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ABSTRACT

Optical ‘measurement techniques have been recemmgncreasing attention
during recent decades. The most important reasdmatsthey work non-intrusively
and therefore do not influence the investigatectgss. The continuing developments
in laser, detector, optical fiber and computer textbgy will further augment the high
applicability and versatility of optical measuringchniques. Therefore, it can be
expected that optical techniques will continue a;mgn importance in many fields of
application. However, the procedures of optical soeament techniques include
emitted a light signal, this signal modulated byide under test and analyzed the
difference of those signal. The purpose of thiselation is to discuss what is
important in optical measurement technology isdst the light source suited with

this measurement.
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(a) Diagram of a tapered-optical-fiberusture with a
uniform waist. (b) Schematic diagram of the tapgistation
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1.456).
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Chapter 1

Introduction

1.1 Overview of Thermo-Optic Tunable Tapered-Fiber

Filter

Fiber-based filters—have- attracted considerableareseinterest due to their
compact size and low insertion loss for fiber-o@tpplications. With the existing
technologies, band-pass fiber-based optical filtevigle different bandwidths
ranging. This dissertation presents a novel and plsimwideband and
band-width-variable bandpass fiber filter using &tag standard single-mode fiber
covered with " Cargille liquids. The thermo-optic ale short-wavelength-pass
tapered-fiber filters based on fundamental-modeofEutnechanism are realized
experimentally ‘and analyzed theoretically. The cffeof material and waveguide
dispersion are investigated and the optimal tapdieel structures for attaining

high-spectral cutoff slope and high-rejection eéicy are determined.

1.2 Overview of the Wideband Tunable Gaussian-Shag

Spectral Filter



Optical liquids can be used to engineer the dispersharacteristics of fibers by
serving as the core or cladding to attain fundaalenbde cutoff effect. The
short-pass or long-pass fiber filters are so madk@ncatenated to achieve widely
thermo-optic tunable Gaussian-shaped spectralrdiltdhe proposed wideband
tunable Gaussian-shaped spectral filter providestential technique in application to

high resolution bio-imaging.

1.3 Overview of the Supercontinuum Generation in a

Tapered Fiber

Relatively wide spectral broadening from above 400 to below 1200 nm is
generated from a tapered fiber by properly tunihg tenter wavelength of the
pumping 80-fs Ti:sapphire laser.. The waist of ectitapered fiber is im in
diameter and only 1-cm long. Additionally, numeficamulation considering the
dispersion and nonlinear effect at the transitegion of the taper fiber is performed
to study the generated supercontinuum spectra.ntih@rical results show that the
nonlinear effect inside the taper transition medifthe pulse shape and phase thus
greatly influences the spectral broadening, andguai chirped pulse launching can

enhance the efficiency of supercontinuum generation

1.4 Overview of the Stable and Tunable Fiber Laser

The dissertation proposes and demonstrates expedhlye a



single-longitudinal-mode (SLM) fiber double-ring éasusing an Erbium-doped
waveguide amplifier (EDWA), polarization controll@®?C), and a fiber Fabry-Perot
tunable filter (FFP-TF) into the ring cavity. In aiilth, the output power, side-mode
suppression ratio (SMSR), and the stabilities okgroand wavelength of the laser

also are investigated.

1.5 Overview of Projection Moiré Profilometry with

High-Dynamic Range Image

As a type of optical measuring apparatus, the @eaoypled diode (CCD)
camera provides the capability of increasing theedpof measurement by inspecting
an area with only one shot. However, the CCD cameradigh-variation range of
reflectivity presents an exceptional challengethe optical measurement established
on the surface. The dissertation presents a meb@dould enable one to acquire an
image with.a high-dynamic range in one shot withaal reduction in spatial
resolution. Because of the sufficient signal-toseoiatio, the method presented could
perform the robustness of the phase-retrievingrétgo, and the surface topography

could be measured more accurately.



Chapter 2

Analysis of Thermo-Optic Tunable

Dispersion-Engineered Tapered-Fiber Filter

2.1 Review of Taper-Fiber Filter

Stronger interaction-of-the optical evanescentdfiith the environment has
been widely utilized in many fiber-based deviceshsas the fused-tapered-based
fiber filters [1], [2] dispersion-engineering applications [3]-[5] and maine sensing
applications[6], [7]. The dispersion-engineeringhi@ques manipulate the dispersion
characteristics of fiber waveguides to alter th&cap properties of fiber devices. In
the literatures the theoretical modeling of-tapeiibdrs had been widely developed
[8]-[12], the fundamental-mode cutoff effects inddchy dispersion-engineering
techniques with fiber tapering have not been thiexaidy investigated yet. The main
objective here is thus to theoretically analyzefthmmlamental-mode cutoff effects and
to determine the optimal tapered-fiber structures &chieving low-loss and
high-cutoff efficiency. These results should beyverucial for applications such as
high-gain low-noise S-band fiber amplifiers [13]dawidely tunable S-band fiber
lasers [14].

This chapter will present experimental charactéiopa and theoretical

simulation results on the studied thermo-optic bledused-tapered-fiber filters made



by tapering standard single-mode fibers (SMF-28 Tapered fibers are immersed in
Cargille liquids for implementing dispersion engneag through the control of
material dispersion. The filter becomes cutoff abhder wavelengths due to the
reducing refractive index of Cargille liquids belte effective refractive index of the
Cargille liquids below the effective refractive s of the fiber waveguide. The
propagation loss increases rapidly near the cutefivelength, and a sharp
short-wavelength-pass optical filtering edge isi@odd. To investigate these effects
more deeply, the effective index¢h and the mode field diameter (MFD) of the
fundamental mode are calculated and carefully emadhin order to.understand what
determines the filter performance. The numericanb@ropagation-method (BPM) is
then adopted to theoretically simulate the cutdieomena and the temperature
tuning characteristics of the whole device. Goottament between the simulation
and experimental results has been found. Sincefittes performance is also
significantly influenced by the whole waveguidingusture, the optimal parameters
for the uniform taper diameter, uniform taper léngind taper transition length are
investigated by the full BPM simulation for achiegibest filter performance. From
the simulated spectral responses and the effedis@ersion curves, find that the
taper-waist diameter . greatly affects the MFD, which turn affects the final
dispersion relation and the achievable cutoff sloffee taper length can also affect
the cutoff slope, and the transition length hasalirmpacts on the insertion loss. The
obtained theoretical results help to determine dpémal device structures for
fabricating efficient short-pass tapered-fiberefit which can be utilized in high

performance S-band Er-fiber amplifiers and lasers.



2.2 Fabrication Process and Operation Principle

The high-cutoff efficiency of the studied short-pdtber filter is obtained by
locally modifying the material and waveguide digpen within the uniform taper
region. The schematic of the fused-tapered shas-fiter is shown in Fig. 2-1(a).
One can describe the structure of a tapered-fitter by specifying the transition
length (denoted ag, the uniform waist length (denoted ag Bnd the waist diameter
(denoted agp). It:.consists of a transition zone where the di@mis gradually reduced
to p over a distance and then a uniform waist section with the length_@ The
uniform :waist section -is-immersed within_suitabler@ille index-matching liquids.

The optical properties of the used Cargille liquids be summarized as follows. The

refractive index n, =1.456, thermo-optic coefficientdn, /dT = -3.74x10%/°C,

and optical transmittance is 88% at 1300nm, and 80% at &56n 1-cm-long

length. The whole device.is mounted on a thermoelectric (TEgcémi temperature
control. Those tapered-fiber filters are fabricated by a homemade taperirgjatiork

comprising several modules for fiber pulling, heating, and scgramnillustrated in
Fig. 2-1(b). A hydrogen flame head with high-accuracy flow cong@let on a three
axis stepper motor to precisely control the traveling of the flame beedistance of
few centimeters. When the tapering process begins, the pulbbgrsmrmove outward
to pull the heated fiber and the flame simultaneously stattauel back-and-forth for
heating the region to be tapered. The pulling mechanism emaldygh-precision

stepping motor with a right-and-left-threaded screw to drive twaod\ge clampers
moving outward in a reverse direction. The clampers bilaterally thelgingle-mode

fiber for providing a precise pulling stress. By controlling thoving speed of the



scanning flame and the pulling clampers, the total elongatiorthiesan be varied
from 30 to 60 mm, and the corresponding length of the unifoaistyis measured to
be around 10-25 mm, contingent on the waist diameter. When tgefinished, the
fiber is fixed in a graved U-groove on a quartz substrate and immensed
index-matching liquids. A TE cooler is used to control tliitl temperature to

change its refractive index for tuning the cutoff wavelength.

S

matching liquid

TE Cooler
(a)
hydrogen flame  V-zroove clampers

- B
e ‘

(b)

Fig. 2-1. (a) Diagram of a tapered-optical-fibeusture with a uniform waist. (b)

Schematic diagram of the tapering station usedltddate the tapered fibers.

When a single-mode optical fiber is tapered down to few tens micronmeter
diameter, the evanescent tail of the mode field spreads out of thelaleing and
reaches the external environment (Cargille liquids). The size db¢hdoped core in
the tapered zone is so reduced that its waveguiding effects areibieglidnerefore,
the pure silica cladding plays as the new core, whereas the externalmssulues as
the new cladding. The material dispersion curves for the original ¢itver (GeQ
4.1 mol%), cladding (pure silica), and the Cargille liquids dottgd in Fig. 2-2 to

illustrate their relative relation. On the righthand side ofdiess point indicated in

7



Fig. 2-2, the refractive index of the liquids is greater thanrttiex of fiber taper and
the total internal reflection of the interface is frustrated. Therefoeelights cannot
be guided in the fiber taper and suffer a great amount of opticalQusshe other
hand, the light can be nicely confined in the fiber taper when thelerayth is shorter
than the cutoff wavelength. The cutoff wavelength of the short-wavelgagthfilter

should be very near the cross point of the two dispersion cumdiesited in Fig. 2-2,
under the condition that the mode in the tapered regiamaimly guided by the
original cladding. The temperature shift of the cross point asradgmated in Fig. 2-2
provides an intuitive explanation about the temperature-tuningbddp of the

tapered-fiber filter.

1.454

1.452 4 Pure Silica (original cladding)
5 GeO,: 4.1 mol.% (original core)
3 2
£ 1.450 A —— Cargille liquid (n, = 1.456) at 25°C
5}
2z Cargille liquid (n, = 1.456) at 26°C
=}
§ 1.448 1 —— Cargille liquid (n, = 1.456) at 27°C
O
(a7

1.446 +
| T —

Temperature increases, cut-off wavelength increases.

1.444 T T T
1250 1300 1350 1400 1450¢

Wavelength (nm)

Fig 2-2. Material dispersion curves for the origifilaer core (Ge@4.1 mol%),
cladding (pure silica), and the index-matching iitpumeasured at 25, 26, and
27°C, respectively.

