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Abstract

A silver coated hollow glass fiber with a core diameter of 250 pm is studied for beam
transport and nonlinear optical applications at 800 nm using a femtosecond Ti:sapphire
laser. To reduce the losses, the inner glass surface of the waveguide is coated with a thin
film of silver by a liquid phase deposition process. The measured transmission loss of the
straight silver coated hollow fiber, 0.44 dB/m, is lower than the transmission loss of a
similar fused silica hollow fiber, 1.94 dB/m. Beam diameter measurements indicate that a
single HE;; mode propagates from output of the waveguide into free space. The bending
loss of this waveguide was measured for bending radii of 30, 50, and 100 cm and
compared to the theoretical values. Numerical modeling and experimental results for
optical compression of femtosecond pulses are presented. Input pulses with energy of
2501 and duration of 110 fs were compressed to 20 fs with energy of 220 pJ using the
silver coated hollow fiber, filled with argon, and a prism pair. The same experiment was
performed for the fused silica hollow fiber which produced 20 fs pulses with energy of
190 pJ. There was close agreement between the pulse compression numerical and
experimental results. Nonlinear ellipse rotation for pulse contrast enhancement was also
studied using the silver coated waveguide. The results were similar to those obtained for

the fused silica waveguide, but with higher transmission.
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Chapter 1

Introduction

1.1 Background

Hollow core waveguides are used for transmitting high laser powers. These
waveguides were originally developed for the delivery of CO, laser radiation [1]. There
are two types of hollow waveguides: those with a wall material that has a refractive index
n less than one (n < 1) and waveguides whose wall material has a refractive index greater
than one (n > 1) [2]. Waveguides that have an air core with refractive index of one and a
cladding material with n <1 guide light in a manner similar to conventional solid core
fibers. One of the first hollow waveguides of this type used lead and germanium doped
silicates as the cladding material [3]. Hollow sépphire waveguides also have an n <1
structure when transmitting light at a wavelength of 10.6 pm. The measured losses of
hollow sapphire waveguide are higher than expected due to the roughness of the sapphire
inner surface [4]. It also can not be bent to a small radius because of high modulus of
sapphire. Leaky hollow waveguides, whose claddings have a refractive index greater than
one, transmit light by grazing incidence reflections at the inner surface of the cladding.
Hollow waveguides in general have a loss that depends strongly on wavelength, core
diameter, and bending radius [5].

Hollow waveguides are fabricated by depositing metallic and dielectric coatings
on the inside surface of metallic, plastic, or glass tubing. A number of different
fabrication techniques have been used such as physical vapor deposition, chemical vapor

deposition, sputtering, and liquid phase deposition. Physical vapor deposition was used to
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deposit silver and dielectric layers on metallic substrates. This technique is difficult to use
for fabrication of small bore hollow waveguides. Sputtering was used to deposit dielectric
and metallic layers on a pipe made of aluminum, where a thick layer of nickel was then
deposited over the sputtered layers [6]. This was followed by etching the pipe away and
ending up with a hollow waveguide. Small bore hollow waveguides with metal films on
the inside surface have been fabricated by chemical vapor deposition [7]. The most
common technique for fabricating metallic films in hollow waveguides is liquid phase
deposition [8]. This process is inexpensive, easy to perform, and suitable for fabricating
silver and gold films.

In the infrared region of the spectrum, metallic and dielectric coatings have been
used to reduce the losses of a fused silica hollow fiber [9]. By coating the inside surface
of the waveguide with a highly reflective metallic layer the losses can be reduced. A
dielectric layer is then deposited over the metal film in order to reduce the losses further.
The thickness of this dielectric film is adjusted for minimum transmission loss. Different
dielectric thicknesses give a minimum loss at different wavelengths. Hollow glass fibers
with a metallic layer of silver and a dielectric film such as silver iodide on the iﬁner
surface have been effective for transmitting CO, laser light at a wavelength of 10.6 pm
and Er:Y AG laser light at a wavelength of 3 um with low losses.

The roughness of metallic and dielectric coatings introduces scattering losses and
adds to the total loss of the waveguide. Studies have been conducted in order to optimize
the fabrication parameters for obtaining smoother films and lower waveguide losses [10].
Hollow fibers with bore sizes of 250 to 1000 um have been fabricated for transmission at

wavelengths of 3 and 10.6 pm with losses between 0.3 and 0.8 dB/m [10]. The use of
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these hollow waveguides for beam delivery has offered good flexibility, easy handling,

and small spot size which is required in some applications.

1.2 Motivation

With the recent development of Ti:sapphire oscillators and amplifiers [11],
applications of high energy femtosecond optical pulses are rapidly growing. Direct
generation of optical pulses shorter than 8 fs from a Ti:sapphire laser in the 800 nm
region was achieved by 1996 [12]. It is now possible to produce laser pulses lasting a few
femtoseconds and reaching focused intensities exceeding 10" W/em?.

In an experiment which was performed in 1997 [13], input pulses with a duration
of 13 fs and an energy of 45 nJ from a Ti:sapphire laser were used to produce a pulse
width of 4.9 fs. This was achieved by self phase modulation (SPM) in a single mode
fiber, which broadens the frequency spectrum, and subsequent compression in a
compressor consisting of grating and prism pairs. In another experiment, the pulse
duration was reduced to 4.6 fs by using a chirped mirror in the compressor [14].

Optical fibers can only be used for transmitting and chirping pulses that have low
peak powers. The peak power of the input pulse should be lower than the damage
threshold of silica which is used for making optical fibers. A fused silica hollow fiber
with large diameter and filled with a noble gas has been used for chirping high energy
optical pulses. In the first expériment which was reported in 1996 [15], a 70 cm fused
silica hollow fiber filled with krypton was used to compress 140 fs pulses to 10 fs. In
another experiment [16], a 60 cm fused silica hollow fiber was used to chirp and

frequency broaden 20 fs input pulses from a Ti:sapphire amplifier by dispersion and
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nonlinear effects in argon and krypton. A compressor consisting of a chirped mirror and
two fused silica prism pairs was then used to compress the pulses to 4.5 fs.

Hollow fibers are needed for both the delivery of high power laser pulses to a
target and nonlinear optical applications in the 800 nm region. However, a fused silica
hollow fiber has high losses that are mainly due to the leaky nature of the mode caused
by refraction at the inner glass surface [5]. Bending of the waveguide also adds greatly to
the losses and, thus, makes a fused silica hollow fiber ineffective for beam delivery
applications.

In this thesis a silver coated hollow glass fiber designed for transmitting optical
pulses at a wavelength of 800 nm with low losses is studied. This silver coated
waveguide can transport femtosecond optical pulses with much higher transmission
compared with a fused silica waveguide and, thus, improve the optical efficiency for both
straight and bent waveguides in beam delivery applications. Despite lower losses, the
output mode can have high purity and be as good as that obtained from a fused silica
hollow fiber. With single mode propagation, the silver coated hollow fiber can also be
employed for nénlinear applications such as optical pulse compression and pulse contrast

enhancement [17], with much higher throughput.

1.3 Research project

The research project reported in this thesis consists of the investigation of a silver
coated hollow glass fiber fabricated for beam transport and nonlinear applications at 800
nm. The attenuation constants of several low order modes are compared as a function of

core diameter for both silver coated and fused silica hollow waveguides. The power
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coupling efficiency of a TEMy input beam to the HE;; mode of a hollow fiber is
discussed. Fabrication of the silver coating inside a hollow glass fiber is explained in
detail. The beam transport properties of silver coated and uncoated fused silica hollow
fibers are investigated experimentally using a Ti:sapphire laser and are compared to
theoretical models. These include the bending losses of the silver coated hollow fiber.
The beam profile is measured as a function of distance from the output of straight hollow
fibers in order to verify that an HE;; mode exits each hollow fiber and propagates into the
free space.

An optical pulse compressor is developed using both silver coated and uncoated
fused silica hollow fibers filled with argon gas and a prism pair for compression of
femtosecond pulses at 800 nm. The dispersion parameters of the HE;; mode propagating
in a silver coated hollow fiber filled with argon are calculated. It i1s shown that the
dispersion parameters are essentially the same as those for a fused silica hollow fiber.
The propagation of optical pulses inside a hollow fiber is modeled using the generalized
nonlinear Schrédinger equation. A split-step method is used for the simulation. A fused
silica prism compressor is explained in detail and its model is used in the calculations. An
optical compressor is designed and built using the simulation results. Optical
compression experiments are performed using fused silica and silver coated hollow fibers
with different pulse energies and gas pressures and the results are compared.

Nonlinear ellipse rotation of femtosecond pulses inside silver coated and fused
silica hollow fibers is examined for pulse contrast enhancement. The polarization of the
input laser beam is converted to elliptic using a quarter wave plate, which is then

propagated through an argon filled hollow fiber. Experiments are carried out to determine
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the effects of pulse energy and gas pressure on the polarization ellipse of the beam. It is
shown that the ellipse rotation can be maximized at a certain energy, which depends on
the angle between the fast axis of the quarter wave plate and the input linear polarization.
By keeping the pulse energy constant, the effect of argon gas pressure on the rotation of

polarization ellipse of the beam and the transmission of output pulses is determined.

1.4 Organization of the thesis

This thesis is composed of seven chapters. Chapter 1 is an introduction which
contains the background material on hollow fibers, the motivation for this work, and a
description of the research project.

In chapter 2 the modes that can propagate in a hollow fiber are described and the
attenuation and phase constants of the modes are given. The attenuations, field
amplitudes, and field lines of several modes are compared for silver coated and fused
silica hollow fibers. Dispersion in a hollow fiber filled with air is also discussed.

Chapter 3 contains the beam transport experimental results for the silver coated
and fused silica hollow fibers. The coupling of a free space TEM, Gaussian mode to the
HE,; mode of a hollow fiber is discussed. Fabrication of a silver coated hollow fiber is
explained. Transmission loss and beam profile measurements obtained for both hollow
fibers are presented. The bending loss measurements for the silver coated hollow fiber are
compared with the theoretical values.

The theory of optical pulse compression is explained in chapter 4. The nonlinear
wave equation describing the propagation of an optical pulse in a hollow fiber is derived.

Both dispersive and nonlinear effects are included in this equation. The phenomenon of
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self phase modulation which is a result of intensity dependence of the nonlinear refractive
index is explained. Optical pulse compression is explained and the dispersion equations
for a prism compressor are given. The geometry of a prism is used to find the second and
third order dispersion coefficients. It is shown that the group velocity dispersion of a
prism pair is negative and tunable and, thus, it can be used to compress positively chirped
optical pulses.

The numerical and experimental results for optical pulse compression using silver
coated and fused silica hollow fibers are presented in chapter 5. The group velocity and
third order dispersions of the hollow fibers are compared. The compression results for the
silver coated hollow fiber are obtained for argon gas pressures of 2.4 and 1.5 atm. The
experimental results of optical pulse compression using a fused silica hollow fiber are
given for different energies and argon gas pressures.

The experimental results of nonlinear ellipse rotation in silver coated and fused
silica hollow fibers filled with argon are presented in chapter 6. The theory of this
nonlinear effect is explained and equations are given. Experimental results obtained by
varying the input pulse energy and argon gas pressure are discussed.

In chapter 7 the main conclusions of this project are given. The results obtained
for silver coated and fused silica hollow fibers are compared. Methods for improving the

performance of the silver coated hollow fiber are discussed.
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Chapter 2

Wave propagation in hollow fibers

2.1 Introduction

In this chapter the modes that propagate in a hollow cylindrical waveguide are
explained and their field configurations and propagation constants are discussed. A mode
or characteristic equation is given. The propagation constants of the modes are found by
solving this equation. The simplifying assumptions used to obtain the field components
and the propagation constants are explained. It is seen that the attenuation constant is
proportional to the square of wavelength and inversely proportional to the cube of core
radius. An optical pulse broadens as it propagates along a hollow cylindrical waveguide.
This is due to the material (filling gas) and waveguide dispersions. The group velocity
dispersion (GVD) and the third order dispersion (TOD) are obtained for the HE;; mode

assuming that the hollow waveguide is filled with air.

2.2 Modes and propagation constants

The waveguide consists of a hollow core and a cladding made of a dielectric
material such as glass or a highly reflective metal as shown in Fig. 2.1. At optical
wavelengths metal no longer acts as a good conductor instead it starts to behave as a
dielectric with a large dielectric constant. Thus, both the dielectric and metallic
waveguides can be described in terms of a general hollow circular waveguide that has a

cladding material with a finite complex refractive index. We consider a waveguide that
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has a straight axis and a cylindrical cross section. We also assume that the wall thickness

of this hollow fiber is infinite.

Cladding (&, o)

Core (€1, 10)

2a

Fig. 2.1 A Hollow cylindrical waveguide. Core diameter is 2a. The core can be free space or a
material such as a noble gas. The cladding can be fused silica or a highly reflective metal.

The core can be free space (&,/4) or another medium such as a noble gas (&, 4).
The wall consists of a metal or dielectric with complex dielectric constant &. Both media
are assumed to have magnetic permeability 4. The problem of finding the field
components and propagation constants for the modes of the hollow fiber is greatly
simplified if we use the assumption that
A<<a 2.1
where A is the wavelength in free space. By using the inequality given by equation (2.1),
we are considering the case where the core radius @ is much larger than the free space
wavelength 4.
The field components of the modes for a general cylindrical waveguide with
arbitrary materials for the core and cladding have been determined by Stratton [18].

Three types of modes can propagate in a cylindrical waveguide: transverse electric modes
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(TE) with field components E,, H,, and H,, transverse magnetic modes (TM) with field
components Hy, E,, and E;, and hybrid modes with all the electric and magnetic field
components present.

A mode equation can be obtained by using the continuity of the tangential field
components at the boundary between the core and the cladding. The propagation
constants for the above modes in a straight hollow cylindrical waveguide are obtained by

solving the following mode equation

J, (ka) &k H" (ka)|J, ka) vk 2O ka)| [na ]|, (kY 22
Jka) k Hka) | J,(ka) &k HOka) | |Fha k, '

where v is the ratio of the refractive index of the cladding medium to that of the core
medium and k =27/A is the free space propagation constant. The radial propagation
constants in the internal and external media, k; and k., are defined by
k:=k’—p* (2.3)
k2 =k’ -y (2.4)
where y1s the axial propagation constant of the mode, %; is the propagation constant in

the core medium, and k; is the propagation constant in the cladding medium. In equation
(2.2), J, is the Bessel function of order n, J, is the first derivative of J, with respect to its
argument, H,,(l) is the Hankel function of the first kind of order n, and H,,(I) is the
derivative of Hn(l) with respect to its argument.

For n=0, we obtain transverse electric TEy,, and transverse magnetic TMy,, modes,
where m is the order of the mode. The electric fields for the TE,, modes are circles that

are centered on the z axis and located in a transverse plane. The electric field lines for the

10
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TMo» modes are in the radial direction in the transverse plane. For n 0, we have hybrid
modes, HE,,,. Therefore, the electric field lines of the modes are three dimensional. When
the approximation given in equation (2.1) is used, the axial field component is small and

the hybrid modes can be considered transverse. In this case the characteristic equation

simplifies to [5]
.k
J,(ka)=iv, [?‘)Jn (k;a) (2.5)
where
1
for TE ,,, modes (n = 0)
v -1
VZ
Vv, =1 - for TM,, modes (n = 0) (2.6)
v -1

1 v +1
2 4v? -1

Because of the approximation given in equation (2.1) and using equation (2.3), it is seen

for HE , modes (n = 0)

that the right hand side of equation (2.5) is close to zero. The characteristic equation is

solved for k;a, yielding

ka~u, (1 ~ L ) @.7)

where u,, 1s the mth root of the equation J,_,(u,, ) = 0. Equation (2.7) is valid as long as

A << a . The propagation constant y can be found using equations (2.3) and (2.7), giving

2
1{u iv,A
~kjl-—| | |[1-—= 2.8
4 1{ 2(1{@]( fzaﬂ (28)

The attenuation and phase constants for each mode are given by

11
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2
u, - Re(v,)
o =Im(y)=—rm 2 "n/
m =Im()==5 Kk

B =Re(y) =k, {1-%(3]’(—2—) {Hlm(jz"j H} (2.10)

The attenuation constant is proportional to the square of the wavelength 4 and inversely

2.9)

proportional to the cube of core radius of the waveguide a. Therefore, by choosing the
radius of the hollow cylindrical waveguide sufficiently large compared to the wavelength,
we can make the losses of the waveguide very small. The higher order modes have a

larger attenuation.

For waveguides with a dielectric material such as fused silica in the cladding, the
refractive index vis real. By comparing the attenuation constant for different modes, we
find that if v > 2.02 the mode with the lowest loss is TEq; and if v < 2.02 the HE;; mode
has the lowest attenuation. Since the refractive index of most glasses is close to 1.5, for
hollow glass fibers the HE;; mode has the lowest attenuation.

In Fig. 2.2, the attenuation constants of several hybrid modes in a fused silica
hollow fiber are compared as a function of the core diameter for a wavelength of 4=800
nm. The attenuation constants decrease with increasing the diameter of the hollow core
and the HE;; mode has the lowest attenuation. For a wavelength of /=800 nm and a core
radius of a=125 pm, the intensity attenuation constant for the HE;; mode is 0.142 m” or

0.62 dB/m. Therefore, the theoretical transmission of the HE;; mode for a 1 m long
hollow glass waveguide is 86.8%. The transmission of a 50 cm long hollow glass

waveguide will be 93.15%.

