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ABSTRACT
This thesis develops a stretched hollow-core fiber system capable of spectrally
broadening 130fs pulses generated from a commercial Ti:Sa Coherent laser system for
subsequent prism-based post-compression, achieving sub-30fs pulses. The effects of various
fiber core diameters on spectral broadening were examined. Nitrogen and argon gases were
independently tested as nonlinear media within the hollow-core fiber, with argon demonstrating
superior broadening characteristics and being selected as the optimal medium. Spectral
broadening of ultraviolet pulses at 400nm and 267nm wavelengths, resulted in bandwidths
corresponding to sub-20 fs pulses in the transform-limited case. At 267nm, the influence of input
pulse energy, argon pressure, and the long-term stability of the hollow-core fiber setup were
systematically studied. A double-pass ultraviolet fused silica prism pair compressor was
experimentally optimized to generate sub-30fs pulses, which were characterized using transient

grating frequency-resolved optical gating (TG-FROG).
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CHAPTER 1
INTRODUCTION

Ultrafast spectroscopy generally defines the study of how light interacts with matter on
an extremely small timescale. To a large extent, it is the study of excitation dynamics of electron
energy states but also encompasses the observations of various nonlinear optical effects, such as
stimulated Raman scatter, among other phenomenon as well. The ultrafast timescale has been
defined as having a time resolution on the order of picoseconds (1072 s) to femtoseconds (107° s)
[1]. With time resolution on the scale of quadrillionths of a second, this variant of spectroscopy
has proven to be invaluable to a wide array of studies. Research fields such as semiconductors
[2], medicinal sciences [3], atmospheric science [4], intense laser physics, and most famously in
the realm of femtochemistry where Ahmed Hassan Zewail was awarded the Nobel Prize in
chemistry for his work studying the formation and breaking of molecular bonds in real time at
the turn of the 21st century [5].

Currently, the world of laser systems that can supply high peak power and ultrashort
pulses is well-established and thriving, with many commercially available systems operating off
titanium-sapphire (Ti:Sa) Kerr lens mode locking lasers. Some of which can provide few-cycle
pulse durations down to ~5fs. However, these systems are designed for specific case scenarios
where pulse duration and peak pulse energy (among other parameters) must be compromised.
For example, a Ti:Sa 5fs pulse duration will have lower output pulse energy (uJ scale) than that
of Ti:Sa system outputting >100fs pulses (mJ-J). Not only can fiber-based pulse compression

systems maintain higher energies while generating ultrashort pulses compared to shorter pulse



duration lasers, but they also allow for spectral supercontinuum generation. This capability
allows for a wide range of wavelengths to be accessible, making fiber setups a highly versatile
tool for spectroscopy. Many research labs have replaced their optical parametric amplifiers
(OPA) with hollow-core and photonic fibers for this very reason [6]. In general, fiber-based
supercontinuum sources offer less pulse energy loss, broader wavelength selection, increased
stability, and are far cheaper to create and maintain than that of OPAs!

This thesis serves the purpose for the creation of a low-cost, easily adjustable, and stable
stretched hollow-core fiber (HCF) setup that will take nominally 130fs pulse duration input
pulses and compress them down to the sub-30fs regime. Another aspect of interest regarding this
setup is the low energy regime at which compressed UV pulses are generated, where only a few
tens of microjoule input energy is supplied. The HCF system will reach sub-30fs pulses through
the nonlinear process known as self-phase modulation (SPM). Pulse compression relies on the
relationship between a wave’s temporal and spectral bandwidth, which are most frequently
defined as the full width at half maximum (FWHM) of the respective bandwidths. Simply put, if
one were to spectrally broaden a pulse through SPM, then the pulse duration of that pulse can
approach shorter durations with increased broadening. Thus, there is a trade-off between
decreased spectral detail and improved time resolution.

The theoretical background relevant to this thesis for the creation of sub-30fs pulses will
be explained in greater detail in the following chapter. After which, the experimental setup and
procedure for operation of the stretched hollow-core fiber system will be provided, followed by
the experimental results obtained. To conclude, a summary and outlook of the HCF system will

be presented.



CHAPTER 2
THEORETICAL BACKGROUND

The purpose of this background is to lay the foundation for all aspects of interest when
coupling ultrafast pulses into a hollow-core fiber (HCF) for post-compression as relevant to this
thesis. Gaussian beam electric field and intensity representation, nonlinear optical effects of
interest, group velocity dispersion (GVD), the time-bandwidth product (TBP), and HCF
transmission efficiency conditions will all be covered within this chapter.

To begin with, the choice of using a stretched hollow-core fiber rather than a few other
frequently used alternatives for spectral broadening should be explained. Self-phase modulation
(SPM) requires intense pulses of energy over an extended length to broaden an input pulse to a
desired bandwidth. If one were to use a long focal lens (on the order of a few meters) inside of a
gas cell, this would provide a depth of field (DOF) in the range of several centimeters, limiting
the range over which SPM may occur. Additionally, longer focal lengths equate to larger focused
spot sizes, which consequently produce less intense focal spots. One may suggest increasing the
diameter of the beam at the focal lens to generate smaller focal spot sizes, however, the tradeoff
is a shorter DOF. Practically speaking, a long multimeter focal lens is not always a feasible
option within a lab setup.

Another option that may be proposed is the use of a solid waveguide. Solid waveguides
have higher indices of refraction and better mode confinement when a pulse is coupled into the
fiber. A higher refractive index induces stronger nonlinear effects, and the improved mode

confinement allows for more energy to stay within the core of the fiber compared against HCF.



However, a solid core does not allow for dispersion tuning, as a pressure-controlled gas cell can
no longer be used. Additionally, solid waveguides are more prone than hollow-core fibers to
interface damage from exceedingly energetic pulses, which is exceptionally problematic in the
ultrafast laser regime, as peak pulse energy tends to be very high.

HCF addresses the issues associated with a gas cell and a solid waveguide. Hollow fibers
allow for an extended length of intense light propagation without the need of a multimeter focal
lens. Furthermore, a HCF can allow for much more intense light propagation over solid core
waveguides, while simultaneously allowing for a pressure tunable environment for desired
spectral broadening.

2.1 Gaussian Beam Representation

The formal electric field representation of a gaussian beam that is horizontally polarized
along the x-direction and propagating in the z-direction under the paraxial approximation is
denoted below in its complex form [7],

E(x,v,2,t) = Egexp (i(kz — wot))Z, (2.1.1)
We may also represent real from of the electric field as
E(x,y,2,t) = Re[E(x,y,2,t)] = Eycos (kz — wot), (2.1.2)

where E, denotes the transverse amplitude distribution as,

P 2+ 2
EO('X' }’) = EOeXp ()\CA/(Z:;;)’ (213)

w(z) represents the beam the beam waist radius at position z and has the following form,
w(z) = wo[(1 + (i)Z], (2.1.4)

Here Zr defines the Rayleigh range which is defined as the position where the initial beam waist

cross sectional area doubles in size. The original beam waist is represented as wo and is the beam



spot size eiz which is measured as the distance required for the intensity of the beam to fall to

~13.5% of the peak intensity.