It should also be noted that a related but different kind aft-stevelength-pass
optical filtering effects can be observed when the tapered fiber wanstie 100 nm
range. [15] The tapered fiber is surrounded by the air, and an aitrapge of the
mode field diameter as a function of the optical wavelength can bd.fains leads
to an abrupt change of optical loss accordingly. However, since sperdion

engineering is used to produce true optical cutoff, the filteringestop rejection



ratio are not as large as the cutoff case studied here.

2.3 Experimental and Simulation Results

Both the experimental and simulated spectral responses of thenstvetength-
pass fiber are displayed in Fig. 2-3 for performance studies andacsom The solid
lines of Fig. 2-3(a)-(c) display the: experimental spectral respomdedhe
short-wavelength-pass filter with waist diameters measured to b& 28n@ 40 1 m,
respectively. The total elongation lengths are about 30 mmjhenéengths of the
uniform waist are measured-to be around 18 mm. The larger thedrzausdter is, the
steeper the cutoff slopecanbe. Here the cutoff slope (in unit: JBdraefined as the
average gradient of the rolloff spectral curve in_the linear region fronio-180 dB
transmission loss. The cutoff slopes are calculated to be -0.38, ahd -2.00 for the
cases op = 2Qum, p = 26um, andp =4Qum, respectively. Whep = 4Qum, the cutoff
slope is very sharp, but the rejection efficiency-is more limité@ extra loss of less
than 2 dB at 1390 nm may result from the absorption of hytliors which were
generated from .the hydrogen flame and then diffused into the tapered Titeer.
tuning efficiencies of the filter are about 52, 47, and 62°Gniér the cases of =
20um, p = 26um, andp = 4Qum, respectively. At the guiding wavelengths, the
insertion losses of the filters are below 1 dB, 0.5 dB, andiB.%or p = 2Qum, p =
26um, andp = 4Qum, respectively. The losses are mainly from the absorptiorofoss
the Cargille liquids and the optical loss due to fiber taperidge dbsorption loss
caused by the Cargille liquids is estimated to be below 0.2aft taking into
account the transmittance of the liquids and the evanescent Vielhjgping effects.

The fiber-tapering loss depends on the tapering conditionpriticiple, when the

9



tapering transition is slow enough to meet the adiabatic crt#iathe tapering loss
can be made very small. For our cases, the tapering loss is rdgdomabut still
observable, as can be seen from the above numbers. Even smallegtépesas

should be possible at the cost of increasing the total devigthlen
0
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Fig. 2-3. Experimental and simulated spectral rasps of the tunable

short-wavelength-pass fiber filters for fa)= 20 m, (b)o =26 m, and (co

= 404 m at different temperatures.
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To further analyze the fundamental-mode cutoff characteristics, numerical
simulation by the BPM is performed to study the optical f@obagation within the
tapered fibers and to predict the filter performance theoretically. The &b the
finite difference method to solve the paraxial approximation of tleémhbltz
equation with “transparent” boundary conditions [17]. This ap@no can
automatically include the effects of all the guided and radiatioremad well as the
mode-coupling and mode-conversion effects. The fiber-taper transitigiure is set
to be an exponential shape in our simulation. The dottedilnes). 2-3(a)—(c) show
the simulated transmission spectra with the temperatures of 2&8p@&,7°C and the
waist diameters of 20,26, and 40 m, respectively. The cutoff-wavelengths
gradually shift to longer wavelengths when the temperature iegeasood
agreement of the changing trends for the cutoff slopes and rejecfioreneies
between the simulated and experimental results has been found. Sthatohi of the
cutoff wavelengths between the experimental data and simulation reisalikl be
due to the uncertainties of the fiber-tapering parameters and the temgesatling
errors in the experiment. Most importantly, the simulation resolisectly reproduce
the experimental observation that the larger diameter cases have largesloptedf
but will eventually have poaorer rejection ratios when is too large (> 4@ m). The
thermo-optic-tuning efficiency of the filter fop =26 m in Fig. 2-3(b) is about 48
nmPC from BPM simulation, which is also in good agreement i 47 nmiC
tuning efficiency from the experimental data.

Based on the facts that the theoretically predicted tuning aodf edficiencies
agree reasonably with the experimental data, we further utilize the BRiMaiable

simulation tool to investigate the effects of different taper paramietedetermining

11



the optimal taper structures.

1250nm

Fiber cross section (um)

150 Transition Uniform Waist Transition
zone zone

-5 0 5 10 15 20
Propagation direction (mm)

@)

Fiber cross section (um)

150 Transition Uniform Waist Transition
zone zone

-5 0 5 10 15 20
Propagation direction (mm)

(b)
Fig. 2-4. Field distributions along the taperedcfifilter. (a) When the
wavelength (1250 nm) is shorter than the band edltfee filter, the fields are
guided over uniform waist and coupled back to thelmental mode. (b) When
the wavelength (1350 nm) is longer than the bamy ed the filter, the fields

spread out along the uniform waist.

Fig. 2-4(a) and (b) show the simulated field evolution withiapered fiber with

the cutoff wavelength around 1330 nm. The waist diametelis 26 ¢ m, the

12



transition length 7 is 6 mm, the taper transition angle is around Q.Bhe uniform
waist length k is 18 mm, and the temperature is set at@3n Fig. 2-4(a), when the
propagation wavelength (1250 nm) is shorter than the cutoff emagel, the
fundamental eigenmode of the input SMF is smoothly transforiméal the
fundamental eigenmode of the uniform tapered waist, propagates thih@ughiform
waist region and then gradually reconverts to the fundamental nfothe @utput
SMF within the second transition distance The fundamental MFD is larger in the
uniform tapered region when compared to that of the SMF-28. Onthtbetland, Fig.
2-4(b) shows the case when the propagation wavelength (now 856 longer than
the cutoff wavelength. The optical field quickly disperses awayimwttie first taper
transition region as well as the uniform waist region due toititeehrefractive index
of the surrounding liquids. Only a very small fraction oé tbptical field can be
coupled back to the fundamental mode of the output SMF. $nvty, huge optical

losses are induced for wavelengths longer than the cutoff wavelength
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Fig. 2-5. (a) Effective index of the fundamentaldaosersus wavelength under
different waist diameters of tapered fibers surradhbly (a) the air, and (b) the
Cargille liquids (3 = 1.456).

The material dispersion of the surrounding medium can significardtifies the
dispersion curve of the propagation mode due to the stroongntap with the
evanescent field spread out of the taper waist. To analyze how rttoeingling
material affects the dispersion properties of the fused-tapered fiber, thevefiiedex
of fundamental mode is calculated under different waist diametetegpefed fibers
surrounded by the air and the Cargille liquigsén1.456) . The results are plotted in

Fig. 2-5(a) and (b). The material dispersion curves of the originaloBeddcore, the
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cladding (pure silica), and the Cargille liquids are also plottec&sy comparison.
The index difference of the pure silica and the air is so largehbabptical field is
strongly confined when the tapered fiber is surrounded by the as, ffe dispersion
curves of the fundamental mode have almost the same slapg (d1 = —1.2 X
10~° /nm) with that of the pure silica whep >20 m. The effective mode index is
lower than those of the pure silica and Ge-doped core because fptrés aptical
mode field are now in the air. When the waist diameter gets smallebthy m, the
dispersion curve of the fundamental mode becomes more wavelengthlelepdinis
is because now a larger fraction of the mode field is in the he.slopes of the
dispersion curves in Fig. 2-5(b) are calculated to be X033 -0.8%10°, -0.94x10°,
-1.0710°, and -1.1410°for 0 =10zm, 0=20um, p=26um, =33/ m, and
o =40 m, respectively. In contrast, the slopes of the modal dispecziores for
tapered fibers immersed in the Cargille liquids are slightly flattar those in the air,
which_indicates that the effective mode index of the tapered fiberegdnohodified
by the surrounding dispersive liquids. The insect of Fi§(l® shows the detailed
curves near the cutoff wavelength when the tapered fibers are immerskd in t
Cargille liquids. The cross points between the dispersion cuiviee tapered fibers
and the surrounding liquids exactly determine the cutoff wavelengtich will shift
to longer wavelengths as the waist diameter increases. When tted a@velength is
near the cross point, the optical field quickly spreads outetapered fibers and
large optical losses are induced. Intuitively the cross angle ebatwhe two
intersected dispersion curves determines the cutoff slope. A sugahieunding
material which can produce a larger intersection angle is thus a kectigving

high-cutoff efficiency.
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Fig. 2-6. MFD/waveguide width versus wavelengthemdifferent waist

diameters of tapered fibers surrounded by (a) thead (b) Cargille liquids @

= 1.456).

Fig. 2-6(a) and (b) plot the ratio of the 1/e MFD to the wange width (waist
diameter of the tapered fiber) as a function of the optical wavelelgtien the
tapered fiber is surrounded by the air, the optical field is glyortonfined inside the
tapered fiber and thus the width ratio is almost flat with respecthe optical
wavelength for the waist diameters considered here. In contrast fror8-6(Q) it is
obvious that a larger fraction of the optical field spreadobthe tapered fiber when

it is surrounded by the Cargille liquids due to the smaleindifference. As the waist

16



diameter is getting smaller, the width ratio gets larger. When th&t @@meter is
smaller than 1@um, the optical fields will largely spread out of the tapered waizeg
region and will experience higher losses even at guided waveleNdflen the waist
diameter is between 20m and 26um, the width ratio curves exhibit a significant
turning point between the guided region and the unguidedmnegs shown in Fig.
2-6(b). When the waist diameter is larger tharnud() the cutoff wavelength is shifted
toward the longer wavelengths, and the optical field is moragiraonfined in the
waveguide. The dispersion-engineered effects can also be seen froravisiength
dependence of the MFD. Fig. 2-7(a) and (b) show the mode field distnbof the
fundamental mode in the tapered waist under different taper diameteysopfical
wavelengths at 1250 nm (guiding) and 1350 nm (near cutoff) are usieel @samples
to illustrate the difference. The field is strongly confined i tigpered region for the
guiding wavelengths whem> 2Qum. As the waist diameter gets smaller thamudq
the field spreads out of the tapered fiber region and larger losses guitfing
wavelengths are produced. Near the cutoff wavelength in Fig.)2tfAéofield extends
more widely into the Cargille liquids due to the weak gwgdoondition. Thus, the
loss becomes huge and the short-wavelength-pass band edge is fooremdy] the
larger taper diameterp & 33um) can confine the fields more tightly than the smaller

ones even near the cutoff wavelength.
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Fig. 2-8 shows the simulated transmission spectra of the fiper twith the
waist diameter of 5, 10, 20, 26, 33, 45, anduéf respectively. The fiber transition
lengtht is 6 mm, the uniform waist lengthylis 18 mm, and the temperature is at
25°C. The spectral cutoff responses are not the same for different waisiteliam
Note that as the waist diameter increases, the band edge is steepeutdrhslopes
are calculated to be -0.38, -0.79, -1.14, -1.68, and -2.04 fotQum, p = 2Qum, p =
26um, p = 33um, andp = 4Qum, respectively. The band-edge shifts to the longer
wavelengths as the diameter increases. The cutoff characteristiag. iB-&ican be
described by the waveguide dispersion behavior with different Weisteters. The
optical field intensely spreads out into the Cargille ligwiden the waist diameter is
getting small. The ratio of the optical field distributed he wvaveguide with respect
to that in the Cargille liquids is strongly decisive te #ffective index of the mode
field. When the diameter is less thamutf the waist is too thin to confine the optical
field. Furthermore, when the waist diameter is getting thinnert mpscal field
extends into the Cargille liquids, the wave-guiding abilgyweaker, and thus the
transmission loss becomes larger. The simulation results iedicat the larger the
waist diameter is, the steeper the filter cutoff slope can be. Hoywekien the waist
diameter is larger.than gfh, the achievable spectral contrast (or rejection efficiency)
is more limited due to the stronger mode confinement. The slawdtangth-pass
bend edge disappears when the tapered waist is larger tlwamn AD the wavelengths
are now strongly confined in the Ge-doped fiber core. Thus, thienapwaist
diameter for fused-tapered SMFs to produce a sharp short-wavelength-phssigpan
should be somewhere betweemBB8and 4Qm.

