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Abstract

Optical pulse compression is an important process that can be used
to reduce pulse duration, for that future it can be used in many advanced
optical communication systems for high data rate applications such as
orthogonal frequency division multiplexing (OFDM) and dense wavelength
division multiplexing (DWDM).

In this work, the in line fiber pulse compression is designed and constructed
using very narrow pulse laser which designed to couple the two
interferometers by using electronically chopped circuit that has 10 ns pulse
duration, 286 pm full width at half maximum (FWHM), peak power (P,) of
1229.271uW and centered at 1546.7 nm and propagate via these types of
fiber interferometers. The first interferometer is etalon Fabry—Perot
interferometer that formed by splicing two hollow core photonic crystal
fibers HC-PCFs (7 &19 cell) between two single mode fibers smf-28 fibers
while the second interferometer is Mach-Zhender interferometer that was
constructed using two types of solid core photonic crystal fibers SC-PCFs
(PM-1550-01&ESM-12B) with 30 cm length spliced in between two single
mode fibers (smf-28). It is worthy to be mentioned that the two types of
interferometers are centered in 1546.7 nm. Minimum FWHM was obtained
in the case of 7 cm 19 cell hollow core photonic crystal fiber (HC-PCF)
which was equal to 117.26 pm with 2.43 compression factor. This output
was enhanced, compressed, by changing the effective refractive index (Nef)
after replacing the air holes of 19 cell HC-PCF with two organic compound
that are ethanol and acrylic acid solution. Good compression factor that is
equal to 4.9 with FWHM of 58 pm was extracted in the case of acrylic acid
solution after dilute 25% acrylic acid that has a refractive index of 1.5 with
75% ethanol and 1.3369 refractive index (both refractive indices of organic

compound are to be measured at 1550 nm and 25C°) and using refractometer.
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Chapter One

Introduction and Basic Concepts
1.1 Introduction

Over the past decade, a considerable amount of interest in optical
properties of multidimensional, periodic structure had arisen. An especially
class of such structures in which light propagation for certain range of
frequencies is prohibited, are often known in literature as photonic crystals
or photonic bandgap materials. The large interest in PCs arises because it
offers the possibility of controlling and manipulating light within a given
frequency range through photonic bandgap [1]. Among the most interesting
aspects of photonic crystals are the possibilities of creating new means of
waveguiding [2], the flow of light may be controlled to an extreme degree.
An exciting area where 2D photonic crystals could be employed is, optical
fibers. The fiber form of these structures, which is attracting a lot of interest
because of its unique wave guiding properties unattainable in conventional
optical fibers, is known as Photonic Crystal fibers [3]. Thus, photonic crystal
fibers (PCFs) are single material optical fiber with a periodic array of air
holes running down the length of the fiber, with a central guiding core. PCFs
can be divided in two classes according to the mechanisms used to guide
light. The newer classes of structures are the Photonic Band gap Fibers,
where, the light is guided by photonic band gap effect in low index region
(i.e. air). The second class of photonic crystal fiber's guide light by modified
Total Internal Reflection, where light is confined to the high index defect
introduced at a design state. Photonic crystal fibers show some remarkable
properties since they appeared in the mid-1990s [4] like single mode
operation in wide wavelength range (337nm-1550nm), large mode area,
unique wave guiding and dispersion properties, excitation of non-linear

effects at small mode area etc.
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The effective index difference between the core and cladding in PCF is a
strong function of wavelength, since at longer wavelength the modal fields
extend into the air holes, thereby reducing the effective index. This strong
wavelength dependence results in a range of unique & potentially useful
properties for such fibers. The arrangement and spacing of air holes provide
freedom to tailor the dispersion properties for telecom applications.
Therefore, these fibers are particularly attractive for Photonic devices
because of their optical properties which can be engineered during
fabrication process and it is expected that the PCFs will find its place in
telecommunications network [5]. The majority of fiber devices, such as
optical sources, detectors, switches, interrogation units etc., use standardized
telecom fiber connectors. Therefore, most of the practical applications of
specialty, including photonic crystal, side-hole, air-clad etc., fibers require a
reliable and repeatable low-loss splicing with a standard single mode fiber
(SMF) [6]. Low loss splicing a PCF with a single-mode fiber (SMF) remains
a key problem that limits the widespread development of PCF devices and
sensors. In general the splicing loss is due to two reasons: one is the mode
field mismatch between PCFs and SMFs; the other is that the air holes in
PCFs at the splice joint are often collapsed during the splicing process, which
significantly increases the coupling loss by destroying the light guiding
structure of the PCF near the joint interface. There are two methods to make
splicing between photonic crystal fibers and single mode fiber either using
fusion splicers or CO2 lasers gradient index fiber lenses splice—free PCF
technique tapered PCF and different fiber splicer's. The most suitable and

practical method is used a method of arc fusion splicing



1.2 Aim of the thesis

The aim of this thesis is to investigate and implement all-fiber
pulse compression based on In-Line Fabery-perot and Mach-Zehnder
interferometers by using of hollow core photonic crystal fiber (HC-PCF)

and solid core photonic crystal fiber (SC-PCF).
1.3 Photonic crystal fibers

The Photonic crystal fiber (PCF) is a new class of optical fiber
based on the properties of photonic crystal [15]. A defect was created by
filling the central air-hole with glass to guide light by modified total internal
reflection (MTIR) between the solid core and the cladding region with
multiple air holes. These index-guiding PCFs also called MTIR-PCFs.
Another PCFs use a perfectly periodic structure exhibiting a photonic band-
gap (PBG) effect at the operating wavelength to guide light in a low index
core region [16]. A PCF can be described by its cladding structure, the air
hole size diameter (d), and the distance between neighboring air holes, called
the pitch or hole-to-hole spacing, A, as illustrated in Figure 1.1. The relative
hole size (d/A), defined as the ratio of the air hole size to the hole-to-hole
spacing is also a commonly used parameter. Another measure often used to
describe PCFs is the air filling fraction, defined as the fraction of the area of
the air holes to the area of the silica in the cladding. The core diameter in
PCFs is not as clear as that for standard fibers with a circular core.
Nonetheless the core diameter of hexagonal PCFs with one air hole defect is

often counted for as 2A-d, also indicated in Figure 1.1 [17].



(a) Refractive index (n) (b) Refractive index (n)
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Fig. 1.1 Cross section and refractive index profiles of a) conventional step-index, b)
a solid-core PCF. The gray and black regions correspond to silica material and air,

respectively [16].

1.3.1 Guiding Mechanism in Photonic Crystal Fiber

In photonic crystal fiber (PCF) there are many designs to confine
light to its core. Figure 1.2 shows the three design of PCF: (a) Bragg fiber,
(b) Hollow core fiber and (c) Solid core fiber. PCF is constructed of two
materials with different refractive indexes, arranged in a periodic structure
[16]. Hollow core fibers (HCFs) are built from a periodic lattice of holes in
the cladding that run parallel to the propagation axis of the fiber, with a large
hole at their center. Both Bragg fibers and HCF utilize a photonic band gap
to confine light to their core [17]. Solid core fibers (SCFs) have a periodic
lattice of holes like hollow cores, but have a silica core which the light
propagates down. Like SMF, SCFs use total internal reflection to confine
light to their cores. SMF is constructed to have a small core, which can only
guide one fundamental mode above a cut-off wavelength [15]. SMF used the
refractive index contrast between its higher refractive index core and its
lower refractive index cladding. Light was confined to the core due to total
internal reflection, and propagate along the propagation axis of the fiber due

to Snell law which is given by:



n1 sin(61) = na sin(6,) (1.1)

@

Fig. 1.2 Photonic Crystal Fiber designs, a) Bragg fiber, b) hollow-core fiber and, c)
solid-core fiber. [17]

Solid core fiber (SCF) provided the contrast in refractive index
between the core and cladding by reducing the refractive index of its
cladding by inserting the air holes as a periodic lattice around the core. SCF
can be constructed that is endlessly single mode [18]. Endlessly single mode
fiber doesn't possess a cut-off wavelength, and only guides the fundamental
mode regardless of wavelength [16,18]. There are two descriptions of the
causes of this endlessly single mode property state that shorter wavelengths
penetrate less into the PCF cladding from their core, and therefore
experience a higher refractive index of the cladding than for longer

wavelengths [18].

As a consequence of this, they experience the lower effective
refractive index difference between the cladding and the core will reduce the
confinement for shorter wavelengths. Therefore higher order modes are not
confined to the core of the PCF [17,19]. The endlessly single mode property
is due to the different intensity profiles of higher modes when compared to
fundamental mode. Light is evanescent in air that provides a strong barrier
for light. The air hole structure can be imagined as a "sieve"”, with the air
holes the "wire mesh". The fundamental mode is a lobe that acts like a "grain
of rice", trapped in the mesh. Higher order modes have finer lobes that can

escape through the gaps in the mesh. The endlessly single mode property of
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the PCFs has been experimentally verified [17], and has provided benefits in
high power delivery. Hollow core PCF is also capable of high power delivery
since the high power doesn't damage the air in the core of the fiber. The band
gap means that the fiber can be filled with air, or other fluids with a refractive
index lower than the cladding [20]. This is a very versatile property and has
been used for high non-linearity for super continuum generation and even

transportation of polystyrene spheres along their length [21].
1.3.2 Challenges in Splicing of Photonic Crystal Fiber

In any splicing operation, the key point is the mode coupling
between two fibers. If there is any mismatch during the splicing process, loss
will be the cost. Therefore, it is important to ensure that the efficiency of
light coupling from a SMF to the PCF is as good as possible, in other words,
with the high coupling efficiency. However, the challenge in splicing
conventional SMFs with the PCF raises from the fact that the PCF has a
periodic number of microstructure air holes surrounding the core. The
heating process require for splicing damages the hole structure of PCF. To
understand why, an effect called hole collapse and related loss will be

explain:
1.3.2.1 Hole Collapse

When forming a splice between SMF and PCF the two fibers must
be heated. The heat caused hole collapse, which is where the light guiding
structure of PCF collapses [22, 23].

Regions of PCF where the hole structure has collapsed no longer
guide light, which allows light to escape from the core of the fiber and is a
source of loss. For SMF- SCPCF type (ESM-12B) the hole collapse region
isn't birefringent. To reduce the length of the hole collapse region, and
reducing loss caused by it, the heat was applied to the PCF need to be reduce.

This can be achieved by reducing the arc power during splice. The hole
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collapse was composed of two types which were known as complete hole
collapse and partial hole collapse. The complete hole collapse is where the
hole structure has collapsed completely and the fiber no longer confines light
to the core. The holes in a partial collapse have shrunk in diameter, causing

light confinement to be weakened but still present [23].

When PCF is heated during splicing, the air holes collapsed and
its rate was determined by two forces: the surface tension of the silica and
viscosity of the silica. The surface tension effects on collapsing the air holes
and pulls the fiber ends together into a splice, where the viscosity resists the
surface tension. When the fiber was not being heated, the viscosity is high
enough that the diameters of the holes remained constant. As the fiber was
heated towards the melting point of silica 2000°C the viscosity of the silica
reduces [23]. There is a threshold point closed to 2000°C where the surface
tension overcomes its viscosity, and the holes begin to collapse [24]. The
speed of this collapse is given by equation (1.5):

Veoltapse= v /1 (1.5)
where y is the surface tension of the silica and n is the viscosity of the silica.

The temperature in a region of the PCF experiences decreases as a
function of distance of that region from the arc points [24]. This means that
when the electrical arc is on, the viscosity of the silica of a region increases
the further away from the arc points that region is. This reduces the speed of
the collapse, for holes of regions further away from the arc point. The time

it takes for a hole structure to collapse is given by
T= Dhote / V coliapse (16)
where V is the speed of collapse and D ne i the diameter of the hole.

As the speed of collapse reduces, it takes longer time for the whole
structure to collapse [26]. For some of the fiber far enough away from the

arc points, this time is longer than the duration of the electrical arc. This
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region of the PCF experiences partial collapse. There is a point along the
fiber far enough away from the arc points that the temperature does not reach
the threshold value for collapse to begin, which represents the boundary
between partial collapse and no collapse [22]. The effect of hole collapse on
the loss across the splice is that the mode field diameter (MFD) increases
across the hole collapse region. This can cause a mismatch between the MFD
of PCF and the fiber to which it is being splice. If the MFD of the PCF is
greater than the fiber to which it is spliced, only the intensity of light within
the area of the MFD of the other fiber will be transmitted into its core. The
greater the mismatch, the lower the fraction of light that will transmit from
the core of the PCF into the core of the other fiber. If the MFD of the PCF is
smaller than of the fiber to which it is spliced, all of the light that transmits
across the splice will be guided by the core of the other fiber [23]. This means
that loss across the splice is described as non-symmetrical, or non-reciprocal.
The MFD of both fibers can be chosen to match, but as the MFD of the PCF
depends on the length of the hole collapse region, the mismatch is dependent

on the nature of the splice [25].
1.3.2.2 Splice Loss

Loss is an important factor for optical fiber technology. But over
the last 50 years, losses in standard optical fibers have been reduced. The
minimum loss in pure fused silica at 1550 nm wavelength is slightly less than
0.2 dB/km [26].

In photonic crystal fiber light moves away from the core if the
confinement provided by the air-holes is not enough .This means that it is
important to design such aspects of the PCF structure as air-hole diameter
and hole-to-hole spacing, or pitch A, in order to realize low-loss PCFs[27].
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In general, fiber loss or attenuation can be calculated with
attenuation constant, a, is a measure of energy loss during the transmission

in the fiber. This constant is represented by [28]:
Loss = _10|0g (pout /pin) (12)

where L is the total fusion splice loss in dB, pix IS the input power, pou: is the

transmitted power.

The splice loss is generally due to two reasons: one is the mode
field diameter (MFD) mismatch between PCFs and SMFs, and the other is
that the air holes in PCFs may completely collapse in the vicinity of the
splice joint during the splicing process MFD is the characteristics of a fiber
which describes the confinement of mode or light in the core part of an
optical fiber. The total attenuation or total splice loss between PCF and SMF
due to the mode mismatch can be calculated by using the following relations
[29]:

MFD = 2w /1 + 2 (1.3)

2WpCF WSMF (1 4)

O((dB) = —ZOIOg

2 2
W7pcr +tW SMF

where n is the refractive index of the pure silica (nsiiica=1.45 at 1550 nm and

20 ¢°), A is the light wavelength.

The (dB) is the total fusion splice loss in dB and the wsms and wycr are the
mode field diameters of SMF and PCF respectively, the loss mechanism is
due to the mode mismatch between PCF and SMF [30].
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1.4 Interferometers

Interferometers operate according to the principle of grazing
incidence of light [6]. Typically an incident light beam of interferometer is
split into two or more parts and then recombine together to create an
interference pattern. The integer number of wavelength for the optical path
difference between the two paths corresponds to constructive points and odd
number of half wavelengths corresponds to destructive points of the
interference pattern. So, in the output optical spectrum of the optical fiber
interferometer (OFI), the position of minimum can be shifted to maximum
position if the optical path difference varies by odd number of half
wavelengths. At least two optical paths are necessary for an interferometry
experiment. These optical paths can be in one optical fiber with two or more
different optical fiber modes. Each of modes defines one optical path for the
interferometer such as the Sagnac interferometer where the optical paths are

defined by the clockwise and counter clockwise modes [6].

There are many interferometers configurations that have been
realized with the PCF. To see the principle of their operation, the detail of
some interferometers such as Mach-Zehnder, Sagnac, Fabry Perot, and

Michelson interferometers are presented [7].
1.4.1 In Line Fiber Photonic Crystal Fiber as Michelson Interferometer

A schematic of conventional Michelson Optical Fiber
Interferometer (OFI) is depicted in Figure 1.3. The high coherent light beam
Is split into two different optical paths in the upper and lower photonic crystal
fibers by the 2 x 2 optical fiber coupler (OFC). The light reflected back by
mirrors My, through @ for phase shift and M, are recombined by the OFC to

produce interference pattern at the receiver [8].
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Fig. 1.3 A schematic configuration of in line PCF as Michelson interferometer [5].

1.4.2 In Line Photonic Crystal Fiber as Sagnac Interferometers

The configuration of a Sagnac optical fiber is illustrated by Figure
1.4. The optical source is a single mode stabilized coherent semi-conductor
or Erbium doped optical fiber laser. The laser output beam is assumed to be
well collimated with uniform phase. The laser beam enters the lossless 3dB
Optical Fiber Coupler (OFC). At the OFC the injected light splits into two
parts with equal intensity that each of them travels around single mode
optical fiber coil in opposite directions. The output of Sagnac coil is guided

toward a single detector [8].

