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ABSTRACT

Coherent beam combining of fiber laser arrays is promising to potentially generate multi-TW peak
power and multi-KW average power optical pulses, which are desired for various scientific and
industrial applications, such as the next generation laser plasma accelerators, and secondary
radiation sources. Coherent Pulse Stacking Amplification (CPSA) technique, a temporal pulse
combining approach, which enables two orders of magnitude higher pulse energies from a single
fiber amplifier than the traditional CPA approach, is currently emerging as a key technique
enabling practical power scaling of fiber laser arrays.

This thesis develops some theoretical and experimental aspects of amplifying broadband ultrashort
pulses with the CPSA technique. Exploiting the previous work by others, which established
foundations of the CPSA technique, this current thesis addresses various issues arising in high
energy CPSA and fiber Chirped Pulse Amplification (CPA) associated with broadband pulses,
such as compensation of gain narrowing in a high energy Yb-doped fiber amplifier chain,
dispersion engineering to compensate large amounts of higher-order material dispersion in the
system, and compensating individual pulse distortions in an amplified CPSA stacking burst
occurring at highly saturated energy extraction in the final stages. As a result, this thesis
demonstrates the potential for achieving much shorter pulse durations with a fiber-based system,

well beyond the current state-of-the-art.



In more detail, research and development work presented in this thesis consists of the following
main thrusts. First, we developed several high-energy pulse amplification fiber models to explore
the broadband pulse performance, and to calibrate numerical model predictions with experimental
measurements, which was later extensively used in the other research thrusts of this thesis. Second,
we proposed and developed a method to overcome amplitude shaping effects in individual pulses
from strong gain saturation in high energy fiber amplifiers by actively controlling in-burst pulse
shapes and phase profiles, which included experiments demonstrating gain saturation
compensation at multi-mJ pulse energies from a large core fiber amplifier. Furthermore, we
explored gain narrowing effects with increasing, and very high -100-150dB, gain in fiber systems,
and demonstrated entire gain narrowing compensation for reaching 40-100fs pulses in the CPSA
system, with the gain equivalent to ~10mJ energy amplification, which is well beyond what has
been previously demonstrated in the state-of-the-art. Finally, we proposed and experimentally
demonstrated a novel dispersion compensation approach to accurately compensate all the relevant
higher-order dispersion terms for compressing CPSA system output pulses down to this sub-100fs
range.

In summary, this thesis provides the theoretical foundations and experimental validation of several
new concepts, that enable broadband CPSA technique. When combined with coherent spatial
combining, this broadband CPSA technique is key for developing multi-TW peak power laser
systems, with pulse durations in sub-100fs range that are needed by the majority of high-intensity

laser-matter interaction applications.
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CHAPTER 1

Introduction and Motivations

1.1 Background
Lasers were born out of 1950s thanks to the contributions from many research groups worldwide,
who broadened our knowledge on the basic principles of light generation of coherent diffraction-
limited laser beams. The theory of Maxwell electromagnetic radiation was developed by Maxwell
in 1873. The scientific foundations of light generation amplification were developed (and later
awarded the for) by Townes, Basov and Prokhorov, who received the Nobel Prize in 1964 for
laying the quantum theory for oscillators and amplifiers [1]. Based on this, in 1960, Theodore
Maiman introduced a ruby laser [2]. Since then, there have been significant advance in terms of
fundamental work and laser technique development, which also enabled practical laser
applications in a variety of different fields, such as scientific studies, medical and commercial laser

applications [3].

There has been a strong demand for lasers that generate high peak power and high average power
optical pulses, as required by multiple applications such as laser material processing, medicine,
neutron generation, etc. [4]. Next generation laser plasma accelerators, for example, will require
laser sources that are able to generate multi-TW peak power (30-100 fs pulse duration, >0.1-10J

pulse energy) and 10-100 kw average power laser pulses [5]. However, currently mature high-



power laser technologies are subjected to many technological limitations that inhibit pushing

average powers of high-intensity lasers further.

One of the most important limitation for higher pulse energies are nonlinear effects that distort the
signal, or even cause optical damage due to high optical intensity. In fiber laser systems, which is
the topic of this thesis, nonlinearity can cause stronger effects than in solid-state lasers because the
signal has longer interaction length, and the beam is confined in a small cross-sectional area. One
of the most import technique developed to reduce or avoid nonlinear effects is Chirped Pulse
Amplification (CPA), introduced by Strickland and Mourou in 1985, and which won the Nobel
Prize in 2018 [6]. CPA allows the peak power to increase by five orders of magnitude without
involving nonlinear issues. This is achieved by stretching seed pulse to reduce the peak power
before amplification. Thus, the pulse can be amplified to higher energy level by a factor similar to
the stretching factor. After amplification, the pulse is compressed down to the bandwidth-limited
duration. However, in order to reach TW peak powers with fiber lasers many further improvements
are needed. To extract maximum energy from gain media at the stored energy limit, longer pulse
duration (10-100ns) are necessary, while the current stretching and compressing techniques allow
to stretch the signal to only 1-2 ns due to the practical size constraints of the stretching and

compressing optical components.

In recent years, Coherent Pulse Stacking Amplification (CPSA) was introduced to further extend
the pulse duration, and thus achievable pulse energy, by temporal combining [7]. Instead of a
single input pulse, CPSA starts with a burst of pulses which are modulated to have specific

amplitude and phase waveforms. The pulses in the burst are stretched to 1 ns and then sent into a



set of amplification stages. After amplification, the burst is sent into a sequence of free-space
interferometers where the pulses in this burst are stacked to a single pulse. A compressor then
compresses this single pulse down to the bandwidth-limited pulse duration. CPSA has the potential
to stack > 100 pulse without requiring complex arrangement. This would correspond to amplifying
a 100 ns stretched pulse duration in CPA systems. This thesis is dedicated to optimizing the CPSA
system to accommodate broadband pulses for reaching very short pulse durations, and for
improving stacking efficiency of such pulses at high energies. Thus, it lays the foundation that will

enable development of multi-TW peak power fiber laser systems.

Apart from pulse energy scaling, very short pulse durations are also very important for achieving
multi-TW peak power laser pulses. There are two aspects that need to be optimized in order to
generate short pulses: broad spectral bandwidth, and accurate dispersion control. First, there has
to be enough spectral content to obtain short pulses, and so the laser system should be designed
and implemented carefully in order to avoid significant spectral narrowing. In high energy laser
systems, the main phenomena affecting the spectral bandwidth are the gain saturation, and the gain
narrowing. Gain saturation induces time-dependent gain on the pulses. This is because the gain is
determined by the upper-level ion population in the gain medium, which is depleted along the
propagating pulse burst as it travels in the gain medium. For chirped pulses whose spectral shape
is similar to its temporal shape, this time-dependent gain occurs due to the saturation-induced
changes in the gain spectrum that the different pulses in the burst encounter. As this thesis will
show, gain saturation compensation is necessary for Coherent Pulse Stacking Amplification
(CPSA), since this time-dependent gain will shape different pulse differently. This is detrimental

to the CPSA technique, which requires identical pulse shapes across the burst. Gain narrowing



also occurs, reducing spectral bandwidth of the amplified signals. To achieve very short pulses of
less than ~100fs, the required spectral bandwidth typically exceeds the residual gain bandwidth
after multiple amplification stages, due to the non-flat Yb-doped fiber gain curve is with respect
to wavelength. For example, to achieve multi-mJ pulse energies, the total gain in the fiber CPA or
CPSA system can reach higher than 100dB. Such high gain can narrow amplified pulse spectrum
by approximately ten times longer. Therefore, it becomes necessary to compensate gain narrowing

effects in such systems in order to achieve <100fs pulse durations.

Broadband pulses are very sensitive to the residual dispersion of the fiber laser system [8]. Higher-
order residual dispersion terms can very detrimentally affect the final compressed pulse duration
and its shape. But accurately controlling dispersion to have different dispersion orders
compensated nearly to zero is a significant technical challenge. Typical 2nd to 4th phase orders
from dispersion (5, to B,) need to be considered, and for very broadband pulses, 5th phase order
may also need to be addressed. Dispersive components such as stretchers, compressors and gain
mediums usually have different phase order ratios (S3/f,, Bs/B>) and thus compensating all the
orders at the same time is very difficult. This is especially true for high power fiber laser systems,
where the cumulative total fiber length is usually tens of meters. This induces a large amount of
different dispersion orders, thus making dispersion compensation for achieving bandwidth-limited

pulse durations much harder.

This thesis work consists of three main components. First, in-burst pre-shaping for gain saturation
control in Coherent Pulse Stacking Amplification (CPSA) is demonstrated, to enable high-fidelity

pulse stacking under strong saturation conditions in the final amplification stages. Second, gain



narrowing in Yb-doped fiber laser systems is explored and analyzed, and a birefringent plate based
spectral filter is designed, and implemented to compensate gain narrowing for very high total gains.
Third, the issues related to dispersion are analyzed, and a novel dispersive device is designed based
on controlled optical aberrations is proposed and demonstrated. This dispersion compensator can
be used to match the phase orders of different combinations of diffraction-grating stretchers,

compressors, and optical fibers for achieving sub-100 fs compressed pulses.

1.2 Fiber Chirped Pulse Amplification (FCPA) and its Limitations

Chirped Pulse Amplification (CPA) was introduced by Strickland and Mourou in 1985 for
amplifying optical pulses to high energy without optical damage or nonlinear signal distortion. As
figure 1.1 shows, an ultrashort input pulse is temporally stretched by an optical stretcher to
significantly reduce the peak power. The stretcher imprints a large amount of chromatic dispersion
onto the pulse due to the different propagation distances travelled by different wavelengths. In the
process a spatially chirped pulse is produced, which after the second pass through the stretcher is
unchirped spatially and exits the stretcher as a single diffraction-limited beam. Thus, the stretched
pulse duration is proportional size grating separation, as well as to the transverse size of the largest
diffraction grating in the stretcher. The stretched pulse is then sent to the amplifier and is amplified
to high energy levels, while maintaining peak powers below the threshold for significant nonlinear
effects. After amplification, this pulse goes through a dispersive compressor to remove the

temporal chirp. The dispersion provided by the compressor has a similar magnitude but opposite



sign than that of the stretcher. So, the pulse is compressed down to the similar duration as the input
pulse. To obtain bandwidth-limit pulse duration, which is the shortest pulse duration a pulse signal
can have, the compressor dispersion should match well that of the stretcher, plus that of the gain
medium. This is a challenge for broadband signals, because sensitivity to the dispersion mismatch

increases with the increasing pulse bandwidth.
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Figure 1.1 Chirped Pulse Amplification [6]

The maximum extracted energy, and so the highest achievable pulse energy in FCPA (Fiber
Chirped Pulse Amplification) is determined by the stored energy in a gain medium. Since longer
pulse durations have lower peak powers, which enables higher amplified energy, most of the stored
energy should be extractable with the sufficiently long pulses, which for fiber-based systems >100
ns. With current stretching and compressing techniques laser pulses can be stretched to
approximately 1-2 ns but achieving longer stretched pulses is impractical. Since the stretching
factor is proportional to the stretcher/compressor grating size, very long stretched durations would
require impossibly large grating. This has inspired new innovations to overcome the limitation due

to the limited CPA stretched-pulse durations.



1.3 Coherent Beam Combining Techniques

Coherent beam combining techniques are a promising path in developing high power and high
intensity lasers, since they enable to overcome the limitations in individual laser systems, thus, to
enable much higher energies and powers than any of today’s laser sources can reach. Coherent
beam combining generally means combining the optical outputs from multiple fiber lasers in an
array. There are mainly two types of beam combining techniques: spatial beam combining and
temporal beam combining. Spatial beam combining involves multiple fiber amplifiers in an array
to increase the output average power and pulse energy proportionally to the number of the parallel
amplification channels. For a typical fiber amplifier, the achievable pulse energy is 0.1-1 mlJ.
Spatial beam combining allows to directly increase this number by the factor of the number of
channels. To reach >1 J pulse energy by spatially combining FCPA laser systems, it requires 10*

-10° channels at the mJ to sub-mJ level each. This complexity can introduce many technical issues

and can be of limited practical use.

Temporal beam combining means combining a number of pulses in time domain. In a single fiber
amplifier, a burst rather than a single pulse is amplified and then the pulses in this burst are stacked
to a single pulse by free-space optical components. One of the temporal beam combining
techniques is Divided Pulse Amplification (DPA) [9]. A single pulse is split into multiple pulses
by polarization-control components (polarizing beam splitters, waveplates and delay-lines) before
amplification. The time-separated pulses are then amplified so that this is equivalent to increasing
the pulse duration. After amplification, the pulses are combined back to a single pulse by similar

polarization-control components. This technique has the potential to extend the pulse duration and



reach higher energy level than a single nanosecond pulse can do. But the limitation is that spatial
splitting does not have enough degrees of freedom to control saturation processes in the final
amplification stages. Furthermore, when the pulse number goes up, the total length of the delay-
lines increases proportionally. Having this splitting setup both before and after the amplification
stages consumes large space and is not easy to arrange. In this thesis, Coherent Pulse Stacking
Amplification (CPSA) is chosen to push the energy limit. Since CPSA relies on electronically
controlled pulse burst formation, it can achieve full control of the saturation processes in high
energy fiber amplifiers. Additionally, the total roundtrip length of the stackers is only half of that

of the DPA systems.

1.4 Coherent Pulse Stacking Amplification (CPSA)

Coherent Pulse Stacking Amplification, also called temporal pulse combing, is an extension of
Chirped Pulse Amplification technique [7]. This temporal scaling technique consists of two parts.
One is pulse modulation that picks up a burst from the pulse train output of an oscillator and tailors
the amplitude and phase of each of the pulses to have the desired waveform. The other is a sequence
of free-space interferometers that stacks this burst into a single pulse. This technique further
increases the pulse duration by 10-1000 times in the fiber amplifiers based on CPA systems, and
allows to fully extract the stored energy. Compared to the complexity of using only the spatial
beam combining, where 10-1000 fiber arrays must be combined and controlled, CPSA allows
orders-of-magnitude smaller numbers of parallel amplification channels in a fiber array, is thus

more compact and easier to implement.



One of the critical requirements for CPSA is that the amplitude and phase of individual pulses in
the burst must be identical, in order to achieve high fidelity pulse stacking. In high power fiber
amplifiers gain saturation shapes pulses in both temporal and spectral domains, which can limit

the extractable energy due to its shaping effects. Thus, gain saturation control becomes necessary.

~100fs 1GHz pulse train81-pulse burst ~1ns stretched pulse

T [ TPV [T
%

Stretcher

1.8m 85um CCC

S -y

Compressor
== |

Potentially 100-300fs,
10mJ compressed puls

Figure 1.2 Experimental setup of the CPSA system.

