode to a dual mode, which should not be confused with the coherence
collapse under high feedback being discussed later.

The relationship between linewidth and amount of feedback has been studied
sufficiently by R.W.Tkach and A.R.Chraplyvy [14]. Five regimes have been identified

according to the feedback power ratio which is defined as fext = r*rRe. The five regimes of

feedback effects are:
l. At the lowest levels of feedback, narrowing or broadening of the emission line is
observed, depending on the phase of the feedback. The power ratio of feedback in

this regime is under -70 dB(C < 1).



I

11

When the feedback level lies between ~ -70 dB and ~ -45 dB, the broadening, which
is observed at regime I for out of phase feedback, changes to a splitting of emission
line with rapid mode hopping.

As the feedback is increased further, the mode hopping is suppressed and the laser is
observed to operate on a single narrow line. This level of feedback effect does not
depend on the distance to the reflection. This regime occupies only a very small
range of feedback, from ~ -45 dB to ~ -39 dB.

With higher feedback levels, line broadening by several orders of magnitude is
observed, this phenomenon is known as “coherence collapse” [15] [16] because of
the drastic reduction in the coherence length of the laser. The feedback level of this
regime is -40 dB~ -10 dB. This regime is usually not desirable for a tunable laser
realized by short external cavity. But it is the regime this thesis will work on.

When the feedback levels are higher than -10 dB, stable single mode oscillation
with a very narrow linewidth occurs again. This level of feedback is obtained only
when the facet through which light is fed back into the laser cavity is highly AR
coated. In this regime, the laser ideally operates in a long cavity with a short active
region and the feedback dominates the field in the diode laser. The linewidth in this
configuration is narrowed for all phases of returned light, and is . generally

insensitive to all other reflections.

During the past years, extensive work has been done on the linewidth enhancement

factor utilizing short external cavity (SXC) diode lasers [17]. It is found that the

linewidth enhancement factor strongly depends on the emission wavelength, and is fairly



independent of the output powers for SXC diode lasers. Bonnell and Cassidy [18] have
found that the fraction of light reflected back to the diode laser is less than 5x10™ for a
short external cavity. In this case, the feedback parameter C is less than 0.1 which lies in
regime I. Coherence collapse of regime IV is what researchers try to avoid in the short-
external cavity tunable laser. On the other extreme, regime V is an attractive domain to
work within tunable laser, but this will require wide bandwidth AR coating for diode laser
in the front facet [19].

Although “coherence collapse” is not applicable in tunable lasers, it works in the field
of power and temperature stabilization of diode lasers. Fiber Bragg grating (FBG)
stabilized semiconductor lasers take advantage of coherence collapse feedback to obtain
high kink output power, high temperature operation. 980-nm pump laser for EDFA,
which is the research topic of this thesis, is one of such successful examples.

1.3 980-nm pump laser with fiber Bragg grating(FBG) feedback

980-nm laser diodes are essential components for optical amplifying systems, which
fulfill the increasing requirements of rapid and large capacity communications. 980-nm
LDs are the most promising devices to provide excitation light sources for erbium-doped
fiber amplifiers (EDFAs). Compared with the other main wavelength option for pumping
such as 1480-nm, the advantages of employing 980-nm are lower noise figure [20] and
lower power-consumption. However, one of the difficulties of using 980-nm pﬁmping is
the narrower absorption range of an erbium doped fiber compared with 1480-nm pumps.
It is essential to achieve wavelength stabilization and control over an extended operating

range and a large variety of pump lasers. The passive locking of 980-nm pump to



external cavity fiber Bragg grating has been considered and successfully employed [21],
[22]. Thus, FBG stabilization reduces thermal wavelength drift, eliminates chip-to-chip
wavelength variations, and enables combination of several pump sources within one
single EDFA to provide more pump power.

FBG shows great compatibility with the fiber communication system. Much work
has been done in past decades since the invention of FBG [23], [24]. Packaged external
fiber grating 1.55-pum semiconductor lasers were reported [25] by BT Laboratories,
Ipswich at UK. Operating in single frequency mode, the 1550-nm laser exhibits high
output power, high temperature stability operating frequency and low static chirp.
Tunable laser with FBG has also been obtained by strain-induced or temperature induced
tunable reflection peak of FBG [26].

To achieve successful FBG stabilization of 980-nm LDs, the response of the grating
should be broad enough to reflect several longitudinal modes. Therefore the pump laser
is operating multimode. The center wavelength of the FBG is chosen to be close to the
gain peak to ensure getting as much power as possible. To avoid mode-hopping which
occurs at coherent phase, the FBG should be positioned significantly away from the front
facet of the laser, beyond the laser coherence length. Therefore FBG locked 980-nm

pump lasers work in the coherence collapse operation state.



Fig. 1.4. Schematic representation of the laser diode and the external fiber Bragg grating

In this thesis, we chose FBG stabilized 980-nm pump laser as the objective to study
the partial coherent interaction between the feedback light and the field established in the
laser cavity to verify that the interaction is not totally incoherent as normally believed.
Coherence collapse has been described by Miles et al [27] and by Goldberg et al [28] in
the early 1980’s. Daan Lenstra [15] et al noticed that in high feedback level like
coherence-collapse, the coherence time r(0h of the output light is much smaller than the
external roundtrip time t. The theory with assumption that the fluctuating phase
difference is small for line narrowing explanation does not fit any more. It was argued
that, at high feedback levels, the quantum fluctuations (i.e., those associated with
spontaneous emission) are completely dominated as a noise driving source by a loss of
coherence between the feedback light and the laser light. A self-consistent description of
the coherence collapse state was given by usual coupled rate equation model. Theory
took the fluctuating phase difference between the delayed feedback field and the laser
field inside the cavity as the noise driving force on the phase and intensity fluctuation. In
M. Achtenhagen et al [22] they introduced the effective reflectivity Reff by combining the
external optical feedback with the front facet reflectivity. Coherence collapse was

distinguished with coherent feedback by power reflectivity or by field reflectivity.
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In all abovementioned analysis, partial coherent interaction between the feedback
light and the field in the laser cavity was not distinguished. D.T. Cassidy reported in
1984 [29] that in the high feedback level, partial incoherence occurs, and the coherently
and incoherently interacting feedback light influence the output of the laser in very
different fashions. Incoherent feedback light, acting the similar role as spontaneous
emission, causes the laser to operate more multimode, while the coherent light causes the
laser to operate more single mode. The distinguishing effects can be seen from the
difference of quantum slope efficiency derived by light-versus-current (LI) curve. Dr.
Cassidy’s theory is employed in the feedback effect of FBG-locked 980-nm pump laser in
my research. A coherence parameter y is defined to describe the fraction of feedback
light which interacts coherently with the field established in the laser cavity, therefore 0 <
y < 1. To make sure the pump laser is working in regime IV, the front facet of the laser is
AR coated to Ry~ 0.04. The coherence length of the laser light is about 10 mm compared
to about 10 m without feedback. In the coherence collapse regime the C parameter is not
relevant parameter anymore, since the features of the laser light have become independent
of the external cavity length. By changing the external cavity length, the coherence
parameter y will change correspondingly. The coherence parameter can be obtained by
the curve of power difference between the L-I curves with and without feedback.

The thesis is organized like this: after the introduction of this chapter, the basic theory
of partial coherence describing the interaction between the feedback light and the field in
the cavity is reviewed in chapter 2. The coherence parameter 7 is introduced in the

derivation. In chapter 3, the simulation with traveling-wave method including the effect

11



of nonlinear gain is given. The simulation results will show how the coherence parameter
will work on the power difference curve. The measurements setup and results are
introduced in chapter 4. Fitting results and analysis are also shown in this chapter.

Conclusion is shown in chapter 5.

12



CHAPTER 2 THEORY

This chapter deals with the theory that lays out the foundation for this thesis. An
analytic model of the effects of optical feedback on steady state oscillation spectrum of a
diode laser is presented. The feedback light is allowed to interact both coherently and
incoherently with the field established in the cavity. The coherence parameter vy is
defined in this chapter. A qualitative analysis is given for the effects of coherent and
incoherent interaction.