12
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For the same wavelength and core radius, the intensity attenuation constant for the
TEy; mode in a fused silica hollow fiber is 0.218 m”! or 0.947 dB/m. The intensity
attenuation constant for the TMy; mode is 0.49 m™ or 2.13 dB/m which is larger than the
attenuation constants of the HE;; and TEq modes. The attenuation constants of the TEq;

and TMy; modes are also shown in Fig. 2.2.

Attenuation constant (dB/m)

0 T T 1 1 T I I
100 150 200 250 300 350 400 450 500

Core diameter (um)

Fig. 2.2 Comparison of the attenuation constants for three hybrid modes of a fused silica hollow
cylindrical waveguide as a function of the core diameter. The wavelength is 800 nm. The HE;

mode has the lowest loss. For a core radius of 125 um the intensity attenuation constant of the
HE;; mode is 0.62 dB/m.

The attenuation constants of the same three hybrid modes in a silver coated
hollow fiber are compared as a function of core diameter in Fig. 2.3. The refractive index
of silver at a wavelength of 800 nm is 0.15-i5.3 [19]. The attenuation constants are
considerably smaller than the attenuation constants for a fused silica hollow waveguide.

The HE; mode has the lowest attenuation for the hybrid modes.

13
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Fig. 2.3 Comparison of the attenuation constants for three hybrid modes of a silver coated hollow
cylindrical waveguide as a function of the core diameter. The wavelength is 800 nm. The HE;
mode has the lowest loss among the hybrid modes. For a core radius of 125 um the intensity
attenuation constant of the HE;; mode is 0.033 dB/m.

For a wavelength of /=800 nm and a core radius of a=125 um, the intensity
attenuation constant for the HE;; mode in a silver coated hollow fiber is 0.0076 m™ or
0.033 dB/m. Therefore, the theoretical transmission of the HE ; mode for a 1 m silver
coated hollow glass waveguide is 99.2%. The transmission of a 50 cm silver coated
hollow glass waveguide will be 99.6%.

For the same wavelength and core radius, the intensity attenuation constant for the
TEo; mode in a silver coated hollow fiber is 0.0012 m™! or 0.0054 dB/m. The intensity
attenuation constant for the TMo; mode is 0.037 m™ or 0.16 dB/m which is larger than the
attenuation constants of the HE;; and TEy; modes. The attenuation constants of the TEg;

and TMy; modes are also shown in Fig. 2.3.
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For the HE;; mode all the field components are present. Since the axial field
component (z component) is proportional to A/a and is very small, this mode can be
considered to be alﬁost transverse. Using the approximation A/a<<l and the field
components of the HE;; mode, the equation for the field lines in the transverse plane,
perpendicular to the z axis of the waveguide, is given by

rcosg=r, (2.11)
where r¢ is an integration constant, generating a family of field lines. The electric field
lines of the HE;; mode are shown in Fig. 2.4. As can be seen, the HE;; mode can be
considered a linearly polarized mode. The normal component of electric field for the
HE;; mode is not continuous at the interface between the core and the cladding. The
tangential component is continuous at the boundary. Therefore, the electric field lines of
the HE;; mode are discontinuous at the boundary between the core and the cladding. The
magnetic field lines of the HE;; mode are similar to its electric field lines only rotated by
7/2 radians around the z axis.

The maximum value of the electric field in the cladding occurs at the boundary
r=a and is proportional to A/a. Therefore, the field intensity in the cladding is very

small. If we neglect terms of the order A/a, the field amplitude in the core for the HE;,

mode is given by
E=E,J,(2.4050) 2.12)
a

where F is the amplitude at the center of the waveguide and u;,=2.405 is the first root of

the Bessel equation Jy(x). The field distribution of the HE;; mode is shown in Fig. 2.5.

15
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Fig. 2.4 Electric field lines of the HE;; mode inside the core of a hollow cylindrical waveguide.
Electric field is not continuous at the boundary between the core and the cladding. Therefore,
electric field lines of the HE,; mode are discontinuous at the boundary.

1.0
HE,,
(V]
Kol
2 05-
3
HE

£ 2
°
Q
=
Q
5
8 00+
m

-0.5 . . . ,

0.0 0.2 0.4 0.6 0.8 1.0

Normalized radial distance

Fig. 2.5 Electric field amplitude of HE;; mode inside the core of a hollow cylindrical waveguide.
The electric field is maximum in the center of the core and is zero at the boundary between the
core and the cladding. Radial distance is normalized with respect to the core radius.
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For the TEo; mode, only the transverse component of the electric field is present.
The electric field lines of the TEy; mode are shown in Fig. 2.6. As can be seen, they form
circles that are centered on the z axis. The field amplitude in the core for the TEy; mode

is given by
E=E,J,(3.8325) (2.13)
a
where Ej is an arbitrary amplitude and u,,=3.832 is the first root of the Bessel function

Ji(x). The electric field distributi‘on of the TEy; mode is shown in Fig. 2.7. The field

intensity in the center of the core and at the cladding surface is zero.

2a

Fig. 2.6 Electric field lines of the TEy mode inside the core of a hollow cylindrical waveguide.
Electric field lines are circles in a plane perpendicular to the z axis. The electric field of the TEy,
mode is continuous at the boundary between the core and the cladding.

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



06 -
0.4 TE
o 01
o
2
S
£ 02-
(0]
o
o
£ 00
[&]
kol
L
02 -
'0.4 T 1 T )
0.0 02 0.4 0.6 0.8 1.0

Normalized radial distance

Fig. 2.7 Electric field amplitude of TEy; mode inside the core of a hollow cylindrical waveguide.
The electric field is zero in the center of the core and at the boundary between the core and the
cladding. Radial distance is normalized with respect to the core radius.

The TEMg mode of lasers does not couple to the TEy mode. Thus, the lowest
order mode excited by an input TEMyy mode in a metallic hollow waveguide is the HE;;
mode. Figure 2.8 shows the attenuation constant of the HE;; mode as a function of core
diameter for a fused silica hollow waveguide and a silver coated hollow glass waveguide.
The calculations are for a wavelength of 800 nm. The attenuation of the silver coated
hollow waveguide is much lower for smaller values of core diameter. As the core
diameter increases, the losses of both the fused silica hollow waveguide and the silver
coated hollow waveguide become small. Therefore, the use of a silver coated hollow

fiber will be advantageous for core diameters less than approximately 500 pm.
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Fig. 2.8 Attenuation constant of the HE;; mode as a function of core diameter for a fused silica
hollow waveguide and a silver coated hollow glass waveguide at 800 nm. The attenuation
constant is inversely proportional to the cube of the core radius. Losses of the silver coated
hollow fiber are much less for smaller values of core diameter.

2.3 Attenuation of bent hollow waveguide

The effect of mild bending on the attenuation constants of the modes in a hollow
cylindrical waveguide has been evaluated in Ref. 5. This is accomplished by adding a
perturbation correction term to the attenuation constant of a straight hollow waveguide.
The field components are obtained by solving the Maxwell’s equations in the toroidal
coordinate system with origin at the center of the waveguide and a distance R from the
center of curvature, where R is the radius of bending. The field components and the
propagation constant of the curved waveguide are determined as functions of the field

components and the propagation constant of the straight waveguide using a first order
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perturbation technique. As the radius of bending approaches infinity, the bent waveguide
degenerates into a straight waveguide with a cylindrical coordinate system.

The attenuation constants for a bent hollow cylindrical waveguide are obtained by
using the approximation that the wavelength is much smaller than the core radius and

also assuming that the radius of curvature is large compared to the core radius. A

parameter o = 2(27 afu,, A1)’ a/R is introduced and the field vectors and the attenuation

constants are found by assuming that o <<1. The attenuation constant «,;(R) of the

HE;; mode for a bent hollow waveguide with radius of curvature R is given by [5]

v -1

v? +1

Vvt -1

where () is the attenuation constant of the HE;; mode for a straight hollow

4 2
a“(R)=a'“(oo)1+§(2ﬂaj [ﬂ) 1+ 12+% cos28 || (2.14)
U

Re
A 1 Re

waveguide with R =0, u,, =2.405 is the first zero of the Bessel function Jy(x), and € is

an angle specifying the direction of the electric field relative to the plane of bending. The
attenuation constant is minimum for an electric field perpendicular to the plane of
bending (f = £90") and maximum for an electric field with parallel polarization (6 = 0').
Therefore, the attenuation constant for the bent waveguide consists of two parts, the
attenuation constant of the straight waveguide which is independent of polarization plus
an additional term due to curvature of the waveguide which depends on polarization. In
finding the attenuation constants of the modes for the bent waveguide mode conversion
to higher order modes is not taken into account. Such an assumption is only valid in the

limit of very large radii of curvature.
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The attenuation of a bent hollow waveguide has also been studied in Ref. 20.
Again, it is assumed that the core radius a is much larger than the free space wavelength
A and the radius of bending R is large compared to the core radius a. A scalar wave
equation is used to determine the transverse electric field of the linearly polarized
dominant mode of a bent cylindrical hollow waveguide. Maxwell’s equations are used in
the toroidal coordinate system and an equation is obtained for thev transverse field
component by using the assumption that the bending radius is large and neglecting terms
of R™? and also terms of R~ which are not multiplied by the propagation constant. The
attenuation constant of the HE{; mode is obtained as the ratio of the power radiated from
the core region to the cladding to the power transmitted in the core region. The
attenuation constants, with the direction of the field perpendicular or parallel to the plane

of curvature, are given by [20]

1
@, = —lerRe(zzy) + ¢, Re(yy, )] (2.15)

1
@, = —E[cz Re(z,,) +¢, Re(yp,,)] (2.16)

where ¢, and ¢, are integral functions of the transverse electric field which are evaluated
numerically at the boundary between the core and the cladding. The quantities
z; and y,,, are surface impedance and admittance defined at the interface between the

core and the cladding. For a hollow waveguide with complex refractive index of the

cladding v, z,; and y,,, are defined by

Zyp = (2.17)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



=7 (2.18)

Explicit expression for the parameters ¢, and ¢, can be obtained by approximating the
numerical curves using a method of least squares. The results can be written in terms of a
parameter defined by b= (27 a)’a / AR, yielding
¢, =1-0.23p"° -1.98p7" +5.267" (2.19)
c, =0.576™"° +1.12b7' +1.45p7"° (2.20)
The values calculated for ¢, and ¢, from the above equations are very close to the

numerical results.

2.4 Dispersion

When a pulse of light propagates through a dispersive medium it spreads out in
time. A signal or a light pulse that is carried by a wave propagates at the group velocity v,
given by

dw 1

y =29 (2.21)
4B df/dw

where £ is the propagation constant and @ is the frequency of the wave. Therefore, the

time it takes for an optical signal to travel a distance L is

r=—t=[% (2.22)

If the optical signal contains a range of frequencies Aw, then the amount of spread is

given by

d 2
Y p =19 L Ao = 18,00 (2.23)

At
dw da’
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where /3 is called the group velocity dispersion.

The dispersion of a mode is due to the fact that the group velocity is a function of
the wavelength A (or frequency @). There are two causes for this dispersion: 1. material
dispersion and 2. waveguide dispersion. Material dispersion occurs because the refractive
index of the core material is a function of wavelength. Waveguide dispersion occurs
because the propagation constant of any given mode varies with the wavelength. The
propagation constant is also a function of the refractive index of the core material and the
core radius a. Therefore, material and waveguide dispersions must be considered together
in calculating the dispersion of the hollow waveguide.

Let’s assume that the hollow fiber is filled with air. The refractive index of air as

a function of the wavelength 1 is given by [21]

(2.24)

2 2
n(A) =1 +10_6(64-328+29498.u 255.41 J

+
146.° -1 4147 -1
where A is in um. Using the refractive index of air and the equation for the propagation

constant 4, the group velocity dispersion parameter /% and the third order dispersion

parameter /4 can be calculated as

_&p
-4 2.29)
4=24 (2.26)
14

Figure 2.9 shows the GVD of a fused silica hollow fiber filled with air as a function of
the core radius. The GVD is calculated for a wavelength of 800 nm. The material
dispersion of air is also plotted for comparison. It is seen that as the core radius increases

the GVD of the hollow fiber approaches the material dispersion of air. The TOD of a
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fused silica hollow fiber filled with air as a function of the core radius is shown in Fig.
2.10, at a wavelength of 800 nm. The third order material dispersion of air has also been
plotted. We can see that as the core radius increases, the TOD of the fused silica hollow
fiber decreases and approaches the third order material dispersion of air. In chapter 5 the
second and third order dispersions of silver coated and fused silica hollow fibers are
calculated and compared which is important for nonlinear applications such as optical

pulse compression.
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Fig. 2.9 Group velocity dispersion of a fused silica hollow fiber filled with air as a function of
core radius at a wavelength of 800 nm (solid line). The GVD parameter for a core radius of 125
pm is 8,=12.8 fs*/m. The material dispersion of air is also shown (dashed line).
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Fig. 2.10 Third order dispersion of a fused silica hollow fiber filled with air as a function of core
radius at a wavelength of 800 nm (solid line). The TOD parameter for a core radius of 125 pm is
f3=20.7 fs*/m. The third order material dispersion of air is also shown (dashed line).
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Chapter 3

Beam transport experimental results

3.1 Introduction

In this chapter experimental results obtained using silver coated and uncoated
hollow glass waveguides are presented. These experiments consist of transmission and
beam profile measurements of straight hollow waveguides and transmission
measurements for bent hollow waveguides. A 50 cm long uncoated fused silica hollow
fiber and a 50 cm long silver coated holAlow fiber with inner diameter of 250 pm were
used for optical transmission measurements. The experimental setup for transmission
measurements, shown in Fig. 3.1, consists of a Ti:sapphire laser, a half wave plate, a
polarizer, a coupling lens, and a power meter. A CCD detector is used to take images of
the output beam at various distances from the output end of the hollow fibers. These
images are used to obtain the spatial output intensity profile of the beam and to measure
the beam diameters. The Ti:sapphire laser (Spectra Physics MaiTat) produces optical
pulses with a duration of 80 fs, a repetition rate of 80 MHz, and an average output power
of 700 mW. This laser operates at a wavelength of 800 nm.

The half wave plate and polarizer combination is used to attenuate the laser output.
A lens is used to couple the laser beam into the hollow fiber. First, the problem of
coupling a free space TEMqg Gaussian mode to the fundamental HE;; mode of a hollow
cylindrical waveguide is addressed. A condition is given for calculating the focal length
of the coupling lens for maximum coupling of the free space TEMqyy mode to the HE;;

mode of a hollow fiber. Next, the experimental results obtained for a fused silica hollow
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fiber are reported. For the silver coated hollow glass fiber, fabrication of the metallic

coating is described and the experimental results are presented.

CCD detector Hollow fiber Lens

y 04 Xl\/ﬁrror

Ti:sapphire laser /2 Polarizer

80 fs, 700 mW,

80 MHz, 800 nm %
Laser Mirror
output

Fig. 3.1 The experimental setup for transmission and beam diameter measurements. The laser
beam is attenuated by the half wave plate and polarizer combination. A lens is used to couple the
laser beam into the hollow fiber. Images of the output beam are taken by a CCD detector, which
are then used to measure the beam diameters at different distances from the exit of the hollow
fiber.

3.2 Mode coupling

It has been found that by choosing the beam waist of the laser pulses at the
entrance of the hollow fiber equal to 0.64a the coupling is maximized, where a is the
inner radius of the waveguide. The condition for optimum coupling into the waveguide
can be found by calculating the power coupling efficiency of the free space TEMy

Gaussian mode to the HE;; mode of the hollow fiber. The spatial profile of the HEy;
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mode in a hollow waveguide with large inner core diameter is given by the Bessel

function of the first kind and zero order
E(r) = E0J0(2.405 1) 3.1)
a

where a is the core radius and E, is an arbitrary amplitude. The fundamental Gaussian

mode, TEMyo, with beam radius of w is given by
r2
E(r)=E,exp, —— (3.2)
w

The power coupling efficiency of the free space TEMgy Gaussian mode to the HE;; mode

of the hollow fiber is given by the following integral equation

[ajexp(— I—Z—JJO ( 2.405 ijrer
7(W) = == zw - -
I' I exp(— —Z—g—jrdr}{ IJ o (2.405 —r—)rdr}
0 w 0 a

We can plot this equation as a function of normalized beam waist w/a. Fig. 3.2 shows the

(3.3)

coupling efficiency as a function of normalized beam waist. The maximum coupling
efficiency is 98% and it happens for w/a=0.64. By using this beam waist the coupling
efficiency for HE;,, HE13, and HE 4 modes are 0.55%, 0.15%, and 0.5% respectively.

The required focal length of the coupling lens is found using the relation between

the beam waist at a lens and the beam waist at the focal point of the lens given by

w, = _L/i__ (3.4)

Tw,

where w; is the beam radius at the lens, w, is the beam waist at the focal point of the lens,

fis the focal length of the lens, and A is the wavelength. By using w,=0.64a in equation
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(3.4), we can find the focal length of the lens for maximum coupling of the fundamental
Gaussian mode to the HE;; mode of a hollow waveguide given by

waD
24

f=0.64 (3.5)

where D=2w, is the 1/¢* intensity diameter of the Gaussian beam at the lens.