1.5 Gain Narrowing Compensation

To achieve TW peak power laser pulses, 30-60 nm signal bandwidth (50-100 fs pulse duration) is

required of the laser system. Gain narrowing is one of the most detrimental effects that prohibits



achieving sub-fs pulses, because it narrows spectral bandwidth with increasing gain. When the
input energy is much lower than the saturated energy of the fiber amplifier, the gain seen by the

seed is a small signal gain, which can be expressed as:

G(A) = exp [6(A)ANL] (1.1)

Gap(D) = 4.34 x 6(1)ANL (1.2)

Where, o(A4) is the emission cross section, AN is the conversion and L is the fiber length. In Yb-

doped fiber amplifiers, 1030 nm has the peak emission cross section, corresponding to the

highest gain. Let A; = 1030 nm and assume the input spectrum is flat-top, the output spectrum is:

Lyt = [,Gyp(A) = 4.341,, x o(D)ANL (1.3)

The FWHM of the bandwidth can be obtained by calculating 3dB point:

Ie(Asgg) = 4341, X 6(Ag)ANL — 3 = 4.341,, X 0(Azq5)ANL (1.4)
_ _ -1 4.34Iinx0'(lo)ANL—3 _ -1 I,:nXG(Ao)—3
Al =235 = 0 ( 4.34ANL ) =0 ( 4.34ANL ) (1.5)

Since 4, = 1030 nm is where the maximum value of the emission cross section is, the emission
cross section decreases as the wavelength is away from A,. Therefore, AA decreases as the gain

G (Ap) increases.
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Figure 1.3 Bandwidth-limit pulse duration dependency on the total gain in an Yb-doped fiber amplifier

system

Figure 1.3 shows the bandwidth-limited pulse duration at different total-gain values for a flat-top
and a gaussian-shaped input spectrum. In a CPA system, where the seed spectrum is truncated by
the hard-edge of optical components in the stretcher (such as diffraction-grating edges), the
spectrum can be square-shaped. To achieve 0.1-1 J pulse energy, >100 dB gain is necessary and
so the available pulse duration is only 300-500 fs, achievable without gain narrowing

compensation.

This thesis demonstrates a method to equalize the gain by using spectral filters to pre-shape the
seed spectrum and shows that 50-100 fs compressed pulse durations are achievable for >150 dB
total gain. This proves the feasibility of TW peak power fiber laser systems, with >1 J pulse

energies and pulse durations in this 50-100fs range.
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1.6 Dispersion Management

CPA is well-established in high peak power solid state and fiber lasers, where it uses diffraction
gratings to stretch and compress ultrashort pulses [10]. Various fiber-based stretchers were also
proposed and demonstrated for fiber CPA system, such as specially designed fiber stretchers [11],
[12], and fiber Bragg gratings. However, there are still many issues that remain to be addressed.
For instance, when a fiber stretcher is used to stretch the seed in the front end, it higher-order
dispersion orders might be not matched by a grating compressor, thus limiting the achievable
stretched pulse duration for ~100fs to only ~100 ps. Thus, the achievable amplified pulse energy

is quite low in such a system.

Second, high power fiber laser systems generally consist of a sequence of fiber amplification stages
and so the total fiber length is long (e.g., 30-50 m). Such long fiber length requires a large mismatch
between the stretcher and the compressor to compensate the large amount of fiber dispersion. Even
using stretchers and compressors that have matched phased orders, for example, stretchers and
compressors that have the same pair of gratings, this mismatch induces uncompensated large
magnitudes of higher order dispersion that prohibits compressing the pulses down to sub-100 fs

duration.

A new device having the potential to provide controllable and independent phase orders is desired
to achieve TW peak power fiber laser systems. The novel device that is discussed in the following
is an aberration-based controllable dispersion compensator that has tunable 29, 3/ and 4" order

phases over a large value range. This compensator can be used either in a CPA system working
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with different combinations of stretchers and compressor, or a fiber delivery system to compensate

fiber dispersion.
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CHAPTER IT

Modeling of High Energy Fiber Amplification

2.1 Background
Numerical simulation of fiber amplification is always important for exploring the physical
foundation and providing guidance on system design and experimental implementation. On the
other hand, fiber modeling is also valuable for examining current theoretical assumptions and
conclusions. Modeling of fiber amplification can be complex due the involvement of many
different light signals such as signal, pump and amplified spontaneous emission (ASE). It is
generally a three-dimensional problem, which also need to consider light signals in temporal and
spatial domains. In addition, for short pulses, the spectral domain involving multiple effects such
as wavelength-dependent gain and dispersion, also need to be included. According to the time
dependence of the signal and the pump, fiber amplifiers can be characterized within two categories:
continuous-wave amplifiers (CW) and pulsed amplifiers [13]. CW amplifiers imply that the fiber
is continuously or quasi-continuously pumped and the signal is continuously generated or
amplified. Therefore, the CW fiber amplification model is independent of time and is a function
of position along the fiber only. Once the input signal and pump power values are given, solving
CW amplification equations is basically a process of solving a boundary value problem (BVP) of
first-order ordinary differential equations (ODEs) [13]—-[15]. Pulsed amplifiers are amplifiers deal
with pulsed signals, and the pump can be either continuous or pulsed. So, pulsed amplification

models should depend on both time and position coordinates, which is an initial-boundary value
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problem of partial differential equations (PDEs) [16]. Neither of these two models can be solved
analytically, and numerical methods must be implemented. There have been many methods
developed for solving CW and pulsed amplifier equations. In this thesis work, a CW amplifier
model is solved using the shooting method [15], and the finite difference method is chosen to
obtain the solution of pulse amplifier model [16]. Both or the models are built for Yb-doped single-
mode Chirally-Coupled-Core (CCC) fiber amplifiers, because they are the fibers used in all the
experiments [17]. But the used theoretical framework and developed numerical models are

applicable to any single-mode Yb-doped and other rare-earth ion-doped fiber amplifiers.
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Figure 2.1 Cross sections of Yb3+ and its energy levels [18].
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2.2 Yb3+ Atomic Rate Equation
Yb3+ ion has a simpler energy level structure compared to other rare-earth ions (e.g., Nd3+, Er3+
and Tm3+). It is a quasi-two level system: coupling the 2F (7/2) ground state level, and the

2F (5/2) excited state level. The rate equation can be written as:

W@ vk L T delos(U)N; (2, 8) — 0, (M) Ny (2, D) PE(z, £) — 2&0 2.1)
dt hcAyg T

N,(z,t) = N — N,(z,t) (2.2)

N;(z,t) and N, (z,t) is the lower and upper ion concentrations, N is the total ion concentrations in
the fiber amplifier, o,(4;) and o,(A;) is the absorption and emission cross section which are
functions of wavelength. 4, corresponding to different wavelength channels, wherek=1,2 ..., K,
and K is the number of wavelengths. The pump wavelength is denoted by 4,,, the signal wavelength
is A, and A4, is amplified spontaneous emission (ASE) wavelength. It should be noted that each
of A,, A5, and A4, can comprise multiple different-wavelength channels. We assume that there are
m pump channels, n signal channels, and the ASE band consists of one channel, each channel being
defined by its spectral width AA. Therefore, total number of channels is K =m +n + 1. P (z,t) is
the power for each k-th wavelength channel. P (z,t) means this spectral section is propagating
forward with the same direction of the pump, while P, (z, t) is propagating backward with respect
to the pump direction. 7 is the life time of the upper level ions. A is the mode area of each channel.
[%.is the overlap factor between the two corresponding modes. If we assume the doping area is
uniformly doped by Yb*" with doping radius a,, then the doping concentration as a function of
radius is
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_(po for r<a
p(r) = {00 for r> ag ’ (2.3)

The overlap factor between the doping and a specific mode, which has the mode radius wy, is,

N =1—exp {-(;)* 24)
It should be noted that the two-level structure for Yb3+ is a simplified description. The two Yb3+
energy levels are not single levels. The lower one has 4 sublevels, and the upper one has 3. The
manifolds are split by the Stark effect, which is induced by a ligand field generated by the charge
distribution in the host glass. Ion distribution between each manifold is determined and stabilized
by intramanifold thermalization. Figure 2.1 shows the absorption and emission cross sections of
Yb3+at room temperature. Transitions A and B correspond to the pumping processes at 975nm
and 910nm. Transition D represents the main amplification area centered at around 1030nm.
Withing the short signal-wavelength range, the sublevels are very close to the ground state. In this
case, the Yb3+ fiber system operates as a quasi-three-level system, without gain threshold. For

wavelengths longer than ~1040nm, the Yb3+ fiber system operates as a quasi-four-level system.

2.3 Amplified Spontaneous Emission Calculation and Power Evolution Equations
Amplified spontaneous emission (ASE) can have a significant effect on laser or amplifier
performance. For a fiber amplifier in particular, ASE is the most import factor that limits the stored
energy, and thus determines the achievable pulse energy. Therefore, an accurate calculation of
ASE is necessary for majority of amplifier configurations. The source of ASE is spontaneous
emission (SE), which emits photons when an excited ion spontaneously returns to the ground state.
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A small part of spontaneous emission is coupled into fiber modes, and then amplified while
propagating along the fiber. In a fiber amplifier, ASE can propagate in two directions: forward
(moving in the same direction as the pump), and backward (moving in the opposite direction as

the pump).

Within an infinitely small volume dV, the number of spontaneously generated photons that have

frequency between v and v + 6v are [19]:

dn(v) = hvdv @g AV [ Ny(r,0) Py (r, 0)rdrdd (2.5)

Here g(v) is the lineshape function, 7 is the upper-level lifetime, and d{2 is the solid angle. dV,, =

Yi(r.0)

Tor(r,0)rdrdd 1s the normalized mode
kT,

Apdz = mwidz is the infinitely small volume. ¥, (r,0) =

amplitude profile. h is the Plank constant. For the fundamental mode,

do = 2 2.6
- TL(ZJTL'CU(Z) ( ’ )
The lineshape is:
2
g) = S"%i%@) (2.7)
The integration part is,
[ Ny(r, ) (r,0)rdrdl = n,T; (2.8)

Thus, the number of ions that are coupled into the fiber mode is,
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dn(v) = 2hvdvo, @)n,Ty = 2T0, (Dn, 5 A1 2.9)
k

Adding this ASE term into the power evolution equations, we have

+ +
+ (')Ppa—(zz,t) + ! M’pa—(tz,t) =— Fp[aa(/lp)Nl (z,t) — ae(/lp)Nz (z, t)]PpJ—r(z, t) — a(/lp)PpJ—r(z, t)

<~

+ +
L@ 10K @D N8 — 0N (2 DIPE 2, ) — a(As)PE(, ©)

0z at

=|

hc? OPFe(zt, A) | 1 OPE(ztA)
+ 20,(A)N5(z,t) P A+ o + v ot

= — L;[0a(M )Ny (2, 1) — 0. (A)No (2, )P (2,8, Ak)

—a(A)PE, (2 t, ) + 20, (4) Ny (2, 1) ’;—C;AA (2.10)
k

2.4 Continuous-wave (CW) Fiber Amplification Model
For the continuous-wave (CW) model, the derivative of the t term in equation (2.10) is zero and

the problem becomes boundary-value problem of first-order ODEs. In this case, the equations are,

P (2)

opf
t I(;Z(Z) - Fp[o'a(/lp)l\h(Z) - O'e(ﬂp)Nz(Z)]Ppi(Z) - a(lp)Ppi(Z) t

PE (z.2p)

= ~ L[0aA)N,(2) = 0. AN @)IPE(D) — aA)PE(2) + 20, )Ny (2) B A2 + 2aseC

= — I[0q(A)N1(2) — 0. (Ax)N, (Z)]Paise (z, A) — a(AR)Pai;e (z, )

+20, (LN (2) 2 A2 @.11)
k
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The boundary conditions for different spectral channels are,

Py (0) = forward pump power, P, (L) = backward pump power (2.12)
Pt (0) = forward seed power, P; (L) = backward seed power (2.13)
Page(OJ Ak) = 0' Pa_se(Lr Ak) =0 (214)

The shooting method [15] is implemented to solve this problem. The ODEs are solved using the
Runge—Kutta method from z = 0 to z = L. For backward propagating light, whose value is known
at z = L, the equation is solved using a guess as the initial condition. Then, the calculated output
power for each channel with this “guess” initial value is compared to its boundary value, and a
new guess value is generated, depending on the error magnitude. The initial guess values are
updated for each iteration, until the boundary conditions for all the channels are satisfied. Thus,
the closeness of guessed initial values to the correct values plays a critical role in whether the
algorithm is converging, and what is the convergence speed. For high energy fiber amplification,
the calculated output is more sensitive to the initial value due to high gain. Thus, initial guess value
must be very close to the real conditions for achieving convergence of the algorithm. Using
experimentally measured data as guesses for the initial conditions, is one good strategy. Using an
estimated value obtained from analytical theory, is another option, although it may not work for

high energy conditions.
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2.5 Pulsed Fiber Model
For pulsed lasers, which generate time varying signals, numerical modeling must deal with both
temporal and spatial domains. The finite difference method (FDM) converts the partial-differential
equations (2.10) to a set of linear equations, which can be efficiently solved by numerical methods
[20], [21]. The time and spatial domains are discretized into points, each separated by the step size
h, and the partial-derivative terms are converted to the finite differences based on each of these
points. A small value of h is necessary to minimize the truncation errors, which is the fundamental
error of the finite difference method approximation. However, the small step size increases
computational speed proportionally with the number of steps. Therefore, h size should be chosen

carefully, accounting for specific computational conditions, and the required error magnitudes.

The model described above works well for long pulses, with variable pulse shapes. Gain saturation
is accounted for by calculating time-varying upper-level ion populations, which imprint time-
dependent gain onto optical pulses. For short pulses with broadband bandwidths, gain also varies
across the spectral window, and dispersion also needs to be considered in some modeled situations.
Thus, modeling of short pulse amplification must include spectral domain. The slip-step Fourier
method is widely used, which switches between time and spectral domain at each propagation step
[8]. However, the gain can only be considered in either time or spectral domain, but not in both.
This problem can be solved by assuming a specific relationship between time and spectral domains.
This method works well for strongly chirped pulses, because the spectral components is nearly

linearly distributed over time domain. In this way, both time and spectral-dependent gain can be
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calculated in time domain only. Another method can be used to calculate gain saturation, and
spectral-dependent gain at the same time by splitting the pulse into multiple temporal sections at
each step, and then transforming each section into the frequency domain. The size of each temporal
section should be so small enough, so that the gain saturation is very week within each of them.
At the end of each step, the temporal sections are combined into a single pulse, and then moved to

the next step. This method, however, has a heavy computational load.

2.6 Model Calibration
In the reported experimental CPSA system, 1.9m of CCC fiber is used as the final power
amplification stage. It has 85um core diameter, and 42-55pm mode-field-diameter (MFD). 42um
MFD was used for all the calculations in this thesis. The cladding size is 420um. Lifetime is chosen
to be 770 ps. The ion concentration is 5-10*3 m*. The pumping wavelength is either 976nm, or
915nm. The ASE band is from 1010nm to 1070nm, and is divided into 12 channels, with the
spectral width of AL = 5nm each. The experimentally measured coupling efficiency of the pump
is 88%. The signal is an 81ns-long burst, produced at 10-50KHz repetition rate. Each burst has 81

Ins-long pulses with either 10nm or 30nm spectral bandwidth.