Laser

Detector

PCF

Fig. 1.4 A schematic configuration of in line PCF as Sagnac interferometer [6].

Due to this specific configuration, fiber Sagnac interferometer has

been used for rotation sensing primarily. In a non-rotating Sagnac
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interferometer, the clockwise (CW) and counter clockwise (CCW) modes
are in phase while for a rotating Sagnac configuration due to the rotating
velocity, the optical path of one of the modes is shorten and the other one is
lengthen. The Sagnac effect causes the interference spectrum depends on the
angular frequency of the setup [9]. Analysis can be based on the Doppler
frequency difference between the CW and CCW modes. The detector output
frequency is the beating frequency of CW and CCW modes. When rotational
axis is oriented along the optical fiber coil axis, the phase difference of CW
and CCW modes is:

Ap =8m N AL/, (1.5)
(0]

where 4, is the free space optical wavelength, A is the area of Sagnac coil,
N is the number of the coil turn and Q is the angular velocity [10].

The previous equation can be rewritten as:

Ap =50 (1.6)
where S = 8m NA/A,

S is the sensitivity of Sagnac interferometer.

1.4.3 Mach-Zehnder Interferometers (MZI) using Photonic Crystal
Fiber

In the present PCF between two single mode fibers the collapsed
region allows the input light to split into the core and the cladding of the
PCF, resulting in light propagating as core mode and cladding modes,
respectively. Figure 1.5 shows a schematic diagram of the in-fiber PCF MZI.
The first collapsed region acts as a beam splitter coupler where the core and
cladding modes are excited in PCF simultaneously while the second
collapsed region acts as combiner coupler. The core mode and cladding
modes travel along the PCF length (L) with different speeds. Since these

modes are characterized by their effective refractive indices (Ncore and Nejag)
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therefore, a relative group delay is developed after the propagation. They
(core mode and the cladding modes) recombine at the second collapsed
region of PCF output end [11].

1** Collapsed 2™ Collapsed
SMF region PCF i

Fig. 1.5 A schematic configuration of in line PCF as MZI interferometer [11].

1.4.3.1 Mach-Zehnder Interferometer based on Mode Mismatch

This technique is done by a small lateral offset when the two fibers
are spliced because of the offset in the point of core mismatch, a part of core
mode is coupled to cladding mode [12]. Three pieces of PCF were spliced
with a minute lateral offset as shown in Figure 1.6, this process is done by a

fusion splicer.

Fig. 1.6 Schematic of the interferometer based on core mismatch Technique [8].

At the spliced point of the middle PCF, the core mode is coupling
with the cladding mode, and then at the other splice point, the coupled mode

recombines to the core mode. This technique can be formed by fusion
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splicing which is a piece of photonic crystal fiber (PCF) in between two
conventional fibers with a small lateral offset. This method is fast and has an

effective cost and insertion loss can be controlled [12].

144 Hollow Core Photonic Crystal Fiber as Fabry-Perot

Interferometer

A Fabry-Perot (FPI) consists of two optically parallel reflectors
with reflectance Ri(W) and R»(W) separated by a cavity of length L.
Reflectors can be mirrors, interface of two dielectrics or fiber Bragg gratings.
The cavity may be an optical fiber or any other optical medium. Two
different optical fiber Fabry-Perot interferometers are shown in Figure 1.7
(a,b).

Interferometer is based on the light transmission through a Fabry-
Perot, and interferometer based on the reflection. Due to multiple reflections,
the reflected and transmitted spectrums are functions of cavity length,
medium index of refraction and mirrors reflectivity because of energy
conservation law, the transmitted spectrum is opposite to the reflected

spectrum [7].

(a Internal mirror ( l’)

lntomdl mirror

De \rc-:

| Detactn

Y

Fig. 1.7 a) Fabry-Perot based on the light transmission, b) Fabry-Perot based on
the light reflection [7].

Optical fiber Fabry-Perots are classified as intrinsic and extrinsic

types. In the intrinsic fiber FP interferometer (IFFPI), the two mirrors are
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separated by a single mode fiber, while in the extrinsic fiber FP
interferometer (EFFPI), the two mirrors are separated by an air gap or by
some solid material other than fiber. In both IFFPI and EFFPI, light from
emitter to the FP and from FP to the detector are transmitted by a single mode

fiber. Figure 1.8 (a,b,c) shows schematic configurations of three IFFPI [13].

\ Pohshed end l

Internal m.trror

Internal mirror

o O
\\

\

Internal mxrror

Fiber Bragg grating

Fig. 1.8 Schematic configurations of three IFFPI [7].

While four different EFFPI configurations are shown in Fig.1.9 (a,b,c,d)
[13].

(@) = e (b) -l-_- > External mirror
=~ mirror ~
| .
Internal mirror Internal mirror oo, cparent film

Single mode fiber

© L (d) L

Capillary tube Hollow core fiber

Fig. 1.9 Schematic configurations of four EFFPI [7].

The structure shown in Figure 1.9 (d) is called the in-line fiber
etalon (ILFE) which will be explained in next subsection. The diffraction
loss causes to limit the practical length of EFFPI to a few hundred of microns
[13]. Fabry-Perot interferometer can classified in to two parts these are:
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1.4.4.1 In Line Photonic Crystal Fiber Fabry-Perot interferometers

A Fabry-Perot (FP) consists of two optically parallel reflectors
separated by a cavity of length L. Reflectors used mirrors; these mirrors can

be mechanically varied this type of Fabry-Perot called interferometers.

1442 In Line Hollow Core Photonic Crystal Fabry-Perot

Interferometer

The in-line fiber etalon (ILFE) uses a short segment of silica
hollow-core fiber spliced between two cleaved sections of single-mode fiber
to form a mechanically robust in-line cavity. In making the interferometer, a
portion of a protective coating is removed from one end of each of the two
cleaved sections of the single-mode fiber to form a bare portion adjacent to
a partially reflective end face on each fiber section. The silica hollow core
fiber is fabricated to have the same outside diameter as each of the bare
portions of the fiber sections. One end of the silica hollow core fiber is then
fusion spliced in-line with the partially reflective end face of one of the fiber
sections, before the other end of the silica core fiber is fusion spliced in line
with the partially reflective end face of the other fiber section to form a cavity
within the silica hollow core fiber that is bounded by the two partially
reflective end faces as shown in Figurel.10. Operation of the in-line fiber
etalon is based on interference between the Fresnel reflections from the two
glass/air interfaces formed by the cleaved surfaces of the single mode fibers

at each end of the hollow core fiber [14].

The phase difference between the reflecting modes and transmission modes

IS given by:
Ap = %n nl cosO (1.7)

Where Ag: the phase different between modes.
A : the wavelength.
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n : the refractive index of the air.
[ : the length of HC-PCF.

6 : the angle for reflected modes.

SMF HC-PCF

Fig. 1.10 A schematic configuration of fiber in line HC-PCF as etalon

interferometer [14].

1.5 Degradation of the Propagated Signals in Optical Fibers

Microstructure fibers have received significant attention due to
their unique optical properties. More specifically, such fibers can provide
special dispersion properties, enhanced nonlinearity and higher
birefringence compared with conventional optical fibers. Furthermore, the
possibility of guiding light in air makes PBFs attractive for many sensing
applications [31]. The main resound for degradation of optical signals after

propagated HC-PCFs are shortly described in the following sub-sections:
1.5.1 Transmission Loss of Optical Fiber

The most important factor in any communication system is the
losses of the optical signals that are transmitted through the optical fiber [31].
The minimum loss in fused silica, which is around 1550 nm is slightly less
than 0.2 dB/km as it is shown in Figure (1.11). This limit is important, since
it sets the amplifier spacing in communications systems, and thus is a major

cost of a transmission system.
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Fig. 1.11 Attenuation spectrum of optical fiber [32].

So that the loss or the attenuation (o) represent energy loss during the

transmission of the data in the fiber as in equation (1.2).

The Photonic crystal fiber (PCFs) have many types of losses like
absorption, scattering, bend loss and confinement loss, but since the pure
silica that are used in PCFs has a lower Rayleigh scattering loss than standard
germanium-doped fibers, Air guiding PBFs have potential to exhibit even
lower losses than SMFs as most of the light is guided in an air core, therefore,
losses are not limited by Rayleigh scattering and silica absorption in the same
way as in conventional optical fibers [34]. A loss of 9 dB/km at 1550 nm has
been reported for a 19 cell PBF [35] and a loss of 16 dB/km at 1550 nm for
a 7 cell photonic bandgab fiber (PBF) [36] as shown in Figures 1.12, 1.13.
Although, the loss is still much higher when compared with the loss of SMFs,
the pace of the loss reduction has been very fast for PBFs. In PBFs, losses
are mainly caused by leakage loss, light scattering and coupling to surface
and cladding modes while the limiting loss mechanism is surface capillary
waves. In addition to optical communications, the relatively low loss of
PBFs could be beneficial in sensing applications requiring long optical path
lengths [37].
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Fig. 1.12 Attenuation and group velocity dispersion spectra of photonic crystal
fiber 19 cells [35].
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Fig. 1.13 Attenuation and group velocity dispersion spectra of photonic crystal
fiber 7 cells [36].

1.5.2 Confinement loss

Confinement loss originates by the infinite number of air-holes in
the cladding. So that to obtain a low confinement loss, the core of the PCFs
must be small and the number of the rings of the air holes must be at least 6
rings [38]. So that to reduce the confinement loss, the number of the air holes
rings must increase and be careful of the selection of dimension of air holes

and spacing between adjacent air holes.

The confinement loss (CL) can be calculated from attenuation constant as it

is shown in equation (1.8) [39]:

CL=8.8860 (dB/m) (1.8)

where o : attenuation constant.
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1.5.3 Bending loss

PCFs have a complex cladding structure, they have bending loss
at short and long wavelengths unlike conventional fibers where only the long

wavelength bend edge exists [40]. The macro bend loss is expressed as [41]:

Uae = —10 log (1 - {i [%r + (ankR)ém (1.9)

And the micro bend loss is given as [41]:

k* wé NA*
r2

Omic = 0.05 0y, (1.10)

where  A: is the difference between core and cladding refractive indices.

r: core radius.

3
R: radius of curvature of bends with proportional to L

/’]_2
k: wave vector=2 /A NA: numerical aperture.
a,,. attenuation constant ,  W: mode field diameters.

1.5.4 Dispersion

In telecommunication systems, information is transmitted as
binary data, taking the form of light pulses in optical fibers. In the field of
optical waveguides, dispersion is a generic term referring to all phenomena
causing these pulses to spread while propagating and they eventually overlap
and light pulses could not be distinguished by the receiver [42]. There are

essentially three causes of dispersion.
1.5.4.1 Chromatic Dispersion

Chromatic intramodal dispersion is an important phenomenon in
the propagation of short pulses in optical fibers. Temporally short pulses
have a large spectral bandwidth. The different spectral components of the

pulse travel through the medium at slightly different group velocities
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because of chromatic dispersion, which can result in a temporal broadening
of the light pulses with no effect on their spectral compositions. This

phenomenon is referred to as group velocity dispersion (GVD), [42].
1.5.4.1.1 Material Dispersion

Material dispersion is an important effect because when a short
pulse propagates through an optical fiber its width gets broaden. The effects
arise from the variation of the refractive index of the material as a function
of wavelength. This causes a wavelength dependence of the group velocity
of any given mode, that is, pulse spreading occurs even when different
wavelengths follow the same path [42].This phenomena can be understood
by expanding the mode-propagation constant £ in a Taylor series about the

frequency w,at which the pulse spectrum is centered, [43]

ﬂ(w):neﬁ (a))%:ﬂo +(a)_a)o)ﬂl+%(a)_a)o)2ﬁ2+%(a)_a)o)3ﬂ3+"' (111)
where:
i =(gmf)w% (m=12,..) (1.12)
(4

Bo = Neyt (0,) 22 (1.13)
5= Lneft + o2y L _ D (1.14)

c dw v, c

1 dneff dzneff d 1

=22 - (=

pr==( il ) dw(u ) (1.15)

where g, is the mode-propagation constant of frequency ., Vq is the group
velocity, and ng is the group index.

The group velocity is the speed of the envelope of an optical pulse
propagating in a fiber. The coefficient g, determines the changes in the

group velocity of an optical pulse as a function of optical frequency. This
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phenomenon is known as group velocity dispersion (GVD) and is
responsible for pulse broadening. Thus, g is called the GVD parameter. In
general, we must retain terms up to the second-order dispersion g, to
describe pulse propagation in dispersive media, and for ultrashort pulses or
those with a wide frequency spectrum it may sometimes be necessary to also
include higher order terms.

The dispersion parameter D is commonly used in place of g to describe the

total dispersion of a single mode fiber. It is related to g2 by the relation

d 27
D;%:_?IBZ (1.16)

And is expressed in unit of ps/(km.nm).

Since GVD mainly comes from the combined effects of material and

waveguide dispersion, D can be written as the sum of two terms, as:
Dintra = Dm + Dw (117)

where Dy is the material dispersion and D is the waveguide dispersion.

—xd®n,
e (1.18)
where ne IS the effective refractive index given by [44]
Nt = \/fnair2+(1_ f)nsilicaz (119)

where f is the air filling fraction, n, obtained from the following equation
[45]:

n, =1+ 0_0472326(173_3_/1_12)_1 (1.20)

But When the holes of the hollow core photonic crystal bandgap fiber filled
with materials other than air specially the ngr in equation (1.20) replaced by
Nm that obtained by the following Cauchy formula[46]
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B bc cc
n, _ac+?+? (1.21)
where ac, bc, cc are the Cauchy coefficients and nsjjica in equation (1.17) is
the refractive index of silica that get from the following Sellmeier

equation[47]:

m Bs (02
Ngiica (@) :1+Z > : > (1.22)
YO

where o ;the resonance frequency and Bg; is the strength of ji resonance. In

the case of bulk-fused silica, these parameters are obtained empirically with

m = 3 to the measured refractive index, and they are found to be:

Bs: = 0.6961663 : Bs2 = 0.4079426
Bss = 0.8974794 : 41=0.0684043 ' m
22 =0.1162414 ;,m ) 23=9:896161 4 m

where 2, = 2 [48].

a)sj

1.5.4.1.2 Waveguide Dispersion

The group velocity of guided optical pulses depends on the
wavelength even if material dispersion is negligible. This dependence is
known as the waveguide dispersion [47]. The contribution of waveguide
dispersion Dy to the dispersion parameter D is given by the equation (1.20).
Dw depends on the difference in the index A which was given by the
following equation (1.23):

A= (n¢o-Ne¢1) / Neo (1.23)

1.5.4.2 Intermodal Dispersion

It results from the propagation delay differences between modes

within a multimode fiber. As the different modes that constitute a pulse in a
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multimode fiber travel along the channel at different group velocities, the
pulse width (D) at the output is dependent upon the transmission time of the

lowest and fastest modes as expressed by 1.24 [42]:
D2total = (D material +D waveguide) 2 A }MZ +D2modal (1-24)
1.5.4.3 Polarization Mode Dispersion

A fundamental property of an optical signal is its polarization
state. Polarization refers to the electric-field orientation of a light signal,
which can vary significantly along the length of a fiber. As shown in Figure
1.14, signal energy at a given wavelength occupies two orthogonal
polarization modes. A varying birefringence along its length will cause each
polarization mode to travel at a slightly different velocity and the
polarization orientation will rotate with distance. The resulting different in
propagation modes will result in pulse spreading that called polarization
mode dispersion (PMD) [48].

Initial polarization Polarization Mode Dispersion
state

Optical '_‘
[Pulse p

S

Differential Group Delay

Fig. 1.14 Variation in polarization states of an optical pulse at it passes through a
fiber [48].