Table 2-1 lists the cutoff slopes and dispersion slopes fowthgt diameters of 5,

10, 20, 26, 33, and 46n, respectively. When the waist diameter is larger, the
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dispersion slopes are larger and the cutoff slopes are steepao ttaal be clearly
seen that steeper cutoff slopes are associated with larger cross angles ledween
dispersion curves of the tapered fibers and the surrounding liguilus. good
agreement of the cutoff slopes from experimental and simulated resufitsnsothat

the simulation can help predict the filter performance.

TABLE 2

THE CUTOFF SLOPES AND DISPERSION SLOPES FOR DIFFERE
WAIST DIAMETERS OF TAPER FILTERS IMMERSED IN CARGILE
LIQUID

Taper Dispersion slope  Cutoff slope

diameter Ang/nm (x10°)  dB/nm

10pum -0.55 -0.38(simulation)
20um -0.87 -0.79(simulation), . -0.54(experimental)
26 um -0.94 -1.14(simulation), - -1.38(experimental)
33um -1.07 -1.68(simulation)
40 pm -1.14 -2.01(simulation),  -2.00(experimental)
0 p=40um
Ef =2 ==
p =26um

S 10
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Fig. 2-9. Transmission spectra associated witledfit lengths of uniform waist
of 2 mm, 10 mm, 20 mm, 30 mm, and 50 mm for = 26 m and 2mm, 10mm,

20mm for p =40 m with the taper transition length of 6 mm.

Fig. 2-9 indicates that the length of the uniform waist alscchésin influences

20



on the cutoff slope of the filter's band edge. The simulatiorerfopmed under the
assumption that the temperature iS@5the fiber taper waist diameter and the waist
length arep = 26 and 40m, respectively, and the transition lengthris 6mm. The
tapers have the waist length of 2, 10, 20, 30, and 50 mpm f026um and the waist
length of 2, 10, 20 mm fop = 4Qum, respectively. It can be seen that the longer
length leads to a steeper band edgepfer 26um. When the waist length is shorter
than 30 mm, the cutoff slopes of the band edge significantlyaseraith the waist
length. Since the optical loss is proportional to the tagragth, it is not surprised that
longer taper length causes higher cutoff loss and thus provides@es cutoff slope.
However, when the waist length is longer than 30 mm, theffcsiimpes become
saturated. Fop = 4Qum, the length of the uniform waist not only influences thef€uto
slopes but also affects the rejection efficiencies. The rejection efficieney oalithe
sufficient cutoff loss of long taper length. At= 40um, the optical field is more
confined in the tapered waist, and thus the optical cutoff kssore limited. Since
the simulation results indicate that the longer the taper laagthe steeper the filter
cutoff slope can be, the optimal waist length for fused-tapered SMi@Ed be at
least larger than 20 mm.

To further investigate how the waveguide structure influences the clap#ss
and optical losses, the taper transition length is varied from 3(taer transition
angle around 1), 6 mm (taper transition angle around®0)5to 12 mm (taper
transition angle around @.3. The tapered fiber has a fiber taper waist diameter
26um and the waist lengthol= 18mm. The obtained spectral responses are shown in
Fig. 2-10. The smaller filter transmission losses in the shosavelength side
indicate that longer taper transition length can more guarantee lsvwctosersion

from the SMF-28 region to the taper region. At guiding wavele)ghe insertion
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loss of the filter is below 1.1 dB, 0.3 dB, and 0.01 dBtliercases of = 3mm, 6 mm,
and 12 mm. The loss difference for guided wavelengths can be asa$ighdB
betweent = 3 andt = 12mm. The optimal design of the ratio between the taper
transition length to the taper diameter should be at least large6 tmam/26um (i.e.,

the transition angle of the fiber structure should be lesst#n Based on the above
theoretical analyses, the optimal design parameters for the tapediaaister, waist

length, and transition length should be somewhere around 28+48D mm, and 6

mm, respectively.
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Fig. 2-10. Transmission spectra associated witlerdint transition lengths of

3mm, 6mm, and 12mm with the waist length of 18 rom p =26 m.
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Fig. 11. Transmission spectra of the final optimedign of the short wavelength
pass filter. The taper waist diameter i35, the waist length is 30 mm, and the

transition length is 6 mm.
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As the final verification, we set the taper waist diameter, waist heraytd
transition length to be 38n, 30mm, and 6mm, respectively, and perform the BPM
simulation. The calculated spectral response is shown in Fid. Z4ie rejection
efficiency is as high as 70dB, the cutoff slope is as high &IBXm, and the
insertion loss is less than 0.3dB. These results indicatpdiformance improvement
that can be expected by carefully adjusting the device parameters.

The aim of this work investigated the influences of the taperthengper
diameter, and transition length on the spectral cutoff slopeeadtion ratio of the
tapered-fiber filter. The optimization is not abselute in thessethat additional
constrains need to be considered. For example, the total lefttjr device cannot be
too long for the ease of practical fabrication. Through this kindpbinization, we
can know how much performance improvement can be expected by practically
adjusting the device parameters. The Cargille liquids provideteetfestive, simple,

and fast way to implement the fundamental-mode cutoff mechanism.

2.4 Conclusion

In summary, a new type of thermo-optic tunable short-wavelength-fiaer
filters based on fiber tapering and dispersion engineering has besmnsteated
experimentally and analyzed theoretically. Good agreements betweeBPtkie
simulation and experimental results are achieved. The effects of maispatsion
and waveguide dispersion characteristics have been investigated byniegathie
spectral response as well as the changing trends of the MFD antfetiéve mode
index. An optimized tapered fiber filter structure that can attain-tigbff efficiency

has been suggested based on the obtained theoretical simulatibg tedinds for
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SMF-28 raw fibers, the uniform tapered waist diameter should be ardiuma, 3he
uniform tapered-waist length should be greater than 30 mmhartdgered-transition
length should be greater than 6 mm. With such an optinsgetture, the cutoff
slope can be as high as -2.4dB/nm, the rejection efficiency can lnighaas 70dB,
and the fundamental mode-coupling loss is below 0.3dB. Incipite, if different
choices of raw fibers can be used, it is possible that therpefwe can be even more
optimized. The analyses presented in the present work shaulthelpful for
developing inline tapered fiber filters based on the dispersion-esrgid

fundamental-mode cutoff mechanism.
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Chapter 3

The Wideband Tunable Gaussian-Shaped

Spectral Filters

3.1 Introduction

Broadband light sources-with high spectral power density goertant for high
resolution optical coherence tomography (OCT) in cellular or tisgienaging [1]—
[3]. The broadband light source with-a smooth Gaussianepospectrum is
advantageous to achieve low speckle noise, generating from thalijpnwoherent
scattering photons from biological tissues. Echo free OCT imagangbe obtained
since a non-Gaussian-spectrum light source will significantliodishe OCT axial
point spread function [4] ,[5]. For non-Gaussian-spectrum Bghitces, the spectral
modulation can cause. echoes entering the axial point spread functonthen
non-exponentially decay tails can cause the blindness of thereféadtion signals [5]
to degrade the imaging. A Gaussian filter is usually requoeshape the broadband
light source into a Gaussian-spectral profile and to stabilizedlmut wavelengths.
Gaussian-spectral filters are also widely used in various areas besiddbdnd light
source imaging applications. For example, these filters are eatploythe fiber laser
cavity to shape the spectral profile of the laser output lightsnothe optical

communication systems to stabilize the system operation [8].—So far, the
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proposed Gaussian filters were made of a linear temperature gradigetdchber
Bragg grating [9] or a large mode area photonic crystal fiber (PQ&q fivith high
index liquid crystal (LC) in the holey cladding [10]. Hewver, the typical passband
bandwidth of the fiber Bragg grating may be too narrow taded for the practical
OCT systems and for the PCF fibers, the tuning efficiency isemythigh due to the
low temperature gradient of LC. The use of LC would also inotredextra
birefringence for the guiding lights. Moreover, the Gaussian-shapectram can
only be obtained at certain fixed temperatures of LC and the bandsiaith tunable.
In this chapter, it proposes a new type of widely tunable Gaussiaped
spectral filters by concatenating a short-wavelength-pass filter (SWPF)aand
long-wavelength-pass filter (LWPF). The falling (rising) spectral caivthe SWPF
(LWPF) is dispersion-engineered to fit the right (left) wingtled Gaussian profile
through carefully adjusting the material and waveguide dispeysioFor
short-wavelength-pass filter, the refractive index dispersion (RID) disccgp
between the optical liquid and silica tapered fiber is so largethe total internal
reflection: (TIR) criteria can only be satisfied at the wavelengtimsteshthan the
cutoff point and the widely tunable short-pass filters are achieveddaugiy: The
tuning range is at least wider than 400 nm (1250-1650 nm)anfitming efficiency
higher than 50nMiC and the filtering efficiency (slope of falling curve) can be
maintained when the cutoff wavelength is tuning far away from thenddg], [12].
Based on the same principle, a local liquid-core single-mode fibeuseasto achieve
widely tunable long-pass filters [13] and finally a bandpassrfitith a wide tuning
bandwidth can be made by concatenating one short-pass and grgatmfilters.
The spectral envelope of the bandpass filter can be further engineefédh®

Gaussian profile based on the modification of the waveguide dispetetermined
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by the fiber diameter and the modification of the interaction ler@timsequently,
based on the material and waveguide dispersion engineering achievieelg w
tunable broadband all-fiber Gaussian-shaped spectral filter by concatemating
short-wavelength-pass filter and a long-wavelength-pass filter. Pmealiyni
experimental and theoretical results show that the generated Gaussiaal$igbts
can have a spectral contrast ratio higher than 40 dB, which sheuldeful for the

OCT bio-imaging applications.