At the beginning, the CW fiber model is run to calculate the initial inversion conditions in the fiber
amplifier prior to sending the seed. The boundary values of pump (input pump power), signal
(zero), and ASE (zero) are chosen. The calculated outputs are the upper-level ion distribution along
the fiber, and ASE and pump output powers and spectra. The upper-level ion distribution can be

used to calculate the stored energy and the small-signal gain, which provide insight about the
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performance and limitations of laser amplifiers in terms of high energy extraction. Then the pulsed
model is run, taking the upper-level ion distribution as the initial condition, with the seed burst as
the initial-boundary value of the signal. It provides the output burst and phase profile at the end of
the fiber. Both fiber models are calibrated using experimentally measured data, which are the

stored energy, small signal gain and output signal power.

Stored energy is the total photon-flux energy that a fiber amplifier can generate, which mainly

depends on pump power and ASE. Stored energy can be calculated as
L ! !
Estore = hVAmode fO (N2(z) — N1(2))dz = hvA;pq. (N —1'1) (2.15)
Here A,upq4e is the mode area. n', and n'; are the ion concentrations in the upper and lower
sublevels, integrated along the fiber. Small signal gain is the gain of a fiber amplifier experienced
by a small input signal, which is small enough not to significantly change the inversion, thus, not

to cause any gain saturation. The small signal gain is measured by injecting 50 pw cw seed power

and dividing the output power by the seed power. It can be numerically calculated as [22],

9ss = xp (J; 0c (M) (N2 (2) = Ni(2))dz) = exp {0, () (', = ')} (2.16)

The ion distribution between sublevels is determined by the condition of equilibrium,

AErNu = Aeru—l (217)
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A;, and A}, are nonradiative rate, and N,, and N,,_; are concentrations in sublevel u and u — 1.

Then,

Nu_ Ar oy (— ABuy (2.18)

where AE,, = E,, — E,,_;. The ion concertation on sublevel u can be obtained using

_ exp[-(Ey—E;)/KpT]
N, = Zfl=1 exp [-(En—E1)/KBT] total (2.19)

The ion distribution of each energy level can be obtained by plugging in each sublevel energy-

level values. The distribution for sublevel b and e is,

N, = 0.05N; (2.20)
N, = 0.97N, (2.21)
T is room temperature, N, and N, are the total number of ions in the upper and lower energy levels

respectively. Therefore, the stored energy, and the small signal gain can be expressed as,

Estore = hUAmoqe(0.970, — 0.057';) (2.22)

Jss = exp {0,(15)(0.97n', — 0.05n;)} (2.23)

To calibrate the numerical model, the parameters are tweaked within the reasonable range, until
the calculated outputs match the experimental data. However, perfect matching of all the simulated
data with the experimental data could not be achieved. The discrepancies have two aspects. One

is the slopes of the stored energy, and of the small signal gain dependencies vs the pump power.
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The other is the threshold where the signal becomes transparent, i.e., achieves gain = 1. The slope
is mainly determined by absorption and emission cross sections, and the overlapping factors. Since
the mode field diameter is smaller than the core size, the overlapping factor for the signal is always
equal to 1. The overlapping factor for the pump, which is determined by pump beam propagation
in the double clad fiber, as well as the absorption and emission cross sections, need to be tweaked
to match the experimentally measured slope. A good matching is achieved when the emission cross
section is reduced from the published value by a factor of 2, and the pump diameter is a little larger
than the injected pump diameter due to diffraction in the cladding (provided the incident pump
beam is smaller than the cladding). The uncertainty in emission cross section data was measured
and analyzed in [23], [24]. This inaccuracy comes from the limited reliability of the McCumber
relation. The absorption cross section data is measured experimentally, and so is reliable. Then the
McCumber relation is used to calculate the emission cross section from the measured absorption
cross section. The unreliability of the McCumber relation computation generally induces 50%
inaccuracy and this number is similar to the factor used to modify the emission cross section in the
model. The discrepancy of threshold can come from several sources. Pump loss due to pump
leakage can directly reduce the inversion, and thus increase the threshold. Another source of error
in the threshold may be radial amplified spontaneous emission, which can also consume the
inversion, and thus to increase the threshold. In single-mode fibers, doped area diameter is only 5-
7um. Within this small distance, the spontaneous emission in the radial direction can hardly be
amplified. However, in 85um-CCC fibers, or large mode area fibers (LMA) with >25um core
diameters, the radial spontaneous emission can be amplified to some degree, and thus to consume

upper-level populations.
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Figure 2.2 Comparison of experimental data and simulated data after model calibration for 1.9m 85pm-
CCC-fiber: (a) small signal gain with 50uw input ASE power; (b) amplified burst energy with a 250uJ

input burst of 81 1ns-stretched pulses (10nm @ 1037nm):

Figure 2.2 shows the comparison between the experimental data, and the simulated data, obtained
with the above described recalibrated parameters. In this experiment, a small signal gain is
measured by sending a very low power signal into a 1.9m 85um-CCC-fiber. The seed power

should be so low, that it could influence the ion population inversion. In figure 2.2 (b), the
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amplified burst energy is measured at different pump powers of up to 110W. The 250uJ seed burst
has 81 Ins-stretched pulses, with 10nm spectral bandwidth centered at 1037nm. To match the
measured small signal gain and the output signal energy, the emission cross section data in the
numerical code is changed to be 0.45 times of the original emission cross section data. Also, the
pump power is reduced by 10W, which is the value assumed to correspond to the pump loss due
to pump leakage or radial amplification. The stored energy is also calculated and compared to the
measured output energy. According to the simulation result, higher than 10mJ burst energy can
achieved in a fiber amplifier with 11mJ stored energy. This means 90% of the stored energy can
extracted by the burst, which has been previously achieved with coherent pulse stacking

amplification technique.
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CHAPTER 111
In-burst Pulse Reshaping for Gain-saturation Compensation, to Enable High-fidelity Pulse
Stacking at High Energies
The key advantage of the coherent pulse stacking amplification is that it enables nearly a complete
stored energy extraction from a fiber amplifier, while a fiber-based CPA is limited by the onset of
fiber nonlinearities at high peak powers to extracting only 1-2% of stored energy. Consequentially,
unlike the fiber CPA where saturation is negligible, gain saturation in the final stages of a fiber
CPSA system are very strong and must be addressed. As is shown in [25], stacking-burst output
from a strongly saturated fiber amplifier must have individual amplitudes of pulses in the burst
follow a certain prescribed profile, for achieving equal nonlinearity induced phase-shifts between
all the pulses in the amplified burst. However, this previous work did not consider that the gain
spectrum seen by each individual broadband pulse in the amplified burst can also vary along the
burst under the conditions of strong saturation, i.e. previous work only considered saturated-
amplification stacking in the monochromatic limit. For broadband pulses saturated amplification
can produce variation in temporal shapes and in nonlinearly induced phase-shift profiles between
different pulses in the stacking burst, which detrimentally affects pulse stacking fidelity at the
system output. This chapter presents our work on identifying these individual-pulse distortion
effects in the saturated-amplification stacking of broadband pulses, and then developing a
technique to compensate them, thus enabling high-fidelity (i.e. high stacking efficiency and low

pre-pulse contrast) stacking at the highest achievable pulse energies.
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3.1 Coherent Pulse Stacking Amplification Technique
Coherent Pulse Stacking Amplification (CPSA) is a temporal beam combining technique that
overcomes ultrashort-pulse energy limitations of Fiber Chirped Pulse Amplification (FCPA)
systems. In a FCPA system, pulses are stretched in the time domain by a stretcher before
amplification to reduce the peak power. Broadened pulses are amplified to high energies and then
compressed down to close to bandwidth-limited duration by a compressor. However, diffraction-
grating based stretchers and compressors are limited to stretched pulse durations of up to ~1-2ns.
Increasing this stretched duration by, for example, an order of magnitude, would require
corresponding increase in a diffraction grating size, which is technologically unfeasible. This is
the main limitation on achievable pulse energy because 1-2ns stretched pulse duration allows
extraction of only 1-2% of the stored energy. The CPSA technique overcomes this limitation by
amplifying > 10-100 ns duration burst of 10-100 pulses and combining this burst to a single pulse
after amplification, which therefore enables full extraction of the stored energy from a fiber

amplifier.

CPSA technique consists of the following steps: stacking-burst formation, pulse stretching,
amplification, pulse stacking, and compression. A stacking burst is formed from a 1GHz mode-
locked ultrashort pulse train, which is “carved-up” into ~10 - ~100 pulse bursts, with a certain
prescribed burst-amplitude profile, and with each individual pulse in the burst “imprinted” with a
certain pulse phase. The ultrashort pulses in the burst are stretched to 1ns each, which, due to Ins
separation between 1GHz repetition rate pulses, effectively produces a 10-100ns duration burst.
This signal is then amplified in a sequence of fiber amplification stages where nearly 100% of the

stored energy extracted in the final amplifier. Beam combining in the time domain is achieved by
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utilizing a sequence of free-space Gires—Tournois Interferometers (GTI), which can coherently
stack into a single high-energy pulse a burst of ~10-100 amplified pulses. At the system output the
stacked pulse is compressed back to the short duration by a grating-based compressor. Coherent
time domain combining in the stacker is achieved by active roundtrip-phase control in each GTI,
and by the phase profile imprinted during stacking-burst formation in the front of the system. Burst
amplitude profile is usually chosen to compensate strong gain saturation effects occurring in the

final amplification stages, as described in more detail further in the text.

A GTI cavity is a linear optical resonator that consists of one partially reflecting front mirror, and
one or more ~100% reflectivity mirrors forming a roundtrip cavity. Using more than one HR mirror
allows one to configure a GTI as a ring cavity, conveniently separating input and output beams.
There are two parameters needed for each GTI cavity in a stacker: the reflectivity of the partially
reflecting front mirror, and the roundtrip cavity phase. The pulse stacking process can be explained
as a reverse process of sending a single pulse into a sequence of GTI cavities. The pulse is split
into a transmitted and a reflected pulse at each partially reflecting front mirror and the transmitted
pulse enters the cavity, and undergoes reflection and transmission at the front mirror after each
roundtrip. Thus, the output signal is a burst of pulses separated by one roundtrip time of the GTI
cavity. The amplitudes and phases of the pulses in the output burst are determined by the GTI
parameters (front mirror reflectivity and cavity phases). Pulse stacking is the reversed process of
a single pulse passing through the GTI cavities. The desired phase profile of the burst from a GTI

can be obtained by calculating the cavity impulse response [25].

30



Each individual GTI cavity can stack approximately 2 pulses, and N equal-length cavities can stack
approximately 2N pulses. One example of the pulse stacking configuration is a sequence of 4
equal-length GTI cavities, schematically shown in Figure 3.1 (top) [25]. The cavity’s lengths are
equal to the roundtrip length of the mode-locked oscillator. This particular configuration is
designed to stack 9 equal-amplitude pulses, and figure 3.1 (bottom) illustrates the reversibility of
the pulse stacking process. The prescribed burst stackable into a single pulse is the time reverse of
the stacker impulse response. In the real stacker, where mirrors are not exactly 100% reflective,
the small loss makes the system not exactly reversible. However, since in practice mirror losses
are very small, using impulse response for design and analysis yields sufficiently accurate results.
However, stacking 100 pulses one would need ~50 equal-length GTI cavities, which is not
practical. Fortunately, a small number of non-equal length GTI cavities can be configured to stack
a large number of cavities. For example, if the pulse stacker has N+N multiplexed cavities that has
N equal-length cavities with the cavity length equal to the roundtrip length of the oscillator and N
equal-length cavities (identical to the first. Set of cavities) with the length equal to 2N roundtrip
length of the oscillator, this multiplexed configuration can stack 4N? pulses. One example of such
a multiplexed configuration is a sequence of 4+4 multiplexed cavities for stacking 81 pulses that
is shown in figure 3.2. The burst of 81 pulses is stacked into 9 pulses first when going through the
first sequence of 4 small cavities, and then the 9 pulses are stacked again into a single pulse at the
second sequence of 4 long cavities. The first 4 cavities are equal in length to the roundtrip length
of the mode-locked oscillator, and the 4 longer cavities are 9 times longer than the small cavities.
In the experiment, we use this 4+4 multiplexed configuration to stack 81 pulses. We choose to use
a 1 GHz Yb-doped fiber oscillator as a seed source for the CPSA system because its pulses are

separated by 1ns, so that after stretching to ~1ns these pulses form a nearly continuous pulse. Since

31



the oscillator pulse repetition rate defines the smallest roundtrip length in a GTI stacker, this 1ns
pulse separation in the burst provides a compact solution for the GTI stacker layout. In the
experiment, the pulses are usually stretched to 800-900ps leaving a gap of ~100ps between the
pulses. for the 1GHz oscillator, the four smallest cavities have 30 cm roundtrip length, and four
larger cavities have 2.7 m roundtrip length. The total path length in this 4 + 4 stacker is 12m, which
is arranged on an optical breadboard in a folded configuration with a compact 61lcmX91cm

footprint.
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Figure 3.1 (top) schematic of pulse stacker with 4 equal-length cavities; (bottom) (this plot is taken from [25],
Figure 2.1) Time reversibility of the coherent pulse stacking process: time reverse of system’s impulse
response is the stacking burst. This stacking is accomplished using a sequence of 4 lossless GTIs with

parameters chosen to stack a burst containing ~9 equal intensity pulses. The pulse intensities are shown in the

top graph and the pulse phases are shown in the bottom graph.
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amplitude stacking burst and its phases (lower figure left), with its staking result shown on the lower right

figure.

Since pulse stacking relies on coherent addition of pulses, each pulse in the stacking burst must
have identical amplitude and phase profiles. Any pulse-to-pulse variation in either shape or phase
profile reduces coherent combining efficiency and pre-pulse contrast. One source of distortions in
the CPSA system is the nonlinearity-induced phase profile across each pulse accumulated in the
final amplification stage due to the high peak power. When nonlinearity-induced phase-shifts in
final amplification stages are negligible in a low-energy CPSA system, an equal amplitude burst
profile is an optimum one as an amplified stacking burst. However, in a high-energy system, when

there are significant nonlinearity-induced phase shifts in the final amplifier, a strong gain
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saturation typically occurs as well. But, for strongly saturated fiber amplifiers, gain saturation
induces time-varying gain along the pulse burst, which, for reasons explained in detail below,
results in dissimilar nonlinearity among the individual pulses in an equal-amplitude stacking burst
at the output. This pulse-to-pulse varying nonlinearity induces different phase-profile distortions
for different pulses in the burst. Therefore, the burst must be shaped before amplification in such

a way as to equalize nonlinearity in order to achieve high-fidelity pulse stacking.