The problem of coupling the free space TEMgy mode to the HE;; mode of a
hollow cylindrical waveguide has also been studied by Abrams [22]. In that work the
HE;; mode of a hollow fiber is expanded into the free space Laguerre-Gaussian modes
and the same condition is obtained by maximizing the fraction of power contained in the

fundamental free space mode. For the optimum beam waist parameter w, = 0.64a at the

input of a hollow fiber, the coupling of the HE;; mode to the fundamental free space
Gaussian mode at the output of the hollow fiber is also maximized. The fraction of power
coupled from the HE;; mode at the output of a hollow fiber to the six lowest order

Laguerre-Gaussian free space modes is given in Table 3.1.
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Fig. 3.2 Coupling efficiency of the fundamental free space mode to the HE;; mode of a hollow
cylindrical waveguide as a function of normalized beam waist. Maximum coupling efficiency of
98% occurs for a normalized beam waist of 0.64.

Table 3.1 Fraction of power contained in the first six free space Laguerre-Gaussian modes in the
expansion of the HE,; mode.

Mode number Fraction of power

0 0.980673
1 0

2 0.014518
3 0.001852
4 0.000384
5 0.001165
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3.3 Fused silica hollow fiber

A 50 cm fused silica hollow fiber was used for the transmission measurement.
The inner diameter of the waveguide is 250 pm. The horizontal spatial intensity profile of
the input beam at the coupling lens, located 82 cm from the exit of the laser, is shown in
Fig. 3.3. The measured 1/¢* input beam diameter was 1.7 mm. A 25 cm focal length lens
was used to couple the beam into the hollow fiber. This is close to the optimum focal
length of 27 cm calculated by using equation (3.5). The transmission, output energy over
input energy, was measured to be 80%, which is equivalent to an attenuation of 1.94
dB/m. The measured transmission includes the input coupling losses which may account
for part of the losses observed.

Measurements of transmission were made using a Spectra Physics power meter
(Model 407A) placed before and after the waveguide. This power meter is a thermal
detector that converts light into heat and then converts heat into an electric signal. Light
is converted to heat through absorption of the incident radiation by the front surface of a
thermopile, which is an organized collection of thermocouple junctions connected
electrically in series. A thermocouple consists of a junction of two dissimilar metals, with
the property that the electric potential difference across the junction is temperature
dependent. By measuring the voltage difference between the signal junction and a
reference junction, the power of the incident radiation is measured. The power meter can
be used over a wavelength range of 250 nm to 11 pum and can measure powers from 5
mW to 20 W.

For comparison, in Ref. 23 a typical transmission of 60% is reported for an 85 cm

hollow glass fiber with inner diameter of 260 pum (2.61 dB/m), and in Ref. 24 the
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transmission is 70% for a 50 cm hollow glass fiber with inner diameter of 250 pm (3.1
dB/m). Thus, the present measured transmission exceeds those reported in the literature
for fused silica hollow fibers. This may be due to the extra care taken here to achieve
optimum coupling from the free space mode to the hollow fiber mode. It may also be

related to the straightness and inner wall quality of the hollow fibers.
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Fig. 3.3 The horizontal spatial intensity of the input beam. There is a small intensity offset due to
dark current in the CCD detector.

Figure 3.4 shows the output of the fused silica hollow fiber at a distance of 20 cm
from the output end of the fiber. An Electrim CCD detector (Model EDC-1000HR) was
used fof this measurement. The CCD detector consists of an array of semiconductor

detectors cells, with each cell having a size of 27 by 11.5 pm. Each detector is connected
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to a voltage source that produces a potential well inside the semiconductor material.
Absorption of light generates electron hole pairs and the electrons are attracted into the
potential well. When the desired signal has been accumulated in each pixel, each column
of cells is transferred into a shift register. The data is read out sequentially and digitized

using an 8 bit A/D converter, which is then sent to a computer.

Fig. 3.4 Output image of the beam from the fused silica hollow fiber at 20 ¢cm from output end of
the fiber. The actual beam is circular. The image was taken using a CCD detector with pixel size
of 27 pm by 11.5 um, which results in an elliptically appearing image. The image is 5.5 mm by
3.7 mm in the vertical and horizontal directions respectively.

The spatial output intensity profile in the horizontal direction is shown in Fig. 3.5.
The beam diameter of the output optical pulse can be calculated theoretically by
expanding the electric field amplitude of the HE;; mode into free space Gaussian modes.
By choosing the 1/e radius of the mode amplitude w¢=0.64a, the coefficient of the lowest

Gaussian mode is maximized and 98% of the energy will be contained in this mode [22].
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By using the first six expansion terms, almost all the energy (over 99%) contained in the
HE;; mode is accounted for. The calculated beam diameters, using the first six Gaussian
modes, are compared with the experimental values in Fig. 3.6. As can be seen there is

good agreement between the theoretical and experimental results.
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Fig. 3.5 Spatial output intensity of the fused silica hollow fiber at 20 ¢cm from output end of the
fiber and a Gaussian fit to the data (line). The data is taken from a horizontal line through the
center of the image shown in Fig. 3.4. There is a small intensity offset due to the dark current in

the CCD detector.
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Fig. 3.6 Comparison of theoretical and experimental beam diameters for output beam of the fused
silica hollow fiber as a function of distance from output end of the fiber. The line represents the
calculated values. Squares are the horizontal beam diameters and triangles are the vertical beam
diameters measured experimentally. The measurement error bars are smaller than the size of the
symbols. '

3.4 Silver coated hollow fiber
3.4.1 Fabrication

To reduce the loss of a hollow glass fiber, the inner surface of the glass tubing can
be coated with a thin film of metal such as silver [25]. The metal thin film must have high
reflectivity and a smooth surface. The silver film is deposited inside the hollow silica
waveguide by a liquid phase deposition process. The silver thin film deposition is an

autocatalytic process.
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The basis for this chemical reaction is the reduction of the silver ions in solution.
The deposition solutions are all prepared in distilled and deionized water: Solution A
contains 3 g/l of silver nitrate, Solution B contains 2.2 g/l of sodium hydroxide, and
Solution C contains 0.55 g/l of dextrose and 0.08 g/l of sodium salt of
ethylenediaminetetraceticacid (EDTA). Solution A is titrated with 10% ammonia
solution. The solution first turns brown owing to the formation of insoluble silver oxide
pr¢cipitate and then clears up on further titration owing to the formation of soluble silver
nitrate ammonia complex. Then one part by volume of solution B is added to four parts
of the titrated solution A. The resultant solution turns cloudy again and will become clear
by titrating it with ammomnia solution. This is the final silver solution and it is
photosensitive. The addition of sodium hydroxide facilitates the adhesion of the silver
film to the silica substrate. The reducer solution is solution C.

Equal volumes of the silver solution and the reducer solution are pumped through
Tygon tubing and the hollow glass waveguide with a peristaltic pump. The solutions are
mixed in a Y connector in the Tygon tubing and the resultant solution is pumped into the
hollow glass waveguide. The two solutions réact to yield metallic silver on the inner
surface of the hollow glass waveguide. The thickness of the silver film is controlled by
varying the reaction time, the flow rate, the temperature, and the concentration of the
reacting solutions. The thickness of the silver film must be sufficient to prevent the
interactivon of light with the glass tubing.

There is an additional scattering loss due to surface roughness of the silver film
that is deposited on the inner glass surface. The interaction of light with this rough inner

surface results in scattering of light into higher order modes in hollow waveguides. The
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scattering loss depends on the dimension of the scattering features relative to the
wavelength and the index difference between the scattering feature and the surrounding
medium. At short wavelengths, scattering losses become more important. Therefore, it is
desirable to use the smoothest bore possible. Fused silica is used as the substrate material.
The losses that result from inner surface roughness are due to the silver films. The film
thickness and roughness increase with the silvering time.

In Ref. 10 the effect of silvering time on the film thickness and roughness has
been studied. It was found that short silvering times produce the lowest loss at short
wavelengths. This has been verified through spectral loss measurements as well as an
attenuation measurement of the waveguides measured at 0.63, 1.06, 3, and 10 um. The
dependence of attenuation on the silvering time (the thickness and roughness of silver)
holds true at shorter wavelengths. This effect is not observed at the CO, wavelength of 10
pm. Long silvering times produces a thicker silver film with greater surface roughness,
resulting in higher losses. Recent roughness measurements for silver films deposited on a
flat glass substrate for 20 minutes is approximately 25 nm. The thickness of the silver
layer of the hollow waveguide fabricated for the 800 nm wavelength and used in the
present experiménts is 200 nm. The hollow waveguide was fabricated at room
temperature with a flow rate of 100 ml/min for the combined solution. An AFM scan of
the silver film 1s shown in Fig. 3.7. The roughness of these films can be reduced further
by lowering the temperature of the reacting solutions or by reducing the temperature of
the substrates [26]. A decrease in processing temperature increases the nucleation sites

thereby leading to a finer grain size distribution and hence smoother films for the same
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reaction time. The silver coated hollow waveguide used in the present experiments were

prepared by the research group of Prof. Harrington at Rutgers University.

0.00nm

um 0 5 10
um um um

Fig. 3.7 AFM image of the silver thin film deposited on a glass slide for 20 minutes. Image was
provided by Prof. Harrington’s research group at Rutgers University.

3.4.2 Transmission measurements

A 50 cm silver coated hollow fiber with inner diameter 250 pm was used for
transmission measurement. The inner diameter of the hollow waveguide was measured
with an optical microscope giving a value of 250 pum (x5 pm). The waveguide was
mounted in a precisely machined straight V groove in an aluminum bar. The same
coupling lens with focal length of 25 cm was used in order to ensure that the 1/e radius of
the mode amplitude is equal to wy=0.64a at the entrance of the hollow fiber. Thus,

coupling 98% of the energy contained in the lowest Gaussian mode of the input beam,
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TEMyo, to the HE{; mode of the hollow fiber. The total transmission (output energy over
input energy) of the silver coated hollow fiber was measured to be 95% (equivalent to an
attenuation of 0.44 dB/m).

Images were taken at different distances from the output of the hollow fiber,
which indicated a single HE;; mode exiting from the output of the hollow fiber and
coupling to the free space modes. Fig. 3.8 shows the output of the silver coated hollow
fiber at a distance of 20 cm from the output end of the fiber. The spatial output intensity

profile is shown in Fig. 3.9.

Fig. 3.8 Output image of the beam from the silver coated hollow fiber at 20 cm from output end
of the fiber. The actual beam is circular. The image was taken using a CCD detector with pixel
size of 27 um by 11.5 um, which results in an elliptically appearing image. The image is 5.5 mm
by 3.7 mm in the vertical and horizontal directions respectively.

The beam diameter of the output optical pulse was calculated theoretically as

before. The calculated beam diameters, using the first six Gaussian modes, are compared
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with the experimental values in Fig. 3.10. As can be seen they agree very well indicating
that the output of the hollow fiber is an HE;; mode. This single mode propagation of the
silver coated hollow fiber is important for nonlinear applications in the 800 nm region, in

addition to beam delivery of femtosecond optical pulses.
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Fig. 3.9 Horizontal spatial output intensity (dots) at 20 cm from output end of the silver coated
hollow fiber and a Gaussian fit to the data (line). The data is taken from a horizontal line through
the center of the image shown in Fig. 3.8.
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Fig. 3.10 Comparison of theoretical and experimental beam diameters for output beam of the
silver coated hollow fiber as a function of distance from output end of the fiber. The line
represents the calculated values. Triangles are the horizontal beam diameters and squares are the
vertical beam diameters measured experimentally.

3.4.3 Bending loss

When a waveguide is bent the loss is increased. In order to find the bending loss,
the silver coated hollow waveguide was bent by different radii of curvature. A V groove
was made in curved aluminum bars with radii of 30, 50, and 100 cm. The waveguide had
a straight section of 5 cm followed by a bent section of 10 cm. The attenuation constant
for a straight silver coated hollow waveguide was used to subtract the loss of the straight

section from the total measured loss. The experimental setup shown in Fig. 3.1 was used
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for the measurements. A half wave plate was inserted before the lens in order to change
the polarization of the input laser pulses. The transmission was measured for
perpendicular and parallel polarizations relative to the bending plane. The bending loss
measurements for the perpendicular polarization are shown in Table 3.2. The theoretical
results calculated using the equations of Ref. 5 and Ref. 20 given in chapter 2 are shown
for comparison. The theoretical and measured losses for the parallel polarization are

shown in Table 3.3.

Table 3.2 Bending loss of the silver coated hollow fiber for perpendicular polarization.

Bending Measured Theoretical Theoretical
Radius (cm) Loss (dB/m)  Loss (dB/m) (Ref. 5)  Loss (dB/m) (Ref. 20)

30 46+0.5 99.49 0.283
50 23+04 35.84 0.197
100 1.1+04 8.98 0.125

Table 3.3 Bending loss of the silver coated hollow fiber for parallel polarization.

Bending Measured Theoretical Theoretical
Radius (cm) Loss (dB/m)  Loss (dB/m) (Ref. 5)  Loss (dB/m) (Ref. 20)

30 13.9+ 0.8 396 4.35

50 7.7+ 0.6 143 2.60

100 46+0.5 36 1.28
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3.5 Discussion

In summary, the overall transmission loss of the straight silver coated hollow
glass waveguide is 0.44 dB/m, which is significantly less than the overall transmission
loss of 1.94 dB/m for the uncoated fused silica hollow waveguide. The measured
transmission of the 50 cm silver coated hollow fiber was 95%, which is still less than the
theoretical Valué of 99.6%. The difference is most likely due to an additional scattering
loss caused by the surface roughness of the silver coating as discussed earlier. The
scattering loss could be reduced by depositing a smoother silver coating. Another reason
for this discrepancy is that about 2% of the input beam energy is coupled to the higher
order modes, which have higher attenuations than the HE;; mode.

There was close agreement between the theoretical and experimental beam
diameters of the output beam propagating into free space for both the silver coated and
fused silica hollow fibers. This indicated that a single mode output can be obtained from
the silver coated hollow fiber. This can be accomplished by choosing the correct focal
length for the coupling lens, by keeping the hollow fiber straight, and by careful
alignment of the input beam into the hollow fiber. Otherwise, higher order modes can
propagate inside the hollow fiber which will result in a multimode output. In order to
align the waveguide, the laser beam is first adjusted so that its height from the optical
table remains approximately the same, as it propagates. Next, the input and output ends
of the waveguide are moved in vertical direction and sideways until a good mode is seen
at the output. Finally, a power meter is used to maximize the output power by adjusting

the coupling lens.
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The bending loss of the silver coated hollow fiber was measured for bending radii
of 30, 50, and 100 cm. The measured values were compared with the theoretical results
calculated for the HE;; mode using the attenuation constants given in Ref. 5 and Ref. 20.
The expression for the bending attenuation constant from Ref. 5, equation (2.14) in
Chapter 2, gives values that are much higher than the measured losses. They obtained the

attenuation constants by introducing a perturbation parameter o =227 a/ u,,A) a/R

and using a perturbation technique with the assumption that o <<1. However, for the
wavelength and core radius considered in this thesis and a curvature radius of R=1m,
we get o =42 which does not meet the above requirement. Therefore, the bending
attenuation constant given in Ref. 5 may only be used for very large radii of curvature.
This conclusion also agrees with previous results from bending loss measurements of
hollow fibers at 10.6 pm [6, 27]. The measured bending losses of hollow silica
waveguides with a core diameter of 1.04 mm and a bending radius of 1 m [27] were
found to be much smaller (8 dB/m) than predicted by the theory of Ref. 5 (129 dB/m). A
hollow nickel waveguide with a core radius of 1.5 mm and a bending radius of 1 m [6]
had much lower bending losses (3 dB/m) than the calculated values (449 dB/m) using the
bending attenuation constant of Ref. 5.

The theoretical losses calculated using the theory of Ref. 20, equations (2.15) and
(2.16) in Chapter 2, are less than the measured bending losses. The difference between
the theoretical and measured losses may be due to mode mixing in the bent section of the
hollow fiber, which leads to propagation of higher order modes and extra losses. The
theoretical results of Ref. 20 are for the linearly polarized HE;; mode and do not include

higher order mode conversion. The roughness of the silver coating also adds to the total
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bending loss of the hollow fiber. The measured bending losses of dielectric and silver
coated hollow waveguides fabricated for 10.6 um [28] with a core diameter of 250 pm
and bending radius of 1 m were larger (3 dB/m) than the theoretically predicted losses of
Ref. 20 (0.15 dB/m).

Recently a hollow glass waveguide coated with silver and a dielectric layer has
been investigated for the delivery of femtosecond pulses in multiple spatial modes in the
800 nm region [29]. They report a straight loss as low as 0.13 dB/m for a hollow
waveguide with bore diameter of 1000 um. The loss of hollow fibers is inversely
proportional to the cube of the core radius. Therefore, the loss of such a waveguide with
an equivalent bore diameter of 250 pm would be 8.32 dB/m which is much higher than
the transmission loss of the silver coated hollow fiber investigated in this thesis. They
also report a bending loss of 0.86 dB/m for a 90° bend with a radius of curvature of 50
cm. Since the bending loss for hollow fibers scales as powers of the inverse of the core

radius, one would expect higher losses for a smaller core radius.
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Chapter 4

Theory of optical pulse compression

4.1 Nonlinear Wave propagation

The propagation of optical pulses in a single mode fiber or a hollow fiber can be
described by using the electromagnetic wave equation. An optical pulse propagating
inside a waveguide is affected by dispersive and nonlinear optical properties of the
medium. Maxwell’s equations are used to derive a wave equation that includes both
dispersive and nonlinear optical effects. This is accomplished by considering a frequency
dependent dielectric constant consisting of linear and nonlinear parts. In deriving the
wave equation, the slowly varying envelope approximation is used. The nonlinear part of
the refractive index is intensity dependent and leads to the phenomenon of self phase
modulation. The effect of SPM on an optical pulse propagating in a waveguide is to

broaden the spectrum.