1.5.5 Nonlinearities phenomena

When an intense electromagnetic field is applied to a material, the
response of the material depends in a nonlinear manner upon the strength of

the applied optical field. The polarization P induced by the electric dipoles
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does not depend linearly on the electric field E, but satisfies the more general

relation by expressing P as a power series in E as in equation 1.25 [42]:
P=c,(y®.E+ 4@ :EE + y®:EEE +...) (1.25)

where &, is the permittivity of free space, and % (j=1,2,...) is the ji, order
susceptibility and a tensor of rank j + 1 of the medium. The linear
susceptibility »® is the dominant contribution to P. The linear refractive

index, n, and the attenuation coefficient, « are relatedto »® by the relations:

Nw) = \/1 + R [)((1)(60)] (126)

a(@) =2 37" ()] (1.27)

where ®and 3 stand for the real and imaginary parts, respectively. The
second-order susceptibility »® gives rise to nonlinear effects such as sum
and difference frequency generation and second-harmonic generation. The
term y®is responsible for nonlinear effects such as third-harmonic
generation, four-wave mixing, two-photon absorption and nonlinear
refractive index [32]. As the higher order terms in the power series become
smaller and smaller, the only nonlinear term that is important for us is y© .
In the following subsections, it will explain briefly the different effects like
intensity dependent refractive index, self-phase modulation (SPM) effective
length and cross section area of the PCF stimulated Raman scattering (SRS)
and cross phase modulation (XPM or CPM) caused by z® [42,49].

1.5.5.1 Intensity-Dependent Refractive Index

The intensity-dependent refractive index in the presence of this

type of nonlinearity can be described as

A(w,|E|") = (@) +n, (@)|E|" (1.28a)
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where n(w) is the linear, weak-field refractive index given by equation (1.26)
and n,(w)is the nonlinear refraction coefficient. A bar over the refractive
index n to prevent confusion with the usual, weak field refractive index. The

nonlinear refraction coefficient n,(w)is related to 5 by [42]:

R 1 (1.28Db)

n,(w) =

3
8n(w)

Where the optical field is assumed to maintain it’s linearly
polarization to the x axis along the fiber length so that only one component

22 of the fourth rank tensor contributes to the refractive index.

The change in refractive index described by equation (1.28 a,b) is
also known as the optical Kerr effect (OKE), by analogy with the electro-
optic Kerr (or d.c. Kerr) effect, in which the changes in the refractive index
of a material are proportional to the square of the strength of an applied static
field [42].

1.5.5.2 Self-Phase Modulation

Self-phase modulation (SPM) is a nonlinear effect of light-matter
interaction. An ultrashort pulse of light, when traveling in medium, will
induce a varying refractive index of the medium due to optical Kerr effect.
This variation in refractive index will produce a phase shift in the pulse,
leading to a change of the pulse's spectrum [50].

The refractive index n of many optical materials has a weak dependence on
optical intensity lesr (equal to the optical power per effective area in the fiber)
given by [42]:

n2p
Aeff

N=nNg+Nyleg =Ng + (1.29)

where ng is the ordinary refractive index of the material and n; is the non-

linear refractive index. In silica, the factor (n,) varies from 2.2 to 3.4 x 10
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m2/W and 24x10721 m?2/W for air [51]. SPM is described as the intensity of
an optical field modulates the phase of optical field, where an optical field
modifies its own phase [50].

The nonlinear phase shift of the pulse ¢, is given by the following equation:
P 2m
Py — N2 KﬁjLeff (1.30)

where L. is the fiber effective length.

The total phase shift ¢ experienced by the optical field is therefore [48]:

2 niL eff
(pz(n0+ Nyl )thpl_+(pNL (1.31)

This phase shift varies with time for pulses and each optical pulse become
chirped, which means a pulse propagates along the fiber, its spectrum

changes because of SPM as shown in Figure 1.15 [54].
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Fig. 1.15 The effect of SPM on un-chirped pulse [52].

When SPM effects are strong, a pulse will be spectrally broadened.
Typically, if SPM is the dominating effect, the spectrum develops strong
wiggles as shown in the Figure 1.16. The spectral broadening effect may be

used for nonlinear pulse compression [52].
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Fig. 1.16 The effect of SPM on the spectrum [52].

1.5.5.3 Cross phase modulation

Cross-phase modulation (XPM) refers to the nonlinear phase shift
of an optical field induced by the intensity of other co propagating optical
fields. XPM is always accompanied by SPM and occurs because the
effective refractive index seen by an optical beam in a nonlinear medium
depends not only on the intensity of that beam but also on the intensity of

other co-propagating beams [42].
1.5.5.4 Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is an important nonlinear
phenomenon that can lead to the generation of new spectral lines. SRS is
governed by the third-order susceptibility . It results from stimulated
inelastic scattering process in which the optical field transfers part of its
energy to the medium generating a photon [53]. The Spontaneous Raman
effect can be observed when a beam of light illuminates any molecular
medium and the scattered light is observed spectroscopically. The energy

levels of this process shown in Figure 1.17.
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Fig. 1.17 Energy level diagrams describing, a) Raman Stokes scattering and b)

Raman anti-Stokes scattering [42].

The Raman Effect scatters only a small fraction of the incident
optical field into other fields. Those new frequency components shifted to
lower frequencies are called the Stokes lines and those shifted to higher
frequencies are called the anti-Stokes lines. The amount of frequency shift is

determined by the vibrational modes of molecules [42].
1.5.5.5 Effective length

The nonlinear interaction depends on the transmission length and
the cross-sectional area of the fiber. The longer the link length is the more
the interaction and the worse the effect of the nonlinearity. However, as the
signal propagates along the link, its power decreases because of fiber
attenuation. Thus most of the nonlinear effects occur early in the fiber span
and diminish as the signal propagates. A simple model assumes that the
power is constant over a certain effective length L has proved to be quite
sufficient in understanding the effect of nonlinearities. Suppose Py denotes
the power transmitted into the fiber and p) = po exp €@ denotes the link,
with o being the fiber attenuation [47,54].

The effective length described in Figure 1.18 is defined as the length L
such that [55]:

L
Po Lefr = z£0 P dz (1.32)
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where Lss is:

Leg= L= P (al) (1.33)

(24

where L denote the actual link length of the fiber.
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Fig. 1.18 Effective transmission length calculation, a) A typical distribution of the
power along the length L of a link. The peak power is po, b) A hypothetical
uniform distribution of the power along a link up to the effective length Lest. This

length Left is chosen such that the area under the curves (a) and (b) is equal [55].

1.6 All-Fiber Pulse Compression

Optical fibers can be used in various ways for pulse compression.
In general, pulse compression in optical media is classified into two types:

linear pulse compression and nonlinear pulse compression [56].
1.6.1 Linear Pulse Compression

Linear compression techniques are based purely on the chromatic
dispersion of fibers. They are applied to pulses that are initially chirped, not
bandwidth limited. A reduction of pulse duration results from the removal of
the chirp, whereas the pulse bandwidth stays more or less unchanged.
Normal chromatic dispersion can compensate a down-chirp, whereas
anomalous dispersion may remove an up-chirp, but note that higher-order
dispersion may also have to be considered [55]. The linear pulse
compression can be implemented with fiber-based by using different

techniques these are



31

1.6.1.1 Linear pulse compression based Fibers Dispersion

For a wide range of wavelengths, fibers with either normal or
anomalous chromatic dispersion are available, for anomalous dispersion at
relatively short wavelengths, for example, in the visible spectral region,
photonic crystal designs are required. One may, however, require relatively
long lengths of fibers. Strong nonlinear effects, pulse distortion or
prohibition of compression may then be avoided only for rather low peak
power levels. Large mode area fibers can somewhat mitigate this problem,

but their chromatic dispersion can hardly be tailored via the fiber design [58].
1.6.1.2 Linear Pulse Compression based Fiber Bragg Grating

Much stronger group delay dispersion within a short length can be
obtained with fiber Bragg gratings. Accordingly, shorter fibers can be used,
and higher peak powers are possible, although nonlinear self-focusing may
set a limit to that. Additionally, the grating design gives more freedom for

tailoring the higher-order dispersion as shown in Figure 1.19 [58,59].

Fig. 1.19 Re-shaped the pulse by using chirped Fiber Bragg Grating [59].
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1.6.2 Fiber Nonlinear Pulse Compression

There are nonlinear compression techniques, where typically the
Kerr nonlinearity is used for increasing the spectral width, and a suitable
amount of chromatic dispersion (inside or outside the nonlinear device)
removes the pulse chirp, thus minimizing the pulse duration [60]. There are

variants of this technique can be implemented with fibers these are:
1.6.2.1 Nonlinear Pulse Compression using Dispersive Compressor

Pulses that are originally un-chirped can be spectrally broadened
in a normally dispersive optical fiber and then dispersivelly compressed in a
fiber with anomalous dispersion or in some other optical element, such as a

pair of diffraction gratings as shown in Figure 1.20.

fiber dispersive

compressor
/\ i N

Fig. 1.20 Compression using dispersive compressor [61].

The useful fiber length is limited by the temporal pulse
broadening, which leads to a reduction in peak power. Substantial pulse

compression requires a sufficiently high peak power of the input pulses.

1.6.2.2 Nonlinear Pulse Compression using Hollow Core Photonic

Crystal Fiber

A variant of that technique for high-intensity femtosecond pulses
Is based on spectral broadening in a gas filled hollow fiber. Here, most of the

optical power propagates in the gas, where self-phase modulation occurs.
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Despite the low nonlinearity of gases, a moderate length of hollow fiber is

sufficient due to the very high peak intensity [61].
1.6.2.3 Nonlinear Pulse Compression using Higher-Order Soliton

Pulse compression is also possible with a single fiber with
anomalous dispersion. The most common variant is higher-order soliton
compression, where a pulse with energy far above the fundamental soliton
energy is injected into the fiber [62]. After a certain propagation distance, a
strongly compressed pulse can be obtained, but the choice of propagation

distance can be critical Figure 1.21.

fiber

VN A

— —

Fig. 1.21 A schematic configuration for high order soliton compression [62].

For deviations from the optimal fiber length or pulse energy, strong pulse
distortions can result. The pulse energy can be roughly one to two orders of
magnitude above that of a fundamental soliton. Higher compression ratios

imply a more critical adjustment of parameters [63].
1.6.2.4 Nonlinear Pulse Compression using Adiabatic Soliton

Another variant requiring only a fiber is adiabatic soliton
compression. Here, a soliton pulse is compressed during propagation in a
fiber where the anomalous dispersion becomes weaker and weaker along the
propagation direction [61]. Alternatively, the pulse energy can be increased
by amplification in a doped fiber with constant dispersion properties. If the
dispersion (or pulse energy) varies sufficiently slowly, the soliton will

adiabatically adapt to the changing conditions by continuously reducing its
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duration. The pulse quality can be very high with adiabatic soliton
compression. The pulse energy, however, is fairly limited due to the small
soliton pulse energies of typical fibers. Also, a very long length of fiber may
be required if the input pulses are not rather short already. Therefore, initial

pulse durations below 1ps are desirable [63].
1.6.2.5 Nonlinear Pulse Compression using Self —Similar Technique

In a fiber amplifier with normal dispersion, one may exploit self-
similar parabolic pulse evolution. Here, the nonlinearity, dispersion, and
laser gain act together such that the pulse duration and spectral width
increase together with the pulse energy, but the parabolic pulse shape is
preserved. The input pulses do not need to be parabolic pulses, as the
parabolic shape is automatically more and more approximated during

propagation Figure 1.22 [64].

active
fiber
coupler / \
dispersive
pump compressor
laser
diode

Fig. 1.22 A schematic configuration for pulse compression by using self-similar
technique [64].

The parameters of the input pulses are fairly uncritical, as the
pulses automatically evolve towards the asymptotic solution. High pulse
energies (far above typical soliton pulse energies) are possible. The resulting
chirp is linear, which makes it relatively easy to obtain strong temporal
compression in a subsequent dispersive optical element, such as a pair of

diffraction gratings.
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1.7 Compression factor (Fc)

The compression factor (F) is a good indication for obtaining a
narrow laser pulse with different technique of compression. This factor
explained by the relation between input and output pulses for the system of

compression as shown in equation 1.37 [65]:

F_ _ rwnmi/p (1.34)

~ FWHMo/p

where FWHM (i/p) is pulse duration of input pulse. And FWHM (o/p) is

pulse duration of output pulse of the system.
1.8 Literature survey

Silica photonic crystal fiber (PCF) is a type of fiber that has an
array of microscopic air holes running along its length. Splicing PCF to
standard single-mode fiber (SMF) is a challenging task, and it is also
important because of the potential broad applications. Proper splicing of
SMF to PCF is imperative in order to avoid collapsing of the PCF on the air
holes; however, the two types of fiber require different powers for melting.
A fusion splicing system is developed to demonstrate its effectiveness at
splicing between the PCF and SMF with low splice loss. An important
application of photonic crystal fibers is pulse compression. Many research
groups around the world have investigated different schemes to get the
minimum loss between PCFs and SMF. Many researches were published
about the photonic crystal fiber as pulse compression. They will summarize
as most important published work related to the SMF and PCF splice loss

and photonic crystal fiber as a pulse compression.
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(1) (2008) Nonlinear optics in hollow-core photonic bandgap fibers
(Amar R. Bhagwat and Alexander L. Gaeta)
v Technique used (HC-PCF filled with Xe).
Wavelength (514) nm.

Input pulse width15.4 ps.

Output pulse width 213 fs.

Compression factor 72.3.
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(2) (2010) Temporal solitons and pulse compression in photonic crystal
waveguides (P. Colman, C. Husko, S. Combrie’, I. Sagnes, C. W. Wong
and A. De Rossil).

v Technique used (Decreasing Energy for pulse that inject in solid
core PCF).

v Wavelength (1.555) nm.

v" Input pulse width 3 ps.

v" Output pulse width 580 fs.

v Compression factor 5.17.

v" Theoretical work.
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(3) (2011) One stage pulse compression at 1554nm through highly
anomalous dispersive photonic crystal fiber (Maggie Yihong Chen,
Harish Subbaraman and Ray T. Chen).

v’ Technique used (Compression by using highly anomalous

dispersive PCF).
v" Wavelength (1554 nm) nm.
v" Input pulse width 2898 fs.
v Output pulse width 630 fs.
v" Compression factor 4.6.
v Experimental work

Photonic crystal fiber
COMPIESSOL.

High power ultra - @ Autocorrelator
short pulse laser | ~ » S N

(4) (2012) Two Models of Optical Pulse Self-Compressor Combined the
Nonlinear Coupler with Backward Raman Fiber Amplifier,
(Quang Quy Ho, Van Bien Chu).

v' Technique used: (nonlinear optical coupler (NOC) and the
amplifying capacity of the backward Raman fiber amplifier
(PBRFA)).

v Wavelength used: (1500) nm.

v" Input pulse width: 1 ns.
v" Output pulse width: 0.5 ns.
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v Compression factor: 2.

v' Experimental work.

Stokes Stokes
long short
pulse pulse
1P1 OP1 /\
IP2 NOC Or2 1 P2
~_ PBREA s —

Figure 4. Set—up of OPSC. (a) OSPC comnsist of the NOC and
PBRFA loop: (b)) OSPC comsist of the NWOC and PBRFA
and 3 dB.

(5) (2012) Femtosecond pulse compression in a hollow-core photonic
bandgap fiber by tuning its cross section, (N. Gonza’lez-Baguedano,
N. Arzate, I. Torres-Go'mez, A. Ferrando, D.E. Ceballos-Herrera, C.
Milia’n).

v" Technique used: (Tunning the cross section of HCPCF).

v Wavelength used (800) nm.

v" Input pulse width 5 ps.

v" Output pulse width 1.56 ps.

v Compression factor theoretically 5.7, experimentally 3.2.

v’ Experimental work.

p
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Length (m)

Fig. 5. Full width at half maximum (a). FWHM., and compression
facror (b)) as a function of the propagaton length of a pulse and for
different tapering factors.
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(6) (2012) Soliton blue-shift in tapered photonic crystal fiber (S. P.
Stark, A. Podlipensky and P. St.J. Russell).

v Technique used / Tapered solid core PCF.

v" Wavelength (735) nm.

v" Input pulse width 130 fs.
v" Output pulse width 17 fs.
v Compression factor 7.65.

v" Theoretical work.
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(7) (2014) Hollow-core photonic crystal fibers for gas-based nonlinear
optics (P. St. J. Russell, P. Holzer, W. Chang, A. Abdolvand and J. C.

Travers).

v Technique used: (Applied pressure on the cross section of HC-PCF).

v Wavelength (800) nm.

v" Input pulse width 30 fs.
v" Output pulse width 3 fs.
v Compression factor 10.

v' Experimental work.