For certain simplifying assumptions, the required “equal nonlinearity” burst profile can be
calculated analytically [25]. However, as discussed later, due to the simplifying assumptions this
analytical solution is only approximate. The exact calculation of the required burst profile for
achieving an equal-nonlinearity amplified stacking-burst profile can be achieved via numerical
simulations using the pulsed fiber model presented in Chapter 2, as discussed later in this Chapter.
At high energy amplification, the gain is time-varying along the burst and the pulses in the front
of the burst see higher gain while the pulses in the end of the burst see lower gain. This is because
as each pulse is sent into the fiber and amplified, it depletes upper-level ions and thus reduces the
gain seen by the next pulse. The gain as a function of time can be expressed as [26]:

_ ft Iout(t')df

Gt)=1+[Gy — 1]e " Usar 3.1)

P(t) Energy extraction
Low
Ligh

Figure 3.3 Amplitude-decaying burst profile under the condition of gain saturation
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I,ut 18 the output intensity, Ug,; is the saturation fluence of the amplifier, and G, is the small signal
gain. This time-varying gain decreases along the burst and, as illustrated in figure 3.3, the gain
decays faster when more stored energy is extracted, and so gain saturation is stronger. Instead of
equal-amplitude pulses in the amplified burst (assume the input burst is equal-amplitude) in low
energy laser system, the amplified burst from the saturated fiber amplifier has a rapidly-decaying
shape. Also, this non-equal gain produces non-equal nonlinearity-induced phase-shifts across the

burst. This effect can be explained by the following equations:

L 1— 1
ol "o !

Lesr(t) = n (3.2)

(3.3)
21 L
On® = Soms [ 1620z Loy ()
0

Energy extraction

o (t) é High
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Figure 3.4 Increasing nonlinear phase profile under the condition of gain saturation

Legr(t) is the effective fiber length, L is the real fiber length, n, is the nonlinear refractive index

and I(t, z) is the intensity at z position as a function of time. Equation (3.2) shows that the effective
length is inversely dependent on the gain magnitude. The effective length is shorter when the gain
is higher. In equation (3.3), the nonlinear phase accumulated along the fiber with length L is
calculated by the integration of the intensity over the fiber length. The value of this integration is

proportional to the effective length, and so the nonlinear phase is also proportional to the effective
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length. Since higher gain corresponds to shorter effective fiber length, and the nonlinear phase is
proportional to effective fiber length, the accumulated nonlinear phase value grows exponentially
along the burst (figure 3.4). The slope is deeper with more substantial saturation. It should be noted
that since the first point of the burst sees the shortest effective fiber length, it has the minimum
phase value compared to other points in the burst, and so this equal-nonlinearity burst would also
have the minimum nonlinearity. The burst profile [,,:(t) can be solved analytically [25], when
the inversion along the fiber can be assumed to be constant, i.e., signal gain is simply an
exponential function, although different for each pulse in the burst due to amplifier gain saturation
varying within the burst. With this assumption, equation (3.3) can be written as equation (3.4), and
also @y, (t) should be constant with time since we seek the equal nonlinearity burst profile. The
output burst intensity that has equal nonlinear phase across the burst can be calculated from

equation (3.1), (3.2) and (3.4) and is shown in equation (3.5),

Py (1) = ”2]"010.1:(’)[4317"(’)

(3.4)
é 4 exp| P ,}
{NL} In [G0 ] exp [NL t] G, LnkoLU
n,k,L nk,LU_,
Ioul (t) = vy
GOexp[nzkoli\Lijf t} -1 (3 5)

In reality, pulses deplete population inversion to a lesser degree at the amplifier input rather than
its output, and the inversion along the fiber is not constant, resulting in per-pulse gain along the
fiber slower than an exponential growth. To more accurately calculate the burst profile for equal
nonlinearity, equation (3.3) needs to be numerically solved and we can use the fiber model

developed in Chapter 2 to do this.
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Figure 3.5 Comparison of output burst profile calculated by numerical and analytical method. The signal

is A = 1037nm. The fiber is 85um-CCC with 1.9m length.

The output bursts calculated by numerical and analytical methods are compared in figure 3.5. The
rate of burst amplitude decrease is higher for higher burst energy because larger energy extraction
produces stronger gain saturation. For the same energy, the analytical solution presents weaker
saturation because the gain is assumed to be exponentially increasing, while the saturated gain
grows slower along the amplifier. The numerical model provides a more accurate solution and is

a good guide to explore and control the gain saturation effects in fiber amplifiers.

For illustration of the earlier arguments, we used the numerical model to simulate and compare the
nonlinear phase profile of the amplified burst that has equal-amplitude pulses to the one that has
decaying amplitude profile. Figure 3.6 (a) shows the output burst profile for a 10mJ burst, that has
equal amplitude pulses in the burst, and figure 3.6 (b) shows its nonlinear phase, calculated
assuming signal wavelength of 1037 nm and negligible bandwidth of the chirped pulse. This

demonstrates that an equal amplitude stacking burst profile can produce non-equal (and large)
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nonlinear phase-shifts, detrimental for pulse stacking. The decaying burst profiles in figure 3.6 (c)
are the desired stacking burst profile, because they have equal nonlinear phase across the burst

shown in figure 3.6 (d). These profiles are usually identified as “equal nonlinearity bursts”.
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Figure 3.6 (a) (b) equal amplitude burst profile and its non-equal nonlinear phase; (c) (d) desired burst
profile for enabling equal nonlinearity across the burst for 5 and 10mJ, and their equal nonlinear phase

profile.

3.2 Coherent Pulse Stacking Amplification (CPSA) Experimental Setup
Figure 3.2 shows an example of an actual CPSA experimental setup without in-burst re-shaping.

1 GHz pulse train is generated from a Yb-doped fiber-based oscillator. The pulses have 35nm
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(FWHM) spectral bandwidth and ~60 fs bandwidth-limited duration. A pair of 1 GHz electro-optic
waveguide modulators (an amplitude modulator and a phase modulator) right after the oscillator
are used to modulate the amplitude and phase of the pulse train, to create a properly shaped and
phased stacking burst. For a strongly saturated fiber system to achieve high energy extraction, the
initial burst intensity should strongly increase along the burst so that the nonlinearities across the
burst are equal after burst is reshaped after all amplification stages into a rapidly decaying profile.
The phase modulator is for adding the desired phases onto each pulse to make it stackable. Since
the pulses are 1GHz and the electro-optic modulators are also 1GHz, the amplitude and phase of
the modulated pulses are flat across each pulse, and there is no in-pulse modulation. The modulated
burst is then sent into a diffraction-grating-based stretcher, where the pulses are stretched from
hundreds of femtoseconds to nearly 1 ns. The grating has 1740/mm groove density. The spectral
bandwidth is cut to 10 nm by the hard edges of gratings, lenses, and mirrors inside the stretcher.
The stretched burst goes through multi-stage pre-amplifiers and is then amplified to millijoules
level burst energy in the final power stage. The final power stage is a 1.8 m long fiber [17] with an
85 um core diameter. After amplification, the burst is sent into a 4+4 sequence of GTI cavities,
where it is stacked into a single pulse. This single pulse is then compressed to a short duration by

a diffraction-grating compressor in a folded configuration with a single 1740/mm grating.
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Figure 3.7 Experimental configuration of CPSA system

It has been experimentally demonstrated that when 81 pulses are picked up as a burst, 10 mJ burst
energy is achieved at the final CCC power stage at 1 kHz repetition rate. By utilizing the fiber
amplification model mentioned in Chapter 2, the stored energy in this CCC fiber can be calculated
to be ~ 11 mJ for this particular amplifier. This means 90% energy extraction efficiency was

achieved, far beyond what can be achieved using fiber CPA only.

3.3 Effects of Gain Saturation on the Amplified Stacking Burst
It is instrumental for further discussion to first describe the details of the stacking burst formation
at the front of the system, and also the details of that burst format. The initial pulse train (figure
3.8(a)) is generated by a 1GHz repetition rate mode-locked Yb-doped fiber oscillator producing

60fs pulses at > 300mW average power. These short pulses are stretched to ~10ps when
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propagating along a 10m single-mode passive fiber and then sent to a 1GHz amplitude electro-
optic modulator and a 1GHz phase electro-optic modulator for creating a properly amplitude-
shaped and phase-modulated stacking bursts required for pulse stacking. (Pulses are initially fiber-
stretched to reduce peak power, for avoiding detrimental nonlinear effects in theses waveguide-
based EOMs). In an idealized picture, operation of both 1GHz amplitude and phase electro-optic
modulators (A-EOM and P-EOM) can be represented as a sequence of rectangular functions/time
windows, each 1ns wide, and all immediately adjacent to each other. Each EOM thus imprints
constant amplitudes (A-EOM) or phases (P EOM) over each pulse in a stacking burst. Each
stacking burst contains finite number of pulses, carved out of the infinite pulse train from the mode-
locked seed oscillator. Although, in reality, the time window of electro-optic modulators has
limited rise and fall time, they still imprint fixed amplitude and phase values across each pulse
because the pulse duration is much shorter than the 1ns time window of electro-optic modulators,
and by positioning each pulse in the center of each window, they can always be outside the range
of time-window rise and fall times. These modulated pulses are each stretched to ~900ps by the
grating-based stretcher, inserted after the EOMs, so that nearly adjacent pulses are produced in the
burst (with only ~100ps “gaps” between the stretched pulse), which minimizes the overall length
of all the GTI-cavities, and thus minimizes the size of the pulse stacker. The stretcher provides a
large magnitude of positive chirp onto each pulse and, as illustrated in figure 3.8 (b), the pulse is
strongly chirped with the longer wavelength travels faster than shorter wavelength. Then, this 81ns
quasi-continuous signal with 81 1ns stretched pulses is amplified in the single-mode amplifiers, a
25um-LMA stage and two 85um-CCC stages. The amplitude profile of the stacking burst is

selected to be such, that it would produce at the output of the final 85um-CCC stage, ~10mJ
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stacking burst with equal nonlinearity across the burst. This final amplified burst is then sent to the

pulse stacker and the compressor for stacking and compression.

1ns (a)

P(T) A[nm]

AT~750ps 1052

1 1032

0 1ns

Figure 3.8 Schematic of (a) short pulses output of the oscillator separated by 1ns; (b) stretched 1ns-pulses

that are positively chirped with 10nm bandwidth centered at 1037nm.

Until now, when talking about the amplitude and phase profile of the stacking burst, we only
considered a “monochromatic limit”, i.e., did not consider effects of gain saturation on the
amplitude and phase shape within each broadband pulse. As we show next, broadband pulses in
the burst undergo individual-pulse amplitude and phase profile changes during amplification in

the final strongly-saturated amplifier stage.

It is straightforward to show that, under strong saturation conditions, individual broadband pulses
experience amplitude reshaping, which depends on the position of the pulse in a stacking burst.
Such reshaping results from the fact that amplifier gain is a wavelength-dependent function, and
that increasing degree of gain saturation affects gain at different wavelengths differently. This is
illustrated in figure 3.9, which shows how a Yb-doped fiber amplifier gain spectrum changes under
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different degrees of saturation. As discussed in Chapter 2, the energy levels of Yb** are split into
several sublevels, and different sublevels corresponds to different spectral region. When there is
no saturation, the gain is highest at 1030nm, and gradually decreases with longer wavelengths,
approximately following the spectral dependence of Yb** ion emission cross-section. Without
saturation, this affects amplified pulse spectra, and thus their temporal shape, identically for all the
pulses in the burst. When the amplifier is saturated, then, with increasing degree of saturation, the
population at shorter wavelengths decreases faster than at longer wavelengths. Therefore, gain
saturation reshapes its spectral shape by shifting the gain peak to the longer wavelengths, causing
corresponding change in the individual amplified pulses, which experience increasing degree of
gain saturation from the start towards the end of the burst. Because the spectra of the individual
pulses change differently, so do their temporal shapes, which are related to their spectra via Fourier
transformation. Since pulse stacking is based on coherent interference between each pulse, the
stacking burst with different pulse shapes would have lower combining efficiency at the end of the

CPSA system.

In order to understand of how gain saturation affects phase-profile of individual pulses in a burst
differently, we need to remember that, in a final amplifier stage, individual pulses are stretched
from ~100fs to approximately 1ns duration, i.e., are very strongly chirped. The temporal shape of
a strongly chirped pulse is similar to its spectral shape, and as figure 3.10 illustrates, changes on
the spectral shape induces similar changes in its temporal shape [27]. Therefore, the stretched-
pulse spectral reshaping resulting from saturation-induced gain-shift produces similar reshaping
in the temporal stretched-pulse shape. And each pulse shape is reshaped differently across the

amplified burst because each spectrum is reshaped differently by a different degree of gain
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saturation along the burst. Consequently, the nonlinearity-induced phase distortions imprinted onto
each pulse are also different across the burst since the accumulation of nonlinear phase-shifts is
proportional to the temporal intensity and the gain magnitude, both of them varying between the

pulses.
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Figure 3.9 Cross sections of a Yb-doped fiber amplifier and its gain spectrum changes due to saturation.

Strongly chirped pulse
Its spectrum
AT~750ps
t A
Reshaped chirpedpulse l

Reshaped spectrum
t A

Figure 3.10 The similarity between temporal and spectral shape of a strongly chirped pulse
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To visualize gain saturation and gain narrowing effects on individual pulse shapes and phase-shifts
across the burst output from the final amplifier, let’s use the pulse fiber model discussed in Chapter
2 to simulate broadband pulse amplification under strong saturation. The seed burst has 81 pulses
at 1GHz repetition rate, and each pulse is positively chirped to 1ns duration with 10nm centered
at 1037 nm. The pulse shape is assumed to be flat-top with sharp edges which is an idealization of
a typical “square-like” shape of a stretched optical pulse, with spectral edges truncated by sharped-
edged transmission window of a diffraction-grating based stretcher. The seed burst is pre-shaped
to ensure that the amplified burst follows the equal nonlinearity profile. Then, this input burst is
sent to an 85pum-CCC fiber amplifier with 1.9m fiber length and amplified to 11mJ burst energy.
The numerically calculated output burst profile, and the accumulated nonlinear phases of
individual pulses in the output burst from the fiber amplifier are plotted in figure 3.11. One can
immediately notice that pulse shapes across the stacking burst are indeed strongly varying along
the burst. It is also evident that, although equal nonlinearity-induced phase shift is achieved (if to
look at the 1% point of each pulse), the phase-shifts within each pulse are different, and this shaping
effect is stronger toward the end of the burst where gain saturation is stronger. We can conclude
here that, at high degrees of energy extraction with broadband pulses, it is necessary to develop
methods for compensating these detrimental amplitude and phase profile distortions of individual

pulses along the amplified stacking burst.
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Figure 3.11 Burst amplitude (a) and nonlinear phase profile (b) with each pulse (10nm @ 1037nm) re-
shaped differently by gain saturation and gain narrowing effects, from 1.9m 85um-CCC for 11mJ burst

energy.
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shown in figure 3.11.
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Figure 3.13 broadband burst amplitude (a) and nonlinear phase profile (b) with each pulse (30nm @
1037nm) re-shaped differently by gain saturation and gain narrowing effects, from 1.9m 85um-CCC for

11m]J burst energy.
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Figure 3.14 Comparison of 30nm bandwidth pulse amplitude and nonlinear phases between individual

pulses in the burst shown in figure 3.13.