3.2 Simulation and Experiment

To achieve spectralGaussian filters operating over 1250 — 165@nm,
long-wavelength-pass filter with a rising Gaussian-shaped cut-oe etithe shorter
wavelength side and a short-wavelength-pass filter with a falling Szaushaped
cutoff curve at the longer wavelength side are discretely employed. The wefracti
index dispersion curves for the various -Cargille liquids (Cargilgex-matching
liquid with the index B = 1.456 and the thermo-optic coefficiedtn,/dT =
—3.74 x 10~*/°C) and the fused silica glass are shown in Fig. 3-1(a). The liquids
have a flatter refractive index dispersion slope than fused silicaodtresit lower
phonon energies [13]. In Fig. 3-1(a), the cross point of¢fractive index dispersion
curves of the silica and optical liquidy(rr 1.456) are labeled by P. From the two
refractive index dispersion curves, in the left-hand side of P point
short-wavelength-pass filters can be achieved when the fused sticptcal liquid
respectively plays as the core and cladding [12]. Light guidirogply satisfied for the
wavelengths shorter than the P point but frustrated at otheop&ieoint and thus

great amounts of optical losses are introduce there. On the comtrdrg, right-hand
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side of P point long-wavelength-pass filters can be realized Wigeroles played by
the fused silica and optical liquid are reversed [13]. The cross @bgitween the two
refractive index dispersion curves decides the filtering efficiency andyer krcan
more clearly discriminate the passband and stopband wavelengths/asdise to a
sharper rising or falling curve for the filters. A very sharp rising dimfalcurve is
crucial for the fiber-optic communication systems to clearly separatéetieed and
unwanted signals but may not be suitable for the low coherencgtapiy imaging
systems in which a broadband Gaussian light source is requioddatio high quality
images. A broadband Gaussian spectrum naturally comes alonglovitly varying
rising and falling spectral curves and therefore the spectral enveldbe bandpass
filter must be further adjusted. The adjustments of the slope dmgriand falling
curves of filters can not only be done by engineering the matergdrdisn, namely
the use of suitable liquids, but also by engineering the wadeglispersion, namely
the modification of the fiber structure. It can reshape the risingalimly curves to
fit the Gaussian profile by selecting suitable diameter of taperest Wailength of
tapered waist |y, and length of tapered transition. LThe cutoff and cut-on curves of
the short-wavelength-pass filters and long-wavelength-pass filteraiuanerically
simulated by adopting the beam propagation method (BPMgterrdine the optimal
waveguide structures for an ideal Gaussian-shaped spectrum and smmnmextal
results are demonstrated to show the thermo-optic tuning albilityher optimized
can be taken in the future to attain better Gaussian-shaped spdetiaffilunction.
Numerical simulation using the beam propagation method (BPgri®rmed
to theoretically analyze the fundamental mode cutoff characteristicstadyg the
optical field propagation within the tapered region of the stansiagle-mode fibers.

The fiber taper transition structure is set to be an exponertigbes and a

30



fundamental fiber mode is launched into the transition regiosstimnate the mode
coupling and mode conversion effects along the fiber taper with digpdrquids
surrounded. The fundamental eigenmode of the input SMF fibemisotkly
transformed into the fundamental eigenmode of the uniform taper aadgsthe field
propagates through the uniform waist region and then gradwaltpnverts to the
fundamental mode of the output SMF within the second itranszone. The
fundamental modes corresponding to wavelengths with 10-nm separate
sequentially launched into the tapered fiber, and the outpuabptwers normalized
to the input powers are estimated as transmission loss. BRMlasions with
different taper parameters for short-wavelength-pass filters and long-wavepess
filters are respectively performed for determining the optimal tapeststas to yield
the half part of the spectral Gaussian shape. The simulated traiggnspectra of the
short-wavelength-pass filter and long-wavelength-pass filter are respgéstiain in
Fig. 3-1(b) and (c) with the key parameters indicated. In Fig. 3-Mben D
gradually goes down toward 1@, the slopes of the falling curves get flatter since the
waveguide dispersion only dominates the net dispersion atesnBallThus a smaller
D can make the shorter wavelengths more lossy. The curve of [pm dén fit the
Gaussian profile quite well and the attenuation can be as highd&s 8¢hen this
Gaussian fit falling curve' combined with its ‘mirror image to foamcomplete
Gaussian profile, a broadband Gaussian signal with strong speattaast can be

generated.
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Fig. 3-1. (a) Refractive index dispersion of silaxad Cargille optical liquids. (b)

Simulated transmission spectra of the SWPFs atreifit diameters of tapered

waist and the Gaussian-fit curve. (c) Simulatedgnaission spectra of the

LWPFs at different diameters of liquid core and @Gaussian fit curves. (d)

Simulated transmission spectra of the SWPFs atreifit lengths of tapered

waist.

For the long-wavelength-pass filters, the fabrication methodyisttetching a
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borosilicate capillary with a threaded submicron tapered. fiber insid, the inner
diameter of the capillary decreases to a few micrometers. The stretcheargayith
a submicron tapered fiber inside is then infiltrated with opticalidis to act as a new
core, and long-wavelength-pass filters can thus be achieved. The maodeofi¢he
guiding lights are strongly extended to the outside of sctimm tapered filter and
tightly overlapped with optical liquids. The dispersion o @uiding lights can be
strongly changed by the local liquid-core/borosilicate-claddingtre [13]. In Fig.
3-1(c), a submicron tapered fiber with a liquid-core diameter D of &5(18] is also
simulated to engineer the dispersion for the best Gaussiamétsiope of the rising

curve and the attenuation for long-wavelength-pass filters are flattenaaliisthan



that of short-wavelength-pass filters. This is because even when the
long-wavelength-pass filter and short-wavelength-pass filter are ti@ngame silica

and optical liquid to produce the safeand the same index differenc&n near P
point in Fig. 3-1(a), the mode field distribution is largetha longer wavelength side

for the long-wavelength-pass filters and thus the poor confineleads to a flatter
cut-on curve and smaller spectral contrast. However, a longerah be utilized to
achieve a shaper cut-on. curve for Gaussian fitting and, from Fig. 3-1€cjisthg
curves of the long-wavelength-pass filters can also fit the desireslsi@auprofiles.
Simulated transmission spectra of the short-wavelength-pass dittdierent length

of tapered waist are also shown in Fig. 3-1(d). The adjustmént efn also help to

fit the Gaussian profile for the cases of smaller D.
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Fig. 3-2. (a) Diagram of a tapered optical fibeW(BF) with a uniform waist. (b)
Schematic diagram of the tapering station usedliddate the tapered fibers. (c)
Refractive index dispersion curves with differesrnperature. The solid line
depicts the tapered fiber, and the dotted lineciaidis the index matching liquid
with different temperatures. (d) Spectral respomsesfitted Gaussian curves of

SWPF at different temperatures.
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The spectral Gaussian filter can be achieved by combining a risingi&auss
cut-on curve from the short-wavelength-pass filter and a falling-Gaussioff curve
from the long-wavelength-pass filter. To generate the falling-Gausstaff curve,
Fig. 3-2(a) shows the waveguide structure of the short-wavelengshfiies. It
consists of a transmission zone, where the fiber diameter gradedllged over the
distance, and a uniform-waist section Iin the middle. The fusedethdder is
immersed with index-matching liquids, and the optimal D isulado 1@um by
simulation, seen from Fig. 3-1(b). The total elongation lergytbout 30 mm, and the
length of‘the uniform waist is measured to be around 18 mmtapeeed fiber filter
fabricated by our homemade tapering workstation which integratesrad parts
including the pulling mechanism, heating system, scannirghamesm, and real-time
monitor system, as has been shown in Fig. 3-2(b). A hydridgere with stabilized
flow control set on a three-axis stepper motor forms the maiit g§ the heating
system and scanning mechanism. This setup allows precis@pogitof the flame
and the flame is allowed to scan over a large heating-zone. énéapitring process
begins, the pulling motors move outward to elongate the fbdrthe flame starts
simultaneous zigzag scanning to enlarge the effective heatimg-Adns process
ensures that the flame heats identically each section of the fibertheered in each
cycle of scanning. As long as the heating-zone can be contpbedsely, the length
of the uniform waist of the tapered fiber is controllable. The pglihechanism has
two high-precision stepper motors with simultaneous stapti$ésign and drives two
V-groove holders that can mount a single-mode fiber and geoaiconstant stress.
One end of the single-mode fiber is connected to superluminesodesdSLD) and

the other end is connected to a photo-detector (PD) to form a reatdomigoring
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system, which can help determine the best stop-point for thehstgtprocedure.
When finishing tapering, the fiber is fixed in a U-groove on arggusubstrate and
then immersed in index-matching liquid. A TE-cooler is useadntrol the liquid
temperature to change its refraction index and the cutoff wavelengthautrns be
tunable. When a single-mode optical fiber is tapered to tens of metemsnin
diameter, the evanescent waves spread out into the cladding andheaotiernal
environment and the size of the core in the tapered zone is scedethat its
waveguiding effects are negligible. Therefore, the cladding pleysale of core and
the external medium plays the role of cladding. Fig. 3-2(c) shbevsefractive index
dispersion curves of the index-matching liquid (red) and tapered fithee) (lat
different temperatures. At the right side of the cross pao)i the refraction index of
the liquid is greater than the index of fiber taper and the tot@inal reflection is
frustrated. Therefore the lights cannot be guided in the fiber tapesudfed great
amount of optical losses. On the other hand, the lightboeaconfined in fiber taper
when the wavelength is located at the left-hand side of the cross Ppbe cutoff
wavelength of a short-wavelength-pass filter approximately locates at gwepoimnt.
As the temperature increases, the refractive index of the surrguligilird decreases.
Heating up the liquid causes the dispersion curve shift dandhand the cross point
will move to longer wavelengths. By heating up or coolingviothe liquid
(temperature changes from T to T AT), we can continuously tune the band-edge
wavelength, as shown in Fig. 3-2(c). The gray line in FHg(d is the initial cutoff
curve of the tapered fiber immersed in optical liquid at room temper@®T) and the
liquid is then heated up by a 175W infrared lamp which is loc2@edm away from
the tapered fiber. When the liquid is respectively heated upeébintrared lamp with

an increment of 5 s for each run time, three different falling curves aamed as
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shown in Fig. 3-2(d), with their slopes getting flatter and dtatThe P point of the
short-wavelength-pass filter moves to longer wavelengths with incgetesmperature
so that the passband bandwidth becomes wider. The achieved spectrasicis
higher than 40 dB for all curves, which is advantageous for praapgdications. The
cutoff curves become slowly falling down since the waveguide edsggn
significantly dominates the dispersion when D decreases to béhsd@m. The
optical field strongly spread out into the optical liquid d&tomes less dispersive.
The falling curves are individually Gaussian-fitted and the Gaufisieurves are also
displayed as dotted lines shown in Fig. 3-2(d), where in pé&ati¢che experimental
data of the pink line can fit the Gaussian profile and the simuolagsults excellently
well. In principle, the long-pass filter based on liquid-coreifii 3] can also produce
Gaussian-shaped curves as predicted in Fig. 3-1(c). Consequenttypnitetenated
Gaussian-shaped bandpass filter will be widely tunable ascribingheohigh
thermo-optic coefficient of —optical liquids [13]. The widebandinable
Gaussian-shaped spectral filter can be further optimized by carefaydeoing both
material dispersion and waveguide dispersion. The proposed spideirgrovides a

potential technique in application to high resolution bio-imgg

3.3 Conclusions and Summary

This chapter has proposed a new method of achieving widelyléualiiber
broadband Gaussian-shaped spectral filters by concatenating thermdtoyable
short-pass and long-pass filters. The material and waveguide thsgeese both
employed to vary the spectral envelope of short-wavelength-pagss fiind

long-wavelength-pass filters to respectively fit the right and lefgsvof the desired
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Gaussian profile. The achieved spectral contrast can be higher théd 40d the
filter still keeps Gaussian-shaped during thermo-tuning prodéss.kind of widely
tunable Gaussian filters should be advantageous for optical coherenagraphy