Optical feedback provided by external mirror or grating will alter both the resonant
frequency and the intensity of the effects of feedback on the spectral output of
semiconductor diode lasers. Much has been published concerning the effects of feedback
on the spectral output of diode lasers. But approaches havé one drawback in common —
all light is assumed to interact totally coherently [5], [10] or totally incoherently [22]. Dr.
Cassidy [29] presented that coherent and incoherent interacting feedback light cause very
different effect on the oscillation spectrum of the laser. Feedback is included in the laser
model by solving the electric fields in a three-mirror Fabry-Perot resonator where one
section of the resonator contains a homogeneously broadened gain medium. The model is
specialized to the effects which are noticed only on a coarse wavelength scale, which can
be observed with a spectrometer, and for distances between the feedback and ca\}ity
reflectors which are much greater than the optical length of the laser cavity. The short
external cavity is outside of this model because one can reasonably expects all the light to

interact coherently

13



Figure 2.1 is a schematic diagram of a semiconductor laser with an external mirror.

Fig. 2.1 Schematic diagram of a semiconductor laser with an external mirror.

The steady-state of a laser may be modeled by solving for the electric field inside the

resonator. The boundary conditions imposed by the cavity reflectors and the single-pass

gain supply the relationships between the fields which are required to calculate the output

variables in Fig. 2.1 - electric fields at the reflector surfaces. The Fabry-Perot laser has

facet amplitude reflection coefficient n, r2 and length L. An external mirror is positioned

at a distance LX away from the front facet of the laser. Note that Lx >> L for this analysis

The external cavity mirror has an amplitude reflection coefficient r3. The following sets

of equations describe the relationships between the electric fields:

X =rX
=,=g4.e++"
X =GX —-GX
X =r3B"etl’
B=GX +1rX

B ~gBFf—+S-

14

(2.)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)



where 8", 8" denote spontaneous emission coupled to the specific mode, g is the net
single-pass gain through the cavity of the laser, k = 2n/A and 8 = n*27/A are the wave
vectors in the external and laser cavity respectively, t, is the transmission coefficient
satisfying t,>+1,° = 1 for lossless mirror.

. * ;
By defining r; =r;e”*™

, we rewrite (2.4) as
A =r B, 2.7

By substituting Eq. (2.7) into Eq. (2.3), one arrives at

) t
B = LI
1+nn

A =14 (2.8)

I

By defining ¢, = —
+1,7;

Utilizing Eq. (2.8) and Eq. (2.7), Eq. (2.5) becomes:

B =t,r, B+ A =t,r,t, 4, + 1,4 =14 +1,4, (2.9)
where r, =t,r,1t,.

And then Eq. (2.6) may be arranged to eliminate all fields but one
B, =g’ (r, +r,)r,B, + g(r, +1,)6* + 6~ 2.10)

Note that By is the electric field which is traveling in the negative direction and
located at the inner surface of back facet. We ignore the phase effect in the spontaneous
term in the second step because of the nature of spontaneous emission.

If we assume that a fraction p of the field from the feedback mirror 3 interacts

completely coherently and 1-p interacts completely incoherently, equation (2.10) may be

rewritten as:

15



B, =g(r3' +r,)0" +6~ +g27‘17‘3'(1—p)B0 +g2(r2 +pr3.)rleszLBo (2.11)

Thus the electric field Bg becomes

g, +1r)5" +8 +g’rr,(1- p)B,
BO: 2 ' 2jpL
1-g%(r, + pry)re*”

(2.12)

By distinguishing between coherent and incoherent light we are able to write By in
terms of time-dependent and time-independent term. The first two terms in Eq. (2.11)
contains contributions from the spontaneous light. As noted by Morrison and Cassidy
[53], for Fabry-Perot laser and index-coupled lasers, the cross-correlation (self-
interference) effect of the spontaneous photon is negligible. But for the truncated-well
gain-coupled DFB lasers, the correlation has to been taken into account for best fits to the
below threshold spectra because of the quantum mechanical characteristics of the photon.
In our case of Fabry-Perot laser, we believe that it is accurate enough to suppose the
phases of 8" and & are random in time and uncorrelated. The third term is from the
incoherent light, thus it contains a time varying phase and is uncorrelated with the field in
the cavity too. The final term in Eq. (2.11) is the correlated term, the phase is defined by

the conditions of laser cavity and feedback mirror. Writing <[Bo>> = I'(v) as the intensity

at back facet, one finds that,
_<81>(1+GRy)+ G’ RR,(1-1)(v)

(1-G\[RRZ")? +4G[R RS sin® (BL)

where <|5*> = <|5P>= <|8[*> due to the isotropic nature of the gain medium. Here y is

I (v) (2.13)

defined as p® which is the coherent part in intensity of feedback light, 1-y = 1-p* is

coarsely written as the incoherent part in intensity.

16



G=g 1s the single-pass gain

R, =1r
R3, = |r3’|2
Regt= |rt13

Rert™ = ra+prs |
To see clearly the effect of the incoherent part of feedback light, we compare it with

an isolated laser. It is well-known that for an isolated laser,

46 F>(@1+R,G)

I =
) (1-G+/RR,)’ +4,/RR,Gsin*(BL)

(2.14)

Equation (2.14) indicates that a laser operates as a resonance amplifier of spontaneous
emission. It is shown in Eq. (2.13) that the fraction of feedback light which interacts
incoherently with the field in the cavity acts as thé same role of spontaneous emission.
The light which interacts coherently increases the reflectivity of the front facet by
changing R; to Res™". Thus only the coherent fraction of feedback light works to
increase the slope efficiency.

Cassidy noted that the two forms of feedback, coherent and incoherent, tend to cause
competing effects to the spectral output of the laser. Light feedback into the laser which
is incoherent with the field in the cavity is working as the similar way as spontaneous
light. The incoherent light will experience more gain than spontaneous light bec.ause its
spectral profile is same as the mode. Therefore the laser is sensitive to incoherent
feedback. The effect of the incoherent feedback light is to cause the laser to operate more

multimode than it would without the feedback of incoherent light. In contrast, the

17



coherent feedback light effectively increases the facet reflectivity. By reducing the
threshold of the dominant lasing mode, the adjacent modes which exhibit a higher
threshold gain will be suppressed [9]. The coherent feedback light causes a more single-

mode operation.

The coherence parameter y plays a critical role in discriminating the different effects of
coherent and incoherent feedback light. When y equals to 1, all the feedback light is
supposed to interact coherently, and y = 0 corresponds to all the feedback light interacting
incoherently, 0 <y < 1 is the state of partial coherence. In paper [29], Dr. Cassidy noted

that the coherence parameter y can be figured out by the difference in the output power
with and without feedback as a function of the pumping rate. Figure 2.2 shows the
computer-generated plots of optical power at back facet of the 980 nm pump laser with

mirror as an external cavity.

@)
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(b)

(©)

Fig.2.2. (a) plot of total output power at back facet without feedback, with totally coherent feedback, and
the power difference between them as a function of injected current.(b) plot of total output power at back
facet without feedback, with totally incoherent feedback, and the power difference.(c) comparison of power
difference under totally coherent and totally incoherent feedback.
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Figure 2.2 (a) was calculated assuming that all the feedback light interacts coherently.
Figure 2.2 (b) was calculated assuming that all the feedback light interacts incoherently.
To see it clearly, the output power without feedback as a function of current at the same
facet are also shown in the figures. It is shown that the coherent and incoherent feedback
light cause drastically different effect on the total output power of the laser. Both the
coherent feedback light and incoherent light reduce the threshold current. However, the
coherent feedback increases the output power above threshold by raising the slope
efficiency and causes the difference in power to be a linear function of the pumping rate.
The incoherent feedback light increases the output power very rapidly just-above
threshold and far-above threshold the incoherent feedback increases the power by an
amount which is approximately independent of the pumping rate.