2
2 =™, (2.1.5)

The intensity for such a beam is directly proportional to the square of the electric field,

1 2.1.
I(x,y,2) = EGOCEOZ. (2.1.6)

2.2 Kerr Effect
Following the introduction of our laser-supplied electric field intensity formalism, the
next logical step is to focus on the Kerr effect. In 1875 John Kerr observed that when organic
liquids were subject to a supplied electric field from an applied voltage, their intrinsic index of
refraction changed [8]. With the advent of the laser in the 1960s, the optically induced electric
fields were strong enough to replace the supplied voltage method used by Kerr nearly a century
prior. This new method of altering materials index of refraction through laser use became known
as the Optical Kerr effect.
To better understand how an intense electric field can induce refractive index change we
must consider nonlinear polarization. Polarization is defined as
P = eoxE (2.2.1)
Where g0 is the electric permeability of free space, and y = € — 1 denotes electric susceptibility.
If the supplied electric field is strong enough, and the material through which the electric field
propagates produces a nonlinear response, the polarization vector can be expanded as
P = y[xVE + yPE2 4+ y®E3 4+ ...]. (2.2.2)
In the above expression, the second order term of electric susceptibility may be neglected due to

the centrosymmetric geometry of a gas filled cylinder, a HCF in this thesis [9]. Furthermore,



higher ordered terms beyond y° require electric field intensities far greater than what is typically
available in a laboratory setting and will be neglected as well. Rearranging equation 2.2.2 gives a
clearer view of the linear and nonlinear component of the polarization (eg. 2.2.3) and the

effective electric susceptibility (eq. 2.2.7),

P =¢o[x® + y®E2E (2.2.3)

P = eo[xMcos (kz — wot) + yPEy cos? (kz — wyt)]Ey (2.2.4)

5 3x® 2 _ (2.2.5)
P ~ ey[xWcos (kz — wot) + Ey cos (kz — wot)]E,

P =ex™ + SXT(S)EBZ]E;COS (kz — wot) (2.2.6)

Xepr = x* + XM (2.2.7)

the linear and nonlinear term of electric susceptibility are represented as y* = ¥y and
AN = 3’( E0 respectively. Electric permeability may be expressed in in terms of effective

electric susceptibility,

& =1+ Xerr (2.2.8)
= [1 + XL + XNL] = EL + ENL (229)
RV i )7;52] (2.2.10)

The refractive index of a material is defined as

n=nz (2.2.11)

Accounting for linear and nonlinear terms, the index of refraction takes the form

3;(( ) (2.2.12)
n= 80(1+X(1)+ EO )NVEL-{_ENL'

This square root can be restated under binomial approximation as



3x® 72 (2.2.13)
s Lo

nzeL(1+§NTz)=n0+
n =ngy + nyI(t) (2.2.13)
Finally, we arrive at our nonlinear representation of the Optical Kerr effect induced index of

refraction. The linear and nonlinear portion of the intensity dependent index of refraction are

3){(3)
4cegng

represented as ny = 1 + yP and n, =

-~
2.3 Self-Phase Modulation

Self-phase modulation is an intensity dependent phenomenon that causes a spectral phase
shift in a propagating wave. Here we will build off the work presented previously in the Optical
Kerr effect to see how an intense electric field can lead to an altered spectral phase. Crucial to
the work of this thesis, the altered phase will give rise to additional frequencies stemming from
our supplied laser pulse’s central frequency [10].

Let us begin with the expression of an intense arbitrary wave with a phase denoted as

p(t) = wet — kz + @, (2.3.1)

oo represents the central frequency, ¢o the phase constant, and the wavenumber “k” which is
dependent on the index of refraction, now carrying an intensity dependence

k(D =25 =2 (ng + 1 () 232)

Thus, the time-dependent components of the spectral phase becomes

wz
(1) = wot —— (ng +n2l () +¢o (2.3.3)
and the instantaneous frequency of the phase is
do wz dI (2.3.4)
Winst(t) = E =W — Tnza



Resulting from this instantaneous frequency shift, the Optical Kerr effect produces an
intensity dependence on the index of refraction, altering the spectral phase of the propagating
wave. This nonlinear relationship gives rise to additional frequency elements that may blue and
red shift as shown in figure 2.3. The leading edge of the pulse associates with lower frequencies
while the falling edge corresponds to higher frequencies. This can be seen from equation 2.3.4
where the leading edge has an increasing intensity in time leading to a red shift. Conversly the

falling edge has a diminishing intensity which increases winst(t) producing a blue shift.

I

=
=
k%)
c
)
c
= Front Back
of pulse of pulse

Frequency w(f)

-T 0 +T
Time t —

Figure 2.3 Self-phase modulation induced frequency shift. (Source: [11])

The total nonlinear phase shift AdnL at the peak of the pulse can be expressed as

2n (2.3.5)

L
Apy, =f n,(2)1(z)dz = 1 NaloLegss
0

here A is defined at the central frequency and Io is the maximum intensity of the pulse prior to
propagating throughout the nonlinear medium [12]. The effective length “Leff” accounts for
changing parameters of the pulse during propagation such as changing nonlinear index of

refraction (n2) and decreasing intensity as the pulse attenuates.



_ (fn(@) 1(2) (2.3.6)
Leff—fo 1 Y

We have seen the role that pulse intensity and effective length play in inducing a spectral
phase shift, one can also selectively choose the nonlinear medium through which the pulse
propagates. For the gases which this thesis concerns itself with: atmospheric air, nitrogen, and
argon have a nonlinear index of refraction of 5.7, 6.7, and 19.4 respectively at 1 bar of pressure
[13]. Furthermore, n2is pressure dependent and may be further increased with additional pressure
as can be seen in equation 2.3.7 where “P” represents a supplied pressure.

P
12 (P) = Mo (Paom) 5— 237

2.4 Time-Bandwidth Product

The time-bandwidth product is where we will see the fruits of our labor. The goal of this
thesis was the creation of compressed pulses from a fixed pulse duration. We covered the electric
field representation of a propagating wave and how that can induce a change refractive index of a
medium, as well as how that intensity dependent index of refraction leads to frequency shifts in
said wave. Now we can relate this frequency shift to pulse duration.

The TBP is defined as a simple relationship between the temporal and spectral width of a
pulse. In the case of a gaussian beam, it takes the form [14]:

At - Av = 0.441 (2.4.1)

Although simple in form, this equation carries massive implications for the generation of
ultrashort pulses. In the theoretical case, the only limit to how short a pulse can be compressed is
defined by its spectral width. The resulting temporal width is known as the transform-limited
(TL) pulse duration. In practice, pulse broadening is constrained by a myriad of factors and the

TL pulse duration cannot be realized exactly. However, under specific conditions, pulse



compression can approach the TL case making for an optimistic method for substantial pulse
compression.
2.5 Group Delay Dispersion

Just as in the field of ultrafast optics, rarely is the solution to a problem a one-step
approach where one must only spectrally broaden a pulse for greater time resolution. While
broadening a pulses spectrum will yield TL cases of ever short pulses, in practice it also
introduces dispersion. If the goal is to compress ultrashort pulses, one must ensure that all
frequencies of light from the broadened spectra arrive at a measurement point at the same time.
As intense light propagates through a medium and incurs additional frequencies shifting from the
central carrier frequency “wo”, these new wavelengths will travel through the said medium at
different velocities. Red shifted frequencies will propagate at a faster rate as compared to those
of a blue shifted nature. The total dispersion induced time delay on a pulse is known as group
delay dispersion (GDD).