3.4 Gain Saturation Compensation with In-burst Individual Pulse Amplitude or Phase
Profile Control
Since, as was shown in the previous section, individual-pulse distortions, occurring due to varying
along the burst saturation, are also linked to individual-pulse phase distortions, one can expect that

achieving equal-shape individual pulses, in an equal-nonlinearity burst profile would be sufficient
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for compensating both amplitude distortion, as well as phase distortion effects. In this section, we
numerically equalizing individual pulse shapes and then compare the nonlinear phase profile

between the pulses to see the feasibility of pulse amplitude control.

~100fs 1GHz pulse train81-pulse burst ~1ns stretched pulse
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Figure 3.15 CPSA system configuration with in-burst amplitude pre-shaping

Equal-shape individual pulses in the amplified burst can be achieved by pre-shaping each
individual pulse shapes in the seed burst, provided that there is a mapping between temporal shape
and spectral shape as illustrated in figure 3.10. When the temporal shape is tailored to have a
curtain shape, the spectral shape is also changed to have similar shape, and thus pre-shaping each
pulse shapes in the seed burst is equivalent to modulate each spectral shape for overcoming spectral

shaping effects from gain saturation. To equalize the pulse shapes across the amplified burst in the
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modeling, a gradient descent-based optimization loop is implemented. The input amplitudes of
each pulse are updated until a flat-top pulse shape output from the fiber amplifier is achieved. Here,
we assume that the pulse amplitudes can be adjusted continually and smoothly. The output pulses
can have any arbitrary shape as long as they are identical and are not necessary to be flat-top. Flat-
top output pulses are chosen here because it has the broadest pulse duration and thus it is an optimal
choice for achieving short pulse duration at the end of the CPSA system. The simulated results of
output burst profile and nonlinear phase are shown in figure 3.16. When we control the pulse
amplitudes to equalize the pulse shapes in the output burst, the nonlinearity-induced phase-shifts
still varies between individual pulses. This is because the nonlinearity-induced phase-shift is
determined by the pulse intensity and the gain (equation (3.2) and (3.3)) and in-burst amplitude

reshaping doesn’t equalize the gain across an individual pulse.
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Figure 3.16 burst amplitude (a) and nonlinear phase profile (b) with in-burst amplitude reshaping. Each
pulse has 10nm bandwidth centered 1037nm. The burst is amplified in 1.9m 85um-CCC for 11mJ burst

energy.
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Figure 3.17 Comparison of nonlinear phase shapes between individual pulses in the burst shown

in figure 3.16

We already demonstrated that having in-burst amplitude control to achieve identical pulse shapes

in the burst cannot correct the deviations of nonlinear phase between individual pulses. It is a good
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practice then to simulate the condition where each pulse shape over the input burst into the final
amplifier is pre-shaped to achieve equal nonlinearity-induced phase shifts and compare the pulse
shapes in the output burst. In this simulation, the pulse amplitudes of each pulse in the input burst
are updated until the nonlinear phase equals to that of the first data point in the burst. At the output,
the nonlinear phase is not only the same across the burst but also flat within each pulse while the
output pulse shapes deviate from each other. The temporal shapes of the 1% and 81 pulse in the
output burst is compared in figure 3.18. The simulation is done for two bandwidths: 10nm and
30nm, to see the effects of spectral bandwidth on pulse shape distortion. According to the
numerical results, the pulse shapes in the output burst are different and broader bandwidth pulses

have more deviations from each other.
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Figure 3.18 Pulse shape comparison of 1* and 81* pulse for (a) 10nm @1037nm and (b) 30nm @1037nm

when the pulse amplitudes are controlled to have equal nonlinearity within each pulse across the burst

T T T T T T
1+ J
0.8+ .
T ~
o ~ ~ : -~
= —— 1030nm 1st ~ SN
o I ~ ~
a | |= =1030nm 81st o doF T~ ~
- 0.6- —— 1033nm 1st ~ ~ = 1
2 — - 1033nm 81st S ~J]
=‘-; = 1035nm 1st B, |
£ = =1035nm 81st ~ 4
504- = 1037nm 1st .
> — =1037nm 81st |
1039nm 1st [
1039nm 81st
0.2l —— 1060nm 1st ‘ |
§ = =1060nm 81st
1080nm 1st
1080nm 81st (a)
0 s 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
t[ns]
1 = -
09+ .
0.8 .
0.7} R
3
o6l i
B ~—— 1030nm 1st \ N N
NOS5H — — 1030nm 81st \ \ .
© e 1040nm 1st \ N
€04 — = 1040nm 81st N \ B
° = 1050nm 1st N \
Z03}- = = 1050nm 81st N \ 4
— 1060nm 1st N
02h- = = 1060nm 81st N &
. 1070nm 1st ~
1070nm 81st .

0.1 —— 1080nm 1st (b) ~ .

0 = = 1080nm 81st | | |

0 0.2 0.4 0.6 0.8
t[ns]

54



Figure 3.19 Differences between pulses in the amplified burst dependence on central wavelength for (a)

10nm, and (b) 30nm bandwidth pulses.

3.5 Full Compensation of Gain Saturation with In-burst Individual Pulse Amplitude and
Phase Profile Control
Based on the above analysis, we conclude that identical pulse shapes and phase profiles, with peak
phase values being equal between all the pulses across the stacking burst cannot be achieved by
either in-burst pulse amplitude or phase control alone. Simultaneous control of both in-burst pulse
shapes and phase profiles are necessary for achieving this. To have both in-burst pulse shape and
phase controls in the experiment, as shown in the experimental setup (figure 3.15), we insert
another pair of electro-optic modulators that is faster than 1 GHz so that they can modulate multiple
points on each individual stretched (and thus spectrum-to-time mapped) pulse, provided that the
fast modulators are positioned after the stretcher to modulate each 1ns stretched pulses. Figure
3.20 shows the simulated results of amplitude and phase burst profiles with both in-burst pulse
shapes and phase profile controls. This confirmed that flat-top pulse shapes and equal phase
profiles is achievable, when we have perfect control for both amplitude and phase within individual
pulses. In the real case, we have limited number of control points on the pulse shape and phase
profile due to the limited bandwidth of electronics, which leads to pulse amplitude and phase shape
distortions. But the equal-shape and equal-phase pulse profiles in the stacking burst shown in 3.20

can be approximately achieved if very fast electronics are implemented.
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Figure 3.20 one example of desired stacking burst profile with 11mlJ burst energy and equal-nonlinearity

phase profile in 1.9m 85um-CCC fiber for achieving high-fidelity pulse stacking amplification

3.6 Limitations on the Accuracy of Controlling Pulse Shape and Phase Profile due to
Electronic Bandwidth and Sampling Rate Limitations
We have demonstrated that individual pulse shape and phase profile distortions induced by gain

saturation can be in principle fully compensated by in-burst amplitude and phase reshaping.
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However, this assumes that an arbitrarily precise and fast control can be achieved. In reality, there
is significant control-electronics constraints, primarily expressed as limited bandwidth of
electronics. In the experiment, the modulating waveform is generated from a Digital to Analog
Converter (DAC) in the form of voltage and sent to the fast amplitude and phase electro-optic
modulators, which tailor the signal proportional to this waveform. A DAC is a device that converts
discrete digital signals to continuous analog signals. This conversion process is not perfectly linear
due to the finite bandwidth of the DAC. A bandwidth-limited DAC only allows a finite bandwidth
to convert without loss. The frequency components higher than half of the bandwidth are filtered
out, which leads to distortions on analog signals. Another distortion effects due to the finite
bandwidth of the DAC is the limited digital sampling rate on 1ns time. Due to this limited sampling
rate, the DAC cannot produce an electrical signal equivalent to the desired continuous amplitude

or phase value at each point, and thus results in modulated errors on the signal.

Figure 3.21 shows the process of calculating the distorted waveform due to the finite bandwidth
of the DAC. The DAC used for this calculation is AD9174 with 5GHz bandwidth. Figure 3.21 (a)
shows the ideal input waveform for 81 pulses, that can have identical pulse shape and equal
nonlinear phase after being amplified to 10mJ. The red curve in Figure 3.21 (a) is the digital input
waveform sent to the DAC. It is a step-shaped curve, and the sampling rate determines the spacing
between two adjacent steps. For the 5SGHz sampling rate, there are five different points in the 1ns
time window. Thus, a 1ns pulse can have five different steps. The last point in each pulse must be
set to be zero to separate adjacent pulses. This step-shaped waveform is Fourier Transformed to
the frequency domain, and Figure 3.21 (b) shows the frequency components corresponding to the

step-shaped waveform. A perfect low-pass filter with a hard-cutoff edge is assumed to filter the
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frequency components higher than 2.5GHz. The specific shape of the low-pass filter is dependent
on the particular DAC design used, can have variety of shapes. The passband can drop before the
point at half of the bandwidth and go to zero after this point. The time domain picture,
corresponding to the truncated frequency domain is shown in Figure 3.21 (d). Bandwidth-limited
DAC distorts the pulse shape, and distorts the real input waveform compared to the ideal one. As
shown below, this input burst profile that the real DAC modulates, leads to the amplified burst

with non-identical pulse shapes and phase profiles.
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Figure 3.21 Calculation of phase shape distortion due to the finite sampling rate and limited bandwidth of

the electronics.
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Figure 3.22 (a) and (b) show the amplified burst and nonlinear phase profile with 10mJ burst
energy. The pulse shape is not flat-top due to the modulated input pulse shape. The phase profile
of each individual pulse also varies across the burst. The amplitude and phase shapes of individual
pulses are shown in figure 3.23. 1st, 41st, and 81st pulses are chosen to represent the effect of
unwanted modulation on the front end, middle area, and back end of the burst. Pulses in the middle
and the back of the burst have similar shapes, while pulse shapes in the front are very different
because front-end pulses experience higher gain than other pulses. The nonlinear phase of the first
pulse has a more modulated shape, and has a much higher value than the middle and the last pulses.
This would be detrimental to pulse stacking efficiency, and pre-pulse contrast, and need to be

addressed.
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Figure 3.23 Comparison of individual pulse amplitude and nonlinear phase profiles in the amplified burst

shown in figure 3.22
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3.7 Correction of Modulation Errors on Individual Pulse Amplitude Shape and Phase
Profile from Electronics Limitations by an Optimization Feedback Loop
We have demonstrated that flat-top pulses and flat-top phase profiles in the stacking burst are
optimal for high-fidelity pulse stacking, and such pulse shapes and phase profiles in principle can
be achieved by in-burst pulse shape and phase reshaping. The limited accuracy of pulse shape and
individual phase profile control from limited bandwidth electronics makes flat-top pulses and flat-
top phase profiles not easy to achieve in the real experiment. Instead, we aim to obtain identical
pulse shapes and equal phase profiles across the burst using the finite bandwidth electronics. To
achieve this goal, the differences of pulse shapes and nonlinear phase profiles across the burst due
to the limited controlling accuracy of real electronics need to be corrected, and this correction can
be achieved by implementing a feedback loop based on stochastic parallel gradient descent (SPGD)

algorithm [28].

The SPGD method is a “hill climbing algorithm”, that uses iterations to reach local maximum or
minimum by using stochastically estimated gradients. At each optimization step, a small
perturbation is added onto the current position, and the matric function of the output is examined.
The estimated gradients are calculated based on the change of the matric function, and the control
variables are updated along the same direction of the estimated gradients. Here, our goal is to
achieve equal nonlinear-induced phase profiles for all the pulses in the burst. Since the amplified
pulse shape is linked to its nonlinear phase shape, when the seed pulses are reshaped to produce
equal nonlinear phase in the output burst, the pulse shapes should also be identical. In the SPGD

algorithm, we aim to minimize the difference of nonlinear phase between the current pulse and the
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target pulse. The target pulse can be either one of the real pulses in the burst, or a given pulse with
arbitrary shape. The optimal target phase should be the one that allows maximum spectral
bandwidth and energy, while minimizing the overall difference of nonlinear phase and pulse shape
across the output burst. For example, in a burst of 81 pulses, the 415 output pulse is better than the
1% or the last pulse, and thus is preferred to be the target pulse. This is because the 1% or the 81
pulse shapes are significantly modulated by gain narrowing or gain saturation, while the 41 pulse

has relatively flat amplitude and phase shape distortions. The metric function is chosen as,

Jx™) = ¥h-1(8(m,n) — @(m, N))? (3.6)
x® =[xV, x( (3.7)

xy? = 2P, 27 (2], 2130, 1 4] (3.8)
X = [x},’” [1], x™[2], x0V[3], ™ [4]] (3.9)

x™ is the input voltage value vector, sent to the DAC to control electro-optic modulators for
reshaping the n-th pulse. x(™ has two components: xﬁln) is the input value to the DAC for

controlling the pulse shape, and xl(,n) is for controlling the phase profile. Each component has four
elements, since we have five controlling points in 1ns time window, and the last point always rem
zero. @(m, n) is the phase of the current pulse, where n is the current pulse number, and @(m, N)
is the phase of the target pulse, where N represents the target pulse number. Here, we choose 41%
pulse as the target pulse, and so N =41. M is the number of data points in a single pulse, determined
by the oscilloscope specification, and m is the data-point number. Since the gain in the fiber

amplifiers varies along the burst, and the gain seen by the later pulse is determined by the
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cumulative effect by all the previous pulses, the burst is optimized from the first pulse to the last
pulse, with independent optimization for each pulse. The procedure of the SPGD-based in-burst

pulse shaping is,

For the n-th pulse,
Step 1: measure and calculate J (x™)
Step 2: give perturbation to the input amplitude and phase x? = x(™ + §x(™
Step 3: measure and calculate J(x?)
Step 4: update input amplitude and phase x(**D = x(™ + g[J(xP) — J(x™)]5x™
Repeat step 1-4 until iteration stops

n=n-+1

At the beginning of each iteration for the n-th pulse, the burst is read out from a fast oscilloscope,
and the metric function for the current pulse is calculated. A small perturbation §x( is added
onto each of the control variables x(™ , and the metric function is examined. §x™ are small values,
that are randomly and independently chosen, and have the zero mean, and the standard deviation
0x, [25]. The improvement (or decrease) of the matric function is calculated, and the input
amplitude and phase magnitudes are updated, based on this improvement (or decrease), and
accounting for the optimization parameter g (the gain) and §x™. This procedure is repeated until
the iteration stops when the required precision in the pulse phase shape is achieved, and the

optimization then starts to work on the next pulse.
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Figure 3.25 Comparison of individual pulse amplitude and nonlinear phase profiles in the amplified burst

shown in figure 3.24
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After implementing the SPGD-based optimization loop into the numerical code, as figure 3.24 and
3.25 shows, identical pulse shapes and nonlinearity-induced phase-shift profiles are achieved in
the stacking burst. Identical pulse shapes obtained through the optimization confirms that, in a
strongly saturated fiber amplifier, the amplified pulse shape is linked to the nonlinear phase profile.
This is because both the pulse shape and the nonlinear phase are determined by the gain saturation
in the fiber amplifier. The effects of the small deviations between individual pulses on the pulse
stacking efficiency need to be examined, and further improvements are required if the effects are

not negligible.