40

Parabolic
mirror
__mirror
Wavelength (nm) } o cragnostics
b 550 500 450 400 3s0 300 250 200 180
1 I".‘l e (C
_ YIRS
= [y | 37w
£ i |
5 { I
E I
= I-\ | |I \
g il |
2 I L L
Ty \
| N
F I

(8) (2015) Linear compression of chirped pulses in optical fiber with
large step-index mode area, (S. V. Smirnov, S. M. Kobtsev, S. V.
Kukarin).

v Technique used: (Step-Index Large Mode Area Fiber (LMA)).

v Wavelength used (1560) nm.

v" Input pulse width 5 ps.

v" Output pulse width 3.2 ps.

v" Compression factor 1.56.

v Experimental work.
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Fig. 1. (a) All-fibre laser system schematic diagram. LD — laser diode pump, Er — Er-doped
active fibre, PC — polarisation controller, PBS — polarisation beam splitter, CIR — 3-port
circulator, SESAM — semiconductor saturable absorber, ISO — optical isolator, DCF — passive
double-clad fibre, NDF — normal-dispersion fibre, ADF — anomalous-dispersion fibre (LIEKKI
Passive-25/250): (b), (¢) Spectrum and auto-correlation function of pulses at the output of the
master oscillator.

(9) (2016) Generation of a train of ultrashort pulses using periodic

waves in tapered photonic crystal fibers, (S. O. Atuba, K. Nakkeeran,

K. W. Chow, P. Ramesh Babu, A. Manimegalai & K. Senthilnathan).
v" Technique used: (tapering solid core PCF).

v Wavelength (1550) nm.
v" Input pulse width 0.8 ps.
v" Output pulse width 0.15 ps.
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v Compression factor 5.3.

v" Theoretical work.
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(10) (2016) Tapering photonic crystal fibers for generating self-similar
(Annamalai  Manimegalai,

ultrashort pulses at

Krishnamoorthy Senthilnathan,

1550

Padmanabhan Ramesh Babu).
v" Technique used / Tapering PCF through self-similar.

v" Wavelength (1550) nm.

v" Input pulse width 800 fs.
v" Output pulse width 201 fs.
v" Compression factor 3.998.

v" Theoretical work.
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Table (1.1) compare experimental results of literature survey and this thesis

No. Compression Year of the Notes
Factor work
1 72.3 2008 Theoretical work
2 5.17 2010 Theoretical work
3 4.6 2011 Experimental work
4 2 2012 Experimental work
5 3.2 2012 Experimental work
6 7.65 2012 Theoretical work
7 10 2014 Experimental work
8 1.56 2015 Experimental work
9 5.3 2016 Theoretical work
10 3.998 2016 Theoretical work
This Thesis 4.9 2019 Experimental work

1.9 Thesis layout
This thesis contains three chapters and is organized as follows:

Chapter one gives a general introduction about, all-fiber pulse compression
and the optical interferometers that are based on PCF. Then a brief literature
survey related to optical pulse compression introduced. Finally, the aim of

the work is presented in this chapter.

Chapter two presents the experimental setups and explained the entire
component and the equipment are used in experimental work. Then
explained how to design and construct inline interferometers, and using them

for all- fiber pulse compression.

Chapter three illustrates and discuss the experimental results. Next,
summarizes the main conclusions drawn from this study followed by

suggests some points which need further investigation as a future work.



Chapter Two

Experimental Setups
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Chapter Two

Experimental Setups
2.1 Introduction

In this chapter, the pulse compression setups using hollow core
photonic crystal fiber (HC-PCF) and solid core photonic crystal fiber (SC-
PCF) are demonstrated. Two techniques of the pulse compression are
introduced. The first is in line PCF interferometer without infiltration, and
study effect of length of PCF on pulse compression and the second one was
achieved by infiltrated of the PCF with different chemical compounds.
Figure 2.1 presents a flow chart of the work’s procedure for pulse
compression that implemented with and without infiltration using HC-PCF
and SC-PCF and controlling the length of fiber.

e ; :
/i

| In Line Photonic Cgstal Fiber Pulse Coglgression |

Fabg-Perot interferometer (FPY) |
Based on 10 cm Iengsh of HC-PCF |

Visualized and measured the compressed
Eulse ‘

Enhance the output compressed pulse

Changing Length of HC-PCF | ' Infiltration of 19 cells HC-PCF by chemical organs

‘:J :él ‘Z;)ll 0| eypang Acryllc'Aad
.ng:._,J

Visualized and measured the compressed pulse (Temporally , Spatially)
Fig. 2.1 Flow chart of the work’s steps.
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2.2 key Components and Equipment

The main schematic and experimental setup of the pulse
compression is shown in Figure 2.2. This figure shows the main components
that used in setups, it consists of pulsed laser source, Erbium-doped fiber

amplifier, interferometer, polarization controller, and visualizers.

47v
USP

power
supply

(b)

Fig. 2.2 Pulse compression, a) Schematic diagram, b) experimental setup.
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2.2.1 Laser Source

In the experiments, continuous laser diode source were used. This
source from Wuhan Shengshi Optical Technology with electronic chopping
circuit with controllable output power to study the increasing in the power
density on the nonlinearity because the increasing in the power cause
increasing the power density with remain the area of the cross section for

fibers constant. This source described as follow:
2.2.1.1 CW Laser Source

Laser diode MLD-C55D2-1A05P2 is CW source having
parameters listing in appendix B9. In this work the CW source has to chop
by an electronic circuit to get optical pulse signal with suitable duration for
interaction. This source to operate and supplied the suitable pulse can be

connecting to two circuits these circuits are:

A- Laser diode controller (driver circuit).

B- Electronic chopping circuits.
2.2.1.1. A Laser diode controller (driver circuit)

The control circuit design must consider several points to provide
power to the laser diode in the specified laser mode and it has threshold
current to start lasing. Thus current should be above this threshold to ensure
lasing. Also protecting the laser diode from over current is of a prime
concerns to the designer. Thus the driver circuit used with this laser diode is
programmable micro-controller circuit Arduino-mega (see appendix C1)
which is programmed to give pulse signal with 4.7 volt and 15 kHz
frequency, this circuit consists of programmable micro-controller with
standard (C) programming language as an interface programming language
and reaches maximum frequency of 30 KHz.
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2.2.1.1. B Electronic Chopping Circuit

A cheap, simply and easy to implement low signal amplifier
electronic circuit can convert the incoming pulse duration from 66 ps to 10
ns, narrow pulse generation could be achieved by controlling the voltage
level above and below the lasing threshold of it, the biasing resistor are used
for that controlling to electronically chop a CW laser diode. After chopping

this signal, the laser began having properties illustrate in table 2.1 bellow.

Table 2.1 Parameters of chopped laser source.

Parameter Value Unit
Central wavelength 1546.74 nm
Peak Power 1229.271 uw
Energy 0.0123 nJ
Full Width at Half Maximum 10 ns
Full Width at Half Maximum 286 pm
Pulse Repetition Rate 30 kHz
Duty-cycle 90% _
Voltage 2 mV

The high speed electrical switching that used for chopping is a small signal
amplifier supported by (transistor: C3355) with 5 GHz switching frequency
(see appendix C2), this circuit needs 4.7 volt power source to energize the
device and a non-return to zero input signal wither a positive or negative
edge going provided by Arduino. The transistor can be set using a pair of a
variable resistor for biasing transistor and a capacitor for smoothing. The
value of the inductor sets the time duration of the output signal. By
controlling the value of the biasing resistors of the transistor we control the
level of the delivered voltage to the laser diode above and below the lasing

threshold of it for switching on and off. Finally, this circuit has been designed
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and implemented in simulation by Optisystem software (version 14.0),
Electronic workbench software to explore the internal structure of it, and

experimentally as shown in Figures 2.3 (a-c), respectively.
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Fig. 2.3 Electronic Chopping Circuit, a) Schematic diagram b) simulation by

Optisystem, c) experimental image.
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Fig. 2.3 (Continued)

2.2.2 Erbium-Doped Fiber Amplifier

Erbium-doped fiber amplifier (EDFA) is an important optical
component, since it supports low power optical signals and elevates it to the
level where it is possible to stimulate Kerr effect. EDFA is an optical
amplifier, gives 18 dBm gain for each of its four channels which is in fact,
generates a laser pumped by another laser with Erbium-doped fiber. Optical
amplifiers work optically without converting from optical to electrical
signals and back again. For more information see appendix B1.

2.2.3 Interferometer

It is a device that separates a beam of light into two ray beams,
usually by means of reflection, and that brings the rays together to produce
interference, used to measure wavelength, index of refraction, and

astronomical distances.
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2.2.3.1 Fiber

In these experiments, it has been used different types of fibers and

these fibers are listing in subsections below.
2.2.3.1.1 Single Mode Fibers

Single mode fiber (SMF-28) is considered as the "standard"
optical fiber for telephony, cable television, submarine, and private network
applications in the transmission of data, voice and \ or video services. SMF-
28 fiber is optimized for use in the 1310 nm wavelength region the
information-carrying capacity of the fiber is at its highest in this transmission
window, and it has lowest dispersion. SMF-28 fiber also can be used
effectively in the 1550 nm wavelength region. Coring SMF-28 fiber has
consistent geometric properties; high strength and low attenuation .Corning
SMF-28 fiber can be counted on to deliver excellent performance and high
reliability. The single mode fiber with core diameter 9 um and mode field
diameter 10.4 pum at 1550 nm was used in our experiments (see appendix
Al). Corning single mode fiber can be used for excellent deliver
performance and high precision. The corning SMF examined under the
microscope to make sure that there are no damages during cleaving Process

as shown in Figure 2.4.

Fig. 2.4 Side view for the SMF fiber under microscope.
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2.2.3.1.2 Photonic Crystal Fibers (PCF)

Photonic-crystal fiber (PCF) is a class of optical fiber based on the
properties of photonic crystals. It was first explored in 1996 at University of
Bath, UK. Because of its ability to confine light in hollow cores or with
confinement characteristics not possible in conventional optical fiber, PCF
Is now finding applications in fiber-optic communications, fiber lasers,
nonlinear devices, high-power transmission, highly sensitive gas sensors,

and other areas. In this work, two types of (PCF) are used which are:
1-Hollow Core-Photonic Crystal Fiber (HC19-1550)

The second fiber used in the experiments was a hollow core PCF
(HC19-1550) manufactured by Thorlab (see appendix A5). It has been based
on thel9 cell design core formed by omitting 19 central capillaries from the
stack when it performs is being built by extrusion with negative pressure.
The fiber must be testing under the microscope to obtain many of physical
properties. The microscope that used for such purpose is a transmission
Microscope, it has been used to view cross sections of these fibers and it is
from (Euromex Company) which has many focusing lenses (4 X, 10 X, 40
X and 50 X), the lens which used for view images was (40 X) to enlarge the
picture that was appeared to get the optimum Clarity for the picture. The
testing of the cross section for HC-PCF 19 cells under the microscope
obtained many of result for physical properties listing in table 2.2. The
images of the physical properties for HC-PCF 19 cells which have been

checked under microscope are illustrated in Figure 2.5 (a-f).


https://en.wikipedia.org/wiki/Optical_fiber
https://en.wikipedia.org/wiki/Photonic_crystal
https://en.wikipedia.org/wiki/Fiber-optic_communication
https://en.wikipedia.org/wiki/Fiber_laser
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cumference: 351,408 um

(a) Clad diameter

(b) Core diameter

(c) PCF region

(d) Pitch A.

(e) Air hole diameter

(F) Side view

Fig. 2.5 Cross section of top view and side view for the 19 cells under microscope

(a,b,c,d,e) top view, and (f) side view.
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Table 2.2 Geometrical properties for 19 cell HC-PCF (HC19-1550) obtained from

microscope.

Geometrical properties Value
Core diameter (u m) 21
Pitch (A) (u m) 4
Air hole diameter (un m) 3.2
Diameter of holey region (un m) 68.68
Cladding diameter (1 m) 115
Coating diameter (u m) 220

Although the parameters of HC-PCF 19 cells that are calculated by different

equation are illustrate in table 2.3.

Table 2.3 Optical parameters of HC-PCF (19 cells HC19-1550).

Parameters of 19 cells Value
nonlinear index coefficient for the core (n,) (m? /W) |24 x 10721
Ay (m?) 223.93 x

10—12

Legs (Mm) 1.5
nonlinear coefficient(y) (W 1m™1) 4.35x 10~*
B, (ps?/km) -38.1
ONL 6.2m

2-Hollow Core-Photonic Crystal Fiber 7 cell HC-PCF (HC-1550-02)

Third fiber was used in the experiments was hollow core PCF (HC-1550-02)
from Thorlab (see appendix A6). This fiber has been based on the 7 cells
design core formed by omitting 7 central capillaries from the stack when it
performs is being built. The testing of the cross section for HC-PCF 7 cells

under the microscope obtained many result for physical properties listing in
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table 2.4. The images of the physical properties for HC-PCF 7 cells which

have been checked under microscope are illustrated in Figure 2.6 (a-f).

6 7
: 58389 pm |
Sitace. 10710597 b |
ircumference: 366.870 um |

(a) Clad diameter

(d) Pitch A.

......

(e) Air hole diameter (F) Side view

Fig. 2.6 Cross section of top view and side view for the 7 cells under microscope

(a,b,c,d,e) top view, and (f) side view.



54

Table 2.4 Geometrical properties for 7 cell HC-PCF (HC-1550-02) obtained from

microscope

Geometrical properties Value
Core diameter (1 m) 10
Pitch (A) (1 m) 4
Air hole diameter (i1 m) 3.2
Diameter of holey region (i m) 68.46
Cladding diameter (1 m) 120
Coating diameter (i m) 220

Although the parameters of HC-PCF (HC-1550-02) that are calculated by

different equation are illustrate in table 2.5.

Table 2.5 Optical parameters of HC-PCF (7 cell HC-1550-02).

Parameters of 7 cells Value
nonlinear index coefficient for the core (n,)| 24 x 10721
(m? /W)

Aggr (m?) 74.898 x 1012
Legr (Mmm) 1.5
nonlinear coefficient(y) (W™1m™1) 13x 107*
B, (ps?/km) -114.29
OnL 186

3-Polarization Maintaining Solid Core Photonic Crystal Fiber (SC-
PCF: PM)

In fiber optics, polarization-maintaining optical fiber (PMF or PM
fiber) is a single-mode optical fiber in which linearly polarized light, if
properly launched into the fiber, maintains a linear polarization during
propagation (see appendix A7), exiting the fiber in a specific linear
polarization state; there is little or no cross-coupling of optical power
between the two polarization modes. Such fiber is used in special

applications where preserving polarization is essential. Table 2.6 contains
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general properties of the fiber. And Figure 2.7 shows a cross sectional view
of PM fiber.

Q

Radius:3.1um
Surface: 119 um?
Greumference: 125 um

Fig. 2.7 Shows a cross sectional view of PM-1550-01 fiber.

Table 2.6 General properties of PM-1550-01 fiber.

General Specifications Value
Core diameter (um) 6.6/4.3
Outer cladding diameter, OD (um) 125
Coating diameter (pm) 230
Pitch (um) 4.17

4-Solid Core Photonic Crystal Endless Single Mode Fiber (SC-PCF:
ESM-12)

One of the attractive properties of the photonic crystal fiber (PCF)
is their possibility to be single- mode over a wide wavelength range,
surpassing the ordinary single mode fibers which become multi-mode for
wavelength below their single-mode cut-off wavelength. PCFs which are
specially designed with this property are called the endlessly single mode
fiber (ESM) PCF [65] (see appendix A8). For PCF a value of the effective

refractive index of photonic cladding depends strongly on wavelength, while
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in classical fibers it was almost constant. The normalized frequency tends to
a stationary value for short wavelengths. A refractive index of photonic
cladding and therefore stationary value of normalized frequency is defined
by the cladding structure, namely by the all factor (the ratio of the hole
diameter d to the period of the lattice A). With a proper design it is possible
to keep normalized frequency (V) below a cut-off normalized frequency for

any wavelength range. A side and cross-sectional view are shown in Figure

2.8 (a-b), respectively. And table 2.7 explores the general properties of ESM
fiber.

(a) Side view

Radus:. S2.5S2S um
Uface. 12282 759 prn™
Fcundesence: 352 8572 o

Radios: S . S95 prn

=
Radius. =2 45T g Surface. SS.255

[T
Surtacs. 192,025 ur ; = =
. BT TS a5z Circumfersnce SS5. 141 pum

(b) Cross sectional
Fig. 2.8 a) side view of ESM, b) cross sectional view of ESM.
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Table 2.7 Shows general properties of the ESM fiber.