(OCT) bio-imaging systems using broadband light sources.
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Chapter 4

The Supercontinuum Generation in a Tapered

Fiber

4.1 Introduction

Generation of broadband supercontinuum (SC). has many practical apptcat
[1], and supercontinuum in the literatures is mainly generateddrostructure fibers
[2]-[4] as well as photonic nanowires [5]-[7]. Microstructure fibers god
candidates to generate supercontinuum due to the unique waystiuickure that can
manipulate the dispersion characteristics and efficiently generate tlieeaomreffects,
but they often require high cost and special design. For supienaamt generation in
photonic “nanowires, a sufficient length and . high-index contrast
submicrometer-diameter wires is needed to obtain long interactigthleém generate
wideband spectra. However, the fabrication of long submicrometer wassough
by use of simple tapering techniques, and these long tapered diteetwrittle for
high-power handling. Recently, the supercontinuum generation amdin@ar
phenomenon from planer waveguide is promising for all-optical c&caihd the
waveguide design for managing the dispersion becomes impaoofaintldecause it
greatly affects the nonlinear response [8]-[10]. To understand thewwaveguide

design influences the nonlinear effect can simply start from convahtmpered fiber,
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and the discussion of the spectral broadening mainly consideengrélup velocity
dispersion inside the taper waist [11]-[18]. The theoreticalystudthe influence of
taper transition region is often neglected because its relativer lefficiency of

nonlinear process compared to the waist region. In recent year, s@aehess have
noted that must simulate the whole region of a tapered fiber for fephesent the
comprehensive propagation characteristics.

In this chapter, by properly tuning the center wavelength of fesstand
Ti:sapphire laser launched into the home-made tapered fiber, relatndgyspectra
from above 400 nm to below 1200 nm can be experimentally ackefhe tapered
fiber is 1'um in diameter and only 1-cm in length. Creating a model discubses
femtosecond pulse propagation through the whole region of a tapered
theoretically and using split-step FFT method to numericallgystiie characteristics
of supercontinuum generation in tapered fiber. Furthermore, itstigsithe transition
region of a tapered fiber with different shape that will induce phaseechapd exert

a strong influence on the supercontinuum generation.

4.2 Experiment Setup and Results

In this experiment, a simple fiber tapering technique is tsguoduce low-loss
1-um-diameter wires from a standard single-mode fiber (SMF-28). Thedildkng
setup consists of a hydrogen torch and two computer controlkst lstages [19]-[20].
A hydrogen flame with stabilized flow control set on a three-aeisper motor forms
the main part of the heating system and scanning mechanidgs.s@tup allows
precise positioning of the flame, and the flame is allowed to swan @ large

heating-zone. When the tapering process begins, the pullingsmotive outward to
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elongate the fiber and the flame starts scanning back and forth tgeettiareffective
heating-zone. This process ensures that the flame uniformly desgtssection of the
fiber being tapered in each cycle of scanning. The parameters for the flilieg pu
system, such as speed, acceleration, fiber tension and positibe dame, were
optimized to yield a uniform waist of aboutuin in diameter and 1-cm in length. The
diameter of the waist is measured around, the length of the waist is around 10
mm, and the transition zone has an exponential shape witertgthlof 45 mm, as

shown in Fig. 4-1.
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Fig. 4-1. Schematic diagram of the taper fibercttrce.
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Fig. 4-2. Experimental setup of the supercontingemeration.

To generate the supercontinuum spectra, the excitation pulses ang ¢mm a
tunable femtosecond Ti:sapphire laser (Tsunami, spectral physicsnhoge center
wavelength can be tuned from 700 nm to 900 nm, as shown.id2. Launching 82

MHz and 80 fs pulses into the tapered fiber, the coupling eftigieri the entire
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tapered fiber is about 40%. The tapered fiber remains about 45-ngrstandard
single-mode on each side that causes substantial dispersien Wie pulse
propagating through. In order to compensate the normal dispérsiorthe standard
optical fiber, a prism pairs with separation about 20 cm is usegrdvide the
anomalous dispersion. Then an optical spectral analyzer (And®3A§) is used to

measure the generated spectra.
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Fig. 4-3. Generated spectra at different pump psweing lum-diameter fiber
tapers. The output pattern from the fiber and ibpafsed spectra by the prism

are shown inset.

Supercontinuum can be generated by properly tuning the center waveténgth
Ti:sapphire laser. Using the [im-diameter tapered fiber and choosing the center
wavelengths of 830 nm, the generated spectra at different exciting paneeshown
in Fig. 4-3. Notice that the second harmonic wave (around 41ampe generated
due to destroy of the centosymmetric. At lower pump power (100t@250 mW),
the spectrum is broaden initially due to the self-phase modul¢ggieM). As pumping
power increases (400 mW to 500 mW), the extension of generatedaspecthe

longer wavelength are obvious than in the shorter wavelength dséntalated
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Raman scattering. Increasing the pump power (>500 mW) will slown the
extension of generated spectra in the longer wavelength edge. Neverthiedess
generated power in short wavelength becomes strong due to the foes maung.
The output pattern and the spanning spectra after the prism ashaigo the inset of
Fig. 4-3. The spectral bandwidii defined at the detuning wavelength with intensity
of -20 dB to that at peak wavelength is around 190 nm at 400npW power, and

430 nm at 700 mW input power.

4.3 Simulation and Discussion

Numerical simulations are carried out to explain the experimental ohises:at
There are numerous numerical simulation studies on supercontinem@nagon in
tapered fibers, and typically supercontinuum generation in aibaldapered fiber is
theoretically investigated using nonlinear Schrédinger equatiorumencal model

[13]-[19]. The nonlinear Schrddinger equation can be expressed as

oA «a ™A
A=
0z 2 Z“n!'Bn ot"
4.1)

. ) ( )
=iy| 1+—— [[ Al z;t R(t')|A(z;t=t) | dt
/1 e A LR A=t
whereA is the amplitude of the pulse envelopas the absorption coefficierttjs the
time, andz is the propagation axis along the fiber. Theare nth-order dispersion
coefficients, andog is the carrier frequency of the pulse. The nonlingsameter is
defined asy = nowo/CA«, Wheren, is nonlinear-index coefficient ande is the

effective mode area. The left-hand side of Eq. 1esgmts the linear terms and the
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right-hand side represents nonlinear teritg first moment of the nonlinear response

function is defined as
R(t) = (1~ f5)d(t) + fehs (1) (4.2)

wherefg, that be estimated to be about 0.18, represeatfdbtional contribution of
the delayed Raman response to nonlinear polarie&ip, o(t) represents the delta
function andhr represents the Raman response function. In viewhefdamped

oscillations, a useful form is

2+T2

h (t) = Tlrl—rszexp(—t/rz) sin(t/r,) (4.3)

wherer;=12.2 fs,;1,=32 fs.

100 —— , ; : —
[ | | | — Effective Core Area
I I I |- Cladding Area
80 L 4 Y |
- | | | |
NE | | | |
=l | | | |
= e b
e | | |
< | | |
2 40 + - !
= | | |
8 | | |
= | |
w 20 4 Y |
| 1 |
| | |
| | |
O L 1 1 1 1
0 20 40 60 80 100 120 140
Cladding Diameter ( pm.) (a)

60

(o)
o

N
o

N
o

Nonlinear Parameter y (W'l km'l)
= w
o o

o

(b)

Fig. 4-4. (a) Effective mode area and (b) nonliggnameter versus the waist of

the tapered fiber at 830 nm.
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We used symmetrized split-step Fourier algorithradlve this nonlinear system
numerically The waist region of the tapered fiber is 10-mm-lami¢gh a uniform
diameter of 1um. The transition region is 45 mm at each side. Tier fparameters

adopt Corning SMF-28 specification. The effectiveecared is given by

) 2n[éfr [tF(r)‘2 dr)2
P = J:r[l]:(r)rdr

whereF(r) is the amplitude of the electric field for the d@amental mode at a radius

(4.4)

from the axis of the fiberln-our simulation,A¢s and nonlinear parameter is
individually plotted against the diameter of thpesed fiber at the wavelength of 830
nm, as shown.in Figs. 4-4(a) and (b). Pag is getting smaller as the cladding being
thinner when the fiber diameter is larger than 38 at this region the power is
confined by the fiber core. However, the tapereeérfibeing thinner than 358n, the
core leaves a large amount of light guided outsige core and thé begins to
increase until the diameter becomes 1. When the power is guided by
cladding-air interface A« decreases rapidly as the fiber diameter. As therfib
diameter being getting thinner from 1@, 35.8 um to 13.4um, the nonlinear
parametep is from 2.254 W km™ increased to 8.507 Wkm™ and than decreased to
1.595 W' km™. Note the diameter of tapered fiber being 1M has smaller
nonlinear parameter than untapered fiber. The neatiparameter increases rapidly
as the fiber diameter thinner than 18m. Finally, the lum-diameter waist area, the
nonlinear parameteris 54.86 W-km™ which is approximately 25 times larger than
that at the untapered region, thus exhibits largelinear effects to contribute to

intense nonlinear processes.
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The refractive index of the standard single-modeerfilis obtained using
Sellmeier formula, and the propagation constfinis derived by solving the
eigen-value equation. Exparfidin a Taylor series about the pump frequency that
obtain the n-order dispersion coefficients. The zefiost, second, and third order
dispersion coefficientf; are plotted in Figs. 4-5(a)-(d). At the waist @gi negative
second dispersion coefficienf,€0) denote anomalous dispersion, which favors
soliton formation and also benefits generation atawve-spanning white light.
However, thep, is positive when the fiber diameter is larger tiaé um, and
becomes negative with the zero dispersion crosst pocated at the fiber diameter
being 2.6um, as can be seen from Fig. 4-5(c). Badas maximum value when the
fiber diameter is 11.5um. This dispersion variation indicates pulse profiaga
behavior can be greatly influenced by the sign haf dispersion in the transition

region of the tapered fiber, which will be discusgethe next section.
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Fig. 4-5. (a)-(d) the dispersion coefficients versiie diameter of the tapered
fiber at 830 nm.