To begin with, we’ll consider the spectral phase of our propagating wave as a function of
frequency ¢(w). By Taylor expanding our phase function depending on frequency we have

1
p(w) = p(wy) + ¢'(we) (W — wy) + E(p"(a)o)(w —wy)? + - (2.5.1)

Expansion of our phase enables us to make a simplified interpretation of which term we are
interested in. The first term conveys the phase constant intrinsic to our wave which is of little
significance. The second term is referred to as the “group delay time” and measures the time
delay of a specific frequency “w”. Following the delay time comes the last term explicitly

expressed, group velocity dispersion (GVD) which is a measure of how the group delay time

changes across frequencies. Considering the length “L” of the dispersive medium which our

10



propagating wave travels through we can express group velocity dispersion as group delay

dispersion.
d?¢ (2.5.2)
GDD = ol L
If the group delay dispersion is said to be negative % < 0, then the pulse is described as

positively chirped. This may seem counterintuitive at first, a negative GDD implies that lower

frequencies emerge from the dispersive material first. Conversely, if GDD is defined to be
2
positive Z—aﬁ > 0, then the higher frequencies emerge from the dispersive material first and the

pulse is said to be negatively chirped.

Chirped pulse Chirped pulse
Unchirped pulse Positive GDD Negative GDD
a2 d? _
2 >0 =2 <0
dw? dw?
ﬁl Em“) Euul( ) E.mt“)

|

Figure 2.5 Unchirped, negative chirp, and positive chirp pulses. (Source: [15])

2.6 Prism Pair Compressor

In the case of this thesis, the pulse exiting the stretched HCF has negative GDD. Thus, to
properly compress our pulse duration from our broadened pulse exiting the HCF, positive GDD
must be supplied such that all frequencies of light arrive at the pulse measurement location at the

same time.

11



Prism pair compressors can achieve positive GDD through angular dispersion. Leading
lower frequency light encounters the initial prism first is then refracted at the Brewster angle.
Higher frequency light while traveling slower through the prism material, will acquire a larger
minimal deviation angle compared to the lower frequencies. This difference in minimal angle
deviation provides a path length change for the two wavelengths entering the second prism.
Emerging from the second prism the wavelengths are collimated and sent back through the prism
pair to undo the spatial separation of the differing frequencies acquired on the first pass. Higher
frequencies obtain a shorter path length such that when the frequencies spatially overlap after
exiting the prism pair, they have obtained positive GDD to offset the negative GDD gained prior

[16]. Here B represents the angle between the dispersed wavelengths.

Lower Frequency

/P

AN

Figure 2.6 Prism Pair arrangement with the dashed line representing a folded arrangement.

2.7 Hollow-Core Fiber Coupling Conditions
When choosing a HCF as the method to broaden spectra, a few considerations must be
made to efficiently couple light within the fiber. Core size is arguably the most important

parameter as the intensity of the coupled pulse is inversely proportional to the area of the core
1 . . . . .
I = (a = core radius). Simply put, smaller core fibers allow for more intense beam propagation

yielding enhanced nonlinear effects. Furthermore, core size also plays a role in the attenuation

12



coefficient “a” of a fiber, which may be expressed as a sum of the intrinsic attenuation of a
selected fiber, and any bending induced loss
a=ay+ag (2.7.1)

A? 1 (2.7.2)
ay X P and ag X T

where ao and ar represent the intrinsic attenuation of a straight fiber and the additional loss due
to bending of the fiber with a radius of curvature “R” [17]. This implies that smaller core fibers
inherit greater loss when straight, but experience reduced bending loss compared to larger core
fibers.

The intrinsic attenuation of a fiber deserves a more detailed look as the transmission of a
HCF is constrained by its length. Stemming from the fact that the gas filled volume of a HCF has
an index of refraction less than that of the silica cladding, hollow-core fibers are not index
guiding. Rather a HCF guides light through grazing incidence reflection. The attenuation length
of a fiber (LYEE) is defined as the where the power confined within the fiber drops to 1/e of its
initial value [18]. If we consider a perfectly straight fiber, we may represent the attenuation
length as

a3 (2.7.3)

1
leg::g = a =~ 24?

Smaller cored fibers limit the incident angle which a HCF may guide, this lowered incidence

angle results in a smaller percentage of light reflected within the fiber as opposed to larger core
fibers. Additionally, smaller fibers require more reflections per unit length scaling as o %

accumulating added attenuation. For comparison, at a wavelength of 400nm, a 450um ID fiber
has an attenuation length of ~171m compared to ~1.9m of a 100um ID fiber. Put another way,

the 450um ID fiber while having a core area 20x larger, grants an attenuation length 90x longer

13



than the 100um ID variant before the power transmitted drops to 1/e of the input value. Applying
Beer’s law to a hollow wave guide of length “L” and transmission coefficient “a”, the
transmission through the fiber can be described as
T =exp (—al) (2.7.4)

Further consideration to be made concerns the mode coupling conditions. Beer’s law
accounts for the transmission efficiency once a pulse is coupled within the fiber but neglects
modal interference. Thus, we must address how to effectively couple our gaussian single mode
pulse (EHa11) such that we minimize excitation of other higher ordered modes EHim (Mm=2,3,...).
For a gaussian beam the hybrid EH modes (electric and magnetic field components) that couple
within a hollow-core fiber depend on the relationship between the focal spot diameter and the

fiber core diameter. Figure 2.6 showcases the coupling efficiency of the EHim (m=1,2,3) modes

as a function of the focal spot diameter and hollow ID (%").
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Figure 2.7 EHim mode coupling efficiency. (Source: [19])
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Under proper conditions, coupling into the EHa1 can reach ~98% with the first higher ordered
mode EH12 accounting for less than 1% coupled into the fiber. With a focal spot to core radius
factor ranging from 0.49 to 0.84, ~90% coupling of the EHa1 is possible granting greater
tolerance to unalterable lab conditions that may constrain achievable focal spot size [20].
2.8 Focal Spot Considerations

Achieving the ideal focal spot size can be accomplished by varying the parameters given
in the equation for gaussian beams

AM?Af (2.8.1)
o= D

In the above equation ro is the beam waist radius at the focal spot, M? is the beam quality factor, A
represents the wavelength, f is the focal length, and D is the beam diameter at the focal lens. For
practical consideration, the distance over which the focal spot size remains tightly focused
should be considered. Depth of field is a distance over which the focal spot size remains near its
minimal focused size relating to the Rayleigh range. A larger depth of field eases the effort of
focusing the pulse at the entrance face of the HCF.

2712 (2.8.2)
A

DOF ~ 27, =

Another parameter to keep in mind is where exactly the focal spot forms. A gaussian

beam’s focal spot location may be determined by the simple lens equation

1 1 1 2.8.
1,11 (2.8.1)
S S

f

where s, s”, and f represent the object distance, image distance, and the focal length. However, in
the case of intense light the focal spot may shift depending on the input intensity and material of
the medium it propagates through. Thus equation 2.8.1 may be expanded showing the new

effective focal length fer,
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1 1 1 1

(2.8.2)
”» + =
S S fkerr feff

here fkerr is the nonlinear focal shift, we can further approximate that the “object distance” to be

very far away such that s™1 ~ 0

Twy* (2.8.3)
fkerr = o 1D
8n,LP
i 1 _ i (2.8.4)
” T[W04 feff
8n,LP

where wo is the beam waist at the window, nz is the nonlinear refractive index of the window
material, L is the thickness of the window, and P is the peak pulse power [21].
2.9 Optimal Parameters for 30fs Pulse Generation

Over the course of studying parameters that may generate sub-30fs pulses, there were
slight differences between HCF variants. Table 2.9.1 shown below highlights the optimal
conditions for generating pulses shorter than 30fs, however, these conditions are not rigid for the
generation of short pulses. For example, if less gas pressure is available, higher input energy may

compensate for that.