4.1.1 Nonlinear refractive index

The response of materials to very intense electromagnetic fields becomes
nonlinear and the induced polarization P is no longer linear in the electric field E and is
given by the general relation [30]

ﬁ=50[,{(‘) -E’+Z(2):EE+,{(3)EE’EE+---] (4.1)
where & is the permittivity of free space and 10) (¢=1,2,...) is a tensor of rank j+1 and

represents the jth order susceptibility. /) is the linear susceptibility which is used to find

the value of the linear refractive index. Effects such as second-harmonic generation and
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sum-frequency generation are due to the second-order susceptibility #? which is zero for
isotropic materials with inversion symmetry. The third-order susceptibility causes
nonlinear refraction. This adds an intensity dependent nonlinear part to the refractive
index of the material. The refractive index is then given by

n=ny,+n,l 4.2)
where ny is the linear index of refraction, s, is the nonlinear index of refraction, and 7 is

the intensity. The nonlinear refractive index #; is related to ,1'(3) by

3
ny, = ;—Re[zﬁix] (4.3)

Ry
where it has been assumed that the electric field has linear polarization so that only one

component of 7 contributes to the refractive index. The electric field is defined by’
E(7,t) = %)‘C[E(F, t)exp(-w,t) +c.c.] (4.4)

where x is the unit vector in the direction of the electric field, ay is the center frequency,
E(7,?) is the slowly varying envelope of the electric field, 7 is the position vector of a
point in space, ¢ is time, and c.c. is complex conjugate. One of the noﬁlinear effects that
results from the intensity dependence of the refractive index is self phase modulation
(SPM). In this phenomenon, the phase of the optical field changes as it propagates inside
an optical fiber or a hollow fiber. This phase is a function of the nonlinear refractive

index and the intensity of the optical field and results in spectral broadening.

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1.2 Nonlinear wave equation

By using Maxwell’s equations we can obtain a wave equation that describes the
propagation of light inside a single mode optical fiber or a hollow fiber. The wave
equation in its general form is given by

. 1 °E o*P
VXVXE=—-——o o — —yy ——
JERPYERRELIPYE

(4.5)
where ¢ = 1/ \4,&, is the speed of light in vacuum. The induced polarization P is given
by

P=P +P, (4.6)

where P, is the linear polarization and P,, is the nonlinear polarization. In solving
equation (4.5), the nonlinear polarization is considered as a small perturbation to the total
induced polarization. By setting 13NL =0, the wave equation can be written in the

frequency domain as
- a)z —
VxVxE(F,0)~ &@)— E(Fr,®) =0 4.7
c :

where the frequency dependent electric field E (¥,w) is the Fourier transform of E (7,0

defined by
E(F. @)= [EF1)exp(-iat)dt (4.8)

The frequency dependent dielectric constant £(@) is given by
@) =1+ (w) (4.9)
where y"(w) is the Fourier transform of the linear susceptibility 7®(#) and is in

general a matrix with complex numbers. For an isotropic medium, all three components
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of y(®) are equal. By assuming that &(w) is independent of the spatial coordinates

and using the relation V-D = &V - E =0, the wave equation is written as
- 0)2 -
VE(F, @) - &(@)—E(F,w) =0 (4.10)
c

The nonlinear effects are included in the wave equation by treating P, as a small
perturbation to P, . Assuming that the nonlinear response is instantaneous, the nonlinear
polarization P,, is given by

P, (F,0) = £, 7@ E(F,OE(F,O)E(F 1) (4.11)
We can also write the electric field in terms of a slowly varying envelope and a rapidly

varying part. By using separation of variables, the Fourier transform of the electric field

is then defined as
E(F,0-w,) = %ch(x, WA(z, 0~ @,) exp(~if,z) + c.c. (4.12)
where F(x,y) is the transverse modal distribution, A(z,@— @,) is the slowly varying

envelope, and f, is the wave number. In the slowly varying envelope approximation

82A/ 0z® is neglected. By substituting equation (4.12) in the wave equation and using the

above approximation, the following two equations are obtained

9°F 9'F T
2 P +[e(w)k,” - B71F =0 (4.13)
2if3, %‘-H(,Zﬂ -42)4=0 (4.14)

Z

The wave number ,5’ is found by solving equation (4.13). The dielectric constant &(w) in

equation (4.13) also includes the nonlinear effects and is defined by
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8=(n—~i—2~%0—) (4.15)

where » includes the nonlinear refractive index and is defined by equation (4.2) and « is

given by

a=a,+a,l (4.16)
where «, is the linear attenuation constant and «, is the intensity dependent loss. The
dielectric constant &(@) can be written in terms of the liner refractive index n, and a

small perturbation An, giving

e=(n,+An)’ ~n,’ +2n,An 4.17)
where An is given by
ia
An=n,I - 4.18
n 2 2%, ( )

The wave equation is solved by first replacing (@) with n,’ in equation (4.13) and
obtaining the modal distribution F(x,y) and the corresponding wave number A(w).
Next, the effect of An is taken into account and the wave number ,Z' 1s found as

fl@)= o)+ DS (4.19)

where Af is given by

k, j?An|F (x, y)l2 dxdy
A =—-2 (4.20)

By substituting the wave number ,E'(a)) = f(w)+ Af in equation (4.14), this equation is

written as
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o4

LV ORYVAVS @.21)

where ,5’2 — 3,7 has been approximated by 2/, (,Z’ - /,). This equation indicates that

different spectral components of the pulse envelope obtain a frequency and intensity
dependent phase shift as a result of propagation in the z direction. The wave number

(@) can be expanded in a Taylor series about the carrier frequency @, giving

B@)=fy +0-0)f 4 (@-0) o+ < (@=a) B+ G22)

where

B, = (dmﬂ ] (m=1,23,) (4.23)
do™

By using the Taylor expansion of S(w) up to the cubic term, equation (4.21) can be

&=y

written as

% A 04,
Yot 2 or?

— /}3 +iAPA (4.24)

where this equation was obtained by taking the inverse Fourier transform and replacing

w- @, by the operator i9/dt. The quantity Af can be evaluated using equation (4.20)

and substituted in the above equation, yielding

zﬂzaA b 33 @ 2
+ & 4 ial A 425
Zens 3 o T A (4.25)

where y is a nonlinear parameter defined by

n, @,
cA

y= (4.26)

ef
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In equation (4.25), |A[2 is in units of optical power, W, and », has units of m*W. The
parameter A, is called the effective area of the core and is defined as

( [ :[lF(x, y)|2dxdy]2

Ay = - (4.27)
I ﬂF (x, y)|4 dxdy

For a hollow waveguide, A, is evaluated by using the modal distribution F(x,y) of the

fundamental hybrid mode HEy; given by J,(2.405r/a).

For ultrashort optical pulses, equation (4.25) should be modified in order to
include the nonlinear effect of self steepening. In deriving this wave equation, we cannot
use the nonlinear polarization given by equation (4.11). Instead, one must use the general

form of the nonlinear polarization given by
By =, [ [#0@-t,,t—t,,t =, EG 1) EG,1,)EG t)dtdtdt,  (428)

This equation describes various nonlinear effects such as third harmonic generation, four
wave mixing, and nonlinear refraction. However, third harmonic generation and four
wave mixing require phase matching and are not likely to occur. Nonresonant intensity
dependent nonlinear effects are included by assuming that the third order susceptibility

has the form [31]
1(3)0 —1,t=1,,t —t3) :Z@)R(t "tr)a(t "'tz)é‘(t "'13) (4-29)
where R(¢—t,) is the nonlinear response. The nonlinear polarization is found by

substituting equation (4.29) in equation (4.28), yielding
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t
- - -2
By 1) = £, OEG.0) [RG~1)EG.) dt, (4.30)

where it is assumed that the induced polarization and the electric field have the same
direction. The analysis that led to equation (4.25) can still be used with the nonlinear
polarization now given by equation (4.30). The effect of nonlinear polarization is again
treated as a small perturbation which changes the propagation constant by A/ as given in

equation (4.19). By using the slowly varying amplitude A(z,#) defined as before, the

resulting nonlinear wave equation becomes [32]

zﬂzaA ,6'36A o i 0 B
/3, T i Eahi h ;{H Oa)[A(zt)J'R(t)IA(zt ) dt]

(4.31)
The time derivative on the right hand side is responsible for self steepening of an optical
pulse propagating inside a single mode fiber or a hollow fiber. The nonlinear response

R(t) includes electronic and vibrational effects. For a gas filled hollow fiber the

fractional contribution of the vibrational response to the nonlinear polarization is zero and

equation (4.31) simplifies to

A /}1 1,6’2 4 B o4 Ny |A|2A+—Z—~E(lA|2A) (4.32)
at 2 o 6 o 2 @, Ot

This equation includes the effects of group velocity dispersion, third order dispersion,

loss, self phase modulation, and self steepening.
The effect of SPM is included in the term }/[AIZA of equation (4.32). This results

from the intensity dependence of the refractive index and leads to spectral broadening of

an optical pulse. SPM causes the phase shift of the optical pulse to become intensity
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dependent. A time dependent phase shift means that the instantaneous frequency is not

constant across the pulse and differs from the central frequency @,. Therefore, SPM

imposes a frequency chirp on the pulse. As the pulse propagates, new frequency

components are generated which broaden the spectrum.

4.2 Prism compressor

One of the applications of hollow fibers is in optical pulse compression, which is
based on spectral broadening and chirping an optical pulse in a hollow fiber and
propagating the output pulse through a compressor. A compressor is a dispersion delay
line consisting of a grating pair, a prism pair, or chirped mirrors.

In this section the general aspects of optical compression is described and a prism
compressor is explained in detail. Pulses propagating through a prism are broadened by
angular dispersion. Angular dispersion depends on the geometry of an optical element.
The equations for group velocity dispersion and third order dispersion of an optical
element are given. By using the geometry of a prism, the GVD and TOD of a prism pair
are obtained. The GVD of a prism pair, due to angular dispersion, is negative and can be
adjusted by changing the distance between the prisms. Brewster angle prisms are used in

order to reduce the losses.

4.2.1 General description of optical pulse compression
In general two kinds of compressors are used for compression of optical pulses
{33]. In one technique a fiber or a gas filled hollow fiber with positive group velocity

dispersion is used followed by a compressor consisting of a grating pair, a prism pair, or a
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chirped mirror. In another technique a fiber is used in the negative dispersion region in
order to form higher order solitons by combining the effects of group velocity dispersion
and self phase modulatic;n.

When an optical pulse propagates in a dispersive medium it broadens in time and
becomes chirped. This means that the instantaneous frequency across the pulse is
different from the central frequency w,. The frequency chirp depends on the sign of the
GVD parameter f3,. If B, is positive (normal dispersion), the chirp is linear and positive
across the pulse. Therefore, the frequency shift is negative at the leading edge of the
pulse and consequently the leading edge becomes red-shifted. The frequency shift will be
positive at the trailing edge of the pulse and, thus, the trailing edge becomes blue-shifted.
Now, if this pulse propagates in a medium with negative GVD the red-shifted frequency
components travel slower than the blue-shifted components. Since the leading edge of the
pulse is red-shifted it travels slower than the trailing edge which is blue-shifted and the
optical pulse is compressed.

If the dispersion parameter f, is negative (anomalous dispersion), the chirp is
linear and negative across the pulse. In this case the frequency shift is positive at the
leading edge of the pulse which results in the leading edge becoming blue-shifted. The
frequency shift will be negative at the trailing edge of the pulse and, therefore, the trailing
edge becomes red-shifted. If we apply positive GVD the red-shifted frequency
components travel faster than the blue-shifted components. Since the trailing edge of the
pulse is red-shifted it travels faster than the leading edge which is blue-shifted and the

optical pulse is compressed.
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In the early pulse compression experiments a grating pair was used to provide
negative GVD and compress pulses that had been positively chirped in a medium with
positive dispersion (f,>0) [34]. In these early works the nonlinear effect of SPM was not
used. As optical fibers were used as a nonlinear medium in different studies [35], optical
pulse compression experiments based on the nonlinear process of SPM was also
performed extensively [36]. In one experiment that was performed in 1987 optical pulses
as short as 6 fs were generated at wavelength of 620 nm [37].

The nonlinear effect can be used in the following way for optical pulse
compression. In optical compressors that use a grating pair, the optical pulse propagates
in a fiber or a hollow fiber that has positive dispersion. The fiber is used in order to
impose a positive chirp on the pulse by using the combined effect of SPM and GVD [38§].
SPM also leads to spectral broadening of the pulse. The positively chirped pulses require
negative GVD in order to compress. The optical pulse exiting the fiber is compressed by
a grating pair which provides negative GVD [39]. The amount of compression is
determined by the pulse and fiber parameters (peak power of the pulse, pulse width, fiber
GVD parameter f5;, and fiber nonlinear parameter y).

An optical fiber can support solitons which are created by a combination of SPM
and negative GVD. As higher order solitons propagate inside a fiber, they first become
narrowed before regaining the original shape after one soliton period. SPM provides a
positive frequency chirp. Therefore, the leading edge of the optical pulse is red-shifted
and the trailing edge is blue-shifted. If we only consider the effect of SPM, the pulse
shape does not change. However, negative GVD of the fiber leads to compression of the

positively chirped pulses. The chirp induced by SPM is linear only in the central portion

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of the pulse. Therefore, the central portion of the pulse is compressed. Since soliton-
_effect compressors require fibers with negative GVD, they are used for wavelengths
greater than 1.3 pm. Compressors that use fiber gratings require fibers that have positive

GVD. Therefore, these compressors are useful for wavelengths less than 1.3 pm.

4.2.2 Angular dispersion

Consider a sequence of four prisms which have been arranged as shown in Fig.
4.1. As light travels through the prisms, different spectral components propagate along
different optical paths. This causes an optical pulse to disperse temporally and spatially.
The first two prisms produce negative GVD. But, they also change the cross section of
the beam from circular to elliptic. This beam deformation is not desirable and is corrected
by adding two more prisms which are placed symmetrically with respect to the first two
prisms. At the output of the fourth prism, the spectral components are recombined and
will have the original transverse distribution in the beam. Therefore, the effect of the four
prisms on a light pulse is to introduce a negative GVD which causes an unchirped input
pulse to broaden without changing the spatial distribution of the beam.

This GVD is a result of angular dispersion in the prisms {40, 41]. When different
spectral components pass through a prism they are spatially distributed. Angular
dispersion can be used to obtain a tunable GVD, as described below. This was first
shown for optical compression using diffraction gratings [34]. This was also
demonstrated by using prisms in an experiment which was reported in 1982 [42]. To find
the GVD of a sequence of prisms, the optical path is calculated as a function of

frequency. The phase delay is related to the optical path by

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



p==p (433)

17
where ¢ is the phase, p is the optical path length, ¢ is the speed of light, and w is the
frequency. The group velocity dispersion is related to the second derivative of the phase

# with respect to frequency w, which is defined by [43]

2 2 3 2
d ’f 8 4P| LAdPD (4.34)
de’ ¢

“e\“do " Tdet ) 2x e ar

where A is the wavelength in vacuum. In order to show the relationship between angular
dispersion and GVD, consider the situation shown in Fig. 4.2. When a ray of light is
diffracted or refracted by an optical element, different spectral components propagate at
different angles. Two rays are shown, one with the center frequency wo and one with

frequency w. Wavefronts are planes that are perpendicular to the direction of each light

ray.

Fig. 4.1 A sequence of four prisms producing negative GVD. Prisms 1 and 2 are used to obtain
the GVD. Prisms 3 and 4 correct the beam deformation.
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(o)

Optical element

Fig. 4.2 Angular dispersion by an optical element. Rays of light are diffracted by the optical
element and different spectral components propagate at different angles.

Using the ray with frequency wy as the reference, the optical distance for the ray

with frequency w is given by [44]
p(®) = p(w,)cosa =Icosa (4.35)
where a is the angle between the two light rays. Therefore, the phase delay ¢ is found to

be

e Licosa (4.36)
c

The angle « is a function of frequency. When an optical pulse is diffracted by an optical
element, different frequency components travel along different paths. Therefore, the time
delays for these components are different. It takes less time for the blue-shifted frequency
components to arrive at the output of a prism than the red-shifted components. If optical

pulses are propagated through a fiber with positive GVD, the pulses exiting the fiber are
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positively chirped. The trailing edge of the output pulse is blue-shifted and the leading
edge is red-shifted. Thus, if these positively chirped pulses travel through a prism pair,
the trailing edge travels faster than the leading edge and the pulse is compressed [45, 46].