To see the effect on the laser spectrum, I show in Fig. 2.3 the computer generated
plots of total optical output power and modes’ power for a laser with mirror feedback.
Nine modes are calculated in the simulation. Figure 2.3 (a) was generated under the
assumption that all the feedback light is incoherent, in which it is shown that the laser is
running multimode above threshold. Figure 2.3 (b) was generated under the assumption
that all the feedback light is coherent. It is clear that the laser is running mostly in mode 0
and mode 1 above threshold, and most of the power is focused in the main mode, a large

SMSR is obtained in this case.
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(b)

Fig. 2.3 Computer-generated plots of the total output power and the power in nine modes near the gain
peaks as a fun ion of injection current, (a) all light interacting incoherently (y = 0); (b) all light interacting
coherently (y = 1)

Based on this theory, | worked on 980-nm pump laser with FBG wavelength
stabilization which works in the regime of “coherence-collapse”. Since the coherence
length Lc is much smaller than the external cavity length Lext, the partial coherent
interaction was applied. By moving the FBG further away or closer to the front facet of
the laser, the coherence parameter y which determines the fraction of feedback interacting
coherently will change correspondingly. We expected that the shorter the external cavity,
the higher the coherence parameter should be. In chapter 3, simulation with traveling
wave method based on Dr. Cassidy's theory is given. By fitting the power difference
curve to the measurement results, which are shown in chapter 4, the coherence parameter

y is figured out, so is the scale of feedback which coherently interacts with the field in the
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laser cavity. I’ll also show in chapter 4 that by changing the amount of feedback with a
neutral-density (ND) filter, (in this case the laser is still working in the coherence collapse
regime), the coherence parameter ¥ would not change. This agrees with the other works
[14], [30], [31] on coherence collapse which concludes that the linewidth of the laser

would not change much in the whole range of coherence collapse from -40 dB to -10 dB.
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CHAPTER 3 SIMULATION

As discussed in chapter 2, the coherence parameter y denotes the fraction of feedback
light which interacts coherently with the field in the laser cavity. It can be embodied in
the light-current (L-1) curve. In this work, the shape of the power difference with
pumping, which is introduced by the external cavity, is used to determine the value ofy.
The slope efficiency of the power difference versus current curve changes with the
coherence parameter. The larger the slope efficiency, the bigger is the coherence
parameter. In this chapter, modeling of partially coherent interaction of feedback light in
the steady state is introduced through FBG stabilized 980-nm pump laser. The effective
wavelength-dependent reflectivity method was adopted in the model. We applied Fabry-
Perot approach (traveling wave model) other than rate-equation model because it is more
accurate for an asymmetric laser cavity. The effective reflectivity of the front facet Rf is
derived in section 3.1. Fiber Bragg grating reflection accompanied with the phase delay
and finite bandwidth cause the effective reflectivity to be complex and wavelength
dependent. The FBG reflectivity is shown in section 3.2. The incoherent fraction of
feedback light works as the additional spontaneous emission which is applied to the last
section of the laser cavity, and will experience coherent amplification while bouncing
back and forth in the cavity. A second-order Runge-Kutta method was used to solve the
differential equations.

3.1 Effective reflectivity
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In the following, we consider a laser and FBG stabilized module, as described

schematically in Fig. 3.1.

Fig. 3.1 Schematic representation of the laser diode and the external fiber Bragg grating

It is a typical active-passive coupled-cavity scheme. Here a diode laser, represented
by an active medium of length LD with plane mirrors, is coupled to a tapered single-mode
fiber. The fiber is coming HI 1060 single mode fiber with mode field diameter 5.9 pm at
980 nm wavelength and was tapered at the end to increase the coupling efficiency. The
single mode fiber with a Bragg grating located about 2 meters away works as the external
cavity. The amplitude reflectivity ofthe laser facets are n and r2 for the back and front
facet respectively. The facets are assumed to be lossless such that r27+t21:1, where t is
the transmission. The front facet is normally AR coated to about 4%, the back facet is
HR coated to 93%. The reflectivity of the FBG, which is represented by r3, is wavelength
dependent and complex because it will introduce phase delay according to specific
wavelength. The refractive indices of the active medium and the single mode fiber are nc
and nf respectively.

Usually, the coupled-cavity configuration is analyzed as a simple two-mirror laser
structure by replacing the diode laser output facet reflectivity r2 by a complex-valued

effective amplitude reflection coefficient re(fw), which takes into account the effects of
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both r and r™\(w). This works for the short external cavity. However, in the case of
“coherence-collapse”, we have to consider the coherence parameter y because not all of
the returned light is coherent. To see it clearly, we plot the external cavity in Fig. 3.2

which replaces the fiber with medium nf and the FBG with a mirror rfbg(co).

Fig. 3.2 External cavity for derivation of refTtoh(a))

The relationships between the electric fields shown in Fig. 3.2 are written in the

following (all the fields are supposed to be in the same polarization).

6,™*= r2a) + (3.1)
b 2—air2 (32)
b2=atfig® (3-3)
b=aizr~= (34)
a= b2e~1PLri (3.5)
a2 =b\e~JpL"'ri (3.6)

Equation (3.1) through (3.6) may be interpreted as that the electric field bi at the surface
of rl and traveling in the positive direction is the fraction r2 of the electric field ai plus the

transmission coherent part ofai which is fed back from the external cavity mirror. Note
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that Jy appearing here because we defined the coherence parameter as the power

fraction. The field b traveling in positive direction is composed by the transmission
fraction of ai and reflection fraction ofthe feedback light a 1+ The field b2 is related to
the incident electric field by the complex FBG reflector rfbg(io). The reflectivity of FBG
will be described in next section. The field ai in the negative direction at surface r2 is
related to the field b2 by a phase change exp(-jpLext) from propagating over a distance
Lext where p = nfk. nfis the effective index of fundamental mode ofthe fiber. Coupling
efficiency r is multiplied here which is normally 30%~50%. From this discussion the
definition ofall the terms in Eq. (3.1-3.6) should be apparent.

The effective reflectivity for the passive section as viewed from the active section is
reffC°h = bi/ai.

Substitute Eqg. (3.5) into Eq. (3.1), we get

=r& +b2e~)PL' T 3 (3.7)
with b2 = and Eqg. (3.6), Eq. (3.7) becomes
=W +{atl - b r2 ()t (3.8)
hy7

Reorganizing Eq. (3.8), finally we get,

= =r + 39
a i+n 1P«

Now the effect of coherent fraction of feedback light is clearly demonstrated. The

increase of front facet reflectivity is caused only by the coherent part, not by the
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incoherent part. This will be connected to the increase of the quantum efficiency of the

laser. On the other hand, to see the effect of incoherent interaction, we write it as:

b = 1=yalt, (3.10)

Combining Eq. (3.10) with Eq. (3.2~6) and following the similar routine as we derive

Tei™™, We obtain:

a1-y51 | e (0) |

bincw =
) 1+r2‘rjbg(a))|772

(3.12)

In deriving Eq. (3.12), note that because bli"° works as spontaneous emission, it has no
consistent phase correlation to the field in the cavity. So the time average of the phase

relation should be zero.

The incoherent field b,™(w) works as noise at the front end of the laser cavity. The
difference between b,™(®) and spontaneous emission is that b;™(w) is added to specific
modes where it exists, however the spontaneous emission is uniformly distributed in
wavelength over an interval corresponding to the free spectral range of the laser. Only
the light in spontaneous emission that has the same range of frequency and detection as
the longitudinal modes will be resonantly amplified by the laser cavity. The feedback
light, in contrast, is distributed over an interval corresponding to the linewidth of the
laser. Thus a small amount of incoherent feedback light will cause the laser to run more
multimode than spontaneous emission does.

3.2 Fiber Bragg grating (FBG) reflection spectrum

3.2.1 Introduction to fiber gratings
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First discovered by Ken Hill and his co-workers at the Communication Research
Center (CRC) in Ottawa [32], the fiber phase grating has developed into a critical
component for many applications in fiber-optic communication and sensor systems. A
fiber grating is fabricated by writing ultraviolet light into the core of an optical fiber
which has a photosensitivity. Fiber gratings can be broadly classified into two types:
fiber Bragg grating (short period grating) in which coupling occurs between modes
traveling in opposite directions, and transmission gratings (long period gratings), in which
the coupling is between modes traveling in the same directions. In the works of this
thesis, we are using the fiber Bragg gratings.