HCF Inner D1ameter Fiber Length Input Pulse Argon Gas Ideal Focal
Core Size . .
(um) (cm) Energy (W) Pressure (psi) | Spot Size (um)
100 30 21 20 64
150 70 47 17 96
450 70 200 15 288

Table 2.9.1 Optimal parameters for sub-30fs pulse generation.
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CHAPTER 3
EXPERIMENTAL SETUP

This chapter will focus on the commercial laser system supplying our ultrafast 800nm
fundamental beam, our custom built second (SHG) and third (THG) harmonic generation setup,
the TOPAS OPA to be used in later experiments, HCF setup, prism compression, and transient-
grating frequency resolved optical gating (TG-FROG) layout. Additionally, HCF alignment and
pressurization techniques are discussed to aid in transmission efficiency of the fiber.
3.1 Laser System Setup

The work presented in this thesis was performed using a femtosecond capable Coherent
Inc. laser system. The pump and seed laser system layout shown in figure 3.1.1 captures the
pumping, amplification, compressor, SHG UV generation, and lastly the stretched HCF is
demonstrated in figure 3.3. A Verdi G5 continuous wave semiconductor laser operating at
532nm outputting 5W is used to pump a MIRA 900 titanium sapphire (Ti:Sa) oscillator. Short
pulses are generated within the MIRA through absorbance saturation by Kerr lens mode locking.
Output from the MIRA has a nominally 76 MHz repetition rate with a wavelength centered at
800nm, ~130fs pulse duration, ~700mW power and a FWHM bandwidth of ~9.3nm. This output
beam is then sent into the Coherent Legend Elite System for amplification.

Within the Legend, there is a high energy Revolution pump laser operating at 527nm,
synchronization and delay generator, stretcher and compressor optical grating, Ti:Sa crystal
regen cavity, and Pockels cells. Pulses generated from the MIRA are stretched via the optical

grating and then sent into the regen cavity to overlap with the Revolution pump laser inside of
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the Ti:Sa crystal. Pockels cells allow for the manipulation for the number of round trips within

the cavity which determines the amplification. The amplified pulse is then compressed with the

optical grating compressor. The result of this process creates an output pulse that is 800nm,

~130fs in duration, a repetition rate of 1KHz, and ~2.8W.

L MIRA 900
Oscillator

& 4

 Mirror

Beam Splitter

: Iris

Stretcher Compressor

Regenerative Cavity

TOPAS-C
OPA

Harmonic Generation
Setup

[
D Iris Setup

. [

Figure 3.1.1 Laser system setup including harmonic generation setup and TOPAS OPA.

The Legend output beam functions in multiple roles of our lab for varying experimental

work. Only a small fraction of the 2.8W output is taken for the stretched hollow-core fiber

experiments which is approximately 450mW. The beam is then sent through a circular aperture

to modify the beam diameter for later fiber coupling conditions before arriving at our custom-

built harmonic generation setup as shown in figure 3.1.2. The 800nm pulse originally has

horizontal polarization, upon exiting the SHG BBO generating 400nm, the polarization flips to

vertical and lastly returns to a horizontal polarization when exiting the THG BBO crystal as
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267nm. The beam at this point is directed towards the HCF setup through a double iris setup for

beam collimation.

[l Mirror

Dichroic Mirror Q

400nm SHG BBO

Time plate

Half-Wave Plate

@ 0 O o

267nm THG BBO

Figure 3.1.2 Custom built SHG and THG setup for 400nm and 267nm generation respectively.

3.2 Fiber Setup

The constructed setup for this thesis is labeled as the “fiber setup”. The design itself is rather
straightforward, consisting of a windowed bellow system that is vacuum sealed to hold a
pressurized gas of choice.

For functional operation of the HCF system, laser pulses need to be able to enter the
setup. KF16 flanges with a 7mm central hole were selected so that a 13mm OD, 2mm thick
uncoated CaF2 window could be glued into place. Calcium fluoride windows were chosen to
minimize reflection loss at the working wavelengths used (267nm, 400nm, and 800nm). The
windows were glued into place using Torr Seal, a two-part epoxy mix resin. After the resin is
applied, 24 hours of cure time is given before any pressurization of the fiber can take place. The
windows were then O-ring clamped onto a modified NW16 extension fitting. The NW16

extension originally only had a 1/8” NPT thread through one side of the extension such that a
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pressure gauge on one end of the fiber could be attached and on the opposing end, a needle valve

allowing for the pressurization of the cell.

Figure 3.2.1 Front and back view of glued in CaF2 window.

After the resin is applied, 24 hours of cure time is given before any pressurization of the
fiber can take place. The windows are then O-ring clamped onto a modified NW16 extension
fitting. The NW16 extension originally only had a 1/8” NPT thread through one side of the
extension such that a pressure gauge on one end of the fiber could be attached and on the
opposing end, a needle valve allowing for the pressurization of the cell. A custom 1/16” drill tap
was made underneath each NW16 extension (figure 3.2.2). This smaller drill tap was made so
that this NW16 extension can be mounted onto an optical post and was done such that it did not

go all the way through the NW16 extension as to avoid gas leakage.

Figure 3.2.2 Custom NW16 extension with 1/16” drill tap.
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Custom modified bellows were then attached to both KF16 extensions. Both bellows left one
flange untouched such that it can mount onto a KF16 O-ring while the other end had its flange
removed and a custom stainless-steel disk welded in its place (figure 3.2.3). This custom bellow
disk was 0.75” in outer diameter, 0.25” thick, a 0.25 hole for the fiber to protrude through, as
well as four 3/32” threaded holes (figure 3.2.4). Additionally, an O-ring groove was inscribed

into the disk to aid in maintaining gas pressure within the cell.
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Figure 3.2.3 Custom bellow welded to stainless steel disk.

The custom bellows disk then seals against a custom aluminum disk that will have a fiber
glued into it. This fiber disk is 1 in outer diameter, 0.25” thick, a 700pm diameter pinhole
drilled through the center, and four 3/32” holes. The specified pinhole size was chosen as the
outer diameters of HCF tested ranged from 360um to 680um OD. The fiber would then be glued

into the pinhole with the Torr Seal epoxy.

Figure 3.2.4 360um OD fiber glued into custom aluminum flange.
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An OD of 1” for the fiber disk was chosen so that it would mount into a THORLABS 1”
mirror mount allowing for tip and tilt adjustments. Additionally, this mirror mount is attached to
a 1” OD pedestal pillar post mounted on a THORLABS MDT616 micrometer stage granting fine
tuning adjustments in three dimensions. The bellow and fiber disk are then screwed together to

form a vacuum tight seal.

Figure 3.2.5 Stretched HCF setup broadening an 800nm input pulse.
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Figure 3.2.6 Micrometer stage and mirror mount controls.
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3.3 Beam & Fiber Alignment

A well-planned beam path is critical to establish before attempting to couple light into the
HCF setup. A two-iris setup was used with more than 2 meters of separation to ensure no beam
path deviation was present. The first iris should be far from the fiber setup with the latter being
just a few centimeters in front of the HCF face. With the beam path now established, the fiber
mounted on the front and back micrometer stage can be moved into place such that the beam
exiting the latter iris hits the fiber face. At this point the bellow system is not attached as it would
obstruct your view of where the beam strikes the fiber disk; our goal here is to centralize the
beam onto the fiber face. The latter iris can now be removed, and the desired focal lens can be
mounted onto a translation stage within the beam path. A density filter prior to the focal lens
should be used to avoid any damage while focusing the intense beam in the fiber.