It is worth calculating the compressed pulse shape with the non-flat nonlinear phase profile in
figure 3.25 to examine if this nonlinearity is acceptable. The spectrum can be obtained from the
pulse shape in figure 3.25 due to the temporal-spectral mapping, and then the nonlinear phase
profile in figure 3.25 is added onto this spectrum. By Fourier transforming the spectrum back to
the time domain, the compressed pulse in figure 3.26 is obtained with 300fs FWHM duration, the
same as the duration of bandwidth-limit pulse with 10nm bandwidth. But the side-wings aside the
peak induced from this non-flat phase shape indicate that the acceptable nonlinearity should be
lower, or have a more flat shape. Lower nonlinearity can be achieved by using either longer bursts
(a preferable option), or reducing the amplified pulse energy somewhat (if longer bursts cannot be

achieved).
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Figure 3.26 Calculated compressed and bandwidth-limit pulse shape of the amplitude pulse with

nonlinear phase in the optimized stacking burst.

3.8 Experimental Validation of Gain-Saturation Control by In-Burst Pulse Amplitude and
Phase Reshaping

On the basis of the above theoretical analysis, we conduct in-burst pulse shaping experiment to
overcome gain saturation effects in our high energy CPSA system. Figure 3.27 shows the CPSA
system experimental setup. Its electronic control system is shown in figure 3.28. 1GHz, ~100fs
pulse train from the mode-locked Yb-doped fiber oscillator is modulated by a pair of 1 GHz electro-
optic modulators to have the equal nonlinearity burst profile, and the individual pulse phases
required by the pulse stacker. These modulated pulses are stretched to 1ns in the stretcher, where
the 10nm spectral bandwidth pulses centered at 1037nm are also cut out. After stretching these
pulses are sent to the pair of 10GHz amplitude and phase electro-optic modulators for in-burst
individual-pule reshaping. Then, the seed burst with the prescribed amplitude and phase profiles
is amplified to ~10mJ energy in a sequence of single-mode fiber amplification stages, and the two
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high power stages based on CCC large-core fibers. The SPGD-based feedback loop is
implemented using FPGA (Field-programmable Gate Array) hardware, a pair of 10GHz amplitude
and phase modulators, and a S0GHz oscilloscope and a lab computer. FPGA with 5Gsps DAC
controls the 10GHz amplitude and phase electro-optic modulators. The output burst is measured
by a fast detector at the end of the final CCC-stage, and the waveform data is readout from a 50
GHz oscilloscope through GPIB (General Purpose Interface Bus), and sent to a lab computer for
analysis. Among the pulses in the waveform data, the current pulse is picked up to calculate the
metric function, and the updated control parameters obtained from improvement of the metric
function are then sent to the DAC to update again the pulse shapes and phase profiles in the seed

burst.

~100fs 1GHz pulse train81-pulse burst ~1ns stretched pulse
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Figure 3.27 Experimental setup for in-burst pulse amplitude control in the CPSA system
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Figure 3.28 CPSA control system

As an initial step of in-burst reshaping to overcome gain-saturation effects, we did this in-burst
reshaping experiment with pulse shape control only, to test equalizing the pulse shapes in the
stacking burst, because the pulse shapes can be observed directly at the output end of the final
amplification stage, while the phase profiles cannot be measured directly, and thus need to involve
stacked pulse measurements at the system output. The SPGD-based optimization procedure is
similar to the optimization for both pulse shapes and nonlinear phase profiles discussed in section

3.7, but the metric function is changed to be,

J(x™) = ¥M_1(A(m,n) — A(m, N))? (3.10)
x _ A(m,n)

A(m,n) = M S A (3.11)

xM = [x/(ln) [1]’xf(1n) [2], xgn) 3], xf(ln) [4_]] (3.12)
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Where A(m, n) is the amplitude of the n-th pulse. This time the control parameter x(™ has only
amplitude components. The metric function is the square of the difference between the current and
the target pulse shape, with each pulse shape normalized by its pulse area. The optimization

procedure is

For the n-th pulse,
Step 1: calibrate amplitude EOM transmission at current pulse
Step 2: measure and calculate J (x™)
Step 3: give perturbation to the input amplitude and phase x? = x(™ + §x(™
Step 4: measure and calculate J(x?)
Step 5: update input amplitude and phase x™**1 = x™ + g[J(xP) — J(x™)]5x™
Repeat step 2-5 until iteration stops
Step 6: calculate the desired x™ from x" to maximize the pulse energy

n=n-+1

The step 1, and the step 6 are needed because the amplitude electro-optic modulator controls the
pulse shape by adjusting the transmission. Therefore, after several optimization iterations, the
transmitted pulse energy is less than the initial pulse energy. Therefore, after the iterations stop,
the pulse amplitude should be increased to have the maximum energy transmission, while
simultaneously maintaining the optimized pulse shape. This cannot be done directly through

multiplying by some factor the four input values, sent first to the DAC, and then to the electro-
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optic modulator. There are two reasons: (1) dependence of the electro-optic modulator
transmission vs the input voltage is nonlinear; (2) the gain of the amplifier is also nonlinear due to
saturation. To find the correct input values, that allow maximum transmission while maintaining
the optimal pulse shape, the relation between the input voltage sent to the DAC, and the amplified
pulse amplitude needs to be calibrated. It should be noted that this calibration has to be done for
each pulse independently, because the current DAC response from the same voltage values is
dependent on its response at the previous times, and so changes over the burst. Also, the gain in
the fiber amplifier is varying along the burst. Using the measured relationship, as shown in figure
3.29, the optimized pulse can achieve the maximum energy while maintaining the pulse shape.
Although the transmission of the electro-optic modulator is a sinusoid, this relation is not an exact
sinusoid due to the time-varying gain in the amplifier. Assuming x™** is the highest voltage in the
current optimized pulse, and x¥ is one of the other three voltages, the corresponding transmissions
are T™ and T* correspondingly. To maintain the maximum pulse energy, T™* needs to move to
the point T™> which is at the top of the curve. And to maintain the pulse shape, T* needs to move

to the point T¥, and its value should be,

Tmaxl

T =

(3.13)

Tmax

After changing the peak voltage to the value that has the maximum transmission and moving all

the other three control voltages to the values obtained in equation (3.13), the resulting pulse can

have simultaneously the maximum amplitude, and the optimized pulse shape.
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Figure 3.30 Experimental measurement of individual temporal shapes across the 6.2mJ amplified burst

with (a) no saturation control, and (b) in-burst amplitude reshaping for saturation control.

The experimental results are shown in figure 3.30. At the output end of the last CCC-stage, 6.2mJ
burst energy for 81 pulses is obtained at 2KHz repetition rate. Figure 3.30 (a) shows the measured
pulse shapes with no saturation control. The differences between the broadband-pulse shapes along
the burst are induced by the gain saturation. They are relatively mild in this case, because the
spectral bandwidth is only 10nm, and the pulse output energy is relatively low, producing only a

moderate degree of saturation. These distortions should be stronger for broader pulse spectra, and
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for higher extracted energies. The optimized pulse shapes, obtained by this in-burst pulse reshaping,
shown in figure 3.30 (b) are very close to each other. These results confirm that identical pulse
shapes across the burst are achievable using this in-burst reshaping technique. In the near future,
30nm spectral bandwidth and higher pulse energies will be explored experimentally, at which point
we anticipate a much stronger gain saturation effects, and thus the critical need for this in-burst

amplitude reshaping technique.
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CHAPTER 1V

Gain Narrowing Compensation for Sub-100fs, Multi-mJ Energy Laser Systems

In addition to high pulse energy, broadband spectral width is also required to achieve short pulse
duration (sub-100fs) at the end of a laser system, for generating multi-TW peak power pulses. This
means that gain narrowing effects, which produce spectral narrowing on broadband pulses in a
high-gain laser system, need to be considered. There have been multiple efforts for compensating
gain narrowing effects in Yb-doped fiber laser systems. 120fs pulse duration with 10mJ energy is
achieved by implementing two Fourier-domain pulse shapers in a spatial beam combining based
Yb-doped fiber laser system [29]. Sub-100fs pulses with pJ-level energy are obtained by
implementing filters that pre-shape the seed spectrum to overcome gain narrowing effects [30]—
[32]. But the total gain in these systems is only ~ 40dB, while producing multi-mJ pulses require
at least 100dB gain. Here, our goal is to explore the spectral shaping effects from gain narrowing
in 30-100fs duration region under 100-150dB gain, and to examine the possibility of fully
compensating gain narrowing effects in our CPSA system. Because of the complexity of the CPSA
system, we first build a Regenerative-amplification fiber system that can provide controllable gain,
while keeping the energy below the saturation energy, to explore the gain narrowing effects with
the increasing gain. We then design a Lyot-based spectral filter to compensate gain narrowing
effects. After gain narrowing compensation, spectral content corresponding to 42fs bandwidth-
limited duration is experimentally obtained under 150dB gain. Subsequently, this spectral filter is
inserted into the CPSA system to manage gain narrowing effects under real gain, and we
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experimentally demonstrated 78fs duration with gain required for obtaining ~10mJ energies from

the final amplifier.

4.1 Gain Narrowing Effects in Sub-100fs High Energy Fiber Laser Systems
Gain narrowing is the phenomenon that an amplified spectral bandwidth is reduced due to the
limited gain bandwidth of a gain medium. Yb-doped fiber amplifiers have the advantage of a
broadband gain window starting from 1015nm to longer than 1100nm. Such a broad gain has the
potential to achieve sub-100fs (as shown in this work — from ~42fs - ~100fs) pulses in Yb-doped
fiber amplification systems. However, the gain is not flat vs the wavelength, which makes the
spectral components at the peak of the gain curve experience higher gain than the spectral
components at the wings around the peak. Such gain difference induces narrowing effect of the
spectral bandwidth, which increases with the total gain in a system. The total gain is the sum of
the gain experienced by the signal in all amplifiers, whereas the net gain equals to the total gain
minus by the total loss in a system. Note that this loss is usually very broadband and is thus not
correcting the gain narrowing effects. A higher total gain usually induces a stronger gain

narrowing effect.

Gain narrowing in a broadband Yb-doped fiber amplification system can be simulated by using
the absorption and emission cross data (shown in Figure 4.1 (a)) to calculate the wavelength-
dependent gain for different total-gain values in this system. Figure 4.1 (b) shows the spectra
narrowing dependence on the total gain calculated using the fiber models described in chapter 2.
A flat-top broadband input pulse with 1ns-long stretched duration is sent to a CCC-fiber amplifier,

where it is amplified by 25dB of total gain. The input pulse energy is controlled to be much lower
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than the saturation energy of the fiber, so that no gain saturation is involved, and the spectrum
changes are only due to gain narrowing effect. This amplified pulse with a narrowed spectrum is
then attenuated, to have the similar energy to the original input pulse, and is then sent to the fiber
amplifier again to measure the effect of gain narrowing with increasing total gains. In this way,
spectra of the pulses amplified to different gain values are obtained. The bandwidth-limited pulse
duration of the input pulse is 50fs. As the total gain increases, the FWHM of the spectrum narrows
to a larger degree. When the gain is 150dB, the FWHM of the spectrum is reduced to 6nm, which
corresponds to a ~500fs bandwidth-limited pulse duration, ten times longer than the original pulse.
Spectral filtering can be used to compensate this gain narrowing effects, but usually, the
effectiveness of such compensation also decreases with increasing overall gain. For example, in
[16], spectral-filter compensation allowed to achieve 91 fs pulses in a Yb-fiber CPA system, but
with the total gain limited to only ~40dB. CPSA technique can extract 10mJ energy from fiber
amplifiers, which requires total system gains of up to >100dB. In this chapter, gain narrowing
effects is explored for 30-100fs pulses in 100-150dB gain Yb-doped fiber laser systems. We use a
spectrally controllable device, consisting of a sequence of linear polarizers and birefringent plates,
which allows to accurately and adjustably tailor its spectral filtering properties to achieve complete
gain-narrowing compensation over 30-70nm of signal bandwidth for the total gain reaching 150dB.

This opens a pathway towards sub-100fs duration and multi-mJ pulses from fiber CPSA systems.
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Figure 4.1 (a) absorption and emission cross section of Yb**; (b) narrowed spectra at different

gain values.

4.2 Regenerative-Amplification Fiber System for Exploring Gain Narrowing Effects
To characterize gain narrowing effects in fiber amplifiers at very high total gain, we use the setup
of a regenerative fiber-loop amplifier shown in figure 4.2 (a) to measure and compare spectra
before and after amplification with the controllable gain. 1GHz input pulse train stretched to 1ns-
long is sent into the acousto-optic modulator, where the 1% order picks up a burst with 10’s pulses
at 1IMHz, which is injected into the fiber, while the rest of the pulse train goes out at the 0™ order
and get dumped at the PBS #3. The fast-electro-optic modulator selects one single pulse from the
burst, and this pulse get amplified in a single-mode Yb-doped fiber, that provides 25dB gain per-
pass, and then goes through the AOM for another roundtrip. The HWP #2 and the PBS #2 form an
adjustable attenuator, which provides spectrally independent loss to compensate the single pass
gain so that pulse energy remains constant after each roundtrip, while the total accumulated gain

keeps increasing with each roundtrip. The AOM turns on again after a selected number of
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roundtrips, to send the amplified signal out at the 1% order of the AOM, and the spectrum is
measured after it transmits the PBS #3. The output beam, and the input beam are rejected by the
AOM at the Oth order, and can be separated by the PBS #3, because the output beam is controlled
to have the polarization perpendicular to the transmitted polarization of the PBS #1, while the input
beam is polarization-controlled to have the maximum transmission of the PBS #1. By controlling
how many roundtrips the pulse undergoes, we can explore gain narrowing effects corresponding

to different total gains.
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Figure 4.2 Regenerative-amplification fiber system configuration
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Figure 4.3 Measured spectra for different gain (25dB gain for each roundtrip)

Figure 4.3 shows the experimental results of strong spectral narrowing with increasing number of
roundtrips. The input spectrum has 25nm FWHM bandwidth which corresponds to 100fs
bandwidth-limited pulse duration. The FWHM narrows increasingly with increasing number of
the roundtrips. It is reduced to merely 5nm, when amplified after 6 roundtrips by ~150dB,
corresponding to the bandwidth-limited pulse duration of ~500fs. This measurement confirms the
gain narrowing simulation results described earlier in the chapter and provides a conclusive

demonstration of the strong gain narrowing effect in high gain Yb-doped fiber amplifiers.