Parameter Value
Core diameter (um) 11.186
Outer cladding diameter (OD) (um) 125
Coating diameter (u m) 245
Mode field diameter (um) at 1550 nm 10.5
relative hole size (d /a) 0.46
Pith (a) (um) 7.844
Numerical aperture (NA) 0.14

2.2.3.1.3 Dispersion Compensation Fiber

A dispersion compensation fiber (DCF38) is used to compensate
the cumulative dispersion in a single mode fiber and a dispersion coefficient
IS used to characterize the dispersion value. The value for regular SMF is
around +16~17 ps/(nm.km) at 1550 nm. To properly manage this, it has a
negative value of dispersion coefficient, ranging from -30 to -300
ps/(nm.km). Figure 2.9 shows a cross-sectional view of it, and table 2.8 lists

it is general properties, for more information (see appendix A9).

Fig. 2.9 Cross sectional view of DCF38.
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Table 2.8 General properties of fiber

Parameter ‘ Value
Mode Field Diameter (um) at 1550 nm ‘ 6.01
Numerical Aperture (um) at 1550 nm 0.14
Cladding Diameter (pum) 125.0
Coating Diameter (pm) 250
Attenuation (dB/km) <0.265

2.2.3.2 Procedures of Constructing Interferometers

There are many steps have been achieved for constructing these

interferometers as follows:
2.2.3.2.1 Fibers Stripping

First of all, the fibers must be stripped according to the required
length that was needed in the experiment. This process is started by removing
the protective polymer coating around PCF to prepare it for the next step.
The stripping machine that used in this experiment was the (JIC — 375 Tri —
Hole). It had three holes to perform all common fiber stripping functions.
This fiber optic stripper strips the (1.6 - 3) mm fiber jacket down to the (600-
900) micron buffer coating. The second hole strips the (600-900) micron
buffer coating down to the (250) micron coating and the third hole is used to
strip the (250) micron cable down to the (125) micron glass fiber without
nicks or scratches.
2.2.3.2.2 Fibers Cleaving

The cleaving is the process to scribe and break the fiber optic end
face. The goal for this process is to produce a mirror like fiber end face.
Incorrect cleaving techniques will result in lips and hackles which makes not

good fiber for the working in the experiment. The tools needed for fiber
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cleaving are called fiber optic cleavers. In this experiment; six types of
optical fiber have been used, the single mode fiber (SMF-28), HC-PCF (19-
1550 and 1550-02), DCF38 and SC-PCF (ESM-12B, PM-1550-01). For the
single mode fiber (SMF-28) there is no too much restrictions like PCF, just
cleaning the fiber with lint-free wipes moistened with isopropyl alcohol and
place the stripped and cleaned bare fiber (SMF-28) into the fiber cleaver and
then breaks the fiber (SMF-28) with the built-in mechanism on the cleaver.
The PCF has a special procedure due to its structures. There is no solvent to
be used for cleaning the PCF after the cleaving because this will lead the
solvent to infiltrate inside the air holes of the PCF, dry wiping was used to
remove remains coating after cleaving. A fiber optic cleaver has been used

for cleaving the optical fibers.

2.2.3.2.3 Fibers Splicing

Fusion splicing is the technique that used in the experiments for
joining two pieces of fiber and it is the process of applying heat to fuse
together optical fibers, which minimizes insertion loss and back reflections
in the fused component. It is a good fixing for the fibers will guarantee that
the breaking of the fibers during the work and the misalignment between the
tips (core) of the fiber during the focusing of the laser from the (SMF-28) to
the HC-PCF and SC-PCF are limited. A commercial arc fusion splicer
(DVP-740, see appendix B11) was employed to splice a PCF and a
conventional SMF. Manual operation mode was available for the arc Fusion
Splicer as shown in Figure 2.17. In these experiments, the splicing of PCF
with SMF is achieved by arc fusion splicer. Splicer may be fused using either
automatic or manual operation modes. The splicer setup list contains the
functions of the arc fusion splicer which used in these experiments which

they are given in table 2.9.
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Table 2.9 Setting parameters of the arc fusion splicer for HC-PCF, SC- PCF,

DCF38.
Arc Pre Arc Zl;i Gap overlap aRf(;
Fiber . Arc Power (Length) | (width) | __.
Time(ms) Time(s) | (mw) power i) i) Time
(W) (ms)
TSC;JQ- 2 0.25 280 60 18.0 20.0 2.5
HC-
pce HE
1550- 0.5 0.2 180 50 12.0 8.0 15
02
5232" 0.36 0.18 40  Stander  15.0 10 3.6
cr P
1550- 1 0.9 70 78 08 10 3
01
DCF38 15 0.17 250 40 15.0 15.0 2

Firstly, the PCF (HC19-1550) was spliced to SMF as shown in
Figure 2.10 (a).Then; the cleaved PCF and SMF were manually aligned via
motors to reduce the butt-coupling loss as low as possible. In the second step,
the splicing region for 30 cm PCF length resulting very good fusion with the
splicing loss of 0.07 dB. Then, the splicing arc was repeated in the second
PCF length with 20 cm as shown in Figure 2.10 (b). The splice loss reduced
t0 0.01 dB, the 12 cm and 7 cm PCF pieces were spliced with same procedure
with splicing loses of 0.2 dB and 0.6 dB, respectively. Then, using the same
splicing procedure, the PCF (HC-1550) and SMF were spliced. Figure 2.11
(a) shows the splicing region for seven cells at 30 cm length of PCF with
splicing loss of 0.6 dB. Figure 2.11 (b) shows the splicing of same fiber but
different length of 20 cm with splicing loss of 0.33 dB by the parameters
mentioned in the table 2.8. A 12 cm and 7 cm of PCF pieces were spliced at
the same procedure with splicing loss of 0.4 dB and 0.32 dB, respectively.



61

(b)
Fig. 2.10 procedure of the splicing HC-PCF with SMF, a) splicing region for 30 cm,

b) splicing region for 20 cm during arcing.

Loss O.60dB

TL.oss O.SSdB
(b)

Fig. 2.11 Images show splicing joints during the splicing of seven cells with SMF, a)

splicing region for seven cells at 30 cm length of PCF, b) splicing of same fiber but

different length of 20 cm.
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when splicing the SC-PCF (ESM12B, PM-1550-01) , DCF38, the splicing
parameter also listed in the Table 2.8, these types of fiber should be treated
individually in splicing process because the core of such fibers is solid not
like hollow fiber. Figure 2.12 (a) shows splicing of endless single mode Fiber
ESM12B with resultant splicing loss of 0.02 dB and length of ESM fiber was
7 cm, and Figure 2.12 (b) shows the splicing of Polarization maintaining
fiber (PM-1550-01) with resultant splicing loss of 0.01 dB and length of PM
fiber was 7 cm with single mode fiber from both ends, the 3.5 m DCF fiber

is also spliced with 0.0 dB loss.

(b)
Fig. 2.12 Images show the splicing joints during the splicing of SC-PCF with SMF.

2.2.3.3 Coupling Laser to Interferometers

After preparing interferometers by splicing two sided of HC-PCF,
SC-PCF with SMF then they are connected with pulsed laser source by
ferrule connector (FC) connecters and visualized the outputs in both

frequency and time domains.


https://en.wikipedia.org/wiki/Ferrule

63

2.2.4 Polarization Controller (PC)

Polarization controller is used to ensure an efficient performance
of the pulse compression process by changing an arbitrary polarization to
linear one and this is achieved by the stress which induced birefringence
produced by wrapping the fiber around three paddles to generate
independent wave plates that will alter the polarization of the passing light
in a single mode fiber. The fast axis of the fiber is in the plane of the spool,
allowing an arbitrary input polarization state to be adjusted by rotating the
paddles. This polarization controller is connected with single mode optical

fibers by FC connectors. For more information see appendix B4.
2.2.5 System Visualizers

The optical signal that emerged from the optical source and
propagated through interferometers, then this signal will be received by two
types of visualizer. These visualizers give the output signal in both spatial
and temporal domain. In addition, thermometer and power meter are also
used to visualize environment temperature during experiment and optical

power of the signal, respectively.
2.2.5.1 Optically Visualizers

The optical signal was visualized by optical spectrum analyzer
(OSA), it is a device that designed to measure and displays the distribution
of power of an optical signal over specified wavelength span. The measuring
parameters of this device are the detection window from 600 nm to 1700 nm,
wide level range: +10dBm to -70dBm, high wavelength accuracy: £0.01nm
and allowed for single-mode, multimode and PCF fibers. For more
information about the optical spectrum analyzer (202 THORLABS, see

appendix B6). OSA was used to monitor the interference spectra.
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2.2.5.2 Temporally visualization

The output of the Fabry-Perot etalon and Mach-Zender
interferometers were delivered to an optical spectrum analyzer for frequency
domain results and to observe and analyze the obtained output pulse pattern,
the designed photodetector was connected to 200 MHz digital storage
oscilloscope (OSC: UNI-T: UTD2000m, see appendix B12) via Bayonet
Neill-Concelman (BNC) adapter for time domain measurement thus for time
domain results, the output was connected to OSC through designed
photodetector (PD), as shown in Figure 2.13. A photodetector device has
been designed experimentally, to convert the incident light signal to
electrical signal, a photo diode should be connected in reverse and a resistor
In series, as the intensity of the incident light increased as the band gab of
photo detector decrease to allow more current from the source to pass
through it. Operational amplifier amplifies the electrical signal in accordance

with the delivered signal from the photodiode.

source

M 9V Battery power

Sinele Mode Fibers
l /

Fig. 2.13 Lab image of designed photodetector.
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2.2.5.3 Power Meter

The power meter (FPM-300\FLS-300\FOT-300: see appendix
B14) that is used to detect the light source of 1550 nm wavelength, which is

used for transmitter power measurements in dB and watt.

2.2.5.4 Thermometer

To measure the temperature of the environment during the
experimental work (TES 1310 TYPE-K) thermometer was used. It was vary
in range of (18-23) C°. Temperature is an important parameter should be
consider in such works because when temperature vary a lot of results will
change specially in filled of semiconductors, changing in the energy gab is a

good example for that.
2.3 In Line Pulse Compression Techniques

Two techniques of pulse compression are applied to improve the
pulse compression in this work represented by using solid core photonic
crystal fiber and HC-PCF.

2.3.1 Pulse Compression Based on Solid Core Photonic Crystal Fiber

This type of optical pulse compression is achieved by the SC-PCF.
The fibers used are ESM-12B and PM-1550-01; these fibers have the
property of optical pulse compression by their manufacturer design due to
their physical structure and optical properties. Laser source generate an
optical pulse to be amplified by EDFA and then pass through PC, the PC
control the polarization of the optical signal before it pass through
interferometer. The interferometer based on these SC-PCF is MZI, to

enhance the performance of compression, DCF38 is connected with SC-PCF



66

interferometer, and the out enhanced and compressed pulse then is visualized

by OSA for frequency domain result as explained in Figure 2.14.

Laser Source

. EDH l’(' Mach-Zehndes Inter ferometer

Al

SME SCPCF sMF

N \/\
.‘ lF(3m<)/

Fig. 2.14 Setup represents pulse compression based on solid core photonic crystal
fiber.

2.3.2 Pulse Compression Based on Hollow Core Photonic Crystal Fiber

This type of optical pulse compression was achieved by the HC-
PCF; the fibers used were (HC-PCF 19 cell, HC-PCF 7 cell). These fibers
had the property of optical pulse compression by their manufacturer design
due to their physical structure and optical properties. These fibers guide light
in a hollow core, surrounded by a micro-structured cladding of air holes and
silica. Since only a small fraction of the light propagates in silica, the effect
of material nonlinearities is insignificant and the fibers do not suffer from
the same limitations on loss as conventional fibers made from solid material
alone. The source emerge an optical pulse to be amplified by EDFA and then
pass through PC, the PC control the polarization of the optical signal before
it pass through interferometer. The interferometer based on these HC-PCF is
FPI, to enhance the performance of compression, DCF38 is connected with

HC-PCF interferometer, and the out enhanced and compressed pulse then is
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visualized by OSA for frequency domain result and by OSC through PD for

time domain result as explained in Figure 2.15.

Laser Source

- tDHM ’ PC Fabry-Perot Interferometer

SMF HC-PCF SMF

Fig. 2.15 Setup represents pulse compression based on hollow core photonic crystal
fiber.

2.3.2.1 Pulse Compression Based on Infiltration of 19 cells Hollow Core

Photonic Crystal Fiber

In order to enhance the compression factor achieved in techniques
discussed before, HC-PCF 19 cell is infiltrated by two chemical materials,
optical pulse compression could be also achieved through the process of
infiltration by injecting liquids that used in the experiment in both core and
cladding of the interferometer. This leads to modify the refractive index of
the holes which become approximately equal to the refractive index of the
infiltrated material, the modified refractive index causes the pulse
compression and same setup was used in this experiment was demonstrated
in Figure 2.27. The infiltration process can be summarized by applying
negative and positive pressure to the PCF by special types of injectors (small
size of diabetes ampoules) as represented in Figure 2.16. The most important

part of the process is using special type of epoxy surrounding the interface
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region between the needles and PCF in order to prevent leaking during

applying positive pressure and injecting the chemical compounds.

Negative 19 cell HC-PCF Infiltration Positive
pressure syringe || Interferometer Liquid pressure syringe

Epoxy
I I

Fig. 2.16 Shows setup that used in infiltration process.

Two chemical liquids are used to infiltrate the HC-PCF in this work. These

liquids explained briefly in the following subsections.
2.3.2.1.1 Ethanol

Ethanol is also called ethyl alcohol, defines as a chemical
compound, a simple alcohol with the chemical formula C;HsO (an ethyl
group linked to a hydroxyl group), and is often abbreviated as (EtOH).
Ethanol is a volatile, flammable, colorless liquid with a slight characteristic
odor. Itis a psychoactive substance and is the principal type of alcohol found
in alcoholic drinks [65]. Ethanol properties are listed in table 2.10.

Table 2.10 Ethanol properties [65]

property Value
Density 0.7893 g/cm3 at 20 °C

Boiling point 78.24 £ 0.09°C
Refractive index (n) at 1550 nm 1.353 at 20 °C

Viscosity 1.2 mPa:s (at 20 °C)
Chromatic Dispersion (dn/dA) -0.010906 pm*

Group Velocity Dispersion GVD = 40.409 ps/(nm km)
Dispersion Formula n = 1.349 + 0.00306A°%2 + 0.00006A3



https://en.wikipedia.org/wiki/Alcohol
https://en.wikipedia.org/wiki/Chemical_formula
https://en.wikipedia.org/wiki/Ethyl_group
https://en.wikipedia.org/wiki/Ethyl_group
https://en.wikipedia.org/wiki/Hydroxyl
https://en.wikipedia.org/wiki/Abbreviated
https://en.wikipedia.org/wiki/Volatility_(chemistry)
https://en.wikipedia.org/wiki/Flammability
https://en.wikipedia.org/wiki/Alcohol_(drug)
https://en.wikipedia.org/wiki/Alcoholic_drink
https://en.wikipedia.org/wiki/Refractive_index
https://en.wikipedia.org/wiki/Viscosity
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2.3.2.1.2 Acrylic Acid

Acrylic acid (IUPAC: propenoic acid), is an organic compound
with the formula CsH4O,. It is the simplest unsaturated carboxylic acid,
consisting of a vinyl group connected directly to a carboxylic acid terminus.
This colorless liquid has a characteristic acrid or tart smell. It is miscible
with water, alcohols, ethers, and chloroform [66]. Table 2.11 represents

liquid properties.