Fabrication techniques of FBG broadly fall into two categories: holographic method
[33] and phase mask method [34]. The former technique uses a beam splitter to divide a
single input UV beam into two, interfering them at the fiber. The latter depends on
periodic exposure of a fiber through a spatially periodic surface relief (phase mask). The
phase-mask method is thought to be one of the best techniques for mass fabrication of the
fiber Bragg grating because of easy alignment, reduced requirements for stability of the
system and coherence of the UV laser beam, and flexibility of the process for writing
varieties of gratings. Much work has been done on the optimization of phase masks for
FBG fabrication [35] and diffractive optics of the phase mask with fabrication error
introduced by E-beam etching [36], [37].

Advantages of fiber gratings over competing technologies include all-fiber geometry,
low insertion loss, high return loss or extinction and low loss. However, the most

distinguishing feature of fiber grating is the flexibility it offers for achieving desired
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spectral characteristics. Numerous physical parameters can be varied including: induced
index change, length, apodization, period chirp and fringe tilt. By varying these
parameters, gratings can be made with normalized bandwidths (AA/A) between 10'~107,
1.e., with extremely sharp spectral features and tailorable dispersive characteristics. The
applications of the fiber gratings include: WDM, narrow and broadband fiber filters,
dispersion compensation [38], EDFA gain flattening and fiber sensor. The application of
FBG in the 980-nm pump laser uses the Bragg reflection characteristic. The reflection
spectra of FBG are introduced in next section.
3.2.2 FBG spectra [39]

For simplicity, the perturbation to the effective refractive index nes of the guide

modes in the fiber can be described by:
= 27
on,g(2) :&leﬂ‘(Z){l+VCOS[72+¢(Z)]} (3.13)

where 54; is the “dc” index change spatially averaged over a grating period, v is the
fringe visibility of the index change, A is the nominal period, and ¢(z) describes the
grating chirp. If the fiber has a step-index profile and an induced change dn.(z) is

created uniformly across the core, then we find that dneﬁ, =I"6n¢,, where I is the core

power confinement factor for the mode of interest. When the light wave in the fiber is

incident on the gratings, only those wavelengths which satisfy the Bragg condition will be

reflected efficiently:
2
B, =4 +m—x (3.14)
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where (5 is the mode propagation constant (P = neff27i/A.). Pt and P2 denote the forward
and backward propagating mode in an FBG and P is negative when describing modes that
are p pagating in the negative z direction, m determines the diffraction order, and for
first-order diffraction m = -1. For the two modes which are identical but in opposite

direction, we get the familiar result for Bragg reflection,

IL= (3.15)
ou .-modet ry [39] is the basic tool for o ng quantitative information
about the diffraction efficiency and spectral depen 1 fiber grating rarbii or
n-  form gratings, the urs d minant.. 1etweent mod here is

an analytical solution only for the uniform FBG. Numerical solution such as adaptive
step size Runge-Kutta od ha 'o be app' | calcul i gtherefl tion
transmission spec ... on-un-- - ratings. The FBGweu di1...... th I

the uniform and single mode Bragg grating. The reflection FBG spectrum is introduced
in the following. Figure 3.3 shows the ray-optic illustration of core-mode Bragg

reflec nby i -iberBra gr i

Fig. 3.3 Ray-optic illustration of core-mode Bragg reflection by a fiber Bragg grating
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The couple-mode equations are given as:

4R _ i 6R(2)+ixS(2) (3.16)
dz
a5 _ ~i6S(z) ik "R(2) (3.17)
dz

ia-? —iges?
where R(z)= A(z)e ? isthe mode traveling in the +z direction and S(z) = B(z)e 2

is the mode traveling in the —z direction, A(z) and B(z) are the amplitude respectively.
The detuning factor 8, which is defined as the frequency difference from the designed

wavelength, is given as:
s=p-"=p~-p, =2m (_1___1_) (3.18)
TOA ° T4 A, '

where Ap=2n.xA as shown in Eq. (3.15). Note when 6 = 0, we get to A = 2n.gA, the

Bragg condition is satisfied. & is a general “dc” self coupling coefficient defined as

6'E§+0'——1-Q (3.19)
2dz

where o is a “dc”(period averaged) coupling coefficient, given by:

0(2)= Ly (2) [[dsch?, (5, )80 (x0) (320)

core

and x in Eq. (3.16)(3.17) is the coupling coefficient defined as:

K=—0 (3:21)

Note that —;—? in Eq. (3.19) and the coupled-mode equations describe a possible
4

chirp of the grating period. In the case of uniform grating, it turns to be zero. Among the
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parameters shown above, « is the most important one. It shows how strongly the forward
and backward propagation modes are coupled.

For a single-mode Bragg reflection grating there exits the following relations:

o =—0N, 3.22
- nar (3:22)

K=K = %vﬁf,— (3.23)

If the grating is uniform along z, then dn. is a constant, R, ¢ and & are constants.
Thus Eq. (3.16) and Eq. (3.17) are coupled first-order ordinary differential equations with
constant coefficients. A closed form solution can be found with appropriate boundary
conditions.

The reflectivity of a uniform fiber grating of length L can be found by assuming R(-
L/2) =1 and S(L/2) = 0, requiring that a forward-going wave incident from z = -c0, and no
backward-going wave exist for z > L/2. The complex amplitude reflection coefficient

Ig(®):

—xsinh(v&x? -6%L)

Fo (@) = (3.24)
P Gsinh(Vi? — 62 L) +iNk? 62 cosh(Wic? 67 L)
The power reflection coefficient Reg = [Tiigl” is:
cn2g [ 2 a2 ’
R, = sinh”(vVx“-6°L) (3.25)

~2
cosh®(v«? ~6‘2L)—G—2
K

Figure 3.4 shows the amplitude reflection and the phase retardation of FBG

respectively which is used in wavelength stability of 980-nm pump laser. The central
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wavelength is Xmax = 977.8 nm at which maximum reflectivity occurs. In the case we

used in the experiment Rmax is about 4%. The parameters applied in the simulation of

Fig. 3.4 and 3.5 are shown in Table 3.1.

Fig. 3.4 Reflection spectra versus wavelength for FBG reflection in uniform grating with kL = 0.208

Fig. 3.5 Reflection phase spectra of FBG reflection in uniform grating with kL = 0.208

34



Table 3.1 Parameters values used for FBG reflection spectrum simulations

fiber effective refractive jwit 1.44783
index
fiber grating length L 0.2028 mm
AC refractive index change  Speff 3.186x1 04
design wavelength Zo 977.58 nm
grating period A 337.6 nm
central wavelength 7max 977.80 nm
coupling coefficient = uBH~

A
Visibility Vv 1

3.3. Phase condition for longitudinal mode selection
The standard requirement for steady state operation of a solitary laser with facet
reflectivity of n and r2 is written as:
rir2egl~2jkL =1 (3.26)
In the effective reflectivity model of a laser with external cavity, Eq. (3.26) turns to:
=1 (3.27)

where r& (y) is complex, can be written as,

) = (3.28)
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Equation (3.27) can be separated into the usual phase and gain conditions for steady state

operation

nirg v)les =1 (gain condition) (3.29)
¢, =2kL + ¢e“f;" V)y=2mnr m integer (phase condition) (3.30)

where k£ =n2n/A. In the case of FBG feedback, the longitudinal modes would be chosen
numerically according to the phase delay of both fiber and FBG using Eq. (3.9) by
substituting Eq. (3.24) in it.
3.4 Fabry-Perot model (traveling wave model)
3.4.1 Fabry-Perot model vs. rate-equation model

Two approaches to modeling the steady state light-versus-pumping characteristic of
diode lasers are normally exploited. Cassidy noted in his work in 1983 [40] that Fabry-
Perot (F-P) approach is more accurate than rate equation model in two factors: first, the F-
P model explicitly includes the resonator, whereas in the rate-equation description the
cavity is included by defining an effective loss a.. Second, for the Fabry-Perot approach,

allowing for the other forms of gain and distributed nature of the spontaneous light are
automatically included. It was noted that modification to rate equations should be done in

three aspects: a scaled pumping rate, an effective spontaneous emission

factor ' = B(1+a'/2), and a cavity loss @ =1- R+« . Furthermore, the rate équation
description is valid only for small gain coefficients and absorption/scattering loss o so
that the exponential function for G, = exp(ngm-0.”) can be expanded with Taylor series

where only linear terms are retained. The exponential gain causes the distribution of
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energy among the modes to be different than for the linear gain, although the total-power-
versus-pumping characteristics can be similar by two models. It was verified by the
single-pass gain G versus pumping rate curve that the traveling wave solution of FP
model should be preferred to modeling a diode laser.
3.4.2 Traveling wave solution

The following equations were used to describe the amplification of the modes and the

population inversion n(x) in an infinitesimal of gain material in the cavity.