To maximize transmission efficiency, a power meter is placed at the exit end of the fiber.
The focal lens will shift the beam slightly and this can be compensated for with both the
horizontal and vertical positioning of the micrometer stage, as well as the angular positioning of
the fiber relative to the beam with the tip-tilt mirror mount. Tension in the fiber may also be
controlled with the micrometer stages; it is recommended to modify tension with the exit end
stage as this will not change the front fiber face position relative to the focal spot. Micrometer
position, angular control, and tension are all to be used in conjunction to achieve maximum
transmission of the input beam. Once transmission efficiency is maximized using the focal lens
translation stage, mirror mount tip-tilt, and micrometer stage positioning, the windowed bellows
system can be attached to each end of the fiber disks. With the introduction of the CaF2 window
on the input end, the beam path may deviate slightly again from Kerr lensing or slight

misalignment of the window inducing refraction. In addition, when the bellows are screwed onto
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the fiber disk, the mirror mount can shift as well, potentially changing the original fiber face
position. Transmission of the pulse is expected to drop during this phase but should be
recoverable following the same procedure listed prior. Once transmission efficiency has been
restored, the density filter can be removed or adjusted to allow for the desired input pulse energy
to enter the fiber setup.

Upon exiting the HCF, the pulse is divergent and needs to be collimated. A short thin
UVFES lens with a focal length of 20cm was placed just outside of the fiber enclosure exit. The
collimated beam is now sent through a double pass prism pair compressor to compensate for the
positive chirp gained as the pulse traversed the HCF. Lastly, the compressed pulse is picked up
with a half-mirror and sent to the TG-FROG apparatus for pulse duration measurements.

TG-FROG Setup

| N

.

AN

Prism Pair
Compressor
- P

‘% Half Mirror
| 0
| G V)

Focal Collimating
Lens HCF Lens

Harmonic Generation
Setup

Figure 3.3 HCF and Prism Pair Compressor layout.

3.4 Troubleshooting Fiber Coupling
When coupling light into the HCF, most coupling issues can be resolved through
micrometer stage positioning or with the angular adjustment of the tip-tilt mount. However, the

input beam can couple into the cladding of the fiber rather than the core which may not be
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apparent immediately if only monitoring transmission efficiency or the spectrum of the output
pulse. Cladding coupling poses two major issues, the first being that the output beam will form a
ring structure (figure 3.4.1) rendering the beam useless when trying to perform pulse duration
measurements. Additionally, although the pulse broadens within the cladding as the fiber is now
acting as a solid waveguide, it no longer grants the control of the bandwidth broadening as the

propagating pulse resides outside of the gas filled core.

Figure 3.4.1 Input beam coupled into the cladding of a 150pum ID HCF.

The length of the fiber can also impact the transmission efficiency of the HCF as we
learned from the attenuation length of a fiber mentioned in the previous chapter. Manufacturing
tolerance is a concern as well with inner diameter variation along the length of the fiber
potentially leading to mode mixing. With longer lengths of fiber, these imperfections can
compound leading to nonuniform beam profiles (figure 3.4.2). Thus, a tradeoff must be made for
the shortening of the effective length that spectral broadening can occur for an improved output
beam profile (figure 3.4.3). Decreasing the fiber length comes with a few additional benefits
aside from an improved beam profile: a smaller footprint within the lab and improved

transmission efficiency.
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Figure 3.4.2 Non uniform beam profile of a 70cm long 150um Inner Diameter fiber.

Figure 3.4.3 Uniform beam profile of a 30cm long 150um Inner Diameter fiber.

3.5 Hollow-Core Fiber Pressurization

Pressurizing the HCF housing is to be done under supervision and with exercised
patience. Given that the pressure gauge and gas input are on opposing sides of the stretched
HCEF, it can take time for the pressure to equilibrate across a length of fiber. This issue is
exacerbated by smaller core fibers. While the fiber pressurizes, the mirror mounts the fiber rests
on will shift slightly, either reducing or adding tension to the fiber. Too much tension is the
primary concern here as the fiber can break under excessive strain. During pressurization one

must stay observant of the tension applied on the fiber and use the micrometer stage positioning
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to relieve tension as needed. Furthermore, due to the mirror mounts shifting while pressurizing,
the fiber position also changes slightly affecting transmission. Changes in transmission can be
monitored while pressurizing the stretched HCF enclosure and compensated for during the

process and after.

Pressure
Gauge

— Needle Valve

> 3 ) =—— Vacuum Pump

Toggle Valve

Figure 3.5 Vacuum and gas delivery system to the enclosed stretch HCF.

Initially a vacuum is pumped to -15psi with the needle valve open. This serves the
purpose of removing any atmospheric gas that can impinge on the spectral broadening. Once the
desired vacuum is reached, the needle valve is closed and either the argon or nitrogen gas
cylinder is opened. With the vacuum pump still running, the desired flow rate of gas can be
chosen. This can only be done when the vacuum pumep is running or the gas line is detached
from the fiber system due to the nature of the HCF diameter being so small, the flow rate into the
cell will not be distinguishable on the gas cylinder gauge. When the desired pressure is reached,
the vacuum process is repeated and filled with gas again. This secondary vacuum and
pressurizing of the cell serves to improve the purity of the selected noble gas within the stretched

fiber.
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3.6 Transient-Grating Frequency Resolved Optical Gating (TG FROG)

Frequency resolved optical gating is a measurement technique that characterizes the time
dependent intensity and phase of ultrashort light pulses. There are several methods to carry out
FROG experiments that include, polarization gating (PG), second-harmonic generation (SHG),
self-diffraction (SD), and transient-grating (TG) that all have various use case advantages. SHG
requires the use of nonlinear crystals with strict phase matching requirements. Polarization
gratings in the UV tend to be expensive and have the potential to stretch ultrashort pulses that
defeat the purpose of the measurement. SD has no need for polarizers, rather, this method
generally requires higher energy and does not use a phase-matched interaction meaning that a
thin medium for beam overlap is required, complicating the measurement. In this thesis, the
approach to compress ultrashort pulses requires a broadened bandwidth which can lower the
accuracy of a pulse duration measurement [22]. While TG also relies on phase matching, it is
more tolerant to broadened spectra, which is critical for our target of sub-30fs pulses. As a result,

the medium where beams overlap occurs can have a longer length.
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Figure 3.6 TG-FROG Layout.
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The general premise of TG-FROG involves splitting the beam of interest into three

separate beams. They are to be collimated and run parallel to each other and this is achieved
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through sending the transmitted beam through a two-iris setup that are placed before the first and
after the second beam splitter. A focusing lens will then focus each beam onto a medium, which
in our case is a UVFS plate. To ensure spatial overlap of the three beams, a pinhole is used in
place of the UVEFS plate. The pinhole is adjusted such that one beam’s transmission is
maximized and the other two beams are adjusted via their mirror mount for maximum
transmission through the pinhole. One of the split beams optical path resides on a fine translation
stage. This allows for the control of time delay when this subjected beam reaches the UVFS
plate. Once two of the three beams are temporally overlapped, an autocorrelation signal is
generated from the UVFS plate. Using an ocean optics HR4000 spectrometer, the signal pulse
can be analyzed in fine time delay intervals. The layout of the TG-FROG setup is demonstrated
below in figure 3.5.