Table 2.11 Acrylic Acid properties [66]

property Values
Density 1.03 g/mL
Boiling Point 141 °C (286 °F; 414 K)
Viscosity 1.3 cP at 20 °C (68 °F)
Refractive index at 1550 nm 1.5at20°C

As listed in table 2.11, it seems that this liquid is very viscous, that
means it was almost impossible to infiltrate it inside the 19 cell PCF fiber,
thus, it should be mixed with suitable low viscosity solvent liquid that has
ability to dissolve acrylic acid , infiltrate in fiber and work in between the
operation wavelengths of the source that used during experiments, the
solution sonicated for 30 min., the refractive index of the acrylic acid duo to
mixing process with ethanol will be changed. Thus, a refractometer should
be used to ensure the new refractive index. Refractometer was used to find

new refractive index after mixture. For more information see appendix B16.


https://en.wikipedia.org/wiki/Poise_(unit)
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Chapter Three

Results and Discussions
3.1 Introduction

In this chapter, the experimental results of all-fiber pulse
compression using in-line fiber interferometers-based photonic crystal fiber
(PCF) are introduced and discussed. This chapter can be divided as: the
characterizations of the designed pulsed laser source are presented in section
3.2. The results of pulse compression using Fabry-Perot etalon
interferometers based on hollow core PCF (7 & 19 cells) are introduced in
3.3. Moreover, infiltrated the 19 cell-PCF by chemical liquids to enhance the
compression of the signal. Section 3.4 gives the outcomes of compressed
pulse using Mach-Zehnder interferometers-based solid core PCF (i.e.,
polarization maintaining fiber and endless single mode fiber). Section 3.6
summarizes the main points are concluded from this work followed by some

suggestions for future work
3.2 Characterization of the Pulsed Laser Source

The pulsed laser source that depicted in Figure 2.3 was simulated
by Optisystem (version.14) and experimentally implemented. Figure 3.1 (a-
b) shows the simulated output of the pulsed laser source. From this figure, it
can be seen that the power of 3.15 mW at the central wavelength of 1546.7
nm is achieved. Figure 3.2 depicts the experimental results of the pulse laser
source. Figure 3.2 (a) shows the output spectrum of the pulsed laser source,
where the central wavelength of 1546.74 nm, full width at half maximum
(FWHM) equals to 286.292 pm. This pulsed laser source is designed to
operate at pulse duration of 10 ns with pulse repetition rate (PRR) of 100

MHz, as shown in Figure 3.2 (b-c), respectively.
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Fig. 3.2 Characteristics of the pulsed laser source a) Optical spectrum, b) Pulse

duration, c) Pulse repetition rate (PRR).
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3.3 Pulse Compression Using Fabry-Perot Etalon Interferometers

In this section, the results of pulse compression based on Fabry-
Perot etalon interferometers are reported. These interferometers were
constructed using hollow core PCF (7 and 19 cells) as explained in section
2.3.2. Additionally, 19 cell HC-PCF is infiltrated by organic compounds
(i.e., ethanol, and a solution of acrylic acid diluted with ethanol) to enhance

the compressed pulse.

3.3.1 Pulse Compression Based on Hollow Core Photonic Crystal Fiber

without infiltration

Pulse compression was experimentally achieved using different
types of photonic crystal fiber with different setups, Erbium-doped fiber
amplifier (EDFA) was connecting to rise the power for the optical pulse
when the power level was below the threshold level of the designed
photodetector, optical power dropped in some experiments due to splicing
between PCF and single mode fiber (SMF).

3.3.1.1 Pulse Compression Based on 19 cells Hollow Core Photonic

Crystal Fiber

The experimental results of the pulse compression setup that
illustrated in Figure 2.26 are depicted in Figure 3.3. Figure 3.3 (a-b) shows
the compressed pulse using 7 cm long of 19 cells PCF (HC 19-1550) in
spatial and temporal domains, respectively. The FWHM of compressed
pulse of 117.26 pm was obtained. The compressed pulse with FWHM of
149.511 pm was achieved using 12 cm of PCF, as displayed in Figure 3.3 (c-
d). When 20 cm and 30 cm long of PCF were used, 209.27 pm and 117.78
pm, FWHM of the compressed pulse were obtained as shown in Figure 3.3

(e-f) and (g-h), respectively.
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Fig. 3.3 Compressed signal in frequency and time domains for four lengths of 19
cells PCF a-b) 7 cm length, c-d) 12 cm length, e-f) 20 cm length, g-h) 30 cm length.
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In order to explore the relation between the compression factor (F¢) and the
length of PCF, the results presented in Figure 3.3 are summarized in table
3.1. As can be observed the shortest length of PCF gives the highest value
of the compression factor. When 7 cm PCF length is used, a compression

factor of 2.43 is obtained depending on Eq. 1.37.

Table 3.1 Relationship between 19 cells HC-PCF length, FWHM and compression

factor.
Length of 19 cells HC-PCF (cm) FWHM FWHM Fe
(pm) (ns)
7 117.26 20 2.43
12 149.511 12 1.91
20 209.27 6 1.36
30 117.78 20 2.42

In order to explore the influence of the length of PCF on the FWHM of the
compressed pulse and the related compression factor, Figure 3.4 (a-b) are
plotted. It can be seen that as the length of PCF (L) increases the FWHM
of the compressed pulsed increased until decrease dramatically with the
maximum length of PCF (30 cm), as shown in Figure 3.4 (a). From Figure
3.4 (b), the compression factor decreases as the PCF length increases and

rapidly increased at the maximum length of PCF (30 cm).

s
&
=
I
S
(* 5

15 20
Length of the PCF (CM)

(@)
Fig. 3.4 Relationship between length of 19 cells PCF and a) Full width at half
maximum (FWHM), b) Compression factor (Fc).
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Fig. 3.4 Continued.

3.3.1.2 Pulse Compression Based on 7 cells Hollow Core Photonic
Crystal Fiber

The experimental results of the pulse compression setup shown in
section 2.26 are depicted in Figures 3.5 (a-h). Figure 3.5 (a-b) shows the
compressed pulse in both frequency and time domain respectively using 7
cm length of 7 cells HC-PCF (HC-1550-02), the FWHM of compressed
pulse of 119.384 pm was obtained. The compressed pulse with FWHM of
148.76 pm was achieved using 12 cm of PCF, as displayed in Figure 3.5 (c-
d). When 20 cm and 30 cm of PCF were used, 161.622 pm and 119.583 pm
FWHM of the compressed pulse were obtained as shown in Figure 3.5 (e-f)

and (g-h), respectively.
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The compressed signals presented in Figure 3.5 are summarized
in table 3.2, and to investigate the related compression factor. As can be
observed the shortest length of PCF gives the highest value of the
compression factor, when 7 cm PCF length was used, a compression factor
of 2.39 is obtained depending on Eq. 1.37.



Table 3.2 Relationship between 7 cells HC-PCF length

85

, FWHM and compression

factor.
Length of 7 cells HC-PCF FWHM FWHM Fc
(cm) (pm) (ns)
7 119.384 16 2.39
12 148.76 12 1.92
20 161.622 8 1.769
30 119.583 16 2.391

To explore the influence of PCF length on the FWHM of the

compressed pulse and the related compression factor, Figure 3.6 (a-b) are
plotted. It can be seen that as the length of PCF increases the FWHM of the

compressed pulsed increased until decrease dramatically with the maximum
length of PCF (30 cm), as shown in Figure 3.6 (a). From Figure 3.6 (b), the

compression factor decreases as the PCF length increases and rapidly

increased at maximum length of PCF (30cm).
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Fig. 3.6 Relationship between length of 7 cells PCF and a) Full width at half

maximum (FWHM), b) Compression factor (Fc).



86

-
[}
-
Q
©
—
f=
.S
w
(]
=
Q.
=
o
o

15 20
Length of the PCF (cm)

(b)
Fig. 3.6 (Continued)

3.3.2 Pulse Compression Based on Infiltrated of 19 cells Hollow Core

Photonic Crystal Fiber

In order to enhance the compression of the optical pulse,
infiltration technique was used. The infiltration setup was presented in 2.3.3,
the 19 cell HC-PDF was infiltrated in different organic liquids as explained

briefly in the following subsections:

3.3.2.1 Pulse Compression using Infiltrated of 19 cells Hollow Core
Photonic Crystal Fiber with Ethanol

Figure 3.7 shows the compressed pulse obtained from 19 cell
hollow core photonic crystal fiber. It can be seen that the full width at half
maximum (FWHM) of the compressed pulse is 110.007 pm and the
compression factor results is 2.6 depending on Eqg. 1.37.



87

THORLAES Wednesday, 14 August 2019 18:57:23
BFix

434 [lfNo Comment

390

347 |

43.3 pWiD

304

pwW

217 |

174

130

“ AL \

1543.90 1544.40 1544.90 1545.40 1545.90 1546.40 ) 1546.90 1547.40 1547.90 1548.40 1548.90
nm (air) 100 pm (air)/D

Spectrum Thorlabs OSA (2.85.6780.4971) '
Fig. 3.7 Optical spectrum of compressed pulse using Infiltrated sample of 19 cells
HC-PCF by Ethanol.

3.3.2.3 Pulse Compression Based on Infiltrated of 19 cells Hollow Core

Photonic Crystal Fiber with Acrylic Acid Solution
Infiltration process applied for two reasons:

To ensure the guiding mechanism (i.e. modified total internal reflection
MTIR in SC-PCF and Photonic band gab effect PBG in HC-PCF) in 19 cells
HC-PCF not change (i.e. core refractive index less than clad refractive index,
which is 1.455 at 20 °C).

Acrylic acid does not use to infiltrate the fiber due to its high viscosity as
explained in subsection 2.3.3.3.

Therefore, Acrylic acid was diluted in ethanol. Where 75% of Ethanol and
25% Acrylic acid are mixed well enough, the acrylic acid solution has
sufficient viscosity and keep PBGE as guiding mechanism. The new

refractive index had been measured experimentally, by using the
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refractometer, the refractive index of the acrylic acid solution is 1.395 at
1550 nm and 20°C temperature. The resultant refractive indices can be

summarized in table 3.3.
Table 3.3 Refractive index for chemical materials.

Chemical liquids Refractive index Temperature Wavelength
Ethanol 1.353 20°C 1550 nm

Acrylic acid 1.5 20°C 1550 nm
Acrylic acid solution 1.395 20°C 1550 nm

In order to improve the pulse compression, Acrylic acid solution

Is infiltrated in 7cm of 19 cell HC-PCF. Figure 3.8 shows the compressed
pulse from infiltrated fiber. From this figure, it can be observed that the
FWHM of 58.367 and the compression factor of 4.9 were obtained
depending on Eqg. 1.37.
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Fig. 3. 8 Optical spectrum of the compressed pulse using Infiltrated 19 cells HC-
PCF by Acrylic acid solution.
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3.4 Pulse Compression Based on Solid Core Photonic Crystal Fiber

The results of pulse compression based on Mach-Zehnder
interferometers are given in this section. These interferometers were
constructed using solid core PCF (ESM and PM) as explained in section
2.3.2. To enhance the pulse compression, dispersion compensation fiber

(DCF) is connected in cascaded manner with Mach-Zehnder interferometers.
3.4.1 Pulse Compression Based on Polarization Maintaining Fiber

The experimental results of the pulse compression setup that
depicted in Figure 2.27 are introduced in Figure 3.9. This figure shows the
compressed pulse obtained from solid core photonic crystal polarization
maintaining fiber (SC-PCF: PM-1550-01) using 7 cm long of PM SC-PCF.
The PM-1550-01 has a strong form-birefringence and is optimized to create
a short beat length between the polarizations. Furthermore, it has reduced
bend-induced coupling between polarization states, an improved
polarization extinction ratio. The FWHM of compressed pulse is 117.672
pm and the compression factor obtained was 2.43 depending on Eq. 1.37 as

shown in Figure 3.9.
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Fig. 3.9 Optical spectrum of the compressed pulse using PM-1550-01.
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3.4.2 Pulse Compression Based on Endless Single Mode

The experimental results of the pulse compression setup shown
in Figure 2.27 are depicted in Figure 3.10. This figure shows the compressed
pulse using 7 cm long of ESM-12 SC-PCF; this single-mode photonic crystal
fiber is optimized to low loss across 700 nm to above 1700 nm while keeping
an almost constant mode field diameter (MFD). The fiber is endlessly single-
mode with no higher order mode cut-off and delivers excellent mode quality
at all wavelengths. The full width at half maximum (FWHM) of the

compressed pulse is 135.52 pm while the compression factor of 2.11 was

obtained.
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3.5 Performance comparison of 19 cells Hollow Core Photonic Crystal
Fiber

This section introduce comparison between full width at half
maximum and compression factor in 19 cells HC-PCF before and after
infiltration by different chemical materials (i.e. ethanol and acrylic acid

solution) as explained in Figure 3.11 (a-b).
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Fig. 3.11 Optical spectra of 19 cells HC-PCF infiltrated by a) ethanol b) acrylic

acid solution.
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To explore the compression factor and full width at half maximum
that obtained from 7 cm length of 19 cells HC-PCF before and after
infiltration by ethanol and acrylic acid solution, table 3.4 summarizes the
compression factor obtained by infiltration with ethanol has increased by
0.17 while FWHM decreased by 7.253, and when infiltrate by acrylic acid
solution, the compression factor has increased by 2.47 and FWHM decreased

by 58.893, as explained in Figures 3.11 (a) and (b), respectively.
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Table 3.4 Effects of infiltration on compression factor and full width at half

maximum.
19 cells HC-PCF FWHM Fc
(pm)
Air filled holes fiber 117.26 2.43
Infiltrated fiber by Ethanol 110.007 2.6
Infiltrated fiber by Acrylic acid solution 58.367 4.9

Table 3.5 summarizes the obtained compression factor and FWHM in all
experiments that occurs with respect to obtained F. from infiltration of 19
cells HC-PCF by acrylic acid solution and to FWHM of the source. It seems
that infiltration process gives more compression factor than using merely
HC-PCF, also 19 cells HC-PCF gives compression factor larger than 7 cells

for same optimum length obtained in experiments.

Table 3.5 percentage values of Fc and FWHM

Fiber Length of Fiber in cm Fc%  FWHM %

Infiltrated Acrvli
19 cells ALl

HC-pcF | acd
solution
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3.6 Conclusion

The figure of merit to study the pulse compression is the fiber
normalized frequency which is decided the number of guided modes in fiber
core that is means de-excitation of the higher order modes in the fiber core-
cladding region. In this thesis, the difference between core-clade refractive
indices in the hollow core photonic crystal fibers were be controlled,

minimized. After replacing of the air in the holes by a chemical compounds.

1- Compression pulse laser was obtained by designing electronic chopping
circuit to achieve 10 ns pulse width, 30 MHz as a pulse repletion rate that
aids to minimize the chromatic dispersion.

2- The maximum compressed optical pulse was obtained in the case of
Fabry-Perot etalon 19 cell hollow core photonic crystal fiber and 7 cm
length because of its minimum dispersion at 1550 nm which equal to 18
ps/nm/km.

3- After replacing the air holes of 7 cm, 19 cell hollow core photonic crystal
fiber that formed Fabry-Perot etalon interferometer with acrylic acid
solution (25% ethanol and 75% acrylic acid), maximum compression
factor (Fc) was obtained is equal to 4.9 because of decreasing the fiber
index contrast.

4- Maximum guiding mode fiber core can be obtained in the case of
replacing the fiber air holes with the material that has refractive index
closer to index of silica which minimized the normalized frequency with
fixed fiber core and pulse propagation wavelength.

5- The fiber’s full width at half maximum has a zig-zag shape with respect
to core refractive index and fiber length variations caused by fiber
sensitivity to polarization according to the Faraday Effect.
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3.7 Future Work

In this work, in line photonic crystal fiber was built as pulse
compressor device and many works can be established in future that are

listed below:-

1- Using cascade in line photonic crystal fiber interferometer for generating
comp laser source.

2- Using non-linear Mach-Zhender interferometer for generating four wave
mixing (FWM) and cross phase modulation (XPM).

3-Propagate the compressed data via optical communication link for
studying the generating of soliton wave.

4- Using a microfiber instead of PCF as a fiber compressor.

5- Replace the photonic crystal fiber air holes by a Nano fluid material.

6- Build a new type of interferometer using multi core photonic crystal fiber.

7- Using selectively infiltrate of photonic crystal fiber for pulse compressor
technique.

8- Study the effect of infiltration and core size on the propagation of guided
mode in the case of high laser peak power (Pp).

9- Analysis and studying the two air micro cavity region on the quality of the

guided mode.

10- Calculating the nonlinear refractive index of organic liquid with different

dilution ratios.
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Appendix A

Corning” SMF-28" Optical Fiber

Product Information

Corning’ Single-Mode Optical Fiber

The Seandard For Performance

Corning® SMF-28™ sngle-mode opacs) fiber
Bas set che stndsnd for value sad performance
for welephoary, cable rlevigon, submaring, sad
wality neework spplications. Widely used in che
mansmission of vosce, dsea, and/or video
services, SMF-28 fiber is manefacrared m the
mont demanding specifications in dhe indusay
SME-22 fiber meers or exceeds ITU-T
Recommendation (.652, TIA/EINA92CAAA,
[EC Publicsgon 60791-2 sad GR-20-CORE

TeETemenis.