The dispersion parameter which specifies the GVD is found by taking the second

derivative of ¢ with respect to o, yielding
I . da d’a (da/)z
=——|sina| 2—+ @— |+ wcosa| —
c do do do

2
o _lo| da
¢ \da|,

This expression is evaluated at the center frequency wy for which sin a<<1. The quantity

da’
“ @y

(4.37)

da/dw» causes angular dispersion and is a characteristic of the optical element under

consideration. It can be seen that the dispersion parameter is always negative and does

not depend on the sign of da/dw. It can also be seen that by increasing the distance /

from the optical element dispersion increases. Therefore, it is concluded that angular
dispersion produces an adjustable negative GVD. By differentiating equation (4.37), the

third order dispersion can be obtained, giving
31 (da ' dad’a

- — | to—
c|\dw dw dw’

Equations (4.37) and (4.38) represent the dispersion parameters for a general optical

d3¢
da’

(4.38)

Dy

@y

element. In the next section the geometry of a prism is used in order to evaluate the
derivatives appearing in the above equations and to obtain the dispersion parameters for a

prism pair.
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4.2.3 Prism dispersion

In order to find expressions for the GVD and the third order dispersion (TOD) of
a prism pair shown in Fig. 4.3, we need to specify da/dw and d *afda’® . By using the

chain rule we get

da _da dn (4.39)
do dnde

where n is the refractive index of the prism material. The quantity dn/dw which

specifies the material dispersion can be written in terms of wavelength, giving

dn 1 A an (4.40)

Prism?2

Prism1

Fig. 4.3 Geometry of a prism pair used to find the GVD and TOD parameters. The mirror is used
to reflect the beam back along the same path through the prism pair. The reflected beam can be
separated from the input beam by slight adjustment of this mirror.

The prism geometry, such as apex angle and angle of incidence, can be used to find the

quantity de/dn . For an angle of incidence resulting in symmetrical beam path parallel to
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the base through the prism, minimum deviation, and a prism apex angle satisfying the
Brewster condition, minimum reflection losses, the first and second derivatives of angle a

with respect to the refractive index of prism material can be found, yielding [47, 48]

E‘:l% _ (4.41)
2
znf‘ = n% —4n (4.42)

By using these identities in equation (4.37), we obtain the GVD in terms of frequency

J

2° i
~ —4] 2 an
27¢*\ dA 4

Similarly, we can find an equation for the third order dispersion parameter by using the

and wavelength

d’¢

da*

~ D0 dn
¢ \dw

@y

(4.43)

above identities in equation (4.38) giving

3 4 ‘ 2 2
d ‘fl - 12 (ﬂ) [1—191(;1*3-2;1)},1 dn d'n
do*|, (2z)c \di da didi )f|,

In order to avoid transverse displacement of the spectral components, a sequence of four

(4.44)

prisms is used as shown in Fig. 4.1. We can also use a mirror after the second prism and
reflect the beam back along the same path through the prisms as shown in Fig. 4.3. The
reflected beam is separated from the input beam vertically by slight adjustment of this
mirror. This double-pass configuration has the added advantage of doubling the amount
of negative GVD provided by the prism pair and effectively reducing the necessary

separation between the prisms by a factor of two.
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There is also an additional contribution to the dispersion by the prism material.
The beam passes through a certain length of glass in each prism, which gives rise to
'material dispersion. In the visible and near infrared region of the spectrum, the material
dispersion of fused silica is positive. Therefore, the amount of GVD can be adjusted by
changing the total glass path length L in the prisms. The second and third order material

dispersion parameters are given by

d’¢ £ dn
o’ lmm “2rc P (449
d’ i d’n d’n
A Ry Loy S (4.46)
do’| — eorc\ dF T di

The total dispersion of the prism sequence is found by adding the angular and material

dispersions, giving

d? d* d*
; f == f - ‘f (4.47)
@ total @ ang @ mat
d’ d’ da’
a?a)f - a’afZ v da)? (4.48)
total ang mat

The prisms used in this project are made of fused silica with an apex angle of

69.08". The refractive index of fused silica is given by [49]

0.6961663 4> N 0.4079426 4° N 0.8974794 1*
A2 —0.0684043% A -0.1162414%  1* -9.8961612

n(A) = (1+ Jz (4.49)

where A is wavelength in um. The refractive index and material dispersion of fused silica
as a function of wavelength are shown in Fig. 4.4 and Fig. 4.5. The value of material

dispersion at wavelength of 0.8 pm is 361 fs%/cm.
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Fig. 4.4 Refractive index of fused silica as a function of wavelength. The refractive index of
fused silica at 0.8 pm is 1.4533.
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Fig. 4.5 GVD of fused silica as a function of wavelength. The material dispersion of fused silica
at 0.8pum is 361 fs%/cm.
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The GVD and TOD of a fused silica prism pair can be obtained as a function of
wavelength by using values for the refractive index of fused silica and its first and second
derivatives with respect to wavelength in equations (4.47) and (4.48). Fig. 4.6 shows the
GVD of a fused silica prism pair. A glass length of 0.5 cm in each prism was considered.
It can be seen that the GVD is always negative for the range of wavelengths shown. The
TOD of a fused silica prism pair has been plotted in Fig. 4.7. The GVD and TOD
parameters at a wavelength of 0.8 pm are found to be f,= 9.6 fs?/cm and f3= 14.2

fs*/cm respectively.
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Fig. 4.6 GVD of a double-pass fused silica prism pair with apex angle of 69.08 degrees. Prism
separation is 60 cm. The GVD parameter at 0.8 pm is = 9.6 fs*/cm.
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Fig. 4.7 TOD of a double-pass fused silica prism pair with apex angle of 69.08 degrees. Prism
separation is 60 cm. The TOD parameter at 0.8 pm is f= 14.2 fs’/cm.
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Chapter 5

Optical pulse compression using silver coated hollow fiber

5.1 Introduction

Fused silica hollow fibers filled with a noble gas have been used for optical pulse
compression at high energies [15, 50] and high harmonic generation [51]. The use of a
waveguide results in good mode quality and the use of a noble gas yields high
multiphoton ionization thresholds [52]. However, hollow glass fibers have high losses
which limit the efficiency of the optical pulse compressor. It was shown in chapter 3 that
the silver coated hollow fiber has low losses and its output mode has high purity and is as
good as that obtained from a fused silica hollow fiber.

In this chapter modeling and experimental results for optical pulse compression of
femtosecond pulses using a silver coated hollow fiber filled with argon gas are presented.
The 50 cm long silver coated hollow waveguide with inner diameter of 250 pm,
characterized in chapter 3, and filled with argon is used to compress optical pulses from a
Ti:sapphire laser at 800 nm. This waveguide has a transmission of 95% as reported in
chapter 3. Input pulses with energy of 250uJ and duration of 110 fs are used. The output
optical pulses are compressed to 20 fs by using a prism compressor. Numerical and
experimental results are presented and compared for argon gas pressures of 2.4 and 1.5
atm. The image of the output beam taken at different distances from the silver coated
hollow fiber output shows that a single HE;; mode couples to free space modes from the
exit of the fiber. A 50 cm long fused silica hollow fiber is also used for optical pulse

compression which has a measured transmission of 80%. The experimental results for
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optical pulse compression using the fused silica hollow fiber are compared for pulse

energies of 250 and 300 pJ and pressures of 2.4 and 2 atm.

5.2 Numerical modeling

In this numerical study optical pulses with energy of 250 pJ, pulse width of 110 fs,
and wavelength of 800 nm are considered. We assume that the silver coated hollow
waveguide is filled with argon and the pressure is set at 2.4 atm. The generalized
nonlinear Schrédinger equation, which was derived in chapter 4, is used to study the

propagation of optical pulses inside the hollow fiber, given by

Ty A e ) )

The difference between equation (5.1) and equation (4.32) is that we have introduced the
reduced time 7 defined by

T=t-=2 (5.2)

Ve

where ¢ is time, z is propagation distance, and v, is the group velocity of the optical pulse.
The reduced time T is now measured in the reference frame moving with the pulse
envelope A(z,7). The dispersion parameters, f, and f;, and the intensity attenuation
constant o have already been defined in chapter 2. The nonlinear coefficient y is given by

equation (4.26). Equation (5.1) can be written in normalized form, giving

. 2 3 ]
oU __isgn(f,) lzf+sgn(ﬂ3)5 (f_ZUJr_E_ ufu +
Oz 2L, ot 6L, or 2 L

i 0 2
- gr-(|U| U)] (5.3)

0+0

where 7 =T/T, is the normalized time, 7, is the 1/e intensity half width of the pulse, and

U(z,7) is the normalized pulse amplitude. The terms sgn(/f,) and sgn(/4;) can be %1,
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depending on the sign of each dispersion parameter. By normalizing the wave equation

new parameters are defined. L, and L are the second order and third order dispersion

lengths given by
7.’
= (5.4)
A
3
=1 (5.5)
|4
The nonlinear length parameter L,, is defined by
1 cA,
L, = =9 (5.6)
Y Po N0, Py

where p, is the peak power of the pulse, n, is the nonlinear refractive index, c is the
speed of light, and 4, is the effective area of the mode as given in chapter 4.

In order to find the dispersion lengths, we need to evaluate the group velocity and
third order dispersions of the hollow fiber filled with argon. The dispersion parameters

4, and g, for a hollow fiber can be calculated using the phase constant of the HE;; mode

given by

1(2. ? 2
p=2El L2A08A 0, A g1y A (5.7)
A 2\ 27a ra 2.2 21
The refractive index of fused silica is a real number. Thus, the Im term in equation (5.7)

is zero for a fused silica hollow fiber and the phase constant reduces to

27l 1(24052Y
/”-7{1“5( 2ra ) } ©:8)
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This equation was used in chapter 2 to find the dispersion parameters for the fused silica
hollow fiber in air as a function of core diameter. In order to use the silver coated hollow

fiber for optical pulse compression, we must find the dispersion parameters £, and £,

and compare them to dispersion parameters for a fused silica hollow fiber. Then, it can be
decided whether a silver coated hollow fiber is suitable for pulse compression. For optical
pulse compression using a prism pair, the GVD of the hollow fiber must be positive in
order to induce a positive chirp on the propagating optical pulses.

We can look at this problem in two ways. The Im term in the phase constant of

equation (5.7) is multiplied by the factor A/ 7 a . The propagation constants of the holiow
fiber have been obtained assuming 4 << a. Using the values for wavelength and core
radius, /=800 nm, a=125 um, we obtain A/7a ~0.002. Since this value is much less
than unity and (4/7 a)Im{(v* +1)/2(+* —1)"*]~ —0.005, the Im term in equation (5.7)
can effectively be neglected. This is the only term in which the refractive index of the
cladding material appears. The remaining dispersion effects only depend on the
waveguide radius and the refractive index of the gas inside the hollow core. Therefore,
we can conclude that the dispersion parameters are essentially the same for silver coated
and fused silica hollow fibers.

The dispersion parameters for the silver coated hollow fiber can also be calculated
by using the refractive index of silver in equation (5.7). The GVD is shown in Fig. 5.1 for
argon gas pressure of 2.4 atm. At a wavelength of 800 nm, the GVD dispersion parameter
is found to be /,=39.24 fs*/m. The material and waveguide dispersions are also shown.
The material dispersion of argon was calculated using the refractive index of argon given
by [53]
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5.15x10° 4.19x10" 4.09x10"7 4.32x10%
¥ A ¥ At ¥ A° ¥ A

n*(A)—1= 5.547x10'4[l ] (5.9)

where A is in angstroms. The waveguide dispersion was calculated by assuming that the
hollow core consists of free space or the index of refraction of the material filling the core
does not vary with wavelength. It can be seen that adding the material and waveguide
dispersions results in the total dispersion of the hollow fiber filled with argon, which was
obtained by taking the second derivative of the propagation constant given by equation

(5.7) with respect to the frequency w.
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Fig. 5.1 GVD of the HE;; mode for the silver coated hollow fiber filled with argon at 2.4 atm
(solid line). The core radius of the hollow fiber is 125 pm. The GVD parameter £,=39.24 fs*/m at
800 nm. The material (dotted line) and waveguide (dashed line) dispersions are shown for
comparison.
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The group velocity dispersions of silver coated and fused silica hollow fibers are
compared in Fig. 5.2. At a wavelength of 800 nm, the GVD parameter for a fused silica
hollow fiber filled with argon at a pressure of 2.4 atm is calculated to be £,=38.94 fs’/m
using equation (5.8). This compares well with the value obtained for the GVD parameter

of silver coated hollow fiber using equation (5.7).
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Fig. 5.2 Comparison of GVD for the silver coated (solid line) and fused silica (dashed line)
hollow fibers filled with argon at 2.4 atm.

The TOD for the silver coated hollow fiber calculated assuming an argon gas

pressure of 2.4 atm is shown in Fig. 5.3. A value of £,=32.04 fs*/m is calculated for the

third order dispersion parameter at a wavelength of 800 nm. The third order material and
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waveguide dispersions are also shown in Fig. 5.3. Again, the refractive index of argon
was used to find the third order material dispersion and the waveguide dispersion was
calculated by assuming that the index of refraction of the core material does not vary with
wavelength. Adding the third order material and waveguide dispersions in this case also
results in the total third order dispersion of the hollow fiber filled with argon, which was
obtained by taking the third derivative of equation (5.7) with respect to the frequency .
Therefore, calculation of the dispersion parameters by adding the material and waveguide

dispersions is an excellent approximation to the total dispersion parameters obtained

using equation (5.7).
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Fig. 5.3 Third order dispersion (TOD) of the HE;; mode for the silver coated hollow fiber filled
with argon at 2.4 atm (solid line). The TOD parameter $5=32.04 fs*/m at 800 nm. The third order
material (dotted line) and waveguide (dashed line) dispersions are shown for comparison.
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The third order dispersions of silver coated and fused silica hollow fibers are
compared in Fig. 5.4. At a wavelength of 800 nm, the TOD parameter for a fused silica

hollow fiber filled with argon at a pressure of 2.4 atm is calculated to be £, =32.67 fs’/m

using equation (5.8). This compares well with the value obtained for the TOD parameter

of silver coated hollow fiber using equation (5.7).
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Fig. 5.4 Comparison of TOD for the silver coated (solid line) and fused silica (dashed line)
hollow fibers filled with argon at 2.4 atm.

Comparison of the dispersion parameters for the silver coated and fused silica
hollow fibers filled with argon shows that an optical pulse propagating in each waveguide

will effectively have the same dispersion. Therefore, the silver coated hollow fiber can
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be used for optical pulse compression in essentially the same way as a fused silica hollow
fiber. Since the silver coated hollow fiber has much higher transmission, as shown in
chapter 3, compressed pulses with higher energy can be obtained.

The input pulse is considered to be an unchirped hyperbolic secant pulse for

which the normalized optical field amplitude is given by

U@,T)= sech[sz (5.10)

0
where Tj is the 1/e intensity half width of the pulse equal to Ty, /1.76 . The theoretical

intensity attenuation constant for the HE;; mode propagating in a silver coated hollow
waveguide is 0.0076 m”, at a wavelength of 800 nm. The second and third order
dispersion lengths are found using the values for dispersion parameters > and f; of the

HE;; mode, yielding L,,= 100 m and L;,= 7620 m. The nonlinear coefficient and the
nonlinear length are calculated to be y =7.9x10” W'm™ and L,, =6.3 cm, using the
nonlinear refractive index of argon n, = 9.8x10™* m’/Watm [15, 54] and the effective
area of the mode 4,; =2.34x 10~ cm’. The effective area of the mode is evaluated for
the fundamental hybrid mode HE,;;, whose modal distribution is given by the Bessel
function J, (2.405r/ a). It is clear that dispersion does not play an important role and the

output pulse shape should be very similar to the input pulse shape with very little pulse
broadening.

Using the above values in the nonlinear Schrédinger equation the output pulse is
obtained which is shown in Fig. 5.5. As can be seen the output pulse has not broadened
and has some distortion which is due to the self steepening term in equation (5.3).

Because the nonlinear refractive index is intensity dependent, the group velocity of the
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pulse also becomes intensity dependent and the peak moves at a lower speed than the low
intensity wings. Thus, the trailing edge of the pulse becomes steeper as the propagation

distance z increases and the pulse shape becomes asymmetric.
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Fig. 5.5 Input (dashed line) and output (solid line) pulse shapes obtained from simulating the
propagation of hyperbolic secant optical pulses through the silver coated hollow fiber for an
argon pressure of 2.4 atm. The propagation distance is 50 cm. The distortion of the output pulse is
due to the nonlinear effects. Because of large value of the dispersion length (100 m), the output
pulse has broadened very little. The output pulse without the self steepening effect is also shown
(dotted line).

The frequency chirp of the output pulse is shown in Fig. 5.6. It can be seen that
the chirp is asymmetric and larger near the trailing edge of the pulse due to the self
steepening effect. Since the chip is positive, the trailing edge becomes blue-shifted with
larger spectral broadening compared to the leading edge. It also has a linear part in the
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central portion of the pulse. Therefore, a prism pair with negative chirp can be used to
compress the output optical pulse. Because the chirp is linear only in the central portion

of the pulse and changes sign near the edges, some of the energy in the wings will not be

compressed.
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Fig. 5.6 Frequency chirp of the output pulse (shown in Fig. 5.5) for argon pressure of 2.4 atm. It
shows a linear positive chirp in the central portion of the pulse. The frequency chirp is
asymmetric and is larger near the trailing edge. This leads to larger spectral broadening for the
blue-shifted frequency components.