For analysis of the measured pulse duration, phase retrieval software written in
MATLAB is used [23]. The FROG software measures the spectrum of the signal pulse at each
delay point and generates a retrieved electric field. Through an iterative process, the FROG
algorithm minimizes the difference between the experimental and retrieved traces to produce a

defined pulse duration.
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CHAPTER 4
EXPERIMENTAL RESULTS AND CHARACTERIZATION

During the investigation of sub-30fs pulse generation in both the UV and DUV, spectral
broadening experiments were carried out at 800nm, 400nm, and 267nm wavelengths. The
nominal pulse duration used was ~130fs for the entirety of this study. Initial relationships
between pulse energy and gas pressure effect on spectral bandwidth were investigated in the near
IR to determine feasibility of short pulse generation. Varying HCF core sizes of 450um, 150um,
and 100um inner diameters were also investigated. Pulse compression work was later performed
for the two shorter wavelengths, 400nm and 267nm. Moreover, long term stability as well as
energy and pressure effect on compressed pulse lengths were studied at 267nm. The UV range is
our primary interest as our lab studies excitation dynamics of molecules which exhibit strong
absorption in this wavelength range.
4.1 Input Energy and Gas Pressure Effects on the Transform Limit

Preliminary work was carried out to understand the impact that both input pulse energy
and nitrogen gas pressure have on bandwidth broadening for later UV pulse compression. A
70cm, 450um inner diameter fiber was the first HCF selected to use. A relatively large core
diameter was selected first to minimize the difficulty of effectively coupling the input beam into
the fiber. Pulse energies ranging from 100uJ to 350J with a central wavelength of 800nm were
launched into the HCF prior to the addition of the gas cell (Figure 4.1.1). As expected, increasing
pulse energy led to broadening of the pulse bandwidth, the most energetic case of 350

corresponds to a transform-limited (TL) pulse duration of ~30fs. While promising, a transform-
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limited pulse duration is not practical to achieve. Furthermore, the UV output available from our

TOPAS setup that this fiber was designed to use will have far less pulse energy to work with.
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Figure 4.1.1 Broadened spectrum output of 450um ID HCF at atmosphere.
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Figure 4.1.2 Bandwidth comparison between input beam and maximum input energy.
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The next logical step was determining how much additional bandwidth can be obtained
by pressurizing the gas cell. A consequence of the gas cell is that the CaF2 windows placed in
front and back of the fiber have ~85% transmission. Thus, in pressurized experiments, the input
pulse energy entering the fiber ranged from 100pJ to 300J and generated FWHM spectra of

13.8nm to 60.57nm (figure 4.1.3).
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Figure 4.1.3 450um fiber spectral broadening at 15psi nitrogen pressurization.

Energies exceeding 200uJ generated broadened spectrums with a transform-limited pulse
duration of sub-30fs and at the maximum case of 300J, TL pulse duration was as low as ~16fs.
Such low TL pulse durations offer a promising sign as in practice, the compressed pulses cannot
physically realize their lowest transform-limited case. Therefore, shorter transform-limited
pulses grant more leniency achieving the targeted sub-30fs pulse. Actual pulse duration
measurements are left to the UV region wavelengths of 400nm and 267nm as the TG-FROG

setup houses mirrors and beamsplitters designed for UV work.
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4.2 400nm Spectral Broadening

With the promise of sub-30fs pulses appearing achievable, the next step was to transition
to UV pulses by modifying our input 800nm beam with a frequency doubling BBO crystal.
Future experimental work making use of the stretched HCF will utilize our TOPAS setup which
can generate wavelengths down to the DUV. Consequently, the TOPAS is constrained to low
energy pulses compared to what the Coherent Legend system produces, with 50J pulse outputs
being a maximal scenario. Thus, a density filter was placed prior to the gas cell in our
fundamental beam pathway to mimic the TOPAS energy output of no more than 50uJ. This low
energy constraint proved problematic when measuring the output pulse at both atmospheric

conditions and when pressurized with 15psi of nitrogen gas (figure 4.2.1).
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Figure 4.2.1 450um ID fiber spectra output from 47uJ input energy compared to the input beam.

The output pulse appears indistinguishable from the reference input beam with no
noticeable bandwidth increase. These results paint a pessimistic outlook as future experimental

work will be constrained to this low energy regime where a 450um ID fiber does not confine
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light intense enough to illicit a strong nonlinear response. Even at high pressure setting of 15psi,
virtually no spectral bandwidth was observed.

Thus, the decision was made to go to a smaller 150um inner diameter HCF that was
similar in length (70cm) to that of the 450um ID fiber. As intensity is inversely proportional to
area, this reduction of core size to 150um provides a factor of 9x increase in intensity for the
duration of propagation within the fiber. Figure 4.2.2 shown below compares the two different
core size fibers 450um and 150um, that produced a FWHM of 2.43nm and 11.32nm respectively

at 15psi of nitrogen pressure.
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Figure 4.2.2 Spectral broadening seen between two 70cm length HCF of 150pum and 450um core
diameters at 47pJ input energy and 15psi of nitrogen.
This corresponds to a TL pulse duration of 97.8fs (450um) and 21.6fs (150um), a
reduction factor of 4.5x in pulse duration. Further work was done investigating how argon would
compare to nitrogen in generation of broadened bandwidths within the 150um HCF. Comparable

broadening was found between the two gases at both low and high pressure (figure 4.2.3 and
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4.2.4). Nitrogen showcased an affinity to have its central wavelength redshift opposed to argon

that spectrally broadened more uniformly around its central wavelength.
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Figure 4.2.3 Low pressure comparison of nitrogen and argon in a 70cm length 150pum fiber.
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Figure 4.2.4 High pressure comparison of nitrogen and argon in a 70cm length 150um fiber.
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Argon was selected as the preferred gas of choice at this point as compression of a
symmetrically broadened pulse around its central wavelength is easier in practice to perform than
that of a pulse experiencing more asymmetrical red shift. Although this transition to a smaller
core size yields favorable bandwidth broadening, the transmitted beam showcased a poor beam
profile.

As was mentioned earlier in chapters 2.7 and 3.4, focal spot size mismatch to the fiber
core or imperfections in core size and structure along the length of fiber can result in higher-
ordered modes being generated, deteriorating the output beam profile as well as making it
difficult to characterize. Length of the 150um fiber was suspected as the cause of the beam
profile seen in figure 3.4.2; however, shortening fiber length decreases the effective length over
which self-phase modulation occurs which produces the widened bandwidths. A compromise
was selected where a smaller ID fiber of 100um was chosen with a length of 30cm, which was

compared against the 70cm long 150um variant show in figure 4.2.5 below.
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Figure 4.2.5 13.7nm and 12.7nm FWHM bandwidth of 100um and 150um fiber
respectively (47pJ input energy at 17psi of nitrogen).
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Although the effective length is just ~43% of the previous fibers, the decreased core size
allows for intensities greater than 2x and 20x that of the 150um and 450um fibers respectively.
At 17psi argon pressurization, the shorter and smaller ID 100um fiber produced a larger
bandwidth of 13.7nm with a TL pulse duration of ~17fs compared to 12.7nm and 19fs of the
150um fiber.