Figures 4-6 show the simulation results of supdrnaom spectra for light
propagates in the tapered fiber under differentaye powers using the hyperbolic
secant pulses with a center wavelength of 830nm repdtition rate of 82 MHz.
Owing to the inaccuracy measured the geometricnpaters of the tapered fiber and
the coupling efficiency of the entire tapered fibere are slightly different between
the simulation results and experiment results. H@ne the generated spectra
broadens when the launch power increases, andnigenavelength grows faster than
the short wavelength region, which agrees well \ilidn experimental observation as

shown in Fig. 4-6. The spectral bandwidth defined at the detuning wavelength

48



with intensity of -20 dB to that at peak wavelengtlaround 180 nm at 400 mW input
power in the simulation result, which agrees wethwhe experimental results in Fig.

4-6.
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Fig 4-6. Simulation-results of generated spectidifégrent pump powers using

1-um-diameter fiber tapers with different launched pumowers.

The evolutions of the spectral intensity and theetidlomain pulse shape along
the whole region of the tapered fiber are plottedFig. 4-7 for investigating the
processes of the supercontinuum generation. The tolm red to blue represents the
intensity from strong to weak and the vertical wHihes denote the boundary of the
waist region. During the input transition regiohe tspectrum is slightly broadening
but the time domain pulse shape is broadening aoisiyoconsequent on the
interaction of the linear dispersion. The spectrymead quickly in the waist region
where the nonlinearity is 25 times larger than thiathe untapered region and the
stimulated Raman scattering play significant rolé®refore its spectrum is
asymmetrical. In the time domain, the pulse widthdgally narrows in the waist
region because of anomalous dispersion; howevdrarend of the waist region the

pulse is splitting from the nonlinearity and anooua dispersion interaction. In the
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subsequent output transition region, the pulset spto several group when the
transition region is in anomalous dispersion regitm@vever, those sub-pulse cross
the zero dispersion point and reach normal dispersegime, they broaden with

propagation direction.

Wavelength(nm)

40 60
Z Position (mm) (a)

=) 20 40 60 80 100
Z Position (mm) (b)

Fig. 4-7. Simulation results of (a) the spectrurnleed along the tapered fiber
and (b) the time domain pulse evolved along theregbfiber, that the input

average power is 400 mW.

Many previous studies assume that the effect ofimeerity in taper transition
region is much smaller than that in the waist regtbus it can be neglected when the
numerical simulation is performed. However, acaogdto our result of numerical
simulation, the nonlinear effect in taper transitieegion apparently influences the

spectral broadening so that it cannot be ignore.e réd line in Fig. 4-8(a) accounts
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both the linear and nonlinear effect in the traosiof the taper fiber, while the blue
line represents the numerical result considering tive nonlinear effect in the taper
transition region. According to Fig. 4-8, the etfe€ nonlinearity narrows the spectral
broadening range and suppresses the blue-shift.n@ityz the importance of the
nonlinear effect in taper transition region in dmetviewpoint, the induced frequency
chirp when the pulse propagates through the fagert transition region is calculated,
as shown in Fig. 4-8(b). Due to the normal-dismergiegime in the taper transition
region, the frequency chirp induced by the noniireféect and the linear dispersion
cannot cancel each other, on the contrary, speotcegldening range degrades as a
result of the frequency chirp enhancement duedgmtmlinear effect. The pulse shape
in time domain is displayed in Fig. 4-8(c). The neear effect in taper transition
region broadens the pulse width since the individigmuency chirp induced by the
normal-dispersion and the nonlinear effect has shme sign. The broaden pulse
width at the exit of the first taper transition lems the capacity of the supercontinuum

generation when the pulse propagates along theafisly waist region.
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considered.

Two different shapes of taper transition region #mether considered to
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investigate the influence on supercontinuum ger@rafssume the shape of the fiber
taper is linear tapered and exponential taperedi ttaa calculated broadening spectra
are respectively shown in Fig. 4-9(a). The blue pinesents the linear tapered shape,
while the red line shown the exponential tapereapshlt can be shown in the Figure
that the spectral broadening for linear taperedoshia narrower than that of the
exponential tapered shape. The corresponding freguenirp and pulse width in
time-domain when the pulse propagates through ttvesdifferent shapes of taper
transition region are shown in Figs. 4-9(b) and(&-90wning to different shapes of
taper fiber, the amount and ratio of normal-disjpersanomalous-dispersion, and
nonlinear effect slightly vary when pulse propagaie taper transition region. The
exponential tapered shape contains the larger putit and lower peak power than
that of the linear tapered shape, therefore, tipersontinuum generation efficiency

decreases when propagating in the following waigion.
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From above discussion, the amount of frequencypchirthe pulse when it
launches into the fiber waist can greatly change shpercontinuum generation

spectrum. Therefore, the normalized optical fielsoagted with incident pulse takes
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the form

u(oT)= sed{%} exé— ing , (4.5)

The dispersion effect in fiber taper is too compkcato totally compensate by simply
adopting conventional dispersion compensation nusthidowever, the adjustment on
the value C can partially compensate the pulsedamiag result due to the pulse
propagation in taper transition. Figure 4-10(aspres the supercontinuum generation
result using a chirped pulse with C=-1 launched thie fiber taper. The red line in
Fig. 4-10(a) is the result for launching an uncédpulse, and the blue line is the
chirped pulse. The spectral broadening range is rwaled the efficiency of
supercontinuum generation-if higher for launchimg wumchirped pulse rather than
launching a chirped pulse. Figures 4-10(b) and @)li@dividually plot the frequency
chirp and the pulse width in time domain correspogdo a chirp and an unchirp
pulse propagation the input of the fiber waist. 8exe the pulse propagates in the first
taper transition experiences mainly normal-dispergt,>0), the initially pulse-width
narrowing stage in time domain can be observedherpropagation of the chirped

pulse with C=-1.
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4.4 Conclusions
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Supercontinuum generation fromuin tapered fiber using the 80 fs Ti:sapphire
laser excitation is demonstrated experimentally stndied theoretically. By properly
choosing the exciting wavelength, relatively wigeatra is observed from near UV
to near IR only using 1-cm long andufn-diameter optical tapered fiber. Besides,
exciting power can be greatly lower down for wigeestra generation extended to
near UV by properly connecting two fiber tapers.litSggep FFT method is
investigated numerically in‘order to analyze thecsfal response of supercontinuum
generation phenomenon corresponding to the wavigledependent loss occurred at
transition region of the tapered fiber. The simolatiresults agree with the
experimental results, and shows that the dispe@nhnonlinear effects at transition
region of the tapered fiber greatly influences threaden spectrum shape. The
theoretical result indicates that the zero dispergiross point located at 2u6n so
that the pulse width and peak power of the excpgatse is dramatically changed
when__propagates in transition region, which in teapparently affects the
supercontinuum generation spectrum. Hopefully tiheuktion results in this work
provide a helpful viewpoint to analyze the supetocamum generation in typical

tapered fibers.
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Chapter 5

The Stable and Tunable Fiber Laser

5.1 Introduction

Single-longitudinal-mode (SLM) Erbium-doped fiber (EDring lasers have
potential-applications in-optical communicationbef sensors, and spectroscopy. In
accordance with these Erbium fiber lasers, the tegtonal ring-cavity structure,
which ecan potentially offer more output power withw relative intensity noise, has
been extensively studied [1] — [4]. Due to the iegents of intracavity. components
and connecting fibers; a rather long cavity lengtthe fiber ring laser is unavoidable
and brings out an enormous number of-densely spbuegitudinal modes lying
beneath the Erbium gain curve. To complete singlgitadinal-mode operation,
several single-longitudinal-mode fiber lasers teghes have proposed, such as using
two cascaded Fabry-Perot filters into the ring tals], employing a compound ring
resonator composed of a dual-coupler fiber'ring andnable bandpass filter (TBF)
[6], and utilizing twisted EDFs and fiber-type hat&ve plate to control the cavity [7],
[8].

In this chapter, | propose and investigate expettaily a sable and tunable fiber
double-ring laser to achieve single-longitudinald®mooperation, based on an
Erbium-doped waveguide amplifier (EDWA), a fiber RaPrerot tunable filter

(FFPTF), and a polarization controller into the riogvity. Moreover, the output
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power, side-mode suppression ratio (SMSR), and dstadbilities of power and

wavelength of the laser are also discussed.

5.2 Experiments and Results

Fig. 5-1 illustrates the proposed single-longitadimode Erbium-doped fiber
double-ring laser. The proposed architecture cansisan EDWA, two 3 dB optical
couplers (OCPs), a fiber Fabry-Perot tunable filigFB-TF), and a polarization
controller (PC). The EDWA, which is manufactured wimostep ion-exchange
process;-has the advantage-of inheriting the knpreperties of the Erbium-doped
fiber amplifier (EDFA), such as low noise figureigblt polarization dependence, and
no crosstalk between wavelength-divisionmultiplex(®DM) channels. All optical
performances are measured when the laser pump diodent equals to 440 mA at
ambient temperature: The polarization controllerused to align the state of
polarization of the ring cavity to guarantee a lgatbscillation. The FFP-TF is an
all-fiber device having a widely tunable range, lmsertion loss of < 0.5 dB, and low
polarization-dependent loss of 0.1 dB. This FFP-TE having the free spectral range
(FSR) of 44 nm can provide wavelength selectionthe ring laser cavity by
controlling the external voltage (0 to 12 V) on thezoelectric transducer (PZT) of
this filter. In addition, an optical spectrum armdy (OSA) with a 0.05 nm resolution
is used to measure the output spectra of ring.laser

The FFP-TF not only determines a lasing wavelength diéo serves as a
mode-restricting component to provide the firstniegson on the possible laser modes.
Because of the combination of a FFP-TF and a deude cavity, a

single-longitudinal-mode operation in this fibessda is achieved. The wavelength
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mode oscillates only at a single frequency, whiatises the resonant conditions of

the proposed structure.

Erbium-Doped Waveguide Amplifier

Fig. 5-1. Proposed fiber-double-ring laser architeefor SLM operation

The cavity of ring laser-has a free spectral raifg&Ks), FSR = c¢/nL, where c is
the speed of light in vacuum, n is the averageacgire index of the singlemode fiber
of 1.468 and L is the total cavity length. The pregubring laser has two ring cavities,
as shown in Fig. 5-1..In this experiment, the twm dengths of 11.96 and 13.04 m
are the optimal choice for single-longitudinal-mamfeeration. Therefore, the lengths
of two ring loops are 11.96 and 13.04 m long, gponding to the FSRs of nearly
17.1 and 15.7 MHz, respectively. Then, the singbepfiency operation of the fiber
laser and its influence can be verified by a selabdyne detection method. An
optical circuit for a measurement is composed ogbhatodetector with a 3 dB
bandwidth of 12 GHz and a Mach-Zehnder interfer@meifth a 25 km long standard
single-mode fiber (SMF).