4.3 Spectral Filter Based on Lyot Configuration
To overcome gain narrowing, we use Lyot spectral filters (figure 4.4(a)) to adjustably compensate
the spectral loss. The device configuration is determined by three stages, where each of them has
one birefringent crystalline quartz plate, and one polarizer. The transmission curve (transmission
vs. wavelength) is a sinusoid for each stage. Therefore, for three stages the filter transmission is
the multiplicity of three different sinusoidal functions. In each stage the thickness of the crystal
determines the bandwidth, and the central wavelength is where the transmission dip is, while the
angle between axis of each crystal and each polarizer determines modulation depth. The
transmission of the spectral filters at frequency w can be calculated using equation (4.1), (4.2) and

(4.3). At ith-stage, the linear polarized beam pass through a birefringent crystal with thickness
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P, = OPL; = (m + %) Ao (mis the order of the multi-order HWP and A, is the central wavelength)

with an angle a;; between the axis of the linear polarized beam and the crystal. This beam is then
spectral-filtered by a linear polarizer, with an angle a;, between the axis of the crystal and the
linear polarizer. Figure 4.4 (b) are calculated transmission curves at different configurations,
showing that by controlling the crystal thickness, and the angle between the two axes for three

stages, the transmission curve can be adjusted over a wide range of shapes and bandwidths, and

the extinction ratio can be as high as 40dB.
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Figure 4.4 (a) spectral filter; (b) transmission of the spectral filter
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The initial test of this spectral filter is done by inserting it inside the fiber loop, to compensate the
gain narrowing. As figure 4.5 shows, the spectral filter is inserted right after the single-mode fiber
amplifier. By controlling the parameters in the spectral filter, the measured compensated spectrum
is obtained as shown in figure 4.6 (a). Figure 4.6(b) is the calculated bandwidth-limited pulse shape.
It is clear that, after the compensation, the initial spectral width is recovered, and the bandwidth-
limited pulse duration at the output is 104fs, the same as of the input pulse. This is an initial proof
that the spectral filter can compensate strong gain narrowing in a broadband and high gain Yb-

doped fiber amplifier system.

Spectral Filter “‘ v ¢ et
I RATA VA V \‘0«\6
oS
X v %®
Pumping , AOM %

Figure 4.5 Regenerative-amplification fiber system configuration with gain narrowing compensation
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Figure 4.6 100fs gain narrowing compensation experimental results: (a) compensated spectrum by the spectral
filters for 150dB gain compared with input spectrum and uncompensated spectrum narrowed by gain
narrowing effects for 150dB gain; (b) calculated bandwidth-limited pulse shape of compensated spectrum and

input spectrum.

4.4 Gain Narrowing Compensation to Below 50fs in the Regenerative-Amplification Fiber
System
It is worthwhile to explore gain narrowing effects for broader bandwidth signal using regenerative-
amplification fiber, since 30-50fs pulse duration are prefered for the applicastions of the
envisioned multi-TW peak power laser systems. To obtain the ~30-50nm spectral bandwidth,
corresponding to ~50fs bandwidth-limited durations, we spectrally broaden the pulses from the
1GHz oscillator using a nonlinear fiber amplifier. This nonlinear amplifier operstes in a so-called
nonlinear-attractor regime [33], which broadens the spectrum by managing the nonliner effects
and gain saturation in a single-mode fiber amplifier, so that the spectrum of the amplified pulse
exceeds the gain bandwidth of the amplifier. A short pulse is sent to this fiber amplfiier, and then
spectrally broadened by self-phase modulation effects due to its relative high peak power. This
broadened spectrum is further broadened when the pulse passes through the saturated region in the

fiber amplfiier. As discussed in Chapter 2, the two energy levels of Yb** are split into several
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sublevels and different wavelengths, corresponding to different sublevels. When the Yb** fiber
amplifier is saturated, the wavelength that sees the highest gain is saturated first, and so the gain

at other wavelengths becomes higher than that of the peak wavelength, leading to spectral

broadening.
1.2 —spectrum into the loop 1.2 — BW-limit input pulse intd the loop |
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Figure 4.7 50fs gain narrowing compensation experimental results: (a) compensated spectrum by the
spectral filters for 150dB gain compared with input spectrum and uncompensated spectrum narrowed by
gain narrowing effects for 150dB gain; (b) calculated bandwidth-limited pulse shape of compensated

spectrum and input spectrum.

The experimentally measured results are shown in figure 4.7. The compensated spectrum (red
curve) is noisy, because the output spectrum after passing 6 roundtrips in the fiber loop is obtained
by subtracting the input spectrum from the measured total spectrum. The loss in this fiber loop is
large, and the compensated spectrum going out of the fiber loop after 6 roundtrips is relatively
weak. In the meantime, the input pulse train with relatively high power, which is immediately

rejected by the AOM, propagates along the same path as the output signal to the spectrometer.
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Therefore, subtracting the input spectrum from the measured total spectrum allows to measure the
compensated spectrum. The losses in the fiber loop can be optimized, and more accurate results

can be obtained.

The calculated bandwidth-limited pulse shapes of the recovered spectrum, and the measured
narrowed spectra due to the gain narrowing effects, as well as the measured input spectrum are
shown in figure 4.7 (b). The bandwidth-limited pulse duration of ~42fs has been achieved for the
gain-narrowing compensated bandwidth experimentally obtained after amplification with the total
gain of 150dB. when there is no gain narrowing control, as the uncompensated spectrum (light
blue) shows, the resulting narrowed spectrum can support approximately ten times longer pulses

of 700-800fs.

4.5 Gain Narrowing Compensation Experiments in a CPSA System Producing 78fs Pulses
After the experiments of gain narrowing compensation in a regenerative-amplification fiber system,
we conducted the gain narrowing compensation experiment in the actual CPSA system. The
experimental setup is shown in figure 4.8. The oscillator generates ~100fs pulses with 60fs
bandwidth-limited duration at 1GHz. The following amplitude electro-optic modulator carve out
an equal amplitude burst of 81 pulses from the pulse train. To maintain broadband spectral content
of 60fs duration, we replace the grating-based stretcher by 100m single-mode passive fibers to
stretch the pulses in the burst to ~100ps. These stretched pulses are sent to the spectral filters to

pre-shape the spectrum to overcome gain narrowing effects. Then, the shaped pulses are amplified
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to 90uJ burst energy in the following four single-mode amplifier stages, one 25um-LMA stage,
and one 85um-CCC stage, with AOMs between the stages to down-count the burst repetition rate,
and to protect from ASE buildup between the stages. The gain at each amplification stage is
measured, and the total gain is calculated by adding up the individual gain in each of the amplifiers,
leading to a 100dB total gain in the CPSA system. The compensated spectrum with ~18nm
bandwidth (FWHM) is obtained by controlling the parameters (angles and thickness of the crystals)
of the spectral filters to maximize the spectral width. Its calculated bandwidth-limited pulse shape
corresponding to 78fs duration (FWHM) is shown in figure 4.9, where it is also compared to the
spectrum and calculated bandwidth-limited pulse shape of the 60fs seed pulses from the oscillator.
It is worth noting that the compensated spectrum stops at ~1020nm, because there is no gain below
1020nm in a Yb-doped amplifier. This means that we fully compensated gain narrowing effects in
the CPSA system with the 100dB total gain. It should be also noted that the achievable spectral
width is dependent on the spectral shape output of the oscillator. The oscillator spectrum, plotted
in a logarithmic scale (figure 4.10), shows that the ratio between the peak and the edge of the

spectrum is 25dB.
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Figure 4.8 Experimental setup of CPSA system for gain narrowing compensation
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Figure 4.9 (a) measured compensated spectrum after amplified by 100dB gain in CPSA system, compared
to the oscillator spectrum; (b) calculated bandwidth-limited pulse shapes based on the measured

compensated spectrum and oscillator spectrum.

&5



o

1
-
o

Normalized Intensity [dB]
& ¥
o o

—— compensated spectrum
-40 .
——oscillator spectrum

1000 1020 1040 1060 1080
A [nm]

Figure 4.10 Measured spectra in a logarithmic scale of the oscillator output and the compensated pulse.

This means the actual gain that the spectral filter compensated is 125dB. This oscillator can be
replaced by another 1GHz mode-locked oscillator that can generate nearly flat-top spectrum,
which will allow to achieve broader compensated spectra. Also, in this experiment we only
stretched the pulses to 100ps which limits the achievable energy. In the next step, we will use a
grating-based stretcher that can maintain ~40fs spectral width for stretching the pulses from the
1GHz oscillator with the flat-top spectrum to 1ns duration. These 1ns stretched pulses will then be
amplified in the sequence of the amplification stages including another 85um-CCC stage (figure
4.8). Therefore, we anticipate achieving less than 78fs spectral content at the final amplifier output

with the ~10mJ burst energy, after these modifications are implemented.
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CHAPTER V

Broadband Femtosecond Dispersion Compensator for CPSA and Fiber CPA System Using
Controlled Optical Aberrations

The previous chapters deal directly with challenges of maintaining broadband pulse spectra in CPSA,
and ultrashort pulse fiber laser systems in general. This chapter deals with broadband challenges
associated with pulse compression, since the shorter the pulse, the more challenging dispersion matching
issues in the system are. And since previous chapters demonstrate a path to preserve bandwidths
sufficient for ~40-100fs bandwidth-limited pulses from an Yb-doped high energy fiber system such as
CPA or CPSA, which has not been achieved yet in the field, it becomes necessary to also develop new
approaches to achieve compression of such short pulse durations in a fiber system, which is typically
characterized by a very long propagation path in a dispersive fiber glass. For longer than 200-300fs pulses,
only 2" and 3" dispersion orders in the system are necessary to compensate. In fiber laser systems or
fiber delivery systems with less than ~100fs output pulses, 4™ order and even higher orders also need to
be corrected. In CPSA and fiber CPA systems, where the optical pulses are stretched, amplified, and
compressed, the stretcher and the compressor can be mutually misaligned in a prescribed way to achieve
compensation of the 2" order and 3™ order dispersion orders induced by the long propagation lengths in
a fiber glass. This might be sufficient to achieve bandwidth-limited duration for pulses longer than ~150fs,
when the 4™ order dispersion is usually not relevant. Such mismatch between stretcher and compressor
works well for moderately short pulses from solid-state CPA systems, where signals propagate only
centimeters in a gain medium. Such a small amount of material dispersion can be easily compensated for
sub-100fs pulses by adjusting stretcher and compressor mutual alignment (becomes a challenge only for
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pulses approaching ~30fs [34]). In a FCPA, with typically 10-100 meters of fiber in the path, this
produces very large higher-order dispersion contributions, which cannot be compensated by such an
approach. Many techniques have been developed for such dispersion compensation to solve this problem
in fiber laser systems. But all of them are applicable only to relatively long (>100fs) pulses, since they
are unable to compensate all relevant dispersion orders due to long fibers. For instance, Grism was
introduced to provide 3™ order dispersion phase with the opposite sign of that of the fiber, but 4% order
phase is still uncompensated [34], [35]. Fiber Bragg Gratings can provide higher order dispersions, but
the magnitudes are fixed, and thus the required high accuracy is difficult to achieve [36]-{38]. Pulse
shapers can provide real-time phases to correct the dispersion in laser systems. But the amount of

dispersion they can provide is also limited.

In this chapter, we developed an optical-aberration-based dispersion compensator, which can provide a
large amount of phase with 2nd, 3rd and 4th phase orders controlled independently. Therefore, it is well
suited for fiber laser systems, and can compensate all the required dispersion orders for pulses around
and much shorter than ~100fs. We experimentally demonstrated that in a fiber delivery system with 50m
fiber, this device enables 70fs bandwidth-limited compressed pulses. Also, 136fs pulse duration was
achieved utilizing this compensator in a CPA system, with a grating-based stretcher, 50m total fiber
length in a system, and a grating-based compressor. Finally, we theoretical demonstrate that this
compensator can be used in a CPA system with a specially-designed fiber stretcher, and a standard
grating-based compressor to obtain 70fs compressed pulse duration, while compensating the 1ns

stretched pulse duration.
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5.1 Compensation Criteria for Higher-order Dispersion Terms

The phase accumulated due to dispersions from materials or dispersive optical components when an

optical pulse propagates through a system can be expanded as Taylor series:
$(@) = do +h1(0— ) + L(0—w)? + L (- w)® + L(w—w)* + .. (5.1)

Where ¢, are the phase coefficients and can be calculated as

_ (9" ¢(w)
bm = (5500), 0 (52)
The phase can also be described by the propagation constant $(w), that is

o) = Bw)z= Boz + B1(w—wy)z + %(w —wy)?%z + %(oo —wy)3z + %(w —wy)*z+ - (5.3)

Here B, = (a af)::)))w_m . In an optical system, the total 3, is the sum of 3, in different optical
—Wo

components. For example, the magnitude of 3, in a FCPA system is the sum of 3, in the stretcher, fiber
and compressor. In an ideal system, ,, = 0 must be achieved for all orders, and the output pulse has
bandwidth-limited pulse duration. Since different optical components have different dispersion, all the
dispersion orders cannot be fully compensated simultaneously in a real optical system. Compensation of
2nd and 3rd phase order compensation can be achieved, for example, by adjusting the separation and the
angles of incidence in the stretcher and compressor. But higher dispersion orders cannot be compensated
in this way, and thus limit the shortest achievable pulse duration. To quantify this, it is necessary to
analyze the effects of higher-order dispersion on the pulse duration. We carry-out this analysis by both

numerical simulations and analytically.
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In the numerical analysis, the pulse is chosen to have a square-shape spectrum centered at 1030nm, which
is usually the case for optical systems where the spectrum is cut-off by hard-edge components such as a
stretcher grating. In the frequency domain, different magnitudes of different dispersion terms are added
onto the spectrum separately. Then, the corresponding stretched pulse shapes are obtained by Fourier
transform. The broadening effects of different phase orders can be characterized by two factors: Strehl
ratio and FWHM (full width at half maximum). Strehl ratio is the ratio between the compressed-pulse
and bandwidth-limited pulse peak intensities. FWHM represents the pulse duration of the pulse. It should
be noted that FWHM alone is not sufficient for characterizing the compressed pulse quality. Figure 5.1
shows the numerical results for 30nm and 60nm bandwidths, which correspond to 100fs and 50fs
bandwidth-limited pulse durations. For each phase order, its value that is acceptable for a 50fs pulse
without significant broadening is one order of magnitude lower than that for a 100fs pulse. Therefore, for
a specific spectral width, the acceptable phase term values decrease by a factor of ten with every phase

order increased.

Effect of 3rd order dispersion on pulse shape (BW = 30nm)
—$,=0
—— ¢, =5e-4
hy=1e3 |-
—— ¢, =15e-3

Effect of 3rd order dispersion on pulse shape (BW = 60nm)

0.5+

Intensity
Intensity
o4
o

0 1 L
-250 -200 -150 -100 -50 50 100 150 200 250 50 100 150 200 250

n
a
=]

-200 -150 -100 -50

0 0
Time (fs) Time (fs)

180
4160 —,
{1402
1120
4100
80 =
160

40
3

Strehl ratio
oooooeo
WA UION W=

0 0.5 1 1.5 2 2.5
g [ps%] x107

¢, [ps°] X107

90



Effect of 4th order dispersion on pulse shape (BW = 30nm)

Effect of 4th order dispersion on pulse shape (BW = 60nm)
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Figure 5.1 Pulse broadening effects of 3", 4™ and 5™ dispersion phase orders, assuming square-shape

spectrum with 30nm and 60nm bandwidth.