"Tskang advanuage of wday’ high-<spacity, low-
cost ransmission components developed for
the 1310 mm window, SM¥-28 fiber fescures
bow dspersion and is opamared for use in the
{310 am wavelengrh region. SMF.28 fber akso
can be wed effecavely with TDM and WDM
sysiems operaing @ che 1550 am wavelength
repoa

Fearures And Benefirs

* Versanlity in 1310 nm and 1550 nm
applicstions

* Enhanced opacal properties thac opamae
gansmiseon performance

* Ousuanding geomerical properoes for low
sphice Joss and high splice yiekd

* OVI) manufscruning reliabiity snd prodoc
CONSISIENCy

» Opumized for use in loose mbe, nbbeam, and
ocher comamon cable design

The Sales Leader

Corming SMF-28 fiber is the worlds best selling
fiber. In 2001, SMF-28 fiber was deployed i over
45 countries around the warld. All types of net-
wark providers counc on this fiber © support nec-
work expansion inw the 215t Cennury.



Protection And Versadlier

SMF.I8 Bher & prowced for kmg-cm perform-
snce snd reliabality by the CPC® coagng sysem.
Corning’s enbanced, dusl scrylses CPC coanngs
peovide eacellene fiber protection snd sre essy 10
work with, CPC costings sre decigaed w be
mechanicalfy sipped sod bave an owside dameser
of 245 pm. They are opamized for wse i many
single- and mulc-fiber csble degzns inchading loose
rebe, nbben, slomed coes, sad dght buffer ables.

Patented Quality Process

SMF-28 Bber 5 manufacrared wang the Ouiside
Vapor Deposition (OVI) peocess, which peoduces 1
woully synchenc whrs-pare fiber. As s resale,
Corning SMF-28 Sber has consszent gromerric
peoperues, hizh stremah, and low soemation.
Corning SMF-22 fiber can be commed on to deliver
excellent performance and bagh neability, reel after
reel. Messurement meshods comply widh ITU
recommendasons (5,650, [EC 60791, and
Bellcore GR-20.CORE

Optical Specificarions
At arion

Weesgh Aeentioe! (B/em)

A2
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"The ke 3aczaien e @ fher woppal send
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The smensanon s 1383 £ 3 ron shall noc enoed
21 dRAm
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% ll(:k Mz o Diferance
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The acmeadon | 3 s wackaph nng oo pex el
e summadon of O rofyoce wardengd () by s dae &
ulxa

Polaricacion Modk Disoers

Fiber Polarization Mode Dispersion (PMD)
Vabae {pn/ V)
D Link Vakue =01"
Mazeraun ladndaal Fber 02
* Comphs wi I 079410001 ez 8.8, Mok |, Sepeazaber 3001,

The PMI link vahue is 2 verm weed to describe
the PMD of concsienaced lengths of fiber falso
known 35 the link quadreture aversge). This value
is used to desermine 2 stacisucal upper Emic for
sysiem PMI) pesformance.

Individus! PMI) vakues may change when cabled.
Comings fiber speaficacion supports nerwork
desin requirements for g 0.5 p/km

maxmum PMD,




Emvironm enzal Specificacions
Indsced Atterastion
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Operoting Temperature Ramge

S0°C 1o +85°C

Dimensional Specifications

Length (km/recd): fber lengds avadsble wp o 50.4*

* Longes spbeon! kerg i vl bibe » 3 prasn

Gloss Geomerry
Fiber Cark 2 4.0 m radix of curveture
Claddmg Diameter: 125.0 £ 0.7 pm

Core-Clsd Conceneriany: 4 0.5 pm
Chddng Non-Ciraslarity: £ 1.0%

[ Min. Qsdding Disvecer
DCM pES [lm{-m-] 109
Coating Geomerry
Coating Dismeter: 245 £ § pm
Coacing-Clsdding Concentrioy: <12 pm
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Mechanical Specificadons

Proof Test

The endre fiber lengdh is subjected o 3 tensile
proof soress = 100 kps (0.7 GN/m)".

* Sligher procd 1o Tveh wadabie 31 3 proskes.
Performance Charsctertzadons
(hraaerizad parsmesss are el volus.

Core Diometer: 81

Numericol Apermre: 0.14

NA is measured at the one Seﬁrmm power level
of 1 one-dimensonal far-Seld scan ac 1310 nm.

Zero Dispersion Wavelength (Ag): 1313 nm
Zers Dispersion Slspe (S): 0086 ps Ak
Refractroe Index Difference- 036%
Effectrve Group Index of Refracion,

(N @ nominal MFD }

14677 at 1310 am
14682 o 1550 am

Fatigue Resistamer Paramecter (ny): 20
Coaring Strip Force:

Dry- 06 Ibs. 3N)

Wer, 14-day room temperansre: 0.6 lbs. (3N)
Reviein Back .
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1310 nm=-77 dB
1550 nm: -£2 dB
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Ordering Information

To order Corning® SMF-28* fiber, concx your
sales represenuagve, or aill the Opacal Fiber

Customer Service Deparement at 607 -248-
2000 or +44-1244-287-437 in Furope.

Please spealy the following parsmesers when

ordening.
Fiber Type: Corning® SMF.28" Fiber

Fiber Auenustion: dil/km

Fiber Quantity: km

Ocher: (Requested ship date, erc.)

Coming incorporsted
www.comingcom/opticalibes

One Riverfroet Mlare
Corming, NY 14873
USA.
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HCI9-ISS0

Hollow Core Photonic Bandgap Fiber

r.s%o.'oa'.imlp-:ywloa'.edh;im Hollew covr Mhotoric Bandges fibers gude bght b= ¢ hollow cove, warrounded by ¢
u:gi;’uemm: microatructured cladding of sk holes and sfkca. Sirce caly & small frection of the
Gazzan ke fundamental mode lght propagetes in alica, the effect of mateclal nenlnsention b invgnifcant and the
fbers do mot wuffer from the same ImRations cn keds as comventional Sbers made
from seld meteriel dore.
Specifications
Optical
Daegn wvsangth 1220nn
Attacuation @ 1390 am <20 20/em
Made feld slarecer @ 135000 23
L Operxting wavwangey’ 15301600 »e
Applications
Phyakal
Cors dareater X22pm
Al #8ing tnzien of the Scly mglon 0%
Olwratar of te halmy reglon NLspm
Outer chadding darratar 112t um
Caming shwreew 220 2305
Camting muwtesal Srghe bywr acryare

L Rl it of e aear S denanlty Sencburion
2 O AT the o0 & < B AN

Typical attenuation and dispersion

— At

= 40 s Crong il ooy thigeriae (DY

L

’: -

s r

- 30 0 X
NXT Photonks A/S (Neadquarters) g E
Dlokken 84, 3460 Birkerpd, Dencurt bt 0 g
Phose: +45 4340 3900 E -
Fauc  +45 A340 3500 b

NIT Photonics Grbi
Scharasnstrams 39, Sidg 09-013
53063 Cologne, Germany v y X Y

Phose: +49 221 295110 1500 1520 1540 0560 1580 1800 1620
Fec 440 221 W311-4650 Wanrdurgth (om)

Al

NXT Photonics lac.

1400 Campua Drive West A NCT Mhotanes rodects e prode chE
Morgarvlle NJ 07751, USA ol undee 0w qualty mangeesnt
Phose: 417332972 9037 oritans carded | pezoriaecs Wik Cotfiatn om_
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INI K T ¢ Photonics Cryda e . 2enUASE . Kohers + Sperk
..o the power of light

HC-1550-02 =0

Hollow Core Photonic Bandgap Fiber

Schamatic Nber cross seclion

» ¢ 6% of optical power located in silica

» Gaussian-like fundamental mode

» Can be filled with gas

» Negligible bend loss

o Fresnel reflection of core mode to air o+
» Mode effective index close to upity

» Numerical Aperture ~ 0.2

o Pure silica for good temperature stability

Hollow com Photonic Seadiap Rlen geide gt in & holow
core, sumounded by a micratructured Cadding of alr holes and
sibaa.

Siace only a small frecticn of the light propagites in silice, the
dffect of material nonliseadties & insigaificast and the Nibes
&5 not sufer from e seme linltations on koss &8 comentional

fibers teade from sobd ratedal alose. Trpicel atsenuation and diipersicn

Appications 7 N
Fiber apsic gyrocopes - | -4 | o0
Pulsed Wsers (palie debvery aod o compression) =
Gils speciancogy ¥ |
Low lstency commenication § :

Ay

Phyak el progeties

Cove dlameler wipm
Cladding pach 8200 m Typical nese f1aid Intensity peoiile
Diareter of PCF seghon 028 pm
Cladding danmeter 1202 2m
Costing diameter 220 2 3050
Coatng materiad Simile layer acaylate
Optical properties

Desips wavebengt? 1450 A
Altetraation @ 150 ni € 50 d3/km
Tysical GNO @ 1650 nm 00 psfam/im
Operating wavelergth™ w0680 am
Mode Nedd dlameter @ 1650 air# g2apm
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Fac  +45 4348 3901 Phone #40 221 995110

Phene: +1 732 472 W37
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Q=0=
PM-isso
Single mode polarization-maintaining fiber with short beat length

o Low lozs fider from 500 to 1700 nm
. Sinsle mode at all wavelengths

* Folarization Vuintuir.ns

¢ Radiabon harc pure 4cs fiber

. 'mw_len5tr ndependent MFD

The Pm-1330 hes 8 strong form-direfringence and is opt-
ni:edaocemammmsm Detween the dolsrize-
tonz.

Furthermore it has recuced bend-induced coupling be- Aoalications
twaen polarization states, an improved polarization exting- Settears

tion ratio, and iz 30 timeas Jess temparature sanzitive than Gyroscopes

conyertional H-3i foer

nederomelen

Opticad progerties st 1550 am Typkeel specten attenuation
Shy'e mede o
Allerustion <3 48,km :
Mode fleld dumeter [1/e’) 55/48208um -
Mode field ellptity ~315 : ™ '
Srefringence 4o 4 %n |
r Typkad » 1848 » . |
(rrometic dapersion S5 2 30 /o fem ! : | ||
J
P —— ___1\___/ \ _
qll 13 =3 e AT o
Peysical sropesties Wavenrgm [am]
Core dlameter 8444405 um
Outer dedding demeter, 00 12525 um
(oatng dameter 240 £ 10 ym Woarfiakd inage
Core and dadding meterial Pure alice
(oatng metered, shagle layer Single lyer Acrylate
(oatry conceninicity <10 pm
Proof teit level ass

NKT Phetonics AJS (Headguarters)
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Phene: +45 4348 3900
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www_nitphotonics.com
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«* the power of light

LR

ESM-12

Single-mode 12 um core fiber

o Low fiber loss from 700 nm to 1700 nm
» Single-mode at all wavelengths

» Radistion hard pure silica fiber

» Wavelength independent MFD

 Larger mode area than copventional single
mode fibres at short wavelengths

This shagle-reede photonic crystal NMiber b optinized o low ok
M0 700 i 10 above 2700 & while keeping an alrost con-

stant mode Nedd Fametar

The Mt b endiessly slegle-mode with 20 hgher crdet mode
cut-of and dellvers excellent mode gualiy at all wavelengths.

Aoplications

Delivery of bsadband radistion In a sleghe spatial mede

+ Short wavelergth applications (visible Gght sed UV)

The Mber has & standand 135 g outer diemeter ind & compatl. Sefors and Intederonetes
bl with all coremon fiber took.
Typical spectral attenuation and dispersion
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Description

A9

Dispersion Compensating Fiber

DCF38

Therlabz" dizpersion compenzating bare fiber delivers high parformance acrozz a broad spectral range
in the telecom region. Theze fiberz have both high mechanical refiability and high optical stability. The
DCF38 fiber has dizperzion designed zpecifically to match and compenzate Corning L1000 or SAF-28e-

fiber.

Specifications

Dtsperzion & 1550 nm -30. pa.mn
_Dispersion Slope ® 1550 nm 0155w-00"59;.mkm
Typicel Effective Area 226.8 pm’
Polarization Mode Dizpersion .00 pz/Vkm

Mode Field Diameter § 1550 nm 5.72 to 6.30 pm
Cladding Dtameter 125.0£ 1.0 pm
Coating Diameter 250 £ 5 pm
Coating-Cladding Concentriotty <11 pm
Core-Clad Concentrictty 50.5 pm

Cutoff Wavelength 51520 nm
“Attenuation & 1550 nm <0.285 db/km

ttenustion rom to stos-0 /nm km
_ Point Discontinutty 20.10 d8 @ 1550 nm
Optscal Return Lozs =0 38

Typicel Splice Lozs ® 1350 nm 015

(Splice DCF38/DCF38) ‘

"Mﬂp iy 4 "7
‘“ 15 “

g | &
3003000 | Fraoce: + 13\3"“’“‘ .um
D81 | Scandiavia: 03173 00U
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1550nm Optical Amplifier
EDFA-1550/24 (4%17)

12-2016-+4



Technical passport / EDFA-1550 Labs

1. Performance Characteristics
Automatic control the output optical power
The outpur optical power is adjustable, anenuation range 15 0-3dB.
Adopt high-performance erbium doped fiber, high efficiency energy conversion.
Adopt advanced 32 bit processor, coordinate with perfact automatic monitoring systemic circuit. It
can nmely and accurately monitor optical output power and various work status of the pump laser,
ensures the stable optical output power and can effectively extend the working kife of the pump laser.
®  Buil-in blue screen 160+32 dot matrix LCD monstor on the front panel, accuraely showing all
working status parameters.
B ]9"1U height standard rack mount, equipped standard IEEE802.3 10Base-T Ethemet interface and
RS5232 interface, can expediently realizes network management monitoring

3, Block diagram
s wpar war
1 s - b 1) iy Il"\I “"\] L s e 1 apme sampet
=  par=rmm ) smmmeemn O
..___: Owater | L wew o lL-—I' L | comsw :_’_
-

(o] e [#] | ), k]
= —"I:['L"J [ u-le“j
| el EiEET

| — ]

E T

4. Technique Parameter

4.1 Link test conditions

Speddilstndim The performance parameters of this manual according to the measuring methed of
GY/T 1842002 < CATV system analog optical fiber amplifier technical requirements and measuring
method>, and tested in the followmnz conditions.

Test condition: With standard optical fiber and standard optical receiver composed the test ink. Set 50
PAL-D amalog TV channe] signal at 550MHz frequency range under the specified hink loss Transmit
digital modulation signal at range of 550 MHz ~ 862MHz, the digital modulation signal Jevel (in § MHz
bandwidth) is 10dB lower than analog signal camer level When the input optical power of optical
receiver is -1dBm, measure the C/CTB, C/CSO and CON.

4 12-2016-v4
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Technical passport / EDFA-1550 Labs
4.2 Techmigue Parameters
Item Unit Technique parameter Remark
Operating bandwidth | om 1535 - 1565
Input optcal power | gy 3-+10
range
[~ Tocal optical output :
bower dBm M Optional
One way optical output -
Dower d?m 17
Qutput power stadtlity | dBm =035
o X Input optical
Notse fizure dB <350 power 0dBm
Input | dB 248
Retumn loss ; K T
Pump leakage | pwt | dBm =-30
power Quput | dBm <-30
Opaical connector type SC/APC
Power supply voltage Vv ACI60V - 250V (50 Hz)
Consumption w <30
e bt e | % | Max95%NoCondensation
Storage Temperamre | ., e
" Range C 30-+70
Moximumstorage | % | Ma95% No Condensation
Dimension mm 283(W) 340D 44(H)
5

12-2016-v4
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Manual Fiber Polanization Controllers Chapter 4: Specifications

Chapter 4 Specifications

41, 3-Paddle Polarization Controllers

ftem # FPCI | FPCO | FRCIR2
Paddle Material Black Delrin

Number of Paddles J

Loop Diameter 1.068" (27 mm)

Paddle Rotation $17.5°

Foot Print (L x W) 8.5"x1.0"(215.8 mm x 25.4 mm)
Fiber None CCC1310-J8
Operating Wavelength Range® |  N/A 1260 - 1825 nm
Design Wavelength® N/A 1310 nm

Mode Field Diameter NA | oois = g il
Cladding Diameter N/A 1262 0.7 pm
Coating Diameter N/A 2421 5 ym
Tubing Diameter N/A @000 pm Tight Buffer
Numerical Aperture N/A 0.14

Loop Configuration® N/A 2-3-2
Connectors NIA FCIPC FCIAPC
Bend Loss N/A <0.1dB

“
a. Retardance varies as a function of wavelength. Refer to Chapter 2 for more

information.

b. Devices with preloaded fiber are optimized for this wavelength.
¢. Forpolarization controllers with fiber preinstalled.
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£501 om*. To distinquish between thess signals 11 the Intarierogram, we would naed 10 move away 1 om from
the point of 2em0 path dference (ZFO). The OSA can move 24 em In OPD, and 50 It can resoive spacral
features 0.25 ¢’ 3pan, The resolution of the nstrument can be caculated a5 folows:

A = Ak X 100 x A*

Here, 4115 the resoltion In pm, & Is ie OPD In o (maximum of 0.25 em* for this Inssument) and 1s the
wavelength In ym.