Fig. 5-2 illustrates the output wavelengths of giveposed fiber laser in an
operating range of 1530 to 1560 nm. Fig. 5-2 alemws that all the output side-mode
suppression ratios are above 64.6 dB. To realizeutput behaviors of the laser, Fig.

5-3 shows the output power and side-mode suppresstio versus different
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wavelength for the proposed laser over the wavéhesngf 1530 to 1560 nm. Fig. 5-3
presents that the output power and side-mode ssgipreratio of the laser are large
than -5 dBm and 64.6 dB at 1550 nm in the effebtiv@perating range. The

maximum output power and side-mode suppressioo (8ISR) of the laser are 4.3
dBm and 70.2 dB at 1536 nm, as also seen in F&y.Gempared with the past report
[9], the proposed laser has the lower cost and Ilsimgcheme. Moreover, the
side-mode suppression ratio of the propdseer is better (minimal SMSR of > 64.6
dB) than that of [9] (minimal SMSR of > 30 dB). Théare, the proposed fiber laser

not only has easily structure but also has bettefopnance compared with the past.

25

-35 |

Power, dBm

-55 7

1525 1535 1545 1555 1565
Wavelength, nm

Fig. 5-2 Output wavelengths of the proposed fibbset in an operating range of
1530 to 1560 nm.

In order to investigate the performance of outpatver and wavelength, a
short-term stability of the laser is measured m Bi4. An initial lasing wavelength is
set at 1546.5 nm and total observing time is o¥eménutes. The results show that
our proposed fiber laser has an excellent perfoomahhe output power and central

wavelength variations are less than 1 dB and On@4respectively.
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To verify the single-frequency performance, the-kelinodyne spectra of the
fiber laser without and with double-ring structui@n operating wavelength is at
1546.5 nm) as shown in Fig. 5-5a and Fig. 5-5kpaetively. A noisy and unstable
waveform with spikes is observed in the spectrumsingle-ring laser as seen in Fig.
5-5a. When it is combined with a double-ring couafafion, the proposed resonator
can guarantee a single-longitudinal-mode laser llason in Fig. 5-5b.

Simultaneously, the fiber laser effectively suppesssidemode frequencies of 500
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MHz, also shown in Fig. 5-5b.
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Fig. 5-5 Self-homadyne spectra of the (a) singherand (b) double-ring laser at
1546.5 nmiinitially

5.3 Conclusion

This chapter has proposed and investigates experthen tunable and stable
fiber laser with single-longitudinal-mode outputsbd on double-ring architecture.

Double-ring structure provides a fine mode restitt and guarantees a
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single-longitudinal-mode operation. The output powfklarger than -5 dBm and the
side-mode suppression ratio of larger than 64.6od& the operating range from
1530 to 1560 nm can be obtained. And the maximutpubiypower and side-mode
suppression ratio of the laser are 4.3 dBm and @B.at 1536 nm. In addition, the
power fluctuation of less than 1 dB and the centraelength variation of less than

0.04 nm also are observed for lasing wavelengthshort-term observing time.
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Chapter 6

Projection Moiré Profilometry with

High-Dynamic Range Image

6.1 Introduction

Accurately measuring-the 3-D shapes of the objeateportant for the industry
to speed up the product development and ensumaahefacturing quality. In general,
the techniques of 3-D shape measurement can bsifiddsinto two categories:
contact-surface measurement. - and noncontact-surfaneasurement. The
contact-surface technigues can provide the highracg for the measurement of any
“hard” objects which are insensitive to the-optipedperties of the surface. However,
there are risks for the contact-surface techniqoetamage the surface of the object
inspected. Moreover, as a.point-by-point measutiechnique, the speed of the
contact-surface technique is usually very slow.cémtrast, the noncontact-surface
methods would not damage the surface of the objepected. Although among these
two types of techniques different optical methodsextensively adopted, it is still an
exceptional challenge for an object tested in a@rcapinspection system with a wide
range of variation of the surface reflectivity. dddition, for increasing the speed of
the measurement, the image detectors with low dimaamge are utilized typically

providing 8 bits of brightness data only for eackep Hence the image captured by
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the imaging system ends up being too dark in sae@saand possibly being saturated
in others. Since the optical signal of the meagurggion cannot be properly retrieved,
these inspection methods would result in the |d$s @ccuracy.

An overview of 3-D shape measurement using variopscal methods was
provided by Chen [1]. The merits of the structuligtit method, also categorized as
active triangulation, are (1) easy implementat({@), fast full-field measurement, and
(3) phase shifting with the fringe density and fthieesction change implemented
without moving parts if a computer-controlled LCO®LP is used [2-4]. However,
the optical properties of the object surface woaftect the accuracy and thus a
variety of optical 3-D shape measurement methodsbeen proposed for the shiny
surfaces [5-6]. Nevertheless, for the abject witryvhigh dynamic range of its
surface reflectivity, all these proposed methodghmnibe potentially problematic.
Zhang and his coauthors addressed a high dynamigergHDR) technique to
measure this type of object [7]. They reported thatiiple shots of the fringe images
with different exposures were taken for each measant. The final fringe images,
used for phase retrieval, were produced pixel-xgipby choosing the brightest but
unsaturated corresponding pixel form one shot. Asphkshifting algorithm was
employed for computing the phase that can be furtbaverted to 3D coordinates.
Therefore, the multiple shots taken can overcomevérg high dynamic range of
surface reflectivity; but it is oppositely a timertssuming measurement. On the other
hand, Nayar suggested that using an optical magikcett to a conventional image
detector array can achieve a high dynamic ranggentetector [8]. On the mask
there was a pattern with the spatially varying sraittance, thereby giving adjacent
pixels on the detector the different exposureshtodcene. The captured image was

mapped to a high dynamic range image by using Acesit image reconstruction
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algorithm; however, this method must downgradeisalhatresolution for gaining a
high dynamic range image.

In comparison with the previous studies, this chaptesents a technique for a
low dynamic range imaging device, such as a CCDecamo acquire a high dynamic
range image in one-shot. Thereby, it is possiblméasure a very wide range of the
surface reflectivity without any reduction in theasial resolution. The availability of
the extra bits of the data at each image pixel ecd®m the robustness of the
phase-retrieving_algorithms so that an accuratéasertopography of a measured
object can be obtained. A digital-light-processi(igLP) is used as the light
modulation for the control of the distribution dietlight intensity when a sample is in
higher 'reflectivity regions but under lower lightumination. The dull regions are
illuminated with higher light intensity to produca raw image whose surface
brightness levels for all pixels are ranged wittina dynamic range of a CCD camera.
Thereatter, the single raw image is processed ymgensation operation according
to an intensity gain ratio of the light intensitgfore and after being modulated by
DLP. As a result, a high dynamic range image caokiained from the low dynamic
range imaging CCD. Since this system only requtsesnaging device to capture one
image for processing, the advantages are not omltime-consuming and low errors
during multiple sampling but also high spatial tagons. This proposed technique is
not limited to 3-D shape measurement systems; iagplicable to any optical

measurement techniques with variant spatial brigggn

6.2 Measurement Method

This work developed a projection moiré system fa@pecting the high variation
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range of surface reflectivity with the high speeeéasurement and preserving the
spatial resolution. This system is based on a diifyitege projection and is associated
with three-step phase-shifting algorithm. It retdae the phase value of the fringe
images and converts to 3-D shape. The basic coatigarof the moiré system using
digital fringe projection is shown in Fig. 6-1. Arhp is used for providing a uniform
intensity distribution onto the DLP chip and thée tmodulated light is projected onto
the object through a telecentric lens. The DLP. cbgmtrolled by a computer
generates the fringe images which are projected tm object under measuring.
These fringe images are distorted and reflectechbyobject and then captured by a
CCD camera. The DLP chip not only generates th@drimages for phase-shifting
method but ‘also adjusts the light intensity disttibn to be ranged within the
dynamic range of the CCD camera. Then a frame grabisalled in the computer,
acquires the digital fringe images through a caniakainterface. The computer
processes the fringe images obtained to retrieeeptimase by using both of the
phase-shifting algorithm and the phase-unwrappiggrigthm with further conversion
to 3-D coordinates [9]. According to the three-sgpase-shifting algorithm, the

original projected fringe image intensities aresprged as

27T

L(xy)=a(xy)+B(xY) Eto{;b(x ,y)—?},
L, (xy)=a(xy)+B(xy)tog #(xy)], and (6.1)
L(xy)=a(xy)+B(xy) Ed:os{¢(x ,y)+2?ﬂ},

wherea is the DC component or average intenditys the amplitude of the intensity
modulation, ana is the phase of the spatial modulation. The frimgage is reflected

by the surface of the object under test and thecajgured by the camera. Those

fringe images actually captured by the camera are
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4 (x9) =1 (x ) a(x)  A(x) g ofx v)- 2]
1, (%) :r(x,y){a(x,y)+,8(x,y) [tog (X ,y):|} , and (6.2)

(1) =r () a(xy) +A(x) wog fx ) + 2|

wherer(x,y) is related to the reflectivity of the object ahe tamera sensitivityl(X,y)
is the phase of the fringe images after modulatedhk object. The phase can be

retrieved through Eq. (6.2) from Eqg. (6.3)

qo(x,y)=tan‘1[ B(14-1 ) ] (6.3)

20— (1+ 1)
The height of the object’s surface is proportiotoathe phase differencégp = ¢ - ¢.
The traditional method is on the basis of the camisaverage intensityaf and the
constant amplitude3j of Eg. (6.1) for all field of view inside the mmaing
configuration. From Eg. (6.2), if a shiny regionwghin the field of view, the region
presents large reflectivity and dominates botthefdaverage intensity and the average
amplitude. Consequently, with a possible shinyoegt is necessary for traditional
methods to pick up small average values of thengitg and the amplitude to avoid
camera saturated. However, in general case thewate too small for some dull
region to retrieve the phase from Eq. (6.3). Bypb@t of view of mathematics, the
intensity contrast could not affect the precisiénh@ phase retrieved process; but the
system is discrete and the small contrast will kevéarge digitized noise during the
phase retrieved process according to Eq. (6.3)s Thmapter presents a novel
projection moiré system which could avoid contrists for inspecting the high
variation range of surface reflectivity. The DLPigmot only adjusts the light

intensity for the whole region but also adjustsititensity pixel-by-pixel. The system
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could optimize the average intensity and the awe@gplitude of each pixel. This
function could ensure the whole region enough esttgained for performing the

phase retrieved process.

DLP — = .=|=. -
Mirror /V\(L _)- )_D ccD

PC

—

Fig. 6-1 The system configuration

In_this study used Optoma EP728 DLP projector tat@ the signals of the
fringe image with a resolution of 1024x768, and thege pitch was 3.3 mm (150
pixels). - The camera that we used was SONY . XCL5008 & resolution of
2400x2014 and 12 bits/pixel. The frame grabber AESA X64 Xcelera-CL PX4

with a camera-link interface. The field of viewthis system was 53x45 mm.