Anx —pump - An{x)-Bn2(x)-Cni(xX)- VVg,«(™)(/,+ +Z,") (3.30)
dt =

A _ ggrbeh) « B2 3y
dx Nmodes

dGt _ .1 .

Tix - gnpxct (3.32)

The meanings of variables are defined in Table 3.2
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Table 3.2 Parameter definitions in Eq.(3.30-32)

Population inversion at position x in the cavity (/cm))

pumping rate (/cma/s)

Nonradiative coefficient (/s)

Radiative coefficient (cm3/s)

Auger coefficient (cmb/s)

The differential gain coefficient of mode | (cm2)

The photon numbers in mode i for travelling in + or - directions
(/lcm2/s)

The number of longitudinal modes

The spontaneous emission factor

The single-pass gain of mode i

Equation (3.30) describes the rate of change of population inversion in terms of

pumping rate “pump ”, spontaneous emission, nonradiation combination, and stimulated

emission. In steady state, it goes to dn(x)/dt = 0 to solve for the inversion population at

certain injected current. Equation (3.31) illustrates that the optical intensity will

experience an increment after propagating through an infinitesimal thickness of gain

material dx in positive and negative direction by the stimulated emission and the fraction

P of spontaneous emission which is coupled to mode i. Equation (3.32) demonstrates the

relation of single-pass gain to inversion population and thus to the pumping rate. Note

that exponential gain is allowed in this model. g,, the differential gain coefficient, was

obtained through measuring the emission spectra of the laser [41]. Spectral hole burning
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[44] was taken into account for the reason that the 980-nm pump laser works in the high
power regime. The measurement of gain spectrum is shown in the next section.

A second order Runge-Kutta technique was used to solve numerically the differential
equations. The steady state solutions can be found by applying boundary conditions of
optical fields at both the back and front facets of laser cavity. As shown in Fig. 3.6,

boundary conditions are I'(0) = I'(0)Rp, and I'(L) = I'(L)Res""(v), where Reg™(v) =

[ree*" ()
—> I*(O) I*(L)—P
“—  T1(0) I(L) +—
R RS (v)

Fig. 3.6 Boundary condition for laser model

The flow chart for traveling wave solution is given in Fig. 3.7. The initial guess for
the optical power at the beginning of pumping rate (k = 1) is normally the spontaneous
emission appearing in Eq. (3.31). The new guess for next pumping rate (k =k+1) is
based on the optical power obtained by former steps by extrapolation.

The second-order Runge-Kutta method is an approach that changes the task from

performing a differential equation as dy/dx = f(x,y) to an integral equation:
h k
yn+l=yn+hf(xn+§’yn+5) (3'33)

k=hf(x,,7,) | (3.34)
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S (xn, yn) is the right hand of Eq. (3.12). # is the step distance and has an unit of length in

our case.
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Fig. 3.7 Flow chart of traveling wave method for simulation of FBG stabilized 980-nm pump laser in steady
state
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Combined with second-order Runge-Kutta method, the step shown by double line in the
flow chart as “traveling from back facet to front facet” and “traveling from front facet to

back facet” could be interpreted as Fig. (3.8).

Fig. 3.8 Traveling wave method by Runge-Kutta method

The laser cavity is divided in Nsects = 64 number of sections for solution of Runge-Kutta
method. We start with the initial guess of 1j~x) at the left most section x =0 and i
denotes the mode. The population inversion is obtained by solving Eq. (3.29) given dn/dt
= 0 at steady state with Newton root finding, k= h*f(n(0), 1(0)) is calculated and then the
midpoint of the next section 1,(h/2) = 1j(0) + k/2 is calculated. At this middle step, we get
the inversion population n(x) again to be more accurate, and then intensity of next section
li(h) = 1(0) + h*f(n(h/2), h(0) + k/2) is calculated. The same steps are repeated until the

optical power of the last section is obtained.

The boundary condition must be satisfied at the front facet, which are written as
li"(64*h) = Rffh(v) Ij+(64*h) and 1,+(64*h) = if(64*h) / Ref*h()). The key point here we
have to mention is that the incoherent part (1- y) of feedback light from the FBG external
cavity should be added in the form of spontaneous emission at the right most section n =

64. Equation (3.12) is applied here. This incoherent feedback light together with the
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optical waves in the cavity will experience amplification on the way traveling back to the

back facet. After applying boundary condition at the back facet, the criterion of x> was

used to determine whether steady state of the diode laser has been obtained or not. % is

defined as x* = i (G m-Ti )L’ ). If not, iteration will continue until the precision of

x* is satisfied (10™ in my calculation).

The parameters used for calculation of traveling wave method are listed in table 3.3

Table 3.3 Values of laser parameters for calculation

A 1x10° (/s)

B 5x1071° (cm3/s)
C 1x107* (cm%s)
B 3.2x10™

N 0.5

L (Laser cavity length) 1000 pm

8imax 2.5x10"%(cm?)
Ry 0.93

R¢ 0.04

Niect 64

Nmodes 51

These parameters are adjusted to fit the L-I curve which is the output power versus

injected current at the back facet of the real 980-nm pump laser for measurement when
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there is no FBG feedback. Figure 3.9 is the L-I curve with 51 modes added which is
consistent with the true case of the laser with FBG. The threshold current of the solitary
laser is 23.9 mA.

When the FBG is included, a reduced threshold current and increased quantum
efficiency will reshape the L-I curve. The quantum efficiency will depend on the
coherence parameter. By varying the coherence parameter y from y = 1 (coherent
interaction) to y = 0 (incoherent interaction), the quantum efficiency and the slope of the
L-I curve will change correspondingly. Figure 3.10 (a~e) shows the computer generated
plots of the difference in the total output power as a function of the pumping rate under
feedback and no feedback with varying y values. The relationship of photon number to
the optical output power was applied as:

P =I(1-R, )wd%c- (3.35)

The relationship between the pumping rate N and the injection current is given by:
J = pump* gdwL

where w, d are the width and depth of the active region of the laser.
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Fig.3.9 L-I curve ofback facet output power of the solitary laser
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(d) (e)

Fig. 3.10 Computer-generated power difference versus injected current under different coherence parameter
y = 1.0, 0.8,0.5, 0.2, and 0.0 for (a ~ e) respectively.
From Fig. (3.10) it is obvious that the different amount of feedback light which is

assumed to interact coherently with the field in the laser cavity causes drastically different
effects on the output power of the laser. The higher is the coherence parameter, the
higher the slope of the power difference curve. All the plots are based on the output
power at the back facet of the laser diode. The relationship between the output powers of

each end of the laser is governed by [42]:
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P, (1-R,)JR,

Figure 3.10 indicated that the coherence parameter y can be figured out by measuring the

B _-R)R, (3.36)

power difference curve, and fitting it to the simulation results. To get different coherence
parameter, experiment parameters such as the length of the external cavity (fiber length
from the front facet to the FBG) and the amount of feedback (changed by the ND filter)
will be changed. Experimental measurements and the fitting results will be introduced in
next chapter.
3.5 Gain spectrum

Wavelength spectra of gain g; appeared in Eq. (3.31~3.33) can be obtained by
measuring the depth of modulation introduced into the spontaneous emission spectrum by
the Fabry-Perot resonance. Max/min method was first introduced [43] by Hakki and
Paoli. A renovated method named sum/min approach was introduced by Dr. Cassidy [41]
to improve the accuracy of the gain measurement. The latter may reduce the remaining
effects of the response function of the spectrometer used in the measurement. According

to sum/min method, the m™ mode single pass gain Gp, (G, = exp(gmL)) is:

Q
0
~~
)
!
v)—l

(3.37)

where p= £ p', and p’ is the ratio of the m™ mode sum to the m™ minimum which are

obtained by the FP modulation introduced into the spontaneous emission spectrum.