The output spectrum of the hollow waveguide is shown in Fig. 5.7. It has
broadened considerably compared to the input spectrum. The full width at half maximum
of the output spectrum is about 59 nm, which is more than seven times the FWHM of the

input spectrum. We can see that the spectral broadening is larger for the blue-shifted
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frequencies. Assuming a Gaussian pulse shape, we expect to compress the pulses to 16 fs

using a compressor with negative GVD.
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Fig. 5.7 Output spectrum (solid line) of the silver coated hollow fiber at argon pressure of 2.4 atm
obtained from the simulation. The spectral broadening is larger on the high frequency side of the
spectrum. The peaks are characteristic of SPM induced spectral broadening. The input spectrum
(dashed line) is also shown.

The method used for the simulation is a split-step Fourier method [30]. In this
method the nonlinear wave equation for the field amplitude is written in terms of a linear
operator which includes the dispersion and loss effects and a nonlinear operator which
includes the self phase modulation and self steepening effects. The dispersion and
absorption effects are calculated in the frequency domain using the fast Fourier transform

(FFT) and the nonlinear refractive index effects are calculated in the time domain. The
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method is implemented by dividing the length of the hollow fiber into small segments
with length A. Starting at the input of the first segment, the nonlinear operator is used in
the time domain and the pulse envelope is calculated atz = /. Next, the FFT of the
resulting pulse envelope is obtained and the linear operator is applied in the frequency
domain. This completes the solution for the first segment. The same procedure is applied
to the remaining segments by using the previous result as input and finding the pulse
envelope at the output of each successive segment.

The program code was written in MATLAB. The length of the fiber was divided
to fifty segments, each having a length of one cm, and 1024 points were used to represent
the pulse envelope in the time domain. Because of the speed of the FFT, the program runs
quickly and the results are obtained in less than one minute on a Pentium 4, 1.6 GHz
computer. If the number of steps in space and the number of points in time are increased,
the run time of the program can increase to several minutes. Error analysis shows that the
method described above is accurate to second order in step size 4. To improve the
accuracy to third order in step size A, a different procedure called the symmetrized split
step Fourier méthod can be used to propagate the optical pulse over one segment. The
main difference is that within each segment the propagation of the optical field is carried
out in three steps. The dispersion effect is used to propagate the optical field over a
distance of A#/2. The nonlinear effect is then used at the midpoint of the segment with a
step size of 4. The linear operator is used again with a step size of 4/2 and the optical
field at the output of the segment is obtained. This procedure was also implemented for
simulating the nonlinear wave equation, but no difference in results was observed for the

case considered here.
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The dispersion equations for a Brewster angle prism pair made of fused silica,
which were given in chapter 4, are used in order to simulate the pulse compression. The
calculated dispersion parameters for the prism pair compressor are f,= 9.6 fs*cm and
B= 14.2 fs*/cm. The shortest compressed pulse width of 20 fs is obtained for a prism
separation of 60 cm. The compressed pulse for the silver coated hollow fiber is shown in
Fig. 5.8. It can be seen that some of the energy contained in the wings has not been
compressed. As explained earlier, this is due to the fact that the frequency chirp is only

linear in the central part of the pulse.
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Fig. 5.8 Calculated compressed (solid line) and input (dashed line) pulses for the silver coated
hollow fiber at argon pressure of 2.4 atm. A fused silica prism pair with spacing of 60 cm was
used to compress the frequency broadened output pulses of the hollow fiber. Because the chirp is
linear only in the central portion of the pulse, some of the energy in the wings is not compressed.
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In order to examine the effect of prism spacing on the amount and quality of pulse
compression, the propagation of an optical pulse through the compressor system was
simulated by varying the prism separation. If the distance between the prisms is reduced
to 50 cm, the amount of compression in the wings decreases as shown in Fig. 5.9. Thus,
more energy in the wings remains uncompressed compared to the optimum case where
the prism distance is 60 cm. The amount of compression in the central part of the pulse
remains approximately the same. For prism separations below 50 cm, the compressed
pulse width decreases and the amount of uncompressed energy at the wings of the pulse

increases.
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Fig. 5.9 Calculated compressed (solid line) and input (dashed line) pulses for prism separation of
50 cm. When the prism distance is reduced below the optimum value of 60 ¢cm the amount of
uncompressed energy in the wings increases.
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The simulation of the compressor system shows that as the distance between the
prisms is increased beyond 70 cm, the compressed pulse becomes oscillatory. The
compressed pulses resulting from the simulation for prism separations of 70 and 80 cm
are shown in Fig. 5.10 and Fig. 5.11. There is a slight decrease in the amount of
compression for prism spacing of 80 cm. But, the amplitude of oscillations at the wings
has grown compared to the optimum distance of 60 cm indicating that more
uncompressed energy is contained in the wings. Increasing the prism separation above 80

cm causes the compressed pulse to become completely oscillatory.
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Fig. 5.10 Compressed (solid line) and input (dashed line) pulses for prism separation of 70 cm.
By increasing the prism distance above the optimum value of 60 cm, there is a slight decrease in
the amount of compression. The amplitude of oscillations at the wings also increases.
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Fig. 5.11 Compressed (solid line) and input (dashed line) pulses for prism separation of 80 cm.
By increasing the prism distance beyond 70 cm, the amount of compression decreases. The
amplitude of oscillations at the wings has also grown indicating that more uncompressed energy
is contained in the wings.

The propagation of the optical pulses inside the hollow fiber was also simulated
using an unchirped Gaussian pulse for which the normalized optical field amplitude is

given by

U, T)= exp(— 2];2 } (5.11)

0
where T is the 1/e intensity half width of the pulse equal to Ty, /1.665. Using the

values for dispersion parameters 3, and S5 of the HE; mode, the second and third order
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dispersion lengths are found to be L, =111 m and L, = 8973 m. The nonlinear length is
calculated to be L,, = 5.92 cm, using the nonlinear refractive index of argon n, and the
effective area of the mode 4, . With these new values of the dispersion and nonlinear

lengths, the nonlinear wave equation was simulated for a Gaussian input pulse. The
output pulse is shown in Fig. 5.12. As can be seen, similar to the previous case, the output

pulse has not broadened and has some distortion which is due to the self steepening effect.
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Fig. 5.12 Input (dashed line) and output (solid line) pulse shapes obtained from simulating the
propagation of Gaussian optical pulses through the silver coated hollow fiber for an argon
pressure of 2.4 atm.

The frequency chirp is shown in Fig. 5.13, which has a linear part in the central

portion of the pulse. The amount of frequency chirp has increased compared to the
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previous case where a hyperbolic secant input pulse was used, which leads to more
spectral broadening and larger spectral width. Again, a prism pair with negative chirp can

be used to compress the output optical pulse.
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Fig. 5.13 Frequency chirp of the output pulse (shown in Fig. 5.12) for argon pressure of 2.4 atm,
assuming a Gaussian input pulse.

The output spectrum of the hollow waveguide is shown in Fig. 5.14, with the full
width at half maximum of the output spectrum equal to about 69 nm. The spectral width
has increased by 10 nm compared to the spectral width of 59 nm obtained when the input
pulse was assumed to be hyperbolic secant. Assuming a Gaussian pulse shape, we expect

to compress the pulses to 14 fs. Using the same dispersion equations for a fused silica
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prism pair, the shortest compressed pulse width of 19 fs was obtained for a prism

separation of 55 cm. The compressed pulse is shown in Fig. 5.15.
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Fig. 5.14 Output spectrum (solid line) of the silver coated hollow fiber at argon pressure of 2.4
atm, obtained from the simulation for Gaussian input pulses. The input spectrum (dashed line) is
shown for comparison.

Another optical pulse compression simulation was also performed using the silver
coated hollow fiber at argon gas pressure of 1.5 atm. The dispersion values for the hollow
fiber filled with argon at 1.5 atm are 5,=21.46 fs?/m and B5=23.85 fs*/m. The values for
the dispersion length and the nonlinear length are calculated to be Lp=182 m and Ly;=10
cm. As we can see the dispersion length is very large compared to the nonlinear length

and the hollow fiber length. Therefore, the dispersion does not play an important role and
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the output pulse shape should be very similar to the input pulse shape with very little
pulse broadening. The nonlinear length is still small compared to the dispersion length
and the hollow fiber length. But, it is larger than the nonlinear length for gas pressure of
2.4 atm. Thus, the nonlinear effects are important and we expect spectral broadening of
the output pulse. However, the amount of spectral broadening should be less than before

where the argon gas pressure was 2.4 atm.
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Fig. 5.15 Calculated compressed (solid line) and input (dashed line) pulses for the silver coated
hollow fiber at argon pressure of 2.4 atm, using Gaussian input pulses. A fused silica prism pair
with spacing of 55 ¢m was assumed for compression in the simulation.

The wave equation (5.3) was simulated with new values of the dispersion and

nonlinear lengths. The calculated output pulse of the hollow fiber is shown in Fig. 5.16.
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As can be seen the output pulse has not broadened which shows that the dispersion terms
in the nonlinear wave equation are not very important. The output pulse has some
distortion which is due to the self steepening term in equation (5.3), as explained earlier.
The frequency chirp is shown in Fig. 5.17. It has a linear positive chirp in the central
portion of the pulse. It can be seen that the amount of frequency chirp is less compared to
the frequency chirp calculated for argon pressure of 2.4 atm. Therefore, the spectral width
of the output spectrum will be less than before. The asymmetry in the frequency chirp is
also apparent. Thus, the spectral broadening on the high frequency side of the spectrum

will be slightly larger.
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Fig. 5.16 Input (dashed line) and output (solid line) pulse shapes obtained from simulating the
propagation of optical pulses through the silver coated hollow fiber for argon pressure of 1.5 atm.
The propagation distance is 50 cm. The distortion of the output pulse is due to the nonlinear
effects.
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Fig. 5.17 Calculated frequency chirp of the output pulse for argon pressure of 1.5 atm. It shows a
linear positive chirp in the central portion of the pulse. The frequency chirp is asymmetric and is
larger near the trailing edge. The amount of frequency chirp is less compared to the frequency
chirp for pressure of 2.4 atm.

The output spectrum of the hollow waveguide is shown in Fig. 5.18. The full
width at half maximum of the output spectrum is about 36 nm. Reducing the pressure has
lead to a decrease in the nonlinear effects and, thus, less spectral broadening. Assuming a
Gaussian pulse shape, we expect to compress the frequency broadened pulses to 26 fs.
The dispersion equations for a prism pair made of fused silica were used in the simulation.
The shortest compressed pulse width of 30 fs was obtained for a prism separation of 70

cm. The compressed pulse is shown in Fig. 5.19.
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Fig. 5.18 Output spectrum (solid line) of the silver coated hollow fiber at argon pressure of 1.5

atm obtained from the simulation. The peaks are characteristic of SPM induced spectral

broadening. The number of peaks has reduced which is due to larger value of the nonlinear length

(10 cm) for 1.5 atm compared to its value (6.3 cm) for 2.4 atm. The input spectrum (dashed line)
is also shown.

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.0 -

2.5 A

2.0 A1

1.5 1

Intensity (a. u.)

1.0 4

0.5 -

0.0 T
-300 -200

300

Time (fs)

Fig. 5.19 Calculated compressed (solid line) and input (dashed line) pulses for the silver coated
hollow fiber at argon pressure of 1.5 atm. A fused silica prism compressor was used to compress
the frequency broadened output pulses of the hollow fiber. Because the chirp 1s linear only in the
central portion of the pulse, some of the energy in the wings is not compressed. The compressed
pulse width has increased to 30 fs for 1.5 atm compared to 20 fs for 2.4 atm.
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5.3 Experimental results

The experiments were performed using a Ti:sapphire laser amplifier (Spectra
Physics Hurricane). The pulse energy was set to 250 pJ using an attenuator consisting of
a half wave plate and a polarizer. The pulse duration was 110 fs and the wavelength of
the pulses was 800 nm. The silver coated hollow fiber with bore size of 250 pm and
length of 50 cm was used to obtain spectral broadening of the optical pulses. As
explained in chapter 3, the silver film is deposited inside a hollow silica waveguide in

order to reduce the losses. The experimental setup is shown in Fig. 5.20.
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Fig. 5.20 The experimental setup used for optical pulse compression. The hollow fiber is in a tube
filled with argon gas. The lenses are antireflection coated. A fused silica prism pair is used to
obtain compression. The reflected beam is separated from the input beam vertically by adjusting
mirror M4 and the output beam is obtained using mirror MS5.
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The hollow fiber was kept straight in a V groove in an aluminum bar and placed
in a tube filled with argon gas. Antireflection coated windows made of fused silica with
thickness of 0.5 mm were used to couple the laser beam in and out of the tube. The argon
gas pressure was set to 2.4 atm. The half wave plate and polarizer are used to attenuate
the 700 pJ pulse energy of the laser output beam to 250 pJ at the input of the hollow fiber.
A 75 cm focal length lens (L1) was used to couple the laser pulses into the hollow fiber.
The focal length of the lens was chosen to maximize the coupling of the free space
TEMyo mode of the laser pulses to the HE,; mode of the hollow fiber. A transmission of
95% (0.44 dB/m) was measured for the silver coated hollow fiber as described in chapter
3. A transmission of 94% was measured from the entrance of the input window to the
output of the exit window of the gas enclosure.

The output spectrum was measured using an Ocean Optics S2000 Fiber Optic
Spectrometer. Light is transmitted into the spectrometer using a 200 pm diameter optical
fiber with numerical aperture of 0.22. The light exiting the optical fiber is collimated by a
spherical mirror. A grating with groove density of 600 lines/mm, wavelength coverage of
490 to 1100 nm, and blaze wavelength of 750 nm is used to diffract the light. A 25 pm
slit is mounted at the input of the spectrometer channel. With the 600 lines/mm grating,
this slit provides a resolution of approximately 1.25 nm. A second spherical mirror is
used to focus the light and project an image of the spectrum onto a one dimensional CCD
array. The data is transferred to a computer through an A/D converter.

The output spectrum is shown in Fig. 5.21. The spectrum has broadened

considerably compared to the spectrum of input pulses and shows oscillations that are
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characteristic of self phase modulation. The measured spectral width is approximately
55.6 nm which compares well with the simulation result of 59 nm. The spectrum obtained
from simulation is compared with the spectrum obtained from experiment in Fig. 5.22,
which shows good agreement. The difference between the calculated and experimental
spectral widths is because the theoretical attenuation constant of the silver coated hollow
fiber was used in the numerical calculations. The extra losses in the experiment leads to

reduced spectral broadening.

556 nm

Intensity (a. u.)

Wavelength (nm)

Fig. 5.21 Measured output spectrum (solid line) of the silver coated hollow fiber filled with argon
at 2.4 atm. Input pulse energy is 250 pJ and input pulse width is 110 fs. Spectrum of the input
pulse (dashed line) is shown for comparison. The spectral width is 55.6 nm.
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Fig. 5.22 Comparison of output spectrum measured from experiment (solid line) with output
spectrum obtained from simulation (dashed line) for the silver coated hollow fiber. The input
pulse energy is 250 pJ, the input pulse width is 110 fs, and the argon gas pressure is 2.4 atm.
There is close agreement between the theoretical and experimental spectra.

The pulses exiting the silver coated hollow fiber were collimated and propagated
through a prism pair. The pulses leaving the second prism were reflected back traveling
along the same path through the prisms, displaced vertically to separate the beams. The
distance between the prisms (apex to apex) was set to 60 cm which was the value
obtained from the simulation for optimum pulse compression. The frequency broadened
pulses were compressed to 20 fs. The autocorrelation trace of the compressed pulses is
shown in Fig. 5.23. The autocorrelation trace of the compressed pulse obtained from

simulation, shown in Fig. 5.8, is also plotted. We can see that there is good agreement
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between the calculated and experimental results. The autocorrelation of a 20 fs Gaussian
pulse is also shown for comparison. Using the spectral width of 55.6 nm and the pulse
width of 20 fs, the time bandwidth product is calculated to be 0.52. Therefore, the

compressed pulses are 1.18 times transform limited, assuming a Gaussian shape.
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0.8 -
5 061
~ 1.414x20 fs
=
/2]
C
QL 044
L
0.2 1
/// ’—\\\\
0.0 YL rYX X 00g00%e®
' 1 H ) 1 T 1 ¥
60 -40 20 0 20 40 60

Time (fs)

Fig. 5.23 Measured autocorrelation trace (dots) of the compressed pulses and calculated
autocorrelation trace (solid line) assuming a Gaussian pulse shape. The argon pressure is 2.4 atm.
The output pulses of the silver coated hollow fiber were compressed using a fused silica prism
pair with separation of 60 cm. The autocorrelation of the compressed pulse of Fig. 5.8 is also
shown (dashed line).

A single shot background free autocorrelator (Spectra Physics Positive Light,
Model SSA) was used to measure the pulse width. The incoming laser pulses are split

into two beams of equal intensity that are displaced from a common optical axis. The two
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beams are then recombined noncollinearly in a nonlinear crystal (KDP) for frequency
doubling. A micrometer is used to impart an adjustable delay on one of the beams. A
CCD diode array is used to monitor the intensity of the second harmonic generation as a
function of delay between the two pulses, which is then displayed on an oscilloscope. In
order to determine the actual pulse width from the autocorrelation trace, it is necessary to

assume a pulse shape. If a Gaussian pulse shape is assumed, the FWHM of the

autocorrelation trace is divided by V2, and for a hyperbolic secant pulse shape it is
divided by 1.54. In order to calibrate the autocorrelator, the delay micrometer was
adjusted by a fixed amount in pm and the amount that the autocorrelation peak moved on
the oscilloscope trace was measured in ps. By using the speed of light and converting the
optical path length to optical delay and dividing it by the amount the peak moved on the

oscilloscope, a calibration factor of 0.416 fs/us was obtained. By assuming a Gaussian

pulse shape and dividing by\[2— , the actual pulse duration is derived using the conversion
factor of 0.294 fs/us. Pulse widths of > 20 fs can be measured with the autocorrelator.