6.3 Results and Discussion

Image modulation / intensity control unit
Phase-retrieving Reconstructed Calibration Raw image data
algorithm high dynamic module
range image )
Feeding back a
External ‘ c.onﬁgl;uration
signal
configuration — ’
command i Intensity
configuration
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Fig. 6-2 The block diagram of a control unit

The block diagram of the intensity control unitsBown in Fig. 6-2. Firstly,
Controlled the DLP to form uniform distribution die light intensity and projected
the light on the sample. Since there were shinydarldregions on the surface of this
sample, the image captured by the CCD ended up dathk in some areas and
possibly with saturated in others. The calibramoodule received the raw image data
from the CCD and an image.processing algorithmcetedd the boundary of the
regions with different values of the surface reflaty within the field of view and
then resulted.in the calibration factors for eamfion. The estimated factors were fed
back to the intensity configuration module for gajustment of the intensity of the
fringe images and for-the-guarantee of the intgnsitall regions being within the
dynamic region of the CCD camera. For the industmanufacturing process, the
similar inspection condition would be assured thia¢ boundary regions and
calibration factors can be loaded from the datablésethe phase-shifting algorithm,
the modulated fringe images with the revision oé taverage intensity and the
amplitude for different region from calibration tacs were sent to DLP projector and
projected onto the sample. Therefore several seraw images with the surface
brightness levels of all pixels could be producdthw the dynamic range of CCD
camera. The raw images were reconstructed as Iyggntc range images according
to the calibration factors and were sent to phasgering algorithm. Because of the
images with larger signal-to-noise ratio from thghhdynamic range, higher quality
of 3-D data could be obtained.

To demonstrate the method, measured a slide moontadbase plane with high
reflectivity. Two grooves were formed with low rectivity on the top of the slide by

sand blasting. This study compared the measureresutts between the traditional
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fringe-projection moiré and the presented fringejgution moiré system. The system
included a DLP module, a uniform lighting moduledaa CCD camera. Firstly,
aligned the system carefully and measured theioal&ietween the pixel of the DLP
and the pixel of CCD camera. Thereafter we coudditer a mapping table for looking
up the intensity of the image which was capturedC@D camera according to the
corresponding pixels on the DLP chip. The traddioininge-projection moiré system
and the DLP module provided uniform sine fringe rotlee whole field of the
measurement. For solving the profile of the slides DLP module projected three
sine-fringe images with a phase shift ai/2 to the slide; and then the three-step
phase-shifting algorithm was used to solve theilgrobs shown in Fig. 6-3. The
cross-sectional plot of the marked region of theesis shown in the left-hand side of
Fig. 6-3, and the horizontal axis stands for theslsi of CCD camera and the vertical
axis is the height of the slide. The left-bottomage is one of the fringe image
captured by CCD camera, indicating that the lovientiivity on the top of the slide
made the image lose its contrast, owing to therashbf the fringe was insufficient to
perform the phase-retrieving algorithm. There weeny spark noises in the darkest

region.
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Fig. 6-3 The captured image and retrieved profilthe traditional fringe
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projection

In order to overcome the insufficient contrast, tleel projection moiré system
invoked the calibration module calculating the tightensity distribution over the
field of view by modifying the edge detection algom and by defining the
calibration factors for each region. Referring twe tmapping table and using
mixed-pixels algorithm, the measurement used th@ Bilodule to adjust the average
intensity and the average amplitude of:the intgnsibdulation based on the factors
and the fringes projected to the slide. The imaggrured by the CCD camera were
then fed in the calibration module for the recamstion of the high dynamic range
images, -as shown at.the. bottom-left of Fig. 6-4teAfthe process of the
phase-retrieving algorithm, it obtained the 3D peobf the slide. Figure 6-4 shows
the cross-sectional view of the marked region ef shde. Compared with Fig. 6-3,
the contrast is adequate for performing the phasesving algorithm leading to the
high dynamic range image obtained from the intgnsontrol unit. Hence the spark
noise disappeared. This ‘result demonstrated .that pgloposed method can

successfully measure the objects with large dynauniface reflectivity.
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Fig. 6-4 The captured image and retrieved profilthe regional adjusting fringe
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77



6.4 Conclusion

This chapter present 3D profile systems which drke d0 acquire a high
dynamic range image in one-shot and preserve #gatsolution. An algorithm is
proposed for calculating the calibration factorsaading to the different reflectivity
for each region, and then the DLP module is desigoe adjusting the illumination.
A CCD camera is used for the capture of the imagel then an algorithm is
performed for the reconstruction of the high dymamange image by a compensation
operation according to-the.calibration factors.sTi@chnique can improve the image
contrast without reducing the spatial resolutiod awercome the wide range of the
variation of the surface reflectivity. Because ghhdynamic range image is obtained
by one-shot, it's economic without induced errors moultiple exposures. The
enhanced fringe contrast by the high dynamic-ramgge provides the robustness of
the phase-retrieving algorithms so that an-accigatace topography of a measured
object can be obtained. The proposed method coelddplicable to any optical
measurement techniques that the reflectivity of shdace of the measured objects

varies abruptly.
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Chapter 7

Conclusions

Optical measurement technigques have been recemingncreasing attention
during recent decades. The most.important reasdimatsthey work non-intrusively
and therefore do not influence the investigatead@ss. The continuing developments
in laser, detector, optical fiber and computer tetbgy will further augment the high
applicability and versatility-of optical measuringchniques. Therefore, it can be
expected that optical techniques will continue aggn importance in many fields of
application. However, the procedures of optical sneament techniques include
emitted a light signal, this signal modulated byide under test and analyzed the
difference of those signal. The purpose of thisealation is to discuss what is
important in optical measurement technology isdpust the light source suited with
this measurement.

a. Thermo-Optic Tunable Tapered-Fiber Filter:

Broadband light sources with high spectral powearsity are important for high
resolution optical coherence tomography (OCT) itut or tissue bio-imaging. The
broadband light source with a smooth Gaussian p@wectrum is advantageous to
achieve low speckle noise, generating from the allyticoherent scattering photons
from biological tissues. Echo free OCT imaging che obtained since a
non-Gaussian-spectrum light source will signifitardistort the OCT axial point

spread function. This dissertation has propose@va method of achieving widely
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tunable all-fiber broadband Gaussian-shaped speditars by concatenating
thermo-optic tunable short-pass and long-passrdiltéhe material and waveguide
dispersions are both employed to vary the speetratlope of short-wavelength-pass
filters and long-wavelength-pass filters to respety fit the right and left wings of
the desired Gaussian profile. The achieved speatrattast can be higher than 40 dB
and the filter still keeps Gaussian-shaped durivegmo-tuning process. This kind of
widely tunable Gaussian filters should be advardagefor optical coherence
tomography (OCT) bio-imaging systems using broadbgyit sources.

This dissertation also presented a new type of nthewptic tunable
short-wavelength-pass fiber filters based on fiapering and dispersion engineering
has been demonstrated experimentally and analymmidtically. Good agreements
between the BPM simulation and experimental resaiés achieved. The effects of
material dispersion and waveguide dispersion cl@rgtics have been investigated
by examining the spectral response as well astitaeging trends of the MFD and the
effective mode index. An optimized tapered fibdtefi structure that can attain
high-cutoff efficiency has been suggested basetth®mwbtained theoretical simulation
results. It finds for SMF-28 raw fibers, the unifotapered waist diameter should be
around 3f@m, the uniform tapered-waist length should be greitan 30 mm, and the
tapered-transition length should be  greater thamrf. With such an optimized
structure, the cutoff slope can be as high as BIrfd, the rejection efficiency can be
as high as 70dB, and the fundamental mode-coufdsgis below 0.3dB. In principle,
if different choices of raw fibers can be usedsipossible that the performance can
be even more optimized. The analyses presentdrtipresent work should be helpful
for developing inline tapered fiber filters based t¢he dispersion-engineered

fundamental-mode cutoff mechanism.
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b. Supercontinuum Generation in a Tapered Fiber:

Supercontinuum generation fromuis tapered fiber using the 80 fs
Ti:sapphire laser excitation is demonstrated expenially and studied theoretically.
By properly choosing the exciting wavelength, riekly wide spectra is observed
from near UV to near IR only using 1-cm long angn-diameter optical tapered
fiber. Besides, exciting power can be greatly lodewn for wide spectra generation
extended to near UV by properly connecting two rfitapers. Split-step FFT method
is investigated _numerically in order to analyze  tlspectral response of
supercontinuum- generation phenomenon corresponditige wavelength dependent
loss occurred at transition region of the tapeinedrf The simulation results agree
with the experimental results, and shows that ipeailsion and nonlinear effects at
transition region of the tapered fiber greatly ueihces the broaden spectrum shape.
The theoretical result indicates that the zeroaspn cross point located at 216
so that the pulse width and peak power of the edgitulse is dramatically changed
when "propagates in transition region, which in teapparently affects the
supercontinuum generation spectrum. Hopefully theution results in this work
provide a helpful viewpoint to analyze the supettamum generation in typical
tapered fibers.

c. Stable and Tunable Fiber Laser

This dissertation has proposed and investigat@erarentally a tunable and
stable fiber laser with single-longitudinal-mode tput based on double-ring
architecture. Double-ring structure provides a finede restriction and guarantees a
single-longitudinal-mode operation. The output poweklarger than -5 dBm and the
side-mode suppression ratio of larger than 64.60u8 the operating range from

1530 to 1560 nm can be obtained. And the maximutpubypower and side-mode
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suppression ratio of the laser are 4.3 dBm and d@B.at 1536 nm. In addition, the
power fluctuation of less than 1 dB and the centravelength variation of less than
0.04 nm also are observed for lasing wavelengthshort-term observing time.

d. Projection Moiré Profilometry with High-DynamiRange Image:

This chapter present 3D profile systems which drke d0 acquire a high
dynamic range image in one-shot and preserve #gatsolution. An algorithm is
proposed for calculating the calibration factorsaading to the different reflectivity
for each region, and then the DLP module is desidgoe adjusting the illumination.
A CCD camera is used for the capture of the imagel then an algorithm is
performed for the reconstruction of the high dymamange image by a compensation
operation.according to the calibration factors.sTt@chnique can improve the image
contrast without reducing the spatial resolutiod amercome the wide range of the
variation of the surface reflectivity. Because ghhdynamic range image is obtained
by one-shot, it's economic without induced errors moultiple exposures. The
enhanced fringe contrast by the high dynamic-ramgge provides the robustness of
the phase-retrieving algorithms so that an accwsati&ace topography of a measured
object can be obtained. The proposed method coel@gdplicable to any optical
measurement techniques that the reflectivity of dhgace of the measured objects

varies abruptly.
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