Schematic of sum/min method is shown in Fig. (3.11)
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Fig. 3.11 Schematic of sum/min method of acquisition of gain spectra.

The experimental gain profile was determined for 980-nm pump laser at bias current
of 24 mA and the smoothed data is plotted in Fig. 3.12 by normalizing maximum

differential gain to 1.

Fig.3.12 Gain spectrum (normalized to 1) under injection current | = 24 mA
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In the simulation of 980-nm pump laser, the analytical form of gain spectrum is
needed. Thus the nonlinear, least square fit to arbitrary curve was applied. The gain vs.
wavelength formula is written as:

0. (T) —a+bA+d?2+dA? +eA? (3.38)
The fitting result is shown in Fig. (3.13) using a = 0.5971, b = -0.08163, ¢ = 0.001085, d
= 0.0009921, e = 0.00003659, X in Eg. (3.38) is the value which is the actual wavelength

minus 980 nm for the fitting convenience.

Fig.3.13 The fitting result of gain spectrum under current of | = 24 mA

The effect of nonlinear gain ofthe high power 980-nm pump laser has to be taken into
account. The symmetric model of nonlinear gain caused by spectral-hole-buming

mechanism was adopted [44]:
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where w and d are the width and the depth of the Lorentzian hole especially. In the
model, a gain-suppression term linear with the mode power is added to the expression for
the gain g; for the i mode. The gain-suppression term allows for the gain at mode i to be
affected by the holes in each mode. w=0.5 nm and d = 0.01 were applied in our
simulation.
3.6 Summary

Modeling of partial coherent interaction of feedback light with the light in the laser
cavity is introduced in this chapter. Applying traveling wave model with the effective
reflectivity method, the coherent part of feedback light haé. obviously different effect in
the laser cavity with the incoherent part. This would be shown in the power difference
versus injection current curve. The gain spectrum was acquired with the sum/min method
from the emission spectra of the laser. Symmetric nonlinear gain, which is caused mainly

by spectral hole burning, was taken into account for the high power pump laser.
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CHAPTER 4 EXPERIMENTS AND RESULTS

4.1 Introduction

This chapter describes the experimental techniques developed for measuring the
power difference for 980-nm pump laser when it is under feedback and no feedback. A
description of the optical apparatus in the context of power difference measurement is
given in section 4.2. The coherence parameter may be obtained by fitting the simulation
results to the measured power difference curve. Three elements including mirror, blazed
grating and FBG were applied for the coherence parameter acquisition. These are
introduced in section 4.3. Analysis and discussion are given in section 4.4,
4.2 Description of Apparatus

Figure 4.1 is a schematic ofthe optical and electronic apparatus.

Fig.4.1 Schematic of power difference measurement

The laser under test was a fiber pigtailed InGaAs/GaAs semiconductor Fabry-Perot

laser supplied by Alfalight Incorporation. Its threshold current at room temperature is
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23.9 mA with differential efficiency 0.36 mW/mA at the front facet which was AR coated
to a reflectivity of 0.04. Applying Eq. (3.36), we achieved differential efficiency of 0.008
mW/mA at the back facet with Rb = 0.93. The kink power of this laser is as high as 120
mW without FBG stabilization. The spectra of this solitary 980-nm pump laser are
shown in Fig. 4.2 under room temperature at currents of | = 24, 84, 168 and 204 mA. The
central wavelengths shift red with the increasing injection current as well-known reason

of gain peak shifting.

Fig.4.2 Spectra of 980-nm solitary laser

The fiber Bragg grating was purchased from Bragg Photonics Corp., with central
wavelength of 977.80 nm and maximum reflectivity of 4.14%. Its full width half

maximum (FWHM) of bandwidth is 1.47 nm.
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The light from the laser fiber tail was collimated by a fiber collimator (Thorlabs
F220FC-C). There was a break before the laser light was coupled back into a second
fiber which had a FBG for feedback. An objective lens and a fine positioner which held
the end of the second fiber were used as the coupler. The positioner has 3 axes
translational and 3 rotational adjustment to adjust the position and the angle of the fiber
end. A mechanical chopper was placed in the feedback arm. The output from the back
facet of the laser was detected by a photo detector (PD) and processed with a lock-in
amplifier referenced to the chopper frequency. The lock-in amplifier phase settings were
chosen to maximize the signal and resulted in a significant improvement in signal-to-
noise ratio (SNR). The chopper frequency was set to be 1kHz (T = 1ms) and the external
cavity photon lifetime is about (Ley/c = 2/(3*10%/s)) one nanosecond. Therefore the laser
was able to get steady state within one chopper period. The steady state theory is
applicable to this measurement set-up. What the lock-in amplifier read is the power
difference at back facet when the laser is under feedback (chopper 1) and no feedback
(chopper 0). ND filters were used to adjust the amount of feedback in the feedback arm.

All the feedback was supposed to be only from FBG. All other feedback caused by
components in the experiment set-up is called unwanted feedback. To minimize the
unwanted feedback, the fiber collimator (Thorlabs F220FC-C) was AR coated. The ND
filter and the chopper were placed tilted to avoid reflecting back to the laser cavity. The
convex surface of the objective lens L2 faced the front facet of the laser cavity. The fiber
end was angle cleaved to 8° to avoid fiber tip reflectivity. With these arrangements,

dominant feedback was from the fiber grating. The numerical aperture (NA) of the
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objective lens L2 was chosen to be as close as NA of single mode fiber HI1060 which is
0.14 to improve the coupling efficiency. The maximum coupling efficiency was obtained
when the angle cleaved fiber end was placed at the focal point of the objective lens, and
was aligned very well to the laser beam. The maximum coupling efficiency acquired
from this apparatus was about 60%. A 50/50 (2x2) single mode fiber coupler was used to
monitor the output. One arm of the fiber coupler was used as input, one output arm was
connected to the power meter (Newport 1830C) and the other output arm to the optical
spectrum analyzer (OSA). The free arm of this coupler at the input side was put in a
matching index of glycerine to avoid reflection.

The spectra of 4% FBG stabilized 980-nm pump laser under various injection current
are shown in Fig. 4.3. The feedback provided by the grating locks the laser to the
wavelength defined by the FBG and it will not shift with the increasing current as shown

in Fig. 4.2
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Fig.4.3 4% FBG stabilized 980-nm pump laser spectra

4.2.1 Amount offeedback
To inspect the amount of feedback under this circumstance, we used the criteria of
Tkach [14] by defining:

r = 1010g10-£- (4.1)
Vv

where Pf is the optical power at the front facet, Pe is the power fed back into the laser
cavity. In this case with 4% FBG, and 50% coupling efficiency, k = -20 dB. This
accorded with the working regime of “coherence collapse”.
4.2.2 Polarization effect

The light emitted by the laser is linearly polarized along the transverse-electric
direction of the waveguide (TE polarization). However, the fiber commonly used is non-

polarization maintaining fiber, thus the change of polarization should be taken into
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account. The effects of polarization change in feedback provided by fiber Bragg gratings
on stabilized 980-nm pump laser were investigated in papers [45], [48]. Because the light
reflected from the FBG into the laser cavity can undergo a change of polarization, it will
result in loss of effective feedback, as only TE-polarized light contributes effectively to
the locking. The effective reflectivity of the grating is given by R = Re/Rg, Where Ry is
relative effective reflectivity which is related to the bending angle of the fiber coil. We
could observe the polarization effect by bending the fiber 2. To minimize the effect of
polarization, we kept the fiber coil parallel to the TE direction, therefore R, ~ 1 in our
experiment.
4.3 Measurements and fitting results