Let’s now consider the problem analytically. For a specific frequency w, the time required to propagate

a medium with length z is

(w) =

0¢(w) _ 0B(w) ;= _Z
ow w vg(w)

Here vg(w) = (%)_1 is the group velocity. The Taylor series of T(w) is

91

(5.4)



(w) = 19 +11(0—wg) + %(oo —wp)? + %(oo —wg)? + :—‘f(m —w)* + ... (55

According to equations (5.4) and (5.5),

_ am+1B(m) _ (am+1¢.(w)) _
Tm - ( dwm+1 )(,)=(,)0 XZ= dwm+1 w=w - ¢m+1 (5'6)

The propagation time of frequency w relative to frequency w, is therefore

At(w) = T(w) — T(wy) = 11(w — wg) + % (w—wy)? + %(w —wo)® + % (w—we)* + ...

= ¢2(@— o) + L (0= we)? + L (0 —w)® + & (w—we)*+ .. (5.7)

Since At(w) is the time delay between frequency w and w,, it represents the stretched pulse
duration after a pulse propagates through a dispersive medium. Let Aw = w — wg be the half
width at half maximum (HWHM) of the spectrum, where w, is the central frequency. Each

stretched pulse duration order can be calculated by

Aty (0) = bhe, ATy (0) = L),

At3(w) = %(Aw){ Aty (w) = %(Aw}‘* (5.8)

That is

Aty (w) = %(Aw}n (5.9)
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To maintain the short pulse duration, At,, (n = 1,2,...) should be very close to the bandwidth-
limited pulse duration. Let T, represent the bandwidth-limited pulse duration, so that At, = Tp,.

The time-bandwidth product of a pulse is

Au)A'l:p _

Cp (5.10)

21

Here Cy is the factor that is dependent on specific pulse shape. Substituting the equation 5.10 to

equation 5.9, we obtain

__ 2mCg(n-1)!
bn = (Aw)n

(5.11)
This formula can be used to calculate the acceptable residual higher-order dispersion terms for any
spectral shape and spectral width. For square-shape pulses, Cg = 0.885. The analytical results for
50fs and 100fs square-shape pulses are shown in Table 1. Compared to the numerical results, the
analytical results correspond to 90% of the Strehl ratio. Thus, the phase values ¢,, obtained by
equation 5.11 represent the criteria for residual phase values that are allowed in a system without

causing significant broadening.
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Phase order 50fs (60nm) pulse 100fs (30nm) pulse
$3(ps?) 7.5e-5 6.0c-4
da(ps*) 4.3e-6 6.9¢-5
bs(ps®) 3.2¢-7 1.0e-5

Table 5.1 Theoretical results of criteria for higher-order dispersion terms.

5.2 Optical Aberration-Based Dispersion Compensator
Here we report a novel solution to this problem, which uses a specially-designed compact device, based
on conventional diffraction-grating pair, with artificially induced controllable aberrations from an optical
telescope inside this arrangement to achieve the required high-order dispersion compensation. We
demonstrated this device experimentally with 30nm bandwidth femtosecond pulses, showing that 3rd
and 4th order dispersion in a system with S0m-fiber path can be compensated for ~70fs — 150fs duration

pulses.

¢ @

Figure 5.2. Layout of the aberration-based dispersion compensator
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Figure 5.3 Aberration parameters

Figure 5.2 shows the layout of the dispersion compensator. The grating pair provides 2" order phase by
the separation between the two gratings, and the input angle to this grating pair is set at the Littrow angle.
Lower groove density is desired due to the smaller higher order phase. To compensate the third and fourth
order phase in the system, a telescope consists of a pair of lenses inserted right after the grating pair. Due
to the spatially chirped collimated beam, a mapping from the wavelength to the position along the first

of lens is achieved. It is known that optical aberrations can be described using Seidel polynomials [39]
W = Y W H'p’ cos 6" (5.12)

Where W is the optical path difference function obtained by comparing the aberrated wavefront to
the ideal spherical wavefront. The Seidel polynomials is the series expansion of W. and each term
represents a specific aberration. Wi, is the wavefront aberration coefficient, whose value
determines the maximum value this aberration term can achieve. Wy has unit of wavelength, and

other factors are in normalized units. As shown in figure 5.3, p is the fractional radius ranging
from O to 1, and H is the fractional image height whose range is also from 0 to 1. 8 is the azimuth

angle to the main axis and cos 0 ranges from -1 to 1. Here we consider two of the fiber Seidel
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aberrations, where i+j = 4: coma and spherical aberrations. These two kinds of aberrations can be

described as (6 = 0 in our case)

W, = Wy3,Hp® cos® = Wy3,Hp3 (5.13)

. (5.14)
Wy = Woaop

In our device, since the collimated beam going through the telescope is spatially chirped, we built
a mapping from wavelength to p as shown in figure 5.2, where the spatial chirped beam goes
through the lens. Thus, the phase terms from this telescope corresponding to coma and spherical

aberrations at each surface are

3
w w plw) ” w=—wy3 8Wizw (5.15)
&, = —O0PL(w) = =W, H—) =—W,5;,H = H(w — wo)? :
coma c ( ) c 131 ( p ) c 131 (Aw/Z) c(A(u)3 ( )
w W p(w) e w—w,* 16Wyw . (5.16)
(pspherical = ? OPL((")) = ; W040 (T) = ? 040 A /2 = C(Aa))4 ((1) — (1)0) :

w is optical frequency and Aw is bandwidth. The total coma and spherical aberrations are the sum
of four surfaces inside the telescope. Thus, this telescope provides 3™ and 4" phase from coma and
spherical aberrations. W; 3, and W, are determined by lenses characteristics. H can be controlled
by shifting the second lens up and down, and p(w) is determined by spatially chirped beam size,
which can be tuned by shifting the second lens closer to, or further away from the first lens.
Therefore, controlled magnitudes of 3™ and 4™ order phase can be achieved with this telescope to

compensate the corresponding dispersion orders.
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5.3 Dispersion Compensation Experiments

i) Dispersion compensation in fiber delivery system

In our experimental setup, 160fs chirped pulses (with bandwidth-limited duration of 70fs) from an
ytterbium-doped fiber oscillator are sent into the dispersion compensator. An Offner stretcher
follows the compensator and stretches these pulses to ~Ins. The signal is then amplified by an
ytterbium-doped single mode amplifier, with the total length of 50m from active and passive fibers.
A compressor is then put after the amplifier, with the same grating as the one in the stretcher. The
grating groove density is 1740/mm. The stretcher and compressor are configured to provide the
same magnitude of dispersion, but with opposite signs, and so the net dispersion of the stretcher
and the compressor is zero. The dispersion compensator is then configured to compensate all the

dispersion orders originating from the fiber glass in the system.

The lenses inside this dispersion compensator are carefully chosen using ZEMAX, where the
aberration coefficients are given for an extensive catalog of commercially available lenses. The
magnitudes of the aberrations are controlled by the telescope alignment. The spherical aberration,
and so the 4th order phase, is controlled by the distance between the two lenses, and the coma
aberration, which is the 3rd order phase, is controlled by the height of the lenses. Figure shows the
dependence of 4th order phase on the position of the second lens. By moving the second lens
slightly off the theoretical focal point, a range of 4th order phase values is available for

optimization.
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Figure 5.4 (a) shows the measured autocorrelation of compressed pulses. The bandwidth-limited
pulse duration is 70fs (the corresponding autocorrelation trace duration should be 97.6fs), while
the measured pulse duration is 71.7fs (the measured autocorrelation duration is 111fs). To compare,
figure 5.4 (b) shows the optimum pulse shape, achieved by optimizing the separation between the
grating pair inside the compensator, when the telescope is removed so that no aberration is
provided to compensate different dispersion orders. The duration between the two side peaks is

close to 1ps.
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Figure 5.4. (a) measured and calculated autocorrelation traces; (b) measured and calculated

autocorrelation traces without aberration compensating third and fourth order phase

ii)Dispersion compensation in FCPA system

In CPA system, there is another approach of dispersion control. Other than using compensator to
compensate all the orders of dispersion of fiber, different phase orders can also be provided by
mismatching the stretcher and compressor. Along with the phase orders provided by the
compensator, this configuration can be more flexible, and can be used to compensate larger

dispersion amounts.
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Figure 5.5 Configuration of Fiber CPA system

Figure 5.5 shows a typical configuration of a FCPA system. Pulses generated from a laser source
going through a stretcher (the grating usually has high groove density) to stretch to 1-3ns, get
amplified in a cascade of fiber amplifiers with 10’s meter-fiber length, and are compressed when
going through a compressor. The phase accumulated when going through the system and the total

values of dispersion at each dispersion order are:

¢ (w) = s () +dflw)+dc(w) (5.17)

For each component, the phase can be expanded as Taylor series:

. i i i
¢'(w) = 22 (w—w)z+22 (0 - w)*z + 22 (0 — wp)*z + -+ (5.18)

!
When there are ~50m-fiber in the system, only two of the three orders can be compensated to zero

by mismatching the stretcher and compressor, and the rest one will remain very large, prohibiting

compression to sub-100fs.
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Figure 5.6 Measured autocorrelation trace of compressed pulse with dispersion compensator, and

compressed pulse obtained by optimizing stretcher and compressor without compensator

Figure 5.6 shows the measured 100fs compressed pulses and bandwidth-limited pulse
autocorrelation trace. The anticipated bandwidth-limited pulse duration is 136fs (autocorrelation
duration should be 198fs), while the measured pulse duration is 136fs (measured autocorrelation
duration is 198fs). The observed satellite pulses in the compressed pulses indicate that further

improvement is possible, which is being pursued in the ongoing experiments.

5.4 Application of Aberration-Based Dispersion Compensator in CPA Systems with a Fiber
Stretcher and Grating-Based Compressor

As shown in the previous section, aberration-based dispersion compensator can be applied to

various optical systems. This section describes applying this dispersion compensator to CPA

systems, which use a specially designed (and commercially available) fiber stretcher, and a

standard grating-based compressor [11], [12], [40]-[42]. Compared to grating-based stretchers,

which can be 1-2 m long for 1-2 ns pulses, a fiber stretcher is all fiber-based, and is thus much
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more compact. Also, a fiber stretcher provides larger magnitudes of higher-order dispersion than
normal fibers, and the signs of each order (up to 5th order phase) are opposite of the grating pair,
while all the orders of normal fibers have the same sign as those of the grating pair, except for the
2nd order. These advantages make fiber stretchers a good option in CPA systems, especially high-
energy CPA systems where a grating-based compressor is desired because of high output energies
and powers. However, there are still mismatches of phase orders between the fiber stretcher and
grating-based compressor, which limit the stretched pulse duration. This section shows that, when
utilizing the aberration-based dispersion compensator to correct higher-order dispersion phases in
CPA systems with a fiber stretcher and a grating-based compressor, 50-70 fs pulses can be
stretched to 1 ns and still be able to be compressed to the bandwidth-limited durations. Without

this correction, the acceptable stretched duration is one order of magnitude smaller.

—_ ¢3/¢2 of compressor [fs]

—¢ 4/ ¢2/1 02 of compressor [f52]

phase order ratio
(=]

-8
[T gl 0° of compressor [fs®]
-10 - - ¢,4/¢, of fiber stretcher [fs]
-12 == bl 11 0 of fiber stretcher [fs?]
qa OO 0° of fiber stretcher [fs°]
-16

400 600 800 1000 1200 1400 1600
groove density [/mm]

Figure 5.7 Calculated phase orders of the fiber stretcher and compressors with gratings of different groove

density.
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Phase order values of the fiber stretcher and compressors with gratings of different groove density
are compared in figure 5.7. According to this comparison, phase orders of the fiber stretcher and
the grating-based compressor cannot be matched at the same time. For instance, the 3rd order of
the fiber stretcher matches the compressor with close to 1600/mm gratings while their 4th and 5th
order doesn’t match each other. In addition, since the groove densities of gratings are not
continuous, and a small off from the desired groove density value can lead to large phase order
mismatch, an additional dispersion compensation is required to achieve large stretching ratio. The
achievable stretched pulse duration can be calculated based on the bandwidth-limited duration,
and the ratios of higher-order to the 2nd order dispersion phase. The 2nd order phase needed to

stretch the pulse to duration AT from a given bandwidth-limited pulse duration ATy, is:

ATstrATBL
21'[CB

b5 (wo)] = (5.19)

According to equation (5.10) and (5.11), the maximum acceptable n-th order dispersion phase can

be written as:

_ 2ATBLn(n—1)!

bn = eyt (5.20)

Combining equation (5.19) and (5.20) and the maximum acceptable stretched pulse duration is:

ATBLn_l(n—l)!
(bn/$3T)(MCE)"~2

AT, = 4 (5.21)
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Figure 5.8 Maximum acceptable stretched duration from the given bandwidth-limited durations for

different phase orders in the CPA system with the fiber stretcher and compressor with 1600/mm gratings.

Figure 5.8 shows the maximum stretched duration in the CPA system, with the fiber stretcher and
compressor with 1600/mm gratings, when the phase orders lower than the current order are fully
compensated. For example, the red curve in Figure 5.8 represents the maximum stretched duration,
when the 2nd and 3rd order phase are zero, and the 4th order phase is the main limitation. We can
tell from this plot that the stretched duration is limited to 1-10 ps by the 3rd order phase, which is
very small and needs an additional device to correct the dispersion phases.

The aberration-based dispersion compensator provides 3rd and 4th order phase correct, and the
magnitudes can be continually adjusted so that high-order phases can be fully compensated. The
compressor with 1480/mm gratings is used because its Sth order is very close to that of the fiber
stretcher, and 3rd and 4th order phase in the system are compensated by the aberration-based

compensator.
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Figure 5.9 Maximum acceptable stretched duration from the given bandwidth-limited durations for

different phase orders in the CPA system with the fiber stretcher and compressor with 1480/mm gratings.

Figure 5.9 shows the maximum acceptable stretched duration when the compressor 1480/mm
gratings are used. This means when the 3rd and 4th order phase are compensated, the maximum
acceptable stretched duration is determined by the 6th order phase in the system. Compared to
only 1-10 ps stretched duration without the compensator, the pulse of 70 fs bandwidth-limited
duration can be stretched to 0.8-1 ns. The dispersion compensator configuration is shown in figure
5.10. The grating pair is 1000/mm with the grating width of 2.5 cm. The input angle is chosen
close to be Littrow angle, and the separation between the gratings is adjusted to have the desired
spatially chirped beam size (1.1 cm). The first lens of the telescope is the bi-convex lens LE5183
from Thorlabs, which provides the positive 4th order phase. The second lens of the telescope is

the bi-concave lens LD4931 from Thorlabs, which is off-axis to provide 3rd order phase.
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Figure 5.10 Dispersion compensator configuration (L1: bi-convex lens LE5183 from Thorlabs, L2: bi-

concave lens LD4931 from Thorlabs, grating: 1000/mm).

In summary, we demonstrate theoretically and experimentally aberration-based device to
compensate each dispersion order in a fiber CPA system with 10’s meter-fiber length. And we

experimentally compress down to close to bandwidth-limited pulse duration for 70fs.
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