The resolution of the OSA can be set to High or Low In the main window of the software. In high resolution
mode, the retrorefiectons translate Dy the Maxmum of 21.m (24 cmin OPD), while In ow resaiution mode,
the retrorefiectors transiate by 0.25 om (1 om In OPD). In the Setup section of the OSA software (Chapter
7). the length of the Interferogram Mt Is used In the caiculation of the specirum can be cut to remove
spectral contributions from Nigh-Sequency companents.

Resolution In Spectrometer Mode
30000 1

Resolution (pm)
s &8 8§

—t
[~}

—— Low Resojution Setting
—— High Resokition

01 2 3 4 6 6 7 8 9 101 12

Wavelength (um)

Figured  Resolumion as a Funcuion of Wavelength

1

The sensitivity of the Instrument depends on th electronic galn used In the sensor elsctronks. Since an
Increased gain Se%ing reduoss e bandwidth of the detectors, the instrument Wik run slowes when higher gain
settings are used. Figure 4 nd Figure S 0n the following page show the dependence of the nolse fioor 0n the
wavelength and OSA modsl.
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0SA20K Optical Spectrum Anlyzers

Chapter 13  Technical Data
13.1. Common Specifications

Specification Notes Value
Spactral Resolution 7.5 GHz (025 ')
Spactral Accuracy* - £2 ppe
mw 10pm
Resoludon 0.1 ppem
(Wavelengih Meter |
Wavaiangin Meter Moge 9 Decimas
e fotor |
See Section 45 £1 ppm
%W«
Pracision’ 02 ppm
Input Powsr (Max) CW Source 10 mW (10 dBm)
Input Damage Thrashold - 20 mW (13 dBm)
Powsr Lavel ACcuracys : +1 B
Optical Rejection Ratio See Section 4.13 068
FC/PC Comnectors”
Al Singls Mode Patch Cables, cuding Fluonds
SM Pakh Coks
Input Fiber Compatibiltty - Sikca Mutimode Patch Caokes with
5050 um Core A NA < 0.2
Fluoride Multimode Patch Cables with
<2100 pm Core and NA < 0.26
Acoepis Collmated Beams up to @5 mm
Fres-Spacs Input - Red Lasef?m
Four &-40 Taps for 30 mm Cage Systems
320 mm x 143 mm x 475 mm
Diméensions 3 (126°X59" X187

3 Afer 3 d5-minute warm-up, for 3 sngle mode FC/PC-eminated patch cabie ot an operating temperature of 20 - 30°C.

b Spacfied in parts par milion. For instance, If the wavelength being meazured I 1 um, the spectryl accuracy wil be
22 pm. (22 pm of ccuracy for every 1,000,000 pm, or 1 pm, of waveengh )

¢ Spactryl Precizion 2 the repastabilty with which  specry fasture can be maagured using e peak search ool

d. Con be set from 3-8 decimais and have an uto option that estimates the relevant number of decmals.

. Uszing e same nput single mode ber for 3l meazurements.

1. Umitsd by he damage Sreshoid of the intemal components

0. Specied wing Absoiute Fower Mode, Zero Fll = 2 and Hann apodization, a%er 8 45-minute wam-up, for an
operatng temperature of 20 - 30 *C. (The diarent apocization modes avalisbie in the OSA softaare are described n
Section 15.2 ) The spaciied wavelength range Is 400 - 1000 nm for OSA201C, 500 - 1600 nm for OSA02C, 1.0+
24 ym for OSA03C, 1.3-5.0 pm for OSA205C, and 2.0+ 11.0 um %or OEA207C. Each specitcadon iz valld for 3
gnge mode FCPC-tarmingtad patch cable, 32 well 35 %or 3 collmated free-space beam with dameter < 3 mm and
dhverpence < 3 mrad, 3zzuming the incuded protective window [ Insaled n the fee-zpace apertre.

h. Connactors for other fber input receplacies am avalabie upon request. Contact fsohcupportiithoriabe.oom for
oetals.



Technology to lead the Shengshi

Veeson Mar 2004

1270~1610nm CWDM Pigtailed Components

Features
Built - in optical isclator

Low capacitancs and low dark carramt

Low threshold curpent’; Jow operating currsat

r
»
»  High stability of CWDM hasars diods
»
»

Intezrated Righ isclation , Jow insertion loss

Applications
CATV Reverse Transmission

Other Analog or Digital Optical Transmission

Absolute Maximum Ratings
Parameter Svmbol Min. Max. Unit Test Condition
Storage Temperature Tstg -4 100 C -
Operating Temperature Top -4 85 T =lop
Laser Forward Current It - 150 mA -
LD Reverse Volfage Lvr - 2 v -
PD Reverse Voltage Pur 15 v
Soldering Temp - - 260 c -
Soldering Time - - 10 S -
Optical & Electrical Characteristics
Parameter Symbol [ Min. | Typ. | Max | Unit | Test condition
Rated Power Po 1 - 3 oW Ith+20mA
Threshold Current Ith 5 - 15 | mA cw
Forward Voltage Drop Vop - 1.0 12 vV -
Cent Wavelensth s Note 2 om Note ]
Spectrum Width(-3dB) Al - 0.5 1 om CW.-3dB
Side-mode Suppression Ratio | SMSR. [ 335 - - d3 -
Monitor Current m [100]| - 900 | ud | CW, Ih+20mA
[ Dark Current of Monitor 1d . - 10 | oA -
Optical Isolation 150 | 30 [ 40 - i3 25°C
Frequency Range F 235 GHz RI=300
Cut-off Frequency Fc 6 GHz IFlop
Relative intensitynoise | RIN | - | -155 | -150 |&BE: fc__‘j)g‘\;j’fz
RF BandpassFlatness | BF =15 d8 Img%‘?

1
Addren: Sdlsor Block B Creative Bullding, Wesxhd Si Heagshas District, Wukan Oty Hubd P.R.Chiza 430074

Tek: MEE-2T 7190601
Eitp:Oweopes alibuhacom

Cell: 0666-155 7177 S837
Sope:vidy ogy

Fau: MRe-2787172998
www laserdiededes ke.om
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Technology to lead the Shengshi

Veewon Mar 2006

HEXl
Whergil Opdn o
Note 1. 2.5Gb's NRZ, psendo-random, Pb=0.2mW, Ppeak=1 0mW
Note 2. The selected wavelength is available as follow:
| Wansleazth () (T1=Tset) (i vacemm) Tolsrance(nm) |
127 slorsd
29 =2 or 3
31 o3
1331 D3
1351 ol
1371 dorsd
39 Dol
31 slar=3
1331 Do
1451 sdorsd
1471 lor=d
20 sdorsd
51 larsd
1531 Qo
55 sl orsl
57 orsd
1591 Do
1611 Dol
PIN Definition
LD: LD:
{ [ype A: .' - Type Be
/ ‘ [1) LD v CASE f . \ [ 1) CASE
) :‘ ‘.* < (2] > ;. .: < (2L
@ / me \ @ /| Bl
% 1 4 ¥l e 8o (4] e ¢

Bottom View

Addren: Sfleur Bleck B Creative Bubding, Weaxh St Heagrhas District, W uban Oty Hubd P.R. Chisa 430074
Tek: 06862787100 501 Coll: 0iSe-158 7177 8837 Far: M&6- 2747172905

kttp: i wop ce alilulba.omm Skype:vichy wygy www . lsserdlsdedes kecom




DVP-740 Single Fiber Fusion Splicer

Features

SPECIFICATIONS
Applicable fibers

Fiver deaved ength
 Average spilce loss
' Return loss
Tension test

.Prdemmslemum
 Splice Program
Language

' Qnragefmvmm
Power supply
 DimensonyWeight

STANDARD PACKAGE

Compact & Light weight

Fully Automatic Operation

5000m aiftude ensures Splice Quality

SYSTEM TEST emsures the best workimg condition

Color LCD montior

Pause fnciion, convemien: for sciensific research

Store 8000 groups of splice results

USB&DC meerface

High battery capacity, up to 120 tnmes of continuons splice and heat

M, MM, DS, NZ-DS(GE55), EDF, Bending Loss Insensitive fiber(GES7), Pigtall,
B-22mm

:aoua(_sn)\ 0.01GB(MM) . 0.050B(DS). 0.04dB(NZDS)
| 26048 ;
zou(zooofxmm)

MMMWM

| 15 groups of preset programs, 1 group of manual setting
‘Enalsh Chinese, Korean, Russian, Spanish, Portuguese, German, French

<25~ 4 S0C (operation temperatire), 0 ~ S5%RH (humidky), 0 ~~ S000m

(titude)

40~ +80C (temperature) , 0--95%RH (humidity)

AC adaptor: 85~ 260V input voltage

| Internal battery: 12V, 6AR, up ko 120 times of continuous splice and hest
142 (D) X122 (W) X138 (H) mmy/1.95kg (with battery)

Fusion Spiicer, Internal Battery, Charger, Spare Bectrodes, Cooling Tray, Manual Instruction, Carry Case,
Fiber Oeaver, Rber Stripper, AC Adaptor, AC Power Cord

B11
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1 Operating Manual
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Note:: Real-time zampiin
To uze the menu system,

g rat

Fig 1-1 Front Fanel - UTD 2000CM

chiphey of
triggwr vt

gl o

CURERALAY B ssagle cwn

The currwn: Teiger Type
FhE funonwt e thrend
The currew! iigger cvpiing
The curmwn wiges nads
Che cuno depe tipe

The currem trigger lreed

Figure 1-2 Screen Dispiay - UTD2000CM

pleaze follow the following steps:

1 Prass a menu key to displey the menu to de uzed.

The revest bewe base

UTO2000M Lier Manual

g L)

Q- O
o =)

'_':\ N
e
—ox

{¥ 7 1188

thur iw o apatens

& 3t current time base are not availabie for UTD2202HM&CM.

TR B
wbh dferend
Bacthn bese

2. Press Fi to F3 located to the right of the screen to select 8 menu item. if the menu item containz multiple

submenus, then again prezs F4 to FS to make a zelection.

3. Some menu items require numeric entry or making multiple choices to compiete the setting, in this case, 8
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EXTECH

———— INSTRUMENTS

FiberMeter Optical Power Meter

Model #: FO600 / FO602 / FO610

Operations Guide

Fimware Revision 4.62
March 1, 2007
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pectficaions to Power Meter

Model FPM-S00/ELS-300/FOT-300
Power meter port (¢
Power tange (dBim) 10000
Range displayed Down fo 65
Number of calibrated wavelength 10
Power uncertainty %41 aW
Resolution (dB) 01
Automatic offset nullng s
Display unis 4B Dbm/W
Automattc wavelength recogution s
Sereen efresh ate (HLz) ]
Tone detection (Hz) M, 1K XK
Battery e (houss) (typical >0
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0A
www. gclabequipment.com

Automatic Digital Refractometer RX-5000¢

The RX-5000a ( alpha ) is an antomatic digital refractometer which can set measurement
temperature intemally and has the following feanumres for measunng the refractive index. Brix or
concenration of varous liquids acourately and speedily

* Since the RX-5000a ( alpha ) has a themmo-module to control temperature, a constant
t2mperature water bath is Dot necessary.

* The measurement starts automatically after the sample reaches your targetad temperature.

* The refractive index and Brix at your targeted temperature are speedily displayed.

* High Bnx = 0.03% and refractve index = 0.00004 accuracy can be obtained.

* The R2-5000a ( alpha ) displays the top-and-bottom-limit-bar for your st control range.

» If the measurement value differs from that of your Standard Liquid or the other refractometer, it
can be adusted n a certain range.

* 60 kinds of user scales can be input according to your sample.

* The RX-3000a ( alpha ) is capable of calling up 30 latest measurements.

* Special model of RX-50000 allows pre-programming of an addiional scale (such as honey
mo:sture, inverted sugar®s or salt concenation) in addition to Refractive Index and Brix (%5) at
customer's raquest

This product comes standard with a two (2) year limited warranty against manufacturer? defacts
from the date of the original purchase.

FDA 21 CFR Part 11 Software Included in Standard Delivery.

QAQGC LABS White Stone Va 22672 TEL (£86) 244-1578
www.golabequipment oom



MODE-1:
Displays the measurement value once the sample reaches the target
temperanre.

MODE-2:

Measures refractive index and temperature at fived intervals and displavs the
estimated measurement value at the target temperature.

MODE-3:

The thermo-moduls can be tum off. Without temperature control, the
measurement value is displayad in 4 seconds after the START key is pressed.

MODE-S:
Displays the measurement valus once a certain Jevel of sample stability is
achieved

| Prnter (for ATAGO digital pnnters)
mals |+ Computer - RS-232C
Connection to a USB port raquires a USB to RS-232 adapter (optional)

QAQC LAB2 White one Va 22578 TEL (888) 244-1678
‘www.qolabequipment com
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DATA SHEET

NEC /

SILICON TRANSISTOR

25C3335

HIGH FREQUENCY LOW NOISE AMPLIFIER
NPN SILICON EPITAXIAL TRANSISTOR

DESCRIPTION

The 26C32E5 |s an NPN slicon epitucy transisior designed for iow nolse
ampifier 8t VHF, UHF and CATV band.
% has lange dynamic range and good curment charcterisic.

FEATURES
* Low Noise and High Gain

NFell@BTYP, CuwB00BTYF. QVisw 10V, LeTmA fe 10 Gz

NFeli@BTYF, Cued0oBTYF. QVse10V, LeddmA ‘e 100K2

* High Fower Gain

MAG= 11dBTYP.@Vis = 10V, ke 20 mA f= 1.0GHZ

ABSOLUTE MAXIMUM RATINGS (Ta=25°C)

Collector fo Saze \olage

Collector fo Eminer VolRage

Eminar 1 Baze Voltage
Callector Curmant

Toty Powar Dizzipation
Junction Tempensture
Gtorage Temperature

ELECTRICAL CHARACTERISTICS (Ta=25"C)

Viso
Voo
Vi
kL

Pi
T
Ty

n l'l
12 v
30 Vv
100 mA
600 mw
150 c
EEb+0 C

PACKAGE DIMENTIONS
n milimeters (ncres)
INAK
(0204 MAX )

e

55 NAX

OO SST NI G a0 200 M

NI

CHARACTERISTC EYMBOL | M | TYP | MAX | UNT TEST CONDITIONS
Collectty Cutef! Curvend 2o 10 A VsV kel
Emitar Cutoff Curent I 10 A Ve tOV e
DC Curwee Gan " % W | X Va1V EeimA
Cun Bandwcth Produt b LL] Oz Va0V ea20mA
Ouput Copactinten Lo (L 10 o (Vas 0V a0l 10N
|rmardon Poesr Oan ' P @ [Vaa 0V ke mAla100e
Newe Figue '3 11 @ Vs 0V kaTmA ls100H
Nowe Figse N 18 W0 @& [Vos 0V kaddnd fa100mu
hw Claceifioation
Cless "
Matdry "
b w0

Cocumese No. PAIEEE VD600 (Jed asiioey
D Publared Vareh 1067 N
Privted I Jopan

© NECCymiln 1385
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NEC

28C3355

TYPICAL CHARACTERISTICS (Ta=25°C)

TOTAL POWER DISSPATION
AMBENT TEWERATURE

FEEDBACK CAPACITANCE v
COLLECTON TO BASE VOLTAGE
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