According to former researches [14] [15], at “coherence collapse” regime, the spectral
details which are shown as external cavity peaks in emission line shape at lower feedback
level disappear until finally one single dramatically broadened line results with a width of
the order of 25 GHz. The spectral features of the laser light have become independent of
the external cavity length. The coherence length of the laser light, therefore, will clamp
to about 10 mm with the level of high feedback. Suppose that the coherence length will
not change much in our measurement by keeping it in regime IV, we measured the
coherence parameter y (thus the fraction of feedback light which is interacting coherently
with the field in the laser cavity) by changing the length of the external cavity. That is
done by moving the feedback elements (FBG, mirror, blazed grating) closer or further
away from the front facet, as shown in Fig. 4.1. In our expectation, the shorter is the

external cavity, the higher the coherence parameter y should be (0 <y < 1). The other
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factor affecting the shape of the power difference curve is the amount of feedback which
can be altered by the value of Rey, and the ND filter placed in the feedback arm.
Therefore two series of measurement were done with this experimental set-up. One was
for relationship between the coherence parameter and the external cavity length; these
results are given in Section 4.3.1. The other was for the relationship between the
coherence parameter and the amount of feedback which can be changed by ND filter in
the feedback arm. This is given in Section 4.3.2.

4.3.1 yversus length of external cavity

4.3.1.1 FBG feedback

With the abovementioned set-up and fiber Bragg grating of peak reflectivity 4%, we
changed the length of the external cavity by cutting and fusing the fiber 2. In this
process, the coupling efficiency was monitored by the power meter to keep it stable. In
the whole process of measurement, the laser was held working at a temperature of 24°C.
The laser driver and the lock-in amplifier were remotely controlled by the computer with
A/D and D/A conversion channels.

Figure 4.4 shows the power difference curves measured with this set-up. Five lengths
of FBG external cavity were used: 60 cm, 150 cm, 240 cm, 360 cm, and 450 cm
separately. The humps and bumps on the power difference curve are a reproducible
feature of the difference, and are result of the gain peak and lasing modes position
changing with the injection current. The LI curve at the back facet is shown for reference
in these figures. The maximum output power at back facet corresponds to a maximum

output power of 58 mW at the front facet. 60 cm (30 cm for the fiber tail, 10 cm for the
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break and 20 cm for the fiber 2) is the closest distance we can get with the limitation of
the fiber splicer we worked with. From Fig. 4.4 we can see that the shapes of the power
difference curve are different with different external cavity length, and the trend is as
what we expected — longer external cavity has smaller slope of the power difference
curve. The different slope may related to the different coherence parameter as predicted

in chapter 3 (Fig. 3.11 (a ~ e)).

Fig.4.4 FBG feedback, measured power difference curve with different distance from FBG to the front facet
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(e)
Fig.4.5 Fitting results of measurement results to simulated results by changing coherence parametery. (a) y
=0.25, Lext = 60 cm.(b) y = 0.22, LCKt = 150 cm. (c) y = 0.20, Lext = 240 cm. (d) y = 0.15, Lext= 360 cnr(e) y
=0.12, Lext = 450 cm

Fig. 4.6 Relationship between the coherence parameter and the distance of FBG from the front facet based
on fitting results
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Fitting procedures were done by choosing simulated results of power difference curve
with various value of y to fit the measurement results. Figure 4.5 (a ~ €) show the fitting
results for each measurement with different coherence parameters of y = 0.25, 0.22, 0.20,
0.15 and 0.12. In the fitting procedure, the slope rather than the fit at each point of the
curve was considered. The relation between the coherence parameter and the length of
external cavity is shown in Fig. 4.6 for the 5 lengths of Fig. 4.5. From these results, we
can see that for the long external cavity which is working in the so-called “coherence
collapse” regime, there is actually a small part of the feedback light interacting coherently
with the field established in the laser cavity. This fraction might be between 10% and
25% depending on the length of the external cavity. It may increase further to 100%
when the laser is working with the short external cavity regime [46]. On the other hand,
it may decrease to very small for an extreme long distance of feedback. To confirm this
point, we made a measurement with FBG 25 meters away from the front facet and the
fitting result is shown in Fig. 4.7 (a). It is shown that the coherent fraction of interaction
reduces to 0.07 when FBG is far enough. The uprising after 100 mA means more
coherent interaction occurring for high power operation. To see that coherence parameter
will never be smaller than 0, we made a measurement with much longer fiber which put
the FBG 25, 50, 75 meters away. The results are shown in Fig. 4.7 (b). We can see that
the slope of power difference curve would not go further lower after we get very small
part of incoherent interaction for long enough external cavity. Therefore we conclude

that the coherence parameter may saturate to a small number for long external cavity.
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The other feature we may see from the power difference curve is that its slope may
change with the injection current. So the coherence parameter is not constant for any
current, we may say that it is function of current, y =y (1). This feature also shows in the

following measurements.

(@)
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(b)
Fig.4.7 (a) FBG 25 meters away fit to y = 0.07. (b) Comparison of power difference curve of 25,50,75
meters away.

From the above measurement and fitting results, we can conclude that in the normal
case of an FBG stabilized 980-nm pump laser with 2-meter length of external cavity, the
coherence parameter is about 0.20 ~ 0.22 according to our measurement.
4.3.1.2 Mirrorfeedback

To compare and confirm the results, we also made measurements with mirror and
blazed grating feedback with free space external cavity. The results with mirror feedback
are given in this section in Fig. 4.8. Similar simulation procedures as introduced in
chapter 3 were done with mirror replacing the fiber Bragg grating for feedback. For 65
cm length of external cavity, y is fit to be 0.1, and for one meter external cavity, y is about
0.02. The coherence parameter is much smaller in the case of mirror, because mirror has

no wavelength dependence reflectivity.
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(b)
Fig.4.8 Measurements with mirror feedback, (a) L,,t= 65 cm, y = 0.1. (b) Lext= 101 cm, y = 0.02

4.3.1.3 Blazedgratingfeedback
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Littrow configuration was constructed for the grating external cavity feedback to
replace the FBG in this measurement. The blazed grating was held in a gimbal mount
and placed with grating lines perpendicular to the diode laser junction plane for TE
polarization. The grating used in this work was a 600 line mm*(blazed angle 22.02° at
1.25 pm). The first order diffracted beam was reflected collinear with the incident beam
and re-imaged onto the end ofthe fiber tail. Although the light is reflected in a band of
frequencies, only one diode laser internal mode will be selected at a given orientation of
the grating, because ofthe small aperture of the fiber core [19], [47]. Simulations were
done for the grating feedback to fit the measurement results as shown in Fig. 4.9. For 69
cm length of external cavity, y is fit to be 0.5, and for one meter external cavity, y is about
0.3. Coherence parameter is much higher because of the wavelength selectivity (single

mode feedback) ofthe grating.
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(b)

Fig. 4.9 Measurement with grating feedback, (a) L,,t=69 cm, y = 0.5. (b) LeXt= 101 cm,y = 0.3

Comparing the above three cases of feedback, we can conclude that the coherence
parameter depends on the wavelength selectivity property of the feedback element. With
the same external cavity length, y is the highest for the blazed grating feedback and is the
lowest for the mirror feedback. For the FBG with full width half maximum (FWHM)
1.47 nm, y lies between the other two cases. Therefore, we expect that by changing the
FWHM ofthe FBG, we can change the fraction of feedback light which is interacting
coherently with the field in the laser cavity.

4.3.2 yversus amount of_feedback

The relationship of amount of feedback and the coherence collapse was probed with a
FBG which has a high peak reflectivity of 73%. The FBG was fused 200 cm away from
the front facet and would not change in the process of measurement. ND filters were
placed tilted behind the chopper to avoid unwanted feedback as shown in Fig. 4.1. The

three ND filters | used in this measurement were ND = 0.1, 0.2 and 0.3 respectively.
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Their transmissions are given Table 4.1. Note that the optical density is related to the
transmission T by ND = -log(T.