In order to determine the spatial profile of the beam exiting the silver coated
hollow fiber, images were taken at different distances from the output using a CCD
detector. The spatial output intensity profile at a distance of 25 cm is shown in Fig. 5.24.
We can see that there is close agreement between the experimental data and the Gaussian
fit. The beam diameter of the output optical pulse can be calculated theoretically by
expanding the electric field amplitude of the HE;; mode into free space Gaussian modes,
as explained in chapter 3. When the silver coated hollow fiber is placed inside the tube
filled with argon gas, the alignment of the input laser beam into the waveguide becomes

more difficult. By calculating the beam diameters and comparing with the measured
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values, we can get an indication of the output mode quality. The calculated beam
diameters are compared with the experimental values in Fig. 5.25. As can be seen they

agree very well indicating that the output of the hollow fiber is an HE;; mode.
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Fig. 5.24 Spatial output intensity of the silver coated hollow fiber at a distance of 25 cm from the
output end of the fiber. Dots are the experimental data. The Gaussian fit (line) to the data is also
shown.
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Fig. 5.25 Comparison of calculated (line) and experimental beam diameters as a function of
distance for the output beam of the silver coated hollow fiber. Distance is measured from the
output end of the hollow fiber. Triangles are the horizontal beam diameters and squares are the
vertical beam diameters measured experimentally.

Another optical pulse compression experiment was also performed using the
silver coated hollow fiber at argon gas pressure of 1.5 atm. The simulation results for
argon pressure of 1.5 atm were presented in the previous section. The optical pulse
compression experiment was performed with input pulse energy of 250 pJ, input pulse
width of 110 fs, and argon gas pressure of 1.5 atm. The measured output spectrum is
shown in Fig. 5.26. The spéctrum has broadened considerably compared to the spectrum
of input pulses. The spectral width is approximately 28 nm full width at half maximum.
The outbut spectrum obtained from the simulation is compared with the experimental
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output spectrum in Fig. 5.27. Again, the difference between the calculated and
experimental spectral widths is due to the use of the theoretical attenuation constant of
the silver coated hollow fiber in the numerical calculations. The experimental losses of
the hollow fiber are larger which yields less spectral broadening compared to the

calculations.
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Fig. 5.26 Measured output spectrum (solid line) of the silver coated hollow fiber filled with argon
at 1.5 atm. Input pulse energy is 250 pJ and input pulse width is 110 fs. Spectrum of the input
pulse (dashed line) is shown for comparison. The spectral width is 28 nm.
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Fig. 5.27 Comparison of output spectrum measured from experiment (solid line) with output
spectrum obtained from simulation (dashed line) for the silver coated hollow fiber. The input
pulse energy is 250 pJ, the input pulse width is 110 fs, and the argon gas pressure is 1.5 atm.

The pulses exiting the silver coated hollow fiber were collimated and propagated
through the fused silica prism pair. The pulses leaving the second prism were reflected
back traveling along the same path through the prisms, displaced vertically to separate the
beams. The distance between the prisms (apex to apex) was set to 70 cm which was
obtained from the simulation. The frequency broadened output pulses of the hollow fiber
were compressed to 35 fs. The autocorrelation trace of the compressed pulses is shown in
Fig. 5.28. The autocorrelation trace of the calculated compressed pulse, which is shown

in Fig. 5.19, has also been plotted for comparison. It can be seen that there is good
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agreement between the calculated and experimental results. However, the calculated
autocorrelation width is slightly smaller than the measured width, which is due to the
larger value of the calculated output spectral width. The autocorrelation of a 35 fs
Gaussian pulse is also shown. Using the spectral width of 28 nm and the pulse width of
35 fs, the time bandwidth product is found to be 0.459. Therefore, the compressed pulses

are approximately transform limited, assuming a Gaussian pulse shape.
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Fig. 5.28 Measured autocorrelation trace (dots) of the compressed pulses and calculated
autocorrelation trace (line) assuming a Gaussian pulse shape. The argon pressure is 1.5 atm. The
output pulses of the silver coated hollow fiber were compressed using a fused silica prism pair
with separation of 70 cm. The autocorrelation of the compressed pulse of Fig. 5.19 is also shown
(dashed line).
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A 50 c¢m fused silica hollow fiber with inner diameter of 250 pm was also used
for optical pulse compression in order to compare the results with those obtained using
the silver coated hollow fiber. Input pulses with energy of 250 pnJ and duration of 110 fs
were used and the argon gas pressure was set at 2.4 atm. The intensity attenuation
constant for the HE;; mode propagating in a fused silica hollow waveguide is 0.142 m™.
The dispersion parameters 5, and 3 are calculated using the propagation constant for the
HE;; mode in a fused silica hollow fiber, which were given in the previous section. The
values for the dispersion and nonlinear lengths are calculated to be Lp=100 m and
Ly;=6.3 cm, which are the same as those for the silver coated hollow fiber. The optimum
separation between the prisms is also calculated to be 60 cm for the shortest compressed
pulse width of 20 fs.

The optical pulse compression was performed using the fused silica hollow fiber.
The measured output spectrum is shown in Flg 5.29 and is compared with the measured
output spectrum of the silver coated hollow fiber. As can be seen, the measured output
spectrum shows spectral broadening which is very similar to the spectral broadening
obtained from the silver coated hollow fiber and \;vith the same spectral width of 55.6 nm.
The output pulses exiting the fused silica hollow fiber were compressed using the prism
pair. The distance between the prisms, from apex to apex, was set to of 60 cm. A pulse
width of 20 fs was measured. The autocorrelation trace of the compressed pulses is

shown in Fig. 5.30.
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Fig. 5.29 Measured output spectrum (solid line) of the fused silica hollow fiber filled with argon
at 2.4 atm. Input pulse energy is 250 pJ and input pulse width is 110 fs. Measured output
spectrum of the silver coated hollow fiber (dashed line) is shown for comparison. The spectral
width is 55.6 nm.

In a different optical pulse compression experiment using the fused silica hollow
fiber, the pulse energy was increased to 300 pJ and the pressure was reduced to 2 atm.
These values give the same nonlinear length Ly of 6.3 cm as for pulse energy of 250 pJ
and pressure of 2.4 atm. However, the value of the dispersion length Lp changes from
100 m to 126 m. These values of the dispersion length are much greater than the
nonlinear length parameter and the length of the hollow fiber. In each case the terms
responsible for dispersion in the normalized wave equation (5.3) are not important

compared to the nonlinear terms. Therefore, we expect the same amount of spectral
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broadening, frequency chirp, and pulse compression in both cases. Simulation of the
compressor system with Lp=126 m and Ly;=6.3 cm yields a compressed pulse of 20 fs
for a prism separation of 60 cm as before. The experiment was performed with pulse
energy of 300 puJ and pressure of 2 atm. The prism distance was set to 60 cm as obtained

from the simulation and a compressed pulse width of 20 fs was measured.
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Fig. 5.30 Measured autocorrelation trace (dots) of the compressed pulses and calculated
autocorrelation trace (line) assuming a Gaussian pulse shape. The argon pressure is 2.4 atm. The
output pulses of the fused silica hollow fiber were compressed using a prism separation of 60 cm.

A transmission of 80% (1.94 dB/m) was measured for the fused silica hollow
fiber. For comparison, a typical transmission of 60% for an 85 cm hollow glass fiber

(2.61 dB/m) [23], and a transmission of 70% for a 50 cm hollow glass fiber (3.1 dB/m)
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[24] have been reported. In Ref. 23 internal diameter of the hollow fiber is 260 pm and
the wavelength is 780 nm. In Ref. 24 internal diameter of the hollow fiber is 250 pm and
the wavelength is 800 nm. The transmission obtained for the silver coated hollow fiber
(0.44 dB/m) is much higher than the above values. The overall transmission of the
compressor using the silver coated hollow fiber was 88%. This is significantly higher

than the 76% compressor transmission obtained using the fused silica hollow fiber.

5.4 Design considerations for hollow fiber chamber

The silver coated hollow fiber used for optical pulse compression experiment is
kept straight in a V groove in an aluminum bar. The aluminum bar is placed in a tube
made of plexiglass. Antireflection coated fused silica windows are used in each end of
the tube to couple the beam in and out of the hollow fiber. The tube is filled with argon
gas and ifs pressure 1s kept constant using a pressure gauge. The thickness of the tube
must be sufficient to tolerate pressures of a few atmospheres. A wall thickness of 1/4 inch
was chosen which according to the manufacturer’s specifications has a working pressure
of up to 15 atm. |

The nonlinear effects in the fused silica windows are very important. It is desired
to reduce these effects in order to have a beam with good quality. One nonlinear effect
that can be detrimental to the beam quality is the nonlinear phase shift, which is

quantified using the B-integral given by

L
B =27” n,1(z)dz (5.12)

0
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where 1 is the wavelength, n, is the nonlinear refractive index of fused silica, and I(z) is

the intensity of the beam. We can obtain the maximum value of the B-integral, by using
the peak value of the intensity in equation (5.12), yielding

B= —%[—nZIL (5.13)

where [ is the peak intensity and L is the thickness of the fused silica windows. For good
beam quality, it is generally required to keep the value of the B-integral less than one
(B<1). Figure 5.31 shows the hollow fiber enclosure with fused silica windows at each
end and the coupling lens used to couple the beam into the hollow fiber. In order to
calculate the B-integral, we need to know the value of the beam radius at the fused silica
window. The beam radius is used to find the intensity. We will choose the beam radius

such that the B-integral is less than one.
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Fig. 5.31 The B-integral of the fused silica window is obtained by finding the beam waist w;.
The maximum distance from the lens with focal length fto the fused silica window is found to be
64.3 cm. Therefore, the distance d between the window and the input end of the fiber must be
greater than 10.7 cm. This result was obtained for pulse energy of 400 nJ and pulse width of 110
fs.
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A pulse energy of 400 pJ is assumed. The input pulse width is 110 fs. A lens with
focal length of 75 cm is used to couple the input beam into the hollow fiber. The
measured beam radius at the lens is 2.5 mm. The nonlinear refractive index of fused silica
is 3.18x10 '® cm®W [30]. The thickness of the fused silica window is 0.5 mm. The beam

radius at a distance z from the coupling lens is given by

W, =[w,2(1—§) +[ 24 J }2 (5.14)
W,

where w, is the beam radius at the lens, w, is the beam radius at distance z from the lens,

and f'is the focal length of the lens. For small values of (z/l/ W, )2 , equation (5.14) can

be approximated by

Lzw|1-2 5.15
y w( f] (5.15)

The peak intensity at a distance z from the lens can be calculated by using the peak power
and the beam radius w;, giving

_ Peak power
=R

I (5.16)

W,
where the peak power is 3.2 GW. Using the values for the peak power, wavelength 4,
nonlinear refractive index of fused silica n,, and the window thickness L, in the inequality

B <1, we get the requirements

I <8x10" W/em? (5.17)

w, >0.0357 cm (5.18)

This result indicates that in order to have B <1, the beam radius at the fused silica

window must be greater than 0.0357 cm. By using this value in equation (5.15), we can
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find the maximum distance between the lens and the window, or the minimum distance
between the window and the entrance of the hollow fiber, which gives
z<643cm (5.19)
d >10.7cm (5.20)
Choosing the distance between the input window and hollow fiber’s input end greater
than 10.7 cm results in a B-integral that is less than one. If we choose the distance d=20
cm, the B-integral becomes 0.284.

Similar calculations can be carried out for the output side. It was shown that the
mode exiting the hollow fiber is HE;;. The beam radius at a distance of 20 cm from the
output end of the hollow fiber is calculated to be 0.719 mm. The transmission of the
silver coated hollow fiber is 95% as was reported in chapter 3. Therefore, the output
pulse has an energy of 380 uJ. Since the output pulse broadens very little, the pulse width
is approximately 110 fs. Using these values the output pulse intensity at a distance of 20
cm is calculated to be 1.87x10"! W/cmz, which is less than 8x10'! W/em?. Therefore, the
B-integral of the output window is 0.234. In practice, the distance from each hollow fiber

end to the fused silica window was chosen to be 20 cm.

5.5 Discussion

Silver coated and fused silica hollow fibers were used to compress 110 fs input
pulses from a Ti:sapphire laser to 20 fs. The dispersion parameters for both waveguides
were obtained and shown to be almost the same. Therefore, a silver coated hollow fiber
can be used in the same manner as a fused silica hollow fiber for optical pulse

compression applications. This is also seen by a comparison of the spectral broadening
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obtained for both waveguides which were very similar and had the same spectral width.
Different experiments were performed for both hollow fibers using different pulse
energies and argon gas pressures. In order to examine the scalability with the argon gas
pressure, the pulse energy was kept at 250 uJ and the pressure was reduced to 1.5 atm.
The pulse duration increased from 20 fs to 35 fs which was expected due to the higher
value of the nonlinear length for 1.5 atm resulting in less self phase modulation and
spectral broadening. In another experiment the input pulse energy was increased from
250 pJ to 300 uJ and the argon pressure was reduced from 2.4 atm to 2 atm, leaving the
nonlinear length unchanged. In both cases the input pulses were compressed to 20 fs.

The above experiments showed that there is good agreement between the
simulation and experimental results. By varying the input pulse parameters (pulse energy
and pulse width), hollow fiber parameters (length and inner diameter), and the argon gas
pressure, the optical compressor system can be simulated and optical compressors with
different characteristics can be designed. This has been shown by other reported optical
pulse compression experiments using uncoated fused silica hollow fibers [15, 16, 23, 24].

In Ref. 23, an 85 cm long fused silica hollow fiber with core diameter of 260 ym
and filled with argon was used to compress 20 fs input pulses with an energy of 1 mJ to 5
fs with an energy of 0.5 mJ. The bore size of their fused silica hollow fiber is similar to
the silver coated waveguide used in the present experiments. They reported a typical
transmission of 60% (2.61 dB/m) for their fused silica hollow fiber which is much lower
than the transmission of the silver coated hollow fiber (0.44 dB/m) examined in this
project. Chirped mirrors with high reflectivity were employed for pulse compression in

Ref. 23 and the performance of their compressor system was limited by the transmission
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of the waveguide. The use of the silver coated hollow fiber in such experiments could
improve the efficiency significantly which is important in generation of high energy
pulses with femtosecond durations.

In Ref. 24, input pulses with energy of 260 pJ and duration of 120 fs were
frequency broadened in a 50 cm hollow glass fiber with inner diameter of 250 um and
filled with argon. The output pulses were subsequently compressed to 28 fs with an
energy of 160 pJ using a prism pair compressor. A transmission of 70% for the fused
silica hollow fiber was reported in that experiment. They also used the output of their first
compressor as input to a second compressor and were able to generate 10 fs pulses with
an energy of about 74 pJ. The fused silica hollow fiber in the second compressor had a
transmission of 46%. The silver coated hollow fiber, which has the same bore size of 250
pm, has a transmission of 95% and could be used in order to increase the overall
performance of such compressor systems.

In other experiments fused silica hollow fibers with various lengths and core
diameters have been used to compress input pulses with different pulse energies and
durations. In the first optical pulse compression experiment using a hollow core fiber, a
70 cm long hollow glass fiber with inner diameter of 140 um was used to achieve
spectral broadening in krypton [15]. Input pulses with a peak power of 3.5 GW and
duration of 140 fs were compressed to 10 fs with an energy of 240 pJ. The transmission
of the fused silica waveguide was approximately 50% in that experiment. In another
experiment, input pulses with a duration of 20 fs and an energy of 80 nJ were chirped in a
krypton filled fused silica hollow fiber with length of 60 cm and internal core diameter of

160 um [16]. Compressed pulses with duration of 4.5 fs and energy of 40 uJ were
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generated by a compressor consisting of a chirped mirror and prisms. The fused silica
hollow fibers used in the above mentioned experiments all had much lower transmission
than the silver coated hollow fiber examined in this project.

Two additional considerations in designing an optical compressor are self
focusing [55] and multiphoton ionization. The self focusing critical power is mversely
proportional to the nonlinear refractive index of the noble gas, which is calculated to be
10 GW for argon at 1 atm (4.17 GW at 2.4 atm). Therefore, the type of gas and its
pressure should be chosen such that the peak power of the pulse is less than the critical
power for self focusing. The peak power used in the experiment was 2 GW. The pulse
peak intensity should be smaller than the multiphoton ionization intensity, which is
2x10" W/cm? for argon [56, 57). This problem can be avoided by proper choice of the
type of gas and the hollow fiber diameter. In the experiment, the pulse peak intensity at
the entrance of the hollow fiber was 9.95x10? W/cm®.