4.3 400nm Pulse Compression

The broadened spectra of the 100um inner diameter fiber were compressed by utilizing a
pair of ultraviolet fused silica prism compressors. Energy input into the fiber at this point had
dropped to 37uJ resulting from issues with the Coherent laser system at the time. In an effort to
counterbalance the reduction in laser output energy, pressurization was pushed near the
maximum limit of 20psi argon gas within the stretched HCF setup. To this point, no spectral
bandwidth broadening limit has been observed for either input pulse energy or gas

pressurization.
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Figure 4.3.1 21.6fs TG-FROG measured pulse at 37J input energy and 20psi argon.
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The prism pair tip distance was tuned experimentally to generate the shortest possible pulse at
50cm tip-to-tip separation. Under these optimal conditions, a TG-FROG measured pulse was
recorded at 21.6fs shown in figure 4.3.1.
4.4 267nm Spectral Broadening

The ultimate goal of this work was to generate sub-30fs pulses in the deep ultraviolet
range, specifically at 267 nm. Spectral broadening was compared for the 100um ID fiber at 21J
input pulses (figure 4.4.1). Less energy is present at 267nm due to the strict phase matching
nature that triple harmonic generation requires. At this lower energy, 15psi argon broadens the
bandwidth to a TL pulse duration of 31.5fs making it nonviable for sub-30fs generation.
However, at the upper pressure limit capable within the gas cell, 20psi of argon gas produced
bandwidths that are well under the TL 30fs limit with 19.8fs pulse duration theoretically

possible.
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Figure 4.4.1 21J input pulse energy spectral broadening comparison between argon at 15 and

20psi.
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4.5 267nm Pulse Compression

With sufficient broadening conditions seen in section 4.4, we have reached the final stage
in achieving the generation of sub-30fs pulses in the deep UV, namely 267nm. With an input
pulse energy of 21J and prism tip-to-tip distance optimized at 20.5cm of separation, pulses

were measured as low as 24.1fs!
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Figure 4.5.1 24.1fs TG-FROG measured pulse at 21pJ input energy and 20psi argon.

4.6 Experimental Validation of Fiber Setup for TRPES Applications

With sub-30fs pulses demonstrated, further work was performed to validate the HCF
system for future time resolved photoelectron spectroscopy experiments (TRPES). Namely the
impact that input pulse energy and argon pressure have on the measured pulse duration, as well
as the long-term stability of the setup.

Optimal pulse compression was performed for a range of input energies spanning from
10-27uJ with the gas cell argon pressure set to the upper limit of 20psi. At lower pulse energy

input, pulse compression approaches more closely to the Fourier transform limit.
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Figure 4.6.1 Energy Dependence on measured pulse duration at optimized prism tip separation.
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Figure 4.6.2 Difference between measured pulse duration and transform limit.

Maximal pulse compression is limited beyond 20uJ input energy from potential nonlinear

effects such as two photon absorption within the fused silica prisms inducing self-focusing [24].
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Additionally, pulse compression becomes much harder to characterize and optimize at shorter
time durations. This can be explained due to the nature of TG-FROG relying on spectral phase
matching conditions which becomes increasingly difficult to satisfy as the spectral bandwidth
broadens.

The effect of input pulse energy at a fixed prism-tip distance was performed to profile the
variation on compressed pulse duration at varying energies. At a maximum argon pressure of
20psi, the input pulse energy again ranged from 10-27pJ. The measured bandwidths produce
transform-limit durations from 33.3fs to as low as 18.3fs. Energy input as low as 15uJ yields
sufficient broadening to allow for sub-30fs pulse compression. With a transform limit of 23.2 fs,
there is sufficient margin to reliably achieve a measurable pulse duration on the order of 30 fs.
However, the compressed pulse duration is highly sensitive to the input pulse energy, requiring
careful adjustment of the prism compressor's tip-to-tip distance for any deviation of pulse energy

the prism compressor was originally optimized for.
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Figure 4.6.3 Energy dependence on measured pulse duration at 20.5 cm prism tip separation and

20 psi argon pressure.
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Input pulse energy was then fixed at 21.6pJ and the argon pressure varied from 3psi to
the upper limit of 20psi. At this input pulse energy, pressures greater than 17psi are required to

generate bandwidths suitable for realizable sub-30fs compression.
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Figure 4.6.4 Pressure Dependence on measured pulse duration at a fixed prism distance of

20.5cm and energy input of 21.6uJ.

The studies of energy and pressure dependence at a fixed prism tip distance serves as a realistic
view of how this system will behave when generating compressed pulses. While the system
experienced no noticeable pressure leakage over the course of several weeks, laser power output
from the Coherent system does vary. Thus, the energy input entering the fiber must always be
known and adjusted as needed. Alternatively, the prism compressor distance can be adjusted but
generally this is more difficult in practice.

Lastly, a long-term stability test was conducted over 7 hours with a fixed input energy of
23] and prism tip separation remaining at 20.5cm (figure 4.6.3). Over this time, 42fs was the
maximum pulse duration measured, 30fs was the shortest duration, and the average pulse

duration reported was 36.3fs. Note that the input pulse energy was slightly elevated from the
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21.6pJ pulse which the prism tip separation was optimized for. As a result, the average pulse

duration was measured to be just above the 30fs limit.
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Figure 4.6.5 Stability test at a fixed prism distance of 20.5cm, 20psi of argon, and input energy

of 23uJ.
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CHAPTER 5
SUMMARY AND OUTLOOK

The goal of this project was to create a low cost, easy to tune hollow-core fiber setup that
would yield sufficient spectral broadening for post compression of sub-30 femtosecond pulses in
the ultraviolet range. Several fiber core size variants were tested with the 30cm 100um ID core
variant proving feasible for temporal pulses lower than 25fs at both 400nm and 267nm while
maintaining a uniform transmitted beam profile. While exceptionally sensitive to beam pointing
within the fiber, the setup proved to be stable over prolonged use once the input pulse coupling is
optimized.

Argon was determined as the preferred gas of choice due to the broadening nature
maintaining a more symmetric bandwidth profile than that of nitrogen which displayed a more
asymmetrical red-shift profile. Input pulse energies as low as 15uJ provide sufficient broadening
for realizable sub-30fs pulse duration. Although pulse energies >21uJ begin to show adverse
temporal trends, no adverse effects of argon pressure have been observed.

Future improvements to be made are the replacement of UVFS focal and collimating
lenses that reflect about ~15% of the 267nm beam. In the case of reduced supplied laser power,
this lens replacement may afford sufficient input and output pulse energies. Additionally, the
replacement of the UVFS thin collimating lens and prism compressor for an alternative CaF
medium would allow for improved compression in the deep UV. Moreover, a more secure
method of window application to the gas cell may allow pressures within the system to go

beyond the 20psi limit | experienced. Increased argon pressure may allow for less pulse energy
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needed for sufficient spectral bandwidth broadening resulting in diminished effects of nonlinear
processes within fused silica materials within deep ultraviolet frequencies.

For further time resolution, the hollow-core fiber setup may be used in a cascaded setup
such that the broadened spectrum from the first fiber is sent to a second fiber for further
broadening assuming that pulse intensity remains sufficiently high after transmission. This
technique will require more energetic pulses as the transmission loss is cumulative. A cascade
self-phase modulation setup of the fiber setup described in this thesis would allow for further
enhanced time resolution.