Table 4.1 List of neutral density filters and their transmissions

transmission(T) Optical Density(ND)
79.43% 0.1
63.10% 0.2
50.12% 03

The key issue in this measurement to choose ND filters is that we have to keep the
system working in the region in which the amount of feedback is between -40 dB and -10
dB. For the coupling efficiency about 35% in my experiment set-up, they are -11 dB, -
13.3 dB and -15.3 dB for ND = 0.1, 0.2 and 0.3.

In the simulation program, the coefficient of 1} has to be changed to adjust the amount
of feedback. That is why the slope of power difference curve is lower for higher ND
number for the same coherence parameter. The fitting results are shown in Fig. 4.10.
From the fitting results we can see that the coherence parameter would not change much
if we change the amount of feedback while keep the length of external cavity constant.
The coherent part of feedback stays all around 0.1 for the distance 200 cm. This is
consistent with the former observation that the broadened linewidth in coherenc‘e collapse
state would not change much in this stage [14]. However from the comparison of the four
fitting curves, we can see the slope of the measured power difference curve turns a little

bit higher than the simulation result when ND is smaller. Therefore the coherence
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parameter becomes a little bit larger as the raising of the feedback level in this regime.
This trend may grow until it goes to the regime V of feedback, in which the linewidth get
extremely narrowed because the laser ideally operates in a long cavity with a short active
region and the feedback dominates the field in the diode laser.

One feature we need to mention is that by high peak reflectivity FBG, we observe an
obvious kink. And the slopes of the power difference curve before and after the kink are
a little bit different. This means that the coherence parameter may be different before and
after the kink power. The trend is that the coherent interaction after the kink point is
higher than it is before the kink point. This doesn’t show at low peak reflectivity and may

be taken as the effect of high reflectivity FBG.
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(d)

Fig.4.10 Measurement with ND filter, (@) ND = 0.0,y =0.1. (0) ND=0.1,y=0.1. (¢c) ND=0.2,y=0.1
(dND =0.3,y = 0.1.

4.4 Discussion

By defining the coherence parameter, we found four factors affecting partial coherent
interaction of the feedback light with the field in the laser cavity which is working in
*“coherence collapse” regime: (1) The length of the external cavity; (2) The bandwidth
(FWHM) of the wavelength-dependent-feedback element; (3) The amount of feedback;
(4) The injected current.

We applied the FBG with 4% peak reflectivity for the first experiment measurement
by fusing the FBG closer or further away from the laser front facet. Through the fitting
results, we found that the coherence parameter would get smaller when the length of the
external cavity gets larger and vice versa.

When changing the feedback element to a mirror, the coherence parameter is much

smaller compared with the FBG feedback under the external cavity length. While a
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blazed grating was applied, the coherence parameter becomes much bigger compared
with the FBG feedback for the same distance. We relate this phenomenon to the
bandwidth of the feedback elements. The mirror has no wavelength selectivity, therefore
it has the widest bandwidth of the three elements. On the other extreme, the blazed
grating reflects only one longitudinal mode back to the laser cavity. The bandwidth of the
blazed grating in Littrow configuration in our set-up is the narrowest compared with FBG
and mirror. The bandwidth of FBG lies in between with FWHM of 1.47 nm. Through
these measurements, we can conclude that by changing the bandwidth (FWHM) of the
FBG, we can change the part of feedback which is interacting coherently with the field in
the laser cavity. The narrower is the bandwidth of the feedback element, the higher the
coherence parameter.

We probe the relationship between the amount of feedback and the coherence
parameter with a FBG of 73% peak reflectivity under a fixed feedback distance of 200
cm. The amount of feedback was changed by ND filters. We found by measurements
and fitting results that when the external cavity length is fixed, the amount of feedback
would not change the coherence parameter much and it almost keep constant within the
regime of “coherence collapse” from -40 dB~-10 dB. The coherence parameter gets a
little bit higher when the amount of feedback increases to an upper limit of ~-10 dB. This
is reasonable because when the feedback level increases over -10 dB, the laser \;vill work
in regime five in which the linewidth of this configuration is narrowed for all phases of

returned light and is generally insensitive to all other reflections.
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In summary, when the laser is working in the “coherence collapse” regime, the
linewidth is extremely broadened, and thus the coherent length is short (about 10 mm).
We conclude by our measurement that the interaction of the feedback light and the field
in the laser cavity is still not totally incoherent as people assumed before; the actual
mechanism is partial coherent interaction. The coherence parameter was defined as the
part of feedback light which is interacting coherently with the field in the laser cavity.
We related the coherence parameter to the external cavity length and the bandwidth of the
feedback element. Because the coherent length of the laser light would not change much
in the “coherence collapse” regime, the coherence parameter decreases as the distance
between the feedback mirror and the laser front facet increases. On the other hand, the
amount of feedback would not change the coherence parameter much in this region of
feedback. The bandwidth of the feedback element embodies its ability of wavelength
selectivity. Narrower bandwidth will cause more coherent interaction. The coherence
parameter is not constant for all of the injection current, it is a function of the current: y =
Y (1).

We expect y to be a function of the length of the pump laser. Longer lasers will have
narrower line widths, and hence more coherently interacting light than shorter lasers.
This linewidth dependence of y is similar to the dependence of y on pumping. Pumping
hard tends to reduce the linewidth. Hence long pump lasers, such as high power laser,
will have larger y and may not operate as expected in FBG systems designed for short

pump lasers.
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CHAPTER 5 CONCLUSION

In this chapter, a summary of work done in this thesis is given, along with
recommendation for future work.
5.1 Summary of work

In this thesis, the partially coherent interaction of the feedback light with the field in
the laser cavity is affirmed with 980-nm pump lasers. The coherence parameter y was
defined to identify the fraction of feedback light interacting coherently with the field
established in the laser cavity. We showed by simulation and measurement that, in
contrast to the normally accepted totally incoherent state of operation in the “coherence
collapse” regime, there is always a small part of the feedback light working coherently;
and different coherence parameters lead to get different sldpes in the power difference
curve. The value of y (0 <y < 1) can be determined by fitting the measured power-
difference versus pumping-rate curve to the simulation results.

Measurements were done with three feedback elements: fiber Bragg grating, mirror,
and blazed grating. Four features of coherence parameter y were probed: (1) the variation
of y with the length of the external cavity; (2) the variation of y with the bandwidth
(FWHM) of the wavelength-dependent-feedback element; (3) the variation of y with the
amount of feedback; and (4) the variation of y with the injected current.

Experimental measurements confirmed that the coherence parameter y decreases
while the distance between the FBG and the laser facet increases. y does not change

much with the amount of feedback if the device is kept operating in the “coherence-
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collapse” regime. The effect of bandwidth of the feedback element was probed by
comparing the fitting results of the mirror, the blazed grating and the FBG. By
comparing the coherence parameters for the three elements, we found that under the same
distance, for the more wavelength-selective feedback like blazed gratings, y can be much
higher than for a mirror whose bandwidth is infinity. FBG has finite bandwidth and then
its coherence parameter lies in between that of mirror and blazed grating for the same
length of external cavity.

5.2 Recommendation for future work

The characterization of the partial coherent interaction is very important for
understanding the long external cavity feedback laser. Based on the work of this thesis,
there are many paths which could branch out from it.

This work will be help to improve the performance of the high power FBG stabilized
980-nm pump laser. The relationship between the kink power and the coherence
parameter is a promising research direction for the high power FBG stabilized 980-nm
pump laser. The incoherent part of feedback cause less mode hoping thus more stable
output optical power. The incoherent part is related to the coherence parameter and can
be changed by three factors: the peak reflectivity, the bandwidth of the FBG, and the
distance between the front facet and the FBG.

The polarization of the feedback light is another concern in this research. P;alarization
maintaining fiber is recommended to avoid fluctuations in the power difference curve

measurement.
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