As discussed in chapter 3, the focal length of the coupling lens and the alignment
of the hollow fiber are important in obtaining a good output mode. Accurate
measurements of the input beam diameter is needed in order to find the correct focal
length for coupling the input beam to the HE;; mode of the hollow fiber. The alignment
of the input beam into the waveguide is also more difficult when it is placed inside the

argon gas tube and requires careful adjustments.
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Chapter 6

Nonlinear ellipse rotation in silver coated hollow fiber

6.1 Introduction

In this chapter a preliminary investigation of the propagation of a beam with
elliptic polarization through the silver coated hollow glass fiber is presented. The
polarization ellipse of such a beam can rotate due to intensity dependence of the
nonlinear refractive index of the material filling the hollow core. This effect can be used
to increase the pulse contrast of the high intensity part of the pulse with respect to the low
intensity pedestals or prepulses. Having clean pulses is essential for developing
femtosecond lasers with very high peak powers. For laser matter interactions that require
high intensities, it is important that the intensity of the prepulse be many orders of
magnitude below the intensity of the main pulse so that no plasma is produced before the
high intensity portion of the pulse reaches the target.

A saturable absorber [58, 59] has been considered for use at the preamplifier stage
of a laser system in order to eliminate the unwanted components of the pulse. This way
the undesired portions of the pulse are not amplified. This scheme requires nonlinear
interactions in bulk media and the nonlinear phase shifts accompanying such interactions
are of the order of =, thus distorting the spatial beam profile. The peak powers required to
achieve this nonlinear saturation are generally more than the critical power for self
focusing of the bulk media, which can also distort the spatial profile of the beam. The use
of nonlinear ellipse rotation (NER) for achieving pulse contrast for picosecond pulses

was previously studied using a CS; filled cell {60]. NER has also been investigated in
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conventional and birefringent optical fibers [61, 62]. However, an optical fiber is not
suitable for high energy pulses because of optical damage to the structure of the fiber.
Recently NER in a fused silica hollow fiber filled with xenon gas has been used to
improve the pulse contrast of pulses with microjoule energy [17]. In the next section the
theory of NER is explained and following that the experimental results of NER using

silver coated and uncoated fused silica hollow fibers are presented.

6.2 Theory of NER

The nonlinear polarization that results in the nonlinear refractive index can be

written in terms of the third order susceptibility by [63]

P(@)=3) 2 (~@,0,0,~0)E ;(0)E, (0)E,(-®) (6.1)

Jk
The third order nonlinear susceptibility for an isotropic medium has in general three
independent elements, where the field frequencies are considered arbitrary. Thus, the

nonlinear susceptibility can be written as
i =2’1122§xj§k1 +/2’1212§ik5ﬂ +/?/,12216;I§jk (6.2)
For the case of nonlinear refractive index, the choice of frequencies and the condition of

intrinsic permutation symmetry requires that z,,, be equal to z,,,. The nonlinear
susceptibility g, is then represented by
Y (0, 0, 0,—@) = ¥, (~w,w, w,'w)(é;y§kl + é:'ké‘jl )"'2’1221 (-o, o, w’_w)(é‘ilé‘jlr) (6.3)

Substituting this equation into equation (6.1), the nonlinear polarization can be written in

vector form as

P:61”22(5".E*)E+32/122](E‘.E)E* (6.4)
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By introducing the coefficients A =6%,,,, =3 %1120 + 34121, and B = 6,,,, , the nonlinear

polarization becomes
P= A(E~E*)E+%B(E-E)E* (6.5)

It can be seen that the nonlinear polarization consists of two parts. One has the vector

behavior of £ and the other has the vector behavior of E". Therefore, the nonlinear
polarizations produced by each part will be of opposite handedness and their effect on the
propagation of a beam of light through a nonlinear optical medium will be different.

Consider a beam of light with arbitrary polarization that is propagating through a
nonlinear optical medium in the positive z direction. The electric field of such a beam can
be decomposed into a linear combination of left and right hand circularly polarized
components given by

E=E &6, +E & (6.6)

where the circular polarization unit vectors &, are defined by

Rt

G
T2

Substituting the electric field vector of equation (6.6) into equation (6.5), the nonlinear

6.7)

polarization can be written as
By = AlE +|E| )+ B(E,E)E* 6.58)

We can represent the nonlinear polarization in terms of the circular polarization unit

vectors, giving

P,=P&,+Pé. (6.9)
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The coefficients P, are the circular components of the nonlinear polarization and can be
written in terms of the electric field components E, in the form

P, =yuFE. (6.10)
where y;, are the effective nonlinear susceptibilities and are defined by

> 4 (4+B)E,[ 6.11)

Ei

I =4
By introducing equations (6.6) and (6.9) for the electric field and nonlinear polarization
‘vectors into the wave equation, we find that each circular component travels with the

phase velocity ¢/n, , where n, is given to the lowest order by

n, =n, +2Z[A[Ei|2 +(d4+ B)IE;Iz] (6.12)
Ry

It can be seen that the right and left circular components of the beam have different
refractive indices and propagate with different phase velocities. We can define the

difference between the refractive indices by

sn=n, -n =B (g -|E) (6.13)

nO
Since the two circular components propagate with different phase velocities, the
polarization ellipse of the transmitted wave will rotate with respect to that of the incident
wave as the beam propagates through the nonlinear medium. The electric field vector of
the traveling wave can be expressed by

in, ax

E(z)= A, exp( )o‘; + A exp[ m‘wz)o”'_ (6.14)

c
By defining the mean propagation constant k, =(n_ +An/2)w/c and the angle of

rotation @ = (1/2)Anaxz/c , the electric field vector can be written as
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E (z2)= [A+ exp(i ¢9)6'+ + A exp(— i H)é'_ ]exp(ikmz) (6.15)
This equation shows that the polarization ellipse of the transmitted wave is the same as
that of the incident wave only rotated by the angle & . This effect does not occur for the
linearly and circularly polarized light. For linearly polarized light the magnitudes of the
two circular components of the electric field are equal and the index difference vanishes.
For circularly polarized light, we only have one component and the polarization remains

circular.

6.3 Experimental results

A fused silica hollow fiber and a silver coated hollow glass fiber filled with argon
gas were used to investigate NER and pulse contrast enhancement. The experimental
setup is shown in Fig. 6.1. The polarization of the laser output is converted from
horizontal to vertical using a half wave plate. A quarter wave plate is used to convert the
polarization of the beam to elliptic. The wave plates are made of crystal quartz. The fast
axis of the quarter wave plate was set at 10" from the input polarization. Numerical
calculations show that by making this angle smaller the transmission of the resultant
pulse contrast enhancement system increases, but the intensity required for maximum
transmission also becomes higher. The beam is then coupled into the gas filled hollow
fiber using a lens with a focal length of 75 cm. The waveguide is in an enclosure
pressurized with argon gas. A noble gas is chosen since it has a purely electronic
nonlinearity. At the output of the hollow waveguide the beam is recollimated using a lens
with a focal length of 40 cm and sent through another quarter wave plate whose fast axis

is set at 90° from the fast axis of the first one. If no ellipse rotation occurs, the second
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quarter wave plate would undo the retardation imparted by the first one. The ellipse
rotation depends on intensity and only that portion of the pulse near the peak undergoes a
significant rotation in contrast to the less intense wings before and after the peak. A Glan
polarizer made of birefringent calcite is used to separate the horizontal and vertical
components of the beam at the output. The components with vertical polarization are
rejected and the components with the initial horizontal polarization are passed, which can

then be used for experiments or injected into a pulse compressor.

Polarizer /4 L2 Hollow fiber L1
s =
< . 1 | x

Ti:sapphire laser A2 A4

700 uJ, 800 nm,

110 fs, 1 KHz >D >U %
Laser i Mi
output

Fig. 6.1 Nonlinear ellipse rotation experimental setup. A half wave plate is used to convert the
horizontal input polarization to vertical. The first quarter wave plate changes the polarization of
the beam to elliptic. The beam undergoes nonlinear ellipse rotation as it propagates inside the
hollow fiber. After passing through the second quarter wave plate, a polarizer rejects the low
intensity components of the beam and passes most of the energy near the peak of the pulse with
the initial horizontal polarization.
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Figure 6.2 shows the fraction of energy in the pulse before and afier passing
through the second quarter wave plate using the 250 pm diameter and 50 cm long sitver
coated hollow fiber filled with argon gas at 3 atm. We can clearly see that the NER peaks
at a pulse energy of 150 pJ. It is also seen that the transmission decreases for decreasing
pulse energy and should reduce to zero as the intensity becomes small for ideal optical
components. Figure 6.3 shows the fraction of energy as a function of argon gas pressure
for an energy per pulse of 100 pJ at the output of the waveguide. The transmission

reduces as pressure is decreased which is expected due to a reduction in the nonlinear

effect.
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Fig. 6.2 Fraction of energy in the pulse at the output of the polarizer as a function of energy
entering the second quarter wave plate for the silver coated hollow fiber filled with argon at 3 atm.
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Fig. 6.3 Fraction of energy in the pulse at the output of the polarizer as a function of argon
pressure for the silver coated hollow glass fiber. The energy per pulse at the output of the
waveguide was set at 100 pJ.

The same experiment was performed using a fused silica hollow fiber. The
advantage of the silver coated hollow fiber is that the same amount of NER can be
obtained for less input energy and also the overall higher transmission efficiency. It can
be seen from Fig. 6.2 that 80% of the energy transmitted by the waveguide is available at
the output of the polarizer. Figure 6.4 shows the fraction of energy in the pulse before and
after passing through the second quarter wave plate using the 250 um diameter and 50 cm
long fused silica hollow fiber filled with argon gas at 3 atm. The NER peaks at a pulse

energy of 150 uJ, but the fraction of energy transmitted is now 73% which is less than
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that obtained using the silver coated waveguide. The transmission as a function of argon
gas pressure for the fused silica hollow fiber is shown in Fig. 6.5 for an energy per pulse
of 100 puJ at the output of the waveguide. The energy at the output of the hollow fiber was
kept constant and the argon gas pressure was reduced in steps of 0.5 atm. Similar to Fig.
6.3 for the silver coated waveguide, a reduction in pressure at this energy lowers the
amount of rotation as the pulse propagates through the gas filled waveguide. We can see
that as the pressure is decreased the fraction of the transmitted energy reduces, but for
each value of the pressure the transmission is less than that obtained from the silver

coated hollow glass fiber.
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Fig. 6.4 Fraction of energy in the pulse at the output of the polarizer as a function of energy
entering the second quarter wave plate for the fused silica hollow fiber at argon pressure of 3 atm.
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Fig. 6.5 Fraction of energy in the pulse at the output of the polarizer as a function of pressure-for
the fused silica hollow fiber. The energy at the output of the waveguide was set at 100 pJ.

From the work presented earlier in the thesis it is expected that significant spectral
broadening due to self phase modulation would also occur in the waveguide, which can
be used to achieve pulse compression. It was shown that the silver coated waveguide can
be used to generate compressed pulses with higher transmission. A combination of pulse
contrast enhancement and optical pulse compression using the silver coated hollow fiber
would result in clean compressed pulses with higher efficiency than using a plain fused
silica hollow fiber. Further work will be required to measure the actual prepulse contrast

enhancement and pulse compression which can be simultaneously obtained.
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6.4 Discussion

In this chapter it was demonstrated that nonlinear ellipse rotation is an effective
method for increasing the contrast ratio of femtosecond microjoule pulses. Silver coated
and fused silica hollow fibers filled with argon gas were used for the experiments. It was
shown that by adjusting the input pulse energy and the gas pressure, the amount of
elliptic rotation can be maximized. The fraction of energy transmitted at the polarizer
output was higher when the silver coated waveguide was employed. The waveguides had
a length of 50 cm and a core diameter of 250 pm. By using different noble gases, gas
pressures, core diameters, and waveguide lengths, the rotation and the fraction of the
transmitted energy can be optimized for different input pulse energies.

The amount of rotation inside the waveguide and pulse contrast enhancement also
depends on the angle between the quarter wave plate fast axis and the input polarization
plane. Calculations showed that for a given pulse energy, the smaller values of this angle
yield a higher transmission for the output beam. Therefore, it is also possible to tune the
nonlinearity by adjusting the orientation of the quarter wave plates. The wave plates and
the polarizer used in the experiments had no antireflection coatiﬁg. Using antireflection
coated wave plates and polarizer would increase the transmission of the beam at the
polarizer output. The degree of contrast enhancement achievable by this technique is also
dependent on the polarization purity that can be maintained by the wave plates. Thus, the
ultimate contrast enhancement which can be obtained will depend on the quality of the
polarization components employed and residual birefringence in the waveguide cell

windows.
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Chapter 7
Conclusion

In this thesis a silver coated hollow glass fiber was investigated for beam
transport and nonlinear applications at 800 nm. A 50 cm long silver coated hollow glass
fiber with inner diameter of 250 um was used for delivering the laser beam from a
Ti:sapphire laser. The measured transmission of this hollow fiber is 95% (0.44 dB/m),
which is 15% higher than the transmission of a similar uncoated fused silica hollow fiber
measured using the same experimental setup. The measured transmission is still lower
than the theoretical value of 99.6% for the silver coated hollow fiber. The increased loss
is attributed to the coupling of 2% of the input beam energy to the higher order
waveguide modes and the roughness of the silver coating on the inner surface glass. The
scattering of light from surface roughness is more important at short wavelengths than the
longer infrared wavelengths where hollow waveguides have traditionally been used.

While the TE(; mode is the lowest loss mode in the silver coated hollow fiber, an
input TEM free space mode does not couple to the TEy; mode. Thus, the lowest order
mode excited by a TEMy input laser is the HE;; mode. The beam diameters of the output
pulse that were obtained experimentally match closely to the values calculated
theoretically for the HE;; mode confirming such coupling. Single mode propagation of
the silver coated hollow fiber is required for most nonlinear applications such as optical
pulse compression or Kerr rotation suppression of prepulses.

The measured bending losses of the silver coated hollow fiber were compared
with theoretical values based on the solution of Maxwell’s equations in the toroidal

geometry for bending radii of 30, 50, and 100 cm. The theory of Ref. 5, which uses a

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



perturbation technique, gave results that were much higher than the measured bending
losses and it was concluded that their bending attenuation constants can only be used for
very large radii of curvature. The theoretical bending losses calculated for the HE;; mode
using the attenuation constants given in Ref. 20, which are evaluated numerically, are less
than the measured values. The difference is accounted for by increased measured losses
due to mode mixing in the bent section and also scattering of light due to the roughness
of the silver coating.

This silver coated hollow glass waveguide was also used to compress optical
pulses from the Ti:sapphire laser at 800 nm. Input pulses with energy of 250 pJ, duration
of 110 fs, and repetition rate of 1 KHz were compressed to 20 fs with energy of 220 pJ at
argon pressure of 2.4 atm. The same input pulses were compressed to 35 fs at argon
pressure of 1.5 atm. There was good agreement between the numerical modeling and
experimental results. It was shown that the group velocity and third order dispersions in
the 800 nm region are ess:antially the same for silver coated and uncoated fused silica
hollow fibers filled with argon. A fused silica hollow fiber filled with argon at 2.4 atm
was also used for optical pulse compression. The measured output spectrum shoWed
spectral broadening which was very similar to the spectral broadening obtained from the
silver coated hollow fiber and with the same spectral width. The output pulses of the
fused silica hollow fiber were compressed to 20 fs with energy of 190 pJ. Therefore, the
compression of the output pulse from the silver coated hollow fiber leads to results
similar to the fused silica hollow fiber but at higher optical efficiency.

Nonlinear ellipse rotation for pulse contrast enhancement was demonstrated using

the silver coated waveguide. The effects of pulse energy and gas pressure on the
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polarization ellipse of the input beam were investigated. It was shown that the fraction of
energy in the output pulse increases for higher input pulse energies. The fraction of
energy then peaks at a certain input pulse energy which depends on the gas pressure, the
waveguide parameters, and the angle between the fast axis of the quarter wave plate and
the input polarization plane. For a pulse energy of 100 pJ at the output of the waveguide,
decreasing the argon gas pressure resulted in reduced transmission due to a reduction in
the nonlinear effect. The same experiments were performed using a fused silica hollow
waveguide which yielded similar results, but with lower transmission.

This technique has a number of advantages including high transmission, good
spatial mode quality, and scalability by adjustment of the quarter wave plate angles.
Calculations showed that transmission of the output beam increases for smaller angles
between the fast axis of the quarter wave plate and the input polarization plane. The
significant spectral broadening due to self phase modulation which occurs in the
waveguide can be used to achieve pulse compression. Therefore, pulse contrast
enhancement and optical pulse compression using the silver coated hollow fiber would
result in clean compressed pulses with higher efficiency than using a fused silica hollow
fiber.

The performance of the silver coated hollow fiber for beam delivery and nonlinear
applications may be improved by depositing a smoother silver film. It may be possible to
reduce the roughness of the silver film by changing some of the fabrication parameters
such as lowering the temperature of the reacting solutions or reducing the temperature of
the silica substrate. It may also be possible to improve the performance of this hollow

waveguide further by the application of a suitable dielectric coating to the surface of the
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silver layer. A hollow fiber with a different metallic coating such as gold may also be
suitable for transmission of femtosecond optical pulses at 800 nm with high efficiency.
The refractive index of gold is similar to that of silver and we expect that the dispersion
parameters for a gold coated hollow fiber filled with argon would be similar to that of
silver. Therefore, a gold coated hollow fiber may also be used for optical pulse
compression or other nonlinear applications.

Overall, this thesis has demonstrated that a high quality silver coated hollow fiber
can be used to produce single mode 800 nm femtosecond pulses compressed up to six
times from the starting pulse width. The optical efficiency is significantly higher than that
which can be obtained using uncoated fused silica hollow fibers. The present results
should stimulate the application of such metal coated hollow waveguides in femtosecond

pulse compressor and enhancement systems.
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