With the feasibility of such short pulse durations demonstrated and long-term stability
established, this setup will be exceptionally valuable for studying ultrafast dynamics and
molecular vibrational coherences. Material science research, particularly in nanomaterials and
semiconductors, will benefit from improved understanding of electron-phonon dynamics [25].
Additionally, biological and chemical studies will gain from enhanced time resolution, offering
deeper insights into energy transfer in complex molecules [26]. These are just a few of the many
fields that would benefit; others, such as quantum technologies, plasma physics, energy research,
and photonics, would also see significant advancements.

As was mentioned in the introduction, the HCF may even serve as a tool for wavelength
tuning, potentially removing the need for certain expensive nonlinear crystals use in optical
parametric amplification. Depending on the application, an OPA may even be deemed fully

replaceable by this low-cost alternative!
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APPENDIX A
FIBER CLEAVING

Achieving a clean cleave on both ends of the fiber is paramount to creating a suitable
HCF for pulse compression covered in this thesis. If a poorly cleaved fiber were to be used
various issues may arise including poor transmission, nonuniform beam output profile, and
mitigated spectral broadening to name a few. While both ends need a clean cleave, the better end
should be used as the pulse input side. This is because the quality of the output beam profile
depends heavily on how the pulse is coupled into the HCF. Below lists a general procedure for
the cleaving of a HCF (the same process was used for all fiber variants mentioned within this

thesis).

Procedure:

1. Prior to cutting the fiber, determine the length of fiber you want to work with. Allow
yourself several additional centimeters of length on both ends as the first cleave isn’t
always sufficient.

2. Straighten out the fiber on a hard flat surface and press down on one end with a free hand
such that it cannot move. Apply the cleaving tool on top of the fiber coating at a ~30-

degree angle as shown below.
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. Press the cleaving tool into the cladding at the ~30-dgree angle while pulling gently on
the fiber with the hand previously used to press the fiber down away from the cleaving
tool. The goal here is not to press the cleaving tool through the cladding and glass.

. If done correctly, the fiber at first will look unchanged. At the point you applied the
cleaving tool, you can now bend that segment of fiber and it should fall of with little
effort.

. Inspect the fiber face with an objective lens to gauge the quality of the fiber face.

. If the cleave quality seems acceptable, about ~2cm of coating on the fiber is to be burned
away beginning at the cleave point. This can be done with a simple Bic lighter. Burning
away the coating is crucial as the coating melts at a much lower temperature than silica
and during the beam focusing into the fiber, we do not want to burn any coating that may

block the fiber face or introduce debris within the fiber.

Pre-Coating Burn

Post-Coating Burn
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7. As the coating burns away, black residue will be left behind. Apply methanol or acetone

to a clean tissue sheet and gently wipe away the remaining burnt coating.

Clean Fiber After Coating Burn

8. Inspect the fiber face once more and if acceptable, the other end of the fiber may be

cleaved following the same procedure.
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APPENDIX B
FIBER CLEAVING
Procedure:
1. Before gluing the fiber within the aluminum disk, mount down the micrometer stage and
attach the 1” OD mirror mount. Clamp the aluminum disk within the mount.
2. Setup a post that supports a magnetic clamp which will hold the HCF we previously
cleaved as shown, the height only needs to be approximately equal to the fiber pinhole of

the aluminum disk.

3. Lift up on the magnetic clamp such that you can feed the fiber through the aluminum disk
pinhole until ~1cm is exposed beyond the aluminum disk. Exercise caution here as to not
damage the fiber face while threading it through the pinhole. The fiber can bend during

this process if it is not excessive.
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4. Carefully adjust the height of the post supporting the magnetic clamp such that the fiber
appears to enter and emerge the pinhole perpendicular to the aluminum disk. We want to
minimize angle deviation in this step as it will complicate the beam coupling into the
fiber.

5. When the fiber appears perpendicular to the aluminum disk, we can now prepare our
“glue” which is a two-part epoxy resin. Torr Seal was the brand used for this thesis. The
two-part resin should be mixed thoroughly for at least a minute. There is a ~15minute
working window before the resin begins to harden.

6. Gently apply the epoxy mix to both ends of the pinhole. Be very careful not to
accidentally apply any epoxy to the fiber face. Ensure that the application is even around

the pinhole.

7. To glue in the other end, unclamp the magnetic mount and remove it from the setup.
Replace it with a larger V-groove mount as shown below. Feed the fiber through the

aluminum disk with caution as was done before.
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8. Adjust the height of the V-groove such that the fiber end emerges from the pinhole with
no apparent bending and with ~1cm exiting the disk.

9. Glue this fiber end just as was performed earlier.

10. The V-groove can be lowered and removed from the setup once the resin has cured. The

cure time requires 24 hours.
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APPENDIX C
ACHIEVING SUFFICIENT TRANSMISSION
Much of the initial beam path work and positioning of the fiber is covered within Chapter
3.3.1 of this thesis. Here | will detail how to maximize transmission assuming the focused beam
is striking somewhere on the fiber face. Make sure input pulse energy is below 50uJ while

optimizing transmission!

Procedure:
1. Ensure that the fiber is stretched such that it appears straight without any radius of
curvature. This can be done with the “z-axis” control knob of the micrometer stage. Do
not over tension the fiber, apply just enough tension to eliminate any bending. Final

tension optimization will be performed later.

Z-axis Position

Control
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2. Measure the energy of your pulse just after exiting the focal lens before the entrance
window of the HCF setup.

3. The beginning steps are to adjust only the micrometer stage positions in the vertical and
horizontal plane on the entrance side of the setup. Measure the pulse energy exiting from
the HCF setup and aim to maximize it. At this point transmission may still be very low
but do not worry. Often the transmission spikes when we adjust the angular positioning of

the fiber face in the next step.

4. Before adjusting the mirror mount that controls the tip-tilt of the fiber we need to relieve
some of the tension in the fiber via the “z-axis” knob. Depending on how the mirror
mount is adjusted, tension is either added or reduced and we must be very careful not to
introduce too much tension. This raises an issue that must be addressed. If we relieve/add
tension beyond the optimal point, transmission efficiency will drop. This is a
consequence we cannot avoid, so as we go optimizing transmission, we must stay
cognizant of the stretched fiber. Very lightly tapping the fiber with your finger is a good

gauge for how stressed the fiber is. Luckily for us, angular adjustments of the fiber tend
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to spike transmission overshadowing loss from tension effects, giving a clear indication if
you are adjusting in the right direction.

Working with just the entrance side of the fiber, adjust the fiber mirror mount while
tracking the transmission efficiency. As you close in on the angular positioning of the
fiber, adjust the horizontal and vertical positioning on the micrometer stage again as a

new optimal position has likely occurred.

Angular

Positioning

Knobs

With the front end of the HCF optimized, the exit end can be adjusted. From my
experience, only the tip/tilt mount has any noticeable effect on the transmission from this
end. You may try adjusting the horizontal and vertical positioning as there is a chance it
may improve the transmission efficiency.

When the micrometer stage and angular mount positioning are believed to be optimized,
the last check is to adjust tension for maximum transmission. For reference, utilizing a

400nm input beam with a 70cm long 150pm ID and 30cm long 100um fiber, I achieved
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>50% and >35% respectively. At 267nm the transmission efficiency was >40% and

>30% for the same fiber variants.
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